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Abstract

A new reactivity pattern involving the cobalt-mediated cycloaddition of an n3-
allyl ligand with alkyne molecules is presented. Templates such as (CsMes)Co(n3-
C3Hs)(OTf) readily yield stable n3-cycloheptadienylcobalt complexes from cycloaddition
of the allyl ligand with two alkyne molecules, although different alkynes can give rise to
various substitution patterns in the product. The alkyne cycloaddition chemistry of
several substituted allyl complexes is also investigated. Formation of cycloheptadienyl
products is shown to be limited primarily to the reaction of allyl templates with acetylene;
larger alkynes lead to the formation of five-membered rings from a related [3 + 2]
cycloaddition process. Alkyl substituted allyl ligands react with acetylene to produce 13-
cycloheptadienylcobalt complexes using not only the n3-CsMes ancillary ligand. but also
the more available cyclopentadienyl complex. In particular, exocyclic cobait allyl
complexes readily form fused bicyclic n3-cycloheptadienylcobalt products. Several
mechanistic proposals are presented for the cycloaddition process.

The synthetic viability of this reactivity pattern is dependent upon the facile
removal of the newly formed carbocyclic system from the metal template. This is
accomplished by the addition of a mild carbon nucleophile, which generates an (n+-
cycloheptadiene)cobalt complex. These diene complexes are readily demetallated
without diene isomerization using the mild oxidant CpaFe* PF¢, forming
cycloheptadiene ring systems.

A brief investigation into the anomalous reactivity patterns of disubstituted
alkynes with the (n3-CsHs)Co(n3-C3Hs) template evolved into the development of a
conceptually new cycloaddition pathway. A cyclopentadiene ligand, a strong protic acid,
and an alkyne combine at a cobalt center to form a new n3-cycloheptadienyl ligand. A
mechanistic proposal that involves carbon-carbon bond activation of the unactivated

cyclopentadiene ligand is presented.



Several alkyl substituted cyclopentadiene complexes are assayed for this
reactivity pattern; the (n°-CsHs)Co(n*--BuCsHs) template demonstrates the greatest
overall selectivity for the formation of single (n5-t—BuC5H4)Co(n5-cycloheptadiene)
products. Cyclopentadienyl templates which have substituents on both rings also
participate in this reactivity pattern. Although a slightly greater tolerance for alkyne

substituents effects is noted, these templates produce a number of isomeric products.
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Chapter 1. Overview of Metal-Mediated Cycloaddition Processes Used
in the Synthesis of Seven-Membered Ring Systems.

A. General Metal-Mediated Cycloaddition Reactions

Transition metal-mediated cycloaddition reactions are among the most important
applications of organometallic chemistry to organic synthesis.!-3 Cycloaddition reactions
are a particularly efficient method of constructing cyclic or polycyclic systems in which
the number of rings formed and the ring size(s) can be controlled.*7 Transition metal
complexes are capable of performing cascades of consecutive transformations, resulting
in the creation of several carbon-carbon bonds from a particular substrate or substrates.

For the purpose of this discussion, metal-mediated transformations resulting in a
cyclic product may be classified as either a cycloaddition or cyclization process. A
cycloaddition reaction may be defined as a transition metal-mediated process whereby
two or more separate molecules or fragments of a molecule are transformed into a single
carbocyclic product on a metal template. The metal complex may or may not be a part of
the final product. Cyclization, in contrast, is the conversion of a single polyunsaturated
molecule into a cyclic product by a transition metal complex, without the inclusion of
fragments, such as CO, from the metal complex. An intramolecular cycloaddition may
be confused with a cyclization process; however, the intramolecular cycloaddition must
generate a new ring that would not be formed in the absence of the tether.

Methodology for transition metal-mediated construction of small (3-4-
membered) and medium (5-6-membered) carbocyclic ring systems is reasonably well
developed. Iron carbene complexes, for example, are well known to cyclopropanate
alkenes in a [2 + 1] cycloaddition process.8-? An example of four-membered ring
synthesis is the metal catalyzed [2 + 2] cycloaddition reaction of strained alkenes with

alkynes to form a cyclobutene system.!® Five-membered rings are readily synthesized



using, for example, the Pauson-Khand reaction, which creates cyclopentenones by
"condensation” of an alkene, an alkyne, and carbon monoxide.!! Generally, the Pauson-
Khand reaction is mediated by cobalt complexes. although several other metals are also
reactive.!2 Both monocyclic and bicyclic products can be prepared, the latter by an
intramolecular version of the reaction. Catalytic Pauson-Khand reactions have also been
recently developed using cobalt and rhodium systems. !3

Transition metal-mediated cycloaddition processes leading to six-membered rings
are more widely used. The Diels-Alder reaction occurs under much milder conditions
than required for the thermal reaction when a metal catalyst is employed. !+ The reaction
of molybdenum or chromium vinyl carbene complexes with dienes is also used to form
six-membered rings.!> The metal-mediated [3 + 2 + 1] cyclization of a vinyl carbene, an
alkyne and carbon monoxide to give phenols (the D6tz reaction) is also well known. !6

One of the more impressive reactions mediated by certain transition metals is the
condensation of three alkyne molecules to form a substituted benzene ring.
Cyclotetramerization of alkynes by metal complexes is also known to occur, forming
cyclooctatetraenes.!? The former process is readily adaptable, thus, cycloadditions of one
alkene with two alkynes or a diyne to produce cyclohexadienes are equally facile, as are
co-cyclizations of one nitrile and two alkynes. Vollhardt and others have extensively
reviewed the alkene/alkyne cyclotrimerization chemistry catalyzed by transition metal
complexes.!8 Recent advances by Takahashi demonstrate the use of three different
alkynes to form polysubstituted benzene rings in a controlled stepwise transformation, |92
Other recent advances in the mechanism and development of this chemistry have been

published. !9

Synthesis of seven-membered carbocycles through metal mediation is much less
established and many of the existing seven-membered ring syntheses are specific to one

or, at most, a few examples. Some illustrative cyclization processes have recently been



used successfully to form seven-membered ring products. Ring closing olefin metathesis.
although often used for the synthesis of medium size cyclic systems, has not been
appreciably used for the synthesis of seven-membered rings and only a handful of
examples has been reported.?0 The Heck reaction has been used only rarely in seven-
membered ring synthesis.>! Alper has used a variation of the Heck reaction in a
palladium catalyzed synthesis of seven-membered ring lactams.2? Nickel catalyzed
cyclization of dienones or enones has been shown to form seven-membered rings.2?
Finally, Liebeskind has reported a rhodium catalyzed rearrangement of
cyclopropylcyclobutenone compounds to cycloheptadienones. 24

Cycloaddition methodology, in contrast, is seldom used in the formation of seven-
membered ring products. Several classes of natural products such as ingenanes and
phorbol esters contain seven-membered rings, and this observation has been a driving
force for the creation of new metal-mediated methodology for the synthesis of such
carbocycles.25 The methods used in the metal-mediated synthesis of seven-membered
rings vary from two component condensations (e.g., [4 + 3] cycloadditions) to
transformations of a single acyclic chain to cycloadditions of three or more sub units.

Cobalt catalyzed (47t + 21t + 2nt] homo Diels-Alder reactions of norbornadiene

with dienes have been obser\;ed to form polycyclic cycloheptenes (Eq. 1).26 This process

ﬁb Co(acac),, EtAICI

+ CeH, phosphine ligand

V 40-66%

(Eq. 1)

would normally yield an eight-membered ring; however, the norbornadiene bridgehead
carbon interteres, and a slightly altered rearrangement takes place. Intramolecular {4 + 2
+ 2] cycloaddition reactions yielding tricyclic systems with a seven-membered ring have

been reported.2? Other higher-order cycloaddition processes yielding polycyclic seven-



membered ring containing compounds have also been reported.?8-29 A few metal-
mediated cycloaddition strategies have received greater attention; these are surveyed

below.

B. [4 + 3] Metal-Mediated Cycloaddition Processes

Formation of a larger ring system is possible by metal-mediated insertion of
unsaturated molecules into cyclopropane rings. However, nickel or palladium catalyzed
condensations of carbon monoxide with muitiple molecules of methylenecyclopropane or
cyclopropene generally show poor selectivity for seven-membered rings.3¢ One
exception is seen in a palladium catalyzed cycloaddition of methylenecyclopropane with
the dimethyl ester of muconic acid to form a seven-membered ring (Eq. 2), presumably

via a palladium trimethylenemethane intermediate and a [4 + 3] cycloaddition

process.30.31
coMe .
— Pr),P/Pd
MeO.C MeO,C CO,Me

One of the first general methods developed to synthesize seven-membered rings is

the Fe3(C0)g3-32 or Zn33 mediated reduction of ¢, o’ -dihaloketones in the presence of a
diene. An oxyallyl complex, generated by the reduction of the dihaloketone, is trapped
by the diene and undergoes a [4 + 3] cycloaddition reaction to form cycloheptenone
products. Due to the toxicity of both dihaloketones and the iron carbonyl complex,
several other routes to oxyallyl cations have more recently been developed (Scheme 1),
extending the utility of this reactivity pattern. Examples include the solvolysis of allylic
halides in strongly ionizing solvents and ionization of a halo enol ether. Other research

groups have developed metal-free methods of forming oxyallyl intermediates for use in



intramolecular seven-membered ring formation. Several early reviews on the mechanistic
pathways3+ and synthetic utility35 are available, as well as updated reviews36 covering

intramolecular variations37 and recent applications.38

Scheme 1
0
AN /
Zn/Cu/TMSCI Zn AgOTt
or Nal/Cu
™S
\/U\/\ _EGNITFE_ \)\/" _2nCl,
TN
0,CCF,
N
o)
R R

One valuable characteristic of this reaction is the ability to use furans, pyrans, and
even benzene as a diene source to form a variety of bridged seven-membered ring
products. However, the ring skeleton of the product is limited to cyclohept-4-en-1-ones.
This reaction does not allow direct production of highly unsaturated seven-membered
rings and only a limited range of substitution patterns is accessible.

Trost has also made considerable advances in seven-membered ring synthesis
with the use of trimethylenemethane ligands.3!-39 Catalytic amounts of Pd(OAc), and
(iPrO)3P, when allowed to react with trimethylenemethane precursor 1 and a diene, yield

a mixture of both five- and seven-membered rings (Eq. 3). Typically only 20-50% of the



product mixture is composed of the seven-membered ring and the material balance is

composed of cyclopentane structures.

AcO CO-R CO,R CO,R
\ =O/
. Pd(OAc), . . Eq. 3)
y (‘Pro),P A
™S dioxane, reflux [
8h, 89%
1 CO.R o COR CO.R

Bicyclic seven-membered ring systems can be produced with much higher
selectivity when the rotational freedom of the diene is restricted. This forces the
transition state into a geometry favoring a [4 + 3] cycloaddition (Figure 1), whereas a
freely rotating diene is more likely to adopt a conformation preferable for a [3 + 2]

cycloaddition process.

Figure 1. Transition State Approach in [4 + 3] vs [3 + 2] Cycloaddition Reactions

{?del.,.
Pd
s P e
\ Pd

N\

Thus, selectivity for seven-membered rings is dramatically improved*? using

bis(methylene)cyclopentanes 2, which are fixed into a cisoid arrangement (Eq. 4).

EWG
AcQ EWG
Pd(OACc),
+ 7 i o (Eq. 9)
(Pro)sP/BuLi
~.  THF,RT,48h
™S 65-88%

1 2



An intramolecular approach also allows high conversions of unsaturated acyclic
molecules to bicyclic [5.3.0] systems using this palladium catalyzed methodology (Eq.
5).*l Both the trimethylenemethane and an activated alkene are incorporated into a single
chain (3) and subjected to the cyclization procedure, using trimethyltin acetate as a co-
catalyst. This intramolecular [3 +2] cycloaddition gives seven-membered cyclization
products when the tether is of appropriate length. This procedure has previously been
used to form [3.3.0] octane and [4.3.0] nonane systems.*2 Variation of the tether length
between the two ends of the chain allows for the production of different {n.3.0] systems,
as the larger ring is formed by fusing the ends of the tether. However, the concept of an
intramolecular [4 + 3] reaction by way of a trimethylenemethane precursor is also

feasible, if not proven.

Pd(OAc), (PrO),P

Me,SnOAc
toluene
110°C, 3h, 50%

(Eq. 5)

Herndon*3 has shown that cycloheptadienones are sometimes formed in a [4 + 2 +
1] cycloaddition process when cyclopropyicarbene carbonyl complexes 4 (L = CO or
PPh;) are allowed to react with alkynes (Eq. 6), although this reaction usually forms six-
membered carbocycles in a Détz cyclization process.!6 Generally, two isomers (5 and 6)
are obtained in this process, although greater amounts of the thermodynamically more
stable 6 can be obtained using a longer reaction time and higher temperature.
Substituents on the alkyne are limited to alkyl, aryl or silyl groups. In order for the
seven-membered ring to form, a specific sequence of steps must occur, despite several

other competing reaction pathways. One such pathway, the production of furanone 7,



appears to be suppressed by the use of the PPh3 complex. However, these side reactions

severely limit the utility of this process for the synthesis of seven-membered rings.

o) o
M(COML RC=CcR R ) \ 7 Eq. 6
THF, 65°C or v ! o
OCH;  yylene, 140°C R OMe R gye R
M=Mo, W 40-65%
L = CO or PPh,
4 5 s 7

C. Rearrangement of Divinylcyclopropanes From Metal-Mediated Processes

Several groups have developed approaches to seven-membered rings by the use of
metal-mediated syntheses of divinylcyclopropanes. These molecules, particularly the cis
divinylcyclopropane systems, are known to undergo thermal rearrangement to
cycloheptadienes at very mild temperatures (via the Cope rearrangement).** Trans-
divinylcyclopropanes are considerably more robust, yet do convert slowly upon heating
or photolysis. [t is proposed that the trans isomer either first epimerizes to the cis form.
then undergoes the Cope rearrangement, or that the trans isomer rearranges via a
diradical process.

Metal-mediated formation of divinylcyclopropane systems has been known for
some time. Chromium vinylcarbene complexes are used by Wulff to cyclopropanate
dienes.%45 From a reaction at room temperature, a mixture of 8 and 9 is isolated (Eq. 7).
Presumably, the cis-divinylcyclopropane product rearranges under the reaction conditions
to compound 9, while the trans- form is isolable, aithough on mild heating, 8 converts to
9. The reaction is metal-specific; only chromium carbenes have been observed to form
these products. The corresponding tungsten carbene system yields products from a [4 +
2] cycloaddition reaction. This particular example is also highly specific: all other

changes to the diene or carbene complex lead exclusively to [4 + 2] reaction products.



MeO

OMe RO
0C)sCr ]
(0C)s N 25°C on
CgsHg, 2 days (Eq. 7)
OMe 23% H
OMe
R = TBDMS

©o

BL 90 °C /

Other vinyl carbene mediated reactions are used by Barluenga to form seven-

membered ring products (Eq. 8).%6 Use of 2-aminobutadienes and chromium carbene 10

allows good (10:1) selectivity for seven-membered ring over cyclohexene products.

Dramatic metal-dependence on the reaction pathway is again observed as only the

chromium carbene torms compounds such as 11; molybdenum carbene complexes yield

only the Diels-Alder adducts (12). Asymmetric synthesis of the seven-membered

carbocycle is possible using a diene containing a chiral auxiliary on the nitrogen atom.
Cr(CO)s

¢r(CO)s R, THE
__dsh

OMe 40-75%

OMe (Eq. 8)

10 12

Azepines are also readily synthesized using this method, by replacing the
aminobutadiene with 4-amino-|-azadienes. Enantioselectivity can be induced by using a
menthol ether group on the carbene. Formation of the azepines occurs under mild
conditions (-40°C) in contrast to the room temperature conditions required for most other
carbene reactions.

[n spite of the apparent efficiency of the above carbene methods. relatively few
examples have been demonstrated. Difficulty in finding reactive metal carbene
precursors, side reactions and incomplete reactions all combine to render these

procedures somewhat limited. Reaction of unsaturated carbenes with dienes normally



yields [4 + 2] cycloadducts. The same metal reagents can also lead to combination of an
unsaturated carbene, a CO ligand. and an external atkyne source to form benzene rings
(the D6tz reaction). 16

Davies has shown that using rhodium catalysts to decompose carbene precursors
in the presence of dienes also forms seven-membered rings.*’#8 Rhodium (II) species
are known to convert vinyldiazomethanes 13 to rhodium stabilized carbenoid species.
These poorly defined carbenoid complexes readily cyclopropanate dienes, forming
divinylcyclopropane intermediates (Eq. 9). As usual, a Cope rearrangement ultimately

produces the cycloheptadienes.

COMe C 0,Me MeO,C
__Rh() i/
hexanes. _/
60-90% /

This approach is more widely applicable, since the diene can be varied from
simple acyclic dienes to cyclopentadiene(s), pyrroles, furans and benzenes. Recent
development in this area has focused on enantioselective and diastereoselective
methodology using chiral rhodium (II) catalysts to perform asymmetric synthesis.
Padwa?92.b has used this rhodium carbenoid process to form several rings in a single
intramolecular reaction leading to polycyclic cycloheptadiene products. The
decomposition of a-diazocarbonyl compounds by Rh(II) in the presence of aromatic
systems has been used to synthesize seven-membered ring compounds in a formal [6 + 1]
cycloaddition process.49¢

Other variations of using carbene complexes to form seven-membered rings
through transient divinylcyclopropanes were demonstrated by Harvey (Eq. 10).50 The
metal carbene 14 undergoes a [2 + 2] metathesis reaction preferentially with the alkyne to

form an intermediate vinyl carbene. A further metathesis reaction with the internal olefin

10



closes the five-membered ring. Reductive elimination to a divinylcyclopropane occurs,

tollowed by the standard Cope rearrangement. This method suffers from low yields of

NF
/\/\/\/\nz H

Mo(CO), - R
THF, 67°C, 2h, 40-66% 2 (Eq. 10)
R,” OMe Ry = Bu, Ph, fury! OMe
R,= EWG R,
14 is

the hexahydroazulene product (e.g., 15) and also from several competing reactions.
Unless R is a phenyl, butyl or furyl group, other compounds such as acyclic dienals,
cyclopentenones and D6tz reaction products predominate. Only in these few cases are
the hexahydroazulene complexes 15 obtained. A more complicated tricyclic fused ring
system has been prepared using an intramolecular variation of this method, in which a
long alkoxy side chain replaces the methoxy group. Alkyne and diene fragments are

introduced into the chain at key positions.3!
D. [5 + 2] Metal-Mediated Cycloaddition Processes

Although the use of a [4 + 3] type reaction pathway may be the most prevalent
method of seven-membered ring synthesis, other methodologies have also been
developed. Wender recently reported a rhodium-catalyzed [5 + 2] cycloaddition process
that generates various seven-membered ring compounds (Eq. 11).52 The reaction

tolerates variation of the substrate and a wide range of alkyl groups has been successfully

R
/T R 0.5 mol% RhCI(PPh3);

0
\ 0.5 moi% AgOT! (Eq. 11)
toluene, 110°C, 75-90%

16

used. The ether linkage in compound 16 can be replaced by C(CO;Me), without a

significant change in reactivity, leading to the production of carbocyclic [5.3.0] products.
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Other results from Wender further expand the scope of this reactivity pattern.
Replacement of the alkyne with an alkene in the substrate permits the formation of
bicyclic cycloheptenes 18 in good yield. Interestingly, this intramolecular cycloaddition

produces only one diastereomer at the ring fusion: the cis isomer.

E R 5-10 mol% RhCI(PPh;), R!
) 5-10 mol% AgOT! E (Eq. 12)
E R toluene, 110°C - ¢
\ 78-94% E
R = H, Me R2
17 18

This reaction has very recently been reported in an intermolecular form using
vinylcyclopropane 19, an alkyne and a rhodium carbonyl catalyst.33 This particular set of
conditions exhibits a large tolerance for electronic changes in the alkyne; nearly all
variations provide cycloadducts 20, which are readily hydrolyzed to cycloheptenones 21.
The reaction is tolerant of various functional groups on the alkyne including esters,

ketones, ethers and alcohols.

R, TBDMSO Q
TBDMSO
[Rh(C0O),Cl), HCI
. | - _He (Eq. 13)
/ CH,Ci, >90%
8 40°C
2 65-90%
19 ° R, R, R4 P
20 21

Binger has recently demonstrated a closely related {5 + 2] cycloaddition reaction
involving a vinylcyclopropane and an alkyne.54 Using the same in situ generated
rhodium triflate complex seen in Eqgs. 11 and 12, "(Ph3P)3Rh(OTY)", in toluene at reflux,
vinylcyclopropane 22 reacts with 2-butyne to generate the bicyclic complex 23 (Eq. 14).
This process is less selective; two unidentified isomers of the major complex are also
produced, as well as a substantial amount (17%) of vinylcyclopentene, from

cyclopropane ring opening without cycloaddition of the alkyne.
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(Ph,P),RhCI, AgOT!

toluene, 110°C
3h

+ N\ (Eg. 19)

Et0,C°  'CO,Et

Et0,C’ CO,Et
22 23, 55% 24, 17%

Et0,C” CO,Et

Murai has demonstrated the cyclization of linear polyunsaturated substrates as
well, employing a ruthenium catalyst to effect a complex cyclization of dienyne 25 to the
tetracyclic framework 26.55 The stereocontrol of this reaction is very good; only a single
stereoisomer is observed in 60-84% yield. The reaction is quite sensitive to olefin
geometry and any changes to the intemal olefin give rise to complicated product
mixtures. Several different transition metal complexes (PtCls, [RuCl»(CO)s]a,
[Rh(O2CCF3)2]2) catalyze this cyclization, demonstrating an unusual metal-
independence in a metal-mediated synthesis of seven-membered rings. Although the
ruthenium catalyst generally gives the highest yield, only [Rh(O2CCF3),]5 yields the

desired product when the R group is chloride.

E =
E \ [RuCl,(CO),], . (Eq. 15)
toluene 80°C 4h
E 60-84%
E E= CO.Et

Kreiter has shown that [5 + 2] cycloaddition reactions involving (n3-
pentadienyl)manganese tricarbonyl and an alkyne, such as diphenylacetylene or DMAD,
yield seven-membered ring products (Eq. 16).56 The stable pentadienyl complex 27 must

first be photolytically activated, forming the thermally unstable tetrahydrofuran complex

13



28. The THF complex 28 then reacts thermally with excess alkyne, providing the

cycloadducts 29, albeit in very poor yield.

R

—=—n R
¢ i n Ph, CO;Me _ Eo 16
THF -65°C THF, -65°C— RT (Eq. 16)

|
Mn(CO);; Mn(CO)zTHF 1;‘1’2% Mn(CO),

27 28 29

E. Multicomponent Cycloaddition Processes Forming Seven-Membered Rings

Most cycloaddition reactions that form seven-membered rings are two component
reactions or involve intramolecular tethering to control the reaction of multiple
unsaturated moieties. There is only a handful of examples of metal-mediated
intermolecular multicomponent cycloaddition reactions that form seven-membered rings,
most discovered serendipitously. Hubel has reported several examples of a [2 +2 + 2 +
1] cycloaddition using an iron carbonyl compound and several acetylenes (Scheme 2).57
This reaction requires a terminal acetylene (HCCH. PhCCH, p-BrPhCCH) and is

accompanied by several byproducts, giving low yields of the coordinated tropones.

Scheme 2
o o
Foo(CO) Ph Ph
e
Ph—=——H 2- 12, I \ + \
pet. ether 65°C
ca 20% X__/Ph _\ Ph
(OC);Fe Fe(CO)
Ph Ph 3
o
Fe,(CO
H—— 1 2C0) / \
20-24 atm 28°C, 26% .
(OC),Fe” =
30
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Recently, Takats has reported a synthesis of tropone complex 30 starting from a
preformed iron alkyne complex (Eq. 17).58 This alkyne complex could conceivably be
an intermediate in Hubel's chemistry. The yield is similarly low, but no other isolable

products are reported.

H
H Fe(CO),
(copFe—|| s / (Eg. 17)
H -78°C—RT

26%

One other iron-mediated multi-component cyclization has been described.39
Grevels has prepared cycloheptenone 31 from the cyclization of a diene, an alkene, and
carbon monoxide in a formal [4 + 2 + 1] cycloaddition reaction (Eq. 18), although the
overall process requires multiple steps and the yield of the final thermolysis step is not

given. Other products reportedly form, but no byproducts have as yet been identified.

Fe(COMs ———co CcOo.M Eq. 18
- e .
: l -40°C, hv 70°C 2 (€a. 18)
CO,Me ether, 27% o

31

Remarkably, there are very few metal-mediated cycloaddition reactions that
transform isolable metal allyl compounds into seven-membered rings. During the course
of our investigation, Oshima reported a manganese-mediated cyclization of a diyne
substrate 32 to form seven-membered rings 33 and 34 as well as a six-membered ring
product 35 (Scheme 3).90 The reaction suffers from low yields and poor generality.
Only diynes with terminal alkyl or trimethylsilyl groups afford seven-membered rings;
substrates with terminal phenyl groups form bismethyleneazacyclopentane 36, in which

the alkynes have reacted without incorporation of the allyl.
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Scheme 3

n2 Ph
—=—R!
BzN + ( MnMgCl _— /7
\\ — Rl R1 = Ph BZN
3

32 N
R' = TMS, hexyl, Me 36 Ph
R2 = H, Me
THF, 0°C

+ Bz2N

R‘
33, 10-30% 34, 10-30% 35, 25-40%

Some years earlier, Stryker demonstrated the feasibility of iridium mediated [3 + 2
+ 2] allyl/alkyne cycloaddition reactions.6! In this process, the iridium allyl triflate
complex 37 coordinates 2-butyne to form isolable allyl alkyne complexes 38, which react
further with excess alkyne to form n3-cycloheptadienyl complexes 39 (Eq. 19). The
iridium allyl triflate complex 37 also reacts with an o,w-diyne to form the bicyclic
cycloheptadienyl complex 40 (Eq. 20). The use of iridium in this method necessarily
limits it to a demonstration model, due to the prohibitive cost of stoichiometric iridium.
[n addition, difficulties were incurred in attempts to remove the ring system from the

metal.62

(Eq. 19)
B F T
\ = . =—R Ir+ H
Ir-—>> Me = Me,_ \lr _) Ph . ;
% 80% Me_ / R = H, Me, Ph .
Tt0 A CH,Cl, , RT, 24h Ph
R

Me 40-60% Mg

37 38



= Me *@orr

(CsMeg)ir(CoHs)OTT Me I+

\\ 94%

Me Me
40

(Eq. 20)

F. Project Goals

With the limitations of the iridium system in mind, our goal was to develop an
analogous cobalt-mediated [3 + 2 + 2] cycloaddition, re-creating the iridium-based
reactivity manifold and developing synthetically useful methodology to make organic
seven-membered ring compounds, avoiding the prohibitive cost of iridium. In this work,
we have shown that cobalt mediated (3 + 2 + 2] allyl/alkyne cycloaddition reactions
proceed readily to give cycloheptadienyl complexes analogous to the iridium complex 40,
in a reaction much more amenable to future synthetic applications. Extended
functionality is introduced into the (n3-cycloheptadienyl)cobalt products through the
stereoselective addition of carbon nucleophiles and the resulting functionalized n3-
cycloheptadiene complexes are readily demetallated via oxidative processes.

During these investigations, an unanticipated and highly unusual reactivity pattern
was discovered, leading to seven-membered ring products in which a skeletal
rearrangement has occurred, redistributing the ailyl carbons to non-adjacent positions.
This serendipitous C-C bond activation process has been developed into a conceptually
new reaction in which n4-cyclopentadiene cobalt complexes are transformed into 13-
cycloheptadienyl products by reaction with a proton and an alkyne. This unprecedented
and general transformation encompasses several seemingly disparate areas of chemistry,
from migratory insertion reactions to agostic complexes and the cleavage of carbon-

carbon bonds.
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Chapter 2. [3 + 2 + 2] Ally/Alkyne Cycloaddition Reactions of Cobalt

Complexes.
[. Introduction and Background

A. Reactivity of Intermediate 3-Allyl Complexes with Alkynes

Transition metal allyl compounds show diverse reactivity patterns!-36¢.63 and. in
particular, the reactions of alkynes with allyl complexes are of great interest. Only a few
isolable transition metal allyl/alkyne compounds have been reported, as such complexes
generally undergo further migratory insertion reactions.61.64 Many transition metal
catalyzed condensation reactions of alkynes with allylic precursors are thought to proceed
via intermediate allyl complexes. such as the nickel-catalyzed co-oligomerization of
alkynes with butadiene.83:66 A palladium-catalyzed "condensation” of an alkyne with
with an allylic carbonate has also been reported.67 The reactions of n!-allyliron
complexes with alkynes have recently been reviewed.58 Other ligands which strongly
ressemble allyl ligands have also received a great deal of attention. There has been a
substantial amount of work 0;1 palladium catalyzed trimethylenemethane/alkene [3 + 2]
cycloaddition reactions;303.362.c.69 however, this reaction rarely succeeds with alkynes,”0
except for intramolecular cases.”!

There is also a large body of literature concerned with the chemistry of isolable
nickel allyl complexes.65.72 The vast majority of these reactions, however, deal with
alkene chemistry, with alkyne reactivity relegated to a relatively minor position.”2

One recently developed reaction class involving intermediate allyl/alkyne
complexes is the Chiusoli reaction: a series of nickel mediated cycloaddition reactions
between an allylic halide, an alkyne and carbon monoxide.”3-74 One of the proposed

intermediates, an allyl/alkyne complex, rearranges and undergoes CO insertion to yield
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an acyl complex (Scheme 4). This intermediate has not been observed, although it has
been implicated by trapping experiments.”> Although most alkynes can be used in this
reaction, the best results are obtained with relatively polarized alkynes such as methyl 2-
butynoate or but-2-yn-1-ol. The requirement for alkynes with an electron withdrawing
substituent complements the electronic demands of the more well-known Pauson-Khand
reaction.!! In the latter reactivity pattern, electron poor alkynes tend to form a larger
percentage of acyclic addition products. Although the Pauson-Khand reaction proceeds
using more electron poor alkynes, under such conditions, less control over the

regiochemistry of the alkyne insertion is seen and mixtures of isomers are produced.

Scheme 4
X Ri~—e—R2 [ ]
/4_\/ Ni(CO), | R,
— MeOH Ni—Z)] 7
x \/ \x
R, = COxMe, R, =Me J
R, = CH,OH, Rz =Me l co
[ R ] 7
Rl ! r Ry RZ
Rz o)
R, _20-90%
<-——-
o _Nig
o NI” l / co
CO,Me | ¢o X
X i - -

When the structure of the allyl halide is varied, considerably more complicated
systems can be synthesized. Cyclopentenones, fused bicyclic cyclopentenones,
spirocyclic compounds, and cycloalkenylidenecyclopent-2-enones are all prepared from
various allyl precursors, alkynes and CO using these procedures (Egs. 21-23). Note that
in Eq. 23, a final B-hydride elimination is favored over CO insertion; only a small amount
of the carbonylation product is observed. Many of these reactions are not clean and the

major product is accompanied by the formation of other compounds, such as pentadienes
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or alkyne oligomers. An early review by Chiusoli covers the formation of acyclic

products using this process.”3

X o}
COzMe
| . R—=— Ni(CO)s
n R = CO;Me 30-70 %

or CH,OMe n=1-4

X
Lég Ni(CO)4
+ R—=== -
MeOH

(Eq. 22)
(n R = CO,Me 45-75 %
or CH,0Me n=14
X
W+ N NI(CO)s
O - MeOH o (Eq. 23)

R = CO,Me 48-75 % COMe

()n
R
n=1,X=Cl, 27%

While the Chiusoli reaction is capable of constructing several different types of
ring systems, it still requires substantial development. The reaction is not very tolerant of
functional groups on the alkyne; good results are generally only obtained with reasonably
electron poor alkynes and most successful examples use polarized alkynes. Many
byproducts are observed, as Ni(CO)4 can react with alkynes by itself, producing
hydroquinones or benzenes from alkyne condensations with or without carbon monoxide.
Various acyclic products are also seen from methanolysis of pre-cyclized intermediates.
The mechanism, although reasonably well defined, is complex and encompasses diverse
pathways, reflecting the many variables involved. Studies thus far have concentrated on
expanding the reactivity patterns for use in synthesis, rather than attempting to implicate
key intermediates or finding methodology to optimize reaction conditions for other

alkynes.



B. Reactions of Isolable n3-Allyl Complexes with Alkynes

1. Isolable Allyl/Alkyne Complexes

[solable allyl/alkyne complexes are relatively rare, due to facile migratory
insertion rearrangements. However, Green has reported the isolation of an allyl/alkyne
complex of iridium, tformed by allowing (carbonyl)(methylallyl)-
bis(triphenylphosphine)iridium 41 to react with hexafluorobutyne in toluene/methanol
solution.%4 An identical reaction is observed to occur with the allyl complex 42 under
similar conditions. The allyl/alkyne complex 43 is observed to undergo a migratory
insertion reaction upon mild heating (benzene, 80°C) with triphenylphosphine. forming

vinyl complex 44 (Scheme §).

Scheme §
CF,
(PPh,),Ir )}R CFs
UL A
| — Fa —
oc FiC CFy <( _ﬂ. (PheP)OC,
~
41, R = Me Phc'z:eo" oc” CF ao c L | R
42,R=H ° PPh:, 3 PPhy(CO)
a3 44 L=PPh,

Schwiebert has also isolated iridium allyl/alkyne complexes and seen even more
facile intramolecular migratory insertion chemistry (Eq. 24).61:62 Both the alkyne and
the allyl triflate precursor 37 are readily soluble in benzene; precipitation of the
allyl/alkyne complex 45 occurs upon addition of diethyl ether. Dissolution of 45 in polar
solvents causes rapid rearrangement to metallicenium complexes, which will be discussed
more fully in later sections. Stable ruthenium allyl/alkyne complexes of the form (13-
CsMes)Ru(n3-C3Hs)(n2-CaR32) (R = Me, Ph, SiMe3), prepared from Zn reduction of (13-
CsMes)Ru(n3-C3Hs)(Br); with the appropriate alkyne in THF at 0°C, have also been
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isolated in our group.”® These complexes thermally rearrange to n3-pentadienyl

complexes upon mild heating from 0°C to 60°C.

/ij //‘\ A——— /%/f\o " (Eq. 24)

f 80% A
Tto R 38, R = Me
37 45, R = Ph

2. Allyl/Alkyne Migratory Insertion Reactions

Reports of single alkyne insertion into isolable allyl complexes are also known.
Clark has demonstrated a single alkyne insertion into the pailadium ally! complex 46,
forming a vinyl olefin ligand (Eq. 25).77 The insertion product exists as a mixture of one
dimeric and one monomeric structure, the latter with a chelating viny! olefin ligand.
However. addition of another equivalent of phosphine converts both complexes to the

monomeric vinyl complex 47.

CF;
CF,
—_— e
—<(——Pd(PthMe) FL—="CF | g (Eq. 25)
l Ph,PMe ol
ct CHCl3, days cl Me
46 47 L= thp Me

Similar allyl/alkyne insertion chemistry is seen using iridium complex 48. Green
has observed a single insertion of hexafluorobutyne into an iridium methylallyl complex,
again forming a chelating vinyl olefin complex.64 Ancillary ligand rearrangement occurs
in this system, giving a mixture of bis(phosphine)carbonyl 49 and bis(carbonyl)phosphine
complex 50 (Scheme 6). Also present in this mixture is a 1:1 allyl/alkyne adduct 51 that
has undergone a trans insertion. The analogous allyl complex also inserts one equivalent

of alkyne; however, this product appears to arise only from a trans insertion of the
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alkyne, to form exclusively 52: a structure suggested by the small value of the Jgg
coupling constant. These trans complexes could arise through attack on a free alkyne, in

a dipolar transition state (Figure 2), which then collapses to form the product.

Scheme 6
F,c—:—— CF,
-30°C (Pth)OC\
Fic—7# CFha
(PPh,) ".__) toluene, 3
e 3-5 days PhyP —Ir—PPh
PPh4(CO) WP 3
CO
R =H, Me 49, R=Me, L =CO, 4% 51, R = Me, 3%
48 50, R = Me, L = PPh;, 12% 52, R = H, 5%
R=H, 0%

Figure 2. Dipolar Transition State for Allyl/Alkyne Insertion Reactions

L.,lr—)}n 7 TCFy

+
- +
F.€ —==CF, IrL,

Single alkyne insertion reactions into allyl ligands are also observed for some
ruthenium allyl complexes.”82 [n some systems, a further transformation occurs to
generate an acyl complex derived from CO insertion into the intermediate vinyl olefin
(Eq. 26). Symmetric alkynes such as acetylene or diphenylacetylene lead to a single
dimeric chloro-bridged complex. Unsymmetrical alkynes (phenylacetylene, ethyl
propiolate) also undergo insertion to form these dimeric complexes, although the
insertion process is not selective, forming a mixture of regioisomers. The relative amount

of each isomer is not reported.

- o R -
—=R
(COXR u—)> octane or toluene (0C),Ru N—r (Eq. 26)
60-95°C Cl
47-54 % =
L J2
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Examples of allyl/alkyne addition products that have undergone more extensive
ligand reorganization are also known (Scheme 7). Herrmann.”8b for example, reports that
allowing rhenium alkyne complex 53 to react with allyl magnesium chloride in THF,
followed by heating the intermediate in toluene at 100°C, forms an n3-pentadienyl
complex 55. A transient allyl/alkyne complex is presumably formed, but no intermediate
complexes are characterized. Insertion of the alkyne into the allyl to give a vinyl olefin
complex analogous to 47 at room temperature is likely to occur, based on the previous
examples. Thermolysis can then effect the C-H activation of a methylene hydrogen in the
intermediate vinyl olefin complex. with subsequent reductive elimination yielding the
product 55. Jolly describes a similar rearrangement that forms pentadienyl complex 56
from the chromium complex 54, but this reaction is observed to proceed under much

milder (-25°C) conditions.”9

Scheme 7

Ph ‘ sC: H cc:ccu K
Cp-(cn,neﬂ( {) (allyhMgCl_ | -3 73 Cr(PMe,),
R

THF, -78°C R En0, 25 \7

(ii) toluene, 110°C
Ph 729 ML, y

53
§5, ML, = Cp*ReCl,R =Ph

56, ML, = Cr(n3-allyt)(PMe,), R = Me

3. Double Alkyne Migratory Insertion Reactions

Certain systems undergo insertion reactions in which two alkynes are
incorporated into the allyl ligand (Egs 27, 28). Stone802 and Green80b both report
products from double alkyne insertion into a cobalt methylallyl complex. The earlier
report describes the sequential insertion of two hexafluorobutyne molecules to give
complex §7. Later efforts by Green failed to reproduce this compound, giving instead a
different double insertion product (58), which forms from the insertion of two alkynes

into opposite ends of the methylallyl ligand. In both cases, the products are isolated in
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low yield, and several other unidentified compounds are formed. It should be noted that
Green detects an equal amount of viny! olefin complex 59 in the crude reaction mixture,
generated from a single insertion of alkyne. This reactivity manifold is obviously highly

sensitive to small variations in reaction conditions.

FsC CF,
(°°’3°°-) i i TS (Eq. 27)
50/0 (OC)SCO\ 9-
F;,C——CF;,
57
FaC FiC
CF,
(00)30o~) \ Fi€ <~
+ (Eq. 28)
FiC CF,
FsC 58, 18% 59, 17%

A molybdenum n!-allyl system (60) is also reported to insert two equivalents of
hexafluorobutyne (Eq. 29).8! The initial migration of the allyl generates a trans vinyl

group, likely from a process similar to that previously described in Figure 2. A more

/ﬁ FiC—==—CF;
C'“ / \ hv, hexane (Eq. 29)

12%

60

straightforward second insertion follows, generating the chelating vinyl diene complex
61. Because no crystallographic analysis was undertaken, the trans assignment of CF3
groups was based on spectroscopic data. Only one CF3 group shows Jgy coupling to the

allyl fragment; furthermore, this group shows no F-F coupling, suggesting that the

adjacent CF3 group is in a trans orientation. The two CF3 groups assigned to the o and f8
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carbon atoms show mutual coupling (Jgg = 12 Hz) but no further splitting of the signals is

observed.

4. [3 + 2] Allyl/Alkyne Cycloaddition Reactions

Allyl/alkyne coupling has been observed not only to form linear condensation
products, but also to form cyclic complexes. The reaction of a tris(3,5-
dimethylpyrazolyl)borate niobium alkyne complex with allyl magnesium chloride yields
a rearranged niobacyclopentadiene product (Scheme 8).822 A molybdenum allyl complex
has been shown to react with DMAD to form an oxamolybdacyclopentadiene product
(Scheme 8).82b Both of these processes involve rather extensive rearrangements of the

initial alkyne insertion product.

Scheme 8
Ph MgClI Ph
Tp*NDb ’ * T *Nb \
/\ toluene, -30°C P
ctclI R 25% cl
H,C
R = Me, Ph MeO .
s ?/ /i =
R' R2P/ :Mo\
/I\\/ efp/l c oCO0:zMe
R P/(S\Mo’co o::l:,scu',m,; s O, meo
g~ | “NCMe _hec""‘" 40-60% MeO
co O/ _
e
‘= H, Me A
S
/| \c oCO:zMe
EP co 20-33%

Another pattern of allyl/alkyne insertion is seen in the reaction of several Group 8
and 9 allyl complexes with alkynes: a [3 + 2] metal-mediated dehydrogenative

cycloaddition. Rubezhov has provided numerous examples of such [3 + 2] allyl/alkyne



cycloaddition reactions using allyl halide complexes 62 (Eq. 30).83 Unsaturated
intermediates 63 are generated by a halide metathesis reaction with silver
tetrafluoroborate and are presumed to coordinate and insert one equivalent of alkyne.
Cyclization of the initial insertion product is followed by a loss of dihydrogen to form
sandwich complexes 64 in generally good but variable yield (30-90%). In these
reactions, the product of initial allyl/alkyne insertion may parallel the examples reported
by Clark and Green; however, no mechanistic work is reported by Rubezhov. The
presumed mechanism of this process along with additional supporting evidence will be

discussed in later sections of this chapter.

BF,~ -
0;(.1) g, 0/—/\-0\) s <& (n) BFy
+ =

\ A R R' | +
M—)> acetone /M-) “H, = M o (Eq.30)
x” sol 30-90% @*n‘
62 63 R,R' =alkyloraryl 64
M=Ru,0s n=2 M=Ru,08 n=2
M=Rh,iIr n=1 M=Rh,Ir n=1

Recently, Nehl reported a similar [3 + 2] allyl/alkyne cycloaddition reactivity
pattern using a cobalt template.84 A large change in the reactivity pattern is noted with a
change in the oxidation state of the cobalt (Scheme 9). The reactions of
pentamethylcyclopentadienylcobalt(II) allyl 65 with alkynes yield a variety of products
arising from alkyne dimerization and trimerization, with no incorporation of the allyl
ligand into the products (Scheme 9). In the reaction with diphenylacetylene, however,
(n3-CsMes)Co(n!-allyl)(n3-allyl) (66) is isolated in addition to a
tetraphenylcyclobutadiene complex, but the fate of the allyl ligand in most other reactions
is unknown. In some cases, the presence of uncomplexed benzenes (from cobalt-
catalyzed alkyne trimerization) is detected by |H NMR spectroscopy. Complex 65 is also

known to co-cyclize alkynes and nitriles to form pyridine rings.35
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Scheme 9
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Oxidation of 63 to the cobalt(IIl) allyl cation 67 results in dramatically different
chemistry (Eq. 31). The reaction of alkyne with the cobalt(III) system in tetrahydrofuran

solvent yields sandwich compounds 68 similar to those observed by Rubezhov.

E [ % BF,” i BF,”
\ + R3 R4 | &
— 1 Co- n’-———————— Co na
Co THF / }7 43-53% &) R (Eq. 31)
| sol R' ‘QR‘
L i

65 67 68

5. [3 +2 + 2] Allyl/Alkyne Cycloaddition Reactions

Rubezhov has reported a rare case of double alkyne insertion into an allyl ligand
using 2-butyne.86 The formation of this unique 2:1 cycloadduct 69 proceeds smoothly in
32-49% yields using several metal templates, but this new reactivity pattern is limited to
the use of 2-butyne (Eq. 32). The proposed mechanism for the formation of these
compounds will be discussed later in this chapter. In the reaction of (n6-
benzene)ruthenium(n3-allyl)* BF4~ with equimolar alkyne, Rubezhov reports a product

mixture of 4:1 in favor of the methanocyclohexadiene complex 69 over the single
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insertion product, metallicenium complex 70. Data for the product ratio with larger

amounts of alkyne or with other metal templates is not reported.

& ( n BFy”

9( n <> -
AgBF4 M S eF,

M—)> e Me. | * i Me (Eq. 32)
> .
Me—G_ O*Me
M-Ru,Os, n=2 Me Me
M=Rh;n=1 69 70

On the basis of Rubezhov's results, it was thought that this reactivity pattern could
be altered to produce seven-membered rings by using a different arrangement of ancillary
ligands.! This selectivity for the reaction was accomplished by Schwiebert in this
research group, who has shown that by using the more sterically demanding
pentamethylcyclopentadienyl ligand, the reaction of 37 with excess 2-butyne gives a
mixture of seven and six-membered ring systems 71 and 72 in a reasonably selective 5:1

ratio (Eq. 33).6!

ﬁ?

/ﬁ Me |r+ T oTf"
lr—-)> cu,cn2 RT, 12h M,_@ {B (Eq. 33)
o 78% il
37 Mo
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The greater stability imparted to the complexes by the electronic properties of the
pentamethylcyclopentadieny! ligand also enabled Schwiebert to isolate a competent
intermediate in the cyclization pathway. Addition of 2-butyne to the triflate complex 37
in benzene/diethyl ether forms an allyl/alkyne complex 38, which precipitates from
solution. Further reaction of this complex in dichloromethane with other alkynes yields
one major product, the seven-membered ring complex 73 (Eq. 34), which presumably is

formed through the same mechanism that produces 71. Also seen in this reaction are
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varying amounts of isomeric seven-membered ring complexes (20-50% of the product
mixture), which appear to be the result of a series of hydride shifts, isomerizing the main

product 73..

/@ ot Ph—=—R QOTF
R = H, Me, Ph Ir+ H
\,;_)> - 4 (Eq. 34)
Me  / CH,Cl,, RT, 24h o
\ 50-59%
Me R

Me Me
38 73

Additional evidence of the reaction pathway is obtained by trapping the direct
product of allyl/alkyne insertion with carbon monoxide, although some
[(CsMes)Ir(C3Hs)(CO)]* OTE is formed from alkyne displacement by CO prior to allyl
migration. The resulting vinyl carbonyl complex 74 is presumed to model the product of
initial allyl/alkyne insertion, where CO takes the place of a more labile molecule, such as
solvent or additional alkyne, in the actual [3 + 2 + 2] cycloaddition process (Scheme 10).
[nterestingly, thermolysis of the vinyl carbonyl complex 74 results in the formation of a
complex that was tentatively assigned as the 1,2-dimethylpentadienyl complex 75,62 in a
process remarkably similar to the allyl/alkyne migratory insertion reactions reported by
Hermann and Betz.78 However, the spectroscopic data for complex 75 does not
correspond well to other pentadienyl complexes, suggesting that a different structure is in
fact formed.87

Scheme 10
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Other allyl/alkyne complexes can also be trapped at intermediate stages; the
reactivity of diphenylacetylene complex 45, formed under the same conditions as 38,
closely resembles that seen in both butyne complex 38 and in Rubezhov's work (Scheme

11). Reaction under an atmosphere of CO also produces a vinyl carbonyl complex. 76:

/ or ir*
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ot
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Scheme 11
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however, a different reactivity pattern is subsequently seen. Rather than isomerization to
form an acyclic pentadienyl complex, treatment of 76 with trimethylamine-N-oxide or
thermolysis leads to the formation of cyclic 1,2-diphenylcyclopentadienyl complex 77.
The reaction of complex 76 with 2-butyne and trimethylamine-N-oxide, produces the
seven-membered ring complex 78 previously observed in the direct reaction of 45 with 2-
butyne (Eq. 34). This implicates such vinyl olefin complexes as competent intermediates
in the formation of seven-membered ring complexes. However, no evidence has been
obtained for more advanced intermediate complexes in the [3 + 2 + 2] cycloaddition
pathway.

Based on these results, a working mechanistic rationale is presented for the
formation of seven-membered ring systems in these [3 + 2 + 2] cycloaddition processes

(Scheme 12). Initial insertion of an alkyne molecule into the allyl ligand generates vinyl
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olefin intermediate I. which can be trapped by added ligand (e.g. 76). However,
intermediate I can also cyclize to five-membered ring IT (Path A, Scheme 12) or insert a
second alkyne (Path B, Scheme 12). The insertion of a second alkyne generates a vinyl
diene intermediate III, which cyclizes to either a six-membered (IV) or seven-membered
(V) ring nl.n+-carbocycle by migratory insertion. This non-conjugated seven-membered
ring intermediate is evidently unstable and undergoes B-hydride elimination and hydride
reinsertion reactions to form an n3-cycloheptadienyl product (e.g., VI), where the final
position of the substituents (R) depends on undetermined factors. A more comprehensive

discussion of the cycloaddition mechanism is presented at the end of this chapter.

Scheme 12
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6. Cobalt [3 + 2 + 2] Allyl/Alkyne Cycloaddition Reactivity Patterns

With the goal of a more general and economical template for similar [3 + 2 + 2]
cycloaddition reactivity in mind, Etkin attempted to extend this [3 + 2 + 2] allyl/alkyne
cycloaddition reactivity pattern by using cobalt allyl complexes.88.89

Pentamethylcyclopentadienylcobalt(allyl) triflate complex 80 is easily synthesized in
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good yield from the bis(ethylene) complex 79,90 allyl alcohol and triflic acid (Eq. 35).9!
Unlike related manganese systems, where substituted allyl complexes can be formed from
substituted allylic alcohols,%? this cobalt methodology appears to be limited solely to the
unsubstituted allyl alcohol. Attempts to use other allylic alcohols in this procedure give
mostly paramagnetic decomposition products; only with crotyl alcohol is a small (ca.

20%) amount of impure crotyl triflate 81 isolated.

go TIOH, Et,0 (Eq. 35)
\\\/ / -78°C—>RT TtO
79 80, R = H, quantitative

81, R = Me, ca. 20%

Due to the failure of the initial route to synthesize substituted allyl complexes,
other simple methods were investigated. Although other procedures to generate
(allyl)cobalt(halide) complexes are known in the literature,93 the conversion of the halide
to a triflate ligand by use of silver triflate was expected to be prohibitively difficult, based
on the poor metathesis results obtained in the iridium systems.6! The conversion of a
diene ligand to an allyl complex by protonation is well established; thus, a facile
synthesis of pentamethylcyclopentadienecobalt(n4-diene) complexes was sought.
Exchange of the CO ligands in CpCo(CO); with acyclic 1,3 or 1.4 dienes is known, but
generally requires prolonged photolysis or harsh conditions.94 The ligand exchange
chemistry of (CsMes)Co(CO); is also poorly developed and requires harsh conditions; in
contrast, the chemistry of the more substitutionally labile (CsMes)Co(C2Hg)2 79 is quite
facile and well known.95:96 Exchange of butadiene, isoprene, and other dienes with the
ethylene ligands of 79 occurs under mild conditions, generating diene complexes 82-84 in

high yield (Scheme 13). Occasionally, higher temperatures are required to isomerize

33



Scheme 13
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mixtures of 1.3 and 1.4 diene complexes to a single isomer (i.e., 84) as seen in the
exchange reaction of 79 with 1,4- and 1,3-pentadiene.88
Cationic cobalt allyl complexes are easily formed from these readily available

cobalt dienes complexes 82-84 by protonation using trifluoromethanesulfonic (triflic)
acid. This transformation readily occurs in diethyl ether at -78°C to form crotyl, 1,2-
dimethylallyl and 1.3-dimethylallyl complexes 81. 85 and 86 as dark red-brown solids in
high yield. although the formation of small amounts of a dark blue paramagnetic material
is also noted (Eq. 36).88.89 This paramagnetic impurity can be removed by dissolution of
the crude reaction product in small amounts of benzene and stirring the solution for
several hours; this apparently allows time for the impurities to either decompose or

aggregate. Filtration then removes the now insoluble impurities and recrystallization of

the triflate complexes gives analyticaily pure compounds.

- ' . TIOH /%d
¢ Ego ase c,,_)é, (Eq. 36)

Et,0, -78°C

4

R 85, R R Me, H, 80%
86, R, R' = H, Me, 82%



Although the reaction of the parent allyl triflate complex 80 with alkynes can
yield seven-membered rings (vide infra), the crotyl complex 81 generates five-membered
ring products almost exclusively when allowed to react with substituted alkynes. Even
the unsubstituted allyl complex 80 forms these cyclopentadienyl compounds when
allowed to react with bulky alkynes such as 4.4-dimethyl-2-pentyne, diphenylacetylene,
or trimethylsilylacetylene in dichloromethane. More disappointing is the discovery that
the allyl complex gives mixtures of isomeric seven-membered ring complexes when
allowed to react with such unsymmetrical alkynes as propyne, 1-pentyne, and 1-
phenylpropyne. Only two substituted alkynes, 2-butyne and 3,3-dimethyl- 1-butyne, were
observed to form single seven-membered ring adducts in good yield in the reaction with
the allyl triflate complex 80 in dichloromethane. However, the product obtained from the

reaction with 2-butyne (Eq. 37) is clearly a result of an extensive rearrangement, arising

/%d ‘@’ ot

+
\ Me——=—-Me Me, Co
/c°—)> CH.Cly, 12h Me < I H (Eq. 37)
TtOo -78°CRT
Me Me
80 87

from a different, unprecedented mechanism, which will be discussed in a later chapter.
The structure of complex 87 has been unambiguously established using extensive two-
dimensional NMR spectroscopy. Further supporting evidence for this structure was
obtained by the preparation of fully characterized derivatives such as the hydride adduct
88 (from addition of LiEt3BH) and the deprotonation (NaH) product 89 (Scheme
14).88.89 A sequence of deprotonation and reprotonation steps was found to best effect

the purification of complex 87.88.89
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Scheme 14
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The reaction of complex 80 with other alkynes such as phenylacetylene and
cyclooctyne97 appear to give single n3-cycloheptadienyl complexes but the assignment of
these products remained tentative, pending a more detailed examination. Strong solvent
effects are noted in these reactions, which can dramatically alter the reactivity pattern.
Reaction of the allyl complex 80 with alkyne (>1 equiv) in tetrahydrofuran rather than
dichloromethane generates cobalticenium complexes exclusively, as also reported by
Nehl.8485 Attempts to trap intermediates using CO are unsuccessful in cobalt, in contrast
to the iridium system.61.62 Furthermore, attempts to follow the reaction by 'H NMR
spectroscopy also fail to show new intermediate complexes; only a compound tentatively
assigned as the allyl/alkyne complex is seen.

[t was found that complexes 80 (R, R'=H), 81 (R=Me,R'=H)and 85 (R, R' =
Me) each undergo facile reaction with acetylene to form a single seven-membered ring

isomer in high yield (Eq. 38). Although only partially characterized by Etkin through the

;] |
/@ H—=H N Co (Eq. 38)
C°—) R CH,Cl,, 12h @\
-78°CSRT
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use of 'H NMR spectroscopy, the data strongly suggested that seven-membered ring

complexes were present. A simple deuteration study undertaken using acetylene-d»
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generated complex results that posed several mechanistic questions about rearrangements
occurring in this system. Further discussion, as well as mechanistic proposals, will be

presented in full in later sections.
C. Project Goals

The pentamethylcyclopentadienylcobalt system produces some unexpected results
with many reaction products not fully characterized. Our initial objective was to define
the limits of the [3 + 2 + 2] chemistry in the pentamethylcyclopentadienyl cobalt system.
[n part, this requires further investigation into substituent effects on the allyl, as well as
much greater development of the promising acetylene chemistry. As large steric barriers
to the reactivity pathway appear to exist, we also endeavored to develop the
cyclopentadienylcobalt system, a less sterically encumbered model, to test further [3 + 2

+ 2] reactivity.
II. Results and Discussion
A. Oxidative S ynthe.;is of Other Allyl Complexes of Cobalt

Although the preparation of various allyl complexes was established by Etkin, the
procedure is limited by the availability of dienes. Some allyl complexes such as the
cinnamyl, 2-methylallyl or carbomethoxyallyl complexes 90-92 cannot be prepared using
such a sequence. They can, however, be readily synthesized using an oxidative addition
procedure (Scheme 15). Even the allyl and crotyl complexes 80 and 81 are easily made
via this reactivity pattern. All of these cobalt allyl complexes have been tentatively

assigned as having both an exo geometry ("point up") and syn substituent stereochemistry
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based on NOE measurements, 'H NMR coupling constants and comparison of the 'H

spectrum with analogous iridium complexes.62.88

Scheme 15-
j | . \/K/ /Z? AgoOTt /ZQ? :
2 THF, 40-50°C 00—3— RT, CeHe ) o—);n
N7 T10
79 90 RR' = MeH, X = CI, 71% 93 R.R' = Me,H, 89%
91 RR' = H,Ph, X = CI, 70% 94 AR = H,Ph, 76%

92 R,R' = H,COMe, X = Br, 82%

B. [3 + 2 + 2] Cycloaddition Reactions of Allyl Cobalt Complexes

1. General Discussion. Reaction Conditions and Product Characterization

In contrast to the difficulty encountered using silver triflate as a halide abstracting
agent in the iridium system, a reaction that requires excess silver triflate to proceed
cleanly 60.61.83 cobalt halides are replaced in good yield when allowed to react with one
equivalent of silver triflate (Scheme 15). Other reaction conditions may also be
employed to generate unsaturated cobalt allyl complexes, such as the in situ reaction with
silver salts used by Rubezhov.83 This in situ ionization proceeds equally well using
either silver tetrafluoroborate or silver triflate, although isolation of the ionized allyl
complex has only been attempted with triflate as the counterion.

In order to avoid the use of expensive silver salts, other ionization methods were
sought. It was thought that the use of a highly polar medium might preclude the need for
an anion less coordinating than halide, thus 2,2,2-trifluoroethanol (TFE) was chosen in
the hope that the cobalt halide would ionize solvolytically, forming a solvated outer
sphere anion and leaving a more reactive cationic cobalt center. An added bonus is that

the halide compounds are generally highly air and water stable, whereas the triflate
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complexes gradually decompose if exposed to air and water. Although this procedure
works well for reactions with many alkynes, acetylene itself does not appear to react with
the cobalt center in trifluoroethanol. Only extensive decomposition to uncharacterized
blue paramagnetic material is observed upon addition of acetylene to a solution of cobalt
allyl complex 80 in trifluoroethanol.

Other advances in technique have been made since Etkin's initial work.
particularly in the isolation of [3 + 2 + 2] cycloadducts from various impurities. Most [3
+ 2 + 2] cycloaddition reactions of pentamethylcyclopentadienyl cobalt allyl templates
generate varying amounts of cobalticenium byproducts from [3 + 2] cycloaddition. As
the solubility properties of these compounds are quite similar, they are often difficult to
separate completely by crystallization, which hampers the identification and
characterization of the products. It was discovered that both classes of compounds are
stable to standard chromatographic conditions on the benchtop. Isolation and purification
are normally accomplished through the use of flash chromatography on silica gel. The
solvent polarity is varied depending on the difficulty of the separation but generally
ranges from 4-7% methanol in dichloromethane. It should be noted that at least 1%
methanol is required for any elution to occur. The cobalticenium products are much
slower to elute and are often left on the column once the desired cycloheptadienyi
compound is separated.

The assignments of the hydrogen atoms and substituent stereochemistry on the
methylene carbons of the n3-cycloheptadienyl products are based on careful comparison
between !H NMR spectroscopic data and dihedral angles obtained from the X-ray crystal
structure of bicyclo[5.3.0]deca-1,3-dien- -yl cobalt complex 111 (vide infra, p 63). An
estimate of the coupling constant can be made from the dihedral angles using Karplus
correlations.?8 However, the solution structure may differ or undergo rotational motions.
The crystal structure determination also helps assign the substituent stereochemistry in

other, similar, complexes as well, based on similarities of the spectroscopic data.
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Several patterns in the |H NMR spectra of cycloheptadieny! cobalt compounds
are evident and can be used for preliminary structural assignments (Fig. 3). Incases
where the ligand is symmetrical, either the unsubstituted seven-membered ring or a single
substituent in the 3-position, only the hydrogen in the 3-position (if applicable) is unique.
Although the H /5 and Ha4 pairs appear to have first order patterns, the Hgexo and H7a¢g
atoms are magnetically inequivalent, as are the two Hepgo atoms; both are second order
multiplets. Once the seven-membered ring is unsymmetrically substituted, ali hydrogen
atoms are rendered inequivalent; thus the remainder of this discussion applies only to the
substituted ligands. The furthest downfield signal. typically about § 7.2-6.3, can readily
be assigned to the hydrogen attached to the central position of the pentadieny! framework.
Other hydrogen atoms on the coordinated dienyl fragment resonate in the range of 4-6
ppm. with the two ends (H; and Hs) typically showing more shielding than the interior
positions. The coupling constants for vicinal protons on the pentadienyl framework are
almost always 7-9 Hz. However, there is a marked geometric difference between the two
ends of the pentadienyl, as shown by the /.7 and Js.g values. While the J5.6endo and Js.
6exo Values are very different (J = 8-9 and 4-6 Hz, respectively), there is little difference
in the value of J|.7endo and J|.7exo, a clear indication that the methylene carbons are
generally in different relative spatial orientations. Note that in order to view these
profoundly different values in the coupling constants, the conformational geometry must
be fixed or, at the very least, changes must be slow on the NMR spectroscopy time scale.

No further analysis (e.g., variable temperature 'H NMR spectroscopy) was undertaken.

Figure 3. Numbering Scheme and Conformation of n3-Cycloheptadienyl Complexes
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The protons of the two adjacent methylene carbons also show characteristic
chemical shift and coupling patterns. One signal resonates at particularly high tield (5 0.9
to -0.2) and has been defined as the Heexo proton. The consistent labeling of this high
field resonance as Hg helps simplify the tabulation of data and, although initially intended
to agree with the nomenclature rule stipulating substituents be labeled with the smallest
number possible, does not always lead to formally "correct” numbering schemes. The
exo assignment for the upfield resonance is supported by Pauson's assignments of endo
and exo substituents in cycloalkadienyl metal complexes.!002 Payson observed the
general trend that the endo proton is found at lower field than the exo proton on the
noncoordinated methylene carbon of n’-cyclohexadienyl complexes, although this
generalization appears to be valid only for first row metals.!00b Crystallographic analysis
of bicyclo[5.4.0]undecadieny! complex 111 (vide infra) indicates that the exo proton in
this cobalt cycloheptadienyl complex is situated almost directly undermeath the
pentadienyl fragment, which is capable of generating an anisotropic effect, thus affecting
the chemical shift. Similar situations are seen in the commonly cited example of ring
currents in aromatic and annulene systems, where protons located above or below the
central portions of the ring experience strong shielding effects. Thus, any proton situated
immediately above or below the pentadienyl system should experience some degree of
shielding, analogous to the more familiar example of the strong shielding of the inner
protons in annulene systems.

One other methylene hydrogen exhibits a characteristic pattern. The H7endo
proton is shifted quite far downfield relative to the other methylene signals, to 8 2.5-3.5 in
the 'H NMR spectrum. Aside from chemical shift data, the coupling constants for this
signal display fairly consistent values, resulting in a diagnostic spin coupling pattern: a
resolved dddd muitiplicity pattern, with coupling constants of approximately 16, 12, 8,

and 4 Hz.
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Because the final two protons (H7exo and Hgendo) of the methylene carbons are
often multiplets or obscured by methyl group signals, few generalizations can be made.
However, the conformation of the ring appears to be fairly rigid. which is reflected in the
relatively constant magnitudes of various coupling constants. For example, the value of
the vicinal coupling constants Jgendo-7exo and J6exo-7endo are typically 0-3 and 9-13 Hz,
respectively. The values for Jeendo-7endo and J6exo-7exo are generally 7-9 and 3-6 Hz,
respectively. The small value observed for Jeendo.7exo iS significant, suggesting an angle
close to 90° between these two atoms. These data further support a static conformation
(Figure 3).

Once unambiguously assigned using heteronuclear correlated spectroscopy, the
13C NMR spectrum also shows a significant number of characteristic patterns, both in the
chemical shift and the value of the one bond C-H coupling constant (!/cy), which is
dependent on its position in the ring. The C3 carbon (Figure 3) is normally the most
deshielded signal; the Ca/4 and C /s signals resonate further upfield, although there is a
wide range of chemical shifts for these carbons and sometimes the signals are too close
together to readily assign solely on the basis of the chemical shift. The value of Uch is
also fairly diagnostic. Although this value is roughly the same for the C3 and Cy/4
carbons, about 165-175 Hz and 163-168 Hz, respectively, the Cy/s carbon atoms have a
significantly smaller !Jcy value of 150-155 Hz. Thus, the terminal positions of the
pentadienyl portion of the ring are quite evident in the coupled !3C NMR spectrum. The
1 Jey values for the methylene carbons, Cg and C7, show little variation from 125 Hz: the
typical value for sp3 hybridized carbon atoms. The Ce carbon atom generally is observed

at 30-40 ppm, while the C7 resonates slightly downfield at 40-50 ppm.
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2. [3 + 2+ 2] Terminal Alkyne/Allyl Cycloaddition Reactions

The reaction of terminal alkynes with the allyl template 80 produces the desired
seven-membered ring systems, as both phenylacetylene and 3,3-dimethyl-1-butyne give
good yields of seven-membered ring products when allowed to react in excess with
complex 80 at -78°C in CHaCls. The dark red 3,5-diphenylcycloheptadienyl complex 95
can be isolated as an analytically pure microcrystalline powder in moderate yield, but
only after repeated chromatography. This reaction also produces significant amounts of a
brown uncharacterizable material that interferes with the product isolation and thus
lowers the isolated yield. It was found that changing the reaction conditions to use
slightly higher temperatures and a smaller excess of phenylacetylene gives better yields
of cycloheptadienyl complex 95, either from an inherently higher yield or simply from

lower losses in isolation (Eq. 39).
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The 'H NMR spectrum of 95 reveals only three downfield signals, consistent with
both phenyl groups located on the coordinated pentadienyl portion of the ring.
Furthermore, a sharp singlet at & 6.47 (H4) is observed, unusually far downfield for an Hy
position, attributed to an anisotropic effect of the phenyl substituents and indicating either
a 1,3- or a 2,4-substitution pattern. Other downfield signals are found at 5.10 (d, J5.; =
9.4 Hz, H3) and 4.74 (dddd, H;) ppm: the vicinal AX pattern eliminates the possibility of
2,4-substitution pattern. The H; signal is shown by both homonuclear decoupling and

two-dimensional techniques to be coupled to signals at § 3.24 (H7endo), 8 2.69 (H7exo)
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and 6 2.04 (Heendo): all coupling constants, however, are quite small (2-3 Hz). As the
hydrogen atoms that resonate at § 3.24 (H7endo) and 82.69 (H7.xo) show a mutual large
(17 Hz) coupling, they are likely to be geminal and are assigned to the Hy position
adjacent to Hy. The second methylene unit is indicated by a large coupling constant of 13
Hz between & 2.04 (Heendo) and 8 0.58 (Hgexo). Although the J6exo-7Tendo coupling
constant is also large (12.2 Hz), the other J values are smaller (4-7 Hz). Data from the
gated decoupled 13C NMR spectrum also support the 1,3-disubstituted dienyl structure.
Three carbon signals (8 91.8. 87.9, and 86.0), assigned to C4, C3 and C|, respectively, are
doublets in the gated spectrum, with !Jcy values of 145-163 Hz, indicative of near-sp>
hybridization. Two other singlets are observed downfield at 8§ 114.5 (C3) and 8 107.9
(Cs), consistent with coordinated quaternary sp? hybridized carbon atoms. The
methylene carbons are assigned to the triplet (1Jcy = 132-133 Hz) signals at 46.2 (C7)
and 32.3 (Cg) ppm.

A simple deuterium labeling study was undertaken, by preparing phenylacetylene-
d; from lithiophenylacetylene and D20 and allowing a slight excess of the deuterated
alkyne to react with triflate complex 80. The alkyne D(H) atoms are located exclusively
adjacent to each phenyl ring, indicating that there is no rearrangement of the alkyne
substituents.

[n contrast, the dark green di-z-butyl complex 96, formed from the reaction of 80
with 3,3-dimethyl- 1-butyne, is isolated in high yield after direct crystallization of the
crude reaction product from CH2Cl2/Et;0 (Eq. 40).88-89 The bulky r-butyl groups must
perturb the coordination geometry, as reflected by the color of the compound, but no
further structural investigation was undertaken, due to a difficulty in obtaining X-ray
quality crystalline material. An analytically pure dark green powder can also be obtained
after flash chromatography. The !H NMR spectrum exhibits an isolated AX system, with

doublets at 3 7.41 and d 5.40 for H3 and H,, respectively, consistent with 1,4 substitution.



The greater downfield shift of these hydrogen atoms is presumably another indication of

perturbed coordination. When the allyl triflate complex 80 is allowed to react with

+BU—=—H By o'
)> — (Eq. 40)
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terminally deuterated ¢-butylacetylene-d|, the deuterium labels are found adjacent to one
another and flanked by the r-butyl groups. Some degree of commonality in the spectral
properties of structures 95 and 96 can be seen (Table 1), despite the rather different
substitution patterns. In particular, the 6-exo and 7-endo protons have highly consistent
chemical shifts and multiplicity patterns.

According to the proposed mechanism, these two complexes must arise from
different alkyne insertion orientations (Scheme 16). The diphenyl complex 95 is formed
from a head-to-tail insertion process, with each insertion placing the phenyl group away
from the metal center (I, Scheme 16). In the absence of further data, it is equally likely
that the insertion places the phenyl group adjacent to the metal (II, Scheme 16), as
cyclization of both intermediates provides the same enantiomeric 6-diene structure (III,
Scheme 16). Both structures I and II are nominally 16-electron, coordinatively
unsaturated intermediates. However, these intermediates are likely stabilized by the
coordination of a solvent molecule, a triflate counterion, or the free double bond in the
ligand.

Arguments can be made for either insertion regioisomer. The first structure
shown (I, Scheme 16) is expected to have greater electron delocalization by placing the
phenyl ring at the end of the diene group. The steric presence of the phenyl groups may

also be minimized in structure I, as they are placed away from the metal. Structure II in
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Table 1. Comparative 'H NMR Spectroscopic Data for Cp* Cycloheptadienyl

Complexes
95 96 97 98
H; 4.73 (m) 4.79 (dd) 4.30 (s) 4.20 (brs)
Ji-2 9.1 Hz b b b
H> 3.10 (d) b b b
Jr3 b
Hj b 7.41 (d) b b
J3g 6 Hz
Hy 6.47 (s) 5.40 (dt)c b 5.79 (s)
Ja.5 b b b
Hs b b b b
J5.6endo
J5-6exo0
Hé6endo 2.04 (ddd) 1.80 (m) 1.50 (m) 1.95 (m)
Jéendo-6exo 13 Hz 12 Hz 12.2Hz 12.6 Hz
j6cndo-7endo 6.9 Hz a a 7.0Hz
.’6¢ndo-7exo 4.1 Hz 36 Hz a 3.7Hz
Hegexo 0.58 (ddd) | -0.19 (ddd) | -0.06 (ddd) | 0.35 (ddd)
J6ex0-7endo 13 Hz 12 Hz 12.2Hz 12.6 Hz
J6exo-7exo 4.5 HZ 3 HZ 4.8 HZ 4.3 Hz
H7endo 3.24 (dddd) 3.24 (dddd) 2.95 (m) 3.16 (dddd)
.I']endo-?exo 16.9 Hz 17 Hz 16 Hz 16 Hz
J7endo-1 24 Hz 1.4 Hz a 30Hz
H7exo 2.69 (dddd) [ 2.98 (dddd) | 2.35 (dr) 2.59 (ddd)
J']exo-[ 4 HZ 6 HZ Small 3.7 HZ

2 Numerical value for the coupling constant was not obtained due to
second order character or complexity of the signal. b Not applicable due

to a non- hydrogen substituent. ¢ Additional splitting observed due to
long range coupling.
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Scheme 16, although perhaps marginally more sterically crowded, is favored by a
different electronic argument. Normally, ot-substituents are unfavorable, unless the
substituent is a strongly electron withdrawing group; thus, the a-phenyl group may
provide some stabilization to the metal-carbon bond. Additionally, the observed structure
for compound 98 (vide infra) can only arise if the phenyl group of the phenylacetylene is
placed adjacent to the metal. This would seem to indicate that the insertion geometry is
not controlled by steric effects; although this cannot be stated conclusively, since the
cyclooctene ring in the transition state forming 98 has much different steric effects than
the lone phenyl group in 95. Furthermore. this is to some extent irrelevant in the present
example, as the cyclization process converts both regioisomers into the same 1! n+-s-
diene intermediate (III).

Scheme 16

t-Bu
viil

The c-diene intermediate (III, Scheme 16) can in theory undergo B-hydride
elimination on either side, generating two possible triene hydride intermediates (IV and

V). However, as only one isomer of the cycloheptadienyl product is observed, some
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barriers must exist to prevent re-insertion of the hydride into the triene ligand. Delivery
of the hydride directly on top of a substituent, while seen in the Schwiebert iridium
system.51:62 is not observed in these cobalt complexes, suggesting a possible steric
barrier. perhaps arising from the greater distance from the metal to substituted positions.
Diphenylcycloheptadienyl complex 95 has one phenyl substituent at the end of the
pentadieny! frame, suggesting that this isomer may be favored because of additional
stabilization provide by electron delocalization into the pheny! ring. Other data from the
deuteration experiment suggest that intermediate V is disfavored; the observed
deuteration pattern cannot be obtained directly by hydride reinsertion in this regioisomer.

In contrast, di-t-butylcycloheptadienyl complex 96 can only be formed by a
specific alkyne insertion pathway: a tail-to-tail alkyne insertion pattern (VI, Scheme 16).
The initial insertion of ¢-butylacetylene places the large r-butyl group away from the
metal. Subsequent insertion of the second alkyne places the large group near to the
metal, perhaps in order to minimize the steric interaction between the bulky t-butyl
groups. The unusual insertion regioselectivity can also be explained by a fundamentaily
different mechanism proposed to operate in the anomalous reaction of allyl complex 80
with 2-butyne (Eq. 37); this will be discussed later. Cyclization to intermediate (VII) is
followed by B-hydride elimination to either side, producing enantiomeric intermediates
(VII) and (IX). However, as noted for the phenyl substituted complex, hydride re-
insertion to a substituted position appears to be disfavored, and the hydride is reinserted
only into the unsubstituted end of the pentadienyl framework, resulting in the observed
cycloheptadienyl complex 96.

Although these alkynes provide a single cycloheptadienyl product, it is important
to note that with unsymmetric alkynes, the possibility of multiple isomers exists.
Unsymmetric alkynes with smaller alkyl groups, such as propyne, do in fact produce
inseparable mixtures of isomeric cycloheptadienyl complexes.87 Thus, this [3 +2 + 2]

cycloaddition reactivity pathway is not likely to successfully produce single compounds
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using unsymmetric alkynes with small variations in the alkyne substituents, i.e., other
terminal n-alkynes. The above examples are unusual in that a strong steric or electronic
effect is present, which favors the formation of a single n>-cycloheptadienyl isomer.
The highly reactive strained-ring cyclooctyne97 gives an isolable n3-
cycloheptadienyl complex 97 when allowed to react with allyl complex 80 (Eq. 41). The
cyclooctyne bis-adduct 97 appears to be a straightforward example of the [3 + 2 + 2]
pathway. in contrast to the unexpected results obtained with 2-butyne. Spectral data are
consistent with a 1,2,3 4-tetrasubstituted n3-cycloheptadienyl complex, although several
details are obscured by the methylene envelope produced by the cyclooctyne -CHa»- units.
In such systems, the gated decoupled !3C NMR spectrum is often more informative than
the 'H NMR spectrum. There are four singlets in the gated decoupled !3C NMR
spectrum at 119.1, 111.2, 107.3 and 105.7 ppm, assigned to the four substituted carbons
of the pentadienyl framework of 97. An additional doublet (J=1494)at 6 839 is
consistent with the remaining carbon (C|). Using heteronuclear correlated spectroscopy,
this latter signal is seen to correlate with the 8 4.30 (H /) signal in the 'H NMR spectrum,

which is a further indication that the seven-membered ring has a tetrasubstituted

|
/&d CH,Cl, Co'
;Co—)> + Q L L 17  (Eq. 41)
T10

pentadienyl fragment.

84%

80 97

[t was expected that the strong dative bond formed between cyclooctyne and the
cobalt center would allow a different alkyne to be used for the second insertion.
Cyclooctyne should experience a significant amount of rehybridization toward sp>2

character upon coordination to a metal center, thereby relieving the strain associated with
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a triple bond in a relatively small ring system. Decoordination of this alkyne would re-
establish the strain energy. thus alkyne dissociation should be disfavored and the presence
of a second alkyne in solution should not have adverse effects. This procedure may thus
allow the formation of interesting mixed alkyne complexes. The possibility of the in situ
generation of smaller cycloalkynes or benzyne to form a wide variety of these mixed
alkyne products should not be ignored.

The addition of phenylacetylene (3 equivalents) to a solution of cyclooctyne and
complex 80 in dichloromethane at low (-78°C) temperature, followed by slowly warming
the reaction mixture to room temperature yields the mixed adduct 98 (Eq. 42) in high
yield. The structure of 98 is suggested by signals in the !H NMR spectrum at § 5.79 and
4.20 for the Hy and H) protons, respectively. These two signals are the only deshielded
signals other than phenyl resonances. The !3C NMR spectrum also supports the
assignment of a trisubstituted ring, as evidenced by the two doublets in the gated
decoupled !13C spectrum at 8 90.9 (J = 163 Hz) and § 82.4 (J = 162 Hz), attributed to the
unsubstituted coordinated sp2 carbons, C4 and C;. Further, 'H-13C correlated
spectroscopy (HETCORR) indicates that these carbons are attached to the protons
resonating at 6 5.79 and 4.20. Only two of the three quaternary carbon signals of the
pentadienyl fragment are conclusively identified; it is likely that the third signal is

obscured by one of the phenyl carbon resonances.

1-2 min
°°_)> if) Ph Ho
-30°C-AT

63%

Only one such example of such mixed alkyne cycloaddition was obtained due to a

certain degree of difficulty inherent in the procedure. The second alkyne must be added
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after the initial irreversible coordination or insertion has happened, but before the
cyclization to a five-membered ring can occur. Although this reactivity strongly paralilels
that seen in Schwiebert's iridium system,61.62 the cobalt reaction is much more difficult
to control. Repeated attempts to isolate similar allyl/alkyne complexes analogous to
iridium complexes 38 or 45 failed to yield tractable material. The sequential addition
technique for the production of mixed alkyne products such as cycloheptadienyl complex
98 appears to work only in this specific example. Attempts to repeat this reaction using
alkynes other than cyclooctyne generally returned uncontrolled mixtures of [3 + 2 + 2]
cycloadducts from only one alkyne: mixed alkyne products were not generally observed.
This is evidence for strong cyclooctyne coordination; the results with other alkynes are
consistent with a reversible alkyne coordination.

Given the failure of two different alkynes to produce mixed-alkyne products in a
[3 + 2 + 2] cycloaddition reaction, attempts were made to circumvent this process. If an
intact vinyl alkene moiety could be independently synthesized and attached to the cobalt
center, addition of alkyne should produce the same cycloheptadienyl products as one
would expect from a controlled cycloaddition with two different alkynes. Thus, 1-chloro-
L,4-pentadienes were synthesized using the procedure of Kaneda (Eq. 43).10! This
approach has additional potential value, since it allows for greater functionality in the
final product, while avoiding difficulties encountered in coordinating strongly
electronically perturbed alkynes. However, the attempted thermal oxidative addition of
these vinyl halides to (n3-CsMes)Co(C2H4)2 does not proceed cleanly and tractable
products could not be obtained from these reactions. The oxidative addition of
dichloromethane to (n3-CsMes)Co(CO)> has been shown to proceed under extended (8-
12 h) photolysis.?5¢ This procedure may prove more effective for the oxidative addition

of vinyl halides but it has yet to be investigated in this series.
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R p*Co(C2H,)2 \
. PA(NCPh),Cl, 1%/\ — CI“'CO/\ (Eq. 43)
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R,—==—R, Ci A
Ry = R, = Me or Ph or CO,Me R,
R,, R, = Me, CO,Me R,

Ry, R =Ph, H

One similar process also fails to yield tractable material. Allylation of the sodium
enolate of pinacolone or acetophenone yields unsaturated ketones (Scheme 17).
Conversion to the tosyl hydrazone I and reduction with BuLi are known to form
vinyllithium intermediates such as I1.102 Unfortunately, the reaction of [(n3-
CsMes)CoClz]2103 with in situ formed vinyllithium (II) fails to yield tractable material.
The reaction of pentadienylpotassium!04 (prepared from 1,3 pentadiene, BuLi and KO-t-
Bu) with (n3-C5Mes)Col2(C0O)!95 also fails to yield tractable material. Quite likely, the
reaction with the vinyllithium results in a one electron reduction of the cobalt complex,
rather than a metathesis reaction with a halide ligand. However, the reaction of
pentadienylpotassium with the lower valent [(n3-CsMes)CoCl]2,!06 followed by
oxidation, also fails to give the expected (n3-CsMes)Co (n3-pentadienyl) cation, or any
other tractable material.

Scheme 17
NNHTs

Rj\ —i_'njk/\/ i’..@.)l\/\/ |

R = £Bu or Ph lm
L

\ iv
Cl“CO"—\ + RW
AN "
R

i) NaH, allyl bromide, THF, -78°C. ii) NH,NHTs, EtOH, reflux.
iii) BuLi, THF, RT. iv) [Cp*CoCl,),, THF, -78°C.

Other reactivity patterns observed in the iridium template 37 are also not obtained

using the cobalt systems. Allowing o,@-diynes to react with allyl complex 80, in an
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attempt to form bicyclic ring systems similar to the known iridium reactivity pattern, does
not produce cobalt cycloheptadienyl complexes analogous to bicyclic complex 40 (Eq.
20. page 17). Most terminal diynes (such as 1,7-heptadiyne) again fail to give tractable
material leading to a variety of products by TLC analysis. The disubstituted diyne, 2.8-
octadiyne. gives a similar result. It is unclear why these results should differ so much
from the reactivity of the iridium series. However, in order to produce the desired
bicyclic complex, the first allyl/alkyne insertion must occur with regioselectivity such
that the tethered alkyne is terminal and can reach the metal center (A. Figure 4). It may
be that the alkyne coordination to iridium is reversible. allowing time for this correct

Figure 4. Possible Insertion Geometries of Diynes into Allyl Ligands

~
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insertion geometry to be established prior to the irreversible migration. The more

reactive cobalt center may quickly coordinate and kinetically insert the alkyne, even if the
geometry is wrong for cyclization (B in Figure 4). As seen in path B, the tethered alkyne
cannot coordinate to the metal and undergo cyclization. However, equilibration of A and
B would be expected to yield some of the desired bicyclic product; thus, other factors
may also be present. The more sterically crowded cobalt center might favor the more
open structure B over a compact structure such as A in the equilibration of the two

allyl/alkyne isomers, although facile rotation about carbon-carbon single bonds removes
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the tether from the coordination sphere. The preference for B thus diverts the reaction
pathway away from the production of the bicyclic product and towards a variety of
unstable alternatives.

Attempts to introduce additional functional groups on the alkyne component fail
to yield seven-membered ring products. Alkynes such as propargyl halides, alcohols, and
ethers fail to give tractable products when allowed to react with triflate complex 80, as do
other electron rich alkynes such as alkoxyacetylenes.!97 Both Rubezhov and Etkin fail to
see tractable material with the electron poor alkyne dimethylacetylenedicarboxylate.83.89
However, with more electron rich alkynes, such as 2-butynyl acetate, a cobalticenium
product is reported to form.89 In general, this system responds well only to alkyl or aryl
alkynes; the introduction of other functional groups appears to adversely affect the cobalt

reactivity pattern.

3. [3 + 2 + 2] Acetylene/Allyl Cycloaddition Products

One major limitation of the iridium system6!.62 is that acetylene itself fails to
react cleanly to form cycloheptadienyl complexes. Fortunately, acetylene reacts very
well with the cobalt template, as initially shown by Etkin.88.89 The rearrangement of a
coordinated alkyne to a vinylidene ligand via a 1,2-hydride shift is a well known
process, 108 which may occur when acetylene is allowed to react with the iridium triflate
complex 37, forming intractable product mixtures. In contrast, the less electron rich
cobalt complexes do not undergo such a rearrangement, suggesting that the n2-alkyne
cobalt complex imparts greater stability to the metal than a vinylidene ligand, disfavoring
the rearrangement. Another possible explanation is that the rate of the migratory
insertion reaction of the cobalt allyl/alkyne intermediate is much faster than the rate of

vinylidene formation.
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The cobalt template 80 reacts with excess acetylene in CHaCl; at -78°C to give,
after chromatographic workup, 52% (unoptimized) of orange cycloheptadienylcobalt
complex 99, identified by its independent synthesis from the known cycloheptatriene

complex 100199 (Scheme 18). Cobalt cycloheptatriene complex 100 is converted to the

Scheme 18
/%qj H—==—H (xs) : '+: . Homt
/°°‘)> CH,Cl, c°1 "Et,0, -78°C /|
Tt .78°CSAT O 70% |
52%
80 99

cycloheptadienyl complex 99 by protonation with triflic acid and characterized by 'H and
13C NMR spectroscopy. The materials are spectroscopically identical, regardless of
origin.

Since the data seem to indicate that the reaction of 80 to give [3 + 2 + 2]
cycloadducts is restricted to a narrow range of alkyl or aryl substituted alkynes, the use of
substituted allyl ligands becomes important for introducing greater peripheral
functionality into the seven-membered ring. As discussed, synthesis of the simple [-
methyl and 1.2-dimethylallyl complexes 81 and 85 is accomplished by protonation of the
diene complex resulting from ligand exchange on the bis(ethylene) complex 79 (Eq. 36,
page 34).88.89 As also discussed, most alkynes larger than acetylene fail to give seven-
membered ring products when allowed to react with crotyl compound 81, in accord with
the premise that sterically significant groups enhance the formation of five-membered
ring complexes. Acetylene, however, again proved suitable for the [3 + 2 + 2]
allyValkyne cycloaddition reaction and the synthesis of complexes 101 and 102 is readily

accomplished; isolated yields of 79% and 67%, respectively, are obtained (Eq. 44).
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The methyicycloheptadienyl complex 102 is readily identified spectroscopically
as well as by comparison to the parent unsubstituted cycloheptadienyl complex 99. The
most downfield signal, at 6.73 ppm in the 'H NMR spectrum, is readily assigned to Hs3.
The methyl group, a doublet (J = 6.7 Hz) is seen at |.11 ppm and, by using homonuclear
decoupling techniques, the multiplet centered at 0.97 ppm is found to be attached to the
same carbon as the methyl group. From this starting point, the rest of the ring is readily
traced using the COSY spectrum. The Hjs signal, a ddd multiplicity pattern at 4.31 ppm,
shows a large (/ = 8 Hz) coupling constant to Hy (8 5.43) and two smaller ones, a 4 Hz
coupling constant to Hg and a W-type coupling constant of 1.2 Hz to H7endo. The
relatively small value of Js.¢ is a subtle indication that the methyl group is in an endo
position, as the general value for Js.6exo is normally 4-5 Hz, while the J5.gendo value
(Tables 1 and 2) is substantially larger (7-8 Hz). However, NOE experiments fail to
provide conclusive evidence for the stereochemistry of the methyl group and ultimately,
this assignment is based on the crystal structure of the bicyclic system 111, which
unambiguously shows the ring juncture in an endo geometry. The gated decoupled 13C
NMR spectrum of this compound (101) is relatively straightforward, showing the five
downfield doublets expected of an unsubstituted pentadienyl at § 100.8 (C3), 98.6 (C2),
98.3 (C4), 96.9 (Cs), and 89.7 (Cy). Of these, two signals have smaller values for l/cq:
the 6 96.9 (J = 154 Hz) and & 89.7 (J = 154 Hz) resonances. These two carbons are thus
assigned to the terminal positions of the pentadienyl fragment. Heteronuclear correlated

spectroscopy is used to make the final assignments of these carbon atoms. The two sp3
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carbons of the cycloheptadieny! ligand, although not particularly unusual in chemical
shift (8 36.6 and & 47.6) have somewhat unexpected assignments. The anisotropic effects
ot the Cp* ring and the metal must affect the environment of these carbons more than the
amount of substitution, as it would be expected that a trisubstituted carbon would
resonate further downfield than a disubstituted carbon. However, the signal at § 36.6 is a
doublet (/ = 125 Hz) in the gated decoupled spectrum and the HETCORR spectrum
indicates that this carbon is attached to the Hg proton: two pieces of data that assign this
signal to C. Surprisingly. this trisubstituted carbon has a higher field chemical shift than
the disubstituted C7, which is found at 8 47.6 (t, lJcy = 128 Hz). The C7 assignment is
also further confirmed by the HETCORR spectrum, linking it directly to both H7 protons
at 8 2.44 (Hyendo) and 8 1.95 (H7exo)-

The endo geometry of this complex is further confirmed by the synthesis of the
corresponding exo-methyl complex, obtained in two steps from the parent unsubstituted
cycloheptadienyl complex. Complex 99 was first treated with MeLi in THF. This
product was not characterized, but immediately treated with trityl tetrafluoroborate in
CH1Cl; to give exo-101 in moderate (29%) unoptimized yield. By 'H NMR
spectroscopy, the two complexes are clearly different. For example, the chemical shifts
of the three hydrogen atoms \on the methylene carbons of the cycloheptadienyl ring in the
exo-complex are 3.13, 1.80 and -0.19 ppm. In contrast, the corresponding values for the
endo-complex are 2.44, 1.95 and 0.97 ppm.

Dimethylcycloheptadienyl complex 102 shows similar spectroscopic patterns to
101; however, only four downfield resonances are observed in the |H NMR spectrum, at
8 6.67 (H3), 5.34 (Ha), 5.00 (H3), and 4.46 (H;). The Hy signal is a cleanly resolved
doublet (J4.3 = 6.5 Hz), suggesting that it is adjacent to the methyl group on Cs. Again,
the COSY spectrum assists the assignment of the signals along the ring starting from Hg.
Direct connectivity is established along the ring system by a series of correlations, i.e.

5.34 (Hy) & 6.67 (H3) & 5.00 (Hp) &> 4.46 (H}) & 2.41 (H7endo) and 1.8 (H7exo). The
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sole remaining non-methyl signal is assigned to Hg. Tentative assignment of the methyl
group stereochemistry is provided only by the chemical shift of the Hg proton (8 0.90),
which is significantly shitted upfield, suggesting an exo position. More substantial
evidence for this stereochemistry is obtained by the comparison of the similar {H NMR
spectroscopic features to those of 111 (Table 2), for which an X-ray crystal structure
provides proof of the endo stereochemistry. Due to the multiplet character of both Hg
and H7exo, J6-7exo could not be obtained, which would have helped to contirm the
relative position of He. The two methyl groups on the cycloheptadienyl ligand are found
at § 1.55 (s, 3H), a chemical shift suggesting attachment to an sp2 hybridized carbon
atom, and 8 1.05 (d, J = 7 Hz), assigning the latter group to the Cg position by the doublet
multiplicity.

Attempts to verify the stereochemistry at carbon 6 in cycloheptadienyl complex
102 by NOE spectroscopy gives, at best, inconclusive data. Irradiation of the Cp* singlet
of 102 at & 1.96 shows NOE enhancement for the hydrogen atoms of the pentadienyl
fragment of 5-10%. Unfortunately, no other signal shows definite NOE enhancement.
Due to the extensive number of large coupling constants for these signals, each is
relatively wide (25-35 Hz). Perhaps a small enhancement (over a wide area) of the signal
is simply not resolved. It is equally probable that the methylene protons are in fact too
far from the CsMejs ligand to show noticeable NOE effects. A similar lack of conclusive
results is obtained from NOE experiments using the bicyclic complex 111.

Corroborating evidence for the proposed structure of this product is provided from
additional deuteration studies (Scheme 19). Reaction of the isoprene complex 83 with
deuterated triflic acid gives the monodeuterated dimethylallyl complex 85-d;, which was
used without further characterization. Subsequent reaction with acetylene provides
cycloheptadienyl complex 102-d;. The product and position of deuteration were

identified using both 'H and 2H NMR spectra. Deuterium is located only on the endo
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Table 2.-Comparative 'H NMR Spectroscopic Data For Acetylene Derived Cp* 13-

Cycloheptadienyl Complexes

99 101 102 105 111 117
H; 4.42 (m) |4.56 (ddd)[4.46 (ddd) | 4.18 (dt) 4.47 (dtd)c | 4.41 (m)
J12 8.6 Hz 9.2Hz 8.7Hz 9.6 Hz 9.2 Hz 9.1 Hz
H» 5.02("t") | 5.3 ("t | 5.00 (1) 4.66 (1) 4.86 (ddd) [ 4.88 (dd)
Ja3 6.7 Hz 6.8 Hz 6.7 Hz 8.4 Hz 7.1 Hz 7.3 Hz
Hj 651 ("t")] 6.73("t") | 6.67 ("t") | 6.55 (1) 6.69 (dd) | 7.04 (dd)
J3.4 6.7 Hz 6.2 Hz 6.2 Hz 6.0 Hz 6.1 Hz 6.6 Hz
Hy 5.02("t") [ 543 ("t"y| 5.34 (d) 5.39 (d) 5.44 (d) 6.51 (d)
Jis 8.6 Hz 7.9 Hz b b b b
Hsg 4.42 (m) | 4.31 (ddd) b b b b
J5.6endo a b
J5.6ex0 a 3.8 Hz
Héendo 2.42 (m) b b b b b
J6endo-6exo 10 Hz
J6endo-7endo a
6endo-Texo a
Hgexo 1.20(m) | 0.97 (m) | 0.90 (m) | 0.55 (m) 0.38 (dddd)c] 0.77 (m)
J6exo.7endo a 8.6 HZ 8.8 HZ 10.2 HZ 10_8 HZ 11.3 HZ
6exo-7exo a a a 4.2 Hz 4.8 Hz 4 Hz
H7endo 242 (m) | 2.44 (ddd)|2.41 (ddd) |2.46 (ddd)| 2.66 (ddd) | 2.90 (ddd)
j7cndo-7cx0 a 16 HZ 16 HZ 17.4 HZ 17.1 HZ l7 HZ
7endo-1 a 1.2Hz 44 Hz 3.6 Hz 3.6 Hz 3.3Hz
H7exo 1.20(m) | 1.95 (m) 1.8 (m) [2.34(ddd)[2.26 (dddd)c| 2.12 (d)
J7exo-1 a a a 4.2 Hz 3.6 Hz 4 Hz

2 Numerical value for the coupling constant was not obtained due to second order
character or complexity of the signal. ® Not applicable due to a non- hydrogen
substituent. © Additional splitting observed due to long range coupling.
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methyl group, suggesting that the formation of the cycloheptadienyl ligand is a selective

process; the two methyl groups remain inequivalent.

Scheme 19
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Other apparently simple allyl complexes fail to react cleanly with acetylene.
Cinnamyl complex 91 and the carbomethoxyallyl 92 both fail to yield tractable material
when allowed to react with acetylene under otherwise identical reaction conditions used
tor the synthesis of 101 and 102. One possible explanation is that the coordination of the
phenyl ring or ester carbonyl to the unsaturated cobalt center competes with the
coordination of the alkyne, thus preventing the formation of cycloheptadienyl products
(Figure §). However, the similar failure of the 1,3-dimethylallyl complex 86 and,
surprisingly, 2-methylallyl complex 90 to yield cycloheptadienyl products upon treatment
with acetylene suggests that other factors besides chelation are in effect.

Figure 5. Coordination of Pendant Olefin Groups
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The failure of substituted allyl complexes 86 and 90 to react with acetylene to
yield n5-cy¢loheptadienyl products may be due to the difficulty in coordinating the
tethered alkene in the pre-cyclized intermediate (A and B in Figure §). Substituted
alkenes generally are weaker donors to metal complexes than non-substituted alkenes.
due to steric repulsion of the larger alkene with ancillary ligands (CsMes) on the metal.
Electron withdrawing groups (phenyl, carbomethoxy) may inhibit the tethered alkene
from coordinating (C in Figure 5), thus preventing cyclization. This process presumably
leads to a variety of decomposition products, given the assumption that the simple vinyl
complex is unstable. However, it may be assumed that initial coordination and insertion
proceed, based on the complete disappearance of the starting allyl complexes.

However, given this explanation, the 1,2-dimethylallyl complex 85 would also not
be expected to produce cycloheptadienyl complex 102, so it appears that very subtle
effects govern the course of the reaction. Further research into the effects of substituents
on the allyl ligand is currently planned.

Encouraged by the success of the 1,2-dimethylallyl system, more complex
molecules were targeted. Due to the large number of polycyclic natural products25
containing a seven-membered ring fused to a five- or six-membered ring, it was decided
to try cyclic allyl ligands in the [3 + 2 + 2] allyl/alkyne cycloaddition process, reasoning
that the product from such a process would be a model for other fused ring systems. The
preparation of 1-(bromomethyl)-1-cyclohexene (103) is accomplished by NBS
bromination! 10 of methylenecyclohexane!!l in CCly solvent. Other methods have also
been used to synthesize 103.748 Under the reaction conditions, the reaction of the allylic
radical intermediate apparently favors the formation of the more highly substituted olefin.
Oxidative addition of 103 to (n3-CsMes)Co(C2H4)2 79 is carried out in tetrahydrofuran
solution, forming a dark red-purple complex 104 (Eq. 45). The exocyclic allyl complex

104 is thermally sensitive, decomposing to unidentified paramagnetic materials over the
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course of a few days. Consequently, the procedure was modified to avoid isolation of
this unstable allyl complex. In situ ionization of crude 104 by silver tetrafluoroborate or
silver triflate followed by the addition of excess acetylene gives moderate overall yields
of bicyclof5.4.0]decadienyl complex 105 (Eq. 45). Characterization of the bicyclic
system is complicated by the presence of several overlapping multiplets in the |H NMR
spectrum. However, 2-dimensional NMR spectroscopy unambiguously defines the
structure as compound 105. Studies of NOE enhancement, however, as with
cycloheptadienyl complex 101, fail to distinguish between the endo and exo
stereochemistry at the five-seven ring juncture in 105. Once again, only the protons on

the pentadienyl framework show strong enhancements of between 5-10%.

Cp*Co(CHy), /%qj _agomt T gt T
eer———- -— —

Q_\THF, RT /°° ) H—=——H*H 13 (Eq. 45)
Br Br acetone

59%

0°C—HRT
103 - 104 = 105

To extend the synthesis of these interesting bicyclic cycloheptadienyl complexes,
L-(bromomethyl)cyclopentene 109 was synthesized in several steps from
cyclohexanediol, using a known procedure (Scheme 20).112.113 Following the method of
Brown, cyclopentenecarboxaldehyde (107) is prepared from cyclohexanediol (106) by an
oxidative ring fission using NalOy, after which the intermediate adipaldehyde undergoes
base-catalyzed aldol cyclization.!12 The reduction of cyclopentenecarboxaldehyde with
NaBH4 in methanol gives the allylic alcohol 108.1!3 Bromination of alcohol 108 is
accomplished by the reaction with PBr; in diethyl ether at -78°C to provide bromide

109.113 |-(Bromomethyl)- I-cycloalkenes have also been prepared by other routes.”48
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Scheme 20

OH CHO
(L, |Co =™ =
~OH CHO
107 108

CH,OH

106
liv
() NalO,, H,0, H*, RT, 20 min. (i) H,0, OH", RT, CH,Br
30 min, 58%. (ili) MeOH, NaBH,, RT, 10 min, 94%. @/
(iv) EL,0, PBr,, -78°C, 12h, 93%
109

Allowing (n5-C5Me5)C0(C2H4)2 (79) to react with 109 yields an uncharacterized
purple complex 110 presumed to be similar to exocyclic allyl complex 104 (Eq. 46). This
reaction is followed immediately by in situ ionization of the intermediate allyl halide
complex with silver salts in the presence of excess acetylene to give the

pentahydroazulenyl system 111. The full array of NMR spectroscopic techniques was

- - f
Br | + TIO™
Cp*Co(C2H,), \ H—== Co (Eq. 46)
2 / acetone 7
Br 47%
109 — 110 - 11

used to establish the structure, aside from defining the stereochemistry of the ring
juncture. To make this last assignment, X-ray quality crystals were grown from
dichloromethane/diethyl ether. A crystal structure determination was carried out,
unambiguously defining the Cg ring juncture as endo, giving the first clear confirmation
of the stereochemistry of the ring junction. Salient features of the crystal structure are
given in Figure 6.115 This structure provides the basis for the stereochemical assignment
of other cycloheptadienyl complexes, notably the methyl- and dimethylcycloheptadienyl
complexes 101 and 102. Using the Karplus relationship, the bond angles from the crystal

structure can provide an estimate of coupling constants observed in the 'H NMR
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Figure 6. ORTEP!!3 for Complex 111 from University of Alberta Department of

Chemistry Structure Determination Laboratory Report # JMS9711
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Final Residuals: Ry = 0.1103; wRy = 0.2744. Data obtained at -60°C. Non-hydrogen
atoms are represented by Gaussian ellipsoids at the 20% probability level.

Selected Bond Distances (A): Co-Cl, 2.255(11); Co-C2,2.032(9); Co-C3, 2.031(8);
Co-C4, 2.031(9); Co-Cs5, 2.067(10); C1-C2, 1.451(14); C1-C7, 1.466(15); C1-C10,
1.50(2); C2-C3, 1.421(15); C3-C4, 1.386(15); C4-C5, 1.380(15); C5-C6, 1.49(2); C6-
C7, 1.54(2); C7-C8, 1.56(2); C8-C9, 1.47(2); C9-C10, 1.57(2).

Selected Bond Angles (deg.): C2-C1-C7, 125.2(10); C2-C1-C10, 119.0(11); C7-C1-
Cl10, 109.9(10); C1-C2-C3, 120.9(10); C2-C3-C4, 123.3(9); C3-C4-CS, 126.4(11); C4-
C3-C6, 133.9(12); C5-C6-C7, 108.7(10); C1-C7-C6, 113.6(10); C1-C7-C8, 106.5(10);
C6-C7-C8, 110.2(11); C7-C8-C9, 98.6(10); C8-C9-C10, 105.7(11); C1-C10-C9,
98.7(11).



spectrum, provided the solid state and solution structure remain similar. It can be seen in
Table 2 that the assignment of an endo alkyl group fits the spectroscopic data for both
101 and 102.

A third cyclic template was synthesized from the tetralone-derived allylic halide
116 (Scheme 21). Allowing tetralone to react with tosylhydrazine hydrochloride forms
the tosylhydrazone 112, which is treated with BuLi under Shapiro reaction conditions, |02
forming the intermediate viny!lithium complex 113. Quenching this intermediate with
DMEF provides the vinylcarboxaldehyde 114. Reduction using NaBH,4 in methanol yields

the allylic alcohol 115, which is brominated with PBrj to produce the bromide 116. The

Scheme 21
o NNHTs i u
112 | 13 |
liii
CH,Br CH,OH CHO
4O -
- -——————

116 115 114

i) NH,NHTs, H*, ethanol, 96%. ii) BuLi (3eq.), THF -78°C. iii) DMF,
-78°C, 39%. iv) NaBH,, methanol, quant. v) PBr,, -78°C, ether, 36%

analogous allyl fluoride compound has been prepared using different methodology.!14a
Allyl alcohol 115 has previously been prepared using a similar procedure. ! 14b.c

The reaction of bromide 116 with the bis(ethylene) complex 79 provides a dark
purple-black intermediate cobalt allyl halide complex, which was not characterized, but
allowed to react further with silver triflate in the presence of excess acetylene (Eq. 47).
The cycloheptadieny! product 117 is isolated in rather low yield, although the remainder
of the material balance is of unknown composition. It is possible that the cobalt allyl
complex formed is even less stable than previous exocyclic allyls and that substantial

decomposition occurs before ionization and cyclization can take place.
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Br i. Cp*"Co(C2H,)2 *@ oTt™

4 THF, RT N co? (Eq. 47)
O‘ ii. AOT, acetone C‘ 7
HC=CH, 0°C—RT O
16% CH )
116 117

Having shown that bicyclic compounds can easily be made, an attempt was made
to form a spirocyclic compound using 1-vinyl-1-cyclopentene (Eq. 48).!16 Thermal
displacement of the ethylene ligands of 79 by L-vinyl-1-cyclopentene is easily
accomplished to yield 118 as a highly air sensitive red solid. Protonation of this diene
complex with HBF4¢Et>0 (CH>Cl», -78°C) is followed by addition of excess acetylene,
giving complex 119 as the major product after isolation and purification by
recrystallization from dichloromethane/diethy! ether. The 'H NMR spectrum indicates
the presence of two distinct AMX spin coupling patterns. The furthest downfield signal
at 5 4.18 (H») is spin coupled to two other signals at § 3.44 (H, syn) and & 0.98 (Hnei)
with coupling constants of 8.0 Hz and 12.3 Hz, respectively. The two upfield signals in
this pattern are also mutually coupled (J(4.1s = 2.5 Hz). The H hydrogen atoms are
shown by the HMQC spectrum to be located on the same carbon, which is evidently sp?
hybridized (1Jcy = 162 Hz). The Hj signal is also located on an sp2 hybridized carbon at
5 86.0 (IJcy = 163 Hz). The HMBC spectrum indicates that a quaternary carbon is
adjacent to these signals by correlations from all three proton signals to & 81.1 (C3), a
singlet in the !13C spectrum.

The other diagnostic AMX pattern consists of a signal at 8 2.75 (Hg) which shows
coupling to both a signal at § 3.18 (Hgsyp) (/ = 7.9 Hz) and to an obscured signal at § 1.95
(Hoanti) (/ = 13.7 Hz). Heteronuclear correlated spectra show that these hydrogen atoms
are attached to carbon atoms that resonate at 62.9 ppm (Co) and 42.3 ppm (Cg), which are

both sp2 hybridized, as shown by the lJcy values of 160 and 166 Hz, respectively. The
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two fragments are connected by a single carbon link, C7 (37.0 ppm, d, J = 144 Hz), which

has an attached proton at § 0.91, with a coupling constant to Hg of 7.6 Hz, a 2Jcy to the

quaternary C3, and a 3/cy to Ca, the latter two couplings obtained from the HMBC

spectrum.
| g = +
oy HBF+Et,0, HC CH_ \c $ 92 Co (Eq. 48)
l CH,Cly, -78°C /1
/‘ '& 89% XX
8 /7
118 H 10:1

119 120

A minor product is also observed in the 'H NMR spectrum of complex 120,
which is tentatively assigned as the desired spirocyclic seven-membered ring product
based on its |H NMR spectrum. However, as the two complexes are formed in
approximately a 10:1 ratio favoring the ailyl olefin complex 119 and several signals are
obscured, very little else can be said about complex 120.

It is somewhat surprising that in the major product, only one equivalent of
acetylene is taken up by the metal, in contrast to the large number of [3 + 2 + 2]
cycloaddition reactions with cobalt allyl complexes and acetylene that we have observed.
Protonation probably initially occurs on the metal, followed by hydride migration to the
vinyl portion of the ring, forming preferentially an anti-methylallyl complex (I, Scheme
22), rather than the desired allyl complex (IV) which would lead to a spirocyclic
compound upon reaction with two equivalents of acetylene. This pattern is consistent
with the protonation of the cobalt isoprene complex 83 to give 1,2-dimethylallyl complex
85; in both cases a 1, |-disubstituted allyl is disfavored. Insertion of one equivalent of
acetylene into I gives a viny! olefin complex II, in which C-H activation is evidently the

favored process; intermediate ITI forms faster than coordination and insertion of a second
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equivalent of acetylene. In this particular cobalt template, it is likely that the anti methyl

group is positioned very close to the metal, facilitating C-H activation. Reductive

Scheme 22
Cp*Co cp'co 1* 7 *
l\ HBF ;*E1,0 (F\ HC=CH_ CoCp®
™ ——= I _
118 | I
% luczcu
+ BF. +
Cp’Co + 4 7
7~
aom o —— [ e
= H
v 119 i

elimination of the vinyl and hydride ligands in complex III forms the isolated n3,n2-
complex 119. Several attempts were made to duplicate this reactivity pattern with 2-
butyne but no tractable products could be obtained. Furthermore, heating the allyl
complex 119 at (CHaCly, 40°C, sealed vessel) in an acetylene atmosphere did not induce
any further reaction.

[t was thought that exocyclic allyl complexes would show a decreased tendency to
form five-membered rings from a single insertion of alkyne, due to the steric strain built
up in a bicyclo [3.3.0] system (Eq. 49). However, when a five-membered exocyclic allyl
complex analogous to 110 reacts with 2-butyne in trifluoroethanol, a mixture of products
is formed, one of which is characterized as the yellow bicyclo[3.3.0]octadienyl complex
121 by its 'H and 13C NMR spectra after purification by chromatography and
recrystallization. Formation of a seven-membered ring product is not observed. Similar
results are obtained in the reaction with r-butylacetylene, which yields the five-membered

ring product 122 (Eq. 49) in moderate yield.
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<
=R (':o+ o

Co—)
CF;CH,0H, 65°C A’ &
-H, ;;b

121 R = R' = Me, 22%
122R=H, R'= t-Bu, 51%

(Eq. 49)

Although the reaction of cobalt allyl complex 80 with alkynes does not show great
tolerance for functional groups on the alkyne, acetylene readily reacts to form [3 + 2 + 2]
cycloadducts. In addition, a fairly wide range of allyl ligands undergo clean reaction with

acetylene to give various substituted mono- and bicyclic seven membered ring products.

4. [3 +2 + 2] Cycloaddition Reactions Using Non-CsMes Cobalt Allyl Templates

The limitations based on the steric profile of the alkyne that are encountered in the
Cp* system prompted an investigation into the chemistry of the analogous n?-
cyclopentadienylcobalt system. Due to the much smaller size of the cyclopentadienyl
ligand, it was hoped that more general reactivity would be seen, as a lower steric barrier
to coordination should exist. The use of the more readily available cyclopentadienyl
ligand is also an advantage for large scale synthesis. The main concern was whether the
decreased steric profile would lead to mixtures of n3-cycloheptadienyl and 1 Lnd-
methanocyclohexadiene complexes.

Cyclopentadienyl cobalt allyl complex 125 is readily prepared from CpCo(C>Hy)>
(123) and allyl bromide in a known oxidative addition reaction.!!7 The procedure is
readily adapted to produce other allyl complexes 126 and 127 as well as
methylcyclopentadienyl complexes 128 and 129 (Eq. 50).!17 The cyclopentadienyicobalt
allyl triflate 130 is prepared in 81% yield by silver triflate metathesis from (CsHs)Co(n3-
allyl)Br (125).93¢.f Unlike the corresponding iridium reactions,334.9! in which two

equivalents of silver were required for clean conversion to the triflate complex, the
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reaction of 125 with silver triflate takes place smoothly in benzene solvent using only a
slight excess of silver triflate. The allyl stereochemistry is assumed to be exo "point up”
based on comparison to known iridium allyl complexes, and the allyl substituent is
assigned as syn by the 'H NMR coupling constants.62 The crude product could be
recrystallized from toluene/pentane at low temperature and, although homogeneous by 'H
NMR spectroscopy, the combustion analysis of the recrystallized material indicates the
presence of a slight impurity. Given the comparable solubilities of silver triflate and 130,
silver contamination of the product is assumed. In spite of this impurity, further
reactivity is not adversely affected. This method proves to be general for the synthesis of
several different allyl complexes with variations in both cyclopentadienyl and allyl

ligands (Eq. 50).

R
@/91 @/ 1 @
I Rz\/\/al’ \ AgOTt, CgHg \
o ————
Co THF or Et,0 °°‘) Ry=H CO-) (Eq. 50)
/ N\ / 1 /
X 7/ 65-71% Br 75-81%  T10
R, R
= 125 Ry, R2= H 130R=H
123 R, =H 1 Ry
124 R, = Me 126 Ry, Ry = H, Me 131 R = Me
127 Ry, Ry = H, Ph 132R=Ph
128 Ry, R = Me, H
129 Ry, R; = Me

Although complex 130 yields the light orange cycloheptadienyl complex 133
when allowed to react with acetylene in dichloromethane, this [3 + 2 + 2] cycloaddition
reaction is more readily carried out using in situ ionization of the allyl cobalt bromide
complex 125 with silver tetrafluoroborate (Eq. 5§1). The cycloheptadienyl product 133 is
identified by comparison of the 'H NMR spectrum with the pentamethylcyclopentadienyl
analogue, as well as the full array of spectroscopic and analytical techniques, but requires
more extensive purification relative to the pentamethylcyclopentadienyl analogue.

Complex 133 can also be formed from protonation of the cycloheptatriene complex. (13-

Cyclopentadienyl)(n>-cycloheptadienyl)cobalt(II) cations and (13-
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cyclopentadienyl)cobalt(n*-cycloheptatriene) have both been made using a different
route, starting with intact seven-membered ring organic substrates.!!8 Reaction of the
crotyl complex 126 with AgBF4 and acetylene gives a high yield of complex 134 after
chromatography. but this material required additional purification by additional

chromatography and recrystallization for the combustion analysis sample.

g & o
\ AgBF,, 0°C, acetone I 4
co-)
/
Br

- Co Eq. 51
H—==—H (xs) 3 (Ea )
6/ R
125,R=H
126, R =Me 133, R=H, 47% H

134, R = Me, 69%

The 'H NMR spectra for these (cyclopentadienyl)cobalt cycloheptadienyl
complexes differ slightly from those of the Cp* analogues. The conformation of the
CsMes cycloheptadienyl system assigns the Heexo proton as having the furthest upfield
chemical shift and accordingly, the substituents in the CsMes system are assigned to the
Cs and Cg positions. Although the substitution pattern of the cycloheptadienyl
complexes in the CsHs system is identical to the CsMes cycloheptadienyl patterns, the

conformation is apparently different (Figure 7). Thus, to facilitate spectroscopic

Figure 7. Conformational Differences in Cp and Cp* Cycloheptadienyl Complexes.

+
Co
CO1 H _\5 Me
7 H %iﬂ
Me H 6 H
99 134

comparison between the two systems, the numbering scheme for the CsHs complexes is
based on the conformation and ignores the substitution pattern. This maintains the

assumed conformational geometry and the relative values of both the chemical shifts and
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coupling constants. Although the difference in the numbering scheme now maintains the
atoms in similar chemical environments to those assumed in the Cp* system, the
substituents thus become assigned to apparently different positions.

The bicyclic complex 143 appears to be the sole exception to this conformational
change, as the |H NMR data best fit the conformational pattern exhibited by the
pentamethyicyclopentadienyl complexes, and is thus assigned a 5.6-substitution pattern
(Table 3). The other cyclopentadienyl complexes all appear to maintain a conformation
that conforms to a 1,7-substitution pattern based on the available spectral data for the
cycloheptadienyl products.

Cyclopentadienyl cobalt allyl complexes are not readily made by the protonation
of coordinated dienes, in contrast to their CsMes counterparts. Some difficulty with low
yields and intractable product mixtures is encountered upon protonation of CpCo(diene)
complexes.!!9 However, a more successful approach to [3 + 2 + 2] cycloaddition
reactions is the in situ protonation of cobalt diene complexes in the presence of acetylene

(Eq. 52). Cobalt butadiene, isoprene and 2,3-dimethylbutadiene complexes 135-137 are

<> Hz @ & o,

|
AN hexanes, RT ' —=—H ( I 5 6] Me
X 7/ cn,cb, 0°C
123 135 Rv Ry=H R, Mz
136 Ry, Rz = H, Me 134 R, R;=H, 31%
137 Ry, R2=Me 138 Ry, R; = Me, H, trace

139 Ry, Ry = Me, 30%
all easily formed from the thermal (room temperature) exchange with the ethylene ligands
of CpCo(C3H4)72 (124) and may be isolated at this stage as discrete cobalt(I) diene
complexes (Eq. 52). The protonation of complexes 135 and 137 by HBF4¢Et>0 is
followed by the addition of acetylene, resulting in the formation of cycloheptadienyl

complexes 134 and 139, albeit in moderately low yield. Vicinal
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Table 3. Comparative 'H NMR Spectroscopic Data for Acetylene Derived
_ Cycloheptadienyl Complexes with Cyclopentadienyl Ligands

133 134 138 139 143 144
H, 5.60(m) | 5.31 (dd) b b 5.35 (m) b
J1a2 6 Hz 8.7Hz a
H> 5.80(t) 375 () 5.55 () 5.26(d) | 535(m) | 5.33(d)
Ja.3 6.6 Hz 6.6 Hz 6.6 Hz 6.8 Hz 6.3 Hz 7.9 Hz
Hj3 741 (t) 7.41(t) | 7.18(dd) | 7.29 (dd) | 7.24(t) | 7.19 (ddd)
J3.4 6.6 Hz 6.6 Hz 6.9 Hz 5.3Hz 6.3 Hz 6.1 Hz
H, 5.80 (1) 5.80(t) | 5.67(dd) | 6.15(dd) | 6.04(d) | 5.86 (dd)
Jys 6.6 Hz 7 Hz 7.4 Hz 6.6 Hz b 7.8 Hz
Hs 5.60 (m) 5.49 5.28(m) | 5.13 (m) b 5.24 (m)
J5.6endo a 6.3 Hz 6.0 Hz 8.4 Hz 7.6 Hz
J5.6ex0 a 4.0 Hz 4.6 Hz 6.6 Hz 4.5 Hz
Héendo 2,49 (m) | 2.09 (ded) | 2.06 (ddd) | 1.46 (dd) b 1.8€ (m)
Jﬁendo-6exo a 14.9 HZ 14.9 HZ 12.6 HZ 134 HZ
J6endo-Tendo a b b b b
.I6endo_7¢xo a 5-5 HZ 5.9 HZ b a

Hegexo .25 (m) | 1.30 (dtd) {1.15 (dddd)| O.11 (dd) | 0.80 (m) | 0.75 (m)
b b

J6exo-Tendo a b 9.9 Hz b
.I6exo-7exo a 4.2 HZ 4.8 HZ b 6.1 HZ 6.7 HZ
J7endo-7exo a 17.6
J7endo-1 a 3.8
Hreno | 1.25(m) | 157 (m) | 145 (@) b [ 232 @] 1.8 ()
j7exo_l a 3-5 HZ b 2.2

2 Numerical value for the coupling constant was not obtained due to second order
character or complexity of the signal. b Not applicable due to a non- hydrogen
substituent. ¢ Chemical shift estimated from COSY spectrum.
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dimethylcycloheptadienyl complex 138, in contrast to results in the CsMes series, is
formed in very low yield using this methodology.

The 1.7.7-trimethylcycloheptadienyl complex 139 is particularly interesting, as it
demonstrates that even relatively unstable allyl complexes may be generated and trapped
by acetylene to form seven-membered rings. The trimethyl complex 139 is also unique in
that it is the only complex synthesized with two substituents on the C7 position, except
for the trace of spirocyclic cycloheptadienyl complex 120. Data from the 'H NMR
spectrum show only two upfield signals, for Heendo (8 1.46) and Hgexo (8 0.11), which
share a mutual coupling constant of 12.6 Hz. Further confirmation that this is a geminal
pair of hydrogen atoms is supplied by the HMQC spectrum, which indicates that these
two hydrogen atoms are attached to the same carbon at § 40.7 (Cg). The !Jcy value for
this carbon is 130 Hz. The two Hg hydrogens show further coupling to § 5.13 (Hs), with .
J values of 8.4 Hz (J/5.6endo) and 5.4 Hz (J5.6ex0). The Hj signal is shown by
homonuclear decoupling and COSY experiments to be adjacent to a signal at § 6.15 (Hy)
by a 6.6 Hz coupling constant. The Hy signal is connected to H3 (8 7.29) by a coupling
constant of 5.3 Hz. The assignment of 8 7.29 as the Hj3 signal is further supported by the
HMQC spectrum, which correlates this signal to the C3 carbon signal at § 98.2 (lJcy =
174 Hz). Both the H3 proton and C3 carbon signals are the furthest downtield signals in
their respective spectra, following the generalization that the H3 and Cj3 signals are the
most deshielded signals in these seven-membered ring cobalt complexes. The H3 signal
is also connected to the last downfield signal, a doublet (J = 6.8 Hz) at § 5.26, assigned to
H3. The last two positions on the ring are fully substituted with methyl groups; thus, the
proton spectrum is of little use for these assignments. However, there are three large
(3H) singlets at 1.87, 1.81, and 0.92 ppm, assigned to the Cj and the two C7 methyl
groups. The 13C NMR spectrum shows two quaternary signals, one at d 116.3, consistent
with a coordinated quaternary sp? carbon, the other at § 56.1, consistent with a

tetrasubstituted sp? carbon. Both of these signals appear as singlets in the gated
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decoupled spectrum. The cyclopentadienyl ligand is identified by both the singlet at 5.52
ppm in the 'H NMR spectrum as well as the doublet (!Jcy = 184 Hz) at 98.2 ppm in the
13C spectrum. These two signals are correlated in the HMQC spectrum. We have
observed that cyclopentadienyl ligands in these complexes typically have large values
(180-185 Hz) for the !Jcy coupling constant, a fact that will become essential to
subsequent compound characterizations.

Although only a low yield of the dimethylcycloheptadieny! complex 138 is
obtained using this method, the preparation of complex 138 in higher yield is readily
carried out by allowing silver tetrafluoroborate to react with the dimethylallyl bromide
complex 140 in the presence of acetylene (Eq. 53). The bromide complex 140 is formed
in low (27%) yield by careful protonation of the isoprene complex 136 by HBr in THF at

low temperatures.

| HBr, THF @ — il
Co ’ _) — _ Co (Eq. 53)
-|= -78°C, 27% AgBF4 @Me
/4 acetone, 0°C
58%

136 140

The 'H NMR spectrum of complex 138 shows four downfield signals (7.18 (Hs),
5.67 (Hy), 5.55 (H2) and 5.28 (Hs) ppm) that are consistent with a methyl-substituted
pentadienyl fragment. The signal at  5.55 (H3) is a simple doublet (J = 7 Hz),

suggesting it is adjacent to the methyl group. Using the COSY spectrum, the rest of the
tframework can then be assigned. This spectrum also shows a correlation between & 5.28
(Hs) and two signals at 4 2.06 (Heendo) and 8 1.15 (Hgendo). These two signals share a 15
Hz coupling, strongly indicating they are a geminal pair. The last ring hydrogen is
assigned to a multiplet at 6 1.45 that is coupled to a methyl doublet at § 1.37. The
remaining methyl singlet resonates at 1.77 ppm, a chemical shift that suggests the methyl

is attached to a sp? hybridized carbon atom.
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[t is unclear why the dimethylcycloheptadienyl complex 138 is only formed in
good yield by ionization of the allyl bromide complex 140 and not by HBF; protonation
of the isoprene complex 136. One possible explanation is that the dimethylallyl
intermediate complex is unusually unstable; without additional stabilization provided by
the strongly coordinating bromide or stabilization by acetone solvation, decomposition is
faster than acetylene coordination. Thus, in dichloromethane, the dimethylallyl complex
formed by protonation of the isoprene complex 136 lacks sufficient stabilization and
decomposes prior to acetylene coordination. This explanation, however, does not
rationalize the successful formation of the trimethylcycloheptadienyl complex 139
obtained from protonation of the 2,3-dimeihylbutadiene complex 137.

Almost all of the cyclopentadienyl [3 + 2 + 2] cycloaddition chemistry using
cyclic allyt templates and acetylene directly correlates with the previously discussed
pentamethylcyclopentadienyl examples (Eq. 54). Bicyclic cycloheptadienyl analogues
143 and 144 are thus formed by allowing exocyclic allyl complexes 141 and 142 to react
with acetylene, aithough lower yields are obtained compared to the reactions of
pentamethylcyclopentadienyl complexes 103 and 111. Nonetheless, extensive 2D NMR

spectroscopy indicates that the overall structures of the CsHs complexes are the same as

their CsMes analogues.

- -

Br @\ AgOTf or AgBF, ¢|; o X"
CpCo(C,H H—=—H (xs
2Ha2 Co _) (xs) (Eq. 59)
THF / acetone, 0°C
) Br )
n n
109,n =1 " 141n=1 - 143n =1, 34% )n
103,n=2 142n=2 144n=2,13%

It was hoped that a methylcyclopentadieny! ligand, also readily available, would
show greater similarity to the CsMes template than does the CsHs analogue. The methyl

group adds slightly more electron density to the ligand, yet still avoids the steric
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hindrance problem associated with larger ligands. The reactions of
methylcyclopentadienyl cobalt allyl and crotyl complexes 128 and 129 with acetylene
(Eq. 55) parallel those of the CsMes complexes, forming cycloheptadienyl complex 145

and methylcycloheptadienyl complex 146 in low to moderate (33-73%) yields.

BF,~
==—H (xs) |+
— Co (Eq. 55)
Co-) AgBF,, acetone, 0°C @/
128,R=H
129, R = Me 145R =H, 73%

146 R = Me, 33%

The methylcyclopentadienyl template, however, undergoes one [3 + 2 + 2]
reaction that bears more elaborate discussion. The reaction of allyl complex 128 with
ethyl tetrolate (ethyl 2-butynoate) in trifluoroethanol with the addition of a silver salt
gives a compound characterized as cycloheptadienyl complex 147, isolated in 48% yield
by flash chromatography (Eq. 56). It is interesting to note that this is the only template
that gives a tractable organometallic product using such an electron poor alkyne. It is
uncertain what effects are present that permit this reaction to occur, when similar
reactions fail using the CsMes or CsHs allyl complexes 80 and 147. Although fully
characterized spectroscopically, the deep red oily product could not be isolated in

analytical purity.

/@ @ PFs

i) AgClO,, TFE

- l+ co Et
\ - 2 Eq. 56
Co—) ii) Me—==—CO,Et Co (Ea. 56)
s’ iil) NH,PF,, H,0, 48% d Y
co Et
128 Me 02
147

The methyicyclopentadienyl ligand of 147 is readily identified by four broad
singlets in the 'H NMR spectrum at 5.62, 5.54, 5.28 and 5.21 ppm, as well as a methyl
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singlet at § 2.05. The downfield signals are correlated to carbon signals at 90.9, 90.6,
89.9 and 88.8 ppm, all of which all show L/cy values of 180-186 Hz. The methyl signal
is correlated to a carbon that resonates at 12.0 ppm and has a lJcy of 130 Hz. The
remaining quaternary carbon is located at § 107.3.

The cycloheptadienyl ligand is readily identified by an upfield AMX pattern for
the coordinated pentadienyl fragment. This consists of a signal at § 7.46 assigned to the
central hydrogen of the pentadienyl fragment (H3), which shows coupling to two doublets
at 8 6.38 (J/ = 6.9 Hz, Hy) and 8 5.98 (J/ = 7.2 Hz, Hy). The HMQC spectrum correlates
these proton signals to carbon signal at § 98.0 (C»), 98.8 (C3) and 94.8 (C4). Two other
quaternary carbon signals, 85.7 (C}) and 105.8 (Cs) ppm, are assigned to the pentadieny!
portion of the cycloheptadienyl ligand. From these data, the HMBC spectrum is used to
determine the substituents on the terminal positions of the pentadienyl. A correlation
between the Cy4 signal at 98.0 ppm and a methy! group at 2.00 ppm in the !H NMR
spectrum indicates the presence of a methyl substituent at the Cs position. Assignment of
the C| substituent as an ester group is shown by a correlation between H» (3 6.38) and a
carbonyl carbon at 8 170.8 (Cg). Further correlations between C4 and Hg (8 3.97) as well
as between C; and H7 (3 3.54) are used with data from the HMQC spectrum (Hg is
attached to Cg at 61.9 ppm and H7 is attached to C7 at 37.7 ppm) to fully assign the ring
carbon atoms. The substituents on the sp2 hybridized Cg and C7 atoms are an ester group
and a methyl group respectively. Using the COSY spectrum, H7 is seen to be coupled to
the methyl group at 3 0.40 and using the HMQC spectrum, a correlation between the
other carbonyl carbon (8 167.3, C2) and Hg (3 3.97) establishes the ester substituent at
Ce.

The positions of the substituents on compound 147 provide evidence of an
extensive series of B-H elimination/reinsertion reactions to form the observed pentadienyl
fragment, far more than any other [3 + 2 + 2] cycloaddition product in cobalt, with the

exception of the parent unsubstituted system 97 (vide infra). Part of the driving force for
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this rearrangement could be to achieve steric relaxation of the four buttressed substituent
groups in the initial n!-n*-intermediate. [n moving the two groups to exo positions on
sp3-hybridi_zed carbon atoms, significant steric stress is alleviated. Electronic effects may
also play a role in this rearrangement; conjugation of the pentadienyl r-system with the
ester presumably stabilizes the system. In general, an electron withdrawing substituent
on the a.-carbon stabilizes the metal-carbon bond.

Several cobalt templates with different cyclopentadienyl ligands have thus been
shown to participate in {3 + 2 + 2] allyl/alkyne cycloaddition reactions. Table 4 gives a

briet summary of the various n3-cycloheptadienyl products obtained from this process.
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Table 4. nS-Cycloheptadienyl Complexes Obtained from [3 + 2 + 2] Allyl/Alkyne
Cycloaddition Reactions

allyl complex/ | alkyne/ product allyl complex/ | alkyne/ product
precursor method/ precursor method/
yield yield
+ g
Cp*’Co OTf- ' Cp*Co
Phim zﬂ tBuCCH B"éj"’
Ph A
\ 59% Q \
) A ): A\ | 88% <
TtO Ph TtO u
80 95 80 96
Cp'Co* - cp*Co’
oTt CsH| o/ P CO o1
< /\ CgH12 ¢ /\ PhCCH
A B
Co—/A\ Co—"\
no/ 84% TtO 63% 98 Ph
80 97 80
cp*cd R cpCo BF,”
® luccu| P ol 1 & T | heon | e R
v NR A R co-A C R
"o°° N 1 () 529% or (a) 47%
(b) 79% H 125R.R'=H | (b) 69% H
80R. R =H R o R
iR R=Me.H | ©)80% 99 101, 102 RO e Me H | (©)58% | 133, 134, 138
85 R.R' = Me ’
+ +
Cp'Co BF,” CpCo BF,~
C(\g.- HCCCH ‘ ~ Br HCéZH
(CHy), (a) 47% % (CHy), (a) 34% %
(@n=1I (b) 59% (jn (a)n=1 (b) 13% (In
(b)n=2 (a) 111, (b) 105 (byn=2 (a) 143, (b) 144
Cp‘Co+ BF,- CpCo BF,
8r | HCCH ( HCCH
C D
O‘ 44% 30%
118 139
g uoew | O cc-| PL Comd
\ R Me - CO;MO
co-fV| d R /@\ COZEt &
o’ (2) 73% co-N | T E e
/
(b) 33% H er 48% co,u#
128R=H 145R=H 128 Me
129 R = Me 146 R = Me 147

Conditions: A: CH2Clp, excess alkyne, -78°C—RT, 12h. B: | equiv cyclooctyne, -30°C, | min, then
PhCCH (1-2equiv), -30°C—RT, 12h. C: (i) C5R5Co(C2H4)2, THF, 0°C—RT, 12h. ii) AgBF4, acetone,
0°C, 30 min. D: CpCo(C2Ha4)2, CHCly, RT, 30 min, then HBFj4, xs alkyne. E: AgClOy, xs alkyne,

TFE,RT, 12h.



C. Mechanistic Proposals for (3 + 2 + 2] Cycloaddition Reactions

1. Initial Allyl/Alkyne Coupling

There is now ample evidence to support the initial step of the formal [3 + 2 + 2]
cycloaddition pathway as the formation of an n2-alkyne complex. The coordination of
alkyne to form cobalt allyl/alkyne complexes has been observed spectroscopically by
Etkin;38 even more compelling evidence is the isolation of allyl/alkyne complexes of
iridium (38 and 45) and ruthenium.6!.76.91 The iridium allyl/alkyne complexes are highly
reactive and readily form seven-membered ring systems when allowed to react with
excess alkyne in polar non-coordinating solvents such as dichloromethane. Electronic
effects are also operative; in the Rubezhov and Schwiebert systems, as well as the cobalt .
templates, no tractable products are found using more electron deficient alkynes, such as
DMAD. Itis likely that the alkyne is simply too electron poor to coordinate at all,
inhibiting the reaction. The coordination of the alkyne also appears to be relatively weak
and reversible; Schwiebert has observed substantial amounts of a carbonyl complex
tormed from alkyne displacement by CO in the allyl/alkyne complex during trapping
experiments. Rubezhov reports that no evidence of alkyne coordination is seen in
coordinating solvents like DMSO or acetonitrile.83

Insertion of the allyl into the alkyne in allyl/alkyne complexes 149 provides a
vinyl olefin complex, 150, for which extensive corroborating evidence has also been
gathered. Schwiebert has isolated vinyl olefin carbonyl complexes 151 M =Ir, L = CO)
from the reaction of allyl/alkyne complexes 38 (R = Me) and 45 (R = Ph) with carbon
monoxide (Scheme 23), although competitive displacement of the alkyne in 149 by CO is
also observed. These vinyl olefin carbonyl complexes are also shown to provide
competent intermediates in the formation of both five- and seven-membered ring

products upon CO decomplexation. The reaction of an iridium complex (e.g., 45) with
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trimethylamine-N-oxide in the presence of excess alkyne forms seven-membered ring
products; without added alkyne. a diphenylcyclopentadienyl complex is formed (Scheme
11, p 32). However, there are several possible mechanistic routes that accomplish the

latter transformation and more than one may be in operation.

Scheme 23
oTf oTf
/zﬂ oTr ~ &
\ R—— \M: //L\ \M+ .~ +L \M+ -
/ X
Tto R R & R g
148 149 150 151

The allyl ligand may isomerize to an ! structure prior to migration onto the
alkyne, as presumed by several workers who have observed alkyne insertion into n3-allyl
ligands, although no evidence for this isomerization is presented.6+.78.80.82-86 Simjlarily,
the n3-syn-exo-structure of all cobalt allyl complexes appears to be static by 'H NMR
spectroscopy: no fluxionality or syn-anti interconversions are observed. Perhaps the n!-
allyl is only accessible as a transition state from the allyl/alkyne complex. The alkyne
might first change from a two electron donor to a four electron donor, driving the allyl
into the ! -configuration. Only then does the n!-allyl migrate to the alkyne ligand to
form the vinyl olefin intermediate. However, it may equally be possible that an n!,n2-
allyl migrates, keeping the relative stereochemistry intact throughout the process.

Further compelling evidence for the formation of vinyl olefin intermediates is
seen in ruthenium chemistry from this group.!20 The reaction of (n6-C¢Meg)Ru(n3-
C3Hs)Cl with dimethylacetylenedicarboxylate forms a vinyl olefin complex in high yield
(Scheme 24). A similar complex can be obtained from the reaction of (n6-CgMeg)Ru(n3-

C3Hs)OTf with DMAD in wet solvent (Scheme 24).
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Scheme 24
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In theory, the migratory insertion of the allyl ligand into the metal-alkyne bond
can proceed at either end of the allyl ligand. With crotyl complexes. however, the two
ends of the allyl are dissimilar. thus the insertion reaction can potentially form two
ditferent vinyl olefin complexes ( Figure 8). To date, no conclusive evidence has been
gathered to determine whether there is a preference for insertion into the less substituted
side of a crotyl ligand in the cobalt templates, although this is the more likely site of
reaction. due to fewer steric interactions. This is a difficult process to observe, as

Figure 8. Regioisomers Formed From Crotyl/Alkyne Cycloaddition Reactions

LnM/\ H LnM
T ey —i R—<CE>—
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enantiomeric products are obtained from the insertion of symmetrical alkynes at either
end of the crotyl ligand (Figure 8). In both five- and seven-membered ring products, the
only consequence of insertion of a symmetric alkyne to opposite ends of the crotyl is the
formation of enantiomeric products. Presumably, an unsymmetrical alkyne could be used
to distinguish which end of the crotyl is active in the insertion reactions. although this has
not been fully established. However, the alkyne may also have a preferred insertion
geometry, which further complicates the interpretation of this reaction. Although Etkin
observes a mixture of cycloheptadienyl complexes in a reaction between Cp*Co(crotyl)
complex 81 and r-butylacetylene in dichloromethane, small amounts of a cobalticenium
product are also observed. However, the exact substitution pattern of neither the
cyclopentadienyl product nor the seven-membered rings was firmly established.88 The
seven membered ring systems in particular did not appear to have a straightforward
pattern; this product will be discussed in more detail in the following chapter. All other
reactions of cobalt crotyl complex 81 used symmetrical alkynes, thus the regiochemistry
of the insertion process cannot be determined.

Migration of the syn exo crotyl ligand onto the alkyne is predicted to place the
methyl group endo to the cobalt center. This has several consequences for later
rearrangements by preventing facile B-H elimination reactions on the carbon center
bearing the endo methyl group. In a related ruthenium system (Eqgs. 57, 58), widely
different products are obtained when an alkyne is allowed to react with syn or anti exo
crotyl complexes .120 The reaction of the syn crotyl chloride complex 152 with silver

tetrafluoroborate and diphenylacetylene (Eq. 57) yields the agostic cyclopentenyl

4

AgBF,, CH,Cl,, RT
nu\/\/ 9= "’ . (/ e (Eq. 57)

152 Ph Ph 153
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complex 153. This complex is stable to further rearrangement as the endo methyl group
prevents B-hydrogen elimination reactions from a diene intermediate.

Prot_ona[ion of butadiene complex 154 yields an anti croty! intermediate complex;
when this reaction is run in the presence of diphenylacetylene, cyclopentadienyl complex
155 is formed exclusively (Eq. 58). In this reaction. cyclization forms a cyclopentenyl
complex with an exo methyl group. The methyl does not prevent B-hydride elimination

and thus does not prevent aromatization to the cyclopentadienyl ring.

B T+
: @ H BF4
| -CH
TU HPBhFA: i'-zclz;:7= " /\Hu— //\ “CH,_ l!Iu* (Eq. 58)
£ X <,
154 - = 1:;

The same stereochemistry is expected in the closure to form seven-membered
rings, thus the syn crotyl ligand forms a cycloheptadienyl complex with an endo methyl
group. As seen in Figure 9, insertion into either end of the crotyl ligand is expected to

form an endo methyl group. As this stereochemistry is determined at the first insertion,

Figure 9. Product Stereochemistry of Alkyne Insertion into Crotyl Complexes

oTf
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both five- and seven-membered ring products formed from croty! complexes are expected
to have an endo methyl substituent. However, in contrast to the above ruthenium
example, the cobalt template appears to readily eliminate dihydrogen to produce

cyclopentadienyl ligands, even with the endo methyl group.
2. [3 + 2] Cyclization Steps

Although the carbonyl vinyl olefin complexes 73 and 76 (cf.. 151, Scheme 23) are
stable, decarbonylation reforms a highly reactive unsaturated vinyl olefin intermediate
150 (Scheme 25). This likely receives additional stabilization through the coordination of

Scheme 25
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solvent, tritlate, additional alkyne, or by the formation of an n3-vinyl ligand, if the metal
orbitals are suitably oriented. This intermediate may not always cyclize, as seen in
related ruthenium chemistry from this research group, in which acyclic pentadienyl
complexes are formed (Scheme 25).!20 This presumably occurs by activation of the
allylic hydrogen. There are numerous potential approaches to this process and several
different bonding arrangements for the intermediates; however, only an illustrative few
are discussed. The direct product of carbon-hydrogen activation (157) appears to have an
unfavorable geometric arrangement of the ligand but the n!-allyl form (156) should be
more favorable geometrically, although this is formally a 16-electron intermediate. A
further bonding picture can be envisioned if these formally Co(V) structures relax into a
Co(IIl) carbene structure. This structure is also available via a concerted hydrogen atom
abstraction from 150 assisted by electron donation from the metal-vinyl, in a five-
centered transtion state. Here, a metal-carbon bond to the central carbon never needs to
be proposed, avoiding what would be a geometrically strained arrangement and the
abnormally high Co(V) oxidation state is avoided.

The intermediate structures 156-158 are all able to rearrange to the open
pentadienyl complex 159 by reductive elimination or ,2-hydride migration. In addition
to the hydride rearrangements, a rearrangement of the carbon skeleton of the ligand is
also feasible. In most systems and in the absence of excess alkyne, intermediate 150 is
transformed into a cyclopentadienyl ligand by cyclization and the loss of two hydrogen
atoms. Several alternate pathways may again operate (Scheme 25). A common
intermediate on these pathways is the cyclopentadienyl hydride structure 161. One route
to 161 (Path A) can proceed by the previously proposed C-H activation of the allylic
hydrogen, similar to the process of pentadienyl formation. The metallacyclohexadiene
hydride 156 can undergo reductive elimination to 161. This latter process has been
demonstrated by Bleeke in an iridium system (Eq. §9), in which reductive elimination

presumably forms an intermediate cyclopentadiene complex, which undergoes C-H
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activation to form the cyclopentadienyl hydride product 163.121 Methy! triflate is used to
induce coordinative unsaturation by abstracting the metal hydride from

iridacyclohexadiene 162, releasing methane in the process.

— >

i) MeOTf, acetone, -30°C, 82%

(RaP)3lr - "
’ 3/ / ii) acetone, 20°C, 90% R P/lr\H (Eq. 59)
H * PR,
162 163

A second possibility for the cyclization mechanism is the migration of the vinyl to
the olefin (Path B, Scheme 25) to directly form nonconjugated n l-n2-cyclopentenyl
complex 160, which may undergo facile B-hydrogen elimination to form cyclopentadiene
hydride 161. This process seems to be the most likely possibility for the cyclization
process, as other intermediates appear to be either high energy or unnaturally high
oxidation state complexes. Note that the pendant olefin must be bent off axis to allow the
vinyl to reach the olefin and migrate. A similar migratory rearrangement has been seen
by Hughes in iridium and rhodium systems (Eq. 60), although no greater mechanistic
detail is available from those results.!22 An analogous vinyl migration process is also

thought to occur in the cyclization to form six- or seven-membered carbocyclic products

(vide infra).
R
=
\ CeHs, 80°C RQ n@
A \ MLn 1Al 1] > R I R—™nR | R (EQ~ 60)
<50% conversion ML L.M
n nvi~~n
R ML, = Rh(n*-indenyl)
164 R = tBu 165 166

3. Loss of Hydrogen From the Cyclized Product

The exact mechanism of hydrogen loss from the cyclopentadienyl hydride to form

cyclopentadienyl complexes is still speculative. Although no detailed mechanistic study
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was undertaken, Rubezhov reported the detection of dihydrogen and stilbene byproducts
during the production of cyclopentadienyl products from allyl complexes and
diphenylacetylene.83 Several other examples of hydrogen loss or transfer from
cyclopentenyl or cyclopentadiene complexes are known. The reaction of
cyclopentenylmagnesium bromide with nickel(IT) bromide generates (13-
cyclopentadienyl)(n3-cyclopentenyl)nickel exclusively; the expected bis(n3-
cyclopentenyl)nickel was not detected. 23 Maitlis reports that reaction of metal hydride
complexes 167 with dienes generally yield cycloalkenyl complexes, such as the
cyclooctenyl complex 168 (Scheme 26).!24 However, the reaction of 167 with
cyclopentadiene does not give the expected cyclopentenyl product but rather the
cyclopentadienyl complex 171, with loss of two hydrogen atoms. The reaction of the
hydrido dimer 167 with cyclohexadiene initially forms an observed but unstable
cyclohexenyl complex (169), which eliminates HCl to form the diene complex 170.
Similar results are seen in the reaction of [Cp*MCl1]» (M = Rh, Ir) with Na;CO3 and

cycloalkadiene in ethanol solvent.!25

Scheme 26
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Although many examples of reactions in which two hydrogen atoms are lost from
a cyclopentenyl ligand to form a cyclopentadienyl complex are known, there is no single
proven mechanism. Several possible processes (Scheme 27) may be involved: perhaps
the simplest is the formation a metal dihydride complex from allylic C-H activation of the
ligated cyclopentadiene (Path A, Scheme 27). Reductive elimination from the high

Scheme 27

H’/_I_
=l
D I
+B. -BH* M R +BH*, -B

oxidation state intermediate directly produces the metallicenium complex 172, with the
evolution of dihydrogen gas. Stable pentavalent rhodium and iridium hydride or
polyhydride complexes are known, 126 thus lending support for the existence of such
dihydride intermediates on the dehydrogenation pathway even in the case of cobalt. The
same event is also achieved via a concerted extrusion of dihydrogen (Path B), similar to a

o-bond metathesis, directly producing the metallicenium cation from the hydrido



cyclopentadiene complex 161. A slight variation of the "nonpolarized” metathesis
pathway is the direct attack of the metal hydride on the acidic hydrogen of the
cyclopentadiene, either in an intermolecular or intramolecular process (Path C). The
intramolecular process can also be viewed as a polarized version of path B. Although all
of these processes are competent, one less complicated pathway may be in operation.
Adventitious Lewis bases such as water, solvent, or even the triflate counterion may
scavenge the metal hydride. leaving behind a neutral cyclopentadiene complex (Path D).
Hydride may then directly be abstracted from the neutral cyclopentadiene complex by the
protonated base. It is known that sulturic acid protonation of cobalt cyclopentadiene
compounds generates a cyclopentadienyl ligand with loss of dihydrogen gas; this is
proposed by the authors to be a hydride abstraction.!>7 Recent results in our laboratory
suggest that this process is almost certainly occurring in related ruthenium systems. 120
Another example of cyclopentadiene compiex rearrangements is known in the
literature. Vinylcyclopentene complexes of cobalt form thermally stable but fluxional
agostic ethylcyclopentenyl complexes upon protonation by HBF4 in dichloromethane
solvent (Scheme 28).!128 This agostic allyl compiex can be deprotonated by added base
(LDA) to give an ethylcyclopentadiene complex. Consistent with pathway D in Scheme
27, Spencer reports that the agostic allyl complex 173 readily loses hydrogen in the
presence of water to form ethylcyclopentadienyl complex 174. It is interesting to note
that once the agostic complex 173 is formed, it requires moderate heat (60°C) and several
hours to convert to the cyclopentadieny! structure. In contrast, use of wet solvent in the
initial reaction directly forms the yellow cobalticenium salt 174 at room temperature,
suggesting that the agostic complexes may not be directly on the mechanistic pathway for
hydrogen loss. Intermediate 173, once formed, is apparently at an energy minimum and
must first climb out of this well and become non-agostic before hydrogen loss can take

place.
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Scheme 28
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4. Double Alkyne Insertion

Strong solvent etfects are noted in the [3 + 2 + 2] allyl/alkyne cycloaddition
pathway. Rubezhov reports that both 3 + 2] and [3 + 2 + 2] allyl/alkyne cycloaddition
products are observed using acetone, a weakly coordinating solvent, but in
dimethylsulfoxide or acetonitrile, even single alkyne insertion is not observed.83
Presumably, like CO, these latter solvents are simply much stronger ligands than the
alkyne and prevent coordination, "poisoning” the metal center. Coordination of the
second alkyne is much more sensitive to solvent effects; Nehl reports only single
insertion products in tetrahydrofuran solvent, even using a large excess of 2-butyne.84.85
We have shown that utilization of dichloromethane in place of tetrahydrofuran gives a
high yield of the double insertion product when allyl complex 80 reacts with 2-butyne
and other alkynes. Work in this laboratory has also confirmed that tetrahydrofuran
inhibits the second coordination of an alkyne.88 The reactions of allyl complex 80 in
tetrahydrofuran using various alkynes that otherwise show [3 + 2 + 2] activity give
predominantly single alkyne insertion products. The partition between the two reaction
manifolds is thus tremendously influenced by the choice of solvent; even a moderately
coordinating solvent interferes with the coordination of the second alkyne, allowing

cyclization to the five-membered ring product to kinetically predominate.
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Other factors also affect the partition between single and double allyl/alkyne
insertion products. As previously noted, the initial steps are assumed to be common for
the two reaction pathways, but similarities end once the viny! olefin intermediate is
formed. If the rate of ring closure (or any other mechanistic event) is fast relative to
coordination of the second alkyne (Scheme 29), a large proportion of single insertion

Scheme 29

product is obtained: however, this may be inhibited by the coordination of another
alkyne. Coordination of the second alkyne does not necessarily preclude migratory
insertion closing to a five-membered ring. Insertion of this second alkyne into the vinyl
olefin intermediate, however, leads to an unsaturated seven-carbon vinyl ligand
containing a pendant olefin (175), similar to the process proposed for the initial
allyl/alkyne insertion. Intermediate 175, although possibly a 16 electron coordinatively
unsaturated species, may be stabilized by the coordination of the internal olefin of the

seven carbon ligand (176). Other available ligands include alkyne, solvent molecule and

93



the triflate counterion (177). There is also a possibility for the formation of an n2-vinyl
species (178). Although there is no reason to suggest a third alkyne cannot coordinate,
rearrangement of this intermediate must be fast compared to further insertion of the
alkyne. as no alkyne oligomerization products have been isolated. Although the
partitioning between single and double insertion products has not been studied
mechanistically, one key feature is apparent. Larger cyclopentadienyl ligands as well as
larger groups on the alkyne or allyl ligand all tend to hinder the approach of the second

alkyne, thus favoring five-membered ring formation.
5. Cyclization of the Vinyl Diene

The vinyl diene complex 175 formed from insertion of a second alkyne into the
allyl ligand is presumed to be highly reactive and no spectroscopic evidence has been
obtained for this intermediate. Furthermore, no indication of triple alkyne insertion
products has been seen, suggesting that cyclization of this intermediate is fast relative to
turther alkyne coordination. This cyclization can potentially proceed via any of the
pathways C, D, or E proposed for the five-membered ring synthesis (Scheme 25, page
86); however, to account for the observed partitioning between six- and seven-membered
rings, we propose that pathway D, the simple migratory insertion pathway, must operate.

Migration of the vinyl group to the internal or terminal olefin carbon (Scheme 30) forms
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methanocyclohexadiene complex 179 or n!,n+-cycloheptadienyl complex 180,
respectively. There appears to be a marked steric effect of the cyclopentadienyl
framework on this partition. The unsubstituted cyclopentadienyl or benzene metal
complexes reported by Rubezhov show migration selectively to the internal carbon,
forming the six-membered ring product. In contrast, however, Schwiebert's
pentamethylcyclopentadienyliridium system produces mainly the seven-membered
carbocycle, although a small amount of the six-membered ring analogous to that reported
by Rubezhov is also seen. The steric effect of the ancillary ligand is also seen in
ruthenium templates also investigated by our group: in the analogous (-
mesitylene)ruthenium vinyl olefin complex an approximately 1:1 selectivity for six- and
seven-membered ring products in the reaction with alkyne is seen.!20 The no-
hexamethylbenzene ruthenium analogue exhibits a 5:1 ratio favoring the seven-
membered carbocycle (Eq. 61).120 Although many cyclizations in the ruthenium systems
have been observed, a number of acyclic byproducts are also obtained, demonstrating that
cyclization is not the only possible pathway for the seven-carbon vinyl olefin ligand. In
the much smaller cobalt templates, both CsHs and CsMes ancillary ligands apparently
force migration to the olefin terminus, producing seven-membered ring products

exclusively. No evidence for the formation of an n!,n*-methanocyclohexadiene product

is seen in either cobalt system.

> CO,Me
acetone = / 2 Meo,C, !
-22°C—RT, 2h H Me0,C = (Eq. 61)
o
0% Mo =~
Me CO,Me Me
5 1 Me
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6. Rearrangements of Seven-Membered Carbocycles

The initial insertion product of the vinyl diene into the terminal position of the
pendant olefin is the n!.n*-cycloheptadiene complex 180. This complex can rearrange
through a series of B-hydrogen elimination and reinsertion reactions. From the initially
formed n!.n*-isomer, B-hydride elimination forms n*-cycloheptatriene metal hydride 181
(Scheme 31). Several pathways are available for further reactions; the hydride can, in
principle, migrate to any of the coordinated carbons, forming three distinct coordination
isomers. the n3-dienyl (182), n!,n+-o-diene(183) and n3.n2-allyl olefin (184) structures.
Two of these (182 and 183) have been observed as products or intermediates in our

laboratory (Scheme 31). Larger ring systems (Cg and larger) prepared through different
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methodologies are known to support the n3,n2-allyl olefin structures.!29 The
thermodynamic resting state of this process is highly metal-dependent, although in both
iridium and-cobalt systems, n3-cycloheptadienyl complexes are isolated as the sole
coordination isomer formed in seven-membered ring products. Schwiebert's
pentamethylcyclopentadieny! iridium template generates different substitutional isomers.
indicating that several B-hydride elimination/reinsertion steps have occurred, although no
evidence for intermediate structures can be inferred from these data.6!.62 [solated
complexes obtained from mixtures of n3-isomers show no tendency to interconvert
thermally, suggesting that the formation of an n3-cycloheptadienyl complex is
irreversible. In the cobalt systems, the formation of cycloheptadieny! complex 147 from
ethyl butynoate also indicates that extensive rearrangement can occur subsequent to
cyclization. Ruthenium systems, in contrast, appear to prefer to form n I-nonconjugated
isomers such as 183, although this is dependent on the nature of the substituents.!20

Some ruthenium reactions show a strong preference for the n!-n*-
cycloheptadienyl coordination isomer (e.g., Eq. 61). A reasonably wide range of alkynes
undergo this cycloaddition reaction; in addition to 2-butyne, acetylene, cyclooctyne and
DMAD all form similar products, although substitution pattern changes slightly when
DMAD is used. Futhermore, several of these reactions are complicated by the formation
of small amounts of byproducts.

This interconversion has been demonstrated in a ruthenium system, where it has
been shown that the n!,n*-cycloheptadienyl product (186), which is formed by a [3 + 2 +
2] cycloaddition reaction between acetylene and n6-CgMegRu(allyl)(OTT) (185), is the
kinetic product (Scheme 32).120 Although most other ruthenium n!-n*-c-diene
complexes are inert up to decomposition temperatures, the rearrangement of 186 to n3-
cycloheptadienyl complex 187 occurs upon heating. In addition, the n!,n4-complex 186

is fluxional by !H NMR spectroscopy at room temperature, consistent with a series of B-
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hydrogen elimination and reinsertion reactions.!*0 Mild heating irreversibly forms the

n3-cycloheptadienyl isomer 187, which has a static structure.

Scheme 32.
RI“ Ru acetone Ry
/ CH,CI,, 0°C
fo ) “85% / 12h O
~ quant.
185 187

[n order to gain further mechanistic insight into the acetylene insertion reactions
in cobalt, a series of deuteration studies was undertaken, but the full implication of these
data was not appreciated at the time.88 When the parent ally! triflate complex 80 is
permitted to react with acetylene-da, all positions in the resulting cycloheptadienyl
complex 97-d4 except the 6endo and Tendo positions are partially and equivalently
deuterated (Scheme 33). Repetition of the deuteration experiment using the crotyl triflate
complex 81 yields a more specifically deuterated product, but this product still exhibits
partial scrambling. The product derived from the dimethylallyl complex 85 and

acetylene-dy shows specific deuterium incorporation into the 1, 2, 3 and 7exo positions

(100-dy).
Scheme 33
R
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80,R,R'=
81, R,R' = Me, H R,R'=H R=Me,R'=H R, R' = Me
85, R, R' = Me 97-d, 99-d, 100-d,

[n the unsubstituted case, only the endo H atoms are unscrambled, suggesting that

a facile B-hydride elimination/reinsertion mechanism for deuterium scrambling exists.
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The atom originally positioned for B-hydride elimination must be hydrogen, not
deuterium. Since reinsertion places the hydride endo to the metal, only hydrides are
available for elimination. Thus, the metal always picks up a hydride instead of a
deuteride. One consistent rationale is that intermediates in the unsubstituted complexes
are highly fluxional, forming all possible n!,n*-isomers trom the triene hydride (I, II, III,
Scheme 34). This process is proposed to be rapid relative to irreversible formation of the
n3-isomer, thus permitting the unsubstituted compound to fully equilibrate. It was
originally proposed that a series of n3-cycloheptadienyl structures were formed from
similar hydride shuttling; either process can account for the observed isomers. However,
the high temperature 'H NMR spectrum (400 MHz, tetrachloroethane-d;, 100°C) of the
undeuterated complex 97 is identical with the static spectrum obtained at room
temperature, indicating no fluxionality on the 'H NMR spectroscopic time scale. [f the
complex shows no evidence of fluxionality at 100°C, the n3-structure formed at or below
room temperature must be static and all the observed deuterium scrambling must occur
before the final n3-cycloheptadienyl structure is formed. This excludes the series of n3-
cycloheptadienyl-to-triene hydride equilibria as a viable mechanism, suggesting that the
nl.n*-isomerization pathway operates, as seen in the ruthenium series.

The unsubstituted complex 97 has no substituent barrier to B-hydride elimination;
thus, all possible N1, n4-o-diene structures are available, resulting in complete scrambling
of the deuterium atoms over all positions except the 6endo and 7endo positions. In the
initially formed o-diene intermediate (Intermediate I, Scheme 34), only hydrogen atoms
are available for elimination and thus the endo positions always carry a hydride, as
discussed above. Since the series of B-hydride eliminations and reinsertions are proposed

to be fast relative to final conversion to the n3-cycloheptadienyl product, all available

positions are equivalently deuterated.
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Scheme 34

The limited scrambling of deuterium observed in the substituted complexes is also
readily explained. The endo methyl groups of complexes 99 and 100 prevent full
scrambling of the deuterium label by blocking B-H elimination to that position, limiting
the number of possible isomers. Thus, for 99 and 100, the initial 5-diene
cycloheptadienyl structure I (Scheme 35) can only undergo a B-hydride elimination in
one direction, forming triene hydride II; elimination in the opposite direction is blocked
by the methyl group. The in;ennediate triene hydride complex can form another G-diene
isomer HI, which is again blocked from additional B-hydride eliminations by the endo
methyl group. Thus, only one triene hydride intermediate (II) can be accessed in this
reaction manifold. Another general observation is that in the cobalt triene hydride
intermediates, unlike the iridium triene hydrides, the hydride does not normally migrate
to a substituted position. This explains the selective formation of a single isomer in
complex 100: the migration of the hydride onto the methyl group on the end of the triene

is disfavored.
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Scheme 35

For intermediate IT (Scheme 35) and R = H (complex 99), there are two positions
for the hydride to reinsert to form the cycloheptadieny! product, one on either side of the
methy! group, resulting in two product structures (IV and IV'). However, these two
compounds are enantiomeric and will have the same NMR spectral properties aside from
the deuterium labels. The 2H NMR spectrum shows two large deuterium signals and four
other signals that integrate to 1/2 deuterium each. Furthermore, the chemical shifts are
consistent with the proposed structure. In the case where R = Me (Scheme 35) and with
the additional fact that the hydride migration on top of an alkyl group appears to be
disfavored, only one n3-cycloheptadienyl isomer V (R, R’ = Me, 100) can be produced in
the final step, leaving the four deuterium atoms unscrambled. These deuterium labeling
results are consistent only with the formulation of an endo methyl group, as the exo
methyl would not be expected to interfere with full scrambling of the deuterium atoms in

the intermediate complexes.
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HI. Conclusions and Future Topics

The [3 + 2 + 2] cycloaddition reactions of (n3-CsMes)Co(n3-C3H5)(OTY) with
some terminal alkynes has been shown to yield n3-cycloheptadienyl complexes.
However, the selection of alkynes is relatively limited; many alkynes give inseparable
mixtures of isomeric cycloheptadienyl products or intractable material. Internal alkynes
also show limited useful reactivity and on occassion (e.g., using 2-butyne) extensively
rearranged cycloheptadienyl products are formed (Chapter 4).

The somewhat unexpected reaction of this template with acetylene proved to be
much more useful. Acetylene is an effective agent for {3 + 2 + 2] cycloaddition reactions
using a variety of substituted allyl templates. This acetylene [3 + 2 + 2] cycloaddition
reactivity pattern has also been demonstrated in the cyclopentadienylcobalt ligand
system. The facile formation of bicyclic systems has been demonstrated in both
templates by using exocyclic allyl complexes, which expands the synthetic possibilities
for this reactivity pattern.

Development of more highly functionalized allyl ligands appears to be the most
promising route for further applications to organic synthesis. An intramolecular version
of this reaction is also of great interest; better control of the insertion chemistry may be
possible. Unfortunately, the use of tethered allyl-alkyne substrates for intramolecular
cycloaddition reactions has produced disappointing results thus far.!30 The use of allyl
ligands with tethered pronucleophiles has recently been shown in our laboratory to
produce cycloheptadienyl complexes from reaction with acetylene.!3! The reaction of a
seven-membered ring complex that contains a tethered pronucleophile with base has
provided a diene product tentatively identified as a bicyclic complex.!3! Further
expansion of this reactivity pattern can potentially provide a variety of synthetically

valuable bicyclic systems.
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Chapter 3. Functionalization and Demetallation of n5'Cycloheptadienyl

Complexes.
I. Introduction and Background

Development of the cobalt-mediated [3 + 2 + 2] cycloaddition methodology for
practical synthetic applications necessitates the removal of the organic fragment from the
metal. Another desirable feature is the further selective functionalization of the
cycloheptadienyl ring. Both of these requirements are met by the nucleophilic addition of
a suitable anion to the coordinated cycloheptadieny! ligand, followed by a demetallation
reaction to remove the functionalized organic fragment from the reduced metal center. In
addition to activating an olefinic ligand towards nucleophilic addition, metals coordinated
to an organic fragment also control the facial selectivity in a nucleophilic addition by
blocking one face of the coordinated ligand. The chemistry of nucleophilic additions to
transition metal complexes has been well studied and reviewed. |32

Nucleophilic additions to n3-cycloheptadienyl iron complexes have been
extensively developed.132b¢ A wide range of reactivity patterns has been observed, with
the regioselectivity of the addition governed by the properties of the metal complex,
ancillary ligands, and also the strength of the nucleophile itself. Several general trends in
this iron reactivity manifold are notable. Soft nucleophiles add to the terminal position,
following the DGM rules, 323 while harder nucleophiles, such as alkyllithium reagents,
selectively react at the C-2 position to produce n!-n3 g-allyl cycloheptendiyl complexes.
For our purposes, a soft nucleophile is desirable, as addition to the terminal position
formally reduces the metal, rendering oxidative removal more feasible.

Nucleophilic additions to iridium cycloheptadienyl complexes shows different
addition patterns.62 Addition of LiAlH4 to Cp*Ir(cycloheptadienyl)* complex 188 in

THF solution yields a 7:1 mixture of 1,4-cycloheptadiene complex 189 and the n!-n3-o-
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allyl complex 190 in a combined 65% yield (Eq. 62).5° The minor compound is a resuit
of nucleophilic addition to the C; position, a pattern often seen in the addition of hard
nucleophiles to iron cycloheptadienyl complexes. 132¢ However, the major complex is a
result of a less conventional addition to the central carbon of the cycloheptadienyl ring.
The addition of Et3BHLi (SuperhydrideT™™) to [Cp*Ir(cycloheptadienyl)]* CI- 125 in THF

solution at -78°C yields exclusively Cp*Ir(1.4 cycloheptadiene), the product of central

e

carbon addition.

\er
L+
r

LiAlH, (Eq. 62)
THF, -78°C = 7:1 '
Ph 3 hr, 65% ( oh
Ph oh
188 189 190

Several studies have been done on nucleophilic addition reactions to cobalt
heptadienyl complexes as well. The reactions of (n3-cyclopentadienyl)cobalt(n3-
cycloheptadienyl)(II) cation 133 with nucleophilic phosphines give terminal addition
products: this addition is reversible with the weakly nucleophilic
triphenylphosphine.!12a.133 Hydride addition to this cation using NaBH, is reported to
occur at the central position, as observed in iridium.!172 More strongly basic
carbanions!34 or organometallic anions!35 have been shown either to add to the central
position or reduce the cation to a cobalt(II) radical species. This radical appears to
thermodynamically unstable with respect to ligand coupling, as indicated by the observed
ring dimerized product. Reductive dimerization of coordinated rings are not
uncommon.!36 We have also noticed similar reductive reactivity in our attempts to add

free radicals to the 18-electron cobalt cycloheptadienyl complexes (vide infra).
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The addition of hard-nucleophiles to cycloheptadienyl cobalt complex 99 occurs
at the central position. The reaction of superhydride with complex 99 in THF solution.

for example, produces the |,4-cycloheptadiene complex 191 in good yield (Eq. 63).88

== orr Et,BHLi > I C

I+
- ¢ (Eq. 63)
Co THF, -78°C _If
3 = T
———
99 191

I1. Results and Discussion
A. Nucleophilic Addition Reactions of Cycloheptadienyl Complexes

The addition of a soft carbon nucleophiles to an (n3-cycloheptadienyl)cobalt
complex was expected to be regioselective for the terminal position of the n3-pentadienyl
framework, which generates a readily decomplexed diene complex. Sodium
dimethylmalonate is a readily available, weakly nucleophilic anion prepared from
dimethylmalonate and sodium hydride in THF solution. The reaction of this anion with
the Cp*Co(cycloheptadienyi) cation 99 in THF solution at ambient temperature produces

the terminal addition product 192 in good isolated yield (Eq. 64). The

! (MeO,C),CHNa !

co - Co H (Eq. 64)
THF, RT, 4h -|—21 .
7% \ CH(CO;Me),
99 192

conjugated n*-cycloheptadiene structure and exo-stereochemistry are established by
spectroscopic analysis, which indicates the formation of a non-symmetrical system.

Further confirmation is obtained by spectroscopic comparison to analogous
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(P(OPh)3)Fe(CO)a(n*-cycloheptadiene) systems as well as by full characterization.99b
For convenience, the numbering system arbitrarily assigns the position of the malonate
group to bethe C| position. The !H NMR spectrum of cycloheptadiene complex 192
shows a characteristic set of signals for the malonate moiety. The methoxy groups appear
as two singlets at 8 3.43 and 8 3.35, as expected for the diastereotopic esters. The
malonyl CH signal at & 3.34 is a highly characteristic doublet with a Jyy value of 8.2 Hz
to the adjacent H| atom on the ring. This provides a convenient handle for assigning the
remaining signals from the ring hydrogen atoms. The COSY spectrum and standard
homonuclear decoupling techniques allow the assignment of all the signals that are
present in the |H NMR spectrum. The allylic H signal resonates at § 2.49 and has a
surprisingly small value (1.7 Hz) for the /1.2 coupling constant, indicating a dihedral
angle of nearly 90° between H; and Hy. The chemical shift of the H> olefinic hydrogen
atom, 2.21 ppm, indicates a significant amount of back donation from the diene to the
metal and apparent rehybridization of this carbon toward sp3 character (Figure 10), a
common feature of electron rich metal n4-diene complexes.!37 In contrast, the internal

protons of the diene resonate at § 4.07 (H3) and 6 4.01 (H3), respectively.

Figure 10. Cycloheptadiene Complex Resonance Structure.

MLn MLﬂ

& — &

These two signals apparently reflect less rehybridization of the internal carbons of

the diene relative to the terminal positions, in agreement with the proposed structure
depicted in Figure 10. The remaining terminal diene proton (Hs) resonates upfield at
2.16 ppm. As can be seen in Table 5, most coupling constants along the diene portion of
the molecule are somewhat smaller (5-7 Hz) than the expected cis coupling constant for

an alkene (ca 10 Hz).97 This presumably reflects the donation of electron density from
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the metal and slight rehybridization. Similar to the J|. coupling constant (where H | 1S
endo to the metal), J5.¢endo is rather small (1.6 Hz), although J5.6exo is 6.5 Hz. The
resonance assigned to Heexo appears at § 1.65 as a complex multiplet. Its geminal
partner, Heendo. is a resolved dddd pattern with two large coupling constants, Jeendo-6exo
and Jeendo-7exo. both of which have values of around 13 Hz. The remaining signals
resonate at .34 ppm (H7endo) and 0.84 ppm (H7ex0). Although the Hrango signal is quite
broad and unresolved due to several small coupling constants, the H7., signal has a
well-resolved "qd" multiplicity pattern, in which three coupling constants (J7ex0-Tendos
J7exo-1 and J7exo-6endo) are all approximately 12 Hz, resulting in an apparent quartet.
The remaining small coupling constant of 3.8 Hz attributed to J7exo-6exo. This is
expected for the conformation depicted in Figure 11, where both geminal and "anti"-like
coupling constants are large. This signal is normally quite well resolved and far enough
upfield to be considered as a characteristic signal in the 'H NMR spectra of
cycloheptadiene complexes in general. This structural feature is analogous geometrically
to the chair conformation of cyclohexane rings (Figure 11) and serves to define the

stereochemistry of the malonate substituent as exo, as anticipated.

Figure 11. Geometry of Cycloheptadiene Complexes

= H
j 2R CH(COMe),
—r H
Hyox o Heexo 7endo
Hhxo

Pearson has also noted a strong upfield shift in one methylene hydrogen in related
(PR3)Fe(CO)2(n*-cycloheptadiene) systems.99 This shift can be readily explained if the
proton is situated more or less directly under the n-system. The 7., proton is apparently
significantly shielded by the diene fragment resulting in a relatively far upfield shift.

This observation has also been made in several other organometallic complexes. 100
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Table 5. Comparative 'H NMR Spectroscopic Data for Malonylcycloheptadiene

Complexes
192 195 196 197 201 199
H, 2.49(dddd) {2.59(dddd)| 2.53(m) [2.71 ("t")[2.58(dddd)| 3.15 (m)
J1-2 1.7 Hz 1.6 Hz <2 Hz small 1.3 Hz 7.5 Hz
H> 221 (brd)| 2.I5(m) [ 1.96(d) | 2.66 (s) | 2.18(d) | 2.58(D
Jr.3 6.8 Hz 7.0 Hz 7.2 Hz b 73 Hz 7.5 Hz
Hj 4.07 (dd) | 3.98 (dd) | 3.80 (dd) b 3.58 (dd) | 3.86 (dd)
Jig 45Hz 4.7 Hz 49 Hz 49 Hz 4.5 Hz
Hy 4.01(dd) [3.85(dd) | 4.12(d) | 593 (s) | 4.18d) | 4.54(d)
Ja.5 6.9 Hz 7.0 Hz b b b b
Hs 2.16 (brt) | 2.15 (m) b b b b
j5-6end0 1.6 HZ b
J5.6exo0 6.5 Hz a
Hgendo [ 1.48(dddd) b b 1.85 (ddd) b b
J6endo-6exo 13 HZ 16 HZ
Jﬁendo-']endo 3.5 HZ 3.0 HZ
6endo-Texo | 12.8 Hz 12.4 Hz
Hgexo 1.65(m) | 1.65(m) | 1.15(m) [1.70 (ddd)] 0.95¢ 0.66 (m)
6exo-Tendo a a 3.4Hz 3.4 Hz a a
Jeexo-Texo 3.8Hz a 3.8 Hz 29Hz a 42 Hz
H7endo | 1.34 (brd)| 0.95(m) | 0.90 (m) | 1.55 (d) 1.8¢ 1.55a
Tendo-7exo 12.7 HZ a 12.3 HZ 16 HZ a 12 HZ
J7endo-1 3.5Hz 3.7Hz 34Hz small 3.6 Hz a
H7exo | 0.84 (qd) | 095 (m) | 0.80 (dt) [ 0.67 (qd) 1.8¢ | .16 (ddd)
J7exo-1 11.9 Hz 11.4 Hz 123Hz | 124Hz | (1.6 Hz 12 Hz
Hg 334() | 321(d) | 3.18(d) | 3.60(d) | 3.30(d) | 3.09 (d)
J3.1 8.2 Hz 8.3 Hz 8.3 Hz 99 Hz 8.5Hz 11.4 Hz

3 Numerical value of the coupling constant could not be determined due to
overlapping signals. b Not applicable. ¢ Resonances are not resolved in the |H
NMR spectrum. Chemical shift is estimated from the COSY spectrum.
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The apparent rehybridization of the diene suggested by the 'H NMR spectrum is
supported by the 13C NMR spectrum. Although the carbon signals for the internal
positions of the diene are shifted upfield to 82.1 ppm (Cy) and 80.0 ppm (C3), the
respective values for the lJcy coupling constants are 162 and 159 Hz, which are
relatively unchanged from sp? hybridization. The terminal positions of the diene show
more perturbation; carbons two and four are identified by heteronuclear correlated
spectroscopy as the signals at 52.6 ppm (lJcy = 145 Hz) and 53.0 ppm (!Jcy = 146 Hz).
These reduced values suggest that some rehybridization has in fact occurred. The
remaining carbon signals, for C|, Cg and C7, resonate at 39.8, 28.9 and 27.9 ppm,
respectively, and have !Jcy values of 125-135 Hz, which are typical of sp3 hybridized
carbon atoms.

Some degree of back donation is evident in all of the cobalt (I) cycloheptadiene
complexes prepared by alkylation: 195-197, 199 and 201 (Table 5). The diene hydrogen
atoms are all shifted upfield from the normal olefinic (8 5-7) range. The central (H3 and
Hy) positions are only slightly shifted upfield to about 4 ppm. In contrast, the protons on
the terminal carbon atoms of the diene are dramatically shifted to slightly under 2 ppm.
13C NMR data also show substantial perturbation from a normal diene. The chemical
shifts of the terminal positions are usually 50-60 ppm:; in contrast. the internal positions
resonate at 80-90 ppm. The different hybridization determined from the !Jcy coupling
constants is also general. The internal olefin carbons consistently have a J value of close
to 160 Hz, indicating substantial sp2 character. The terminal positions exhibit a coupling
constant of about 140-155 Hz, somewhat re-hybridized towards sp3.

The solid state conformation of the cobalt cycloheptadiene complexes has been
confirmed by the X-ray crystal structure of complex 194, prepared from the addition of
sodium dimethylmalonate in THF to dimethylcycloheptadienyl complex 193 (Eq. 65).

The cycloheptadienyl complex 193 is not prepared from the normal 3 + 2 + 2]
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allyl/alkyne cycloaddition reaction and its preparation and characterization will be
discussed in a later chapter. The malonate anion adds exclusively to the less hindered
terminus of the pentadienyl framework (Cs): even a single methyl group one position
removed from the terminus is apparently enough to hinder the approach of the

nucleophile from the opposite side.

Q, BF,” NaCH(COMe), j . Z (EqQ. 65)

THF, RT, 73%

=
‘@ _©<CH(C02MG)2

193 194

The 'H NMR spectrum of 194 is fully consistent with the spectra of other
malonate adducts. The two diene hydrogen atoms (H» and Hs) resonate at 6 2.00 as a
single multiplet. The most downfield signal of the ring, Hy, resonates at § 2.31, and
shares a 7.4 Hz coupling constant with the malonate methine at 3.32 ppm. The most
upfield signal, H7eyo. is @ quartet of doublets, exhibiting a large quartet-like multiplicity
pattern of about 12 Hz and a smaller doublet of 3.5 Hz. The remaining hydrogen atoms,
Heéendo and H7endo, resonate at 8 1.70 and & 1.28, respectively. The !3C NMR spectrum
also indicates a disubstituted diene structure; two quaternary carbons attributed to C3 and
C,4 are found at 88.7 and 87.3 ppm. The terminal carbon atoms of the diene resonate at
53.7 and 53.6, and have !Jcy values of 141 Hz.

The malonate adduct 194 crystallizes from a concentrated pentane solution at
-35°C to form light orange crystals. An X-ray diffraction analysis (Figure 12) carried out
on complex 194 confirms both the exo malonate substituent and the position of the 7exq
hydrogen atom underneath the diene moiety. The three saturated carbon atoms of the
cycloheptadiene ring are in the highly structured geometry proposed in Figure 11,

strongly resembling the chair conformation of a cyclohexane ring.
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Figure 12. ORTEP!!3 for Complex 194 from University of Alberta Department of

Chemistry Structure Determination Laboratory Report # IMS9609

Final Residuals: R} = 0.0547; wR» = 0.1341. Data obtained at -60°C. Non-hydrogen
atoms are represented by Gaussian ellipsoids at the 20% probability level.

Selected Bond Distances (A): Co-Cl, 1.984(4); Co-C2, 1.987(4); Co-C3, 1.977(4); Co-
C4, 2.009(4); C1-C2, 1.443(6); C1-C7, 1.508(6); C2-C3, 1.422(6); C2-C8, 1.504(6);
C3-C4, 1.444(6); C3-C9, 1.511(6); C4-C5, 1.504(6); C5-C6, 1.527(6); C5-C10,
1.542(6); C6-C7, 1.504(6); C10-Cl1, 1.516(6); C10-C13, 1.514(6).

Selected Bond Angles (deg.): C2-C1-C7, 128.4(4); C1-C2-C3, 116.4(4); C1-C2-C8,
120.7(4); C3-C2-C8, 122.2(4); C2-C3-C4, 117.0(4); C2-C3-C9, 122.7(4); C4-C3-C9,
119.9(4); C3-C4-C5, 126.5(4); C4-C5-C6, 113.5(4); C4-C5-C10, 107.8(3); C6-CS-
Cl10, 109.3(3); C5-C6-C7, 113.2(4); C1-C7-C6, 114.0(4); C5-C10-Cl1l, 112.7(4); C5-
C10-C13, 112.4(3); C11-C10-C13. 107.5(3).
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Certain other structural features are slightly unusual. The four carbons of the
diene are virtually coplanar, as expected: the torsional angle is only 2°. However, the
bond lengths are nearly identical. Diene fragments coordinated to electron-rich metal
centers are expected to have a long-short-long carbon-carbon bond length pattern.2 In
this complex, the C;-C> and C4-C3 bond lengths are practically identical (1.443(6) and
1.444(6) A), while the C5-C3 bond length, expected to be significantly shorter, is only
marginally different (1.422(6) A). All these bond lengths are significantly lengthened
from the normal C=C bond length of about 1.34 A, indicating significant rehybridization.
The methyl groups are slightly bent up toward the cobalt center by about 7-9°.

The reactions between sodium dimethylmalonate and the substituted
cycloheptadienyl complexes establish a fair degree of generality to the nucleophilic
addition reaction. Methyl, dimethyl, and diphenyl complexes 101, 102 and 95 all
undergo reaction with malonate anion to yield products of terminal attack (Eq. 66). All
compounds are obtained as red. mildly air sensitive oils, with the exception of the parent
malonate adduct 192, which slowly solidifies when pure. In all of these complexes. the
malonate provides a convenient spectroscopic handle for the assignment of individual
signals. The ring position occupied by the malonate is easily discerned by homonuclear
decoupling or 2D NMR spectroscopic techniques. Other spectroscopic similarities are

also evident (Table §).

cd (MeO,C),CHNa R' Co, H
. d ad THF, RT, 4h ==~ (Eq. 66)
60-90% \ CH(CO,Me),
2
Rz H R R

101 R, R? =H,R%=Me
102 R'=H, R? R = Me
95 R, R2=Ph,RP=H
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However, in some cycloheptadienyl complexes. the steric profile changes the
reaction pathway. The di-t-butyl complex 96 undergoes deprotonation in the ring to form
a L4 di-r-butyl-1,3,5-cycloheptatriene complex 198, tentatively assigned by 'H NMR
spectroscopy (Eq. 67). Apparently the adjacent r-butyl group is too large to allow
approach of the nucleophile to the preferred terminal position. Interestingly,
deprotonation appears to occur at the r-butyl substituted end of the pentadieny! fragment,
generating a symmetric ring system. The n*-coordination to the cobalt center disrupts
this symmetry and each individual proton is observed. The high acidity of the exo ring
proton is due to the role of the cobalt cation as a highly effective "leaving group”, as in an
E; reaction. Complex 198 has previously been synthesized by allowing cycloheptadienyl
complex 96 to react with stronger bases, such as NaH.88

¥ |

t8u. Co NaCH(CO,Me),/THF - Co (Eq. 67)
== t-8u

gg -BY 198

There are other factors aside from the steric profile to consider. Nucleophilic
addition of malonate anion to the bicyclic cycloheptadienyl complex 111 provides a
mixture of addition (199) and deprotonation (200) products (Eq. 68). Furthermore,
addition appears to be reversible, as the sample slowly converts predominantly to the
deprotonation product 199. The triene structure is assigned as shown based on the triplet
at § 5.65, which does not show any coupling to the other four hydrogen atoms assigned to
the coordinated diene. The cycloheptatriene isomer would be expected to show coupling
all along the unsaturated framework. No attempt was made to determine whether the

reaction can be driven to completion, exclusively forming the triene complex.
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Co NaCH(CO,Me), Co
+ (Eq. 68)
/‘j THF, 1h, 44% 1 I
(Meo:c )2" C
H H
1m 200
CgDg, RT f

The malonyl cycloheptadiene 199 can be prepared selectively by utilization of
short reaction times and storage at low temperature to slow the ensuing rearrangement,
The bicyclic malonate adduct is obtained in moderate yield (44%) using a shorter reaction
time, yet some deprotonation product is still observed in the !H NMR spectrum. Other
studies on the reactivity of cobalt cycloheptadienyl complexes suggest that the
deprotonation product may be obtained cleanly and directly by treatment with a strong
base.88

The bicyclo(5.3.0] ring system of complex 199 is spectroscopically as well as
chemically slightly different from the other malonate adducts. Although the overall
features are similar (Table 5), some of the observed coupling constant values are
substantially different from those obtained for related complexes. This indicates a
slightly altered coordination geometry or, more likely, a change in the ground state
conformation of the seven-membered ring. It is reasonable that the five-membered ring
places different conformational constraints on the saturated portion of the other ring,
resulting in an altered structure. This distorted conformation is indicated by the much
larger Jy.2 value of 7.5 Hz for this system. In all other malonate adducts, this value is
very small, averaging 1.3-1.7 Hz (Table §). Other values apparently differ as well, but as
the compound could not be obtained free of triene impurities, rigorous assignment of all
the coupling constant values was not possible.

In contrast to the bicyclo[5.3.0]decadienyl system 111, the reaction of the

bicyclo[5.4.0]undecadienyl complex 105 with malonate cleanly generates the malonate
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adduct 201. Cycloheptadienyl complex 105 is assumed to have the same endo
stereochemistry as 111 at the ring junction, thus the malonate adduct is assigned the
stereochemistry shown in Eq. 69. The diene complex 201 is isolated in high yield (96%)

as a deep red air sensitive oil.

<% %

o BFs NaCH(CO,Me) Co
/c’w T A= | (a- 9
96% (Me0,C),HC
H H
105 201

The lack of clean addition of malonate to cycloheptadienyl complex 111 cannot
be explained by steric arguments since the opposite end of the pentadienyl framework is
unhindered. A difference in the acidity of the H atom of the methylene or a subtle change
in conformational ground state energy must be responsible for the change in reactivity. [t
is unclear why the [5.4.0] system 105 should have a lower kinetic acidity than that of the
{5.3.0] system 111. Although complex 201 potentially can be thermolytically converted
to a triene complex analogous to 200 or formed by the reaction of 105 with a strong non-

nucleophilic base, no attempt was made to determine the feasibility of these reactions.

B. Sequential Functionalization of Cycloheptadienyl Complexes

As previously discussed, transition metals can control the facial selectivity of
reactions by blocking one side of the coordinated ligand. This is a desirable feature for
organic synthesis, as it allows for consecutive ring functionalization to be made in a fully
stereocontrolled manner. Pearson®9 has previously shown that consecutive additions can
be conducted on a closely related cycloheptadienyl iron system, resulting in the formation

of cis-1,3-disubstituted seven-membered rings.
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The cobalt system is also amenable to such sequential addition chemistry. A
simple procedure to convert the cycloheptadienyl complex 99 to the malonyl-
cycloheptadienyl complex 202 is illustrated in Scheme 36. Addition of malonate anion to
torm 192 is followed by hydride abstraction by triphenylmethyl cation to produce
complex 202 in good overall yield (52%) as a light orange, air stable powder after

purification by flash chromatography. Complex 202 has a 'H NMR spectrum

Scheme 36
da _W (ii) o
@ C b
CH(CO,Me), CH(CO,Me),
99

i) (MeO,C),CHNa, THF, RT, 87%

ii) PhaC* BF4, CH,Cl,, -78°C, 60%
characteristic of cycloheptadienyl complexes (see Table 2, page 59), with 5 downfield
signals at 6.71 (H3), 5.47 (Hy), 4.89 (H2), 4.40 (H;) and 4.23 (Hs) ppm, all consistent
with the observed pattern for cycloheptadienyl complexes. The Hs signal is correlated to
a geminal pair at 1.88 (Hgexo) and 0.14 (Hgexo) ppm, which share a 12 Hz coupling
constant. A multiplet at 3.62‘ppm is attributed to H7endo based on correlations in the
COSY spectrum to H|, Heexo, Heendo and the malonate CH (Hg). Also present in the
spectrum are two singlets at 8 3.72 and 3.67, attributed to the diastereotopic methyl ester
groups of the malonate. The !3C NMR spectrum is also characteristic of
cycloheptadienyl complexes, with five downfield sp2 carbon signals resonating at 101.2
(C3), 99.8 (C4), 97.6 (C3), 89.6 (Cs) and 84.7 (C|) ppm, with LJ/cy values of 167-176 Hz
for C>.4 and 159 Hz and 150 for C; and Cs, respectively. The malonate shows signals at

9 169.7 and 53.0 for the ester group and Cg resonates at 56.2 ppm. Unlike the

corresponding diene complex, only one signal is observed for both ester carbonyl groups,
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indicating less of a difference in the diastereotopic space experienced by the two ester
groups.

Further addition of nucleophiles to the cation 202, however, is complicated by
competitive side reactions, giving an uncharacterized mixture of products. The malonate
group is highly acidic: it may be that deprotonation of the acidic malonate hydrogen or
the cycloheptadienyl ring occurs first. Subsequent intramolecular reactions ensue that
generate a number of different products.

The use of a nucleophile that is less acidic than malonate proves more amenable
to sequential nucleophilic additions. The reaction of the lithium enolate of acetophenone
with the cycloheptadienyl complex 99 produces the cobalt diene complex 203, tentatively
identified by its 'H NMR spectrum and used without further characterization (Scheme
37). Complex 203 is converted to the cationic cycloheptadienyl complex 204 by hydride
abstraction with trityl tetrafluoroborate in a modest, non-optimized yield. The
pentadienyl fragment of 204 is identified by a triplet at 8 6.69, assigned to H3, as well as
four other downtield signals attributed to the cycloheptadienyl ring. Three sets of
resonances in the range 7.86-7.43 are indicative of the phenyl group. The characteristic
upfield signal for Hgexo is seen at 8 0.04. The ring substituent of 204 is attached to C7,
similar to complex 202, as shown by the HMQC spectrum, which also shows that Hgeyxo
(0.04 ppm) and Heendo (2.05 ppm) are attached to the same carbon atom (Cg, 31.5 ppm).
The C5 signal resonates at 49.3 ppm and shows one bond correlations (!Jcy) to only one
hydrogen, H7endo (3.60 ppm). In the COSY spectrum, this proton signal is seen to be
correlated to 4.54 (H ), 2.05 ppm (Hgendo) and 0.04 ppm (Hgexo). A set of correlations is
also seen between H7 and two signals at 2.93 and 2.77 ppm, which are thus assigned to
the diastereotopic methylene AB unit of the substituent. The carbonyl carbon of the

substituent resonates at § 197.9 in the !3C NMR spectrum, as expected for acetophenone.

A single IR stretching frequency for the carbonyl is observed at 1680 cm-!.
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Scheme 37
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Subsequent addition of the weaker malonate anion to the substituted n3-
cycloheptadienyl complex 204 provides a product identified as the 1,3 disubstituted
cycloheptadiene 205. As a diene complex, oxidative removal of the organic ring system
from the cobait template should be facile (vide infra), although this was not attempted.
Cycloheptadiene complex 205, numbered according to the rule that the malonate
substituent defines the C| atom of the cycloheptadienyl ring, is readily identified by its
'H NMR spectrum which contains both phenyl resonances at § 7.82-7.00 and methyl
signals at 8 3.38 and 3.34. The malonate CH group (Hg) resonates at § 3.29 (d, / = 7.5
Hz), coupled to the ring proton at 8 2.54 (H;). The CHj of the acetophenone group (Hg,
and Hogp) are diastereotopic and the individual hydrogen atoms resonate at & 2.65 and
2.42. Interestingly, the coupling constants observed from the CH; group to the ring
hydrogen at 8 2.36 (Hs) are different for each diastereotopic methylene hydrogen: 8.4 and
5.1 Hz, respectively. The remaining proton signals are readily assigned using the two

starting points described above. The diene section closely resembles less substituted
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cobalt cycloheptadiene complexes (Table 5): the inner hydrogen atoms resonate further
downfield at & 4.04 (H3) and & 3.93 (Hy) and the terminal hydrogens are located upfield
atd 2.26 (Hg) and 8 2.18 (Hs). Although the H7engo signal is a relatively unremarkable
multiplet centered at § 2.35, the H7exo signal is a clean apparent quartet with an observed
coupling constant of 12 Hz, consistent with the expected chair-like geometry of the sp3-
hybridized portion of the ring. In the !3C NMR spectrum, three carbonyl signals are seen
at § 198.4 (C(O)Ph), 169.0 and 168.7 (ester groups). The diene carbons are located at
80.7 (C4), 80.6 (C3), 57.2 (Cs), and 53.1 (C2) ppm, with lJcy values of 164-165 (Cz/4)
and 144-146 (Cy/s), similar to the patterns observed in other cycloheptadiene cobalt
complexes (vide supra). The remaining two carbons of the ring resonate at 35.9 (Ce) and
34.3 ppm (C7). The carbons directly attached to the ring (Cg and Cg), from the malonate
and acetophenone groups, resonate at 60.1 and 48.8 ppm, respectively. There are several
carbony! bands observed in the infra-red spectrum at 1745, 1735, 1717 and 1681 cm-!.
The low wavenumber signal arises from the ketone group, while the other signals come
from the ester groups as well as a tentatively assigned Fermi resonance, arising from an
interaction with the overtone of a signal at 868 cm-!. Other cobalt cycloheptadiene

complexes with the malonate unit show IR bands at around 1755 and 1735 cm-!.
C. Oxidative Removal of the Coordinated Cycloheptadiene

There are several established methods for decomplexing coordinated dienes from
cobalt(I) complexes. Oxidative removal, displacement by ligand exchange reactions, and
base-induced ligand aromatization (for six-membered ring systems) are all commonly
used methods. 138 However, for our system, the oxidative removal appears to be the most
reasonable option. Cobalt(I) conjugated diene complexes are not generally very labile;
thus, displacement reactions are likely to require forcing conditions that are conducive to

isomerization of the free diene. Oxidative removal, in contrast, has a greater chance of
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returning the diene unchanged. Cobalt(II) complexes are substitutionally labile, while
cobalt(III) complexes are electron poor and unable to strongly coordinate dienes through
r-back dongtion. Potentially, a complex in either the cobalt(II) or cobalt(III) oxidation
state would readily release the coordinated ligand.

Several oxidants are routinely used in the oxidative decomplexation of
coordinated dienes to late metals. When assayed, standard oxidants ! 38 such as
Ce(NH1)2(NO3)6. Pb(OAc)4, FeCli/ethanol, CuCl» and other, stronger, oxidants fail to
yield tractable organic material from the reaction with cobalt complex 192. It was found,
however, that treatment with ferricenium hexafluorophosphate yields small amounts of
cycloheptadiene 206 upon reaction with the coordinated diene complex 192. Further
development of decomplexation with this oxidant led to partially optimized reaction
conditions involving a two-phase solvent system of pentane and acetonitrile. This solvent
system has previously been used in reactions with stronger oxidants such as
Ce(NH4)2(NO3)6. 1 38c.i

Decomplexation of the cycloheptadiene complexes 192 and 195-197 is carried out
by the slow addition of a pentane solution of the diene complex to a cold, rapidly stirring
solution of excess oxidant in acetonitrile (Eq. 70). In this way, organic cycloheptadienes
206 to 209 are obtained in 50-65% yield as colorless to slightly yellow oils after workup

and purification by flash chromatography.

~&- ]
' Cp,Fe’ PFg™ (xs)

R' Co H
L MeCN/pentane  _, (Ea. 70)
\ CH(CO;Me), 50-65% CH(CO,Me),
R? n3 R
192 R, R, R3=H 206 R R, R®=H
195 R',R?, R3=H, H, Me 207 R, R, R3=H, H, Me
196 R', R?, R3 = H, Me, Me 208 R',R? R%=H, Me, Me
197 R, R? R?®=Ph, Ph, H 209 R',R? R3=Ph, Ph, H
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Pearson has also synthesized several related cycloheptadiene compounds and
reports low field !H NMR data for the unsubstituted compound 206.9% Although the data
obtained for diene 206 agree with Pearson's report, the 'H NMR spectrum for 207
appears to be quite different from Pearson’s cis-dimethyl-(6-methyicyclohepta-2,4-dien-
[-yl)malonate. Compound 207 is therefore assigned as the trans-isomer. This result is
consistent with the endo-stereochemistry observed in the X-ray crystal structure of
bicyclo{5.3.0]decandienyl complex 111 and the expected exo alkylation using malonate
anion. Pearson reports a single multiplet that integrates to four protons at 1.77-1.60 ppm
in the 60 MHz 'H NMR spectrum, assigned to the hydrogen atoms attached to the sp3
carbon centers. The observed spectrum for 207 shows three distinct multiplets centered
at 3.05 (Hy), 2.50 (He) and 1.7 ppm (2H, Hy), assigned to the saturated methylene groups
in the molecule. A signal at § 5.7 (m, Ha-5) is assigned to the diene hydrogen atoms in
the molecule. The methine hydrogen of the malonate resonates at § 3.51 (d, J = 9.0 Hz)
and the esters of the malonate substituent resonate at 8 3.72 and 6 3.71. The 13C NMR
spectrum is also consistent with the proposed structure: four sp2-hybridized methine
signals are observed at § 140.1, 133.8, 125.7 and 122.9, with !Jcy values between 145
and 161 Hz. A carbon signal resonating at 37.2 ppm (C; and C7) is shown by the HMQC
spectrum to correlate to both H{ and H7. The remaining ring carbon, Cg, resonates at &
33.4. The malonate substituent is represented by carbon signals at & 168.8 (carbonyl),
56.1 (methine), and 52.4 (methyl). In the IR spectrum, two carbonyl stretching
frequencies are seen at 1756 and 1737 cm-!.

In addition to the cycloheptadiene compound, two other products of the oxidation
are obtained. Ferrocene is produced by the reduction of the ferricenium oxidant and the
known 39 dicationic cobalt complex Cp*Co(NCMe)3++ (PFg-); can be recovered in good
yield from the acetonitrile layer after extraction of the organic product into pentane.
Although this overall procedure is not catalytic, this process demonstrates the potential to

recycle the Cp*Co fragment.
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We hypothesize that the initial oxidation to cobalt(IT) is facile, but that this
oxidation state is highly reactive, and in the absence of excess oxidant and/or a suitable
ligand. extensive decomposition of the cycloheptadiene occurs. In the two phase system.
the pentane layer contains the bulk of the cobalt diene and the organic diene. The organic
diene is thus protected from the effects of excess oxidant. The cobalt diene complex is
only slightly soluble in acetonitrile, so that in this phase there is always an excess of
oxidant. This minimizes the time required for the second oxidation to occur, lessening
decomposition, and provides a large excess of a suitable ligand: acetonitrile. The
remaining cobalt fragment is therefore stabilized, which prevents further interaction with
the organic product.

The bicyclic malonate adduct 201 is also easily demetallated in good (62%) yield
by treatment with ferricenium under the above conditions to give cis-
bicyclo[5.4.0]undecadiene 210 (Eq. 71). This bicyclic diene shows several features in the
IH NMR spectrum that clearly show the diene structure, notably the two multiplets
centered at 8 5.67 (2H) and 5.58 (1H). A malonate methine at 8 3.55, and two methyl
esters that resonate at 8 3.74 and 8 3.72 are also quite characteristic. The remainder of
this spectrum consists of a series of poorly resolved multiplets. The !3C NMR spectrum
is also consistent with a trisui)stituted diene fragment. The unsaturated carbon of the ring
fusion, an sp2-hybridized quaternary carbon, resonates at § 149.8. The three other
carbons of the diene fragment are located at 132.7, 125.7, and 118.4, with l/cy values of
160, 155, and 148 Hz, respectively. Two IR bands at 1756 and 1737 cm-! are attributed
to the malonate carbonyl groups.

The use of ferric chloride as the oxidant in the [5.3.0] system 199 gives a lower
yield (39%) of diene 211, although it is uncertain if this is due to the change in oxidant or
to the system itself. Three well-resolved signals are observed in the 'H NMR spectrum at
0 5.81, 5.68, and 5.60, attributed to H3, Hy, and Hy, respectively. Again, many of the

remaining signals are complex overlapping multiplets, but the malonate methine
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hydrogen is clearly visible at 8 3.41 (d, J = 10.5 Hz), and a separate muitiplet at 3.22-3.13
ppm is readily assigned to the H; hydrogen atom based on the COSY spectrum. Several
signals in the !3C NMR spectrum at § 154.4, 129.4, 126.6 and 116.0. are readily
attributed to the diene group. Two carbonyl bands at 1750 and 1736 cm-! are again
observed in the infrared spectrum. The bicyclic [5.4.0] and [5.3.0] ring systems form the
core of several important classes of natural products and this route provides an unusually

facile synthesis of these valuable molecules. 40

Fe) (Eq. 71)
MeCN / pentane (I

(Me0,C),HC’ H
()a
199,n =1 199, Fe(lll) = FeCl,, 39% 211,n=1
201,n=2 201, Fe(lll) = Cp,Fe*, 62% 210,n=2

Demetallation of cycloheptadiene ligands with other substitution patterns was also
assayed. Complex 194 is also readily demetallated by ferricenium oxidation to yield
cycloheptadiene 212 as a colorless oil in 63% yield (Eq. 72). No isomerization products

of the diene are apparent in the |H NMR spectrum.

CH(CO,Me),

Cp,Fe* MeCN/pentane
Co H P2 P - (Eq. 72)

_I— 63%
\ CH(CO,Me),

194 212

Even with rough optimization, the isolated yields of many cycloheptadiene
products are moderate at best, although this is often unavoidable in similar oxidative
decomplexation reactions.!38 Serendipitously, it has been found that maleic anhydride
also effects this decomplexation and, for some substrates, returns higher yields.

Treatment of the unsubstituted cobalt diene complex 192, for example, with excess
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maleic anhydride, followed by either air or ferricenium oxidation yields the uncomplexed
diene 206 (Eq. 73) in nearly quantitative yield. Methylcycloheptadiene 207 is also
obtained, albeit in only 47% unoptimized yield, by treatment of cobalt complex 195 with

maleic anhydride, followed by air oxidation.

XXy

Co H (xs)  Cp,Fe*PFg” (Eq. 73)
’I" toluene, 55°C orair
' H(CO,M
@<cu(cozme)2 12h CH(COMe),
R
H

192 R=H 206 R = H, 92%
195 R = Me 207 R = Me, 47%

The mechanism of this fascinating transformation is unclear, but perhaps involves
oxidation to a cobalt (II) oxidation state by maleic anhydride. The anhydride may
somehow stabilize the intermediate cobalt (IT) oxidation state, preventing decomposition.
The fate of the maleic anhydride is unknown, but (n5-CsMes)Co(NCMe)3+2 is still
recovered by addition of ferricenium hexafluorophosphate in acetonitrile in place of air
oxidation. The fate of the metal upon air oxidation is also unknown. Much more study

of this reaction is required to fully understand the mechanistic pathway(s).

D. Attempted Addition of Organic Radicals to Cationic Cycloheptadienyl Cobalt

Complexes

Addition of organic radicals to odd-electron organometallic complexes is still an
area of expanding development.!4! The reaction of free radicals with titanium(III) allyl
complexes. for example, has been reported to form titanacyclobutene complexes (Eq.
74).131 However, addition of organic radicals to even electron, closed shell

organometallic compounds has not received much attention.
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Addition of a radical to cycloheptadienyl cobalt complex 99 would produce a
cationic cobalt(I) diene complex, which may undergo a facile ligand displacement
reaction (Scheme 38). This process would effect ligand functionalization and
decomplexation all in one step, representing an important conceptual advance. However,
mixing the parent cycloheptadienyl complex 99 with AIBN in the presence of
triphenylphosphine or acetonitrile in chlorobenzene solvent at 115°C does not appear to
induce any reaction of the cobalt complex 99.

Scheme 38

- _
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Other radical generating methods were also briefly investigated, particularly the
generation of organic radicals from the reaction of Sml; with organic halides. However,
the samarium reagent appears to react preferentially with the cobalt complex 99, causing
a one-electron reduction. This cobalt(II) intermediate undergoes further reaction to yield
a pentane-soluble light orange complex tentatively identified as a ring-dimerization
product by 'H NMR spectroscopy (Eq. 75). This type of ring dimerization product has

been observed for a variety of metal complexes. 136
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II1. Conclusions

We have demonstrated the conversion of cycloheptadienylcobalt complexes to
coordinated cycloheptadienes by treatment with soft carbon nucleophiles. In particular,
sodium malonate has been used as a reasonably selective nucleophile to form
(malonyl)cycloheptadienecobalt complexes in high yield. Consecutive nucleophilic
addition methodology has been demonstrated: this dramatically enhances the complexity
of the cycloheptadiene ring, thereby increasing its synthetic value.

The (malonyl)cycloheptadienecobalt complexes have been converted to
functionalized free organic cycloheptadiene compounds, completing the basic
requirements for a synthetically viable process. Ferricenium hexafluorophosphate, a
slightly unusual oxidant, has been shown to rapidly demetallate the ring system in
moderate yields. Maleic anhydride has been shown remove the organic seven-membered

ring from the cobalt complex, although this process requires further study.
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Chapter 4. Cobalt Cyclopentadiene Ring Expansion Reactions Forming
Cycloheptadienyl Complexes. Carbon-Carbon Bond Activation of
Cyclopentenyl Cobalt Intermediates.

I. Introduction and Background

Selective carbon-carbon bond cleavage remains a relatively elusive but highly
sought after goal of organometallic chemistry.!42 Hydrocarbons remain one of the most
plentiful and economic sources of chemical feedstock; thus, tie ability to directly utilize
these compounds is of considerable importance. Carbon-hydrogen bond activation of
alkanes is well known in both homogeneous and heterogeneous systems, |43 while alkane
carbon-carbon bond activation is routinely achieved only by using heterogeneous
catalysts.!* However, such reactions usually require high temperatures or forcing
conditions and lack selectivity. Alkanes, for example, can be cracked into smaller chains
and undergo skeletal rearrangements under similar conditions using oxide-supported Pt
catalysts.!*+* Carbon-carbon bond activation in solution, however, remains a relatively
rare occurrence.

One notable exceptior; is the activation of alkane carbon-carbon bonds known to
occur in superacids. 45 Gas phase reactions with "bare" atomic metal cations are also
well known to result in the activation of carbon-carbon bonds, as well as carbon-oxygen,
carbon-hydrogen, and carbon-halogen bonds. 146 Bond activation using such "reagents" is
hardly unexpected, given the energy of ion-molecule collisions under the conditions
employed. Such collisions impart excess internal energy of 40-60 kcal/mol to the system.
This energy combined with the bond strength of the metal-carbon bond compensates for
the breaking of the carbon-carbon bond.

In contrast, there are few examples of intermolecular carbon-carbon bond

activation of unstrained molecules in solution. Heterogeneous catalysts as well as gas

127



phase reactions are not generally selective in carbon-carbon bond activation reactions and
most often give multiple products. In contrast, solution chemistry can in principle offer
greater selectivity; only one active site is normally present in homogeneous systems,
while several such sites typically exist in heterogeneous catalysts. Although the goal of
catalytic carbon-carbon bond activation of unactivated hydrocarbons remains elusive,
there are several homogeneous systems that now cleave either activated or coordinated
carbon-carbon bonds.

Unfortunately, in both heterogeneous and homogeneous systems, carbon-
hydrogen activation often dominates, slowing or completely suppressing carbon-carbon
bond activation.!** One explanation for this phenomenon is that a high kinetic barrier to
carbon-carbon bond activation exists arising from steric effects. Carbon-hydrogen bonds
are on the periphery of the molecule and are much more readily accessible to external
reagents. Carbon-carbon bonds, in contrast, are generally considered to be sterically less
accessible to large metal complexes. Often in cases where carbon-carbon bond activation
occurs, kinetically faster but reversible carbon-hydrogen activation is seen as well. The
driving force for this type of reactivity is likely due to the irreversible nature of the
carbon-carbon bond activation process. I[n the carbon-carbon bond activation product, B-
hydrogen elimination is often kinetically faster than the reverse carbon-carbon reductive
elimination, resulting in an effectively "irreversible" carbon-carbon activation process.

Other reasons for the predominance of carbon-hydrogen activation may be
attributed to thermodynamic factors. The strength of the metal-hydrogen and metal-
carbon bonds relative to the carbon-hydrogen or carbon-carbon bonds determines the
thermodynamically most stable product. Carbon-carbon bond activation reactions have
been estimated to be endothermic by 25 kcal/mol.!47 Other estimates, however, conclude
that carbon-carbon bond activation reactions can be exothermic.!48 In all likelihood, the
thermodynamic situation is highly dependent on both the particular metal template and

the organic substrate.
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A. Carbon-Carbon Bond Activation of Strained Small Rings

Cyclopropane systems have been known to undergo facile metal-assisted ring
opening reactions tor some time.!49 The general chemistry of cyclopropanes,
cyclopropenes and methylenecyclopropanes, including the carbon-carbon bond activation
chemistry of strained ring systems has been reviewed extensively.302.150 More recent
work is focused on catalytic carbon-carbon bond activation of cyclopropanes, although
the most interesting chemistry is seen in the few reported examples of carbon-carbon
bond activation combined with further transformations.!5! For example, a variety of
molecules insert into ring-opened cyclopropanes, including CO, and HSiR3, giving
lactone or open-chain silane products.!31a.d Cyclopropane systems involved in formal [3
+ 2] cycloaddition reactions with unsaturated hydrocarbon substrates catalyzed by
transition metals have also been heavily studied.302.54.69-71

Bergman's studies on the carbon-hydrogen and carbon-carbon bond activation of
cyclopropane by rhodium complexes have also shown that conditions sometimes favor
the thermodynamic carbon-carbon activation product over a kinetic carbon-hydrogen
activation product (Eq. 76).!43 An unsaturated rhodium system, generated from
dihydride 213 by the low temperature photolytic loss of dihydrogen in neat cyclopropane,
initially reacts with cyclopropane to form the kinetic carbon-hydrogen activation product:
cyclopropyl hydride 214. This complex rearranges by carbon-carbon bond activation at
higher temperature to form rhodacyclobutane 215. This process is proposed to occur by a
reductive elimination reaction in the cyclopropyl hydride complex, generating an
intermediate cyclopropane complex. The cyclopropane complex can either undergo
carbon-hydrogen activation, returning to the cyclopropylmetal hydride complex 214, or
carbon-carbon bond activation, forming the thermodynamically more stable

rhodacyclobutane complex 215.
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Other, more recent, studies in Tp*Rh (Tp* = tris(3,5-dimethylpyrazolyl)borate)
chemistry parallel this work (Eq. 77). Jones has demonstrated that Tp* rhodium
cyclopropyl hydride complex 217 is formed by carbon-hydrogen activation of
cyclopropane in the low temperature photolysis of carbodiimide complex 216.!52 Upon
warming to room temperature, the cyclopropyl hydride 217 rearranges via carbon-carbon
bond activation to yield rhodacyclobutane 218 as the thermodynamic product. This
process is also thought to involve the carbon-carbon bond activation of an intermediate

cyclopropane complex.

Tp* . '
R'h A(neat) Tp 1"p' 2200 Tp\ (Eq. 77)
PhNi\/ \CNR hv -50°C /th ~— Rh, —SEF lnho
S ANC and 2\ RNC
NR 216 217 218

The activation of carbon-carbon bonds in cyclobutane ring systems has been
much less widely studied, although the ring strain energies of C3Hg and C4Hg are similar,
estimated to be 27.5 and 26.5 kcal/mol, respectively.!50¢ Flood has shown that a (1-
methylcyclobutyl)methyl complex of platinum undergoes ring opening via B-alkyl
elimination to an intermediate 4-methyl-pent-4-en-1-yl complex, which eventually
rearranges to form substituted allyl complexes. [sotopic labeling studies demonstrate that
cyclobutenylmethyl complexes are formed and consumed in rearrangements of 4-penten-

1-yl complexes.!53 Other isolated examples include ring expansion reactions of iron
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tetramethylcyclobutadiene complexes, 13+ a rhodium-mediated successive ring expansion
of a spiro[2.3]hexanone to a cyclopentene ring. !5 and the rhodium-mediated carbon-
carbon bond activation of the cyclobutane ring of a (cyclobutenyl)methyl ligand, a
process very sirnilar to that described by Flood.!56 Coordinated cyclobutyne ligands
have also been reported to undergo carbon-carbon bond activation reactions in cluster
compounds. 137 All of these examples are proximity-driven B-carbon elimination
reactions; the activation occurs primarily because the carbon-carbon bond is constrained
by coordination to be near the low-valent metal.

Most turther examples also appear to first involve coordination of the substrate,
tollowed by carbon-carbon bond cleavage. Activation of the carbon-carbon bond of
biphenylene, for example, is relatively facile and has been known for some time. !58 This
constitutes one of the very few general carbon-carbon bond activation reactions of four-
membered rings. Several metal complexes will activate this strained carbon-carbon bond,
forming biphenyl-2,2'-diyl complexes 219 in high yield.!59 Metal carbony! clusters are
also known to effect this transformation.!60 The insertion of small molecules such as CO
or diphenylacetylene into the nickel-carbon bond of 219 has been reported, generating
fluorenone 221 or diphenylanthracene 220, respectively (Scheme 39).!6! Jones has
recently reported the development of a catalytic carbon-carbon bond
activation/hydrogenation reaction of the carbon-carbon bond in biphenylene to produce
biphenyl.162 Dimerization of the biphenyl-2,2"-diyl complex 219 to a cyclooctatetraene
system 223163 js known and very recently a catalytic variation of this reactivity pattern
has been reported. 62 Treatment of the isolable intermediate 219 with excess
biphenylene leads to formation of a 2,2'-tetraphenylene complex (222), which has been
identified as the catalyst resting state. Further heating of 222 with biphenylene forms

tetraphenylene (223) and regenerates the biphenyi-2,2'-diyl complex 222.
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Scheme 39
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Liebeskind*164 has developed a general synthesis of quinones based on the
carbon-carbon bond activation of cyclobutenediones, an activation reaction that had
earlier been reported by both Kemmitt and Herrera.!65 The initial carbon-carbon bond
activation provides an isolable maleoyl- or phthalolymetal complex, 224, which
undergoes an insertion reaction with an alkyne to provide the final quinone or
naphthoquinone (Scheme 40). This reactivity pattern has been expanded to include the
carbon-carbon bond activation of the simpler cyclobutenones, providing phenols from the

insertion with alkynes.2%.164f.g
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Scheme 40
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Murakami has shown that unsaturated rhodium complexes perform a variety of
transformations on strained ring ketones by carbon-carbon bond activation
pathways. 135166 Decarbonylation of cyclobutanones is readily accomplished with a
stoichiometric amount of RhCI(PPh3)3, which yields cyclopropane products (Scheme 41).
To a lesser extent, this process also works on some larger ring cyclic ketones.!66 The
driving force in this reaction is likely due not to relief of ring strain. but rather to the
tormation of the thermodynamically very stable Rh(CO)CI(PPh3);. Metal-mediated
decarbonylation of ketones by various rhodium complexes, especially CIRh(PPh3)3, has
been known for some time.!67 A catalytic carbon-carbon bond activation/hydrogenation
process has also been developed, transforming cyclobutanones into open-chain alcohols
or aldehydes, albeit under different conditions (Scheme 41).166 The aldehyde
presumably reacts further under the reductive reaction conditions to produce the alcohol,
although production of the aldehyde can be made partially selective by using a lower
amount of catalyst. The overall process is accomplished using a high pressure of H> in
order to trap the product of carbon-carbon bond activation (225) before decarbonylation
occurs. More recently, consecutive double carbon-carbon and carbon-carbon/carbon-
oxygen bond cleavage reactions in strained bicyclic ring systems have been
reported.135.166c A number of palladium-catalyzed ring cleavage reactions involving

cyclobutanols have been reported recently. |66d
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Scheme 41
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B. Carbon-Carbon Activation Driven by Ligand Aromaticity

Although the relief of ring strain is a strong driving force in carbon-carbon bond
activation reactions, other strategies have also been developed. A large amount of work
has been devoted to the development of systems in which carbon-carbon bond activation
is driven by the aromatic stabilization energy in the products formed from carbon-carbon
bond activation. Additional stabilization is provided by the thermodynamic stability
provided by the metal complex. One classical example is the rhodium trichloride or
iridium trichloride mediated conversion of hexamethyldewarbenzene to stable
pentamethylcyclopentadienyl metal complexes 226 (Eq. 78).168 The final step involves
carbon-carbon activation of the cyclopentadiene-acyl bond. King has further studied the
chemistry of acetyl pentamethylcyclopentadiene with transition metal complexes and
reports selective carbon-carbon bond activation of the ring-acetyl bond, again forming

pentamethylcyclopentadienyl metal complexes. 169

47 C!
Y MClysnH,0 . 0o \M /CI\ l'|‘ (Eq. 78)
MeOH, reflux , m |~ CI/ ;&/
-HCI cl
ML,
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Similar chemistry is seen when molybdenum, tungsten, iron or nickel carbonyl
complexes react with spirocyclic cyclopentadienes (Egs. 79, 80). Eilbracht has reported
facile carbon-carbon bond activation of these [4.n]spiroaikadiene compounds in a
reaction presumably driven by the aromaticity of the cyclopentadienylmetal product. 170
Generally, n-cyclopentadienyl metal G-alkyl complexes 227 are formed from direct
carbon-carbon bond activation, but using Ni(CO)4, 6-acyl complexes 228 are formed
from CO insertion into the intermediate G—alky! complex. Green has seen analogous
reactivity when molybdenum atoms are condensed with spiro[2.4]hepta-4.6-diene.!7!
Other groups describe similar reactivity for the reactions of metal complexes with

spirocyclic hydrocarbon compounds. 172

FeACO)
CHg, 80°C, 90%  (co),Fe (Eq. 79)

227

nue I (Eq. 80)
hexane, 70°C Ni a

6h, 18% oc” o

Crabtree has reported unusual carbon-carbon bond activation reactions using
iridium complexes of 1,1-dialkylcyclopentadienes (Scheme 42).!173 These reactions
appear to be highly dependent on the nature of the alkyl groups on the ring. [.1-
Dimethyicyclopentadiene complex 229 undergoes straightforward carbon-carbon bond
activation of the endo methyl group (as determined from NOE measurements), forming
complex 230 (Path A, Scheme 42). With other alkyl groups, a variety of rearrangements
are seen. Carbon-carbon bond activation still presumably occurs to give an analogous
intermediate, [(EtCp)Ir(Et)L2]*, which is unstable with respect to further rearrangement.
The ethyl group migrates back to different carbon atom on the ring instead of undergoing
reductive elimination of ethane or B-hydrogen elimination. Carbon-hydrogen activation

of the intermediate 1,n-diethyl cyclopentadiene complex forms the final 1,2- and 1,3-
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diethylcyclopentadienyl complexes 231 and 232, observed in about a 1:1 ratio. The
mixed alkyl system, 1-ethyl-1-methylcyclopentadiene, when complexed to the iridium
center yields a 3:1 mixture of complexed cyclopentadiene isomers, with the endo-methyl
isomer as the major product. Thermolysis of this complex under similar conditions
causes carbon-carbon bond activation of the endo-alkyl group. Green has reported the
similar carbon-carbon bond activation of an endo-ethylcyclopentadiene ligand in a

molybdenum complex.!73¢

Scheme 42
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These reactivity patterns may be rationalized by considering that the Ir-Me bond
is stronger than the Ir-Et bond. Carbon-carbon bond activation in 229 (R = Et) yields an
intermediate [(EtCp)Ir(Et)L,]*, which is unstable with respect to further rearrangements.
In contrast, carbon-carbon bond activation of 229 (R = Me) produces a stable, isolable
product, [(MeCp)Ir(Me)L3]* (230). When R = Et, this intermediate undergoes reductive
coupling of the ethyl group and the Cp ligand to form a diethylcyclopentadiene ligand.
Crabtree proposes a [1,5]-hydride shift on the Cp ring of this newly formed intermediate,
placing a hydrogen endo to the metal; this may occur in the coordinated fragment, or the

diene may first dissociate, undergo a {1,5]-hydride shift, and then recoordinate. Carbon-
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hydrogen bond activation provides the final hydride complexes 231 and 232. The
instability of the Ir-Et bond in this system can also be seen in the related complex
[CpIr(EYLa]*. L = p-(FCeH4)3P, which also rearranges at 80°C to form an
ethylcyclopentadieny! hydride complex.!73b

Other cases where carbon-carbon bond cleavage is competitive with carbon-
hydrogen activation have also been observed. Carbon-hydrogen activation of
methylcyclopentadiene is commonly used for the synthesis of methylcyclopentadienyl
complexes. Jones has seen small amounts of competitive carbon-carbon bond activation
of this synthon in certain rhenium systems.!742 Similar to King's work, 69 Hughes has
determined that up to 23% of the reaction between CsMesH and Mn»(CO) ;g proceeds via
carbon-carbon bond activation to give (n3-CsMe4H)Mn(CO)3 as opposed to the predicted
carbon-hydrogen activation, which yields (n3-CsMes)Mn(CO)3.174b

In contrast to the I,1-dialkylcyclopentadiene systems, there are relatively few
examples of carbon-carbon bond activation of 1,1-dialkylcyclohexadienyl derivatives,
despite the ultimate formation of a coordinated aromatic ring. Crabtree was unable to
induce carbon-carbon bond activation of coordinatively saturated 6,6-
dimethylcyclohexadienyl iridium complexes.!73b Wolczanski has shown that either
oxidation to an odd-electron \complex or generation of an unsaturated complex is required
to accomplish carbon-carbon bond activation in (4.4-dimethylcyclohexadienyl)-
ruthenium complexes, which then form stable n6-toluene complexes, but only under
harsh conditions.!75 Based on molecular orbital calculations on cyclohexadienyl metal
systems, Hoffman has concluded that carbon-hydrogen cr carbon-carbon activation of
these systems is strongly disfavored.!75d This is the result of an secondary antibonding
interaction between the metal and the endo methylene hydrogen or carbon, which causes
the methylene to significantly bend away from the metal, rendering the endo hydrogen or

endo carbon inaccessible (Figure 13).
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Figure 13. MO Interactions for Cyclohexadieny! Metal Complexes

Chaudret has reported a complex cascade of reactivity, including ruthenium
mediated carbon-carbon bond activation of coordinated 6,6-dimethylcyclohexenones to
yield stable ruthenium arene complexes (Eq. 81).176 The electrophilic CsMesRu*
fragment, prepared from [(n3-CsMes)Ru(OMe)]5 and triflic acid, has a high affinity for
arene complexation. which is a useful feature for the carbon-carbon activation of
dialkylcyclohexenes. This fragment, when allowed to react with 3-methylcyclohexene,
forms primarily a toluene complex but also small amounts of a benzene complex from
both carbon-hydrogen and carbon-carbon bond activation reactions, respectively.
However, only a small amount of carbon-carbon activation is seen in cases where a
competitive carbon-hydrogen activation pathway exists. To exploit this reactivity pattern
more efficiently, the ruthenium fragment was treated with various 1,1-dialkylcyclohexene
compounds to force a carbon-carbon activation to occur. For example, 4,4-
dimethylcyclohexen-1-one 233 provides a mixture of 4-methylphenol ruthenium complex
234 and 4-methylanisole complex 235 in high yield (Eq. 81). The use of this ruthenium
fragment has been particularly effective in the selective aromatization of steroids by
carbon-carbon bond activation of an angular methyl group.!76b.c [toh has seen a similar
reactivity pattern in the cycloaddition reaction of (n3-CsMes)Ru(n#-1,3-pentadiene)(Cl)
with silver triflate and acetylene in CH>Cl3; a small amount of (n3-CsMes)Ru(CgHg)*
OTf" is formed via carbon-carbon activation and methane loss after the initial [4 + 2]

cycloaddition. 176¢
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Certain ruthenium complexes formed during an initial [3 + 2] allyl/alkyne

(Eq. 81)
233

cycloaddition undergo a further interesting reaction: carbon-carbon bond activation of the
coordinated hexamethylbenzene ligand, which releases methane and forms a
pentamethylbenzene complex (Eq. 82).120.177 No trace of hexamethylbenzene products
are observed. This remarkably facile example of carbon-carbon activation proceeds in
good yield at ambient temperature, in sharp contrast to the long periods of heating
required in Chaudret's system.!76 This process appears to be driven by the steric strain
induced by the six mutually buttressed methyl groups of the hexamethylbenzene. Astruc
has reported that the Lewis acid induced ligand exchange reaction of hexamethylbenzene
with the cyclopentadienyl ligand in ruthenocene complexes proceeds with extensive
demethylation of the hexamethylbenzene.!78 Although this phenomenon was originally
attributed to the influence of AICl3 in the reaction mixture prior to complexation, later
experimental work demonstrated that this carbon-carbon bond activation is artributed to
the interaction with the ruthenium center. Additionally, de-ethylation of the
hexaethylbenzene analogue was shown to occur after coordination of the arene ligand to

yield (03-CsHs)Fe(n%-pentaethylbenzene), from loss of a single ethyl group.!78

oTf
(- —-;:%—H
‘;é_ R R (1 eq)‘ | R, R' = Me, Ph

- + ‘= - (Eq. 82
/R"\ acetone or CH,Cl, Ru™ g R, R -(Fﬂ'z)g (Eq. 82)
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- CH‘ R
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C. Oxidative Carbon-Carbon Activation by Forced Proximity to the Metal

Center

Another major strategy for activation of carbon-carbon bonds is to effect the
torced proximity of carbon-carbon bonds to a low valent metal center. The proximity
creates a high local concentration of the "reactant” carbon-carbon bond at the metal
center; as well, the carbon-carbon bond is often preferentially oriented toward the metal
center, disfavoring competitive carbon-hydrogen activation. This lowers the kinetic
barrier to carbon-carbon activation and enhances the rate of the reaction. It should be
noted that in many such cases, reversible carbon-hydrogen activation also occurs, but the
carbon-hydrogen activation product retains a sterically bulky ligand which experiences
strong repulsive interactions with the metal center. Thus, carbon-carbon activation in
such cases can be both kinetically and thermodynamically enhanced, as the metal center
attempts to reduce the interaction with the proximal carbon-carbon bond.

In contrast to some of the previously illustrated examples, where the activation
process is best viewed as a B-carbon elimination reaction (Section D), the following
reactions are clearly better described by an oxidative addition process. Suggs has
observed carbon-carbon bond activation of 8-quinolinyl alkyl ketones 236 using
[(C2H4)RCI]; in benzene solvent (Eq. 83).179 Ethylene is easily displaced in this
complex and the subsequent coordination of the quinoline nitrogen atom to the rhodium
center places a carbon-carbon bond of the ketone near the unsaturated rhodium center.
Carbon-carbon bond activation occurs oxidatively to form an insoluble polymer, which
can be solubilized by added pyridine, forming acyl alkyl complexes 237 (R = Ph, Me,
CaPh, benzyl). Interestingly, if the R group has a B-hydrogen atom (R = Bu, CH(Me)Ph,
cyclohexyl), complex 237 is not observed; instead, the ethyl complex 238 is the sole
product. B-Hydride elimination from complex 237 is apparently facile and the newly

formed alkene is lost, creating an intermediate acyl hydride complex. This intermediate
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is highly reactive and undergoes insertion of the ethylene remaining from the
[(C2Hy)RNCI]2 to form the rhodium acyl ethyl complexes 238. The energy barrier to
reductive elimination of the acyl/alkyl pair must be larger than that to B-H elimination in
order to see this exchange, although another rationale is that the reaction is reversible.
Jun has recently developed a catalytic version of this process, which exchanges the alkyl

group in aromatic ketones with a different alkyl group.!79¢

- -1
® ®
[(CH4)RNCI +C.H Z
v CoH, p)yricnnT];L oh. . (Eq. 83)
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Milstein has expended considerable effort to develop systems that effect carbon-
carbon activation of bonds in proximity to a metal center by ligand complexation. 180
Coordination of the phosphine arms of diphosphine 239 to HRh(PPh3)3 orients the
methyl group of the ligand toward the rhodium center (Scheme 43). Rapid, reversible
carbon-hydrogen activation to form 240 is observed initially; however, when the complex
is heated under a hydrogen atmosphere, carbon-carbon bond activation and subsequent

loss of methane occur to give the metal aryl complex 241.

Scheme 43
PPh, Tph, PPh,
HRh(PPhy), 80 psi H,
. . S0psiHa Rh-PPh
“Hy, THF Rh-PPh, 30°C 3
. -
pPh, 2°°C quant. PPh, quant. PPh,
239 240 241

Milstein has also shown that the methyl group from these carbon-carbon

activation reactions can be transferred to other reagents: a reaction initially reported by
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van Koten. 80 Addition of HSi(OE1)3 to 240 followed by thermolysis at 100°C yields
CH3Si(OEt)3 and 241. The proposed pathway first involves H-Si oxidative addition to
the rhodium center. forming a methylene silyl hydride. This is followed by C-Si
reductive elimination to form a rhodium hydride intermediate. Carbon-carbon activation
and carbon-hydrogen reductive elimination yield the final products, 241 and
CH3Si(OEt)s.

Other transformations using variations of this template have been reported. 180
Reaction of the analogous ethyl-substituted ligand with HRh(PPh3)3 produces ethane
from carbon-carbon bond activation of the aryl-ethyl bond, another indication of the
crowded geometry about the metal center. It is apparent that the large difference in the
carbon-carbon bond strengths between the aryl-ethyl and the benzylic bond of the ethyl
group has little effect. The close proximity and orientation of the carbon-carbon bond
relative to the metal center are more important factors than the bond strength in this
particular example. Due to the larger steric constraints, the CH2-CH3 bond cannot
approach the metal center and is left intact. Similarly, the reaction of (1,5-cod)PtCl> with
2.4-bis(diisopropylphosphinomethyl)mesitylene (242) yields the platinum chloride
complex 243 (Scheme 44). This platinum complex loses chloromethane upon
thermolysis in the presence c;f excess HCI (10 equiv, 82°C, 45 min, benzene-dioxane),

leading to the formation of the platinum chloride complex 244.

Scheme 44
P-+Pr, P-i#Pr, P-iPr,
/ \ (cod)PtCl, + HC
- - Pt—Cl
. _HCI, THF Pl"c' C Hgdioxane | c
p-ipr, 2°C P-+Pr, '%:32' P-i-Pr,
242 243 244

Carbon-carbon bond activation has been shown to be both thermodynamically and
kinetically preferred in some systems (Eq. 84).!80 No carbon-hydrogen activation

product is seen by 'H NMR spectroscopy when [Rh(C3H4)2Cl] reacts with the ligand
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245; only the product of carbon-carbon activation (246) is observed. The conclusion
drawn from this observation is either that carbon-carbon bond activation is kinetically
preferred or that carbon-hydrogen activation is reversible and too fast to be observed on
the NMR spectroscopic time scale. Activation of the very strong aryl-CF3 bond by
similar methodology has also been reported, another indication that this process is not

greatly dependent on the strength of the carbon-carbon bond. !80

P-t-Bu, P-+Bu,
CeHg, RT, 3 min
- Rh—ClI (Eq. 84)
[Rh(CzH.);Cll, / |
NEt, quant. HyC “—NEt,
245 246

D. B-Carbon Elimination Reactions

One very common transformation of metal alkyl complexes is B-hydrogen
elimination.!-2 Only relatively recently has the analogous process of B-carbon
elimination been observed, beginning with Watson's report of B-methyl elimination in

Cp*>:Lu(alkyl) complexes (Eq. 85).!8! Soon thereafter, Flood observed a formal

(CsMes)zLu/Y c-o —22°c > (CsMegLu—CH; — o  (Eq. 85)
§*12r

alkene insertion/B-alkyl elimination process using a (2,2-dimethyl-4-penten-1-
yl)platinum complex, which was proposed to involve B-alkyl elimination from an
intermediate (dimethylcyclobutyl)methyl complex.!53 Bercaw has proposed a similar
process in the scandium-mediated isomerization of 1,4-pentadienes,!82 a process that has
also been used to describe the nickel-mediated isomerization of 1,4-dienes.!83
Rearrangements of bis[(trimethylsilyl)methyl]platinum complexes appear to involve a f-
carbon elimination, cleaving a C-Si bond forming MePt(CH;SiMe,CH;,SiMe3)L; after

rearrangement. 184 Cp*Cr(II)(dmpe)Me has been shown to favor B-alkyl elimination over
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B-hydride elimination in ethylene polymerization. 85 B-Methyl elimination has also been
shown to be a chain-termination step in several Cp*aMX>/MAO (M = Ti, Zr, Hf)-
catalyzed alkene polymerization processes.!86 B-Alkyl elimination has been
demonstrated to be competitive with §-hydrogen elimination as a chain-termination step
in propene polymerization by permethylscandocene catalysts.!87 Marks has developed
this B-alkyl shift process into a chain propagation pathway, polymerizing
methylenecyclobutane and forming a polymer composed of acyclic monomer units. {88
This differs from traditional ring opening metathesis polymerization (ROMP) reactions in
that B-alkyl elimination, not alkene metathesis, is the propagation step.!89

Bergman has recently demonstrated the first directly observable B-methyl
elimination process: a dimethylmetallacyclobutane complex is transformed by carbon-
carbon activation into endo and exo (2-methylallyl)(methyl)ruthenium complexes 247

and 248 upon thermolysis (Eq. 86).190 B-Alkyl elimination of a methyl group has

Me Me, Me\

/Si y /Si \ /Sl—\

<\gez TMez Me CqDg 75°C <\’“'°z TMez . <\Me2 PMe, Me

~ e 86 P\ N P\

arTU&M 12 h, >98% 'PJQ——FIIU \\{I 'P".Fl‘u- 74\ (Eq. 86)
: PMe, e ~-PMe, 2 e Me I'N
6:1
247 248

previously been observed in related ruthenium oxametallacyclobutane complexes bearing

both B-methyl and B-phenyl groups.!9! Interestingly, a similar series of carbon-hydrogen

or carbon-carbon activation reactions and reductive eliminations transforms a neopentyl

ligand into a ruthenium trimethylenemethane complex.!90b B-Methyl elimination has

also been recently reported in zirconium neopentyl complexes and reversible migratory

insertion and B-alkyl elimination processes have recently been observed in alkylniobium

complexes.192.193 A ruthenium-mediated process has been shown to convert homoallyl
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tertiary alcohols into ketones via a $-allyl elimination reaction.!942 Carbon-carbon bond
activation of the phosphine ligand of Os(H)»(Cl)2(PiPr3)> has been observed. |94b
Another common transformation, the oxidative coupling of two olefins at a
transition metal center to yield a metallacyclopentane, has been shown to be reversible.
Quite some time ago. Grubbs clearly demonstrated this B-alky! elimination process,
reporting that the decomposition of tris(triphenylphosphine)nickelacyclopentane yields
ethylene as the major product, along with small amounts of butene and cyclobutane (Eq.

87).195 Whitesides had earlier reported that decomposition of an analogous complex,

(Phap)sNiG 9°C, toluene — . D (Eq. 87)

90% 10%

bis(pentamethylcyclopentadienyl)titanacyclopentane, also produces significant amounts
of ethylene. presumably also by B-alkyl elimination.!96 Bercaw has studied the
equilibrium between this titanacyclopentane complex and (n3-CsMes)2Ti(C;Hy4) under
an ethylene atmosphere. 97 Current with these original reports, a rhodacyclopentane
complex was also shown to produce small amounts of ethylene upon thermolysis. [98
Erker has reported that that bis(cyclopentadienyl)hafnacyclopentane undergoes B-carbon
elimination at 90°C in aromatic solvents.!99 Negeshi has also shown that both
bis(cyclopentadienyl)hafnacyclopentane and bis(cyclopentadienyl)zirconacyclopentane
undergo ring opening [3-alkyl elimination reactions in the presence of phosphines to
produce CpaM(C2H4)(PR3) (M = Zr, Hf) complexes.200 Marks has studied the
thermochemistry of Cp*;Zr and Cp*;Hf complexes, including the formation of
metallacyclopentane complexes.20! Using !3C-labeled ethylene, Bercaw has
demonstrated that bis(pentamethylcyclopentadienyl)azatitanacyclopentene complexes

also undergo reversible f-alkyl elimination reactions (Eq. 88).202

/\Nj/ + 1SCH2=1SCH2 R . /\Nj/
Cp*) Ti ~ Cp*),Ti Eq. 88
(Cp*)2 - 12CH2=‘2CH2 (Cp*)2 W (Eq )

. 13
25°C, toluene
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E. Miscellaneous Carbon-Carbon Bond Activation Reactions

There are several recent examples of formal carbon-carbon bond activation
reactions that are not readily classified. Electrochemically induced carbon-carbon bond
activation of ancillary ligands, such as cyclooctatetraene, in transition metal complexes
has been demonstrated.?93 Chemical reduction of organoboranes by one electron leads to
ligand rearrangement by carbon-carbon activation.2®# Other unusual carbon-carbon
activation reactions of coordinated ligands have been reported.205.206 The activation of
the sp-sp-hybridized carbon-carbon bond in butadiyne and poly-ynes by the Cp,Ti
fragment has recently been reported.207 The mechanism of the ruthenium-mediated
carbon-carbon cleavage of terminal alkynes by primary amines and water to produce
carbonyl compounds has recently been investigated.208 Advances in the transition metai-
mediated activation of alkene double bonds to produce carbonyl compounds have also
recently been reported.209

In spite of the relative abundance of carbon-carbon bond activation examples. the
cleavage of completely unactivated carbon-carbon bonds by homogeneous complexes is
still very rare. Sen has, however, reported carbon-carbon bond activation products from
small chain alkanes in hydroxycarbonylation catalysis.2!0 Suzuki has reported a
ruthenium cluster that is capable of the carbon-carbon bond activation of
cyclopentadiene, although the system is more commonly used for the activation of C-S
bonds.2t! Earlier, Shapley had demonstrated cleavage of the triple bond of coordinated
alkynes by a tungsten-triosmium cluster.2!2

Recent development of carbon-carbon activation processes has not been limited to
homogeneous systems. For example, Basset has developed a silica-supported zirconium
catalyst capable of cleaving carbon-carbon bonds under high hydrogen pressure, thus

forming methane and ethane from higher olefins and dihyc_irogen.2l3 Finally, carbon-
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carbon bond activation of cyclobutane has recently been observed on a ruthenium

surface.214
F. Carbon-Carbon Bond Activation in Electrophilic Cobalt Complexes

Electrophilic cobalt complexes are known to activate carbon-carbon bonds under
certain circumstances. Spencer has reported that the cationic Cp*Co(cyclopentenyi)
complex 249, with an agostic ground state, ring opens to the n3-pentadienyl cation 250
upon thermolysis (Eq. 89).!28 The analogous six-membered cyclohexenyi complex does
not undergo a corresponding carbon-carbon activation, even upon prolonged thermolysis,
but the cyclooctenyl complex 251 undergoes very facile ring opening at room

temperature to give 13-propylpentadienyl complex 252 (Eq. 90).

. solid state or CHCl, | &
Go 60°C, 8h, 88% Co Et (Eq. 89)
@ &=
/M
249 250
= BF, \Qaw
+ ° +
Co\H CHiCL, 25~ co (Eq. 90)
- 24h, 92% -
[y "
H
251 252

Both nominally unsaturated allyl complexes 249 and 251 are stabilized by agostic
interactions, apparent from lJ/cy values for the agostic carbon in 249. This carbon
appears as a doublet of doublets in the fully coupled 13C NMR spectrum, with l/cy
values of 74 and 157 Hz. The agostic hydrogen appears in the |H NMR spectrum at

-14.4 ppm (d. J HH,gem= 25 Hz), values that are diagnostic for agostic complexes.2!3 The
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ring opening reactions are presumably driven by the stabilization provided by the
saturating 1-pentadienyl fragment.

Carbon-hydrogen bond activation products in this system are not observed, likely
because diene-hydride structures in this cobalt system are at higher energy than the allylic
agostic structure. However, Spencer has shown that complexes 249 and 251 are highly
fluxional, equilibrating between different agostic structures, illustrated for 249 in Scheme
45. This reaction likely occurs by B-hydride elimination and re-insertion of the hydride

to reform an isomerized agostic allyl complex.

Scheme 45
f BF, 1 BF," l BF
I . B—— |, . |,
Co_H Co—y - Co
l Et l Et ~H Et
< X X
H n H _ H

Brookhart and others have demonstrated that protonation of CsR5Co(CaHy4)(L) (L
= ethylene or phosphine) with tetrafluoroboroic acid very easily forms the agostic ethyl
complex 253, demonstrating the relative instability of cobalt alkene hydrides (Eq. 91).216

Such complexes are reasonably active olefin dimerization and polymerization catalysts.

=

HBF ;Et,0
Co _B‘_z_, ¢ (Eq. 91)
L Yy -78°C, CHCl L H—]
L =CH40r PRy 253

I1. Results and Discussion

As briefly discussed in Chapter 2, several [3 + 2 + 2] cobalt-mediated allyl/alkyne

cycloaddition reactions produce cycloheptadienyl complexes with unexpected
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substitution patterns. While developing an explanation for these results, a separate
project was created out of the discovery that facile carbon-carbon bond cleavage forms an
integral part of this abnormal [3 + 2 + 2] cycloaddition process. While superficially
related to the carbon-carbon activation of cyclopentenylcobalt complexes observed by
Spencer, the mechanistic pathway determined for these transformations is clearly quite
distinct. In this Chapter, the reactions of ally! templates with 2-butyne and potential
mechanistic pathways are discussed. Although these cycloheptadienyl products
superficially ressemble the products of the sequential [3 + 2 + 2] allyl/alkyne
cycloaddition pathway, the following examples arise from distinct carbon-carbon bond
activation reactions, as determined by the anomalous substitution patterns. In the
subsequent Chapter, further development of the carbon-carbon activation pathway is

described.

A. Anomalous (3 + 2 + 2] Cycloaddition Reactions Involving 2-Butyne

The reaction of excess 2-butyne with many (n3-CsRs)Co(allyl) complexes gives
cycloheptadienyl products with substitution patterns that are not readily explained.
Furthermore, slight changes in the substrate, such as replacing the allyl ligand with the |-
methylallyl ligand, cause dramatic differences in the structures of the reaction products.

The reaction of Cp*Co(allyl)(triflate) 80 with excess butyne (CH2Cl,, -78°C), for
example, gives the unexpected complex 87 in very good (80-85%) yield (Eq. 92).88 This
complex has been fully characterized by unambiguous spectroscopic and analytical
techniques, as well as by conversion to well-characterized derivatives by hydride addition

and deprotonation (see Scheme 14, Chapter 2, page 36).88
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Me————Me Me Co
./c °‘)> CH,Cl,  Me d‘ 7 (Eq. 92)
T10 -78°CoRT
84% Me
80 87 Me

Although clearly a cycloheptadienyl complex, the substitution pattern and methyl
stereochemistry demonstrate that a straightforward [3 + 2 + 2] reaction does not take
place. The appearance of a singlet at § 5.10 (Hy) in the !H NMR spectrum indicates a
proton on the pentadienyl fragment that is bordered on both sides by methyl groups. A
doublet (J = 6.8 Hz) at § 0.99, integrating to three hydrogen atoms, is observed for the
exo methyl group in complex 87, which is shifted slightly upfield from the normal endo
methy! groups, such as those observed in methyl- and dimethylcycloheptadienyl
complexes 101 and 102, which resonate at § 1.11 and 1.05, respectively. The Hgendo
proton itself is dramatically shifted upfield to § 0.75 from the normal range of about &
2.0-1.6. The value of 9.5 Hz for the J¢endo-7endo coupling constant is close to the
standard value of about 6-9 Hz that is seen in other cycloheptadienyl complexes,
indicating the methyl group is in an exo position. Note that, for the opposite
stereochemistry, the value for this coupling constant is expected to be much smaller, i.e.,
0-4 Hz. Unfortunately, further conformational data are unavailable, due to the multiplet
character of H7ex, and Hgexo.

However, the reaction of other disubstituted alkynes, such as cyclooctyne,
exclusively yields a "normal” product from a straightforward (3 + 2 + 2] allyl/alkyne
cycloaddition reaction (Scheme 12, Chapter 2, pp 33). Thus, with 2-butyne, some subtle
change is in effect, altering the reaction pathway. Two disubstituted alkynes,
diphenylacetylene and 4,4-dimethyl-2-pentyne, yield five membered rings exclusively in
the reaction with allyl triflate complex 80, indicating that coordination of the second

alkyne may be much slower than cyclization to a five-membered ring in these cases.88
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Several attempts were made to follow the course of the reaction of allyl triflate
complex 80 with 2-butyne by low temperature !H NMR spectroscopy. but no additional
information could be obtained.88 In some cases, a small amount of paramagnetic
material is formed. a typical hazard in cobalt chemistry, obscuring all signals in the 'H
NMR spectrum. However, in other cases, only the initial allyl and the final product can
be seen, along with a smail amount of a material tentatively assigned as the simple allyl
alkyne complex. Although this type of intermediate has previously been isolated in
related, but less reactive, iridium systems,61.91 all attempts to isolate or trap the cobalt
allyl/alkyne intermediate or the immediate product of insertion failed.

When the corresponding crotyl triflate complex 81 reacts with excess 2-butyne,
albeit under quite different conditions (TFE, 55°C), a similar dark red cycloheptadienyl
complex 254 is obtained in 78% yield after isolation and purification by flash
chromatography (Eq. 93). Under the more typical conditions used to form
tetramethylcycloheptadienyl complex 87 (CH»Cl, -78°C), the same
pentamethylcycloheptadienyl complex 254 is formed, but in lower yield. The presence of
asinglet (8 4.91, Hy) in the 'H NMR spectrum indicates the hydrogen on the pentadienyl
fragment is again flanked by methyl groups. Two methyl doublets are observed at
upfield positions; the ring conformation dramatically affects the chemical shift of the 6-
endo proton. This signal resonates at § -0.12, an upfield shift of almost 0.9 ppm
compared to complex 87, the product from the corresponding reaction with allyl complex
80 and excess 2-butyne. The large number of methy! groups in the molecule apparently
alters the conformation of the seven-membered ring; few direct comparisons of the
respective |H NMR spectra may be made. As previously seen in methyl- and
dimethylcycloheptadienyl complexes 100 and 101 (Chapter 2), the crotyl compounds
insert the alkyne to form an endo methyl group. In contrast, the rearrangement that forms

complexes 87 and 254 generates an exo methyl group.
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FE, 55°C, |
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81 254
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\ Me Me Me. CO Me
- - 1 (Eq. 93)
Co )} - — Me_Q»d
Me

In principal. this rearrangement could occur either by the shift of a methyl group
on the skeletal framework or by a rearrangement of the carbon skeleton itself. Further,
each transformation could occur either after cyclization to the seven-membered ring, or at
some indeterminate intermediate step. These two processes, skeletal rearrangement or a
methyl group shift, can potentially be distinguished by undertaking a labelling study to
determine whether the methyl groups of 2-butyne maintain or change positions during the
cycloaddition.

In order to conclusively evaluate the possibility of a methyl migration in these
rearrangements, the previously unknown doubly !3C-labeled 2-butyne
(CH313C=!3CCH3) was synthesized. Commercial doubly !3C-labeled acetylene was
doubly deprotonated using BuL.i in diethyl ether at -78°C, and the resulting insoluble
Li!3C=13CLi was dried in vacuo. The salt was treated with dimethylsulfate in HMPA at
11°C and after all the insoluble Li!3C=!3CLi had dissolved, the reaction was allowed to
stir for an additional 30 min. The entire system was then frozen (-196°C) and degassed.
The doubly !3C-labeled 2-butyne was isolated by vacuum transfer, separating the volatile
product from the relatively involatile solvents. The 'H NMR spectrum shows a triplet at
8 1.72 (3JcH = 3Jcu = 3.0 Hz) and the !3C NMR spectrum of the product shows a single
labeled carbon at d 74.6. The methyl (unlabeled) carbons were not located above
baseline noise.

The reaction of the ally! triflate complex 80 with an excess of the doubly !3C

labeled 2-butyne gives the labeled n3-cycloheptadienyl complex 87-13C4 (Eq. 94). Due
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to the extensive number of 2/cy and 3Jcy couplings to the labeled carbon atoms, all
signals in the 'H NMR spectrum are transformed into unresolved multiplets. Chemical
shift values_of these multiplets, however, are consistent with the unlabeled complex,
indicating that the same product is formed. The !3C NMR spectrum indicates that a
single quadruply labeled product is formed and that methyl migration does not occur; all
13C-labeled atoms still bear a single methyl group. Three of the labeled carbon signals
are assigned as quaternary sp--hybridized carbon atoms C2, C3 and Cs, based on the lack
of any large !Jcy coupling constant and correlation of the chemical shift to those in the
unlabeled complex. The remaining labeled carbon atom, Cg, has a chemical shift close to
that of the unsubstituted complex and this carbon exhibits a large doublet splitting in the
gated decoupled spectrum, with a lJcy value of 127.1 Hz, indicating that a proton is
directly attached to this carbon atom. Further, each !3C atom also exhibits one 13C-13C -
coupling (Jca.c3 = 46.3 Hz, Jcs.c6 = 39.3 Hz), proof of adjacent 13C atoms. One-bond
Jcc values vary widely depending on the hybridization of the two carbon atoms, much as
the value of the !Jcy coupling constant depends on the carbon hybridization;
furthermore, both values can be calculated.2!”7 The calculated values for the lJcc
coupling constant for sp2-sp2 and sp2-sp3 environments are 48.7 and 37.8 Hz,
respectively, in excellent agreement with the observed values of 46.3 and 39.3 Hz.
Atoms separated by larger distances have considerably smaller values; 2/cc and 3Jcc
values are normally less than 5 Hz. Since all available data agree that the skeletal
structure of the butyne fragments remains unchanged, it is the allyl ligand that has been

disrupted.

)

\ g
- . CI 1 Eq. 94
/co )> CH.Cl, MQQH (Ba )
TfO ° .
-78°CHRT . Me

80 Me
87-3%¢c,

* L ] +
Me—=——Me (x3) Me
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The analogous reaction of (CsHs)Co(n3-C3Hs)(Br) (125) with silver
tetrafluoroborate and excess 2-butyne in acetone gives a complex mixture of products
consisting mostly of uncharacterized paramagnetic materials, but containing smail
amounts of cycloheptadienyl complex 2585: a rather unexpected product (Eq. 95). A
small amount (6%) of the orange complex 255 was isolated by careful chromatographic
separation. This compound is also formed in low yield by allowing the halide complex to
react with 2-butyne in TFE or by allowing the triflate salt to react with excess 2-butyne in
dichloromethane, although the reaction is not noticeably cleaner. The lack of a CsHs
signal in the |H NMR spectrum and appearance of several peaks in the range  6.0-5.4
provide some indication of the substituted cyclopentadienyt structure, but the !Jcy values
of approximately 180 Hz for three carbon atoms in the gated decoupled !3C NMR
spectrum strongly implicate the presence of a disubstituted cyclopentadienyi ligand. The
relatively large values of 180 Hz for !/cy coupling constants have been noted previously
in this lab and appear to be characteristic of cyclopentadienyl ligands. Correlation of
these carbons to broad singlets in the 'H NMR spectrum at § 5.64, 5.33 and 5.16 is also
consistent with a dimethylcyclopentadienyi structure in an unsymmetrical bonding

environment.

& @' oF -
\ Me—=——Me (xs) 4 .
/c °—>> AgBF, acetone °1 (Eq. 95)
125 "

After assigning these signals, the remaining resonances can be assigned as
originating from a 3,4-dimethylcycloheptadienyl ligand. Characterization of the
cycloheptadienyl ligand in 255 is made somewhat more difficult by overlapping signals

and the complex multiplet character of several other signals in the 'H NMR spectrum.
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However, there is a clear doublet at 8 5.22 assigned to Ha, and the COSY spectrum shows
this signal is correlated to a multiplet at 8 5.04, where two overlapping signals (H; and
Hs) are observed. The four resonances for the methylene units of the cycloheptadienyl
rings are observed at relatively normal (8 2.78 (H7endo). 1.95 (Hgendo). 1.75 (H7exo) and
0.50 (Hgexo)) chemical shifts, although all signals are poorly resolved multiplets. The
13C NMR spectrum, assigned with the assistance of the HMQC spectrum, proved to be of
great value in assigning the complex structure. The pentadienyl fragment of the
cycloheptadienyl ligand gives rise to three signals readily assigned to the methine carbons
at § 96.0 (C2). 90.6 (Cy) and 86.2 (Cs). Four singlets (8 115.5, 109.1, 102.9 and 102.6)
are seen further downfield and assigned to the four quaternary sp2-hybridized carbons in
both cycloheptadienyl and cyclopentadienyl ligands. The methyiene carbons of the
seven-membered ring resonate at 38.6 (C7) and 28.1 (C¢) ppm, respectively.

The reactivity of methylcyclopentadieny! (Cp') allyl complex 128 with butyne
was also investigated: very similar chemistry is observed, although the isolated yield is
more reasonable (Eq. 96). The reaction of allyl complex 128 with excess 2-butyne in
trifluoroethanol yields a moderate amount (43%) of the orange dimethylcyclopentadienyl

trimethylcycloheptadienyl complex 256. Full spectroscopic analysis was used to

/@ cg,
\ Me-—==——Me (xs)
Co—) - 13 (Eq. 96)
/ CF,CH,0H, 60°C
Br KPFqg, H,0, 43%
128 256

determine the structure of this dimethylcyclopentadienyl complex. Three signals at 5.29,
5.14 and 4.73 ppm in the |H NMR spectrum can be attributed to this ligand. The HMQC

spectrum correlates these signals to carbon atoms at 8 88.72, 88.67 and 85.7, all of which
show the characteristic value for the /oy coupling constant of 180-182 Hz. The two

methyl groups are assigned to singlets at 1.89 and 1.67 ppm by their correlation to carbon
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signals at 10.5 and 10.3 ppm. The relatively high shielding of these methyl groups is
characteristic of methyl groups on a cyclopentadieny! ligand in these cobalt complexes.
This observation is similar to the shielding in CsMes ligands in other cationic
cycloheptadienyl cobalt complexes (vide supra). The remaining carbon signals at 101.3
and 101.0 ppm are assigned to the quaternary sp2-hybridized carbon atoms of the
dimethylcyclopentadienyl ring by correlations to the ring hydrogens seen in the HMBC
spectrum. A broad singlet in the |H NMR spectrum at 5. 14 ppm integrating to two
hydrogen atoms is assigned to H> and one hydrogen atom in the
dimethylcyclopentadienyl ligand. based again on the HMQC and HMBC spectra. The Hs
signal at 8 4.59 shows correlations to both Hg protons at 2.30 and 0.90 ppm in the COSY
spectrum and a second methylene unit consisting of signals at 8 2.30 (H7exo) and 1.37
(H7endo) completes the seven-membered ring.

In contrast to the skeletal rearrangement seen in the reactions of Cp and Cp' allyl
complexes 125 and 128 with 2-butyne, the reactions of the corresponding crotyl bromide
complexes 126 and 129 with excess 2-butyne yield normal cycloheptadienyl products 257
and 258 derived from a straightforward [3 + 2 + 2] cycloaddition process (Eq. 97). Itis
obvious from the spectroscopic analysis that the cyclopentadienyl ligand in complex 257
remains intact, resonating as a singlet at 5.35 ppm in the 'H NMR spectrum and at 89.7
ppm (!Jcy = 182 Hz) in the 13C NMR spectrum. Four quaternary carbon signals (115.2,
106.7, 105.1 and 103.7 ppm) are attributed to the tetrasubstituted pentadienyl portion of
the molecule. The remaining carbon (Cs) resonates at 8 81.7 and correlates to a multiplet
at § 5.35 (Hs) in the 'H NMR spectrum. Three other signals (3 2.72, 2.57 and 0.99) are
assigned to Heendo, H7 and Hgexo, respectively. Interestingly, the endo methyl group on
the C7 carbon is somewhat shielded and resonates at 8 0.38 in the |H NMR spectrum;
although, in the 13C spectrum, the carbon (8 20.4) appears to be only slightly affected.
While it is indeed bewildering that this slight change from allyl to crotyl could cause such

a dramatic change in reactivity pattern, this observation will be discussed shortly.
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(Eq. 97)

R c o—) Me—==—Me (xs)

-/ CF;CH,0H, 60°C
Br
R=H (126) 257, R=H, X = Br (54%)
R = Me (129) 258, R = Me, X = PFg (39%)

Comparison of the 'H NMR data (Table 6) for the 2-butyne allyl/alkyne
cycloaddition products presented above is difficult, as the products are obtained through
different mechanisms and thus have different structures. Furthermore, a good portion of
the coupling constant information could not be readily obtained due to overlapping or
multiplet signals. However, some trends are observable. Both Cp* templates yield
products (87 and 254) with slightly distorted cycloheptadienyl conformations, due to the
large steric bulk of both ligands and the unique presence of the exo-methyl substituents.
This is evident in the values of coupling constants and the chemical shifts for the
hydrogen atoms on Cg and C7. Especially noticeable is the upfield shift of Heendo due to
the conformational perturbation of the exo methyl group. The reaction of 2-butyne with
the CsHs and MeCsHs allyl complexes 125 and 128 yield n3-cycloheptadienyl products
255 and 256. These complexes, although containing a new dimethylcyclopentadienyl
ligand, have cycloheptadienyl ligands that have spectroscopic patterns similar to
previously discussed cycloheptadienyl complexes. All products from crotyl precursors
(254, 257, and 258) have an endo-methyl group on carbon seven, which shifts the H7exo

proton downfield from about 1.4 ppm to about 2.5 ppm.
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Table 6. Comparative 'H NMR Spectroscopic Data For 2-Butyne Derived n3-

Cycloheptadienyl Complexes

87 254 255 256 257 258
H; 4.09 (dd) | 3.78 (d) 5.03(m) b b b
Jia b b 9.4 Hz
H> b b 5.22(d) 5.14 (s) b b
J2.3 b
Hj b b b b b b
J3.4
Hy 5.10 (s) 4.91 (s) b b b b
Jis b b
Hs b b 5.03(m) | 4.59 (dd) | 5.35 (m) | 5.08 (dd)
.15-6end0 ad 6.6 HZ 5-8 HZ 5.4 HZ
.15.6ex0 a 4.0 HZ 3.6 HZ 3.6 HZ
Héendo 0.75(m) | -0.12(dq) | 1.95(m) | 2.3 (m) |2.72 (ddd)| 2.83 (ddd)
Jé6endo-6exo b b a 14.3 Hz 15.2 Hz 15.3Hz
jéendo-7endo 9.5 HZ b a a b b
j6end0-7exo 4.5 HZ I.0.0 HZ a a 9-[ HZ 9.3 HZ
Hgexo b b 0.50 (m) | 0.92 (m) [0.99 (ddd)| I.14 (ddd)
J6exo_7endo a 6.4 Hz b b
J6exo-Texo a 6.4 Hz 3.6 Hz 39Hz
H7endo | 2.39 (ddd) b 2.75(m) | 2.3 (m) b b
.l’]endo-?exg 15.7Hz 16 Hz 15.1 Hz
J7endo-1 4 Hz a b
S 1.88(m) | 2.56(dqd) | L.75(m) 137 (d) 2.57 (m) 2.55 (m)
Jexoul 4 Hz 3.1H a b b b

4 Numerical value for the coupling constant was not obtained due to second order
character or complexity of the signal. ® Not applicable due to a non- hydrogen

substituent.
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B. Other Anomalous [3 + 2 + 2] Cycloaddition Reactions

Further exploration of the alkyne cycloaddition chemistry of (CsHs)Co(n3-
C3Hs)(Br) 125 reveals that this astonishing rearrangement is relatively common. In
addition to 2-butyne, the reactions of 125 with -phenylpropyne, r-butylacetylene and
+.4-dimethyl-2-pentyne all appear to form dialkylcyclopentadienyl products 259-261
upon treatment in TFE at 65°C (Eq. 98). These cycloheptadienyl! salts are reasonably
water soluble, whereas many of the impurities are not. Crude separation was thus
effected by a simple aqueous extraction, followed by precipitation of the cobalt cation
with KPFe. The insoluble hexafluorophosphate salt is either directly collected by
filtration, or extracted into CH2Cla, to give purified products 259-261 in isolated yields of
15-20%. Because these products are not formed in high yield, characterization of new
compounds is provided by {H NMR and electrospray mass spectrometry only, both of
which are fully consistent with the suggested structures. Initial studies suggest that the
analogous reactions of methylcyclopentadienyl complex 128 with these alkynes also

undergo this rearrangement.

@ (i) R—=—FR
o)

- (Eq. 98)
CF,CH,0H, 65°C R
(i) KPFg, H,0
259, R,R' = tBu, H R

260, R,R' = Bu, Me 20-30%
261, R,R' = Ph, Me

125

Allowing the cobalt allyl complex 125 to react with acetylene-d; and silver
tetrafluoroborate gives a tetradeuterated cycloheptadienyl product that does not show any
significant deuterium incorporation into the CsHjs ring, similar to 99-dg4, obtained from

the reaction of Cp* allyl triflate complex 80 with acetylene-d;. It must be concluded that,
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at least with acetylene, the normal [3 + 2 + 2] cycloaddition pathway is in effect. Only
with larger alkyne substituents does the reactivity pathway become "abnormal".

In addition to the product obtained from the reaction of crotyl triflate complex 81
with 2-butyne. one other alkyne gives an anomalous cycloheptadienyl complex. When
crotyl triflate complex 81 reacts with an excess of ¢-butylacetylene in CHACl», an
inseparable 2:1 mixture of products is obtained, along with traces of unidentified
material. The major product is tentatively assigned by 'H NMR spectroscopy to be the
n3-cycloheptadienyl complex 262 (Eq. 99). The minor product appears to be a seven-

membered ring as well, but too many signals are obscured to conclusively determine the

t-Bu—————H +
\ - Co Me (Eq. 99)
Co—) CH,Cl, <
/ -78°CHRT t-Bu 7_H
T10 12h
t-Bu
81 262, major isomer

structure. Characteristic features of the major complex are the appearance of a singlet (8
4.63, Ha), a doublet (8 5.09, J = 8.2 Hz, Hy) and a doublet of doublets (8 4.01,J =8.0, 5.3
Hz, Hs) in the 'H NMR spectrum. The Heendo proton (-0.16 ppm) is significantly
shielded and the C7 protons (8 2.52 and 2.00) are also somewhat perturbed. The methyl
group is not attached to a sp3 carbon on the ring, as a characteristic methyl doublet is
absent in the 'H NMR spectrum. The substitution pattern suggests that the integrity of
the crotyl ligand is not maintained and that a rearrangement has occurred related to but
not identical to that seen in complex 87, the product of the reaction between 81 and 2-

butyne.
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C . Mechanistic Proposals

The substitution pattern of the cycloheptadieny! product 87 obtained when
pentamethylcyclopentadienyl cobalt allyl complex 80 reacts with doubly !3C-labeled 2-
butyne indicates that the allyl ligand likely undergoes carbon-carbon bond cleavage and
rearrangement at some point in the process, while the 2-butyne portions remain intact
throughout the reaction. Mechanistically, there are several related proposals that each
accomplish this transformation, all involving rearrangements that occur after the insertion
of the allyl into the first coordinated alkyne.

The reactions of the cyclopentadienyl and methylcyclopentadienyl templates with
2-butyne give an important mechanistic clue; in order to form a dimethylcyclopentadieny!
product, a [3 + 2] cycloaddition must be a critical step in the mechanistic process. This
indicates that the original cyclopentadienyl ligand reacts to form the seven-membered
ring; the allyl ligand is incorporated into the new dimethylcyclopentadienyl ligand. Some
of these proposals, although possibilities for the CsMes template, are inconsistent with

the formation of the dimethylcyclopentadienyl products.

1. 1P-Pentadienyl Intermediates

One possible mechanism to accomplish the observed rearrangement involves
cyclization and ring opening of vinyl olefin intermediate 263 to a cyclobutenyl
intermediate (Scheme 46). The initial steps of coordination and insertion of the alkyne to
form 263 are identical to those proposed for the [3 + 2 + 2] pathway. However, ring
closure from the vinyl olefin to a four-membered ring can then conceivably occur,
generating (cyclobutenyl)methyl complex 264 which can subsequently undergo carbon-
carbon bond activation of the other B-carbon-carbon bond to form the o-alkyl nt-diene

(n3-pentadienyl) complex 265.
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Scheme 46

Z
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Although many of these intermediates are formally unsaturated 16 electron
complexes, it is likely that stabilization is effected by coordination of solvent or the
triflate counterion. A similar process, the reversible closure to a four-membered
cyclobutane ring, which has a ring strain energy of about 28 kcal/mol., has been observed
in Flood's platinum systems (Scheme 47).153¢ Subsequent alkyne insertion into
intermediate 265, although not a precedented reaction process, would complete the seven-

membered ring formation.

Scheme 47
PMeg PM
+ ez
Me Pm ;2 CoNo, E“‘*2'° Pt MezP—/;t\/—
2 7/ Tias°c D /

Another possible route to n-pentadienyl intermediate 265 is illustrated in Scheme
48. Rather than undergoing a migratory insertion to form a four-membered ring, the
vinyl ligand can migrate to the terminal carbon of the olefin, forming an nl.n2-
cyclopentenyl intermediate. This process has been proposed in the synthesis of
cyclopentadienyl ligands from [3 + 2] allyl/alkyne cycloaddition reactions.6!.62.83-
86.88.120 B-Hydride elimination and hydride reinsertion from this n!,n2-cyclopentenyl
intermediate create a new n3-cyclopentenyl (266). Although this cyclization process is
well known, facile dehydrogenation generally occurs to form a cationic cyclopentadienyl

complex 61.62.83-86.88.120 [ order to produce the cycloheptadienyl complexes, this
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cyclopentenyl complex must form the pentadieny! intermediate 265 via carbon-carbon
bond activation faster than the bis(cyclopentadienyl) cation complex is formed by B-
hydrogen elimination and dihydrogen loss. This latter process is known to occur in

sterically crowded systems.

Scheme 48
G =% < <X
c;——\ —. c'o Y e éo*‘ e clo* . -
Me Me N~
Me Me Me Me
263 266 265

However intermediate 265 may form, insertion of another equivalent of alkyne
into 265 would produce a vinyl diene complex 267, an intermediate rearranged from that .

proposed to form in the normal [3 + 2 + 2] cycloaddition reactions (Scheme 49).
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Scheme 49
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Cyclization of this viny! diene complex would give a tetramethylcycloheptadienyl
complex 268 that has the complete carbon skeleton of the final product. Intermediate 268
is an allyl-olefin complex, and repeated B-hydride elimination reactions can form triene
hydride 270. From this intermediate, hydride migration provides the final n3-
cycloheptadienyl complex 87.

The triene hydride intermediate 270 common to both of these routes presumably
goes through a series of n!.n+o-diene intermediates before the final irreversible hydride
insertion to form the observed 1?3 isomer, as described for the [3 + 2 + 2] cycloaddition
reactions (Chapter 2). However, this mechanism does not satisfactorily rationalize the
formation of one specific regiochemistry in the final product from a plethora of possible
structures. A large number of B-hydride elimination processes are apparent in
Schwiebert's iridium system, where, in some cases, several cycloheptadieny! isomers are
formed.60-61 The lack of multiple products in this cobalt manifold suggests other

pathways are in effect.

The above rationalization accommodates the formation of the observed (n3-
CsMes)Co(n3-cycloheptadienyl) products 87 and 254 but it seems unlikely that the
coordinatively saturated n3-pentadienyl intermediate 265 would react further with an
alkyne. To evaluate the reactivity of such a coordinatively saturated nS-pentadienyl
complex, 17-1-propylpentadienyl complex 252 was prepared according to the method of
Spencer.!?8 The reaction of (n5-CsMes)Co(n3- 1-propylpentadienyl) complex 252 with
2-butyne in dichloromethane at room temperature or dichloroethane at 60°C yields a
mixture of unidentified products, although cycloheptadienyl complexes are notably
absent. The lack of an isolable n’-cycloheptadienyl complex in this reaction suggests
that the open n3-pentadienyl structure is not a competent intermediate in the formation of
seven-membered ring products. However, there remains a possibility that interaction
with the alkyne is faster than rearrangement of a distorted "o-diene" intermediate or a

unsaturated n!,n2-sigma olefin intermediate to the inert planar n3-pentadienyl structure.
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The possibility of a "ring slip” of the CsMes ligand from 13- to n)3-hapticity, or the
analogous "slip" in the pentadienyl ligand could provide a coordination site for the
alkyne. However, the most probable fate of such a complex is loss of the alkyne, and the
re-establishment of the n3-ligand.

Another serious flaw in the proposed cyclopentenyl reaction pathway (Scheme
48), aside from the previously mentioned reactivity of the pentadieny! structure, is that
the activation of the ring carbon-carbon bond is unlikely to occur under these conditions.
Spencer does not observe carbon-carbon bond activation in a well characterized and very
similar agostic cyclopentenyl complex until the compound is heated to 60 °C (Eq.
100).128 n our case, cleavage of the cyclopenteny! intermediate 249 must occur well
below room temperature, incompatible with Spencer's results. Additionally, intermediate
pentadienyl complexes such as 250 have never been observed in our chemistry under
conditions of limited alkyne concentration. which might be expected if carbon-carbon
activation of the cyclopentenyl intermediate takes place. Further, this process does not

rationalize the formation of dimethyicyclopentadienyl products from the CsHs or

CsHiMe allyl templates.
ic?zas; s0C. 8 Q| BF,-
Cot* a;v - Co *‘E ¢ (Eq. 100)
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2. Alkyne Insertion Into r3-Cyclopentenyl Intermediates and Rearrangement to

P-Cycloheptadienyl Products

A more reasonable reaction pathway (Scheme 50) for the formation of nJ-
cycloheptadienyl complex 87 also involves formation of an 13-cyclopenteny! ligand 271

from cyclization of vinyl olefin. 263 (Scheme 50). This proposal accomodates both the
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anomalous [3 + 2 + 2] cycloaddition reactions and the cyclopentadienyl "exchange"
results observed for the reactions of the CsHs and CsHyMe allyl templates. Similar to
Spencer's chemistry, we propose the formation of the thermodynamically most stable n3-
cyclopentenyl structure (271) from the initial cyclization product, placing the hydride
down onto the substituted carbon to relieve the "cis-butene” like torsional strain. This
endocyclic allyl (cyclopentenyl) complex 271 then coordinates a second alkyne to form
allyl alkyne intermediate 272. In this view, the B-H elimination/re-insertion process is
simply trapped by alkyne coordination at the most stable intermediate. From here,
several alternatives can be invoked to rationalize the formation of the observed product.
[n one scenario, migratory insertion of the cyclopentenyl complex onto the alkyne
generates the key vinylcyclopentene intermediate 273. Migration of the vinyl ligand to
the coordinated olefin then generates the strained bicyclic alkyl complex 274. Metal-

mediated non-concerted [2 + 2] ring opening forms the n3-cycloheptadienyl product 87.

Scheme 50
- ; \ + : I : : :
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Electrocyclic ring opening of cyclobutenes is well known to occur thermally at
elevated temperatures.2!8 The thermally allowed concerted process for ring opening of

cyclobutene systems is required by the Woodward-Hoffmann rules to be conrotatory.
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However, the "forbidden" disrotatory process can occur at substantially higher activation
energy, estimated to be 15 kcal/mol less favorable than the conrotatory ring opening.2!8
However, in small strained bicyclic ring systems. the conrotatory process cannot occur, as
this would form a rrans double bond, which cannot be accommodated in small (<8
membered) ring systems. However, such strained systems do undergo ring opening
processes at elevated temperatures, as seen by the data in Table 7.218 Thermal ring
opening of bicyclo{3.2.0]heptene itself occurs at 400-500°C (Entry 3), although strong
substituent effects have been observed, dramatically enhancing the rates and changing the
mechanism for ring opening in both amino- and cyano-substituted bicyclo[3.2.0]heptene
compounds (i.e., Entry 4). Rather than a concerted electrocyclic process that is seen in
unconstrained systems, small ring systems can undergo ring opening via a diradical
pathway. The amino- and cyano- substituents help stabilize the radical intermediate, thus

lowering the activation energy for ring opening.

Table 7. Thermolysis Products of Strained Bicyclic Hydrocarbon Systems2!8

Entry Starting Diene Temp (°C) Product
20-25

1

> 150

=400

S IE,

250

175-180

J&gﬁOOO

RO Lk
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Assuming that the cobalt bonding stabilizes radical-like intermediates, ring
opening of cobalt intermediate 274 may thus be observed at relatively low temperatures.
Other metal catalyzed ring opening reactions occur by both formally allowed and
disallowed pathways.2192b [n particular, the metal-mediated ring opening reaction of a
bicyclo[3.2.0]heptene system and gas phase reactions of CpFe* with alkynes are reported
to proceed via a similar pathway.>!9¢.d

The ring strain in cyclobutene itself is 28.5 kcal/mol2!8 and although this does not
necessarily rule out the formation of cyclobutene intermediate 274, other possible
mechanisms avoid the formation of such a high-energy intermediate. The vinyl
cyclopentene intermediate complex 273 could alternatively undergo direct carbon-carbon
bond activation of the cyclopentene ring adjacent to the coordinated olefin (Scheme 51).
This generates what appears to be a bicyclic Co(V) intermediate (275); however, this
structure can relax into a Co(IIl) vinyl carbene structure (276). 1,2-Migration of the
metal vinyl to the carbene, a well-precedented fundamental reaction,220 closes the
carbocyclic ring to form the n3-cycloheptadienyl product.

Scheme 51
concerted reaction
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An 12-vinyl structure (277) related to 273 can be used to view this process from

another perspective: a "simple" B-carbon elimination (Scheme 52). In this

\ﬁDk \@(m

Scheme 52.

Me Co"'
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I-metallacyclopropene structure, a $-carbon elimination reaction forms intermediate 276
directly. Casey has described several examples of isolable or intermediate 1-
metallacyclopropene complexes from the protonation of alkyne complexes.221

Both of these proposals (Schemes 51 and 52) have several advantages over the
previously proposed mechanisms. Only one cycloheptadienyl product is formed, via
processes that offer little possibility for other isomers. Only a few assumptions are made
in this proposal. The n3-cyclopentenyl intermediate that reacts with the alkyne must be
the isomer with one methyl group on an sp3-carbon (271). It also is assumed that the
insertion of the alkyne into the cyclopentenyl ligand occurs at the less substituted side of
the cyclopentenyl ligand. This mechanism demands that B-hydride elimination and
hydride insertions are fast relative to the coordination of a second alkyne. This does not
preclude the possibility that an agostic cyclopentenyl complex, similar to Spencer's

isolable ethylcyclopentenyl, forms and equilibrates rapidly via hydridocobalt diene
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intermediates. In this case, the cyclopentenyl intermediate 271 then preferentially reacts
with the alkyne, draining the equilibrium toward a single product. This proposal fits the
13C labeling results from the reaction of 87 with doubly !3C-labeled 2-butyne.

[n the allyl templates 125 and 128, the observation of the cyclopentadieny! ligand
"exchange” is also accommodated by these mechanistic proposals. The formation of G-
intermediate 279 is the result of the cyclization of viny! olefin intermediate 278 (Scheme

53). The nonconjugated cyclopentenyl intermediate 279 then undergoes B-hydroge

Scheme 53
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elimination to give diene hydride 280, which may be in equilibrium with the agostic
structure 281. Although the ring opening pathway proposed above for the CsMes
systems may exist, other pathways may dominate in less hindered systems. Migration of
the hydride ligand can occur back to the dimethylcyclopentadiene ligand, but the hydride
may also migrate to the n3-cyclopentadieny! ring (a formal reductive elimination),
forming the pseudo-symmetrical bis(diene) intermediate 282. Activation of the carbon-
hydrogen bond of the dimethylcyclopentadiene (an oxidative addition reaction) reforms a
cobalt(IIl) diene hydride 283, with the cyclopentadiene and cyclopentadienyl rings now

inverted. Subsequent hydride insertion into the diene creates a new endocyclic 13-
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cyclopentenyl fragment 284. Further reaction with alkyne occurs to form the observed
dimethylcycloheptadienyl product 288, as discussed above.

[n order to produce a single product, one of two phenomena must occur. [n one
case. all of the proposed hydride eliminations and re-insertions are in equilibrium, driven
to products by the greater stability of the dimethylcyclopentadienyl ligand compared to
the unsubstituted cyclopentadienyl. Alternatively, the rate of alkyne insertion to 284
must be much faster than the rate of insertion to 281, draining off an unfavorable
equilibrium by this kinetic partitioning. Even the methylcyclopentadienyl allyl complex
128 (Eq. 94. page 153) apparently undergoes this rearrangement, favoring a
dimethylcyclopentadienyl complex exclusively over the methylcyclopentadienyl
complex. Again, these hydride shifts must be fast compared to coordination of the
second alkyne in order for these rearranged intermediates to form.

The migration of the hydride ligand from one ring to the other is not
unreasonable, as related transfers have been observed in ruthenium chemistry (Eq. 101).
Thermolysis of 285. for example, yields bis(n3-cyclooctadienyl) ruthenium.
[somerization of 285 to a 1.3-cyclooctadiene complex is followed by allylic carbon-

hydrogen activation, and transfer of the hydride to the 1,3,5-cyclooctatriene ligand.222

\/ toluene 110°C
u]

)

—_——Au\ (Eq. 101)

To rationalize why some reactions appear to follow a [3 + 2 + 2] allyl/alkyne

[R

9

285

10 h, quant. -

cycloaddition pathway, while others undergo a [S + 2] ring opening process, consider the

relative rates of ring closure (Path A) versus alkyne insertion (Path B) in the vinyl olefin
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intermediate (Scheme 54). In CsMes allyl and crotyl complexes, the large steric presence
of the pentamethylcyclopentadienyl ligand hinders coordination of the second alkyne.
The relatively strongly electron donating CsMes ligand may also stabilize 16e-
intermediates, thus allowing time for the vinyl olefin to cyclize and rearrange to

cyclopentenyl 286 (Path A). With Cp and Cp' allyl complexes 126 and 129. there is both

R R
%- ]""’\ — /--'-[M; \
o \
Me Me™ XX
Me

N,

Scheme 54
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[M] = (CsMes)Co or (CsHs)Co or (MeCgH,)Co
S = solvent

a lower electron density at cobalt and less steric interaction between the ligands and
approaching alkyne. Although the alkyne may coordinate to help stabilize the more
electron poor cobalt, cyclization to five-membered ring 287 may occur preferentially over
alkyne insertion (Scheme 54, Path A"). This process ultimately forms the new
dimethylcyclopentadienyl ligand. The preferential cyclization may reflect a lower steric
barrier to migration of the vinyl ligand to the unsubstituted coordinated olefin and a
higher insertion barrier to the disubstituted alkyne. However, with crotyl complexes, the
extra methyl group on the pendant olefin may inhibit vinyl migration and thus the rate of
ring closure, resulting in consecutive alkyne insertions to form vinyl intermediate 288

(Path B). An opposite view is that the terminal olefin on the chain does not coordinate at
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all to the metal (Path B"). In this scenario, the cobalt center is highly unsaturated; thus.
the vinyl group or alkyne may act as a four electron donor to help stabilize the metal
center. Competitive 11!,n2-vinyl coordination may explain why the terminal olefin
dissociates from the metal center. Coordination of the second alkyne is therefore fast
relative to olefin recoordination and ring closure, resulting in the formation of the [3 + 2
+ 2] cycloaddition product.

Since we have shown that Cp*Co croty! complex 81 inserts two acetylene
molecules to form a cycloheptadienyl product with an endo-methy! stereochemistry
(Chapter 2. page 56) the intermediates 289 and 290 (Scheme 55) presumably have endo

methyl groups as well. A high barrier therefore exists to dehydrogenative aromatization

Scheme 55
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leading to a trimethylcyclopentadienyl complex 291. In order to form an aromatic
cyclopentadienyl ring (291), either an exo [1.5]-hydride shift or carbon-carbon activation
of the endo methyl group must occur from 290, both of which presumably have relatively
high energy barriers. Another potential mechanism involves the deprotonation of the

cyclopentenyl ligand by an external base and subsequent re-protonation at the metal.
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This acid-base reaction pattern likely occurs in related ruthenium chemistry from this
group.!20 Intermediate 292, formed from alkyne insertion into the cyclopentenyl
intermediate, presumably forms the cycloheptadienyl product 254 via further reactions. as
discussed above.

The rearrangement that takes place to form complex 262 (Eq. 99. page 160) can
now be more easily explained, although the assignment of this complex is still tentative.
The following mechanistic rationale also contains steps that are unique to this particular
complex and, as such, is relatively more speculative. Starting from the crotyl triflate
complex 81, coordination and insertion of ¢-butylacetylene forms vinyl olefin
intermediate I or II (Scheme 56). Note that the product 262 does not allow a distinction

Scheme 56
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to be made between insertion structures I and II. All other insertion modes lead to
products with adjacent alkyl groups, which is a stereochemistry not observed in the major
product in this reaction. Cyclization to a five-membered ring (III) occurs, followed by a
series of hydride rearrangements to form cyclopenteny! intermediate V. Note that -
hydride elimination and reinsertion reactions are not sufticient to form VI, but a hydride
shift must also occur to move the methyl group from the endo position. Consistent with
the G-diene intermediates proposed in both ruthenium and cobalt cycloheptadienyl
formation. the initial B-hydride elimination product IV may reinsert to form a 6—xt
intermediate V.

This is apparently an exception to the other rearrangements of cobalt
cyclopentenyl intermediates to reinsert directly on top of an alkyl group. and reflects a
strong tendency to place the bulky ¢-butyl group away from the metal center. It is
possible that the 5-bound carbon atom in intermediate V has sufficient carbocation
character that a [1,2]-hydride shift occurs (Path A). directly forming the "active"
cyclopentenyl complex VI. Another possibility is an external base deprotonating an exo
hydrogen in intermediate V (Path B) and then protonating the metal center. As
previously mentioned, this base-mediated hydrogen atom shuttle has been implicated in
ruthenium-based chemistry in this group.!20 Insertion of the second alkyne into the less
substituted end of the cyclopenteny! ligand forms vinyl olefin VII, which converts to the

observed product 262.

D. Attempted Synthesis and Reactivity of a Proposed Intermediate
Several of the proposed intermediates in the reaction mechanism may be
accessible by independent synthesis, permitting an assessment of the competency of the

proposed mechanism. Bicyclo[3.2.0]heptadiene 295223 is readily synthesized from

cyclopentadiene (Scheme §7) and, upon coordination to cobalt, protonation may provide
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an intermediate similar to 274 in Scheme 50. Cyclopentadiene undergoes a thermal [2 +

2] cycloaddition reaction with dichloroketene. prepared from in situ dehydrohalogenation

Scheme 57
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Reaction conditions: i) Et;N, CI,CHCOCI, hexanes. ii) NaBH,, methanol.

iii) MSCI, Et;N. iv) Na/NH,. v) CpCo(C,H,),, pentane, RT, 4h. vi) HBF,,

alkyne, CH,Cl,.
of dichloroacetyl chloride. to yield 293. Reduction of the bicyclic ketone gives the
alcohol 294 as a 8:1 mixture of endo and exo isomers. The reaction of the resulting
isomeric alcohols with methanesulfonyl chloride yields the mesylate, which is used
directly in the next step without purification or characterization. Sodium reduction of the
mesylate forms the diene product (295).

Olefin exchange of 295 with CpCo(C2H)> was attempted, but does not proceed
smoothly. Although the major product is tentatively assigned as the coordinated diene,
the 'H NMR spectrum contains several other unidentified complexes. Protonation of the
exchange mixture gives only an uncharacterized mixture of paramagnetic material.

Different results are obtained when this diene reacts with other transition metal
complexes. Sodium carbonate reduction of [(CsMeg)RuCl]; in ethanol in the presence
of bicyclo[3.2.0]heptadiene gives [(CeMeg)Ru(1-Et-CsHg)]* Cl- as the only identifiable
organometallic product, in good (70%) yield (Eq. 102). Similar reduction of

[(CsMes)IrClz]; also produces an ethylcyclopentadienyl complex, but in low yield.
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(HMB)Ru Ru(HMB) + (Eq. 102)

SNer” 78°C,12h <&n;}\

The failure to synthesize the proposed bicyclic intermediate is somewhat

cl "Q -
SN Na,C Oy/EtOH | cl
Et

discouraging. We thus decided to target intermediates further back along the proposed
mechanistic pathway. Unfortunately, this does not allow us to distinguish between
several of the key intermediates, but still allows a test of the overall mechanistic proposal
that the reaction proceeds via kinetic formation and cleavage of an unsaturated
cyclopenteny! intermediate. This work has led to a new general procedure for the two
carbon ring expansion of cyclopentadiene ligands, forming cycloheptadienyl ligands in

high yield.
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Chapter 5. [S + 2] Cycloaddition Reactions of Coordinated
Cyclopentadiene Ligands: A New Ring Expansion Strategy for the
Synthesis of n5-Cycloheptadienyl Complexes

I. Introduction

Another entry point into the proposed ring expansion mechanism involves the
independent synthesis of (n5-C5RnHs-n)Co(n"‘-cyclopentadiene) complexes. followed by
protonation of the coordinated diene to generate an n3-cyclopentenyl ligand analogous to
271 or 284. the proposed intermediates. This was accomplished and has led to the
development of a general new ring expansion reaction in which a five-membered ring is
cleaved, one alkyne molecule is inserted, and the ring is reclosed to form a coordinated
seven-membered ring complex. Thus, not only have we established the competency of
such an intermediate in the abnormal [3 + 2 + 2] reaction, but we have also created an
entirely novel reaction of potential synthetic importance, based on an electrophilic metal-

mediated carbon-carbon bond activation reaction.

II. Results and Discussion

A. Preparation of Cp*Co(Cyclopentadiene) Templates

The synthesis of (n3-pentamethylcyclopentadienyl)cobalt(*-cyclopentadiene)
complexes is not straightforward. When attempted, thermal diene exchange with (n3-
CsMes)Co(C2Ha)2 79 in hexanes at 65 °C led only to the formation of intractable
material. This is likely due to cyclopentadiene dimerization at the temperatures required
to initiate ethylene loss from the starting complex. Labilization of the ethylene ligand

then occurs in the absence of a suitable ligand and the complex decomposes.

178



Photochemical exchange was then attempted using (CsMes)Co(CaHy)r and
excess cyclopentadiene, resulting in a mixture of products. Closer examination of this
product mixture, however, revealed that only two compounds, (n>-
pentamethylcyclopentadienyl)cobalt(n*-cyclopentadiene) (296) and (n3-
cyclopentadienyl)cobalt(n*-pentamethylcyclopentadiene) (297) are formed ( Eq. 103).
Under photolytic conditions, the ethylene ligands are labile and are indeed displaced by
the cyclopentadiene. A slow nitrogen purge is used to drive the equilibrium toward the
cyclopentadiene complex by removing ethylene from the system. A further
photochemical rearrangement occurs: activation of a methylene C-H bond of the
coordinated cyclopentadiene. The hydrogen atom is transferred to the CsMes ligand,

torming diene complex 297. A large singlet at §4.36 in the |H NMR spectrum of

= DX e

e Eq. 103
Co hexanes l - Co M (Ea )
7N\ hv, 0°C, 45-60 min
X 7
>95% Q
variable ratio
79 296

the product mixture confirms the presence of an n3-cyclopentadienyl ligand. Three
methyl signals in the 'H NMR spectrum at § 2.10 (s, 2 Me), 8 1.18 (s, 2 Me) and & 0.28
(d.J=6.1 Hz, 1 Me) show the disruption of the symmetry of the n5-CsMes ligand and
formation of the less symmetric n4-CsMesH group. The endo hydrogen has a
characteristic signal at 8 2.48 (quartet, J = 6.0 Hz). The infra-red spectrum of the product
mixture shows an unusual absorption at 2721 cm!, a frequency normally attributed to the
stretching of an exo hydrogen atom of a ring complexed to a transition metal.!00 This
stretching frequency is therefore attributed to the other isomer: (n3-CsMes)Co(n#-CsHg).
The absorption band is quite strong and appears in all IR spectra for complexes of the
form (15-CsMes)Co(n*-CsHsR). This isomer is identified by the large CsMes singlet at
0 1.74 in the 'H NMR spectrum. The cyclopentadiene olefin signals are found at 4.75
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ppm for the internal positions and at 1.76 ppm for the terminal hydrogen atoms of the
diene, although this latter signal is partially obscured by the C sMes singlet. The
methylene hydrogen atoms resonate at 2.66 and 2.30 ppm and are easily recognizable by
integration and their mutual 13.5 Hz coupling constant; however. they show only small
(about 1-2 Hz) coupling to the terminal diene protons.

This reaction proved difficult to reproduce exactly; varying mixtures of the two
products are obtained. depending on photolysis time and temperature, indicating that a
photoequilibium is not necessarily reached under the reaction conditions. Brief
optimization attempts show that the hydrogen atom transfer is apparently driven toward
the n*-pentamethylcyclopentadiene product by photolysis. After prolonged photolysis
(CeDe. 2 h) with a 400 W Hanovia Hg-arc lamp, a 6:1 mixture of the two products is
obtained. tavoring 297. By !H NMR spectroscopy, this ratio does not significantly
change after several days at room temperature, suggesting that thermal rearrangement
back to the pentamethylcyclopentadienyl complex is either very slow or disallowed. The
entire isomerization process thus appears to be photolytic in nature. However, these
conclusions are preliminary at best and further study of this isomerization process is
warranted.

Molecular orbital calculations have shown that there is a strong antibonding
interaction between the metal and the endo hydrogen of the methylene in dS-transition
metal cyclohexadienyl complexes (Figure 13, page 138).175d The interaction is not as
strong in cyclopentadiene complexes, but it is still present. This causes the methylene
carbon of the cyclopentadiene ligand to be significantly bent away from the metal and
renders the thermal activation of this C-H bond more difficuit. However, upon
photolysis, this interaction is greatly reduced, and C-H bond activation is more facile.
The hydride ligand can then be transferred to the CsMes ring.

There are several possible reasons why the hydride may transfer to the CsMes

ring. Upon transfer, the pentamethylcyclopentadiene structure no longer has five
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mutually adjacent methyl groups in a planar arrangement; thus, some steric crowding of
these buttressed methyl groups is alleviated. Another plausible rationale is that the
strongly electron donating n3-CsMes ligand places too much electron density onto the
already relatively electron rich cobalt(I) center. The stronger interaction with the more
weakly electron donating n3-CsHjs ligand is therefore more favorable.

The photochemical reaction of (nS-CsMes)Co(C2H4)3 with substituted
cyclopentadienes gives even more complex mixtures (Eq. 104). Positional isomers of the
alkyl-cyclopentadiene ligand are produced, along with the pentamethylcyclopentadiene
isomer. Because excess diene is used to trap all of the cobalt starting material, small
amounts of cyclopentadiene monomer and dimer may also be present. All products
except the unsubstituted complex 297 are obtained as red oils that solidify at -35°C; the
parent complex slowly solidifies at room temperature. Due to the high solubility of these
complexes in organic solvents, crystallization could not be readily induced, although
sublimation is an effective purification for the lower molecular weight complexes 297
and 298. For simplicity, this mixture of isomers will generally be referred to as the single
isomer (n2-CsH4R)Co(n*-CsMesH), the most prevalent and recognizable isomer, rather

than attempting to provide a complete description of each individual mixture.

Co —=—/—= Co M (Eq. 104)
X, o ) L
v, 0°C, min ==
X 7 90-100% QI\?‘ Q—R
79 298, R = Me
299, R = t-Bu
300, R = TMS

Other n*-pentamethylcyclopentadiene metal complexes are relatively rare,
making these complexes highly unusual. A small number of (n*-

pentamethylcyclopentadiene)iron complexes are known, as well as several other

complexes such as (n5-CsMes)M(n*-CsMesH) (M = Co, Rh).224.225 Maitlis and others
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have reported the preparation of a similar complex, (n3-CsHs)Rh(n+-CsMesH).226 Most
of this chemistry relies upon metal atom vapor synthesis or the reaction of metallicenium
cations with hydride sources. Platinum complexes of n*-CsMesH (301) have been
prepared by the direct reaction of metal salts with the free pentamethylcyclopentadiene
ligand (Eq. 105).227 A similar reactivity pattern has been observed in palladium
chemistry.228 Further reaction of these complexes with TICp and TIBF; yields [(n3-

CsHs)Pt(n+-CsMesH)|* BF,-, present as both endo and exo isomers.227

H Me e Me y
K2PtClySnCl/HCI Me Me
- H * Me (Eq. 105)
MeOH, 65°C, 83% Me” | “me Me” | “Me
PtCl, 3:1 ratio PtCl,
exo-301 endo-301

B. Ring Opening Reactions of Cp*Cobalt Cyclopentadiene Ligands

To test the proposed mechanism for ring opening, the reaction of the pure
pentamethylcyclopentadienyl complex 296 would provide the least complicated results.
However, this complex could not be separated from the cyclopentadienyl isomer 297, so
the mixture of isomers was sixbjected to conditions conducive to ring opening.
Protonation with HBF4Et,0 in dichloromethane at -78°C proceeds smoothly in the
presence of excess 2-butyne to give dimethylcycloheptadienyl complex 193 in good
(70%) yield (Eq. 106). Pentamethylcobalticenium 302 is obtained as a minor byproduct
from dehydrogenation of the cyclopentenyl intermediate. Only the unsubstituted
cyclopentadienyl ring appears to undergo cleavage; this indicates that, under these
reaction conditions, hydride migrations in the protonated cobalt(III) intermediates are
quite facile. Furthermore, it appears that there is an equilibrium that favors formation of
the unsubstituted cyclopentenyl intermediate, regardless of the starting isomer, so that

only a single insertion product is generated. Thus, the reaction yield is not affected by
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the use of the isomeric mixture of the starting cyclopentadiene complexes. The
cycloheptadienyl complex 193 is identified by several characteristic signals in the 'H
NMR spectrum. The pentadienyl fragment is identified by three signals in the 'H NMR
spectrum: a doublet at § 4.67 (J =9 Hz, Hj), a multiplet signal at  4.40 (H)), and a
doublet of doublets (/= 7.3, 4.0 Hz) at 4.04 ppm (Hs). Four signals at 2.45 (H7ando).
2.05 (Hgendo), 1.58 (H7exo) and 0.77 (Hgexo) ppm correspond to the two methylene units.
Two quaternary carbon signals are seen in the 13C NMR spectrum, at 110.9 (C3) and
107.4 (C4) ppm. Three other carbon signals attributed to sp>-hybridized carbon atoms are
present: doublets at § 97.7 (Ca, Jcy = 165 Hz), 93.5 (Cy, lJcy = 150 Hz) and 87.0 (Cs,
lJch = 156 Hz). In addition. both the HMQC and HMBC spectra strongly support the

cycloheptadienyl structure as shown.

me Me K 7
] [ HBF4’Et20 I +

H
Me - Co Eq. 106
Me co -— Clo Me————Me (Eq )
@ = | -78ecoRT d:
- Me
297 296 193, 70%

+ [Cp*CoCp]* BF
302

Although the spectroscopic data unequivocally support the structure of 193,
suitable crystals for X-ray diffraction analysis were grown by layering diethyl ether on
top of a solution of 193 in 5% acetonitrile/dichloromethane. The crystals proved to be
severely disordered; although the resulting crystal structure can be used to determine
atom connectivity, other factors such as bond lengths and angles were not reliably
obtained (Figure 14). Further derivatization of this complex has already been described

(Chapter 3, page 110).
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Figure 14. ORTEP!!5 for Complex 193 from University of Alberta Department of

Chemistry Structure Determination Laboratory Report # IMS9605

C19
f
¢)

Final Residuals: Ry = 0.0591; wR3 = 0.1371. Data obtained at -60°C. Non-hydrogen
atoms are represented by Gaussian ellipsoids at the 20% probability level.

Selected Bond Distances (A): Co-Cl, 2.031(7); ; Co-C2, 2.046(6); Co-C3, 2.060(7);
Co-C4, 2.016(6); Co-CS5, 2.072(10); C1-C2, 1.335(12); C1-C7, 1.35(2); C2-C3,
1.577(13); C2-C8, 1.419(11); C3-C4, 1.352(14); C3-C9, 1.451(12); C4-CS, 1.341(12);
C5-C6, 1.356(15); C6-C7, 1.80(3).

Selected Bond Angles (deg.): C2-C1-C7, 146.4(16); C1-C2-C3, 112.9(7); C1-C2-C8,
133.7(11); C3-C2-C8, 113.2(9); C2-C3-C4, 119.7(7); C2-C3-C9, 114.1(10); C4-C3-
C9, 125.5(11); C3-C4-C5, 123.0(11); C4-C5-C6, 144.1(13); C5-C6-C7, 100.3(10); Cl-
C7-C6, 107.4(13)
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To provide more information on the reactivity of the proposed cyclopentenyl
intermediate, the reaction of (19-CsMes)Co(n*-CsHg) (296) with DOTT in the presence
of 2-butyne was investigated, with the expectation that some deuterium scrambling would
be observed. The triflate counterion strongly affects this reactivity pattern, as
pentamethylcobalticenium complex 302 is obtained as the major product; no seven-
membered ring is observed by TLC analysis or by !H NMR spectroscopy. Since
deuterated HBF is not readily available, the opposite labeling study was undertaken: the
reaction of the perdeuterated cyclopentadiene ligand with HBF4*Et;0. Hexadeuterated
cyclopentadiene was prepared according to the literature procedure22? and reacts with
(13-CsMes)Co(CaH4)a to yield the deuterated complexes 296-dg and 297-d¢ (Eq. 107),

as deduced from 'H and 2ZH NMR spectroscopy.

Me

M

< O =X e
[ ~ clI +  Me °° (Eq. 107)

Co hv - ° Co M
B\ =

X ¥ <X é%

79 296-dg 297-dg

The reaction of 296-dg with HBF 4°Et0 and 2-butyne in dichloromethane gives
both alkyne insertion and dehydrogenation products (Eq. 108). Spencer reports that the
protonation of CpCo(norbornadiene) occurs initially at the cobalt center.!282 Based on
this result, it was expected that the hydrogen atom would be observed only at the 6-endo
and 7-endo positions. However, the |H NMR spectrum of complex 193-dg shows
significant amount of protium content in all positions except the two exo positions,
although the resolution at these latter signals is poor. These signals are normally quite
broad and in the hydrogen-depleted complex, may be lost in the baseline noise. Although
we anticipated that 2H NMR spectroscopy would show no signals for the 6-endo and 7-

endo positions, the data show that each position is partially and equivalently deuterated.
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- H/D cQ H/q,,D . Cl:o+ (Eq 108)
l; Me—==—Me Me 3K H/D 4
&> CHiLly 120 ( I wo <L
q -78°C—RT Me HID
5 H/D
296-d 193-d, 302-ds

These results are not readily rationalized. Protonation exclusively at the metal
center cannot explain the extensive scrambling of the proton "label". In contrast,
protonation on the exo face of the cyclopentadiene ligand would result in scrambling
everywhere except the 6-endo and 7-endo positions. However, since the 7-¢r'do position
is clearly visible in the 'H NMR spectrum, some of the hydrogen "label" must be placed
there. Consequently, there must be some mechanism for exchanging the endo and exo
hydrogen atoms other than B-hydrogen elimination reaction at the metal center. Rational
possibilities include a [1.5]-hydride shift or deprotonation by an external base
(presumably diethyl ether), followed by reprotonation at the metal. These phenomena
have not been conclusively demonstrated and further study of this reaction is warranted.

Substituted cyclopentadiene complexes also undergo similar ring expansion
reactions (Table 8). Methylcyclopentadiene complex 298 (along with its isomer), upon
reaction with HBF4+Et0 and 2-butyne in CH,Cl», generates the 2,3,5-
trimethylcycloheptadienyl complex 303 in 55% isolated yield (Eq. 109) after purification
by flash chromatography. The trimethylcycloheptadienyl pattern is established by the

observation of only two downfield signals in the 'H NMR spectrum at & 4.80 (s, H4) and

me Me Q
H)@r"‘ MHaF.-Et,oM (l: L~ BF
= e
me co Me 2 - Me_|° (Eq. 109)
CH,Cly, 12h 3
-78°CRT Me 7

55%
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Table 8. Comparative 'H NMR Spectroscopic Data For Cp* n3-Cycloheptadienyl

Complexes Derived from Ring Opening Reactions of Cp*Co(1-R-Cyclopentadiene)

193 303 304 309 310
H; 4.40 (ddd) 3.91 (dd) 4.05 (dd) 3.98 (d) 4.29 (ddd)
J12 9.0 Hz b b b 10 Hz
H> 4.67 (br.d) b b b 4.59 (d)
Ja3 NA b
Hjs b b b b b
J3.4
Hy b 4.80 (br s) 5.00 (d) 5.08 (d) b
Ja.5 b 8.3 Hz 8.2 Hz
Hs 4.04 (dd) b 4.15 (dd) 4.26 (ddd) 3.82 (dd)
J5.6endo 4.0Hz 5.0Hz 8.0 Hz 8.4 Hz
Js.6exo 7.3 Hz 4.4 Hz 4.5 Hz
Héendo 2.00 (m) 1.670 (m) 0.21 (ddd) 2.0 (m) 1.8 (m)
J6endo-6exo 16.5 Hz 14.5 Hz b 13.8 Hz 12.6 Hz
Jéendo-7endo 9 Hz 7.9 Hz 11.8 Hz b b
Jéendo-7Texo a a 5.3Hz a a
Hé6exo 0.77 (dddd) | 0.70 (ddd) b 0.19 (dddd) | -0.14 (ddd)
Jeexo-Tendo 8 Hz 8.1 Hz b b
.Iﬁexo-']exo 5S9Hz 5.5Hz 9.6 Hz 10.5 Hz
H7endo 2.45 (dddd) | 2.50 (dddd) | 2.64 (ddd) b b
J7endo-Texo 159 Hz 16.7 Hz 16.0 Hz
J7endo-1 4.5Hz 4.6 Hz 3.5Hz
Hexo 1.58(dddd) | 1.675(m) | 2.15(ddd) | 2.8 (m) 2.8 (m)
J7exo-1 3.3Hz a 3.5Hz 36Hz 3.6 Hz

2 Numerical value for the coupling constant was not obtained due to second order

character or complexity of the signal. ® Not applicable due to a non-hydrogen
substituent.
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3.91(dd,J =7.3,4.0 Hz, H|). Other signals pertaining to the methylene units of the
seven-membered ring are also present. fitting the general pattern observed for the spectra
of cycloheptadienyl products (Table 8).

The reaction of ¢-butylcyclopentadienyl complex 299 with HBF *Et;0O and 2-
butyne in CH»Cl» forms the cycloheptadienyl complex 304 in 50% yield (Eq. 110). As
previously observed in the product obtained from the reaction of crotyl triflate complex
85 with r-butylacetylene (Chapter 4, Eq. 96, page 155), the t-butyl group in complex 304
is found on an sp3-hybridized carbon of the cycloheptadienyl ring. This presumably
retlects a preference to place the large r-butyl group away from the metal center. The
substitution pattern of this seven-membered ring product is revealed by the three typical
signals in the 'H NMR spectrum at 5.00 (Hy), 4.15 (Hs). and 4.05 (H|) ppm,
characterizing the pentadienyl framework. In addition, only three upfield signals are
observed resonating at 2.64 (H7endo). 215 (H7exo), and 0.21 (Hg) ppm. Since both
methyl groups are singlets at 8 2.24 and § 1.88, they must be on the pentadienyl

fragment: thus, it is the ¢-butyl group that is attached to Cg.

me V€
e Me BF,‘-
HB FQ‘E'QO [

H iy
Me Clo Me M e, we §° (Eq. 110)
CH,Cl,, 12h ‘@
$ -78°CHRT Me H
"BU_Q 50%  Bu
299 304

Since only a single product is obtained in both of these reactions, only one
substituted cyclopentenyl isomer is formed or is kinetically trapped by the alkyne. With
methylcyclopentadiene, the product substitution pattern reveals that the 1-
methyicyclopentenyl intermediate 308 is formed, consistent with inductive stabilization
of the allyl ligand by the methyl group (Scheme 58). However, the reaction of ¢-
butylcyclopentadiene apparently leads to a different cyclopentenyl isomer, 307, with the

t-butyl group located off the allylic framework. [t is likely that the steric profile of a 1-¢-
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butyl group destabilizes coordination of the cyclopentenyl through interaction with the
large Cp* ligand. This steric strain is alleviated by placing the -butyl group exo to the
metal center. Both cyclopentenyl intermediates 305 and 307 insert the alkyne in the less
substituted side of the allyl framework, generating vinyl alkene intermediates 306 and
308, respectively. The conversion of the vinyl alkene complexes to cycloheptadienyl

products has been previously discussed (see Chapter 4, Section 2, page 165).

Scheme 58
o ﬁ% f@i

As also previously discussed, Spencer reports ring opening upon protonation of a
cyclopentadiene complex.!28 In his system, an agostic ethylcyclopenteny! intermediate is
formed at temperatures slightly above 0°C, although ring opening is not observed until
much higher temperatures. We were interested to determine the competency of this
agostic complex in our ring opening reaction.

Following Spencer’s procedure, (113-CsMes)Co(m-4-vinyicyclopentene) was
synthesized starting from norbornadiene. 128 Protonation of this complex using
HBF4°Et70 at -78°C in CH,Cl; was carried out and the solution allowed to warm to
room temperature for 2 h, after which it was re-cooled to -78°C. This procedure was

intended to allow the protonated complex to rearrange to agostic intermediate 173, as
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shown in Eq. 111. Addition of excess 2-butyne at -78°C did not induce a noticeable color
change. However, after slow warming to room temperature and chromatographic work-
up. a l:1 ratio of regioisomeric cycloheptadienyl complexes 309 and 310 was isolated in

low yield (Eq. 111).

~ _ (Eq. 111)
BF, -
> | =x L TS
] i 0! i Co + Co
CO —— H —
/ & 1 7 1 7
| _ H H
173 309 1:1 310

Conditions: (i) HBFEt,0, CH,Cly, -78°C—RT. (ii)
2-butyne, CH,Cl,, -78°C—-RT, 12h, 36%

Because this reaction could not be followed by !H NMR spectroscopy. due to the
formation of paramagnetic material, it is difficult to draw any definite conclusions.
However, the agostic interaction does not prevent this reaction and the 2-butyne
apparently inserts equally into either terminus of the cyclopentenyl ligand in 173,
generating the isomeric cycloheptadienyl complexes. Note that this result differs slightly
from the reaction of the methylcyclopentadiene complex 298: the ethyl group is
positioned on the endo face, preventing positional isomerization by B-hydride
elimination/re-insertion reactions. The methyl group in 298, in contrast, does not hinder
B-hydride elimination induced rearrangements and the cyclopentenyl ligand is fully
tluxional. The presence of the methyl group on the cyclopentenyl intermediate also
inhibits the alkyne from inserting into that position; this results in the formation of only
one isomer. The endo ethyl group apparently has little effect on the alkyne insertion
regioselectivity and, as a result, the alkyne inserts into either end of the cyclopentenyl
intermediate. It is also interesting that the ring-opening reaction that yields
cycloheptadienyl complexes 309 and 310 proceeds at ambient temperatures or lower, but

the direct C-C activation of 173 occurs only at elevated (60°C) temperature.
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Other substituents on the cyclopentadiene ligand, such as the trimethylsilyl group,
are less successful in the production of seven-membered ring products.
Trimethylsilylcyclopentadiene complex 300 does react with HBF4*Et>0O and 2-butyne,
but the reaction is not clean. The only product isolated after chromatography is the
desilylated dimethylcycloheptadienyl complex 193 (Eq. 112) in about 25% yield. It is
not clear if the desilylation occurs during the reaction or during the chromatography.
However, other cycloheptadienyl complexes containing trimethylsilyl groups on the
pentadienyl portion of the cycloheptadienyl ring are stable to both the acidic reaction
conditions and silica gel chromatography (vide infra). This suggests that the
(rimethylsilyl)cyclopentenyl intermediate formed in the reaction may have the SiMe;
group attached to a sp3 carbon center, similar to the r-butyl substituted case (304). The
Csp3-Si bond must more readily protodesilylate than the Csp1 -Si bond in order to

observe only desilylated product.

Me Me
HBF Et,0 |
H )5 +Et +
Me - i
Me co Me———Me fo (Ea. 112
CH2C|2, °78°C
TMS—@ ca. 25%  Me
300 Me™ 193

Only electron donating substituents on the cyclopentadiene ligand have been
evaluated thus far. To test for electronic effects and to introduce greater functionality,
carbomethoxycyclopentadiene complex 311 was synthesized (Eq. 113). This complex,
upon reaction with HBF4*Et;0 and 2-butyne, forms a mixture of unidentified products.
The only isolable compound, produced in low yield, appears to be the cobalticenium
complex, identified by TLC analysis. Carbomethoxycyclopentadiene reacts with
(CsMes)Co(C2H4)2 under photolytic conditions to give a mixture of isomers, which was

characterized by mass spectrometry and used directly in the next step.
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c . Co M = (Eq. 113)
\/ °\/ hexanes Me—=—=—=—Me
N / hv,0°C, 45-60 min @_
' CO,Me
79 311

Another test for the proposed abnormal [3 + 2 + 2] reaction pathway is the
reaction of the dimethylcyclopentadiene derivative (n3-CsH3Mes)Co(n+-CsMesH) 312
with HBF4*Et>O in the presence of 2-butyne, intercepting the putative intermediate
formed in the reaction of allyl complex 80 with 2-butyne. 1,2-Dimethylcyclopentadiene
was prepared using the procedure of Boag, in which 2,3-dimethylbutadiene is
cyclopropanated using r-BuOK and bromotorm (Scheme 59).230 The resulting 1,1-
dibromo-2-methyl-2-isopropenylcyclopropane reacts with MeLi to provide 1,2-

dimethylcyclopentadiene after aqueous workup.

Scheme 59
> < t-BuOK, CHBr, Br MeLi
> —_—
pentane, -20°C Et,0, -78°C
71% Br 65%

1.2-Dimethylcyclopentadiene reacts with (n3-CsMes)Co(CaHg)a (79) under
photolytic conditions to produce the red, oily, air sensitive product
dimethylcyclopentadienyl complex 312, which was used without characterization.
Protonation of this complex with HBF4¢Et20 in the presence of 2-butyne gives the red
tetramethylcycloheptadienyl complex 87 (Eq. 114) in modest yield, identical by 'H NMR
spectroscopy to the tetramethylcycloheptadienyl complex prepared from (n3-
CsMes)Co(n3-C3Hs)(OTf) (80) and 2-butyne. Thus the five-membered ring
cyclopentenyl complex is a competent intermediate in the formation of 87 from allyl
triflate 80 and 2-butyne. The large discrepancy in the yield of this process relative to the

[3 + 2 + 2] allyl/2-butyne cycloaddition reaction presumably is due to the greater number

192



of hydrogen transter processes required to form the final cycloheptadienyl product and to
the use of crude uncharacterized 312 in this reaction. Both the hydride from the CsMesH

ligand and the HBF4 must eventually migrate to the dimethylcyclopentadienyl ring.

Me Me
Me -
Q{ <H HBF °Et,0 : BF, (Eq. 114)
- + q.
Me Co Me Me—=—Me Me_ Co

Me‘Q -78°C—RT, 33% :f——

Me Me Me

312 87

[ncorporation of other alkynes into this reaction process was attempted without
notable success. It is possible that larger disubstituted alkynes have a more difficult steric
barrier to overcome, hindering coordination. This favors the dehydrogenation pathway,
giving the cobalticenium product. The sole exception to this trend is the reaction of (¢-
Bu-CsH4)Co(n*-CsMesH) (299) with HBF4°Et,O in CH»Cl; in the presence of -
butylacetylene. This reaction has a two-fold significance. This is the only example in
which the (CsMes)Co template reacts resonably cleanly with an alkyne other than 2-
butyne. In addition, greater insight into the partitioning between the "normal" {3 + 2 + 2]
cycloaddition and this new [S + 2] reaction can be obtained from this reaction as well.

The reaction of Cp*allyl triflate complex 80 with r-butylacetylene can be readily
rationalized by the previously proposed [3 + 2 + 2] cycloaddition mechanism, although
the substitution pattern is somewhat unusual (cf., Chapter 2, page 45). In order to
evaluate the possibility that this reaction proceeds via a [5 + 2] mechanism, the reaction
of t-butylcyclopentadienyl complex 299 with HBF4¢Et>0O and r-butylacetylene was
conducted. In this reaction a red product is obtained in low yield, tentatively identified as
a different cycloheptadienyl complex than that obtained previously, but the reaction does

not proceed cleanly enough to conclusively identify the product. This result nonetheless
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suggests that the reaction of the Cp*Co allyl triflate complex 80 with r-butylacetylene

does in fact proceed via a "normal" [3 + 2 +2] allyl/alkyne cycloaddition process.

C. Ring Opening Reactions of Methylcyclopentadienyl Cobalt Cyclopentadiene
Ligands

Due to the apparent steric limitations of the Cp* template, other, less sterically
hindered systems were evaluated for mediating this unprecedented 5 + 2] cycloaddition .
Various methods have been used for the synthesis of cyclopentadienyl cobalt
cyclopentadiene systems. The parent system, (n3-CsHs)Co(n+-CsHeg) 313, was
synthesized as early as 1959 by sodium borohydride reduction of the cobalticenium
cation.>3! Methodology used to synthesize alkylcyclopentadiene complexes includes the .
reaction of the neutral cobaltocene with halocarbons or R1.Cd and the reaction of
cobalticenium salts with R3Al or RM (M = Li, Na, K, MgX).932.232-235 The latter
method is perhaps the most widely used, due to the ready availability of commercial
alkyllithium and alkylmagnesium halide compounds, as well as various cobalticenium
complexes. Using a range of alkyllithium and Grignard reagents, alkylcyclopentadiene
complexes (n3-CsHs)Co(m?*-CsHsR) (R = H, Me, i-Pr, 1-Bu), were prepared in high yield
from cobalticenium hexafluorophosphate (Eq. 115). All these known compounds are
obtained as red, air sensitive solids (R = H, r-Bu) or oils (R = Me, i-Pr).93g

@ @ 313, R=H

| PFQ-
oo RLI, THF 314, R=Me (g, 115)
or Et;BHLI, THF 315, R = i-Pr

Co
@ -78°C - RT <l> 316, R = t-Bu

R =alkyl, H R

[nitial studies using the unsubstituted complex 313 showed no tendency for the
cyclopentenyl intermediate to incorporate alkyne: protonation of (n3-CsHs)Co(n4-CsHg)

in the presence of alkyne returns only cobalticenium tetrafluoroborate. However, the
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methyl substituted complex, (n3-C5Hs)Co(n}-1-Me-CsHs) (314), reacts with HBF*Et-O
in the presence of alkynes to form seven-membered ring complexes in high yields (Eq.
116). There is a considerable preference for the formation of a single cycloheptadienyl
complex: that is. only the less substituted cyclopentenyl ring reacts. Although
protonation of the diene complex 314 might be expected to form intermediate 317, it
apparently isomerizes to the unsubstituted n3-cyclopentenyl 318, which then coordinates
and inserts alkyne to give the tinal (n3-methylcyclopentadienyl)cobalt( nJ-

cycloheptadienyl) cations 319 (vide infra).

<> < < \% BFy

I 1 —— N -
Co HBFEL,0 Co+ |===| co+ |[R—=R (Eq. 116)
|- _CH.Cl; | | R
2> 18 CSRT | _ 2 <>
R
314 317 318 319

The reactions of other alkynes with this intermediate produce only ring-expanded
methylcyclopentadienyl complexes, as only the smaller ring reacts. The reaction of ¢-
butylpropyne, trimethylsilylpropyne, or bis(trimethylsilyl)acetylene with in situ
protonated (C5Hs)Co(n*-CsHsMe) produces cycloheptadienyl complexes 320-322,
respectively, in high yield (Eq. 117). All of these compounds are fully characterized
orange or red solids.

< << —~= BF,

|
R Co*

|
Clo  HBF4ELO Co* R——= (Eq. 117)
=|= CH.Cl, R 1
/<I> a8c Rt | L > Q¢
Rl
314 318 320, R, R’ = 1-Bu, Me: 85%

321, R, R' = TMS, Me: 85%
322, R, R' = TMS: 94%

The 'H NMR spectra for these methylcyclopentadienyl complexes are remarkably

similar and conform to the general patterns established for n3-cycloheptadienyl
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complexes (Table 9). In particular, the observed values of the coupling constants are very
similar in these complexes.

A common characteristic of the 3,4-disubstituted cycloheptadienyl complexes is
the strong preference to place the largest substituent on the central position of the ring.
This. we believe, arises in the transition state for insertion, from the preferred orientation
of the alkyne in the coupling to the cyclopentenyl ligand (Scheme 60). This presumably
reflects a Kinetic preference of the cyclopentenyl to migrate to the least hindered side of
the alkyne, resulting in placement of the larger group next to the metal.

Scheme 60
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There is, however, some evidence that this is a delicately balanced system.
Protonation of methylcyclopentadiene complex 314 in the presence of t-butylacetylene

yields two cycloheptadieny! products in a 4:1 ratio (Eq. 118). The minor product 324

@ —@ BF @ BF,”

HBFEt,0
Co 12 + co ‘Me  (Eq. 118)
| '.Bucn_m
- 2 t-Bu t-Bu
aa°/

314

arises from ring opening of the methylcyclopentenyl ligand, whereas the major
cycloheptadienyl complex 323 results from the cleavage of the unsubstituted

cyclopentadienyl ligand. Since the reactions of cyclopentadiene complex 314 with
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Table 9. Comparative 'H NMR Spectroscopic Data for Methylcyclopentadienyl Derived

Cycloheptadienyl Complexes

320 321 322 323 325
H, 5.27 (m) 5.35 (m) 5.70 (m) 5.15 (m) 5.35(m)
Jia 9.6 Hz 9.6 10.2 9.0 Hz a
H; S17(m) | 5.09(d) | 3.08(d) 5.46 (d) 5.35(m)
Jr.3 b b b b b
Hj b b b b b
J3.4
Hy b b b 5.46 (d) b
Ji.5 9.0 Hz
Hs 496(dd) | 5.0l (dd) | 5.23(dd) 5.15 (m) 5.63 (dd)
j5-6endo 8.4 8.1 8.l a 8-[
js-éexo 5.4 5. l 5.6 a 4.8
Héendo [.70(m) | [.85(m) | L.65(m) 2.45 (m) 29 (m)
-’6endo-6exo 12.5 12.2 12.6 a 3 6
6endo-7endo 8.3 8.3 8.3 a 9 0
J6endo-7exo 0.8 0.8 2.1 a 2 5
Hgexo 0.057 0.15 (m) | 0.04(dddd) 1.20 (m) 0.79 (m)
j6ex0-7end0 l 1.6 12.0 12.6 a 10 0
J6exo-7exo 5.7 5.9 5.9 a 5
H7endo 2.87 (dddd) | 2.94 (m) 3.09 (m) 2.45 (m) | 3.08 (dddd)
Tendo-7exo 17.4 17.5 18.0 a 17.5
j7end0-| 3.6 3.9 3.6 d 0.8
H7exo 1.98 (m) 2.00 (m) 2.20 (m) 1.20 (m) 2.02 (dd)
J7exo-1 2.0 small 32 a <2 Hz

2 Numerical value for the coupling constant was not obtained due to second order
character or complexity of the signal. b Not applicable due to a non-hydrogen

substituent.
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HBF4°Et>0 and other alkynes yield only single products, this particular example is
unique: an informative, but unusual process.

There are two factors to consider in the formation of cycloheptadienyl complexes
323 and 324. depending on the thermodynamic and kinetic parameters for the
interconversion of the cyclopentenyl intermediates. Although there must be a series of
B-H eliminatior/ reinsertion equilibria to convert intermediate 317 to 318, the
thermodynamic preterence is unknown. Given the product distribution, either the
equilibrium favors intermediate 318 (i.e., Keg >1), or the rate of reaction of 318 with

alkyne is faster than the reaction of 317 with alkyne (i.e.. ka > k|) (Scheme 61).

Scheme 61
< \BE @ < @’
Clo .:" Clo + —=2—| co*
= > >
314 317 318
y k2
324 323

[t seems unlikely that the equilibrium would be shifted dramatically to one side,
as the thermodynamic stability of 317 and 318 appear to be comparable. However, a
preferential reaction with the less sterically encumbered cyclopenteny! intermediate 318
seems to be a reasonable proposal. As depicted in Scheme 62, the steric interaction
between the alkyne and a terminal R group on the cyclopentenyl ligand may be
significant, inhibiting insertion reactions while in this geometry. A slightly less severe
steric interaction is noted between the alkyl group on the cyclopentenyl ligand and the
cyclopentadienyl ligand, whereas the least hindered scenario occurs with the alkyl group
on the cyclopentadienyl ligand, where the cyclopentadienyl ring is free to rotate. The

other alkynes evaluated are all disubstituted and would be expected to coordinate less
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well to the methylcyclopentenyl intermediate 317; instead they may coordinate
preferentially to the unsubstituted cyclopentenyl 318. Thus. r-butylacetylene alone is
reactive enough to trap some of the methylcyclopentenyl intermediate 317 present in the
equilibrium mixture. Other alkynes, in contrast, react exclusively with the smaller
cyclopentenyl intermediate.

Scheme 62
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The reaction with diphenylacetylene gives a low yield of an orange solid
tentatively characterized as the diphenylcycloheptadienyl complex 325 (Eq. 119). The
major product obtained from this reaction arises from a unique pathway. A light brown
solid, tentatively assigned as bicyclic double insertion product 326 (Eq. 119) is isolated in

32% yield after chromatographic separation. Due to the complexity of the spectral data,

<SS = __. = BF,~

Ph—=—Ph [ , BF4 [
Co +

+

+
Co HBF°E1,0 °°\7 ph (Eq. 119)
|- CH,Cl; Ph ¢ 13 4 (/ /
ALZ2> -718°C >RT 3 7 ph
Ph 2] pnh
314 23% Ph 32%
325 326

the structural assignment is quite tentative and the mechanistic proposal is entirely
speculative. However, it is quite clear that two equivalents of the alkyne are

incorporated, based on integration of the phenyl region in the 'H NMR spectrum and
number of signals in the 13C spectrum. In addition, the electrospray mass spectrum of the
product shows the parent ion (m/z = 561.198751) corresponds to a formula of

Ci9H34Cot, consistent only with a double alkyne adduct.
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The 'H NMR spectrum for complex 326 contains the expected broad singlets for
the methylcyclopentadienyl ligand that resonate ai 5.24 (1H), 4.91 (2H), 4.50 (1H) and
1.64 (3H) ppm. [n the HMQC spectrum, these signals correlate to carbon signals at 88.5,
94.2,93.2.95.6 and 12.6 ppm, respectively. Furthermore, the downfield carbon
resonances show !Jcy values of 186, 177, 186, and 183 Hz, respectively, while the
methyl signal has a !/cy value of 128 Hz. The remaining quaternary carbon is found at
104.2 ppm.

The structure for the other ligand is more difficult to determine. Only one signal
with a large geminal coupling constant of 15 Hz is observed in the |H NMR spectrum,
connecting two signals that resonate at 8 3.31(H7p) and 84.19 (H7,). These are relatively
far downtield for protons on an sp3-hybridized carbon, but the HMQC spectrum proves
that C7 is sp3 hydridized and that it is attached to both H7 protons. Although H7, appears
to be a simple broad doublet, H7p has a further small coupling constant of 3.0 Hz,
connecting it to d 2.77 (Hg). The COSY spectrum shows correlations from both Hy
signals to Heg only, suggesting the presence of a tetrasubstituted carbon adjacent to C7.
The Hg signal, in contrast, correlates to a signal at § 6.35 (Hs) in the COSY spectrum, but
again, does not have an appreciable coupling constant value. The Hs proton is a broad
doublet (J = 6 Hz), which is suggestive of the small couplings to He and H3 observed in
the COSY spectrum and a larger coupling to 8 5.11 (Hy). The Hy signal is in turn
correlated to a signal shifted strongly downfield to about 6.89 ppm and obscured by the
phenyl protons. However, this obscured signal is coupled to the last ring proton, a
doublet (/ = 5 Hz), which resonates at 8 4.35 (Hz). The HMQC spectrum correlates these
six mutually coupled protons to the following carbon signals: 91.7 (d, !Jcyg = 171.1 Hz,
Cy), 91.5 (d, lJcH = 169.7 Hz, Cs), 81.8 (d, !JcH = 168.2 Hz, C3), 52.4 (d, lJcy = 131.1
Hz, C»), 48.0 (t, lJcH = 126.6 Hz, C7), and 38.6 (d, !Jcy = 138.8 Hz, Cg).

The value of the !Jcy coupling constant further demands that C3, C4 and Cs are

sp2-hybridized and the chemical shift data suggest that these three carbon atoms are
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coordinated to cobalt to form a n-allyl fragment. The downfield shift of H1 relative to Hg
suggests a phenyl substituent. A key piece of data is the carbon signal that resonates at §
64.0. shown to be quaternary by both the HMQC spectrum and the gated decoupled 13C
NMR spectrum. The HMBC spectrum shows this carbon is correlated to both the H3 and
Hs protons. This can only arise if C| is attached to Cg and C> to form a six-membered
ring, as the HMBC spectrum shows only 3Jcy and 2Jcy relations. The C;-Hs correlation
thus cannot be through the C}-C»-C3-C4-Cs-Hjs linkage, a five-bond correlation, but must
be through the C-Cg-Cs-Hjs link, a three-bond correlation.

A quick count of the remaining atoms reveals only a diphenylacetylene unit
remains to be placed into the structure. Since there are still unfilled "coordination" sites
on Cy and C7, the diphenylacetylene unit must join these two positions, completing the
five-membered ring fragment. Although only a single carbon signal (Cg) in this last
piece is located and assigned, it supports the proposed structure. In the HMBC spectrum,
the Cy carbon is correlated to Ha and H7,, both three-bond relations.

The mechanism for this transformation is obviously of some concern, although
there is only this one example. All other ring-opening reactions (with the exception of
reactions with acetylene, to be discussed shortly) proceed in good to excellent yield to the
3.4-disubstituted-n)3-cycloheptadienyl products. This unique product may be formed
from the proposed mechanism detailed in Scheme 63. Protonation of the diene and
hydrogen atom transfer reactions yield the cyclopentenyl intermediate I, as discussed
previously. Coordination and insertion of the diphenylacetylene yield intermediate II.
This intermediate then unexpectedly inserts into the far end of the coordinated alkene.
generating bridged bicyclic complex IIL. Insertion of a second equivalent of alkyne into
the cobalt-alkyl bond forms IV, which migrates onto the alkene carbon to form V. A B-
alkyl elimination reaction relieves strain energy and forms the bicyclic skeleton of VI.

Allylic activation of the hydrogen in the six-membered ring and reductive elimination of
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the resulting alkyl hydride form VIL. Further B-hydride elimination and reinsertion form

the final observed product, presumably driven by thermodynamic factors.

Scheme 63-
—<> \@ /@ Ph Ph
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No mechanistic work has been done to evaluate the pathway proposed and no
other system has been observed to form structurally similar products, although the
formation of bicyclic products has re-surfaced in the [5 + 2] cycloaddition reactions with
acetylene.

The methylcyclopentadienyl system 325 proved to be somewhat limiting with
respect to the range of alkynes that cleanly undergo ring expansion. Electron poor
alkynes, such as DMAD or ethyl tetrolate, for example, fail to yield tractable material
other than a small amount of methylcobalticenium.

Given the limitations in the methyl substituted cyclopentadienyl complex that
were observed, other alkyl-substituted cyclopentadienyl systems were evaluated. The i-

Pr substituted system, CpCo(1-i-Pr-CsHs) 315 shows similar reactivity using alkyl- or
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silyl-substituted alkynes. but typically produces a large amount of cobalticenium
byproduct. This system fails to give good yields of the seven-membered ring products
327-330 (Eq. 120) and was quickly abandoned. [n contrast. the reactivity of CpCo( 1--

BuCsHs) (316) showed substantially more promise.

c HBF4'E(2° Co
o - Eq. 120
é R—=—~R' R ¢1 7 (Ea )
Q CH.Cl,
-78°CHRT -1 327 R,R' = t-Bu, H, 25%
315 16 h, 21-48% 328 R,R' = t-Bu, Me, 33%
329 R,R' = TMS, Me, 21%

330 R,R' = TMS, 48%

D. Ring Opening Reactions of t-Butylcyclopentadienyl Cobalt Cyclopentadiene
Ligands

The reaction of (CsHs)Co(r-BuCsHs) (316) with HBF4¢Et>0 and ¢-butyl
acetylene produces the seven-membered ring complex 331 in good yield (66%) (Eq. 121).
This seven-membered ring has a mirror plane of symmetry, which simplifies the signal
multiplicity, removing some of the coupling constant information normally available in
the spectrum. The 3-r-butylcycloheptadienyl ligand of complex 331 is readily identified

by comparison of the spectroscopic data with those of the unsubstituted (13-

CsMes)Co(cycloheptadienyl)* system (Chapter 2, page 55).

<> L e

HBFEt,0 | +
Co 1°2 - Co (Eq. 121)
t-Bu—==H
Cl} CH,CI, t-Bu@
t-Bu -78°C - RT
66%
316 331



Addition of sodium dimethylmalonate to complex 331 provides the cobalt diene
complex 332, giving an additional confirmation of the structure of cycloheptadiene 331
(Eq. 122). The disruption of symmetry in the adduct makes each position unique, and the
tull system can readily be assigned. The 'H NMR spectrum shows four separate signals

tor the r-butylcyclopentadienyl ligand, due to the asymmetry of the seven-membered ring.

i e > S &

| +

Co NaCH(COMe); c’: o (Eq. 122)
THF, 6h, 80% I
2 1
\ ‘:
331 t-Bu 332 CH(COzMG)z

In contrast to the methylcyclopentadienyl system, only one n3-cycloheptadienyl
isomer is formed in the reaction of 316 with t-butylacetylene (Scheme 64). This

observation is consistent with the larger r-butyl group on a cyclopenteny! ligand inducing

Scheme 64

< [« | <
C[o Co*t K:__g Co+
= A
316
K, )
331

a greater steric barrier to alkyne insertion, (i.e., a lower k), resulting in more selective
reactions. A r-butyl group on the cyclopentadienyi ligand has minimal steric interaction
with other atoms in the complex and thus this structure is expected to be favored in the
equilibrium. Once again, the alkyne inserts in a regioselective manner, with the larger
alkyne substituent eventually placed on the 3-position of the cycloheptadienyl product.
Other differences between the CsHsMe and C5H4-t-Bu systems are observed. In

the reaction with diphenylacetylene, only one equivalent is incorporated into the product;
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no evidence for double insertion is obtained (Eq. 123). More importantly, a broader
range of alkynes can be successfully inserted using the r-butyl template, including
phenylacetylene and phenylpropyne, although the yields for the latter two remain low
(vide infra). Other alkynes such as alkoxyalkynes and electron poor alkynes still fail to
insert using this template.

The reactions of 4,4-dimethyl-2-pentyne, [-(trimethylsilyl)propyne,
bis(trimethylsilyljacetylene (BTMSA), diphenylacetylene. and 2-butyne with the -
butylcyclopentadiene complex 316 all proceed in good to excellent yield to give ring
expanded 1-cycloheptadienyl complexes 333-337 (Eq. 123). The n3-cycloheptadienyl
complexes 333-337 are isolated as red to orange powders after chromatography (silica
gel. 5% methanol/dichloromethane) or crystallization from dichloromethane/diethyl
ether. Comparative 'H NMR spectroscopic data for these complexes are presented in
Table 10. In particular, the reaction with BTMSA gives a particularly clean
cycloheptadienyl product 335 after crystallization from chloroform/diethyl ether. This

complex was turther characterized by X-ray crystallography (Figure 15).

t-Bu
< & e (Eq. 123)

- 333, Ry = By, R, = Me, 70%

—|- Ri—=—R; R, 134 334, R, = TMS, R, = Me, 72%
@ CH,Cl,
e 28C o RT 335, Ry =Ry = TMS, 79%

Ry 336, R, =R, = Ph, 70%
337, Ry =Ry = Me, 74%

[t is somewhat surprising that clean reactions occur with such large alkynes as the
trimethylsilyl-substituted acetylenes. The large group on the alkyne appears to be
beneficial for seven-membered ring formation in this system, as the reaction with 2-
butyne proceeds in slightly lower yield than with most other alkynes. Because this
observation contrasis with the results of ring opening reactions using the (n3-CsMes)
template, an unspecified optimum steric profile may exist for C-C bond activation of the

cyclopentenyl ligand.
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Figure 15. ORTEP!!5 for Complex 335 from University of Alberta Department of

Chemistry Structure Determination Laboratory Report # JMS9716

Final Residuals: R| = 0.0696; wR> = 0.1052. Data obtained at -60°C. Non-hydrogen
atoms are represented by Gaussian ellipsoids at the 20% probability level.

Selected Bond Distances (A): Co-Cl, 2.086(6); Co-C2,2.041(5); Co-C3,2.100(6); Co-
C4, 2.022(6); Co-C5, 2.094(6); C1-C2, 1.425(7); C1-C7, 1.526(8); C2-C3, 1.438(8);
C3-C4, 1.449(8), C4-Cs, 1.409(8); C5-C6, 1.507(8); C6-C7, 1.492(8); Sil-C2,
1.915(6); Sil-Cl10, 1.870(6); Sil-Cl1, 1.857(7); Sil-C12, 1.871(6); Si2-C3, 1.935(6);
Si2-Cl13, 1.863(6); Si2-Cl4, 1.858(7); Si2-C15, 1.858(6).

Selected Bond Angles (deg.): C1-C2-C3, 116.6(5); C2-C3-C4, 120.5(5); C3-C4-C5,
128.3(6); C4-C5-C6, 128.6(6); C5-C6-C7, 108.4(5); C1-C7-C6, 110.9(5); C2-Sil-C10,
116.8(3); C2-Sil-Cl1, 110.0(3); C2-Sil-C12, 104.4(3); C10-Sil-Cl11, 106.3(3); C10-
Sil-C12, 111.4(3); C11-Sil-C12, 107.7(3); C3-Si2-C13, 110.3(3); C3-Si2-C14,
106.7(3); C3-Si2-C15, 113.7(3); C13-Si2-C14, 105.1(3); C13-Si2-C15, 112.8(3); Cl4-
Si2-Cl5, 107.6(3); Sil-C2-Cl, 114.5(4); Sil-C2-C3, 128.9(4); Si2-C3-C2, 127.8(4);
Si2-C3-C4, 111.2(4).
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Table 10. Comparative 'H NMR Spectroscopic Data For r-BuCsH, n3-

Cycloheptadienyl Complexes

331

333 334 335 336 337
Hi 5.35 (m) [5.49 (dddd) [ 5.67 (dddd) | 5.94 (brd) | 5.85 (m) | 35.34 (m)
Ji2 8.9 Hz 9.5 Hz 9.3 Hz 9.2Hz a a
H> 5.57(d) | 5.33(dd) 5.22 () 5.28(d) |5.85(m)|[ 5.34 (m)
Ja3 b b b b b b
Hj b b b b b b
J3.4
Hy 5.57 (d) b b b b b
Jas 8.9 Hz
Hs 5.35(m) | 5.10(dd) 5.19(dd) | 5.33(dd) [5.59(dd)| 5.25 (dd)
J5-6endo a 8.4 Hz 8.2 Hz 8.2 Hz 8.4 Hz 8.1 Hz
J5-6exo a 4.8 Hz 5.0Hz 5.2 Hz 4.7 Hz 4.4 Hz
Hé6endo 2.4 (m) 1.70 (m) 1.80(m) | L.72(brq) | 2.1 (m)c 1.95 (m)
JGcndo.éch a 12.7 HZ 11.7 HZ 12.3 Hz a 13.8 HZ
J6endo-Tendo a 9Hz 9.7Hz 8.5 Hz a 9.6 Hz
J6endo-Texo a a <2 Hz OHz a 1.9 Hz
Héexo .15 (m) [ 0.20 (dddd) | 0.23 (dddd) [ 0.15 (tt) 0.7(m) | 0.45(m)
J6exo-Tendo a I11.5Hz 11.7 Hz 9.5Hz a 10.2 Hz
Jeexo-Texo a 6.5 Hz 5.8Hz 6.0 Hz a 6.3 Hz
b
H7endo 2.4 (m) |2.89 (dddd) | 2.99 (dddd) [ 3.05 (dddd)]| 3.15 (m) | 2.77 (dddd)
J7endo-Texo a 17.3Hz 17.6 Hz 17.7 Hz a 17.2 Hz
J7endo-1 a 4 Hz 3.5Hz 3.7Hz a 4.1 Hz
H7exo LIS(m) | 1.93(m) | 2.0 (brd) [ 2.08(dd) | 2.1 (m) | 1.76 (m)
J7exo-1 a <2 Hz 3.5Hz 2.7Hz a a

 Numerical value for the coupling constant was not obtained due to second order

character or complexity of the signal. ® Not applicable due to a non-hydrogen
substituent. © Signals overlap.




The products obtained from the reaction of 316 with HBF¢Et»O and
phenylacetylene or 1-phenylpropyne in CH1Cl, are readily identified as the 3-
phenylcycloheptadienyl complexes 338 and 339 (Eq. 124). These assignments are based
primarily on the !H NMR spectrum of 338, which shows a highly symmetrical product.
This identification is obtained despite the inability to obtain the reaction product
completely tree from unidentified materials. The product 339 obtained from
phenylpropyne incurs a similar problem with purification, but the 'H NMR spectrum
again shows signals that are consistent with the tentatively assigned structure. Because of
significant impurities in the |H NMR spectra of these products. yields could not obtained
accurately, but appear to be relatively low (i.e., 5-15%). The impurities do not appear to
be either cobalticenium products or other seven-membered rings as far as can be

determined from the 'H NMR spectrum.

@ t-Bu @ 8F -

HBF #Et,0 | +
- Co (Eq. 124)
Jo P—=—=—R 1
L > CH,Cl, Q
t-Bu -78°C - RT
316 R* 338,R=H
339, A = Me

The reactions of acetylene with either methylcyclopentadiene complex 314 or -
butylcyclopentadiene complex 316 with HBF4¢Et;0 in CH>Cl; does not follow the
general [5 + 2] reactivity pattern. The product obtained in either case is not stable enough
to isolate directly without decomposition; however, treatment of the crude product with
Et3BHLi provides the stable, although air-sensitive, cycloadducts 340 and 341 (Eq. 125),
as determined from extensive spectroscopic analysis. The furthest downfield signal in the
IH NMR spectrum of the double insertion product 340 resonates at § 4.54 (Hs). This
signal is connected by a 7 Hz coupling constant to the central proton of the allyl (H3),
which resonates at 3.73 ppm. In turn, the H3 signal is coupled to & 4.25 (Hp, J3.2=7

Hz). These signals are shown by the HMQC spectrum to be attached to carbon atoms
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that resonate at 68.5 (Cy. !Jcy = 162 Hz), 83.5 (C3, ey = 156 Hz). and 53.4 (Ca. Ucu
= 162 Hz), respectively. Note that although the !H NMR data is unusual for an allyl

complex in that the central proton does not resonate furthest downfield and possibly

R R R
do " HBFeEnO £ ot V| EtBHLL g, (Eq. 125)
CH.CL. 78C THF, -78°C / ’
2Cla, - o —
@ H———H =~ VLS 7
314, R = Me L A 2 8
316, R = +Bu 340, R = Me, 72%

341,R = t-Bu, 81%

indicates a constrained geometry, the !3C NMR data is consistent and unremarkable. The
d 4.54 (Hy) signal is further correlated to two hydrogen atoms that resonate at § 2.63
(Hsa) and & 1.34 (Hsp) with coupling constants of 7 and 2 Hz, respectively. Furthermore,
the two Hs atoms are correlated with a mutual 16 Hz coupling constant. Both show
coupling to a signal at 6 2.45 (m, He), with coupling constants of 11 and 2 Hz.
respectively. The bridgehead Hg atom resonates at 2.45 ppm, and shows correlations in
the COSY spectrum to Hs, and Hsp, as mentioned, but also to 1.42 (Hg) and the multiplet
at 1.17 (H7y7b). Due to the multiplet character of both Hg and Hy signals, J values could
not be obtained. However, the Hg proton has a well-resolved dd multiplicity pattern and
decoupling experiments determine that Jg.g = 7 Hz. The Hg resonance also shows
coupling to a signal at 8 2.80 (H|, J1.9 = 9 Hz). As the H| atom has one fewer
correlations than the other bridgehead hydrogen (Hg), it resolves into a dddd multiplicity
pattern, with additional couplings of 9 and 6 Hz to the Hg protons. It is further adjacent
to Hy (4.25 ppm), as indicated by a coupling constant of 7 Hz. Data from the HMQC
spectrum allow the assignment of several upfield carbon signals. The Cs carbon is
located at 40.1 ppm. The two bridgehead carbon atoms resonate at § 48.0 (Cg) and & 44.8
(C1), while the two methylene carbons C7 and Cg resonate at 33.1 and 35.6 ppm,

respectively. These values are relatively consistent with the number of substituents on
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each individual carbon atom. However, the remaining signal (Cg) is found at relatively
high field: 8.7 ppm. Furthermore, the !Jcy value obtained for this carbon is 150 Hz,
suggesting that the cobalt atom severely perturbs this carbon. The spectral data for 341
are very similar to those for 340.

The double insertion reactivity pattern appears to be general for acetylene: the
reaction of (n3-CsHs)Co(n*-CsMesH) (296) with HBF4¢Et;O and excess acetylene in
CH:Cly, followed by the reaction with Et3BHLI in THF, also yields a
bicyclo[4.2.1]nonediy! complex 342 (Eq. 126). However, it is unclear why the yield here
is much lower than those obtained for the less substituted cyclopentadienyl complexes.
When the reaction is carried out with only a slight excess (3 equiv) of acetylene,
delivered by gas-tight syringe, the same product is isolated in a similar yield. This
suggests that a concentration effect due to the large amounts of acetylene normally used
in the [3 + 2 + 2] cycloaddition reactions is not a factor in this reaction. Further

development of this interesting new reactivity pathway is warranted.

Q” BF¢ /%:\
| HBF #Et,0 cot Et3BHLI Co (Eq. 126)

Co - TR v
CH,Cl,, -78°C THF, -78°C |
H—=H i 32% L
.
296 ~ - 342

Similar double insertion products have been observed in related ruthenium
chemistry both in our research group and others.!20.237 The reactions of cyclopentenyl
ruthenium complex 343 with acetylene, for example, ultimately yields the n!,n%-
bicyclo(4.2.1]nonadienyl complex 345 (Eq. 127). Apparently, the starting n3-
cyclopentenyl complex initially isomerizes to agostic intermediate 344, which then

inserts two acetylene molecules before cyclizing.



Ql BFy H—==—H §:<<| (Eq. 127)
Me Ru+ —&» Ru* —_— H
-90% H
Me acetone Me 85-90%
Me </\ 0°C—RT, 2h @ Me
H
Me
Me
H _ Me _
343 344 345

The reaction of (n3-CsHs)Co(n*-+-BuCsHs) (316) with HBF4¢Et>0 and alkyne
showed enough tolerance for alkyne substituents that it was selected as a model system
for testing the reactivity of other electrophiles, in an attempt to introduce additional
substituents and functionality into the seven-membered ring. Strong acids and non-
coordinating anjons work efficiently; thus, we hoped that other strong electrophiles
would react with the cobalt diene to form a cyclopentenyl system. The use of alternative
electrophiles could also be an important step in the development of a catalytic reaction
{Scheme 65), where loss of the electrophile after ring formation could generate a

Scheme 65
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cycloheptatriene complex. which should be much easier to remove from the metal by
exchange than the formally anionic cycloheptadienyl ligand (Scheme 63).

However, the treatment of the r-butylcyclopentadiene complex 316 with various
electrophiles in the presence of an alkyne gave disappointing results. Trimethyloxonium
tetrafluoroborate fails to induce any reaction at all. Triethyloxonium, in contrast,
generates small amounts of an n3-cycloheptadienyl product upon reaction with 316 and ¢-
butylacetylene. However, no incorporation of the ethyl group is seen in the 'H NMR
spectrum. One possible rationale for this observation is that the ethyl group is delivered
directly to the metal to form an ethyl cyclopentadiene complex (Scheme 66). B-
Hydrogen elimination from the ethyl group can generate a metal hydride, which transfers
to the ring. and ethylene, which presumably is lost. The cyclopentenyl complex then
reacts with alkyne to form the same cycloheptadieny! product expected from protonation.

Scheme 66

@_;—/t-au @/t-au @/t-fu < t-Bu

c Et,0* BF, CI +
. o
©  "CH,Cly, -78°C ~Et H

N & & S

Trimethylsilyl triflate was also tested as an initiator, but met with very limited

success. By TLC analysis, a very small amount of seven-membered ring is formed in the
reaction between complex 316, TMSOTT, and excess alkyne in CH>Cl>. However, a
substantial quantity of cobalticenium complex is also formed, suggesting that this

particular eletrophile favors the elimination to form cobalticenium complexes.
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E. Ring Opening Reactions of Disubstituted Cyclopentadienyl Cobalt Cyclopentadiene

Ligands

Although the r-butylcyclopentadienyl template shows a reasonable tolerance
towards substituents on the alkyne, it is also important for the development of a
synthetically usetul reaction to introduce alkyl or functional substituents onto the
cyclopentadiene ligand. The competitive ring opening observed in the reaction between
methylcyclopentadiene complex 314 and r-butylacetylene also raises fundamental
questions about the factors that govern the equilibrium between the two cyclopentenyl
systems. Thus, a brief study of 1,1'-disubstituted cobaltocene ring systems was
undertaken.

Surprisingly few methods have been used for the synthesis of unsymmetrically
disubstituted cobaltocene or cobalticenium compounds. Symmetrical cobaltocene
complexes are readily made from CoBr; and two equivalents of a
cyclopentadienyilithium reagent, but this route is not easily extended to unsymmetrical
complexes. The cobalt complex [(n3-CsMes)CoCl]; is known and stable,!96 providing
an easy route to substituted cobaltocene complexes (n3-CsMes)Co(CsHqR5.q) via
reaction with Na(CsHqRs.q). The analogous [(n3-C5Hs)CoCl]> dimer is unfortunately
not isolable, although it has been reported as a reactive intermediate.238 Attempted
reactions of this intermediate with other cyclopentadienyl salts, however, failed to give
pure unsymmetrical cobalticenium salts. This intermediate is highly unstable and easily
disproportionates to (n3-CsHs)2Co and CoBr3, which renders it unsuitable for the
synthesis of systems with mixed cyclopentadienyl ligands. Mono-substituted
cyclopentadienyl salts appear to induce similar problems in this synthetic approach.

A related strategy is ligand exchange of a substituted cyclopentadiene such as
methylcyclopentadiene into a labile cyclopentadienyl cobalt complex, i.e., (1-alkyl-

CsH4)Co(C3Hg)a. Although we did not evaluate this strategy experimentally, there



appear to be several drawbacks to this method. The required (alkyl-CsHy)Co(CHy)a
complexes are not easily synthesized, demanding the use of potassium sand to reduce the
starting 1.1'-dialkylcobalticenium complex. The other hurdle is the exchange itself; in the
CsMes chemistry, the exchange reaction does not proceed well thermally and photolyic
reactions generate a mixture of products.

There have been several reports of reactions of substituted cobalticenium
complexes with nucleophiles. Generally, addition of the nucleophile occurs at both rings,
giving a mixture of products. Malkov has shown the that addition of hydride to various
L. 1'-disubstituted cobalticenium salts generates mixtures of isomers.235 Voilhardt has
undertaken a study of various steric and electronic effects on the addition of alkyllithium
reagents to substituted cobalticenium complexes (Eq. 128).235 Except in situations where
a large steric barrier to the addition exists, mixtures of isomeric addition products (346

and 347) were again obtained.

SiMe, SiMO:’n SiMe,
Meo.© MeO@( Meoé
Me3Si— | + RLi, THF MesSi— | H Me,Si— | (Eq. 128)

C° Taa100% % ?° H
<> <> <>
346 347

BR__ 346 : 347

t-Bu 0 100

Me 29 71

H 75 25

To successfully utilize unsymmetrical (n3-CsH4R)Co(m*-CsHsR") complexes in
the (5 + 2] ring expansion reactions, two initial criteria are suggested. The starting
cyclopentadiene complex should preferentially exist as only one isomer and, in order to
reduce the possible permutations of ring opening, one ring should be substantially more
sterically crowded than the other. Thus, one simple target would have a methyl group on
one ring and two larger groups on the other. A simple approach to a such a disubstituted

complex is to add r-BuLi to 1,1'-dimethylcobalticenium cation, in the hope that the
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addition of the large -Bu group would generate only one adduct, presumably with the ¢-
butyl group located in a [.3-relationship with the methyl substituent. By starting with a
symmetrical cobalticenium complex. it does not matter which ring undergoes
nucleophilic addition.

Unfortunately, when 1.1'-dimethylcobalticenium hexatluorophosphate reacts with
t-butyllithium (THF, -78°C), a deep red oil is obtained in 88% yield which proved to be a
mixture of two isomers (348A and 348B) in approximately a 2:! ratio (Eq. 129). This
mixture is assumed to be the 1,2- and 1,3-disubstituted cyclopentadiene complexes, but
due to a number of overlapping signals in the |H NMR spectrum, it is difficult to
determine which isomer is the major product. However, the ring expanded products
obtained trom the reaction of these complexes indicate that the major isomer is the 1.3-
disubstituted complex 348A, as expected if steric interactions are minimized.

@ t-BuLi @ \©|
Co *

co (Eq. 129)
/@ 88% <= Q‘?\
t-Bu t-Bu

348A 2:1 3488

The reactions of this mixture of cyclopentadiene isomers with HBF4¢Et>O in the
presence of alkyne give high yields of cycloheptadienyl complexes resulting from ring
opening of the less substituted methylcyclopentadiene ligand but the products are
generally mixtures of 1,2- and 1,3-disubstituted cyclopentadienyl complexes. On
occasion, additional minor products are seen. The exact composition of the product
mixture is often difficult to determine, although most reactions appear to give one major
and one minor product isomer. In such cases, careful purification by either
recrystallization or flash chromatography yields the major isomer as a material pure
enough for full spectroscopic analysis. Yields given are for the mixture of all seven-

membered ring products after crude separation of the other impurities by flash
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chromatography. Individual products are obtained in low yields, as typically only a small
amount of an individual isomer is recovered in a pure state.

This particular system also exhibits several unique properties in seven-membered
ring production. so despite its shortcomings, further exploration and determination of its
reactivity was undertaken. This template shows a much wider tolerance of functional
groups on the alkyne. The reaction with electron deficient alkynes such as ethyl 2-
butynoate proceeds to form seven-membered rings, in contrast to any template previously
tested. Also in contrast to the unsubstituted cyclopentenyl systems, ring expansion leads
to the formation of isomeric substitution patterns on the cycloheptadienyl ligand. Both
1.3.4- and 3.4.5-trisubstituted cycloheptadienyl complexes have been isolated from
reactions using this template, but the 1,3,4-cycloheptadienyl isomer is generally
predominant.

The reaction of the mixture of regioisomeric complexes (n5-MeCsH)Co(n*-r-
Bu-Me-CsH3) 248A and 248B with 4,4-dimethyl-2-pentyne is illustrative (Eq. 130). The
crude mixture of cycloheptadienyl compounds, formed in 87% yield, contains only two
compounds, in an approximately 2:1 ratio. The minor isomer could be partially extracted
into ethy! acetate without contamination and was crystallized to give a pure compound,
which yielded X-ray quality crystals upon recrystallization. The major isomer proved to
be difficult to purify, although careful column chromatography (silica gel, 1-2%
methanol/dichloromethane) provides material pure enough for complete spectroscopic
analysis. The minor isomer was identified as [(n3-1--Bu-2-Me-CsH3)Co(n3-1.4-Mes-3-

t-BuC7He)]* BF4~ 349 by X-ray crystallography (Figure 16). The major isomer, which

By Me t-Bu -Bu : Me
\C%é @ | +  BF

HBF +E1,0 co
Co Me (Eq. 130)
! t-Bu—=—Me
CH:C': fBU\Q t-Bu d 1 7
/Q .78°C - AT
87%

348 0
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Figure 16. ORTEP!!5 for Complex 349 from University of Alberta Department of

Chemistry Structure Determination Laboratory Report # JIMS9807
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Final Residuals: R; =0.0535; wR» =0.1126. Data obtained at -60°C. Non-hydrogen
atoms are represented by Gaussian ellipsoids at the 20% probability level.

Selected Bond Distances (A):

Co-Cl, 2.157(4); Co-C2, 2.027(4); Co-C3, 2.134(4); Co-C4, 2.039(4); Co-CS,
2.093(4); C1-C2, 1.419(6); C1-C7, 1.499(6); C1-C8, 1.516(6); C2-C3, 1.433(6); C3-
C4, 1.439(6); C3-C9, 1.543(6); C4-C5, 1.418(6); C4-Cl13, 1.513(6); C5-C6, 1.511(6);
C6-C7, 1.502(6); C9-C10, 1.527(6); C9-Cl11, 1.540(6); C9-C12, 1.537(6).

Selected Bond Angles (deg.):

C2-C1-C7, 127.1(4); C2-C1-C8, 114.7(4); C7-C1-C8, 111.6(4); C1-C2-C3, 131.7(4);
C2-C3-C4, 119.3(4); C2-C3-C9, 116.9(4); C4-C3-C9, 123.7(4); C3-C4-CS, 117.4(4);
C3-C4-C13, 124.4(4); C5-C4-C13, 118.1(4); C4-C5-C6, 122.2(4); C5-C6-C7, 110.7(4);
C1-C7-C6, 110.7(4); C10-C9-C11, 106.6(4); C10-C9-C12, 110.4(4); C11-C9-C12,
106.3(4).
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was not amenable to crystallization, was identified spectroscopically as [(13-1--Bu-3-
Me-CsH3)Co(n3-4.5-Me»-3-t-BuCyHg)|* BF4~ 350. Each isomer of the starting
cyclopentadiene mixture therefore leads to the formation of a different cycloheptadienyl
product.

[t is immediately apparent from the respective |H NMR spectra that these isomers
not only differ in the cycloheptadienyl ligand substitution, but also have dissimilar
cyclopentadienyl rings. Using these cycloheptadienyl complexes as a basis for
comparison, the products from other alkyne insertion reactions can be assigned specific
substitution patterns in the cyclopentadienyl rings. In the 'H NMR spectra, the signals
tor the two ring isomers differ only slightly (Table 11). The values of the coupling
constants are not diagnostic, as W- type and vicinal coupling constants in
cyclopentadienyl rings are of the same magnitude (2-3 Hz). Some signals also have
nearly identical chemical shifts, in particular the most downfield signal. However, the
two remaining protons on the cyclopentadienyl ring appear to be characteristic of the
individual substitution pattern. In particular, in the 'H NMR spectrum, the most upfield
signal of the cyclopentadienyl ring resonates at approximately 8 4.77 for the 1,3-isomer
(350) and at higher field (about 4.37 ppm) for the 1,2-isomer (349). The final signal also
appears to be about 0.4 ppm more shielded in the 1,2-isomer of the cyclopentadienyl
ligand. Although the methyl group of the ligand does not appear to show any
characteristic shift for either isomer, the r-butyl group resonance can be quite diagnostic.

The signal for the ¢-butyl group in the 1,3-isomer resonates at 8 1.18; in the 1,2-complex,

the resonance appears further downfield.
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Table 11. Comparison of 'H NMR Spectra for 1.2 and 1,3 Disubstituted
Cyclopentadienyl Ligands.

1,3 isomers CH CH CH Me -Bu
350 5.27 () 5.16 (t) 4.87 (1) 247 1.14
352 5.31 () 5.00 (t) 4.68 (dd) 2.47 1.12
353 5.37(m) | 5.37 (m) 4.60 (t) 1.87 1.23
354 5.37 (s) 5.09 (s) 3.47 (s)2 2.34 1.16
355 5.50 (v) 541 (t) 4.58 (1) 1.87/1.85b 1.27
356 5.68 (brs) | 5.37(v) 4.99 (1) 2.55 1.18

357 5.82 (1) 4.91 (1)a 4.88 (1) 2.40 1.17
average | 5.47+0.21 4.77+0.17 1.18+0.05

1,2 isomers

349 5.11 () 491 (t) 437 (t) 2.25 1.64/1.42b
351 5.39 (1) 4.78 (t) 4.36 (t) 2.20 1.42

average 5.25+0.20 | 4.85+0.09 | 4.37+0.01

3 Value not included for average calculations. PMore than one r-butyl group is
present and specific assignments could not be made. Where resolved, all coupling
constants have a measured value of 2-3 Hz.

Most of the isolated complexes thus appear to have a 1,3-substitution pattern in
the cyclopentadienyl ring, supporting the assignment that it is the dominant isomer
formed in the starting diene complex. From a steric viewpoint, it is expected that the
large r-BuL.i reagent would favor the less hindered approach to the cobalticenium ring,
preferentially generating the 1,3 isomer. It is possible that the observed 2:1 ratio could be
influenced by changing the reaction conditions, for example, by using lower reaction
temperatures. It is also conceivable that using a solvent with a lower polarity than THF
could change the product ratio by encouraging larger aggregate formation and generating
a larger steric barrier to formation of the 1,2-isomer. One final approach could be the use
of TMSL.i instead of r-BuLi to generate the initial cyclopentadiene complex. The TMS

group could be hydrolyzed after the alkyne insertion reaction, thus eliminating the
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cyclopentadienyl ring as a source of additional isomers, but retaining the large steric
presence required in this process. None of these approaches have as yet been evaluated
experimentally.

The only other product characterized as a 1.2-cyclopentadienyl ring system is the
major compound obtained from the reaction of 348 with [-phenylpropyne (Eq. 131). The
total yield for this reaction is not high, but this template is unique in providing workable
amounts of a cycloheptadieny! product using this alkyne. Complex 351 is characterized
as the 1.3 4-trisubstituted cycloheptadienyl ligand based on the singlet at § 5.52 in the 'H
NMR spectrum, indicative of the isolated H> signal. The other signal on the pentadienyl
fragment, due to Hs. resonates at 5.10 ppm and shows two couplings to mutually coupled
hydrogen atoms Hegendo (/ = 8.1 Hz) and Hegexo (J = 4.4 Hz), which resonate at § 1.97 and

1.42, respectively.

Me t-Bu

"B‘LC/7 @ BF,

= Me | +

o HBFEL0 Co e (Eq. 131)
Ph—=———Me

CJD CH,Cl, Ph 13

/Q .78°C - RT
49%
348 Me' 35

The reactions of the starting complex 348 with HBF4*Et>0 and the disubstituted
alkynes 2-butyne, cyclooctyne, and diphenylacetylene in CH2Cl; (Eq. 132) all give
similar results, where only one major compound is observed in the 'H NMR spectrum of
the crude product. Column chromatography (silica gel, 5% methanol/dichloromethane)
effects the isolation and purification of the major 1,3,4-trisubstituted n3-cycloheptadienyl
complexes 352-354, characterized unambiguously by the full array of NMR
spectroscopic techniques. The crude yield is reported for complexes 352 and 353; thus,
small amounts of other isomers are still present, giving a higher yield than expected based
on the 2:1 ratio of starting isomers, although an isomerization process may be active.

Comparative 'H NMR data for this substitution pattern are presented in Table 12.

220



Table 12. Comparative 'H NMR Spectrocopic Data for 1.3.4 Substituted

Cycloheptadienyl Complexes

349 351 352 353 354
H; b b b b b
Ji-2
H» 5.30 (s) 5.52 (s) 5.34 (s) 5.68 (s) 5.14 (s)
J2.3 b b b b b
Hj b b b b b
J3-4
Hy4 b b b b b
Jy.s
Hs 4.80 (dd) 5.10 (dd) 4.96 (dd) 5.41 (dd) 4.92 (dd)
J5-6endo 8.3 Hz 8.1 Hz 7.3 Hz 8.1 Hz 7.7 Hz
J5.6ex0 4.6 Hz 4.4 Hz 4.1 Hz 4.5Hz 4.3 Hz
Heéendo 1.65 (m) [97(m) | 212(m) | 2.10(m) | 1.63 (m)
Jeendo-6exo 12.5Hz 13.9 Hz 15Hz a 14.3 Hz
J6cnd0-7endo 9.0 HZ 9.2 Hz 10 HZ 9.6 HZ 9.1 Hz
J6endo-7exo a a 4 Hz a a
Héexo 0.20 (m) 1.42 (m) 0.70 (m) 0.57 (m) 0.46 (m)
Jﬁexo-']endo 108 Hz 9.2 Hz 8 Hz 9.6 Hz 9.1 Hz
6exo-7exo 9.7 HZ a 6 HZ a 5.6 HZ
H7endo 2.57 (ddd) 2.65 (m) 2.39(ddd) | 2.84 (ddd) | 2.62 (ddd)
J7endo-7exo 17.7 Hz 189 Hz 16.2 Hz 18.3 Hz 16.7 Hz
J7endo-1 b b b b b
H7exo 1.75 (m) 1.85(m) | [.44(ddd) | 2.10(m) | 2.05 (m)
J7exo-1 b b b b b

A Numerical value for the coupling constant was not obtained due to second order
character or complexity of the signal. b Not applicable due to a non-hydrogen
substituent. € Signal is obscured, chemical shift is estimated from the COSY spectrum.
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t-Bu Me t-Bu

\Qé ’ + BFA—
_ Co R"'Bﬁ'st‘;o -~ Co Me (Eq. 132)
/@ CH,Cl, R < l 17
-78°C - RT
R
348 352, R = Me, 78%

353, R=Ph, 77%
354, R = -«(CH,)g-, 43%

Another significant result is obtained from the reaction of cyclopentadiene
complex 348 with HBF4¢Et;0 and trimethylsilylpropyne (Eq. 133). Crystallization
provides one product isomer, isolated in 43% yield, and characterized as the 3.4.5-
trisubstituted cycloheptadienyl complex 355. It is unusual for such complexes to
crystallize directly, as the large number of alkyl groups engender high solubility. The 'H
NMR spectrum of the mother liquor from the crystallization did not appear to contain
additional cycloheptadienyl isomers: only several unidentified minor compounds were
observed. The trimethylsilyl group is easily recognized by the large singlet at 0.55 ppm.
The seven-membered ring has several identifying features, especially the upfield signal at
0.03 ppm, characteristic of Heexo. The 3.4,5-cycloheptadienyl ligand substitution pattern
is confirmed by downfield signals at 8 4.97 (d, / = 9.3 Hz, H») and §4.88 (m, H/), which
share a mutual 9 Hz coupling constant. The remaining structural features are fully
supported by COSY, HMQC, and HMBC spectra. Comparative spectroscopic data for

this substitution pattern is presented in Table 13.

bB&C/;MO t-8u Me
= HBF ¢Et,0 . BFC
Co TMS——We~ Co (Eq. 133)
CH,Cl,
/@ -78°C - RT ™S 1 7
43% C
348 Me 355 Me
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Table 13. Comparative 'H NMR Spectroscopic Data for 3.4.5-Substituted
Cycloheptadienyl Complexes

350 355 356 357
H, 5.00 (m) 4.88 (dq) 4.64 (m) 4.97 (dq)
J1-2 8.0 Hz 9.3Hz 8.5Hz 9.6 Hz
H»> 4.89 (d) 4.97 (d) 5.28 (d) 5.49 (dd)
Ja3 b b b b
Hj3 b b b b
J3.4
Hy b b 5.68 (s) b
Ja.s b
Hs b b b b
J5.6¢ndo
J5-6exo
Héendo 1.05 (ddd) 1.21 (ddd) 1.90 (m) 1.43 (m)
j6end0-6ex0 l ]..5 HZ l 1.4 HZ 13.8 HZ 12-3 HZ
jﬁendo-']endo 6.6 HZ 6.9 HZ 8.8 HZ 7.2 HZ
Jeendo-Texo 1.9 Hz ca.0Hz 34 Hz a
Hgexo -0.19 (ddd) | 0.03 (ddd) 0.73 (ddd) 0.10 (ddd)
.l6exo.7¢ndo 12.8 HZ 12.7 HZ 8 8 HZ 12.3 HZ
jﬁcxo-?exo 4.6 HZ 4.6 HZ 6.0 HZ 4.6 Hz
H7endo 3.03 (dddd) | 3.14 (dddd) | 2.85 (dddd) | 3.32 (dddd)
j7endo-7ex0 17.7 Hz 17.7 Hz 16.3 Hz 18.0 Hz
J7endo-1 24 Hz 2.7Hz 4.1 Hz 3.3Hz
H7exo 2.31 (m) 2.31 (ddd) 1.65 (m) 2.29 (ddd)
j7ex0-l a 2.7 HZ 4.1 HZ 3.3 HZ

2 Numerical value for the coupling constant was not obtained due to second
order character or complexity of the signal. b Not applicable due to a non-
hydrogen substituent.
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[n order to generate a single seven-membered ring isomer. the reaction of ¢-
butylacetylene with the starting cyclopentadiene 348 was investigated (Eq. 134). Since
the cyclopentenyl complex always appears to insert into the unsubstituted side of the
alkyne, only one cycloheptadienyl isomer should be generated. Thus, cycloheptadienyl
complex 356 was obtained in very good yield as the only major product when
cyclopentadiene 348 reacts with HBF42Et>0 and r-butylacetylene in CH2Cls.
Presumably, the use of the corresponding deuterated alkyne in this reaction would yield

information on the orientation of this insertion, although this study has not yet been

undertaken.
t-Bu Me
"B{C/)Me @ BF,~
[y I +
| HBF4°Et,0 Co
o Bi— (Eq. 134)
CH,CI, t-Bu 19
/Q -78°C - RT
83%

348 356

The orange 13-cycloheptadienyl complex 356 was isolated through column
chromatography and is consistent with the formulation of a 1,3-disubstituted
cyclopentadienyl complex (Table 11). Although a very small amount of another product
is observed in the !H NMR spectrum of the crude product, an insufficient amount was
formed to conclusively identify. This suggests that the 1.2-cyclopentadieny| isomer
decomposes, forms insignificant amounts of minor products, or potentially isomerizes to
the 1,3 complex. In order to evaluate the potential isomerization, pure 1,2-t-butyl-
methylcyclopentadiene complex 348B will have to be synthesized and subjected to the
reaction conditions to ascertain if any 1,3-isomer is produced. The high yield of the
reaction may also be attributed to small amounts of unidentified isomeric complexes
present in the crude product.

This template also demonstrates a rare but marginal tolerance for electron

withdrawing groups on the alkyne, as a seven-membered ring product is obtained from
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the reaction of 348 with HBF*Et>0 and ethyl 2-butynoate, producing a low yield (24%)
of a characteristic red oil (Eq. 135). Although two isomeric cycloheptadiene complexes
may be formed. only one isomer (357) could be conclusively identified in the crude 'H
NMR spectrum. This isomer could be isolated and purified to some extent by column
chromatography (silica gel, 2% methanol/dichloromethane). The 3,4.5-cycloheptadienyl
ligand is readily identified by the two coupled downfield signals in the 'H NMR
spectrum at 5.49 and 4.97 ppm. Other spectral data is consistent with this structure, and
the band at 1725 cm-! in the IR spectrum clearly demonstrates the presence of the ester.

t-B{@/) ‘-Bu‘@/ BF
° +
Co HBF‘ Et.0 Co (Eq. 135)
! —==—CO0,Et
CHzCIz EtO,C 1
< .78°C — RT 2 7
24%
348 357

Given the isomeric mixture of cyclopentadiene starting complexes, it is more than
a little strange that, in most cases, only one major reaction product is isolated. Given the
2:1 mixture of regioisomers in the starting cyclopentadiene complexes 348, it might be
expected that four products would form in a 2:2:1:1 ratio: the 1,3-isomer of the r-butyl-
methylcyclopentadiene ring producing a 3,4,5- and a 1,3,4-cycloheptadienyl complex and
similarly, the 1,2-substituted cyclopentadienyl isomer yielding two seven-membered ring
isomers. Based on other systems, products arising from insertion of the alkyne into the
more substituted cyclopentadienyl ring were not anticipated, although such reactions
cannot be dismissed conclusively. Thus, each isomer apparently favors a different
intermediate and transition state for the coordination and insertion of the alkyne. One
regioisomer in the starting diene complex selectively reacts to form a particular
cycloheptadienyl isomer. The other initial cyclopentadiene regioisomer either does not
react to form a seven-membered ring, or reacts to form several different products, or

rearranges under the reaction conditions to give the dominant regioisomer prior to
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reaction with alkyne. This is difficult to ascertain conclusively. as it has proven to be
prohibitively difficult to separate and characterize minor components.

This particular cyclopentadiene system was also found to insert several other
alkynes upon protonation. Reaction of this template with HBF,¢Et>O and
bis(trimethylsilyl)acetylene gives a high (83%) yield of seven-membered ring products.
but the major two isomers proved to be inseparable and could not be identified
conclusively. Phenylacetylene and trimethylsilylacetylene both appear to give modest
yields of seven-membered ring products; however, the product mixture could not be
conclusively identified. Highly electron deficient alkynes such as DMAD still fail to
yield tractable material.

The synthesis of other unsymmetrical cobaltocenes was also successful, especially
those starting from 1,1'-bis(¢-butyl)cobalticenium 358. Addition of methyllithium to this .
complex in THF at low temperature (-78°C) yields a 8:1 mixture of isomeric products
359A and 359B, obtained as a red oil in 93% yield (Eq. 136). The major isomer is
identified as (1-t-butyl-CsH4)Co(2-t-butyl-5-exo-methyl-1,3-cyclopentadiene) (359A) by

IH NMR spectroscopy, while the minor complex is tentatively identified as the 1,2-

isomer 359B.
rBu~ES, B
I+ MeLi, THF ! . I
Co 8°C . RT (I:o cl:o (Eq. 136)
t-Bu’@ 3%  +Bu—< A\ -
Me -8y Me
358 359A 8:1 3598

However, treatment of this mixture with HBF4°Et>0 in the presence of various
alkynes returns only inseparable mixtures of isomeric seven-membered ring products.
The full assignment of the signals in the 'H NMR spectrum proved prohibitively difficult.
so these complexes remain uncharacterized. The most likely assessment is that the two

major observed products are substitutional isomers of a t-butylcycloheptadienyl ligand.
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However, the possibility of products arising from ring opening of both monosubstituted
and disubstituted cyclopentadiene ligands cannot be excluded. Minor components in the
mixture are attributed to the reaction of the minor isomer with HBF*BF, and alkyne. In
spite of the difficulties with certain templates, a large number of examples of this [5 + 2]
cyclopentadiene/alkyne cycloaddition ring-expansion reaction have been demonstrated,
as summarized in Table 14.

Other five-membered ring diene substrates were also briefly investigated. The
synthesis of (CsMes)Co(n3-indenyl)*PFg- is readily accomplished trom [(CsMes)CoCl]>
and indenyllithium, followed by oxidation with NH4PF¢.239 This cation may form an n3-
cyclopentenyl intermediate thermally if ring slippage of the indenyl ligand is a significant
process. Thus, thermolysis of the complex in the presence of an alkyne may result in a
ring expansion. No reaction of this complex with alkyne was noted at room temperature,
but unfortunately the PFg¢~ counterion appears to decompose under thermolysis
conditions (C¢HsCl, 100-110°C, excess alkyne). The 'H NMR spectrum of the product
was almost identical to the starting material, but the solubility properties had changed
significantly. The tetraphenylborate salt was thus synthesized, but this complex also
undergoes substantial decomposition to unidentified materials upon thermolysis in the
presence of alkyne. Related complexes, such as the bis(indenyl)cobalt(III) saits238 also
decompose under these reaction conditions.

Other cycloalkadiene templates were subject to conditions favoring production of
cycloheptadienyl complexes. However, the reaction of (n3-CsMes)Co(n*-
cyclohexadiene)?40 with HBF4¢Et;0 in the presence of 2-butyne does not yield tractable
products. A single product is obtained from the reaction of (n3-CsHs)Co(n%-
cyclohexadiene) 360,952.117¢ HBF4¢Et;0 and 2-butyne in CHCl,, although the product
361 is not the result of ring expansion (Eq. 137). The allyl olefin structure of 361 is
suggested by the appearance of a lone quartet (8 5.23, /= 6.5 Hz, IH) and a
corresponding methyl doublet (5 2.06, J = 6.3 Hz) in the !H NMR spectrum. Several
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Table 14. n5-Cycloheptadienyl Complexes Obtained from [5 + 2] Cyclopentadiene/

Alkyne Cycloaddition Reactions

starting diene product starting diene product
Me Me
Me | H CIO+ | ' +
Co Me Co Co
N & |
R =H, Me R C R
A 193, 303 327-330
Me
M t-Bu
= —g <™ e
Me” | Co* | il
¢ Cco Me l Co R
@FBU -,'.eu @ A
A 304 A.B 331-337
-8u Me
Me @) -
Me co’ ' Co
aw | & S
| 75
<<x_l>§_ Me t-Bu A
N 87 A.D 349, 351-354
Q tBu_ ol
BF,
~co R ~> xi
Clo . Co (T-o Co
A\ < we ) "
. * e t-Bu
. H £ R
309, 310 350, 355-357

{

Co*
("
R
320, 322-325

Alkynes used: (A) MeC=CMe. (B) t-BuC=CH, t-BuC=CMe, PhC=CPh, TMSC=CMe,
TMSC=CTMS. (C)t-BuC=CH, t-BuC=CMe, TMSC=CMe. (D) r-BuC=CMe,
PhC=CPh, PhC=CMe, cyclooctyne. (E) r-BuC=CMe, :-BuC=CH, TMSC=CMe,
MeC=C(CO2Et). Conditions: CH2Cl2, -78°C—RT, 2 equiv HBF4°E20, 3-7 equiv

alkyne, 16 h.
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resonances at § 6.34 (H»), 5.66 (H3). and 5.15 (H) have chemical shifts and
multiplicities consistent with the allyl protons. However, the remainder of the spectrum

consists mainly of broad signals or multiplets. The !3C NMR spectrum contains four

doublets at 6 88.5 (Cg), 85.0 (C;). 82.7 (C3) and 80.3 (C»), all of which are sp>
hybridized carbon atoms according to the respective 'Jcy values of 165. 169, 164 and

161 Hz.

e
Co - co- 8 \ (Eq. 137)
HBF °Et,0
= CH,Cl, 2 7 Me
<> .78°C - RT )
160 361

While the assigned structure of the cobalt complex 361 was still somewhat
uncertain, (n%-hexamethylbenzene)ruthenium(n?-cyclohexadiene) 36224! was subjected
to the same reaction conditions to help confirm the structure of the cobalt complex (Eg.
138). The ruthenium n3-cyclohexenyl structure 363 was more easily determined. in large
part because more of the signals in the 'H NMR spectrum are well-resolved. The
respective 'H NMR and 13C NMR spectral data for 361 and 363 are very similar, lending
support to the assignment of the cobalt product 361. Although the reactions of the cobalt
complex 360 with HBF4+Et>0 in the presence of other alkynes does not produce tractable
products, other work in this group has shown that the reactivity of the ruthenium system
is more general. Thus, the reaction of ruthenium complex 362 with tetrafluoroboric acid

and excess acetylene gives the analogous n2,n3-vinylcyclohexenyl complex.!20

BF,
>>:'<—< Me
Q \ 4,

Eq. 138
HBFELO Ru\\ (Eq )
CH,Cl, QL Me
Q .78°C — AT
60%
363



The reaction of larger ring cobalt diene complexes with HBF4¢Et>0 and 2-butyne
in CH2Cl3 for the most part fails to give tractable products. (Cyclopentadienyl)cobalt(n*-
cycloheptadiene), prepared by ligand exchange of cycloheptadiene with (CsHs)Co(12-
CaHy)a, for example, reacts with tetrafluoroboric acid in dichloromethane in the presence
of excess 2-butyne, but does not yield tractable material. The reaction of (13-
CsHs)Co(n*-1,5-cyclooctadiene), prepared by similar methodology, with HBFeEt-O
and 2-butyne under identical conditions appears to provide a very small amount of a
product that is tentatively assigned as an n2-vinyl-n3-allyl complex analogous to 310
based on the analysis of the |H NMR spectrum. However, only a small amount of this
material is formed and it could not be separated from impurities. Further investigation

was not pursued.

Il Future Work

Because the ¢-butyl-methylcyclopentadienyl system shows the greatest tolerance
towards functional groups on the alkyne, the further development of this and closely
related ligand systems may ;Srove valuable. A critical requirement for this process is to
develop conditions that produce a single isomer of the cyclopentadiene starting complex.
A particularly interesting ligand is 1,3-bis(trimethylsilyl)cyclopentadiene. This ligand
may be large enough to isolate a cobalt(IT) dimer analogous to [Cp*CoCl],. This would
greatly simplfy the synthesis of mixed cyclopentadienyl systems. However, the main
benefit is that the trimethylsilyl groups may be hydrolytically removed once the seven-
membered ring is formed, reducing the number of potential isomers. It is also
worthwhile to assay complexes of other electrophilic metal complexes (e.g., iron) to

ascertain the generality of this process.



As well, several important substrate classes may also undergo ring opening
reactions. such as tetrahydroindene complexes. The use of diene complexes such as
furan. pyrrole, or other aromatic heterocycles in this reactivity pattern could also possibly
produce seven-membered heterocyclic complexes.

Using alkynes that are tethered to the cyclopentadiene ring may allow the
development of an intramolecular version of this reaction and, not incidently, form
synthetically valuable bicyclic product complexes. A more probable route for the

introduction of heteroatoms is the incorporation of a heteroatom into the tether chain.

In examining the [3 + 2 + 2] cycloaddition chemistry of (n3-CsMes)cobalt(II)
allyl templates with alkynes, we have demonstrated the facile preparation of an
impressively large number of (CsMes)Co(n3-cycloheptadienyl) complexes. It was
shown that this chemistry can be expanded into the more readily available
(cyclopentadienyl)cobalt(III) allyl template. These seven-membered ring complexes can
be further functionalized by the reaction with carbon nucleophiles, generating a
cycloheptadiene ligand. Finally, the intact organic ligand can be removed from the metal
template without isomerization of the diene moiety, providing a new and relatively
straightforward synthesis of seven-membered carbocycles.

Further study of several anomalous products obtained from these [3 + 2 + 2]
allyl/alkyne cycloaddition reactions led to the development of a conceptually new [S + 2]
cycloaddition reaction between a cyclopentenylcobalt template and an alkyne. In this
process, a coordinated cyclopentadiene ligand is protonated by strong acid, which yields
a highly reactive cyclopentenylcobalt intermediate. Coordination and insertion of an
alkyne into this intermediate ultimately form an n5-cycloheptadienyl complex via a
selective activation of an unstrained carbon-carbon bond. Various templates, such as 1-

alkylcyclopentadiene complexes 314, 315, and 316, were assayed in this reactivity



pattern and a surprising degree of generality was found. However, the reaction of more
highly substituted cyclopentadiene complexes such as 348 with alkynes is found to give

regioisomeric mixtures of seven-membered ring products.
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Experimental Procedures

Reagents and Methods. All manipulations on air sensitive compounds were performed
under a nitrogen atmosphere using standard Schlenk techniques. or in a Vacuum
Atmospheres He-553-2 Dri-lab equipped with a Mo-41-1 inert gas purifier and a CD-882
Dri-Cold Freezer maintained at -35 °C. Vacuum transfer of volatile reagents was
performed at high vacuum (10-> mm Hg) using a MKS Baratron digital pressure
transducer for measurement of gas pressure in known volume flasks. Toluene, benzene,
tetrahydrofuran, diethyl ether, hexane and pentane were distilled from sodium/
benzophenone ketyl or sodium (potassium)/benzophenone ketyl. Reagent grade acetone
was degassed and stored under nitrogen with no further purification. Dichloromethane
and acetonitrile were distilled from calcium hydride and degassed. Unless stated
otherwise, all reactions were carried out under a nitrogen atmosphere. Photolysis was
carried out using a Hanovia 450 watt high pressure mercury lamp filtered through pyrex.
IR spectra were recorded on a Nicolet Magna [R 750 or a Nicolet 20SX spectro-
photometer. 'H NMR and !3C NMR spectra were recorded on a Bruker AM-400 ('H,
400 MHz; 13C, 100 MHz), Bruker AM-360 (!H, 360 MHz), Bruker AM-300 (‘H, 300
MHz; 13C, 75 MHz), Bruker AM-200 ('H, 200 MHz; !3C, 50 MHz). Varian Unity-500
('H, 500 MHz; 13C, 125 MHz), or a Varian Unity-Inova 300 (!H, 300 MHz)
spectrometer. Chemical shifts are reported in ppm relative to external TMS using
residual protiated solvent resonances as internal reference. Mass spectra were obtained
on a Kratos MS-50 spectrometer or by positive mode electrospary ionization on a
Micromass ZabSpec Hybrid Sector-TOF. FAB mass spectra were recorded on an
AEIMS?9 spectrometer. Elemental analyses were performed by the University of Alberta

Microanalysis Laboratories.



Further Note on Spectroscopic Methods. In 'H NMR spectral data, values of the
coupling constants are either obtained directly from the spectrum, or extracted using
standard homonuclear decoupling techniques. Although generally measured to = 0.1 Hz,
J values are self-consistent only to = IHz. GCOSY denotes the standard COSY
experiment, aquired using field gradients. Data for the 'H-'H COSY or GCOSY is
presented such that correlations are listed only once. Values of !JcH are obtained either
directly from the gated decoupled spectrum, or from the coupled HMQC spectrum. 'H-
13C HETCORR experiments are recorded at the !3C frequency of the spectrometer, while

HMQC and HMBC are recorded at the 'H frequency.

Atom labels for numbering system of cycloheptadienyl complexes. To aid in
tabulation of 'H NMR spectral information, a common numbering scheme was devised
based on the conformation of the seven-membered ring. The most upfield signal in the
'H NMR spectrum was assigned to the Heexo atom. This was determined based on
careful correlation of the Jy.y values to the Karplus value obtained from the torsional
angle between the relevant H atoms obtained from X-ray crystallographic structures. In
cases where the cycloheptadienyl ligand has a mirror plane, this artifice is maintained and

the signals are assigned to the two related positions.

The following compounds were prepared by published procedures:
(CsMes)Co(C2H4)2(79),90 (CsMes)Co(n3-C3Hs)(OTF) (80),62:89 (CsMes)Co(n3-1-Me-
C3H4)(OTY) (81),88:39 (CsMes)Co(n3-1,2-Me>C3H3)(OTY) (85),88.89 (CsMes)Co(n3-1.3-
Me>C3H3)(OTY) (86),88 (CsMes)Co(n*-cycloheptatriene) (100),'09 1-(bromomethyl)-1-
cyclopentene (109),!12.113 [-(hydroxymethyl)-3,4-dihydronaphthalene (115),!14
(CsHs5)Co(CaHy)z (123),117 (CsHs)Co(n3-C3Hs)(Br) (125),!17 bicyclo[3.2.0]heptadiene
(295),223 (CsHs)Co(n*-cyclohexadiene) (309),95a.117¢g (C_6Me6)Ru(n4-cyclohexadiene)
(311),240 cyclooctyne,97 [(CsMes)CoCl)3, 106 (CsHs)Co(m*-cycloheptatriene), 118
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(CsMes)Co(n*-4-vinyl-1-cyclopentene),! 28 hexadeuteriocyclopentadiene,229 1,2-
dimethylcyclopentadiene.>30 (CsMes)Co(n*-cyclohexadiene).240 [(CgMeg)RuCl-], 24!
CsMesH. 242 (CsHs)aFet PFg™, 243 [(CsMes)IrClajr. 2+

(CsMes)Co(n*-butadiene) (82),88.89 (CsMes)Co(n*-isoprene) (83),88-89 and
(CsMes)Co(n*-1.3-pentadiene) (84),88-89 were prepared by thermal exchange of the
ethylene ligands in (CsMes)Co(CaHy)a (79) with the appropriate diene in hexanes at 60-
70°C. Complexes 82106 and 838+ have been previously prepared by different
methodology. [-(Bromomethyl)-1-cyclohexene (103) was prepared by NBS bromination
of methylenecyclohexane.! 10111 |-Vinyl-[-cyclopentene! 6 was prepared by H>SO4
catalyzed dehydration of |-vinyl-1-cyclopentanol, which itself was the product of the
reaction of vinylmagnesium bromide with cyclopentanone. Sodium dimethylmalonate
was prepared in the drybox by the addition of NaH to a THF solution of the organic ester.
The lithium enolate of acetophenone was prepared in the drybox by the addition of LDA
to a pentane solution of the ketone. Trityl tetratluoroborate was prepared by the addition
of HBF to a solution of triphenylmethanol in acetic anhydride, followed by washing the
precipitate with copious amounts of diethyl ether.

Cobaltocene was made by the addition of solid anhydrous CoCl5 to a solution of
NaCp in THF/DME.245 Cobalticenium chloride was prepared by oxidation of this
solution with aqueous HCI and air.245 The cobalticenium PFg- salt was precipitated from
aqueous solution with NH4PFg. 1,1'-Dimethylcobalticenium was prepared analogously
using sodium methylcyclopentadienide.245 Methylcyclopentadienylcobalt complexes
were prepared following the published procedured for the CsHs analogues.!17

t-Butylcyclopentadiene was prepared by quenching r-BuCpLi246 with water.
(Trimethylsilyl)-cyclopentadiene was prepared by the addition of TMSCI to NaCp.
Carbomethoxycyclopentadiene was prepared by the addition of diethylcarbonate to

NaCp.2#7 All cyclopentadienes were distilled before use.



(CsHs)Co(n*-alkylcyclopentadiene) (R = H, Me, i-Pr, t-Bu) compounds were
prepared from addition of alkyllithium or alkylmagnesium halide reagents to a slurry of
(C5Hs)2Co% in THF at -78 °C. Workup consisted of removing the THF solvent, and
extraction of the residue with pentane. The pentane extracts were filtered through a
Celite pad and dried. These compounds have been previously prepared using a similar

procedure.?3¢g
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Chapter 2 Experimental Section

<%

- \
Co THF, 45-55°C °°">'
X V7 4-5h / )

Cl
79 90

(CsMes)Co(2-Me-C3H4)Cl (90). In a Schlenk flask. (CsMes)Co(CaHy)» (79) (0.2998
mg, 1.198 mmol) was dissolved in tetrahydrofuran (15 mL) under a nitrogen atmosphere.
t-Chloro-2-methyl-2-propene (180 pl, 1.83 mmol, 1.5 equiv) was added by syringe and
the solution was then heated to 45-55 °C with stirring for 4-5 h. All volatile material was
removed in vacuo and the the residue was extracted with toluene. The combined extracts
were filtered through a Celite pad. Removal of the solvent gave a dark red-black solid
(241 mg, 71%). 'H NMR (400 MHz, C¢Dg) 8 3.69 (s, 2H. Hy), 3.12 (s, 2H, Hy), 1.43 (s,
3H, CH3), 1.24 (s, 15H, CsMes); 13C NMR (75 MHz, CDCl3) § 111.2 (Cg), 93.9
(CsMes). 56.8 (Cy), 24.2 (CH3), 10.2 (CsMes). Analysis calculated for C[4H22CICo: C,
59.06: H, 7.79: found: C, 59.015; H, 7.886.

-~ .
| h A /@

Co THF, 45-55°C £ 0-)}
\/ \y 4-5h cl

79 91

Ph

(CsMes)Co(1-Ph-C3H4)Cl (91). In a Schlenk flask, (CsMes)Co(C2Hy)2 (79) (0.3458 g,
1.382 mmol) was dissolved in tetrahydrofuran (20 mL) under a nitrogen atmosphere.
Cinnamy! chloride (210 pl, 1.51 mmol, 1.09 equiv) was added via syringe. The solution
was then heated to 45-55 °C with stirring for 4-5 h. All volatile material was removed in
vacuo. The residue was extracted with toluene and the toluene solution was filtered

through a Celite pad. Removal of the solvent gave a dark purple-black solid (334.0 mg,
70%). 'H NMR (400 MHz, C¢Dg) & 7.51 (d, J =7.1 Hz, 2H, Hpy), 7.13-7.21 (m, 3H,
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Hph), +.66 (d, /=129 Hz, I1H, H}),4.52 (td. /= 12.2, 7.5 Hz, |H, H), 3.97 (d. /= 7.6
Hz, IH, H3y), 3.32 (d,J = 12.2 Hz, IH, H3y), 1.05 (s, 15H, CsMes): 13C NMR (100
MHz. CgDg) 6 141.3 (Cipso). 129.1 (Cpp), 127.0 (overlap with solvent peak, Cpp), 126.3
(Cph). 8 93.2 (CsMes), 91.2 (Ca). 78.2 (Cy). 56.8 (C3), 8.8 (CsMes): !3C NMR (75
MHz, CDCl3) 8 140.5 (Cipso). 129.1 (Cpn). 126.9 (Cpp). 126.6 (Cpp), 93.6 (CsMes), 91.5
(C2), 78.5 (Cy). 57.0 (C3), 9.0 (CsMes). Analysis calculated for CgH»4CICo: C, 65.81;
H, 6.98; found: C, 65.409; H, 6.500.

Ql Br. _~~_°CO;Me /@

- Co—)
THF, RT, 16 h /

Co
X ¥ Br

79 92

CO,Me

(CsMes)Co(1-(COzMe)-n3-C3Hy)(Br) (92). To a solution of (CsMes)Co(C3Hy)a (79)
(0.2356 g, 0.9414 mmol) in tetrahydrofuran (10 mL) under a nitrogen atmosphere was
added methyl 4-bromocrotonate (0.11 mL, 1.0 equiv). The orange solution slowly
changed color to dark purple as the reaction was allowed to stir at room temperature
overnight. All volatile material was removed in vacuo and the residue was crystallized
from diethyl ether/pentane. Dark purple crystals (0.2868 g, 82%) were obtained. IR
(CHaCl; cast, cmel) 2952 (w), 2916 (w), 1699 (s), 1506 (m), 1442 (m), 1378 (m), 1314
(s), 1251 (w), 1228 (m), 1187 (m), 1160 (s), 1074 (m), 1043 (m), 1021 (m), 985 (m), 959
(w), 901 (m), 839 (m), 721 (w), 558 (w); 'H NMR (400 MHz, CD2Cl,) 8 5.01 (ddd, J =
13.3, 11.6, 8.1 Hz, IH, H,), 4.00 (d, / = 8.1 Hz, 1H, Hy), 3.80 (s, 3H, CO2Me), 3.16 (d, J
=13.3 Hz, IH, H,), 2.98 (d, J = 11.6 Hz, 1H, Hy), 1.58 (s, 15H, CsMes); !3C NMR (100
MHz, CD>Cl») 899.2,95.2, 60.0, 57.4, 51.8,9.7. The carbonyl carbon was not observed
above baseline noise. MS mv/z calculated for C;sH2Co0,81Br (M*): 374.01147; found:
374.01107 (13%). MS m/z calculated for C|sH22C00279Br (M+): 372.01352; found:
372.01275 (13%).
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80 93

(CsMes)Co(2-Me-n3-C3H4)(OTH) (93). In the drybox, (CsMes)Co(2-Me-n3-C3H)(Cl)
(90) (59.1 mg, 0.208 mmol) was dissolved in benzene (10 mL). Silver triflate (62.1 mg,
2.41 mmol. 1.16 equiv) was added at room temperature. After stirring 4 h. the solution was
tiltered through a Celite pad. Removal of the solvent gave a dark brown powder (73.6 mg,
89%). The analytical sample was crystallized from toluene-pentane at -35 °C. 'H NMR
(360 MHz, CD1Cla) 8 4.60 (s, 2H, Hy). 2.26 (s, 2H, Hy). 1.84 (s, 3H, CH3). 1.46 (s, 15H.
CsMes): '3C NMR (75 MHz, CgDg) & 117.4 (C1), 94.8 (CsMes), 60.6 (Cy), 23.5 (Me). 9.8
(CsMes). Triflate carbon was not located above baseline noise. Analysis calculated for

Ci5H22CoF303S: C, 45.23; H, 5.57; found: C. 44.974; H, 5.866.

/%o_ )} AgOT! /% )2

C¢Hg, RTANh /
T10
91 Ph 94

Ci

(CsMes)Co(1-Ph-n3-C3H4)(OTH) (94). In the drybox, CsMesCo(1-Ph-n3-C3H4)Cl

(91) (43.0 mg, 0.124 mmol) was dissolved in benzene (10 mL). Silver triflate (37.5 mg,
0.146 mmol, 1.18 equiv) was added. After stirring 4 h, the solution was filtered through a
Celite pad. Removal of the solvent gave a deep brown solid (43.3 mg, 76%). The
analytical sample was recrystallized from toluene/pentane at -30°C. 'H NMR (360 MHz,
CeD¢) 87.50(d, J =7 Hz, 2H, Hpy), 7.13-7.20 (m, 3H, Hpyp), 4.65 (d. J = 12.8 Hz, IH,
Hys),4.52 (td. /= 12.4, 7.5 Hz, 1H, Hj), 3.97 (d, J = 7.5 Hz, |H, H3y), 3.32 (d,/ = 12.1
Hz, 1H, H3s), 1.06 (s, 15H, CsMes); !13C NMR (75 MHz, CgDg) 8 140.3 (s, Cpy), 129.5
(dd, UcH = 157.0 Hz, 2Jcy = 7.2 Hz, Cpy), 128.3 (d, Uy = 157.1 Hz, Cpy), 127.4 (dd,



lJcu = 156.9 Hz, 2Jcy = 7.9 Hz, Cpp), 95.3 (d, 'JcH = 157.1 Hz, C3), 94.3 (s, CsMes),
80.9 (d. Jch = 158.9 Hz., C)), 60.6 (t, lJcy = 161.6 Hz, C3), 8.6 (q, !/cy = 127.6 Hz,
CsMes). Analysis calculated for CagH24CoF303S: C, 52.18; H, 5.25; found: C, 51.854:
H. 5.019.

Ph—==—H Q oTt
\ (3 equiv) Co
Co—) -
/ CH,Cl,, 18h Ph 1 7
Tf{O -35°C-RT

80 95 Ph

[(CsMes)Co(n3-3,5-Ph2C7H7 )}* OTE- (95). Method A. (CsMes)Co(C3Hs)(OTY) (80)
(94.6 mg, 0.246 mmol) was dissolved in dichloromethane (10 mL) under a nitrogen
atmosphere and cooled to -78 °C. Phenylacetylene (10 equiv) was added via syringe and
the solution was warmed slowly to room temperature. All volatile material was removed
in vacuo and the residue was purified by repeated column chromatography, using 4%
methanol/ dichloromethane on silica gel. The isolated yield of dark red-black material

was 52.0 mg (36%).

[(CsMes)Co(n3-3,5-PhaC7H7 )]* OTE- (95). Method B. (CsMes)Co(C3Hs)(OTY) (80)
(38.9 mg, 0.101 mmol) was dissolved in dichloromethane (5 mL) and cooled to -78 °C in
a dry-ice/acetone bath. To this solution was added phenylacetylene (33 uL, 0.303 mmol,
3 equiv) and the solution was kept at -78 °C for 10 min. The flask was transferred to an
acetone bath held at -30 °C and stirred overnight at that temperature. The solution was
then allowed to warm to room temperature and stirred 4 h. The solvent was removed and
the product purified as detailed above. The isolated yield was 34.6 mg (58%). IR
(CH,Cl; cast, cm-l) 3061 (w), 2963 (w), 2919 (w), 1487 (m), 1454 (m), 1429 (m), 1381
(m), 1262 (s), 1075 (w), 1055 (w), 1030 (s), 1002 (w), 768 (m), 734 (m), 698 (m), 656
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(w). 637 (s), 572 (w), 547 (w), 516 (m); 'H NMR (300 MHz. CDCl») & 8.1-7.4 (m,
LOH. Haromatic). 6.47 (br s, LH. Hy), 5.10 (d, J2.1 = 9.5 Hz, LH, H3), 4.74 (m, dddd by
decoupling, J1.2 = 9.4 Hz, J|_7ex0 = J1-Tendo = 3 HZ, J|-6endo = 2 Hz), 3.24 (dddd, J7endo-
Texo = 16.9 Hz, J7endo-6exo = 12.2 Hz. J7endo-6endo = 7.0 Hz, J7endo-1 = 2.4 Hz, IH,
H7endo). 2.69 (dddd. J7exo-7endo = 17.0 Hz, J7ex0-6ex0 = J7exo-6endo = 4.1 Hz, J7ax0.4 <
IHz, IH, H7exo). 2.04 (ddd, Jeendo-6exo = 13 Hz, Joendo-Tendo = 6.9 Hz, Jeendo-1 = 1.6 Hz.
IH. Heendo). 1.26 (s, 15H, CsMes), 0.58 (ddd, Jeexo-Texo = 4.5 Hz, J6exo-6endo = Jéexo-
7endo = 13.1 Hz, 1H, Hgexo); 'H-'H COSY (400 MHz, CD»Cly) §6.47 (Hy) & 85.10
(w, H2), 8 2.0 (W, Héendo). 8 0.58 (. Heexo): 85.10 (H2) ¢ 8 2.69 (W, H7exo): §4.74
(Hy) > 8 3.24 (H7endo). 8 2.69 (H7exo). 8 2.04 (Heendo): 8 3.24 (H7endo) € & 2.69
(H7exo). 8 2.04 (Hegendo). 8 0.58 (Hgexo): 8 2.69 (H7exo) > 8 0.58 (Heexo): & 2.04
(Héendo) € 6 0.58 (Hgexo); !3C NMR (100 MHz, CD;Cl3) 8 140.1 (s, Cpp, ipso)» 134.0 -
(s, Cph, ipso). 131.6 (d. lUcy = 166 Hz, Cpp, para), 130.4 (d, LUcy = 160.7 Hz, Cpy, para),
129.9 (d, UUcH = 166 Hz, Cph, meta), 129.8 (d, YUcH = 166 Hz, Cph, meta), 128.1 (d, ey
= 156.5 Hz. Cph, ortho). 125.4 (d, !Jcy = 157.4 Hz, Cph, ortho) 1 14.5 (s, C3), 107.9 (s,
Cs). 98.1 (s, CsMes), 91.8 (d, lJcy = 163.3 Hz, Cy). 87.9 (d, lJcy = 145.5 Hz, Cy).
86.0 (d, lJcy = 156.3 Hz, C3), 46.2 (t, Jcy = 132.2 Hz, Cy), 32.2(t, lJcq = 133.2 Hz,
Cs). 8.6 (q, !Jcy = 128.9 Hz, CsMes). EMFAB MS calculated for Ca9H32Co (M* -
"OTf): 439.1836; found: 439.1828. Analysis calculated for C3gH32CoF303S: C, 61.22:
H, 5.48; Found: C, 61.064; H, 5.587.

o SEX o
)> (10 equiv) _  tBu co

\

Fo- CH,Cl,, 12h 15
Tt0 -78°C-RT

80 96 t-Bu

[(CsMes)Co(2,5-tBuz-n5-CsH7)I* TFO~.(96). This complex has previously been

prepared and spectroscopically characterized.88 In the drybox, (CsMes)Co(n3-
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C3Hs)(OTH) (303 mg, 0.788 mmol) was placed in a Kontes flask. The flask was removed
to the Schlenk line and dichloromethane (8 mL) was added. On the high vacuum line,
3.3-dimethyl-1-butyne (0.650 g, 7.95 mmol) was added by vacuum transfer. The solution
was warmed to -78 °C, and then allowed to warm slowly to room temperature while
being stirred overnight. The solvent was evaporated, the residue washed with diethyl
ether and then dissolved in dichloromethane and filtered through Celite. Evaporation
gave a green, air stable solid (379.1 mg, 88%). Another sample of the material, prepared
in a similar manner, was purified by dissolving in a minimum amount of dichloromethane
and adding dropwise to an excess of rapidly stirring diethy! ether to give a green powder
in 30-40% yield. IR (CHaCls cast, cm-l) 2974 (m), 2908 (w), 2876 (w), 1467 (m), 1437
(w), 1376 (m), 1361 (w), 1267 (s), 1223 (m), 1147 (s), 1 108 (w), 1031 (s), 1019 (m), 637
(s), 571 (w), 516 (m): 'H NMR (400 MHz, acetone-dg) & 7.41 (d, J3.4 =6 Hz, IH, Hj),
5.40 ("dt" (ddd), Jy.3= 6 Hz, J4.6exo = J4-7endo = 1.7 Hz, 1H, Hy), 4.79 (dd, J|.7ex0 = 6
Hz. Ji.7endo = 1.4 Hz, 1H, H)), 3.24 (dddd. J7endo-7ex0 = |7 Hz. J7endo-6exo = 12 Hz,
Jrendo-1 = 1.4 Hz, J7endo-4 = 1.7 Hz, 1H, H7endo), 2.98 (dddd, J7exo-7endo = 17 Hz, J7exo-1
=6 Hz, J7exo-6ex0 = 2.6 Hz, J7exo-6endo = 3.6 Hz, 1H, H7exo). 1.83 (s, ISH, CsMes), 1.8
(m, 1H, Hgendo, partially obscured), 1.33 (s. 9H, Meyg), 1.16 (s, 9H, Mey), -0.19 (br "dt",
Jéexo-Tendo = J6exo-6endo = 12, Jeexo-7exo = 3 Hz, IH, Heexo); 'H-'H COSY (400 MHz,
acetone-dg) 8 7.41 (H3) &> 6 5.40 (Hy), 6 4.78 (w, H}), 8 -0.19 (W, Hgexo); 8 5.40 (Hy)
> 8 3.24 (W, H7endo), 0 -0.19 (W, Heexo): 64.78 (H}) <> 8 3.24 (H7endo), 8 2.98 (H7exo);
8 3.24 (H7endo) € 8 2.98 (H7exo), 8 -0.19 (Heexo): 82.98 (H7exo) € 8-0.19 (Heexo):

13C NMR (100 MHz, acetone-dg) & 186.3 (s, Cs), 125.2 (s, C3). 96.3 (s, C5Mes), 85.7
(d. Jc-H = 161 Hz, Cy), 85.0 (d, Jc.H = 168 Hz, C3), 69.3 (d, Jc.q = 149 Hz, C)), 57.3 (t,
Je.H = 129 Hz, C7), 42.7 (s, C10), 37.7 (s, Cg), 31.2 (q, Jc-1 = 125 Hz, Cy), 28.3 (t, Cg),
274 (q, Jc-1 = 130 Hz, C}), 10.9 (q, Jc-H = 128 Hz, CsMes); 'H-13C HETCORR (100
MHz, acetone-dg) & 85.7 (C4) &> 85.40 (Hy): 8 85.0 (C3) & 87.41 (H3); 669.3(C)) &
34.79 (H}); 6 57.3 (C7) & 8 3.24 (H7endo). 8 2.98 (H7exo); 8 31.2 (Cg) & & 1.33 (Meg);



8 28.3 (Co) ¢ & 1.8 (Heendo)» 8 -0.19 (Heexo); 8274 (Cqp) € 8 1.16 (Mey)), § -0.19
(Heexo): 8 10.9 (CsMes) > & 1.83 (CsMes): 'H-13C Long Range HETCORR (100 MHz.
acetone-dg) 6 186.3 (Cs) «>37.41 (H3),d 1.16 (Mey(); § 125.2(C2) & §5.40 (Hy). &
[.33 (Mey): 8 96.3 (CsMes) «> 8 1.83 (CsMes); 6 85.7 (Cs) > 8 1.8 (Hgendo). 8 -0.19
(Heexo): 885.0 (C3) &> 64.79 (H): § 69.3 (Cy) &> 8 7.41 (H3), 8 1.8 (Heendo): 857.3
(C7) € 8-0.19 (Hgexo): §42.7 (C1o) & 8 1.16 (Me|); § 37.7 (Cg) ¢ & 1.33 (Meg): &
28.3 (Ce) <> 6 5.40 (Hy), 8 4.79 (H|). Analysis calculated for Ca6HygCoF3038S: C,

\Q oTf
zd Le
X CHyCly, 160 -
/°°->> + Ol -78°CoHRT 7
Tt0
80

97

56.92: H, 7.35: S, 5.84 found: C, 56.753; H, 7.480: S, 5.702.

[(CsMes)Co(n3-C19H29)[* OTF (97). In the drybox, (C5Mes)Co(n3-C3Hs)(OTY) (80)
(35.3 mg, 0.0918 mmol) was placed in a Schlenk flask capped with a rubber septum. The
flask was removed to the Schlenk line where dichloromethane (2 mL) was added and the
solution was cooled to -78 °C. Cyclooctyne (30 uL, ca. 0.3 mmol) was added and the
reaction was allowed to warm slowly to room temperature overnight with stirring. The
solvent was evaporated and the residue was washed with diethyl ether and then
redissolved in dichloromethane and filtered through a Celite pad. Evaporation of the
solvent gave an orange air stable foam (46.3 mg, 84%). IR (CH;Cl; cast, cm-!) 2993
(w), 2924 (s), 2857 (m), 1496 (m), 1481 (w), 1471 (w), 1456 (m), 1435 (m), 1379 (w),
1270 (s), 1220 (m), 1142 (s), 1114 (w), 1096 (m), 1072 (m), 1030 (s), 749 (w), 636 (s),
570 (w), 516 (w); 'H NMR (400 MHz, acetone-dg) & 4.30 (brs, 1H, H;), 3.20 (ddd, J =
14,7, 2 Hz, 1H, ring CHy), 3.0-2.8 (m, 4H), 2.95 (m, H7endo), 2.55-2.45 (m, 1H, ring
CH>), 2.35 (dt, J = 16, 4 Hz, |H, H7exg), 2.25-2.15 (m, 1H, ring CH3), 2.1-1.2 (sets of
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overlapping multiplets, ring CHa's). 1.75 (s, 15H, CsMes), 1.5 (m, obscured, Heendo).
1.0-0.9 (m, 1H. ring CH2). -0.06 (td. Jops = 12.2, 4.8, LH, Hgexo): 'H-'H COSY (400
MHz. acetone-dg, selected data only) & 4.30 (H;) € 8 2.95 (H7endo). 8 2.35 (H7exo). &
1.50 (Hgendo). 8 -0.06 (Heexo): 8 3.20 (CH2) > 8§ 2.97 (CHa), § 2.2 (CH»). 8 1.6 (CH»): 8
3.0 (CH2) 3 8 2.5 (CH2). 6 1.7 (CH2): 8 2.95 (H7endo) € 8 2.35 (H7exo), & 1.50
(Heendo). -0.06 (Heexo); 6 2.9 ¢> 8 1.95, 8 1.8, 8 1.55 (all CHa); 8 2.35 (H7exo) < & 1.50
(Héendo). 8 -0.06 (Héexo); 8 1.50 (Heendo) ¢ 8-0.06 (Heexy): !3C NMR (100 MHz,
acetone-dg) & 119.1 (s, C3), 111.2 (s. Cas4/5), 107.3 (s, Ca74/5), 105.7 (s. Ca/4/5). 97.8 (s.
CsMes), 83.9 (d, ey = 149.4 Hz, Cy), 4.8 (t, lJcy = 127.8 Hz, C7), 37.5 (1. ey =
125.9 Hz, CHa), 34.9 (t, lJcy = 129.1 Hz, CH3), 32.3 (t, CHb), 32.1 (t. CH»), 31.9 (1,
CH>). 30.4 (s, impurity, shows no CH correlation) 29.7 (1. Cg), 29.2 (1, CH»), 28.6 (t,
CH3). 28.1 (t. CH2), 27.4 (1. CH2), 27.2 (1, CH>), 27.0 (t, CH3), 25.4 (1, CH»), 9.0 (q, '/
cH = 128.7 Hz, CsMes); !'H-13C HETCORR (100 MHz, acetone-dg, selected
correlations only) 8 83.9 (C|) & 84.30 (H|); 844.8 (C7) & 82.95 (H7endo). & 2.35
(H7exo): 837.5 (CH2) &> 8 1.97 (strong correlation, CH3); § 34.9 (CH,) &> §2.85 (CH»),
d 1.81 (CH3); 6 32.3 (CH2) > 8 2.20 (CH3), 8 1.56 (CH3); § 32.1 (CH») & § 1.87
(strong correlation, CH2); 8 31.9 (CH3) & 8 1.87 (strong correlation, CH>); § 29.7 (Cs)
> 0 1.5 (Héendo). 8 -0.06 (Heexo); 829.2 (CH2) &> 8 1.90 (CH>). § 1.55 (CH>»); §28.6
(CH2) & 8 2.96 (CH3), 8 2.69 (CH3); 8 28.1 (CH3) & 8 3.19 (CH»), § 2.94 (CH>»); §
27.4 (CH3) & 8 1.81 (CHy), 8 1.31 (CH3); 8 27.2 (CH3) «> 3 1.58 (strong correlation,
CH2): 8 27.0 (CH3) > 8 1.58 (CH3). 8 1.39 (CH3): 8 25.4 (CH3) &> § 1.79 (CH»), § 0.9
(CH2); 8 9.0 (C5sMes) <> 8 1.75 (CsMes). Analysis calculated for C30H44CoF303S: C,
59.99: H, 7.38; found: C, 59.949; H, 7.516.
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TtO

[(CsMes)Co(15-1-Ph-3,4-(CH;)6-C7Hg)]* OTE- (98). In the drybox, a Schlenk tlask
was charged with (CsMes)Co(n3-C3Hs)(OTY) (80) (58.7 mg, 0.153 mmol) and removed
to the Schlenk line. Dichloromethane (6 mL) was added and the brown solution was
cooled to -40 °C. Cyclooctyne (24 uL, 1.1 equiv) was added and the solution was stirred
for about 6 min at -40 °C. Phenylacetylene (40 uL, 2.5 equiv) was then added, and the
solution was allowed to warm to room temperature over 6 h and stirred an additional 2 h
at room temperature. All volatile material was removed in vacuo and the residue was
purified by tlash chromatography (silica gel, 5% methanol/dichloromethane). A dark red
band was collected and dried to give a dark red solid (57.5 mg, 63%). IR (CH»Cl, cast,
cm-l) 3059 (w), 2924 (m), 2854 (w), 1488 (w), 1478 (w), 1449 (m), 1381 (w), 1264 (s),
1222 (m), 1149 (s), 1110 (w), 1074 (m), 1030 (s), 769 (w), 734 (W), 699 (w), 637 (s), 571
(w), 517 (m); 'HNMR (4OQ MHz, CDCl3) & 7.55-7.40 (m, 5H, Hpp), 5.79 (s, LH, Hy),
4.20 (br s, 1H, Hy), 3.16 (dddd, J = 16.0, 13.0, 7.0, 3.0 Hz, |H, H7endo), 3.02 (ddd, J =
13.0, 13.0, 3.7 Hz, |H, CHj), 2.86 (ddd, J = 13.2, 3.9, 3.9 Hz, |H, CH>), 2.67 (ddd, J =
12.7, 12.7, 3.3 Hz, 1H, CHy), 2.59 (ddd, J = 16.7, 3.7, 3.7 Hz, |H, H7exo), 2.30-1.400
(series of overlapping m, Heendo and CHa), 1.36 (s, 15H, CsMes), 0.35 (ddd, J = 12.6,
12.6, 4.3 Hz, 1H, Heexo)- The Heendo proton is identified at about 8 1.95 by the COSY
spectrum. 'H-1H COSY (400 MHz, CD;Cly) 8 5.79 (H4) © 8 1.95 (Hsendo), 8 0.35
(Héendo): 84.20 (H|) > 8 3.16 (H7endo), 8 2.59 (H7exo), 8 1.95 (Heendo); 8 3.16 (H7endo)
© 0 2.59 (H7exo), 8 1.95 (Heendo), 8 0.35 (Heexo): 83.02 (CH3) &> &2.86 (CH>), § 2.30
(CH2), 8 1.80 (CH3); 8 2.86 (CH3) «> 8 2.30 (CH3), 8 1.80 (CHy); 8 2.67 (CH3) & &
2.10 (CHy), 8 1.70 (CH2); 8 2.59 (H7exo) € 8 1.95 (Héendo) 8 0.35 (Heexo); 8 2.30-8
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1.40 (series of correlations between CH) signals); 8 1.95 (Hgendo) © 8 0.35 (Hgexo); '3C
NMR (100 MHz. CD2Cla) 8 141.1 (s. Cph, jpso). 129.92 (d. Ucy = 161.6 Hz, Cpy),
129.84 (d, lJcH = 161.6 Hz, Cpp), 125.72 (d. /ey = 157.4 Hz, Cpp), 108.6b (s, C/3/5).
107.70 (s. Ca/3/5). 97.5 (s, CsMes), 90.9 (d, lJcy = 162.7 Hz, Cy), 82.4 (d, ey = 162.4
Hz, C1). 48.7 (t. UcH = 127.2 Hz, C7). 34.4 (t, ey = 126.7 Hz, CHa), 33.1¢ (CHa).
32.1¢ (Ce), 31.5¢ (CHa), 31.2¢ (CH3>), 26.724 (t, lJcy = 130.8 Hz, CH>), 26.65¢ (t, Jcy =
130.8 Hz, CH»). 8.8 (q, lJcy = 128.8 Hz. CsMes). 2 Signals overlap in gated decoupled
spectrum. POne quaternary is not located. <Signals overlap in gated decoupled spectrum.
J values are not available. 4Signals overlap in gated spectrum. J value is obtained as an
average value for the two signals. 'H-!3C HETCORR (100 MHz, CD>Cl>) & 1292 (Cpy,)
& 87.45 (Hph): 6 125.7 (Cpn) ¢ 6 7.45 (Hpp); 8 90.9 (C4) &> 85.79 (Hy): 5 82.4 (Cy)
> 3420 (H|): 348.7 (C7) > 8 3.16 (H7endo). 8 2.59 (H7exo); 8 34.4 (CHy) & §2.67
(CH3), 8 1.85 (CH3): 3 33.1 (CH3) ¢ 8 3.02 (CHa). 8 2.86 (CH3); 8 32.1 (Cg) & 8 1.95
(Heendo)- 8 0.35 (Hgexo): 831.5 (CH2) ¢ §2.00 (CH2), § 1.65 (CH2); § 31.2 (CH2) &> §
2.15 (CHa): 8 26.7b (CH3) & 8 1.75 (CH>); § 8.8 (CsMes) « § 1.36 (CsMes).
aUnresolved signal consisting of 8 129.9 and & 129.8. bUnresolved signal consisting of &
26.72 and § 26.65. Even after several recrystallizations from dichloromethane/diethyl
ether and conversion to the PFg~ salt, the sample could not be obtained analytically pure.
Electrospray MS m/z calculated for CogH3gCo (M*- OTf-): 445.230549; found:
445.230138 (100%). Analysis calculated for C29H33CoFgP: C, 58.99; H. 6.49; found: C,
56.901; H, 6.401.

X H—==—H (xs)_ i
/CO'> CH,Clz, 16 h 3
T10 -78°CoRT O

80 99
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[(CsMes)Co(n5-C7Hog)I* OTF-(99). In a Schlenk flask, (CsMe5)Co(C3Hs)(OTE) (80)
(103.0 mg, 0.2680 mmol) was dissolved in distilled dichloromethane (15 mL) and cooled
to -78 'C. Acetylene was bubbled through the solution for 15 min. The dark red solution
was warmed slowly to room temperature and the solvent was removed in vacuo. Flash
chromatography (4% methanol/dichloromethane, silica gel) gave a light orange
compound (61.4 mg, 52%), which was homogenous by spectroscopic analysis. An
analytical sample was prepared by careful chromatography followed by recrystallization
from dichloromethane/diethyl ether. IR (CH>Cl5 cast, cm-!) 3052 (w), 2966 (w), 2924
(w), 2875 (w), 1599 (w), 1496 (m), 1474 (m), 1456 (m), 1434 (m), 1406 (w), 1380 (m).
1360 (w), 1340 (w), 1305 (w), 1269 (s), 1222 (m), 1189 (m), 1148 (s), 1078 (m), 1029
(s), 978 (w), 924 (w), 880 (m), 856 (w), 820 (w), 753 (w), 735 (w), 637 (s), 571 (m), 516
(m), 504 (m); 'H NMR (400 MHz. CD»Cl») §6.51 (apparent t, /3.3 = J3.4 = 6.5 Hz.
LH, H3), 5.02 (apparent t, J2.3 = 6.9 Hz, J2.| = 8.6 Hz, 2H. Hays), 4.42 (m, 2H. Hy/5),
2.28 (m, second order pattern, 2H, Heendo/7endo). 1.83 (s, LSH, CsMes), 1.17 (m, second
order pattern, 2H. Hegexor7exo): 'H-'H- COSY (400 MHz, CD>Cl5) 8 6.51 (H3) &> 8 5.02
(H2,4): 84.42 (H15) > 82.28 (Hgendo/Tendo). 8 1.17 (HeexorTexo); 8 2.28 (HéendorTendo)
© 8 1.17 (Hgendos7endo): 13C NMR (100 MHz, CD-Clz) § 121.1(q, !JcF = 321 Hz,
triflate carbon), 99.8 (d, !Jcy = 172 Hz, C3), 98.9 (s CsMes), 98.5 (d, lJcy = 167.3 Hz,
C2,4),92.1 (dd, lJcH = 154.8 Hz, 2Jcy = 8 Hz, Cyy5), 34.2 (t, ey = 132.5 Hz, Cg/7), 9.7
(q, Jcu = 129.0 Hz, CsMes); 'H-13C-HETCORR (100 MHz, CD»Cl5) §99.8 (C3) &> &
6.51 (H3); 898.5 (Ca/4) & §5.02 (H24); 892.1 (Cy/5) &> §4.42 (Hys5); & 34.2 (Cor7) &
8 2.28 (Hgendo/7Tendo): 9 1.17 (Hgexor7exo); 8 9.7 (CsMes) <> 8 1.96 (CsMes). EMFAB-
MS calculated for C7H24Co (M* - OTf): 287.1210; found: 287.1214. Analysis
calculated for C1gH24CoF3;01S: C, 49.54; H, 5.54; S, 7.35; found: C, 49.973: H, 5.674:
S,7.041.
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[(CsMes)Co(n3-C7Ho)[*BF 4~ (99-BFy). In the drybox, (CsMes)Co(CaHy)a (79)
(0.3103 g. 1.240 mmol) was placed in a Schlenk flask, and dissolved in hexane (10 mL).
then the flask was removed to the Schlenk line, where cycloheptatriene (0.8 mL, excess)
was added. The solution was heated to 60 °C for 8 h, then cooled back to room
temperature. The cooled solution was filtered through a Celite pad and the volatile
material was removed. The residue was redissolved in diethyl ether (20 mL) and cooled
to -78 °C. Trifluoromethanesulfonic acid (109 uL., 1.0 equiv) was added. and the reaction
was allowed to warm to room temperature over a 16 hour period. The orange brown
precipitate was collected by filtration and washed with diethyl ether to give a light orange
powder (0.377g, 70%). The compound was identical by 'H NMR spectroscopy to the

triflate salt prepared by the reaction of allyl triflate 80 with acetylene.

\ H—=—H (xs) I

co
/°°’) CH,Cl, 16 h -
T10 -78°C—AT O(
81 endo-101 H

[(CsMes)Co(n5-6-Me-C7Hg)I* OTf- (endo-101). (CsMes)Co(n3- 1-Me-C3H4)(OT)
(81) (98.5 mg, 0.247 mmol) was dissolved in distilled dichloromethane (15 mL) and
cooled to -78 °C. Acetylene was bubbled through the solution for 15 min and then the
reaction was slowly warmed to room temperature. The solvent was removed in vacuo
and the residue was purified by flash chromatography (4% methanol/dichloromethane,
silica gel). The isolated yield of the orange solid was 88.5 mg (79%). An analytical
sample was prepared by careful re-chromatography followed by recrystallization from
dichloromethane/diethyl ether. IR (CH;Cl; cast, cm-!) 3410 (w), 2966 (m), 2920 (m),
2876 (m), 1495 (m), 1459 (m), 1432 (m), 1408 (w), 1383 (m), 1368 (w), 1266 (s), 1222
(s), 1152 (s), 1078 (w), 1030 (s), 752 (W), 637 (s), 572 (m), 517 (m), 497 (w); 'H NMR
(360 MHz, acetone-dg) 6 6.73 (apparent t, /3.2 = 6.8 Hz, J3.4 = 7 Hz, 1H, H3), 5.43
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(apparent t, J4.3 =7 Hz, J4.5=8.3 Hz, 1H, Hy), 5.13 (apparent t, J>.3 = 6.8 Hz, J>.; = 9.0
Hz, IH. Ha2), 4.56 (ddd. J1.3 = 9.2 Hz, J|_7exo = 3.9 Hz. /| .7endo = 1.2 Hz, IH, H}), 4.31
(ddd. J5.4 = 7.9 Hz, J5.6ex0 = 3.8 Hz, J5.70x0 = 1.2 Hz, LH, Hs), 2.44 (ddd. [7endo-Texo =
16.4 Hz. J7endo-6exo = 8.7 Hz, J7endo-1 = 1.2 Hz, 1H, H7endo). 1.96 (s, 15H, CsMes), 1.95
(m, overlaps with CsMes, 1H. H7axo). 1.11 (d.J = 6.7 Hz, 3H, Meg), 0.97 (m, Jgexo-
methyl = 6.7 Hz, J6exo-5 = 3.8 Hz, Jgexo-7endo = 8.6 Hz, 1H, Hgexo); 'H-H COSY (360
MHz, acetone-de) 8 6.73 (H3) & 85.43 (Hy), §5.13 (H3): 8 5.43 (Hy) & 3431 (Hs); &
5.13 (H2) & 84.56 (H|): §4.56 (H|) & 8 2.44 (H7endo), 8 1.95 (W, H7exo): 84.31 (Hs)
> 8 1.95 (W, H7exo). 8 0.97 (Heexo): 8 2.44 (H7endo) € 8 1.95 (H7exo). 8 0.97 (Hgexo): &
[.11 (CH3) &> 8 0.97 (Hgexo): '3C NMR (100 MHz, acetone-dg) & 100.8 (dt, LJcy =
172.6 Hz. =Jcy = 9 Hz. C3), 99.4 (s, CsMes), 98.62 (d, lJcy = 167.7 Hz, Ca), 98.3a (d,
e = 163.0 Hz, Cy), 96.92 (d, 'Jcy = 153.7 Hz, Cs), 89.7 (d, !Jcy = 154.3 Hz, C)),
47.6 (t, WJcn = 127.5 Hz, C7), 36.6 (d, lJcy = 125.0 Hz, Cg), 21.8 (q, /ey = 128.1 Hz,
Meg), 9.4 (q. Jcy = 128.8 Hz, CsMes). a0verlapping peaks in gated spectrum: !Jcy
values are approximate. 'H-13C HETCORR (100 MHz, CD>Cl>) & 100.8 (C3) © 8 6.73
(H3): 898.6 (C2) & 8 5.13 (H2); §98.3 (C4) &> & 5.43 (Hs); § 96.9 (Cs) &> § 4.31 (H5s);
8 89.7 (Cy) &> 8 4.56 (H); §47.6 (C7) & 8 2.44 (H7endo). 8 1.95 (H7exo): 8 36.6 (Cg) &
8 0.97 (Heexo); 321.8 (Me) &> 8 1.11 (Me); 8 9.4 (CsMes) «> 8 1.96 (CsMes). EMFAB
MS calculated for C gH26Co (M* - OTf): 301.1366, found: 301.1372. Analysis
calculated for C19H26CoF303S: C, 50.67; H, 5.82; found: C, 50.710 H, 5.761.

+ ° | +
Co () MeLi, THF, -78°CHRT _ ~
OCI‘: (if) PhaC* BF,, CH,Cl, C{:ss H
-78°C—RT
99 exo-101 Me
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[(C5sMes)Co(n3-6-Me-C7Hg)I* OTf- (exo-101). Toa slurry of (CsMes)Co(n3-C7Hg)
(99) (0.1268 g, 0.3389 mmol) in THF (10 mL) at -78°C was added MeLi ( 1.4 M,
THF/cumene, 1.5 equiv, 0.36 mL). The reaction was allowed to warm slowly to room
temperature over L6h, resulting in a light orange solution. The solvent was removed in
vacuo and the residue was extracted with pentane in the drybox. The pentane extracts
were filtered through a Celite pad and the pentane was removed. The residue was
dissolved in dichioromethane and cooled to -78°C. Trityl tetratluoroborate (175.3 mg,
1.6 equiv) was added. causing an immediate color change from light orange to dark red.
The solution was stirred at -78>C for 30 min, then the cooling bath was removed and the
solution was allowed to warm to room temperature and stirred at that temperature for 30
min. The solvent volume was reduced to about 2 mL and the product was precipitated
with diethyl ether. The orange product was again recrystallized from
dichloromethane/diethyl ether to give an orange powder (0.042 g, 32%). 'H NMR (400
MHz, CDCl3) 8 6.67 (ddd, /3.2 = 6.9 Hz, J3.4 = 6.1 Hz, J3.5 = 1.3 Hz, 1H. H3), 5.36 (dd,
Jy.5 =79 Hz, J4.3=6.1 Hz, 1H, Hy), 4.84 (dd. J2.; =9.0 Hz, J>.3 = 6.9 Hz, |H, H»),
4.30 (ddd. J1.2=9.3 Hz, J|.7endo = 3.7 Hz, J|.6endo = 1.7 Hz. 1H, H}), 4.22 (dddd, J5.4=
J5-6endo = 8.0 Hz, J5.6ex0 = 5.3 Hz, J5.3 = 1.3 Hz, 1H, Hs), 3.13 (m, dddq by decoupling,
J7endo-6exo = 10.4 Hz, J7endo-6endo = 8.0 Hz, J7endo-1 = 3.8 Hz, J7endo-Me = 6.7 Hz, 1H,
H7endo). 1.83 (s, 15H, CsMes), 1.80 (m, obscured by CsMes, 1H, Hgendo), 0.86 (d, /Me-7
= 6.7 Hz, 3H, Me), -0.19 (ddd, Jeexo-6endo = 13.2 Hz, Jeexo-7 = 10.5 Hz, Jgexo-5 = 4.8 Hz,
IH. Heexo): 'H-'H GCOSY (300 MHz, CDCl3) § 6.67 (H3) & 65.36 (Hy), § 4.84 (H2),
8 4.22 (w, Hs); 85.36 (Hg) &> 34.22 (Hs); §4.84 (H2) & 84.30 (H); §4.30 (H|) & &
3.13 (H7endo); ©4.22 (Hs) ¢> 8 1.80 (Heendo)» 8 -0.19 (Hegexo); 8 3.13 (H7endo) © O 1.80
(Héendo). 6 0.86 (CH3), 8 -0.19 (Hgexo): 8 1.80 (Heendo) ¢ 8-0.19 (Heexo)-
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/ CH,Cl,, 18 h
TtO -78°C—RT
85

[(CsMes)Co(n3-5,6-Me2C7H7)[* OTE- (102). (CsMes)Co(n3-1.2-Mea-C3H3)(OTH)
(85) (83.2 mg, 0.202 mmol) was dissolved in distilled dichioromethane (15 mL) under an
inert atmosphere and cooled to -78 °C. Acetylene was then bubbled through the red-
brown solution for about |5 min. The dark orange-red solution was then warmed to room
temperature over 18 h. Removal of the solvent in vacuo was followed by flash
chromatography (4% methanol/dichloromethane, silica gel) to give a red solid (62.8 mg,
67%). Additional impure fractions were recovered, for a total approximate yield of 80%. -
An analytical sample was prepared by recrystallization from dichloromethane/diethyl
ether. IR (CH>Cls cast, cm-!) 3405 (w), 2967 (w), 2915 (w), 2876 (w), 1455 (w), 1433
(w), 1382 (w), 1267 (s), 1223 (m), 1146 (s), 1075 (w), 1047 (w), 1031 (s). 637 (s), 572
(W), 517 (w); 'H NMR (400 MHz, acetone-dg) & 6.67 (apparent t, J3.3 = 6.5 Hz. J3.4 =
6.2 Hz. 1H, H3). 5.34 (d, /4.3 = 6.5 Hz, 1H, Hy), 5.00 (apparent t, /.| = 8.8 Hz, J».3=
6.7 Hz, 1H, H3), 4.46 (ddd, /1.2 = 8.7 Hz. J|.7ex0 = J1-7endo = 4.4 Hz, 1H, H}), 2.41 (ddd,
J7endo-Texo = 16 Hz, J7¢ndo-6exo = 8.8 Hz, J7endo-1 = 4.4 Hz, |H, H7endo), 1.88 (s, 15H,
CsMes), 1.8 (m, overlaps with CsMes, 1H, H7exo), 1.55 (s, 3H, Mes), 1.05 (d, /Me-6 =
6.8 Hz, 3H, Meg), 0.90 (m, J6-Mme = 6.7 Hz, J6.7endo = 8.8 Hz, 1H, Hg); 'H-'H COSY
(400 MHz, acetone-dg) 8 6.76 (H3) <> 8 5.34 (Hy), 5 5.00 (H3), & 1.55 (w, Mes); 8 5.34
(Hs) © 8 5.00 (Hy), 8 1.55 (Mes); 8 5.00 (H2) «> 8 4.46 (H,), 8 1.8 (H7exo); 84.46 (H))
<> 0 2.41 (H7endo)s 8 1.8 (H7exo); 8 2.41 (H7endo) € & 1.8 (H7exo), 8 0.90 (Heexo); 8 1.55
(Mes) & 8 0.90 (w, Hgexo); 8 1.05 (Meg) <> 8 0.90 (Hgexo); '3C NMR (100 MHz,
CD2Clp) 8 114.9 (s, Cs), 97.9 (d, lUcy = 167.5 Hz, Cs), 97.5 (d, UUcH = 168 Hz, Cy),
97.8 (s, CsMes). 96.7 (dd, lJcy = 163 Hz, 2Jcy = 9.1 Hz, C3), 84.9 (d, Ucy = 154.0 Hz,
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C1). 47.2.(t, Ucy = 129 Hz, C7), 40.4 (d, WUcy = 129.6 Hz, Cg). 23.5 (g, Ycu=1279
Hz, Mes). 17.9 (q. ey = 127.2 Hz, Meg), 9.3 (q. 'JcH = 128.8 Hz. CsMes); 'H-13C
HETCORR (100 MHz, CD2Cl2) 8 97.9 (C4) ¢ 8 5.34 (Hy): 8 97.5 (C3) «> § 5.00 (Ha):
6 96.7 (C3) <> 8 6.67 (H3): §84.9 (C|) <> §4.46 (H|): §47.2(C7) & & 2.41 (H7endo). O
[.8 (H7exo): 840.4 (Cg) > 8 0.90 (Hg): 8 23.5 (Mes) & § 1.55 (Mes); 8 17.9 (Meg) & &
1.05 (Meg); 6 9.3 (CsMes) <> & 1.88 (CsMes). EMFAB MS calculated for C9H-3Co
(M*-0OTf): 315.1523; found: 315.1525. Analysis calculated for CagH26CoF303S: C.
51.95; H, 5.67; found: C, 51.583; H, 6.127.

Q CH,D
| __Too
Ti 78°C, ELO
83

(CsMes)Co(n3-1-(CH;D)-2-Me-C3H3)(OTH) (85-dy). This compound was prepared by

85-d,

the procedure for the unlabelled analogue88.89 with the following exceptions. Neat DOTf
was used, instead of a sclution of HOTTY in diethyl ether. After the reaction was allowed
to warm to room temperature, the solvent was removed by cannula transfer and the dark
brown solid was washed with diethyl ether and dried. The solid was then used without

turther purification or characterization.

oTr
CH,D |+
1 HC=CH Co
/Co-) CH,Cl,, -78°C <| 13 cH,0
Tt0
Me H
85-d, 102.d, M€

[(CsMes)Co(n5-5-Me-6-(CH;D)-C7H7)}* OTf- (102-dy). This compound was prepared
by following the procedure for the unlabelled analogue. 'H NMR (400 MHz, CDCl3)
identical to the unlabelled compound except for & 1.0 (m, 2H, CH,D). 2H NMR (76.7
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MHz, CHCl3) & 1.02 (s, CDH»). The deuterium label was not observed above the

baseline in the IR spectrum.

o - | —~or
» l + BF4-
Cp*Co(CHy), \c ) AgBF,, acetone Co
o— -
/
Br
104

THF, 0°C,6 h 30min 1
H—=——H

103 105

[(CsMes)Co( n5-bicyclo[5.4.0]undeca-l,3-dien-5-yl)]+ BF4~ (105). A solution of
(CsMes)Co(C2Ha)2 (79) (0.3261 g, 1.303 mmol) in tetrahydrofuran (20 mL) was prepared
and cooled briefly to 0 °C under nitrogen. 2-bromo- I -methylenecyclohexane (103) (165 puL,
1.1 equiv) was added and the solution stirred for 6 h at room temperature. The solvent was
then removed in vacuo, and the residue dissolved in reagent acetone (20 mL). AgBF;
(0.257 g, 1.2 equiv) was added and acetylene was bubbled into the solution for 3 min. The
flask was sealed, and the solution was stirred 30 min. Solid residue was removed by
filtration and the solvent was removed. The residue was chromatographed on silica gel
using 7% methanol/dichloromethane. The red fraction was collected and dried.
Recrystallization from dichloromethane/diethyl ether gave a deep red solid (0.327 g. 59%).
NMR spectra were obtained in two different solvents to help distinguish overlapping
signals. IR (CH)Cl; cast, cm-!) 2940 (m), 2090 (m), 2867 (m), 1489 (w), 1461 (m), 1430
(w), 1389 (m), 1055 (vs), 1036 (m), 519 (w); 'H NMR (300 MHz, CD>Cl,) 8 6.49 (t,J =
6.4 Hz, 1H, H3), 5.14 (d, / = 5.8 Hz, |H, Hy), 4.62 (1, / = 8 Hz, |H, H3), 4.3-4.2 (m, 1H,
Hy), 2.50 (ddd, J = 17, 10.6, 3.1 Hz, 1H, H7endo), 2.23 (brd,J = 17 Hz, IH, H7exo), 2.1-1.0
(series of m, cyclohexane ring), 1.77 (s, 15H, CsMes), 0.4-0.3 (m, 1H, Hg); 'H-1H COSY
DQF (400 MHz, CD,Cly) 8 6.49 (H3) &> 8 5.14 (Hy), 3 4.62 (H3); $4.25 (H;) & §2.50
(H7endo)» 8 2.23 (H7exo): 82.50 (H7endo) € 8 2.23 (H7exo); '3C NMR (100 MHz, CD,Cly)
6 118.7 (s, Cs), 97.92(d, J = 178 Hz, Cy4/32), 97.12 (d. J = 178 Hz, C4s312), 97.0 (s, CsMes),
86.6 (d, L/cy = 149.0 Hz, Cy), 49.9 (t, UcH = 129.9 Hz, C7), 39.9 (d. LJch = 133.1 Hz, Cg),
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31.3 (t. Ucy = 128.5 Hz. CHa2), 27.0 (t. Yoy = 122.8 Hz, CH»), 22.3 (1. ey = 128.2 Hz,
CH>), 19.3 (t. {Jey = 125.3 Hz, CH»). 9.5 (q. 'Jcy = 128.7 Hz, CsMes). 2 These carbons
overlap in the gated spectrum, so only a broad signal is seen. 'H-13C HETCORR (100
MHz, CD2Cla) 6 97.5 (Cy3/2)% > 8 6.49 (H3). § 5.14 (Hy), 8 4.62 (H|): §86.6 (C;) <> &
4.25 (H}): 8 49.9 (C7) & 82.50° (H7endo): 839.9 (Cg) & 80.35 (Hg): 8 31.3 (CH») & &
2.05 (CH2). 8 1.45 (CH2): § 27.0 (CH3) > 3 1.40 (CH1); 8 22.3 (CH3) & § 1.80 (CH»), &
1.55 (CH2): 8 19.3 (CH3) &> 8 1.65 (CH2), 3 1.15 (CH2): § 9.5 (CsMes) <> § 1.77 (CsMes).
The resolution is insufficient to assign specific carbons. PThis correlation is broad enough
to also correlate to § 2.23 (H7.x). although only one (large) cross peak is seen in the
spectrum. 'H NMR (360 MHz, acetone-dg) 8 6.69 (dd. J3.4=6.1 Hz. J3.2=17.1 Hz, IH,
H3). 5.44 (d. J4.3=6.1 Hz, 1H, Hy), 4.86 (br t, J = 8 Hz, ddd by decoupling, />.; =9.2 Hz.
J2.3=7.1 Hz, J2.7¢x0= 1.3 Hz. 1H, H2), 4.47 (dtd, J1.2 = 9.2 Hz, J|_7ex0 = J1-Tendo = 3.6 Hz,
Ji.3 < IHz, IH. Hy), 2.66 (ddd, J7endo-Texo = 17.1 Hz. J7endo-6 = 10.8 Hz, J7endo-1 = 3.6 Hz.
IH. H7endo), 2.26 (m. dddd by decoupling, J7exo-7endo = 17.1 Hz, J7ex0-6 = 4.8 Hz, J7ex0-1 =
3.6 Hz, J7exo-2 = 1.3 Hz, 1H, H7exo), 2.20 (ddd.J = 12, 12, 6, IH, Hg), 2.0-1.0 (series of m,
7H, CH»), 1.85 (s, 15H, CsMes), 0.38 (dddd. J6-8a = J6-7endo = 10.8 Hz, Je_7ex0 = J6-8s = 4.8
Hz, IH, He); HMQC (300 MHz, acetone-dg, select data only) § 973(Cy/3/2) < 8 6.69 (H3),
 5.44 (Hy), 6 4.86 (H2); 8§ 86.6 (C1) &> 84.47 (H,); §49.9 (C7) & 8 2.66 (H7endo) 8 2.26
(H7exo0): 639.9 (Cg) &> 60.38 (Hg). 3These carbon signals overlap. HMBC (300 MHz,
acetone-dg) & 118.7 (Cs) & §6.69 (H3), 8 2.20 (CH2); 8 97%(Cy/312) & 8 6.69 (H3), § 5.44
(Hy), 8 4.86 (H2), 8 4.47 (H)). 8 2.66 (H7endo), 8 2.26 (H7exo), 8 2.20 (CH2): § 86.6 (C}) &
8 6.69 (H3), 8 2.66 (H7endo). 8 2.20 (H7exo): 849.9 (C7) &> §4.86 (H2), & 1.5 (CH3); §39.9
(Ce) «> 85.44 (Hy), 34.47 (H)), 8 2.66 (H7endo). 8 2.26 (H7exo), 8 1.8-1.55; 8 31.3 (CHa)
& 05.44 (Hy): 327.0 (CHj) © 82.66 (H7exo). @ These carbon signals overlap. b Shows
correlations to several CHj signals. Analysis calculated for C2;H3gBCoF3: C, 58.90; H,
7.06; found: C, 58.602; H, 7.063.



18 h, Et,0 30 min
"th H—=—=—H
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) Br/ <
110

109 111

[(C5Me5)Co(n5-bicyclo[5.3.0]deca-l,3-dien-5-y|)]+ OTf- (111). A solution of
(CsMes)Co(C2Hy4)2 (79) (0.1708 g, 0.6824 mmol) in diethyl ether (30 mL) was prepared.
The solution was cooled briefly to 0 °C under nitrogen. 1-(bromomethyl)-1-cyclopentene
(109) (165 pL, 1.5 equiv) was added and the solution stirred for 18 h at room temperature
to give a deep purple solution. The solution was filtered under nitrogen through Celite,
rinsed with diethyl ether (20 mL) and the solvent was then removed in vacuo. Complex
110 can be isolated at this point if so desired and used in other reactions. The residue was
dissolved in reagent acetone (20 mL). AgOTf (0.2029 g, 1.16 equiv) was added, and
acetylene was bubbled into the solution for 3 min. The flask was sealed. and the solution
was stirred 30 min. After filtration to remove silver residues, the solvent was removed
and the residue was chromatographed on silica gel using 5% methanol/dichloromethane.
The red fraction was collected and dried to give an orange-red solid (0.154 g, 47%). This
procedure was repeated usiné AgBF4, which gave a more crystalline material. This
material was recrystallized from dichloromethane/diethyl ether to give the analytical
sample. Crystals suitable for X-ray diffraction analysis were grown by layering diethyl
ether on top of a concentrated solution of the BF4~ salt in dichloromethane. For full data
on this crystal structure, request report # JIMS9711 from the Structure Determination
Laboratory at the University of Alberta Department of Chemistry. IR (CH2Cl cast, cm-
1) 2955 (w), 2904 (w), 2867 (w), 2826 (w), 1470 (w), 1455 (w), 1429 (w), 1388 (m),
1281 (w), 1053 (s), 1036 (s), 949 (W), 919 (w), 886 (w), 842 (m), 824 (w), 732 (w), 715
(w), 521 (w); 'H NMR (300 MHz, CDCl3) § 6.55 (apparent t, J3.4=6.0Hz,/3.,=7.2
Hz, 1H, H3), 5.39 (d, J4.3 = 6.0 Hz, 1H, Hy), 4.66 (apparentt,Jo.| = Jo.3=8.4 Hz, 1H,
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Ha), 4.18 (dt, /1.2 = 9.6 Hz, J|_7exo = J1-Tendo = 3.5 Hz, LH. H ). 2.46 (ddd. J7endo-Texo =
17.4 Hz, J7endo-6 = 10.2 Hz, J7¢ndo-1 = 3.6 Hz, 1H. H7endo), 2.34 (ddd, J7exo-Tendo = 17.1
Hz. J7ex0-6 = J7exo-1 = 4.2 Hz, 1H, H7exo), 2.0-1.8 (m, 4H, CH>), 1.79 (s. 15H. CsMes).
[.3-1.1 (m, 2H. CH>), 0.62-0.52 (m. 1H. He): 'H-'H GCOSY (300 MHz, CDCl3) § 6.55
(H3) € 85.39 (Hy). 6 4.18 (H2): 8 4.66 (H2) <> 5 4.18 (H}); §4.18 (H,) & §2.46
(H7endo). 8 2.34 (H7exo): 8 2.46 (H7endo) > 8 0.6 (Hg): 8 2.34 (H7exo) <> 8 0.6 (Hg): 6
1.9(CH2) <> 8 1.2 (CH2). § 0.6 (Hg): 8 1.2 (CH1) <> 8 0.6 (Hg): '3C NMR (75 MHz.
CDCl3) & 119.2 (s, Cs), 97.5 (s, CsMes), 97.3 (dt. IJcH = 166.4 Hz, 2Jcy = 7.5 Hz, C).
96.42 (dd. lJcH = 169 Hz, 2Jcy = 9.2 Hz, C3), 94.5 (d. !Jcy = 165.6 Hz, C4). 86.7 (d.
lJch = 152.0 Hz, C)), 48.8 (t, ey = 126.9 Hz, C7), 42.3 (d, ey = 130.3 Hz. Cs), 36.3
(t. UcH = 127.6 Hz, CHa), 33.0 (t. lJcy = 132.2 Hz, CH2), 26.8 (t. ey = 132.2 Hz,
CH»), 9.2 (q, !Jcy = 128.7 Hz, CsMes). 2 This signal overlaps with the CsMes signal in .
the gated decoupled spectrum. HMQC (300 MHz, CDCl3) 8 97.3 (C») &> §4.66 (H3); &
96.4 (C3) > 6 6.55 (H3): §94.5 (C4) > 8 5.39 (Hy4): 5 86.7 (C1) & 84.18 (H): § 48.8
(C7) © 82.46 (H7endo). 8 2.34 (H7exo); 842.3 (Ce) ¢ 8 0.57 (He): 6 36.3 (CHa) & &

1.8 (CH2); 8 33.0 (CH2) & § 1.2 (CH2); § 26.8 (CHa) & 8 1.7 (CH2); § 9.2 (C5Mes) <
8 1.79 (CsMes). As mentioned, the analytical sample was prepared using AgBFj instead
of AgOTf. This substitution did not significantly change the appearance of the NMR
spectra and allowed more facile purification of the product. Analysis calculated for

CaoH23BCoF4: C, 58.00; H, 6.81; found: C, 57.639; H, 7.017.

1-(Bromomethyl)-3,4-dihydronaphthalene (116). A solution of 1-(hydroxymethyl)-

3.4-dihydronaphthalene (115)!14b.¢ (0.440 g, 2.75 mmol) in diethyl ether (50 mL) was

cooled to -78°C and PBr3 (0.740 g, 2.75 mmol) was added dropwise. The solution was
allowed to warm to room temperature overnight. To the solution was added water (20

mL) and the organic layer was separated. The organic layer was then washed with a

saturated solution of NaHCO3 (2x5 mL) and dried (Na3SO4). The diethyl ether was
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removed by rotary evaporation, leaving a colorless oily residue (0.220 g, 36%). This
material was characterized by |H NMR spectroscopy and used directly in the next step.
'H NMR (300 MHz, CDCl3) 8 7.42(d.J =7.5 Hz. H, Hpy), 7.29-7.15 (m. 3H. Hpp).
6.28 (t,/ = 4.5 Hz, IH. Hj), 4.37 (s, 2H. CH1Br), 2.80 (t, J/ = 7.8 Hz, 2H. Hy). 2.34 (td. J

Br

Cp*Co(C,H,), - $ \
. CO-)

“ THF,RT, 16 h /

Br

(CsMes)Co(n3-CH1)(Br). To a solution of (CsMes)Co(CaHy)a (79) (0.1746¢, 0.698

= 8.4, 4.8 Hz. 2H, H3).

mmol) in THF (5 mL) was added a solution of 1-(bromomethy!)-3,4-dihydronaphthalene
(116) (0.154 g, 0.693 mmol, | equiv) in THF (about 7 mL). The solution was stirred at
room temperature overnight, after which all volatile material was removed in vacuo. The
residue was extracted with toluene until no more colored material could be dissolved.
The toluene solution was then filtered through a Celite pad and reduced to dryness. A
dark purple-red residue (0.2396 g, 82%) was left. This material was used directly in the

next step without further purification.

/% ) AgoTt °¢°1
- H—==—H (xs)
Br/ 15

acetone, 10 min

117

[(CsMes)Co(n3-5,6-(CgHg)-C7H7)]* OTE- (117). In the drybox,
(CsMes)Co(CyHy1)(Br) (62.9 mg, 0.151 mmol) was weighed into a Schlenk flask and
removed to the Schienk line, where degassed acetone (15 mL) was added, followed by

silver triflate (62.1 mg, 2.26 mmol, 1.5 equiv). The mixture was stirred for 1 min, then



acetylene was bubbled into the solution. After 10 min, the suspension was filtered to
remove silver residues and the solvent was removed. The crude product was purified by
flash chromatography on silica gel, using 5% methanol/dichloromethane as the eluent.
Evaporation of the dark red band gave a red-black solid (32 mg, 44%). IR (CH,Cla cast.
cm-!) 3061 (m), 2927 (m), 1679 (w), 1600 (w), 1455 (m), 1383 (m). 1262 (s). 1224 (s).
L155 (s), 1074 (m), 1030 (s)., 869 (w), 767 (m), 735 (m), 701 (m), 638 (s). 573 (m). 517
(m); 'H NMR (400 MHz, CDCl3) §7.47(d, J = 7.5 Hz, H, Hg), 7.30-7.20 (m. 2H.
Hyy10). 7.16 (d. J = 6.9 Hz, 1H, Hy3), 7.04 (dd, J3.2 = 7.1 Hz, J3.4 = 6.6 Hz, 1H, H3).
6.51 (d, J3.3=6.6 Hz, |H. H4), 4.88 (dd. /.2 =9.6 Hz, /5.3 = 7.3 Hz, LH, Hj), 4.41 (m.
ddd by decoupling, J1.2 = 9.1 Hz. J}.7ex0 = J1-7endo = 3.0 Hz, 1H, H}), 2.90 (ddd, J7endo.
Texo = 17.0 Hz, J7endo-6 = 11.3 Hz, J7¢ndo-1 = 3.3 Hz, 1H, Hyengo). 2.65-2.55 (m, 2H.
Hy4), 2.12 (br d. J = 17 Hz, dddd by decoupling, J7exo-7endo = 17 Hz, J7ex0-6 = J7exo-1 =
4 Hz, J7exo-2 < 2 Hz, 1H, H7exo). 1.60-1.40 (m, 2H, H)s), 1.45 (s, 15H, CsMes), 0.77 (m,
ddd by decoupling, Je.7endo = 11.3 Hz, J6.7ex0 = J6-15 = 4 Hz, 1H. Hg), 'H-'H GCOSY
(300 MHz, CDCl3) 6 7.47 (Hg) > 87.20 (H{/10): 8 7.202 (H /10) © 8 7.16 (H|2); &
7.04 (H3) €3 86.51 (H4), 3 4.88 (H2): §4.88 (H2) &> 84.41 (H), 8 2.12 (H7exo): S4.41
(Hy) € 8 2.90 (H7endo). 8 2.12 (H7exo): 82.90 (H7endo) < 82.12 (H7exo). 8 0.77 (He);
2.55(Hi4) © 8 1.40 (H|5); 8 2.12 (H7exo) ¢ 8 0.77 (Hg); 8 1.40 (H;5) & 80.773 (Hg).
This correlation is most likely there, but insufficently resolved from the diagonal to be
certain. 13C NMR (100 MHz, CDCl3) § 142.9 (s, Cg), 133.9 (s, C}3), 129.7 (d. ey =
162 Hz, Cy2), 128.5 (d, lJcy = 161.8 Hz, Cyy), 127.3 (d, Uy = 161.1 Hz, Cyg), 124.5
(d, YcH = 161.1 Hz, Cyg), 110.3 (s, Cs), 97.8 (s, CsMes), 97.7 (d, lJcy = 165.6 Hz, Ca),
97.02 (d, lJcH = 164 Hz, C3), 90.5 (d. !Jcy = 157.0 Hz, C4), 85.9 (d, !Jcy = 153.9 Hz,
C1). 479 (t, Ucy = 135.8 Hz, C7), 35.9 (d, lJcy = 126.0 Hz, Cg), 27.8 (t, \Jcp = 129.3
Hz, Cys), 26.7 (t, lJcy = 129 Hz, Cy4), 8.8 (q, 1JcH = 129.1 Hz, CsMes). 2 This signal
overlaps with the CsMes singlet in the gated spectrum. HMQC (300 MHz, CDCl3) &
129.7(C12) & 87.16 (Hy2); 6 128.5 (Cy1) & 8 7.20 (H|1/10); 8 127.3 (Ci0) & 6 7.20
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(H11/10): 8 124.5 (Cy) &> 8 7.47 (Hg); 6 97.7 (C2) & 5 4.88 (H3): § 97.0 (C3) & §7.04
(H3): 890.5 (Cy) &> 36.51 (Hy); 385.9(Cy) > 84.41 (H}); §47.9 (C7) & 82.90
(H7endo)- 0 2.12 (H7exo): 8 35.9 (Cg) «> 8 0.77 (Hg); 8 27.8 (Cys5) &> & 1.40 (H 5); § 26.7
(C14) & 8 2.55 (Hy4); 8 8.8 (CsMes) «> 6 1.45 (CsMes): HMBC (300 MHz. CDCl3) §
142.9 (Cg) <> 6 7.47 (Hy), 8 7.20 (H|1/10). 8 2.55 (H4): § 133.9(Cy3) & 8 7.16 (H|2). &
6.51 (H4), 8 2.55 (H4): 8 129.7 (C2) > 8 7.20 (H1/10). 6 2.55 (H}4); 8 128.5(C|}) &
0 7.47 (Hg): 6 127.3 (Cj0) > 8 7.16 (H12): 6 110.3 (Cs) &> 8 7.47 (Hg), & 7.04 (H3), &
2.12 (H7exo). 8 0.77 (Hg): 8 97.72 (C3) = 8 6.51 (Hy), 8 2.90 (H7endo): 897.0 (C3) & &
4.41 (H); 890.5 (Cy) > 3 7.04 (H3), 8 4.88 (H2), 8§ 0.77 (Hg); 8 85.9 (C;) & § 7.04
(H3), 8 2.90 (H7endo). 6 2.12 (H7exo): §47.9 (C7) & 8 4.88 (H3). 8 0.77 (Hg): 8 35.9 (Cg¢)
& 8651 (Hy), 64.41 (H}), 8 2.90 (H7endo), 8 2.55 (H14), 8 2.12 (H7exo): 827.8 (Cy5) &
8 2.90 (H7endo). 6 2.55 (Hy4), § 0.77 (He): 8 26.7 (Cy4) > 8 0.77 (Hg); 8 8.8 (CsMes) &
d 1.45 (CsMes). 3Signal overlaps with CsMes. The compound was recrystallized several
times from dichloromethane/diethyl ether, but still did not give a satisfactory analysis.

MS m/z calculated for C25H30Co (M*-H): 388.16013; found: 388.15994 (21 %).

~ox @Ji?i

C
Co
/ heptane, 65°C, 20 h
N Va m
79 118

(n5-CsMes)Co(n4-C7H|g) (118). To a Kontes flask was added (CsMes)Co(CaHs)z (79)
(0.1140 g, 0.4555 mmol) and dried, degassed n-heptane (10 mL). 1-Vinylcyclopentene
(122 ul, 2 equiv) was added, the Kontes valve was closed and the solution was heated to
65°C for 20 h. Solvent was removed from the resulting dark red solution in vacuo and

the red residue was extracted with small amounts of pentane. The pentane solution was
filtered through a Celite pad and dried. A dark red solid (0.1037 g, 79%) was obtained.
|H NMR (400 MHz, CgDg) & 4.44 (dd, /= 8.2, 6.7 Hz, LH, H»), 2.45-2.35 (m, 2H,
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CH2), 1.68 (s, 15H, CsMes), 1.55-1.45 (m, 2H, CH>), 1.40-1.25 (m. 2H., CH»), 1.08 (d. J
=6.3 Hz, 1H. Hyeyo), 0.63 (br's, IH, Hy), -0.66 (d. / = 8.7 Hz, 1H, Hiendo): 13C NMR
(100 MHz. Cg¢D¢) 6 88.6,73.5,47.7, 37.7, 30.4, 29.3. 23.5, 10.1. MS m/= calculated for

Ci7H25Co (M*): 288.12881: found: 288.12800 (12%).

HBFEt,0, HC=CH +
Co 4°El - \Cé" 2, Co
2 I CH,C!,, -78°C /1
/‘ ‘& 89% 9 XX
1 8 7
118 H 10: 1
119 120

[(CsMes)Co(n3-n2-CoHy3)]* BF4- (119) and [(CsMes)Co(n5-C11Hys)]* BFy- (120). In
the drybox, a Schlerk flask was charged with (CsMes)Co(C7H (g) (118) (73.6 mg, 0.255
mmol) and removed to the Schlenk line. Dichloromethane (10 mL.) was added and the
solution was cooled to -78 °C. HBF,*Et70 (60 pL) was added and the solution was stirred
for | min. Acetylene was then bubbled into the solution for 2 min and the solution was
allowed to warm slowly to room temperature over a 12 h period. The solvent was reduced
to about 3 mL and the product was precipitated by the addition of diethyl ether. The crude
product was purified by redissolving in dichloromethane, filtering and precipitating with
diethyl ether. An orange powder (91.0 mg, 89%) was obtained, consisting of a 10:1 mixture
of complexes 119 and 120. Data for major product 119: IR (CH»Cl» cast, cm-!) 2962 (m),
1470 (m), 1455 (m), 1383 (m), 1281 (m), 1054 (s), 733 (w), 520 (m): 'H NMR (400 MHz,
CDCl3) 34.18 (dd, J2.1a = 12.3 Hz, J2.|s = 8.0 Hz, 1H, H), 3.44 (dd, Ji5.3= 8.0 Hz, J|s.a
=2.5Hz, [H, Hyy), 3.18 (d, Jos.s = 7.9 Hz, L H, Hyy), 2.75 (ddd, Jg.92 = 13.7 Hz, Jg.9s = 7.9
Hz, J3.7=7.6 Hz, |H, Hg), 2.64 (dd, J = 17.5, 6.1 Hz, lH, Hg), 2.30-2.05 (m, 2H, CH»),
2.0-1.6° (series of m, 3H, CHp, Hoy), 1.73 (s, 15H, CsMes), 0.98 (dd, J1a.2 = 12.2 Hz, J}a. 15
=2.5 Hz, 1H, H1,), 091 (dd J7.g = 7.6 Hz, J7.6 = 7.2 Hz, IH, H7). 2The Hg, proton is
located at about & 1.95 by decoupling experiments. !H-'H GCOSY (300 MHz, CDCl3) &

260



4.18 (Ha) € 83.44 (Hs). 6 0.98 (Ha): 83.44 (H{s) <> §0.98 (Hy,): §3.18 (Hgs) & 8§ 2.75
(Hg), 8 1.95 (Hy,); 8 2.75 (Hg) &> 8 1.95 (Ho,), § 0.91 (H7); § 2.64 (Hg) <> $2.17 (CH2). &
1.80 (CH2). 8 0.91 (H7): §2.17 (CH3) «> 8 1.80 (CH2); !'3C NMR (100 MHz, CDCl3) &
97.9 (s. CsMes), 86.0 (d. ! Jcy = 162.7 Hz, C2), 81.1 (s, C3), 62.9 (t. ! Jci = 160.4 Hz. Cy),
54.2(t, ' Jc=161.6 Hz, C)),42.3 (d, ! Jcy = 166.3 Hz, Cg), 37.0 (d, ! Jcy = 144.0 Hz.
C7). 324 (. | Jcu = 132.7 Hz, Ce), 30.8 (t, ! Joy = 135.3 Hz, Cy/5). 24.3 (t, ! Joy = 131.9
Hz, Cys5). 9.3 (q. ! JcH = 129.0 Hz, CsMes). HMQC (300 MHz, CDCl3) & 86.0 (Ca) «> 8
4.18 (H2); $ 62.9 (Cg) <> 8 3.18 (Hog), 8 1.95 (Hoy): 8 54.2 (C|) & §3.44 (H ). §0.98
(Hia): 642.3 (Cg) «» 8 2.75 (Hg); 8 37.0 (C7) & 8 0.91 (H7); 8 32.4 (Cg) & 82.64 (Hg). 8
2.1 (Hg); 6 30.8 (CH>) «> §2.0 (CH3), 8 1.8 (CH3); § 24.3 (CH3) &> 82.2(CH»), 8 1.9
(CH3): 8 9.3 (CsMes) <> § 1.73 (CsMes); HMBC (300 MHz, CDCl3) 8 97.9 (CsMes) &> 3
1.73 (CsMes): 0 86.0 (C) «> §3.44 (H)s), 5 0.91 (H7); 8 81.1 (C3) &> 8§4.18 (Ha). § 3.44
(His). 6 2.64 (He), 8 0.98 (H ): 8 62.9 (Co) «> §2.75 (Hg), § 0.91 (H7); §42.3 (Cg) & &
3.18 (Hgs), 6 0.91 (H7); 8 37.0 (C7) &> 84.18 (H»), 8 3.18 (Hogs), 8 2.75 (Hg), § 1.95 (Hys); &
30.8 (Cy/5) & 8 2.64 (Hg): 8 24.3 (Cy/5) & 8091 (H7). Even after recrystallization from
dichloromethane/diethyl ether, the sample was not analytically pure. Analysis calculated for
Ci9H28BCoF34: C, 56.74; H, 7.02; found: C, 52.914; H, 6.976. Electrospray MS m/z . No
parent ion could be seen. ‘

Data for minor complex (120). Note that chemical shift and coupling constant
values are approximate as signals are sometimes obscured by the major compound or
otherwise poorly resolved. 'H NMR (400 MHz, CDCl3) 8 6.65 (t, J =7 Hz, 1H), 5.22 (t, J
=7 Hz, 1H), 4.90 (t, / = 8 Hz, 1H), 4.3-4.2 (m, 2H), 1.87 (s, 15H, CsMes), 0.82 (dd, J = 13,
4 Hz, 1H). A further signal (8 1.95) is obscured in the Cp* region, but is located in the
COSY spectrum. 'H-'H GCOSY (300 MHz, CDCl3) §6.65 ¢ 85.22,84.90; §5.22 < &
4.25;0490 ¢ 84.25:342581.95,80.82;51.95 > 50.82.
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[(2,3-dimethylbicyclo[3.3.0]2,4-octadien-1-yl)Co(CsHs)]* Br- (121). To a flask
equipped with a Kontes valve was added (CsH3)Co(n3-CgHg)Br (110) (47.8 mg, 0.168

trifluoroethanol (8 mL) was used to dissolve the solid. 2-butyne (0.26 mL, 20 equiv) was
then added and the Kontes valve was sealed. The entire flask was then immersed in an
oil bath and heated to 65°C for 3 h, at which time the color of the sclution had lightened
considerably. All volatiles were removed in vacuo and the residue purified by elution
through a pipet filled with silica gel. After a brown band, a light yellow band was
collected using 5% methanol/dichloromethane as the eluent. The oily yellow solid was
purified by two recrystallizations from dichloromethane/diethyl ether to yield a yellow
powder (12.6 mg, 22%). IR (CH2Cla cast, cm-l) 3027 (s), 2949 (s), 2909 (m), 1652 (w),
1486 (w), 1466 (s), 1455 (s), 1429 (m), 1415 (s), 1378 (s), 1336 (w), 1300 (w), 1270 (m),
L1110 (m), 1036 (s), 1009 (m), 980 (w), 889 (m). 858 (s), 799 (W), 740 (m), 653 (w), 498
(w), 450 (s), 431 (s); 'H NMR (360 MHz, CDCl3) §5.62 (s, 1H, Hy), 5.46 (s, 5H,
CsHs), 2.71 (dd, J = 16.4, 7.2 Hz, 1H, CHj), 2.62 (dd, J = 164, 6.9 Hz, 1H, CH>), 2.55-
2.40 (m, 2H, CH3), 2.30-2.15 (m, 2H, CH>»), 2.12 (s, 3H, Me), 2.09 (s, 3H, Me); 13C
NMR (100 MHz, CDCl3) 8 111.3 (Cquat), 109.0 (Cgyar), 103.6 (Cquar), 93.4 (Cquat)- 85.9
(CsHs), 75.4 (CH), 29.2 (CH3y), 26.6 (CH3), 25.0 (CH3), 14.3 (CH3), 12.4 (CH3).
Electrospray MS m/z calculated for C{sH;gCo (M+ -Br): 257.074049; found:
257.074379 (100%). Analysis calculated for CsH;gBrCo: C, 53.44; H, 5.38; found: C,
52.982; H, 4.976.
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[(r]5-3-t-butylbicyclo[3.3.0]2,4-octadien-l-yl)Co(C5H5)]* Br-(122). To a flask
equipped with a Kontes valve was added (CsHs)Co(n3-CgHg)Br (110) (49.6 mg, 0.174

trifluoroethanol (8 mL) was used to dissolve the solid. 3,3-Dimethyl-1-propyne (0.43
mL, 20 equiv) was then added and the Kontes valve was sealed. The entire tflask was
then immersed in an oil bath and heated to 65°C for 3 h, at which time the color of the
solution had lightened considerably. All volatiles were removed in vacuo and the residue
purified by elution through a pipet filled with silica gel. After an orange band, a light
yellow band was collected using 5% methanol/dichloromethane as the eluent. The
yellow solid was purified by recrystallization from dichloromethane/diethyl ether to yield
a yellow powder (32.2 mg, 51%). IR (CHClj cast, cm-!) 3045 (s), 2961 (s), 2906 (m),
[652 (m), 1616 (w), 1482 (s), 1464 (s), 1436 (m), 1416 (s), 1386 (m), 1370 (s), 1268 (w),
1228 (m), 1037 (s), 860 (m), 733 (w), 687 (w), 514 (m), 464 (m), 431 (s). 410 (s); 'H
NMR (360 MHz, CDCl3) 3 5.63 (s, SH, CsHs), 5.49 (s, 2H, Hy.4), 2.77 (dd, J = 16.6, 6.7
Hz, 2H, CH3), 2.50-2.40 (m, 2H, CH3), 2.30-2.15 (m, 2H, CH>); !3C NMR (100 MHz,
CDCl3) & 122.8 (Cquay), 112.5 (Cquar). 85.1 (CsHs), 72.6 (CH), 31.3 (Cquat), 31.0 (+-
butyl), 29.2 (CH3), 25.7 (CH3). Electrospray MS m/z calculated for C;7H;2Co (M+-Br):
285.105349; found: 285.105250 (100%).

NN B @\

Co o Co-)
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(CsHs)Co(1-Me-C3Hy)Br (126). (CsHs)Co(CaHy)a (123) (327.6 mg, [.819 mmol) was
dissolved in diethyl ether (20 mL) under a nitrogen atmosphere. 1-bromo-2-butene (210 ul,
2.04 mmol, 1.13 equiv) was added via syringe at room temperature. The solution was
stirred for 4 h, then the solvent was removed in vacuo. The residue was extracted with
toluene and the solution was filtered through a Celite pad. Removal of the solvent gave a
dark red-black solid (336.7 mg, 71%). 'H NMR (400 MHz. C¢D¢) §4.52 (d. J = 7.4 Hz,
LH, H3a), 4.35 (s, 5H, Cs5Hs), 3.8-3.9 (m, 1H, H}), 3.70 (td. J = 12.3, 7.6 Hz, 1H. H»), 2.81
(d. J=12.3 Hz, lH. H3y), 1.36 (d. J = 6.4 Hz, 3H, CH3); 'H NMR (360 MHz, CDaChh) &
5.04(d. J=7.5 Hz. 1H, H3,), 4.99 (s. 5H, CsHs), 4.48 (td. J = 12.2, 7.5 Hz, LH, H»), 3.60
(brdq./=12.6 Hz, |H,H}), 2.49 (d. /= 12.6 Hz, 1H, H3,), 1.87 (d, J = 6.5 Hz. 3H. CH3):

Analysis calculated for CoH|2BrCo: C, 41.73; H, 4.67; found: C, 41.555: H. 4.367.

@ Ph\/\/Br @\

|
Co Et,0,RT, 4 h Ve °_)?
\/ \/ Br Ph
123 127

(CsHs)Co(1-Ph-C3H4)Br (127). (CsHs)Co(C2Hy) (123) (292.9 mg, 1.626 mmol) was
dissolved in diethyl ether (15 mL) under a nitrogen atmosphere. Cinnamy! bromide (270 pl,
1.82 mmol, 1.12 equiv) was added via syringe at room temperature. The solution was
stirred for 4 h before all volatile material was removed in vacuo. The residue was then
extracted with toluene and the solution was filtered through a Celite pad. Removal of the
solvent was followed by recrystallization of the residue from toluene-pentane at -35 °C to
give a black solid (341 mg, 65%). 'H NMR (300 MHz, CD,Cl,) § 7.68 (d, J = 7.2 Hz, 2H,
Ha), 7.44 (1, J = 7.0 Hz, H, He), 7.35 (t, / = 6.9 Hz, 2H, Hs), 5.39 (td, J = 12.4, 7.9 Hz, IH,
H»),5.28 (d, / =7.7 Hz, IH, H3,), 4.81 (s, SH, CsHs), 4.47 (d, / = 12.6 Hz, 1H, H ), 2.88
(d, /= 12.4 Hz, H, H35); '3C NMR (75 MHz, CD,Cl;) 8 142.5 (C4), 129.9 (Cs6), 127.6
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(C7). 126.2 (Cs/6), 86.0 (CsHs), 84.6 (Ca), 79.7 (Cy). 51.8 (C3). Analysis calculated tor
C4H4BrCo: C, 52.37; H, 4.40; found: C, 52.273; H, 4.377.

@ Br\/\/cone @\
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X ¥ Br

(CsHs)Co(1-(COsMe)-n3-C3Hy)(Br). A Schienk flask was charged in the drybox with
(CsHs)Co(CaHy)n (123) (0.1877 g, 1.042 mmol) and removed to the Schlenk line, where
dry, degassed tetrahydrofuran (10 mL) was added, followed immediately by methyl 4-
bromocrotonate (0.205 g, 1.1 equiv). The light orange solution turned dark purple-red
and was stirred overnight to allow the reaction to go to completion. All volatile material
was removed in vacuo and the residue was extracted with dry toluene. The toluene
extract was filtered through a Celite pad and the solvent was removed. The residue was
recrystallized from toluene/pentane to give a dark purple solid (0.203 g, 64%). 'H NMR
(300 MHz, CD2Cl3) 65.56 (ddd, J = 13.4, 11.5, 8.1 Hz, IH, H.), 5.30 (d.J = 8.1 Hz. IH,
H3s). 5.15 (s, 5H, CsHs), 3.88 (s, 3H, CO2Me), 3.16 (d. /= 1 1.4 Hz, I1H, Hyy), 2.94 (d,J
= 13.5 Hz, 1H. H3,); 13C NMR (75 MHz, CDyCl») & 92.4, 86.4 (CsHs). 60.3, 57.7, 52.5.
The carbonyl carbon was not located above baseline noise. Analysis calculated for

CioH2BrCo05;: C, 39.63; H, 3.99; found: C, 39.425; H, 3.912.

@ K, Et,0 \© AN @/

\
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(CsH4Me)Co(n3-C3Hs)(Br) (128). In the drybox, 1,1'-dimethylcobaltocene (3.91 g,
18.0 mmol) was weighed into a Schlenk flask and dissolved in diethyl ether (100 mL).
The flask was capped with a solid addition tube containing potassium sand (1.01 g, 1.4

equiv). The apparatus was taken outside the glove box and cooled to -35 °C under an
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ethylene atmosphere. The potassium was then added and the slurry was stirred under

ethylene for 16 h. The resulting orange suspension was cooled to -50 °C and the Cp'K
allowed to settle. The mixture was filtered through Celite at -50 °C, under N> and the

dark red filtrate was divided into 2 equal aliquots.

To one aliquot, diethyl ether was added to a total volume of 50 mL. To this
solution, allyl bromide (0.76 mL. 9 mmol, 1.0 equiv) was added. The solution was stirred
for 4 h at room temperature. All volatile material was then removed in vacuo and the
residue was extracted with dry toluene. The toluene extracts were filtered through Celite
and concentrated until crystals began to form. The solution was then diluted with an
equal volume of pentane and cooled to -60 °C. The resulting dark red-black crystals (280
mg, 12%) were collected by vacuum filtration. 'H NMR (400 MHz, CDCl3) 64.70 d. J
=7.6 Hz, 2H, Hy), 4.62-4.60 (m, 2H, CsH4Me), 4.42-4.40 (m, 2H, CsH4Me), 4.09 (it. J =
13.0, 7.7 Hz, 1H, Hc), 2.76 (d.J = 13.0 Hz, 2H, H,), 1.64 (s, 3H. CsHsMe); 'H NMR
(400 MHz, Ce¢Dg) 64.47 (d, 7.5 Hz, 2H, Hy), 4.4-4.3 (m, 2H, CsH4Me), 3.9-3.8 (m, 2H,
CsHsMe), 3.76 (i1, /= 13.0, 7.6 Hz, 1H. H¢), 3.08 (d,J = 12.9 Hz, 2H, H,), 1.56 (s, 3H,
CsHsMe); !13C NMR (100 MHz, C¢D¢) & 89.6 (C,). 85.8 (CsHiMe), 80.1 (CsHsMe),
55.6 (Cy), 13.6 (CsHyMe). The quaternary carbon was not found. Analysis calculated for
CgH2BrCo: C,41.73; H, 4.67; found: C, 41.826; H, 4.706.

\'©| K, Et,0 \©| N @/
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(CsH4Me)Co(n3-1-Me-C3H4)(Br) (129). In the drybox, 1,1'-dimethylcobaltocene (3.91
g, 18.0 mmol) was weighed into a Schlenk flask, and dissolved in diethyl ether (100 mL).
The flask was capped with a solid addition tube containing potassium sand (1.01 g, 1.4

equiv). The apparatus was taken outside the glove box and cooled to -35 °C under an
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ethylene atmosphere. The potassium was then added and the slurry was stirred under

ethylene for 16 h. The resulting orange suspension was cooled to -30 °C and the Cp'K
allowed to settle. The mixture was filtered through Celite at -50 °C, under N1 and the
dark red filtrate was divided into 2 equal aliquots.

To one aliquot, diethyl ether was added to a total volume of 50 mL. To this solution,
crotyl bromide (0.91 mL. 9 mmol, 1.0 equiv) was added. The solution was stirred for 4 h at
room temperature. All volatiles were then removed in vacuo and the residue was extracted
with dry toluene. The toluene extracts were filtered through Celite and concentrated until
crystals began to form. The solution was then diluted with an equal volume of pentane and
cooled to -60 °C. The resulting dark red-black crystals (250 mg, 10%) were collected. 'H
NMR (400 MHz, C¢Dg) 6 4.54 (br s, 1H, CsHsMe), 4.34 (d, J = 7.5 Hz, IH. Hg), 4.19 (brs,
[H, CsH4Me), 3.84 (dt. J = 12.2, 6.6 Hz, 1H, H.). 3.75-3.6 (m. 3H, H,, CsHsMe, Hy;,), 2.90
(d.J=12.6 Hz, IH, H3,), 1.66 (s, 3H, CsHyMe), 1.34 (d, J = 6.6 Hz, 3H, C3HsMe); !3C
NMR (100 MHz, C¢Dg) 8 90.5 (C»), 88.7 (CsH4Me), 85.6 (CsH4Me), 81.3 (CsHsMe),
78.3 (Cy). 76.4 (CsH4Me), 50.5 (C3), 22.1 (C3H4Me), 13.7 (CsHsMe). The quaternary
carbon of the methylcyclopentadienyl ring was not observed. Analysis calculated for

CioH4BrCo: C,43.99; H, 5.17; found: C, 44.155; H, 5.003.

c \ AgOTt '/“ \
F °'>> CeHg RT.A N F °_)>
Br TfO
125 130
(CsHs)Co(n3-C3Hs)(OTD (130). (CsHs)Co(n3-C3Hs)Br (125) (95.3 mg, 0.389 mmol)
was dissolved in benzene (15 mL) in the drybox. Silver triflate (0.1177 g, 0.4581 mmol,
1.18 equiv) was added. After stirring 4 h, the solution was filtered through a Celite pad.
The solution was reduced to dryness and the residue was extracted with benzene (6 mL).

Filtration through Celite was followed by removal of the solvent to give a brown solid

(99.3 mg, 81%). The analytical sample was crystallized from toluene/pentane at -35 °C,



although analytical purity was still not obtained. IR (CgHg cast. cm-!) 1256 (s), L168 (s),
1030 (m), 637 (m), 516 (w); 'H NMR (300 MHz, C¢D¢) 8 5.06 (d. J = 7.7 Hz. 2H. Ha).
4.32 (s, 5H, CsHs), 3.67 (i, J = 13.5, 7.6 Hz, 1H. H), 2.27 (d.J = 13.4 Hz, 2H, Hy);

13C NMR (75 MHz, C4Dg) & 94.8 (C»), 83.6 (CsHs), 62.9 (C;); MS mv/= calculated for
CyH gCoF303S (M+): 313.96347: found: 313.96325 (28%); m/z calculated tor CgH oCo
(M*- CF35037): 165.01144; found: 165.01116 (100%). Analysis calculated for
CoHoCoF3S03: C, 34.41; H, 3.21; S, 10.20; found: C, 30.528: H. 2.896: S. 10.519.

@\ AgOTt @\
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126 131
(CsHs)Co(1-Me-13-C3H4)(OTH) (131). (CsHs)Co(1-Me-n3-C3Hy)Br (126) (104.5 mg,
0.4035 mmol) was dissolved in benzene (12 mL) in the drybox. Silver triflate (121.7 mg,
0.4737 mmol, 1.17 equiv) was added. After stirring 4 h, the solution was filtered through
a Celite pad. Removal of the solvent gave a brown powder (98.9 mg, 75%). The
analytical sample was crystallized from toluene/pentane at -35 °C, although analytical
purity was still not obtained. IR (CgHg cast, cm-!) 1437 (w), 1407 (w), 1379 (w), 1289
(s), 1246 (s), 1169 (s), 1030 (s), 638 (m); 'H NMR (300 MHz, C¢Dg) 65.07(d,/=7.7
Hz, 1H, H3,), 4.39 (s, SH. CsHs), 3.76 (td, J = 12.7, 7.8 Hz, 1H, H3), 3.04 (dq, J = 13.1,
6.7 Hz, IH, Hy), 2.15 (d, J = 13.0 Hz, 1H, H3s), 1.45 (d, J = 6.5 Hz, 3H, CH3); 13C
NMR (75 MHz, C¢Dg) 6 94.9 (C7), 85.7 (Cy), 84.1 (CsHs), 57.2 (C3), 21.9 (CH3).
Analysis calculated for C|gH2CoF303S: C, 36.60; H, 3.69; S, 9.77; found: C, 36.069:; H,
3.858; S, 9.500.
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(CsHs)Co(1-Ph-n3-C3Hy)(OTH) (132). In the drybox, (CsHs)Co(1-Ph-n3-C3H)Br
(127) (100.2 mg, 0.3120 mmol) was dissolved in benzene (12 mL). Silver triflate (98.3
mg, 0.383 mmol, 1.23 equiv) was added. After stirring 4 h, the solution was filtered
through a Celite pad. Removal of the solvent gave a brown powder (65.1 mg, 53%). IR
(CH2Cla cast, cm-l) 1289 (s), 1239 (s), 1226 (s). 1168 (m), 1029 (s), 638 (m); 'H NMR
(300 MHz, C¢Dg) 8 7.60 (d. /= 7.4 Hz, 2H, Hy), 8 7.29 (apparent t, J = 7.4, 7.2 Hz, H,
He). 7.60 (apparent t, / = 7.4, 7.2 Hz, 2H, Hs), 5.45 (d,/=7.7 Hz. |H, H3,), 497 (td. J/ =
12.9,7.7 Hz, 1H, H»), 4.38 (s. SH, CsHs). 4.04 (d, /= 13.0 Hz, IH, H}),2.39 (d. /= 12.9
Hz, [H. C3s): 13C NMR (75 MHz, C¢Dg) 8 141.5 (Cph.ipso)s 129.9 (Cy/s). 128.2 (Co),
126.8 (Cy/s5), 89.2 (C>), 85.4 (Cy), 84.9 (CsHs), 58.5 (C3). Analysis calculated for
CisH4CoF303S: C, 46.17; H; 3.62; found: C, 46.124; H; 3.451.

General Note. The Cp cycloheptadienyl complexes proved more difficult to purify, due
in part to a lower yield and also to difficulty encountered in recrystallization. Unlike the
Cp* analogues, the separation of the impurities is incomplete. The complexes give rise to
clean NMR spectra; however, accurate combustion analyses could not be obtained; the

best results are nonetheless reported.
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[(CsH5)Co(m5-C7Ho)]* BF4~ (133). To a Schlenk flask was added (CsHs)Co(C3H;5)(Br)
(125) (0.1307 g, 0.5334 mmol) and reagent grade acetone (15 mL). Silver
tetrafluoroborate (0.1152 g, 0.5917 mmol, 1.1 equiv) was added, and the solution was
stirred brietly. Acetylene was then bubbled into the resulting suspension for S min. The
reaction mixure was filtered and the solvent was removed in vacuo. The crude product

was then purified using flash chromatography (silica gel, 7% methanol/dichloromethane).
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A light orange powder (52.6 mg, 47%) was obtained. IR (CH»Cl> cast, cm-!) 3118(m),
3078 (m), 3049 (w), 2956 (m), 2879 (m), 2837 (w), 1445 (w), 1430 (m), 1409 (m). 1365
(m), 1309 (w), 1070 (s), 1045 (s), 1037 (s), 1012 (m), 979 (m), 952 (w), 883 (w), 859
(m), 833 (m), 818 (w), 734 (m), 521 (m), 507 (m), 479 (m); 'H NMR (300 MHz,
acetone-d¢) & 7.41 (t, J =6.6 Hz, LH. H3), 5.80 (t, J = 6 Hz, 2H, Hy/4. overlap with Cp),
5.78 (s, SH. CsHs), 5.60 (br s, 2H, Hy/s5), 2.49 (m, 2H, Hgendo/Tendo). 1.25 (m. 2H,
Heexor7exo): 'H-TH COSY (400 MHz, CD1Cly) § 7.41 (H3) <> 8 5.80 (Hayy); 8 5.80
8 5.60 (Hy/s), & 2.49 (w, HeendorTendo)s & 1.25 (W, Heexor7exo); 8 5.60 (H/5) <> & 2.49
(Héendo/7Tendo): 8 1.25 (Héexor7exo): 8 2.49 (Heendor7endo) € 8 1.25 (Héexo/7exo): '3C
NMR (100 MHz, CD2Cly) 3 101.4 (dt, /ey = 172.6 Hz, 2Jcy = 9.1 Hz, C3). 95.2 (d.
Ucu = 171.1 Hz, Cyy), 89.4 (dd, 'JcH = 160.0 Hz, 2Jcy = 6.3 Hz, Cy/5), 87.3
(d(quintet), !Jcp = 183.1 Hz, 2Jcy = 6.1 Hz, CsHs), 34.6 (t, \Jcy = 135.5 Hz. Cg/7).
Analysis calculated for C2H[4CoBF4: C, 47.41; H, 4.64; found: C, 47.255: H. 4.471.
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[(CsHs)Co(n5-1-Me-C7Hg)I* BF4~ (134). To a Schlenk flask was added (CsHs)Co(n3-
1-Me-C3H4)(Br) (126) (0.7815 g, 3.017 mmol) and reagent grade acetone (approximately
100 mL). Silver tetrafluoroborate (0.617 g, 3.17 mmol, 1.05 equiv) was added, and the
solution was stirred for 20 min. The resulting suspension was filtered to remove silver
salts and the filtrate was cooled to 0°C. Acetylene was then bubbled into the solution for
20 min. The reaction mixure was warmed slowly over 5 h to room temperature. The
solvent was removed in vacuo and the crude product was then filtered through a short (2
cm) silica pad using 10% methanol/dichloromethane. A dark red solution was obtained

which gave a dark red powder (0.6657g, 69%) upon drying. The analytical sample was



recrystallized from dichloromethane/diethyl ether, although analytical purity was still not
obtained. IR (CH>Cls castcm!) 3118 (m), 2966 (m), 2934 (m), 2877 (m), 1460 (m),
1431 (m), 1411 (m), 1375 (m), 1361 (w), 1298 (m), 1285 (m), 1053 (s), 1037 (s), 967
(m), 916 (w), 858 (m), 833 (m). 734 (w), 701 (w), 521 (m), 501 (m), 477 (m); 'H NMR
(300 MHz. acetone-dg) & 7.41 (t, J = 6.6 Hz, 1H, H3), 5.80 (t, overlap with Cp, J = 8 Hz,
LH. Hy), 5.78 (s, 5H, CsHs), 5.75 (t. / = 7 Hz. 1H, H»), 5.49 (dddd, J = 8.5, 6.3. 4.0, 0.8
Hz, |H, Hs}, 5.31 (dd, J = 8.7, 3.5 Hz, {H, Hj), 2.09 (did, / = 14.9, 5.5, 0.8 Hz, IH,
Hgendo), 1.537 (m, 1H. H7exo), 1.36 (d, /= 6.7 Hz, 3H, CH3), 1.30 (dtd, /= 15.0, 4.2, 1.3
Hz, 1H, Hgexo): 'H-'H COSY (400 MHz, CD:Cl3) & 7.41 (H3) <> 8 5.80 (Hy), § 5.75
(H2), 6 5.31 (w. H1), 8 5.49 (w, Hs); 8 5.80 (H4) ¢ 85.49 (Hs); 85.75 (H2) & § 5.31
(H1), 8 1.57 (H7exo), 8 1.30 (Hgexo): 8 5.49 (Hs) & 8 2.09 (Heendo), & 1.36 (Me), 8 1.30
(Héexo): 62.09 (Hgexo) > 8 1.57 (H7exo), 8 1.30 (Hgexo): 8 1.57 (H7exo) & 8 1.36 (Me),
3 1.30 (w. Hgexo): !'3C NMR (100 MHz, CDxCls) 8 101.2 (dt, l/cy = 173.4 Hz, 2/cy =
9.6 Hz, C3). 95.4 (d. lUcy = 170.4 Hz, C4). 95.0 (d. lJcy = 154.0 Hz, C1), 93.6 (d. !JcH
= 152.8 Hz. Cy), 87.1 (dp, lUcH = 183.7 Hz, 2Jcy = 6.6 Hz, CsHs), 87.1 (d, /ey = 180
Hz, Cs)(overlaps with Cp), 41.5 (t. lJcy = 128 Hz, Cg), 41.2 (d, Jcn = 126.8 Hz, C7),
22.8(q, 'JcH = 125.5 Hz, Me); 'H-13C HETCORR (100 MHz, CD1Cl) & 101.2 (C3)
& §7.41 (H3); §95.4 (C4) & 85.80 (Ha); §95.0 (C1) 8531 (H();693.6(C2) 8
5.75 (H2); 8 87.1 (Cs) &> 8 5.49 (Hs); 3 87.1 (CsHs) «» 8 5.78 (CsHs): 841.5 (Ce) > &
2.09 (Héendo)- 0 1.30 (Hgexo); 841.2 (C7) &> 8 1.57 (H7exo); 822.8 (Me) & 8 1.36 (Me).
Analysis calculated for C13H6BCoF4: C, 49.10; H, 5.07; found: C, 47.753; H, 4.517.

Co Co
AN hexane -|==
X / RT,16 h /4
123 136



(CsHs)Co(n+-2-Me-C4Hs) (136). To a solution of CpCo(CaHy)» (123) (0.535 lg, 2.970
mmol) in hexanes (25 mL) was added isoprene (1.48 mL, 11 equiv). The solution was
stirred overnight at room temperature. The solvent was removed and the residue was
extracted with pentane. The pentane extract was filtered through a Celite pad and the
solvent was removed. A red oil (0.4831 g, 84%) remained. IR (hexane cast, cm-!) 3080
(m), 3038 (s), 2986 (s), 2965 (s). 2944 (s), 2916 (s), 2857 (m), 2728 (w), 1782 (w), 1700
(W), 1675 (w), 1644 (m), 1602 (w), 1559 (w), 1540 (w), 1506 (w), 1454 (m), 1440 (m),
1416 (m), 1375 (s), 1349 (m), 1336 (w), 1258 (w), 1242 (w), 1176 (s), 1 149 (w). 1109
(s), 1067 (m), 1051 (m). 1030 (m), 1008 (s), 996 (s), 967 (w), 911 (m), 892 (m), 805 (s).
754 (w), 728 (w), 611 (m), 595 (m), 536 (m), 487 (m); 'H NMR (400 MHz, C¢Dg) &
4.83 (dd. J =8.9, 7.8 Hz, IH, H3), 4.54 (s, SH, CsHs), 1.96 (s, 3H, Me), 1.79 (s. IH. H)y).
1.67 (dd, J = 6.5, 1.5 Hz, 1H, Has), -0.38 (s, LH, Hy,), -0.50 (dd, J =9.1, 1.5 Hz, IH,
Hia): 13C NMR (100 MHz, C¢Dg) 8 94.5, 80.2 (CsHs)., 78.6, 34.0, 30.3, 23.4: MS m/-
calculated for CgH|3Co (M*): 192.03493; found: 192.03486 (68 %).

< . g

Co — e
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136 140

(CsHs)Co(1,2-Me;-C3H3)Br (140). A solution of CpCo(n*-isoprene) (136) (0.3986 g,
2.074 mmol) in THF (40 mL) was cooled to -78°C. Aqueous HBr (0.235 mL, 48%, 1.0
equiv) was added slowly and the solution was allowed to warm to room temperature over
a 12 h period. All volatile material was removed in vacuo and the residue was extracted
with toluene until no more colored material dissolved. The toluene extracts were filtered
through a Celite pad and the solution was reduced to about 5 mL in volume. An equal
volume of pentane was added and the solution was cooled to -60°C to crystallize. A

small amount of a dark powder was obtained (150 mg, 27%). This material was



characterized by 'H NMR spectroscopy and used without further purification. 'H NMR
(400 MHz, C¢Dg) 8 4.52 (s, LH. Hag), 435 (s, SH. CsHs), 3.73 (q. J = 7.2 Hz, LH, Hy).

2.80 (s. LH, H3y), 1.40 (d, J = 6.8 Hz, Me), 1.15 (s, 3H, Me»).

BF4

<
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Co— H—==—H 5
Br/ RT, 10 min Q !sMe

140 138 Me H

[(CsHs5)Co(1,7-MezC7H7) ]+ BF 4~ (138). To a solution of CpCo(1,2-Me1-C3H3)Br
(140) (0.150 g, 0.549 mmol) in reagent grade acetone (30 mL) at 0°C was added silver
tetrafluoroborate (0.147 g, 1.38 equiv) and the mixture was stirred for 2 min. Acetylene
was then bubbled into the resulting suspension for about 10 min. The suspension was
filtered through a Celite pad and the solvent was removed by rotory evaporation. The
crude product was purified by flash chromatography on silica gel, eluting with 5%
methanol/dichloromethane. A red band was collected and the solvent was removed in
vacuo, leaving a red-orange residue (0.106 g, 58%). IR (CH2Cl; cast, cm-!) 3116 (m),
3068 (w), 2969 (m), 2937 (m), 2877 (m), 1716 (w), 1699 (w), 1455 (m), 1431 (m), 1411
(m), 1384 (m), 1375 (m), 1285 (w), 1268 (w), 1052 (s), 1037 (s), 930 (m), 899 (m), 857
(m). 832 (m), 733 (m), 701 (m), 520 (m); 'H NMR (400 MHz, CD>Cl,) & 7.18 (ddd, J3.
1=J3.4=6.6 Hz, J3.5 = 0.9 Hz, 1H, H3), 5.67 (brdd, J4.5 = 7.4 Hz, J4.3 = 6.9 Hz, 1H,
Hy), 5.55(d, J2.3=7.3 Hz, H, H>), 545 (s, SH, C5Hs), 5.28 (m, dddd by decoupling, Js.
4+=8.1 Hz, J5.6endo = 6.0 Hz, J5.6ex = 4.6 HZ, J5.3 = 1.1 Hz, LH, Hs), 2.06 (ddd, Jeendo-
6exo = 14.9 Hz, Jeendo-5 = J6endo-7exo = 5.9 Hz, L1H, Heendo), 1.77 (s, 3H, Mey), 1.45
(apparent dq, J = 5.9 Hz, 1H, H7exo), 1.37 (d,J = 6.4 Hz, 3H, Me7), 1.15 (dddd, Jgexo-
6endo = 14.9 Hz, Jeexo-5 = J6exo-Texo = 4.8 HZ, Jeexo-4 = 1.1 Hz, 1H, Hgexo); 'H-1H
COSY (400 MHz, CD>Cly) 8 7.18 (H3) © 8 5.67 (Hy), 8 5.55 (H3), 8 5.28 (w, Hs); 3
5.67 (Hg) <> 8 5.28 (w, Hs), 8 1.15 (w, Hgexo); 65.55 (Hz) & 8 1.77 (w, Me;); 8 5.28
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(Hs) <> 8 2.06 (Hgendo), 8 1.15 (W, Heexo): 82.06 (Hgendo) <> 8 1.15 (w, Hgexo): 6 L.45
(H7exo) € 8 1.15 (w, Heexo); 13C NMR (100 MHz, CD>Cla) § 116.4,97.1.95.5, 94.2,
87.9 (CsHs). 83.9. 44.4, 41.6, 28.5. 20.6. Analysis calculated for C14HgBCoFy: C,
50.64: H. 5.46: found: C, 49.506; H, 5.505.

& )| D] e T
Co - Co H—=—H _ =~
H ,1h - -78°
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123 137 139

[(CsHs)Co(n3-5,6,6-Me3C7Hg)|* BF 4~ (139). In the drybox, a Schlenk flask was
charged with (CsHs)Co(C2Hy)s (123) (94.7 mg, 0.526 mmol) and removed to the
Schlenk line. Degassed dichloromethane (10 mL) was added and 2.3-dimethylbutadiene
(0.1 mL. 2 equiv) was added. The solution was stirred for | h until the solution had
turned a dark red color, indicating formation of 137. The solution was cooled to -78 °C
and HBF 4¢Et20 (0.170 ml, 2 equiv) was added. The solution was stirred 1 min.
Acetylene was then bubbled into the solution for 2 min and the reaction flask was
allowed to warm slowly to room temperature over a 12 h period. The solution was
filtered and all volatile material was removed in vacuo. The residue was redissolved in a
small amount of dichloromethane and the product was precipitated by the addition of
diethyl ether. An additional recrystallization from dichloromethane/diethyl ether gave a
light orange powder (64.0 mg, 30%). IR (CH»Cl; cast, cm-1) 3119 (m), 2968 (m), 1455
(w). 1432 (w), 1413 (m), 1377 (w), 1365 (w), 1054 (s), 923 (w), 860 (m), 519 (m), 451
(m); 'H NMR (360 MHz, CDCl3) & 7.29 (dd, J3.2 = 6.8 Hz, J3.4 = 5.3 Hz, IH, H3), 6.15
(dd, J4.3 = 5.3 Hz, J4.5 = 6.6 Hz, 1H, Ha), 5.52 (s, 5H, CsHs), 5.26 (d, J>.3 = 6.8 Hz, 1H,
Hj), 5.13 (m, ddd by decoupling, J5.gendo= 8.4 Hz, J5.4 = 6.6 Hz, J5.6exo = 5.4 Hz, 1H,
Hs), 1.87 (s, 3H, Mey), 1.81 (s, 3H, Me7), 1.46 (dd, Jsendo-6exo = 12.6 Hz, Jgendo-5 = 8.4
Hz, 1H, Heendo). 0.92 (s, 3H, Me7), 0.11 (dd, Jeexo-6endo = 12.7 Hz, Jeexo-5 = 5.4 Hz, IH,
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Heexo): 'H-'H GCOSY (300 MHz, CDCl3) §7.29 (H3) & 86.15 (Hy). & 5.26 (Ha), &
5.13 (w. Hs): 8 6.15 (Hy) > 8 5.13 (Hs): 8 5.26 (H2) & & 1.87 (w. Me|); §5.13 (Hs)
8 1.46 (Heendo): 8 0.11 (Hgexo): & 1.46 (Heendo) < 8 0.11 (Heexo): '3C NMR (100 MHz.
CDCl3) & 116.3 (s.C)), 98.2 (d. ey = 173.9 Hz, 2Jcy = 8.9 Hz, C3). 95.5 (d. ey =
166.3 Hz. C3), 94.6 (d, Jcy = 174.7 Hz, Cy), 88.1 (dt, lJcy = 183.8 Hz, Zcy = 6.2 Hz.
CsHs). 80.5 (d. Jch = 165.4 Hz, Cs), 56.1 (s, C7), 40.7 (t. Ly = 129.6 Hz. Cg). 31.7 (q.
JcH = 125.9 Hz, Mey), 28.6 (q, !Jcu = 128.0 Hz, Mey), 27.0(q, I/cH = 127.7 Hz. Mey);
HMQC (300 MHz, CDCl3) §98.2 (C3) ¢ 8 7.29 (H3); §95.5 (Ca) & §5.26 (Ha); &
94.6 (Cy4) > 3 6.15 (Hy); 8 88.1 (CsHs) & 8 5.52 (CsHs); 8 80.5 (Cs) &> §5.13 (Hs): &
40.7 (C¢) > 8 1.46 (Heendo). 8 0.11 (Heexo): 831.7 (Me7) & 8 1.81 (Me7); § 28.6 (Me7)
< 80.92 (Mey): § 27.0 (Me ) <> 8 1.87 (Me|). Analysis calculated for C;sHgBCoFy:

C. 52.06: H. 5.83; found: C, 52.242; H, 5.512.

Br @ L, BF,
CPCo(C;Hd), \c AgBF,, acetone Co
THF, RT / °°) H—=—H (xs)
20 min Br ooc' 1h
109 141 143

[(CsHs)Co(1-5n-bicyclo[5.3.0]deca-1,3-dien-5-yl)]* BF4- (143). To a solution of
CsHsCo(CaHy)2 (123) (0.2501 g) in tetrahydrofuran (15 mL) prepared under nitrogen was
added 1-(bromomethyl)- l-cyclopentene (109) (0.22 g). The solution was stirred for 90 min
and then filtered through Celite under nitrogen. All volatile material was removed in vacuo
and the residue was redissolved in degassed acetone (15 mL). The resulting dark red-purple
solution was cooled in an ice bath and silver tetrafluoroborate (excess) was added.
Acetylene gas was then bubbled into the resulting slurry for 2 minutes. The slurry was
stirred for 1h and then filtered through a Celite pad. Solvent was removed in vacuo and the
residue was purified by flash chromatography on silica gel using 5%

methanol/dichloromethane as the eluent. A light orange powder (161 mg, 34%) was
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obtained. IR (CDCl; cast, cm-!) 3115 (m), 2952 (m), 2868 (m), 2830 (w), 1711 (w), 1450
(m), 1430 (m), 1410 (m), 1349 (w), 1284 (w), 1261 (w), 1176 (w), 1053 (s), 938 (m), 884
(m), 856 (m), 832 (m), 804 (w), 742 (w), 719 (w), 575 (w), 533 (w), 521 (m), 504 (w), 476
(m); 'H NMR (300 MHz. CDCl3) & 7.24 (t. J3.2 =J3.4 = 6.3 Hz, |H. H3), 6.04 (d, /4.3 =
6.1 Hz, LH. Hy). 5.49 (s, 5H, Cs5Hs), 5.4-5.3 (m. 2H, H| 1), 2.84 (ddd. J7endo-7exo = 1 7.6.
J7endo-6 =9.9 Hz, J7endo-1 = 3.8 Hz, IH, H7endo), 2.32 (ddd. J7exo-Tendo = 17.2 Hz. J7ex0-6
=6.1 Hz, J7ax0-1 = 2.2 Hz, 1H, H7ex0), 2.2-1.5 (series of m, 6H, CH>), 0.9-0.7 (m, LH, Hg):
'H-'H GCOSY (300 MHz, CDCl3) 8 7.24 (H3) & §6.04 (Hy). 8 5.35 (H2); §5.35 (H| 1)
< 8 2.84 (H7endo). 8 2.32 (H7exo): 82.84 (H7endo) ¢« 8 2.32 (H7exo). 8 0.75 (Hg); §2.32
(H7exo) ¢ 6 0.75 (Hg). Correlations between methylenes on the small ring are not reported.
13C NMR (75 MHz, CDCl3) § 121.7 (s, Cs). 96.6 (dd. \Jcy = 174.8 Hz, 2Jcy = 9.8 Hz,
C3),93.2 (d. lUcH = 160.3, Cy/1), 90.02 (d, ey = 163.7, Cy), 87.8b (d, lJcy = 183.25,
CsHs), 84.6 (d. ey = 156.3, Cy/2), 48.4 (t, ey = 130.2, C7), 42.0 (d, ey = 130.5, Cg).
40.3 (t, Wen = 129.7, C7). 33.5 (t. Uch = 130.4, CH2), 26.5 (1. Lcy = 134.7. CHa). 2Signal
overlaps with CsHs. bSmall 2.3Jcy are present. 'H-13C HETCORR (100 MHz, CDCl3) &
96.6 (C3) & 87.24 (H3); 893.2(Cy2) & 8 5.3 (H|/2); 890.0 (C4) & 6 6.04 (H;); 587.8
(CsHs) > 8 5.49 (CsHs); 8 84.6 (Cy/2) < 8 5.3 (Hy12); 8 48.4 (C7) & 8 2.84 (H7endo). &
2.32 (H7exo): §42.0 (Ce) > 80.75 (He); 8 40.3 (CH3) & §2.10 (CH2), § 1.95 (CH2); §
33.5(CH2) &> 8 1.70 (CH3), 3 1.45 (CH3); 8 26.5 (CH3) & & 1.90 (CH3), & 1.65 (CH>).
Analysis calculated for CysH|gBCoF4: C, 52.37; H, 5.27; found: C, 52.345; H, 5.151.
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[(CsHs)Co(1-5n-bicyclo[5.4.0]undeca-1,3-dien-5-yl)]* BF4- (144). To a Schienk flask
was added (CsHs)Co(C2Hay)z (123) (0.4952g, 2.749 mmol) and tetrahydrofuran (25 mL)
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at -30 °C under nitrogen. l-(Bromomethyl)-l-cyclohexene (103) (0.48 g, 1.0 equiv) was
added and the solution allowed to warm to room temperature. After stirring for 4 h, all
volatile material was removed in vacuo and the residue was redissolved in degassed
reagent acetone (25 mL). The solution was cooled to -78 “C and acetylene was bubbled
into the solution. AgBFy(0.589 g. 1.1 equiv) was added and the solution was stirred at
-78 °C for 5 min. After 30 min at room temperature the solution was filtered to remove
silver residues. The filtrate was taken to dryness and the residue was purified by
chromatography (7% methanol-dichloromethane on silica gel). The red fraction was
dried and recrystallized from dichloromethane-diethyl ether to give a red-orange powder
(0.130 mg, 13%). IR (CHaCly cast, cm-!) 3116 (m), 2935 (s), 2864 (w), 1439 (w), 1445
(w), 1431 (w), 1412 (m), 1274 (s), 1249 (s), 1224 (m), 1157 (m). 1053 (s), 1030 (s), 943
(w), 899 (w), 855 (m), 832 (w). 823 (w), 736 (w), 637 (s), 571 (w), 518 (m), 501 (w), 475 .
(m); 'H NMR (300 MHz, CD»Cl2) 8 7.19 (ddd. J3.3 = 6.9 Hz. J3.4 = 6.1 Hz, J3.5 <1 Hz,
IH. H3), 5.86 (dd. J3.5 =7.8 Hz, J4.3= 6.3 Hz, 1H, Hy). 8 5.55 (s, 5H, CsHs), 8 5.33 (d.
Ja.3=7.9 Hz, 1H, H»), 8 5.24 (m, dddd by decoupling, Js.4 = J5.6endo = 7.6 Hz, J5.6ex0 =
4.5 Hz, J5.3 <1 Hz, 1H, Hs), 8 2.1-1.4 (m, 10H, H7, Hgendo, CH3), 8 0.75 (m, dddd by
decoupling, Jeexo-6endo = 3.4 Hz, Jeexo-7 = 6.7 Hz, Jgexo-5 = 4.5 Hz, J6.4 <1Hz, 1H,
Héexo); '3C NMR (100 MHz, CD:Cla) 8 119.1 (s, C}), 97.5 (dd, ey = 173.2 Hz, 2Jcy
=9.6 Hz, C3), 94.3 (brd, lUcy = 171.9 Hz, C3 4), 87.2 (dp !Jcy = 183.6 Hz, 2Jcy = 3/cH
=6.7 Hz, CsHys), 83.8 (brd, lJcy = 159.9 Hz, Cs), 51.8 (d. 1JcH = 126.3 Hz, C7), 39.7 (1,
lJcn = 130.6 Hz, CH»), 35.4 (t, !Jcy = 128.8 Hz, CH; and Cg), 35.3 (1, lJcy = 128.2 Hz,
CH3), 25.5 (t, !Jcy = 127.6 Hz, CHy), 24.2 (1, lJcy = 126.4 Hz, CHy); 'H-13C
HETCORR (100 MHz, CD,Cly) 8 97.5 (C3) & 87.19 (H3); § 94.3 (C24) &> 8 5.86

(Hg), 8 5.33 (H3); 8 87.2 (CsHs) <> 8 5.55 (CsHs); 8 83.8 (Cs) «> 8 5.24 (Hs); 8 51.8
(C7) & 6 1.65 (H7); 6 39.7 (CH3) & 8 2.20 (CH3), 8 1.90 (CH3); 8 35.3/35.4 (C¢, CH2)
> 8 2.15 (Hgendo), 8 1.75 (CH3), 8 0.75 (Cgexo); 825.5 (CH3) &> 52.00 (s, CHp); §24.2
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(CH3) ¢> 6 2.05 (CH3), & 1.50 (CH2). Analysis calculated for CgH»oBCoFy: C, 53.67:

H, 5.63 found: C. 54.431; H, 5.683.
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[(CsH4Me)Co(n3-C7Hg]* BF4~ (145). A solution of (CsHsMe)Co(C3Hs)Br (128)
(0.169 g, 0.652 mmol) in reagent acetone (40 mL) was prepared. Silver tetrafluoroborate
(0.177 g, 0.909 mmol, 1.4 equiv) was added. Acetylene was then bubbled slowly into the
solution for 10 min. The solution was stirred for 30 min, then filtered to remove silver
salts and the solvent was removed in vacuo. The residue was purified by flash
chromatography on silica gel, using 5% methanol/dichloromethane as the eluent. The
product was recrystallized from dichloromethane/diethy! ether to give a red powder (152
mg, 73%). [R (CH1Cl cast, cm-l) 3109 (w), 2938 (w), 2876 (w), 1480 (w), 1455 (w),
1364 (w), 1054 (s), 1037 (s), 978 (w), 953 (w), 931 (w), 920 (w), 881 (w), 854 (w), 835
(w). 818 (w), 733 (w), 521 (w), 509 (w), 483 (w); !H NMR (300 MHz, CDCl3) § 7.24
(dd, J3.2 = J3.4 = 6.3 Hz, [H, H3), 5.59 (dd, J2.| = 8.7 Hz, J2.3 = 6.6 Hz, 2H, Hy4), 5.53
(t, /= 2.1 Hz, 2H, Cp"), 5.47 (1, J = 2.1 Hz, 2H, Cp'), 5.35-5.25 (m, 2H, Hy/s), 2.50 -2.40
(m, 2H, Heendor7endo)» 1.99 (s, 3H, Cp' Me), 1.3-1.1 (m, 2H, Hgexo/Texo); 'H-'H GCOSY
(300 MHz, CDCl3) § 7.24 (H3) «> 8 5.59 (Ha/4), 8 5.3 (w, Hy/5); 85.59 (Hy4) & 85.3
(Hys): 85.3 (Hys) > 82.45 (HgendorTendo) 8 1.2 (HeexorTexo): 8 2.45 (HéendorTendo) <
3 1.2 (Hgexor7exo); '3C NMR (100 MHz, CDCls) § 104.9 (s, Cp' ring quaternary), 100.6
(dt, Ve = 173.1 Hz, 2Jcy =9.5 Hz, C3), 95.6 (d, ijcy = 169.9 Hz, Ca4), 89.3 (dd,
lJch = 156.9 Hz, 2Jcy = 8.5 Hz, Cy5), 87.1 (d, lJcy = 181.7 Hz, Cp"), 85.9 (d, ek =
183.2 Hz, long range Jcy observed, Cp'), 34.1 (t, lJcy = 131.2 Hz, Cgr7), 12.9 (q, YJcHu =
129.5 Hz, Cp' Me); !'H-!3C HETCORR (100 MHz, CDCl3) § 100.6 (C3) & 8 7.24 (H3);



0 95.6 (Cazy) > 85.59 (Ha4): 5 89.3 (Cyy5) & 85.3 (Hyss); 387.1 (Cp') & 8 5.53 (Cp'):
0 85.9 (Cp") > 8 5.47 (Cp): 8 34.1 (Cg/7) > 8 2.45 (HgendorTendo): & 1.3 (HéexorTexo): 8
12.9 (Cp' Me) <> 3 1.99 (Cp' Me). Analysis calculated for C;3H;gBCoFy: C, 49.10; H.

5.07; found: C. 49.349: H. 5.092.
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[(CsH4Me)Co(n5-6-Me-C7Hg]* BF4~ (146). A solution of (CsHyMe)Co( 1 -Me-
C3H4)Br (129) (0.128 g, 0.469 mmol) in reagent acetone (1S mL) was prepared. Silver
tetrafluoroborate (about 1.5 equiv) was added. Acetylene was then bubbled slowly into
the solution for 10 min. The solution was filtered to remove silver residues and the
solvent was removed in vacuo. The residue was chromatographed on silica gel., using 5%
methanol/dichloromethane. The red product was recrystallized from
dichloromethane/diethyl ether to give an orange-red solid (51.0 mg, 33%). IR (CH)Cl,
cast,cm -l) 3115 (w), 2976 (w), 2937 (w), 2880 (w), 1479 (m), 1459 (w), 1449 (m),
1409 (w), 1388 (w), 1376 (m), 1367 (w), 1359 (w), 1320 (w), 1300 (w), 1120 (w), 1107
(w), 1042 (m), 1011 (w), 929 (w), 900 (w), 877 (s), 833 (s), 777 (w), 740 (W), 557 (s).
499 (w), 480 (w); 'H NMR (300 MHz, CDCl3) & 7.22 (dd, J3.2 = J3.| = 6.6 Hz, IH,
H3), 5.6-5.4 (m, 6H, Hy, H4, 4 Cp"), 5.14 (ddd, J1-2 = 9.3 Hz, J|.7endo = 6.0 Hz, J| 7ex0 =
3.6 Hz, 1H, H;), 4.95 (dd, J5s.4 = 8.7 Hz, J5.¢ = 3.6 Hz, 1H, Hs), 2.06 (ddd, J7endo-7exo =
15.3 Hz, J7endo-1 = J7endo-6 = 5.7 Hz, 1H, H7endo), 1.94 (s, 3H, Cp' Me), 1.52-1.48 (m,
IH, He), 1.35 (dddd, J7exo-7endo = 15.3 Hz, J7¢xo-1 = J7ex0-6 = 3.9 Hz, / = 1.2 Hz, LH,
H7exo)s 1.32 (d. J = 6.6 Hz, 3H, Meg); 'H-'H GCOSY (300 MHz, CDCl3) & 7.22 (H3)
© 8 5.50 (Hz.4); 8 5.50 (Hy,4.cp) € 85.14 (H)), 8 4.95 (Hs), 8 1.32 (w, Meg), 8 1.94
(w, Cp' Me); 8 5.14 (Hy) & 8 2.06 (H7endo), 1.32 (Mes); 8 4.95 (Hs) &> & 1.50 (Hg); 8
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2.06 (H7endo) ¢» 8 1.50 (Hg), 8 1.35 (H7exo). 8 1.32 (Meg); 8 1.50 (He) ¢ 8 1.32 (Meg):
13C NMR (100 MHz, CDCl3) 8 104.9 (s. Cp' ring quaternary), 100.8 (dt. ey = 173.4
Hz, 2Jcu =9.3 Hz, C3), 95.92 (d, Jcy = 170.7 Hz, Cp’), 95.02 (d, ey = 154.7 Hz. Cs),
94.1 (d, Wcy= 1709 Hz, Cp'), 87.3° (d, lJcy = 157.5 Hz. Cayy). 87.15 (d. ey = 157.5
Hz, Cy4), 86.9 (d, lJcy = 176.3 Hz, C)), 85.8¢ (d, !Jcy = 183.2 Hz. Cp"), 85.7¢ (d. lUcH
= 183.2 Hz, Cp"), 42.2 (t, LUcH = 128.6 Hz, C7), 40.4 (t, Lcy = 127.3 Hz. Cg), 22.7 (q.
'JcH = 126.1 Hz, Mes), 13.0 (q, ey = 129.9 Hz, Cp’ Me). 3b< indicate pairs of
overlapping signals in the gated decoupled spectrum. Ca and Cy are distinguished from
Cp' ligand based on magnitude of !/cy. 'H-13C HETCORR (100 MHz, CDCl3) § 100.8
(C3) & 87.22 (H3): 8 95.9 (Cp) & § 5.5 (Cp'): §95.0 (Cs) > §4.95 (Hs): 8 94.1 (Cp')
© 85.5(Cp"):887.3(Cass) & 85.50 (Hys); §87.1 (Casg) & §5.50 (Hazs); 586.9(Cy)
3 5.14 (H)); §85.8 (Cp") > 3 5.50 (Cp'); 8 85.7 (Cp') & 8 5.50 (Cp'); §42.2 (C7) &
8 2.06 (H7endo). 0 1.35 (H7exo): 822.7 (Meg) «> 8 1.32 (Meg); 8 13.0 (Cp' Me) &> & 1.94
(Cp' Me). Even after several recrystallizations from dichloromethane-diethyl ether, a
satisfactory analysis was not obtained. MS nv/z calculated for Cj4H{7Co (M+):

244.06622; found: 244.06595 (100 %).

&S PF,-

8 9 10
/@\ i) AgCIO,, TFE _ o °°2°:2°“‘~‘
Co-)> iijMe—=—CO,Et ¢1 7K H
8’ iii) NH,PFg, H,0, 48% Me
CO,CH,CH;

e 4y 12 13
128 147

[(CsH4Me)Co(n5-5,7-Me2-1,6-(CO2EL)2C7Hs]* PFg- (147). A solution of
(CsHsMe)Co (n3-C3Hs)(Br) (128) (100 mg, 0.386 mmol) was prepared in 2,2,2-
trifluoroethanol (5 mL). To this solution was added silver perchlorate (113 mg, 1.3
equiv) and the solution was stirred 10 min under nitrogen before ethyl 2-butynoate (0.5
mL, excess) was added. The solution was stirred under nitrogen for 12 h and filtered to

remove silver residues. All volatile components were removed in vacuo and the residue
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flash chromatographed on silica gel, using 5% methanol-dichloromethane. A deep red
liquid (88 mg, 48%) was obtained. The hexatluorophosphate salt was prepared by
precipitation from aqueous solution using NH4PFg. IR (CHaCl cast, cm-!) 3100 (w),
2980 (m), 2936 (w), 1727 (s), 1708 (s), 1479 (w), 1451 (m), 1379 (w), 1367 (m), 1280
(m), 1236 (s), 1179 (m), 1162 (m), 1096 (s), 1028 (m), 921 (w), 899 (w), 865 (w). 624
(m), 469 (w); 'H NMR (300 MHz, CDCl3) 8 7.46 (dd. J3.4 = 7.2 Hz, J3.2 = 6.9 Hz, |H,
H3), 6.38 (d. J2.3 = 6.9 Hz, 1H, H»), 598 (d, J4.5 = 7.2 Hz. [H, Hj). 5.62 (brs, LH, Cp".
5.54 (brs, LH, Cp"). 5.28 (brs, IH, Cp), 5.21 (brs, LH, Cp"), 4.35(q, J9.10 = 7.1 Hz, 2H,
Hy). 4.03 (q. J12.13 = 7.1 Hz, 2H, H}3), 3.97 (d, J¢-7 = 9.6 Hz, LH, He). 3.54 (dq, J7.6 =
9.6 Hz, J7.Me = 7.2 Hz, 1H, H7), 2.05 (s, 3H, Cp' Me), 2.00 (s, 3H, Mes). 1.43 (t, Jj0.9 =
7.1 Hz. 3H, Hyg). 1.19 (t, J13.12 = 7.1 Hz, 3H, Hy3), 0.40 (d, / = 7.2 Hz, 3H, Me7): 'H-
'H GCOSY (300 MHz, CDCl3) & 7.46 (H3) «> 8 6.38 (H>), 8 5.98 (H4): § 5.62 (Cp') &
9 5.54 (Cp'), §5.28 (Cp'). 85.21 (Cp"): §5.54 (Cp') <> 65.28 (Cp'). §5.21 (Cp'): 85.28
(Cp') & 85.21 (Cp'); 04.35 (Hg) & & 1.43 (H{0p): §4.03 (Hj2) & &6 1.19 (H|3): §3.97
(Hg) <> 8 3.54 (H7); §3.54 (H7) & 8 0.40 (Me7):; !3C NMR (100 MHz, CDCl3) &
170.8 (s, Cg). 167.3 (s, Cyy). 107.3 (s, Cp' ring quaternary), 105.8 (s, Cs), 98.8 (d. 'Jcu =
176.6 Hz, C3), 98.0 (d. !JcH = 169.3 Hz, Cy4), 94.8 (d, !Jcy = 180.7 Hz, C3), 90.92 (d,
lJey = 185 Hz, Cp'), 90.63-b «, lJcy = 185 Hz, Cp'), 89.9 (d, 'Jcy = 180.4 Hz, Cp).
88.8% (d, I/cy = 186.3 Hz, Cp'), 85.7 (s. Cy). 62.8 (t, |Jcy = 149.9 Hz, Cy), 61.9 (d, lUcy
= 135.8 Hz, Cg¢), 61.6 (t, lJc = 146.1 Hz, C}2), 37.7 (d, YJcH = 136.4 Hz, C7), 30.7 (q,
lJcy = 130.1 Hz, Mes), 19.2 (q, 'Jcu = 129.1 Hz, Mey), 14.4 (q, JcH = 126.3 Hz, C o),
14.1 (q, JcH = 127.4 Hz, C3), 12.0 (q, !JcH = 129.7 Hz, Cp' Me). 2b Denote pairs of
overlapping signals in the gated decoupled spectrum. HMQC (300 MHz, CDCl3) & 98.8
(C3) &> 8 7.46 (H3); 898.0 (C4) «> 55.98 (Ha); 8 94.8 (C2) & 8 6.38 (H2); 6 90.9 (Cp")
© 85.21 (Cp'); 8 90.6 (Cp") &> 6 5.62 (Cp'); 8 89.9 (Cp") «» §5.28 (Cp"); 5 88.8 (Cp") &
0 5.54 (Cp'); 8 62.8 (Cg) &> 84.35 (Hyg); §61.9 (Cg) & 83.97 (He): 661.6 (C|2) &
4.03 (Hy2): 8 37.7 (C7) & 8 3.54 (H7); 8§ 30.7 (Mes) & §2.00 (Mes); 8 19.2 (Me7) & &



0.40 (Me7); 8 14.4 (C10) > 8 1.43 (H 0); 8 14.1 (Cy3) & 5 1.19 (Hy3): § 12.0 (Cp' Me)
¢ 2.05 (Cp’' Me); HMBC (300 MHz, CDCl3) § 170.8 (Cg) & §6.38 (H3), 5 4.35
(Hg); 8 167.3 (Cy ) > 84.03 (H|2). § 3.97 (He): § 107.3 (Cp' ring quaternary) < & 5.62
(Cp'). §5.54 (Cp"), 3 5.28 (Cp'), § 5.21 (Cp"). § 2.05 (Cp' Me); & 105.8 (Cs) &> 8 7.46
(H3), 8 3.97 (Hg). 6 3.54 (H7), 8 2.00 (Mes); & 98.02(C3) & §6.38 (Ha). §3.97 (Hg). &
2.00 (Mes): 3 94.8 (C2) &> 8 7.46 (w, H3). 8 5.98 (Hy), § 3.54 (H7); §90.9/90.6 (Cp) &
8 5.62(Cp"), § 5.54 (Cp'), §5.28 (Cp'), § 5.21 (Cp"), § 2.05 (Cp' Me); 5 89.9 (Cp)ed
5.62 (Cp"). 8 5.54 (Cp). 8 5.21 (Cp'), § 2.05 (Cp' Me); & 88.8 (Cp") & §5.62 (Cp'), §5.28
(Cp). 85.21 (Cp); 0 85.7 (C1) «» 8§7.46 (H3), & 3.97 (Hg), § 3.54 (H7), § 0.40 (Meq): &
62.8 (Cg) > 8 1.43 (H|(): 561.6/61.9 (Cg/12) <> 8 5.98 (Hy), 5 2.00 (Mes), & 1.19 (H,3),
8 0.40 (Me7); 8 37.7 (C7) & 8 6.38 (H3), § 3.97 (Hg), § 0.40 (Me7); 8 30.7 (Mes) <> &
5.98 (H,). 8 3.97 (He): 8 19.2 (Me7) & 8 3.97 (He), § 3.54 (H7); 14.4/14.1 (C1o/13) © & .
4.35 (Hg), 6 4.03 (H12), 8 1.43 (H{0), 8 1.19 (H3). 2C3 and Cj signals are not resolved.
MS m/z calculated for Ca1H28CoO4 (M*): 403.13196; found: 403.13368 (2.56%).
Analysis calculated for C2Ha8CoFgQ4P: C, 46.00; H, 5.15; found: C, 45.508: H. 4.56.



Chapter 3 Experimental Section

l (Me0,C),CHNa i

co - Co H
THF, RT, 4h =
2 1\s
\ CH(CO,Me),
99 192

Pentamethylcyclopentadienyl[dimethyl (2-5n~cyclohepta-2,4-dienyl)malonate]
cobait. [(CsMes)Co(n"‘-l-(bis(carbomethoxy)methyI)cyclohepta-2,4-diene)] (192).
[n the drybox, a solution of [(CsMes)Co-n3-C7Hg]* BF 4~ (99-BFy) (115 mg, 0.307
mmol) in tetrahydrofuran (10 mL) was prepared. To this orange solution, solid sodium
dimethylmalonate (104 mg, 0.672 mmol, 2.2 equiv) was added and the solution was
stirred for 4 h. A gradual color change to deep red was observed. At the end of 4 h, the
solvent was removed in vacuo and the residue extracted with pentane until the extracts
were colorless. The combined extracts were filtered through a Celite pad and the solvent
was removed in vacuo, leaving a dark red solid (91.3 mg, 71%). IR (hexane cast, cm-!)
2995 (m), 2952 (s), 2916 (s), 2849 (m), 1757 (s), 1434 (s), 1381 (m), 1324 (m), 1292 (m).
1261 (s), 1246 (m), 1230 (m), 1213 (m), 1191 (m), 1147 (s), 1030 (m); 'H NMR (360
MHz, C¢Dg) & 4.07 (dd, J3.4=4.5 Hz, J3.3 = 6.8 Hz, 1H, H3), 4.01 (distorted dd, J4.3 =

4.7.J4.5=6.9 Hz, 1H, Hy), 3.43 (s, 3H, CO2Me), 3.35 (s, 3H, COsMe), 3.34 (d, Jg.|
8.2 Hz, IH, Hg), 2.49 (dddd, Ji.7ex0 = 11.9 Hz, J|.8 = 8.3 Hz, J|_7endo = 3.5 Hz, J| 2 =
1.7 Hz, 1H, Hy), 2.21 (brd, J2.3 = 6.7 Hz, 1H, Hj), 2.16 (br t, Jops = 6.2 Hz, 1H, Hs),
1.72 (s, I15H, CsMes), 1.7-1.6 (m, 1H, Hegexo), 1.48 (dddd, Jeendo-6exo = 13 Hz, Jeendo-
7exo = 12.8 Hz, Jeendo-7endo = 3.5 Hz, Jeendo-5 = 1.6 Hz, 1H, Heendo), 1.34 (br d, Jendo-

Texo = 12.7 Hz, 1H, H7endo), 0.84 (qd, J7exo-7endo = J7exo-6endo = J7exo-1 = 12.6 Hz,
J7exo-6exo = 3.8 Hz, 1H, H7exo); 'H-IH COSY (400 MHz, CgDg) 6 4.06 (H3) < 84.01

(Hy), 82.21 (H), 8 2.16 (Hs); 84.01 (Hg) & 82.21 (Hp), §2.16 (Hs); & 3.34 (Hg) & &
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249 (H(): 62.49 (H;) & 6 2.21 (H2), 8 1.48 (Hpendo) & 1.34 (H7endo): 62.16 (H 5) >
1.65 (Heexo). 8 1.48 (Hgendo) & 1.34 (H7endo): 8 1.65 (Hgexo) < 8 1.48 (Hgendo). 8 0.84
(H7exo): 8 148 (Héendo) € 8 1.34 (Hendo). 8 0.84 (H7exo): & 1.34 (H7enga) & 8 0.84
(H7exo): 13C NMR (75 MHz. C¢Dg) & 169.12 (m., COxMe), 168.72 (m, COxMe). 89.9 (s,
CsMes), 82.1° (d., Uy = 162.2 Hz, Cs), 80.0 (d, LJcy = 158.5 Hz. C3), 60.2 (d, ey =
133.3 Hz, Cg). 53.0 (d. !JcH = 145.8 Hz, Cs), 52.6 (d, !'Jcp = 145.0 Hz. (), 51.6 (q.
lJch = 146.8 Hz, COaMe), 39.8 (d, 1Jcy = 133.5 Hz, C;), 28.9 (1. /ey = 125 Hz, Cg),
27.9 (1. YcH = 126 Hz, C7), 9.5 (q, /ey = 126.1 Hz, CsMes). 2Small unresolved 2Jcy
and 3Jcy complicate the signal. PIn the gated spectrum, these two signals overlap. 'H-
13C HETCORR (100 MHz, C¢Dg) & 82.1 (C4) ¢> §4.01 (Hy); 8 80.0 (C3) & §4.07
(H3): 6 60.2 (Cg) «> 83.34 (Hg); 8 53.0 (Cs) > 8 2.16 (Hs); 8 52.6 (C2) > §2.21 (Ha);
8 51.6 (CO2Me) &> 3 3.43-3.35 (CO2Me); § 39.8 (C}) & §2.49 (H);: 828.9(Cg) & &

(CsMes) & 3 1.72 (CsMes). MS m/z calculated for C3o0H3;CoO4 (M*): 418.15543:

found: 418.15411 (76%).

+
Co NaCH(CO,Me), T
THF,RT, 4 h =
=5
\ CH(CO,Me),
193 194

Pentamethylcyclopentadienyl[dimethyl (2-5-n-3,4-dimethylcyclohepta-2,4-
dienyl)malonate]cobalt. [(CsMes)Co(n4-1-(bis(carbomethoxy)methyl)-3,4-
dimethylcyclohepta-2,4-diene)] (194). In the drybox, a solution of [(CsMes)Co-n3-3 4-
Me;-C7H7]* BF4- (193) (134.8 mg, 0.3351 mmol) in tetrahydrofuran (12 mL) was
prepared. To this orange solution, solid sodium dimethylmalonate (86.3 mg, 0.560

mmol, 1.7 equiv) was added and the solution was stirred for 4 h. No obvious color
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change was observed. At the end of 4 h, the solvent was removed in vacuo and the
residue extracted with pentane until the extracts were colorless. The combined extracts
were filtered through a Celite pad and the solvent was removed in vacuo, leaving 108.6
mg (73%) of an orange solid. Crystals suitable for an X-ray diffraction analysis were
grown from a saturated solution of pentane cooled slowly from room temperature to -35
°C. For full data on this crystal structure, request report # JIMS9609 from the Structure
Determination Laboratory at the University of Alberta Department of Chemistry. [R
(hexane cast, cm!) 2978 (m), 2908 (m), 1753 (s), 1734 (s), 1433 (s), 1376 (m). 1285
(m), 1250 (s), 1197 (m), 1149 (s), 1027 (m); 'H NMR (400 MHz, C¢Dg) & 3.43 (s. 3H,

COaMe). 3.27 (s, 3H. COaMe), 3.32(d, J3-.1 = 7.4 Hz, LH, Hg), 2.31 (dddd, J|.7exo =

[1.1 Hz, Hy.8 = 7.4 Hz, J|.7endo = 3.6 Hz, J1.2 = 1.3 Hz, |H, H)), 2.05-1.95 (m, 2H.
Has). 1.79 (s, 3H, Mej3), 1.72 (s, 3H. Me»). 1.68 (s, I1SH, CsMes), 1.75-1.65 (m, 1H,
obscured by CsMes, Heexo), 1.40-1.31 (m, LH, Heendo). 1.31-1.25 (m, 1H, H7epdo), 0.69
(qd. J7exo-1 = J7exo-Tendo = J7exo-6endo = 12.0 HZ, J7exo-6ex0 = 3.5 Hz. LH. Hexo); 'H-
IHCOSY (400 MHz, C¢Dg) & 3.32 (Hg) &> 82.31 (H}); §2.31 (H|) & 8 2.0 (H25). 8
1.3 (H7endo), 0-69 (H7exo); 82.0 (Ha,5) ¢ 8 1.70 (Heexo), 8 1.3 (H7endo): 9 1.3 (H7endo)
& 3 0.69 (H7exo); !'3C NMR (100 MHz, CsD¢) & 169.22 (m, COsMe), 168.92 (m,
CO2Me), 89.4 (s, CsMes), 88.7 (s, C3/4), 87.3 (s, C3/3), 60.0 (d, !Jcy = 131.6 Hz, Cg),
53.7b (br d, lJcy = 141 Hz, Cy/s), 53.6b (br d. lUcy = 141 Hz, Cys), 51.5(q, YcH =
146.3 Hz, CO»Me), 40.1 (d, 'Jcy = 131.7 Hz, Cy), 28.5 (t, lJcu = 124.4 Hz, Cg), 28.0 (t,

lJey = 124.6 Hz, C7), 19.1 (qd, ey = 125.2 Hz, 2Jcy = 4.6 Hz, Me3), 18.5 (qd, ey =
125.0 Hz, 2Jcy = 4.3 Hz, Mey), 9.3 (q, 'JcH = 125.0 Hz, CsMes). 3Small unresolved
2Jcu and 3Jcy complicate the signal. bSignals overlap in gated spectrum. !'H-13C
HETCORR (100 MHz, C¢Dg) 8 60.0 (Cg) <> 8 3.32 (Hg); 8 53.7/53.6 (C5) & 8 2.0
(Hys); 8 51.5 (CO2Me) & 8§ 3.43 (COMe), 8 3.37 (CO2Me); § 40.1 (C)) & 82.31
(H1); 328.5 (Cg) & 8 1.70 (Hgexo), 8 1.36 (Hgendo); 8 28.0 (C7) & & 1.25 (H7endo). O
0.69 (H7exo): 8 19.1 (Me3) & 8 1.79 (Me3); 8 18.5 (Me2) & 8 1.72 (Me2); 8 9.3

285



(CsMes) > 8 1.68 (CsMes). MS m/z calculated for C24H35C004 (M+): 446.18674:
found: 446.18633 (59%). Analysis calculated for C24H35C004: C. 64.56: H. 7.90: found:
C. 64.655; H, 8.041.

| NaCH(CO,Me), !

ceo Co H
THF,RT, 4 h =
Me \ 1

CH(COgMe)z

T ..@

H~ Me
101 195

Pentamethylcyclopentadienyl[dimethyl-(2-5-n-6-methylcyclohepta-2,4-
dienyl)malonatejcobalt. [(CsMes)Co(n*-1-(bis(carbomethoxy)methyl)-6-
methylcyclohepta-2,4-diene)] (195). In the drybox. a solution of [(CsMes)Co( n3-6-Me-
C7Hg]* OTF (101) (32.0 mg, 0.071 mmol) in tetrahydrofuran (10 mL) was prepared. To
this red solution, solid sodium dimethylmalonate (86.5 mg, 0.561 mmol, 7.9 equiv) was
added and the solution was stirred for 4 h. The color gradually darkened. At the end of 4
h, the solvent was removed in vacuo and the residue extracted with pentane until the
extracts were colorless. The combined extracts were filtered through a Celite pad and the
solvent was removed in vacuo, leaving a deep red oil (19.3 mg, 63%). IR (hexane cast,
cm-1) 2950 (m), 2910 (m), 1755 (s), 1735 (s), 1433 (m), 1259 (s), 1221 (m), 1192 (m),
LI51 (s), 1093 (m), 1026 (s), 799 (m); 'H NMR (300 MHz, C¢D¢) 6 3.98 (dd, /3., = 7.0
Hz, J3.4=4.7 Hz, H, H3), 3.85 (dd, J4.5 = 7.0 Hz, J4.3 = 4.6 Hz, 1H, Hy), 3.43 (s, 3H.
CO2Me), 3.35 (s, 3H, COMe), 3.21 (d, Jg-| = 8.3 Hz, 1H, Hg), 2.59 (dddd by
decoupling, J1.7exo = 11.4 Hz, J1.3 = 8.3 Hz, J|.7endo = 3.7 Hz, J|.3= 1.6 Hz, 1H, Hy),
2.2-2.1 (m, 2H, H35), 1.65 (s, 15H, C5Mes), 1.7-1.6 (m, obscured by CsMes, 1H, Hg),
1.13 (d, J = 6.9 Hz, 3H, Meg), 1.05-0.8 (m, 2H, H7endo, H7exo); 'H-'H COSY (400
MHz, C¢Ds) 6 3.98 (H3) <> 8 3.85 (H4), 8 2.15 (H3,5); 8 3.85 (Hg) & 8 2.15 (Ha5); &
3.21 (Hg) & 82.59 (H{); 82.59 (H)) & 82.15 (H2,5), 8 1.0 (H7endo, Texo); 9 1.65 (Hg)
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& 8 1.13 (Meg); !3C NMR (75 MHz. C¢Dg) 8 169.22 (m, CO,Me), 168.82 (m,
COsMe). 90.1 (s, CsMes). 82.3 (dd, Licy = 162.4 Hz, 2y = 8.1 Hz, C3), 80.4 (d, Jcy
= 163.0 Hz, Cy). 60.1 (d. lJcy = 132.9 Hz, Cg), 59.8 (d. 'Jcy = 155 Hz. Cy/s5), 53.5 (d,
ek = 140 Hz, Cys). 51.52 (q. Vew = 147.1 Hz, COaMe). 51.48 (q, ey = 146.8 Hz,
CO2Me). 34.4 (t. ey = 127 Hz, C7), 33.6 (d. tJcy = 130.4 Hz, Cy), 31.4 (d, ey =
123.3 Hz. Cg), 20.6 (q, !Jcy = 124.9 Hz, Meg), 9.9 (q, lJcy = 126.1 Hz, CsMes);
2Small unresolved 2/cy and 3Jcy complicate the signal. 'H-!3C HETCORR (100 MHz.
CeDg) 6 82.3(C3) <> 83.98 (H3); §80.4 (Cy) <> 8 3.85 (Hy); 8 60.1 (Cg) &> 83.21
(Hg): 8 59.8 (Ca/5) ¢ 8 2.13 (Ha/5); 8 53.5 (C/5) & 8 2.13 (Hy5); 8 51.52 (CO-Me) &
3 3.43 (CO2Me). § 3.35 (CO2Me); 8 34.4 (C7) & 8 1.05-0.9 (H7endo, 7exo): © 33.6 (Cy)
< 3 2.59 (H;):; 831.4 (Cg) «> & 1.65 (Hg); 8 20.6 (Meg) <> 8 1.13 (Meg): 8 9.9 (CsMes)

&> § 1.65 (CsMes). 2The signals at 8 51.52 and & 51.48 are not resolved. MS m/z

calculated for Ca3H33C004 (M+): 432.17108:; found: 432.17071 (50%).

Co NaCH(CO,Me); _ Co H
Me THF,RT, 4 h | 2
C’: L \ CH(CO,Me),
H Me~ § Me
Me H
102 196

Pentamethylcyclopentadienyl{dimethyl (2-5-n-5,6-dimethylcyclohepta-2,4-
dienyl)malonate]cobalt. [(CsMes)Co(n3-1-(bis(carbomethoxy)methyl)-5,6-
dimethylcyclohepta-2,4-diene)] (196). In the drybox, a solution of [(CsMes)Co-n3-5,6-
Me2C7H7}* OTf (102) (18.2 mg, 0.039 mmol) in tetrahydrofuran (10 mL) was prepared.
To this orange solution was added solid sodium dimethylmalonate (27.4 mg, 0.178 mmol,
4.5 equiv) and the solution was stirred for 4 h. A gradual color change to deep red was
observed. At the end of 4 h, the solvent was removed in vacuo and the residue extracted

with pentane until the extracts were colorless. The combined extracts were filtered
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through a Celite pad and the solvent was removed in vacuo, leaving a dark red oil (15.6
mg, 89%). IR (hexane cast, cm-1) 2951 (m), 2908 (s), 2855 (m), 1756 (s), 1735 (s). 1434
(s). 1376 (m), 1325 (m). 1306 (m), 1255 (s), 1239 (m), 1223 (m), 1192 (m), 1 152 (s).
1027 (m): 'H NMR (400 MHz, C¢D¢) & 4.12 (d. /4.3 = 4.9 Hz, IH, Hy), 3.80 (dd. Jig=
+9 Hz, J3.2=7.2 Hz, IH, H3), 3.38 (s. 3H, COMe). 3.29 (s, 3H, CO-Me). 3.18 (d, /3.,

= 8.3 Hz, IH. Hg), 2.53 (m, dddd by decoupling, J{.7ex0 = 12.3 Hz, J|.g = 8.3 Hz. Jr.
7endo = 3.4 Hz, J1.2 <2 Hz, [H, Hy), 1.96 (brd,J>.3=7.1 Hz, |H, Hj), 1.64 (s, I5H,
CsMes). 1.22 (d, Jme-H6 = 6.6 Hz, 3H, Meg), 1.2-1.1 (m, 1H, Hg), 1.06 (s, 3H, Mes),
0.90 (m. dddd by decoupling, J7endo-7exo = 12.3 Hz. J7endo-1 = 3.4 Hz, Fendog = 3.4 Hz.
J7endo-2 = small. [H, H7endo), 0.80 (dt, J7exo-Tendo = J7exo-1 = 12 Hz, J7ex0-6 = 3.8 Hz,
IH. H7exo): 'H-H COSY (400 MHz, C¢Dg) 6 4.12 (Hy) <> & 3.80 (H3), 8 1.96 (w. Ha);
0 3.80 (H3) &> 8 1.96 (H2): §3.18 (Hg) &> 82.53 (H|); § 2.53 (Hy) & 8 1.96 (H1), § 0.90
(H7endo). 8 0.80 (H7exo): 8 1.96 (H2) & 80.90 (H7endo): 8 1.22 (Meg) & & 1.14 (He): &
1.14 (Hg) <> 8 0.90 (H7endo). 6 0.80 (H7exo): 8 0.90 (H7endo) ¢ 8 0.80 (H7exo): 13C
NMR (75 MHz, C¢Dg) 8 169.22 (m, CO2Me), 168.62 (m, CO2Me), 90.1 (s, CsMes), 86.7
(d, ey = 159.6 Hz, C4), 78.3 (d, lJcy = 162.9 Hz, C3), 63.2 (brs, Cs), 60.1 (d, lJcH =
133.4 Hz, Cg), 51.8 (d, !Jcy = 147.3 Hz, C»), 51.6P (q, lJcH = 146.8 Hz, CO2Me), 51.5b
(Q. lJcy = 146.8 Hz, CO2Me), 38.2 (d, !Jcy = 120.9 Hz, Ce), 34.7 (t, lJcy = 127.8 Hz,
C7),33.5(d, ey =134.4 Hz, C), 27.7 (qt, ey = 124.4 Hz, 3Jcy = 4.1 Hz, Mes), 19.4
(q. YJcH = 124.9 Hz, Mes), 9.9 (q, ey = 126.1 Hz, CsMes). 3Small unresolved 2Jcy
and 3Jcy complicate the signal. bThese signals overlap in gated spectrum. !'H-13C
HETCORR (100 MHz, C¢Dg) 8 86.7 (C4) <> 8§ 4.12 (Hyg); 8 78.3 (C3) & 53.80 (H3); &
60.1 (Cg) «> 3 3.18 (Hg); 6 51.8 (C2) & 8 1.96 (H3); § 51.6 (CO2Me) & & 3.38
(CO2Me), 6 3.29 (CO2Me); 8 38.2 (Cg) > 8 1.14 (Hg); 8 34.7 (C2) & 8 0.90 (H7endo), &
0.80 (H7exo); 833.5 (C) «> 82.53 (H}); 8 27.7 (Mes) &> & 1.06 (Mes); 8 19.4 (Meg) &
d 1.22 (Meg); 8§ 9.9 (CsMes) > 8 1.64 (CsMes); MS m/z calculated for C24H35C00,
(M*): 446.18674; found: 446.18715 (58%).
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Co NaCH(CO,Me), _  phco H
R THF, RT, 4 h =5 3
\ CH(CO,Me),
Ph
Ph
a5 197

Pentamethylicyclopentadienyl{dimethyl (2-5-n-3,5-diphenylcyclohepta-2,4-
dienyl)malonate]cobalt. [(CsMes)Co(n3-1-(bis(carbomethoxy)methyl)-3,5-
diohenylcyclohepta-2,d4-diene)] (197). In the drybox, a solution of [(C5Mes)Co-n3-3,5-
Phy-C7H7]* OTE (95) (43.9 mg, 0.075 mmol) in tetrahydrofuran (10 mL) was prepared.
To this dark red solution, solid sodium dimethylmalonate (40.0 mg, 0.259 mmol, 3.5
cquiv) was added and the solution was stirred for 4 h. A slight darkening in color was
observed. At the end of 4 h, the solvent was removed in vacuo and the residue extracted
with pentane until the extracts were colorless. The combined extracts were filtered
through a Celite pad and the solvent was removed in vacuo, leaving a dark red oily solid
(30.6 mg, 72%). IR (hexane cast, cm-!) 2953 (m), 2916 (m), 1767 (s), 1734 (s), 1449
(m), 1434 (m), 1261 (s), 1236 (m), 1194 (m), 1153 (m), 1127 (m), 1068 (m), 1024 (s),
799 (m), 696 (m); 'H NMR (400 MHz, C¢Dg) & 7.93 (d, J = 7.2 Hz, 2H, Hpy,), 7.48 (d, J
=7.6 Hz, 2H, Hpy), 7.34 (t, J = 7.6 Hz, 2H, Hpy), 7.28 (t, J = 7.3 Hz, 2H, Hpy), 7.26 (t, J
=7.6 Hz, 2H, Hpy), 7.13 (t. / = 7.3 Hz, 2H, Hpy), 5.93 (s, 1H, Hy), 3.60 (d, J1-3 =9.9 Hz,
IH, Hg), 3.50 (s, 3H, COMe), 3.35 (s, 3H, COxMe), 2.71 (brt, Jops = 11 Hz, 1H, H)),
2.66 (br s, 1H, Hj), 1.85 (ddd, Jeendo-6exo = 16 Hz, Jeendo-7exo = 12.4, J6endo-7endo = 3.0,
IH, Heendo), 1.70 (ddd, Jeexo-6endo = 16 Hz, Jeexo-7exo = 2.9 Hz, Jeexo-7endo = 3.4 Hz,
IH, Heexo), 1.55 (br d, Jobs = 14 Hz, 1H, H7endo), 1.21 (s, 15H, CsMes), 0.67 (qd, J7exo-
7endo = J7exo-1 = J7exo-6endo = 12.4 Hz, J7exo-6ex0 = 2.9 Hz. 1H, H7exo); 'H-IH COSY
(400 MHz, C¢Dg) 8 5.93 (H4) &> 32.66 (w, Ha), 1.70 (w, Hgexo); 83.60 (Hg) «» §2.71
(H1); 82.71 (H}) &> 82.66 (H2), 8 1.55 (H7endo), 0.69 (H7exo): 82.66 (H2) &> & 1.55
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(H7endo): 8 1.85 (Heendo) 2 8 1.70 (Hgexo). 0.69 (H7exo): & 1.70 (Heexo) © 8 0.69
(H7exo): 8 1.55 (H7endo) € 8 0.69 (H7exo): '3C NMR (75 MHz, CsDg) & 169.44 (.
CO:2Me), 168.32 (m, CO2Me), 150.4 (s. Cipso), 142.3 (s, Cipso), 128.16 (Cpy), 127.0b
(Cph). 125.2 (dw. ey = 157.7 Hz, 2Jcy = 7 Hz, Cpy), 123.7 (dt., 'Jey = 160.2 Hz, 2JcH
=7 Hz, Cpp), 90.7 (s, CsMes), 88.3 (s, C3). 81.0 (d, lUcy = 159.3 Hz, Cy), 60.4 (d. ey
= 134.7 Hz, Cg), 53.6 (s, Cs), 51.8 (q, lJcH = 147.0 Hz, CO2Me), 51.7 (q. ey = 147.1
Hz, CO2Me), 47.2 (d. ey = 151.6 Hz, Ca), 39.0 (d, 1Jcy = 130.4 Hz, C), 33.8 (1. Ly
= 127 Hz, C¢), 27.8 (1, lJcu = 127 Hz, C7). 8.4 (q, lUcH = 126.2 Hz, CsMes). 2Small
unresolved 2Jcy and 3Jcy complicate the signal. bPhenyl C's obscured by solvent in
gated decoupled spectrum. 'H-13C HETCORR (100 MHz, C¢Dg) 8 81.0 (Cy) <> 85.93
(Hy4); 8 60.4 (Cg) > 8 3.60 (Hg); 3 51.8/51.73 (CO2Me) & & 3.50, 3.35 (COsMe); § 47.2

(C2) > 82.66 (H2); §39.0 (C|) &> §2.71 (H); 8 33.8 (Cg) > 8 1.85 (Hgendo). 8 1.70
(Heexo): 827.8 (C7) & 8 1.55 (H7endo), 8 0.69 (H7exo): 8 8.4 (CsMes) & § 1.21
(CsMes). 3Signals are not resolved. MS m/z calculated for C34H39C004 (M*):
570.21802; found: 570.21688 (44%).

*@’ otr \Q

t-Bu  Co NaCH(CO,Me), Co
THF By \@L
+8u = t-Bu
96 198

(CsMes)Co(1-4-n-2,5-di-¢-butyl-1,3,5-cycloheptatriene) (198). In the drybox, a vial
was charged with (n5-CsMes)Co(n?3-1,4--Buy-C7H7))* OTE (96) (18.3 mg, 33.4 umol)
and sodium dimethylmalonate (7.0 mg, 45.5 pmol, 1.4 equiv). Precooled (-35°C) THF
(about 4 mL) was added and the solution was allowed to warm to room temperature. The
solution was stirred for 5 h and all volatile material was removed in vacuo. The red

residue (about 8 mg, 60%) was examined directly by !H NMR spectroscopy. 'H NMR
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(400 MHz, CDg) 8 5.19 (brs, IH. He). 4.45 (d.J = 7.1 Hz. IH. H3), 2.57 (brs. LH. Hj),
247(d,J="17.1Hz, IH, Hy), 2.20 (dt, J ca. 17, 3 Hz, lH. Hy,), 1.81 (s, 15H, CsMes).
[.27 (m. LH, H7p, obscured by r-Bu groups) 1.26 (s, 9H, +-Bu), 1.24 (s, 9H. ¢-Bu): 'H-'H
COSY (400 MHz, C¢Dg) 8 5.19 (Hg) > 8 2.46 (w, Hy), 2.20 (H7,). 1.27 (H7p): 8 4.45
(H3) & 8 2.46 (Hy); §2.57 (H) & 82.20 (H7y), 1.27 (H7p): 8 2.20 (H7y) <> & 1.27
(H7p); '3C NMR (100 MHz, APT, C¢Dg) & 147.5 (Ca), 114.3 (Cy). 107.9 (Cs), 89.4
(CsMes), 81.1 (Cy), 47.9 (C3/6), 44.8 (C3/6), 36.0 (CMe3), 34.5 (CMe3), 30.7 (+-Bu). 30.4
(-Bu), 30.3 (C7). 10.7 (CsMes). MS m/z calculated for CasH39Co (M+): 398.23837;
found: 398.23808 (42%). MS m/z calculated for C2;H3gCo (M*- 1-Bu): 341.16794:
found: 341.16803 (100%

NaCH(CO,Me), -

THF, 1 h CH(CO,Me), )
(Meozchl-lg° 7

(CsMes)[dimethyl (1-4n—bicyclo(5.3.0]deca-1,3-dien-5-yl)malonate]cobalt.

X

[(C 5Me5)Co(n4-5-(bis(carﬁomethoxy)methyI)bicyclo[5.3.0]deca- 1,3-diene)] (199). To
a suspension of [(CsMes)Co(m3C gH|3)]* PFg- (111) (83.6 mg, 0.177 mmol) in
tetrahydroturan (10 mL) was added sodium dimethylmalonate (59.6 mg, 0.387 mmol, 2.2
equiv). The mixture was stirred for Lh at ambient temperature. All volatile material was
then removed in vacuo and the residue was extracted with pentane until the extracts were
colorless. The combined extracts were filtered through a Celite pad and the solvent was
removed, leaving a red oil (35.6 mg, 44%). IR (hexane cast, cm-!) 2946 (s), 2910 (s),
2857 (s), 1758 (s), 1736 (s), 1433 (m), 1381 (m), 1295 (m), 1260 (m), 1207 (m), 1140 (s),
1027 (m); 'H NMR (400 MHz, C¢D¢) & 4.54 (d, J4.3 = 4.8 Hz, 1H, Hy), 3.86 (dd, J3.4 =
4.5 Hz, J3.2 = 7.8 Hz, 1H, H3), 3.39 (s, 3H, CO;Me), 3.24 (s, 3H, CO»Me), 3.2-3.1 (m,



LH, Hy), 3.09 (d, Jg.; = L 1.4 Hz, 1H, Hg), 2.58 (brt, J>.3 =J2.| =7.5 Hz, IH, H»), 1.79
(ddd. J=11.5. 11.5. 5.8 Hz, H. CH2), 1.7-1.4 (series of m, CH», H7engo). 1.59 (s, 15H.,
CsMes). 1.16 (ddd. J7exo-7endo = J7exo-1 = 12 Hz, J7ex0-6 = 4.2 Hz, 1H. H7exo), 0.72-0.60
(m, [H. Heexo): 'H-H GCOSY (300 MHz, C¢Dg) 8 4.54 (H4) & & 3.86 (H3), § 2.58
(w, H2): 3 3.86 (H3) &> § 2.58 (H2): 8 3.15 (H;) > 8 3.09 (Hg), § 2.58 (H»). § 1.70
(H7endo)- 8 1.16 (H7exo): 8 1.79 (CH2) ¢ 8 1.16 (H7exo). 8 0.66 (Hg); 8 1.70 (H7endo) <
0 1.16 (H7exu), 8 0.66 (He): 3 1.16 (H7exo) & 80.66 (He); '3C NMR (100 MHz. C¢De)
8 169.4 (s, COa2Me). 169.0 (s, CO2Me), 89.6 (s, CsMes), 87.1 (d, LJcy = 163.6 Hz. Cy).
79.0 (d. ey = 162.2 Hz, C3), 73.7 (s, Cs), 57.7 (d. ey = 135.1 Hz, C»). 55.9 (d, ey
= 136.7 Hz, C). 51.643 (q, lJcy = 146.8 Hz, CO>Me), 51.552 (q, ! Jcy = 147.1 Hz,
CO2Me), 40.1b (1, Loy = 131.3 Hz, CHa), 39.3b (1, LJcy = 124.4 Hz, C7), 38.4b (d, C).
37.23(t, CH2), 35.9 (d, lJcH = 130.7 Hz, Cg), 27.1 (t, lJcy = 130.1 Hz, CH»). 9.8 (q,
lJcy = 126.3 Hz, CsMes). *bSignals are not resolved in the gated decoupled spectrum.
HMQC (300 MHz, C¢Dg) 9 87.1 (Cy) &> 84.54 (H4): 6 79.0 (C3) & 53.86 (H3); § 57.7
(C2) 8 2.58 (H2): §55.9(C1) & 8 3.15 (H}); 8 51.64/51.55 (CO:Me) & §3.29

(CO2Me),  3.24 (CO2Me); §40.1 (CH2) & & 1.79 (CH>), 8 1.50 (CH>); § 39.3 (C7) &
8 1.70 (H7endo)» 8 1.16 (H7exo); 8 38.4 (Cs) > 80.66 (Hs): 8 37.2 (CH2) &> & 1.80
(CH3); 8 35.9 (Cg) > 3 3.09 (Hg); 8 27.1 (CH2) &> § 1.75 (CH2), & 1.4 (CH3); §9.8
(CsMes) &> & 1.59 (CsMes). MS m/z calculated for Ca5H35C004 (M+): 458.18674;
found: 458.18623 (29%). MS m/z calculated for CooH27Co (M* - dimethyimalonate):
326.14447; found: 326.14402 (100%).

Q BF, Q
Ty | /
Co NaCH(CO;Me). o
- 2
i THF, RT, 16 h /| CH(CO,Me),
—_ Me0,C)HC"
( 2C)2 <

T H
105

201
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(CsMes)[dimethyl (1-4n-bicyclo[5.4.0]undeca-1,3-dien-5-yl)malonate]cobalit.
[(CsMes)Co(n3-5-(bis(carbomethoxy)methyl)bicyclo[5.4.0Jundeca-1,3-diene)] (201).
In the drybox. [(CsMes)Co-n3-C| | H s}* BF4~ (105) (102.9 mg, 0.2403 mmol) was
placed in a 50 mL Schlenk flask. Tetrahydrofuran (20 mL) was added to form an orange-
red slurry and sodium dimethylmalonate (51.7 mg, 1.4 equiv) was added. The slurry
slowly dissolved and the solution turned deep red. The reaction was stirred overnight,
then all volatiles were removed in vacuo. The residue was extracted with pentane and the
pentane extracts were combined and filtered through a pad of Celite. The solvent was
removed, leaving 108.8 mg (96%) of a deep red oil. IR (hexane cast, cm-!) 2948 (m),
2912 (s), 2852 (m), 2807 (w), 1757 (s). 1735 (s), 1434 (m), 1380 (w). 1327 (w), 1283
(w), 1257 (m), 1240 (m), 1190 (w), 1171 (m), 1151 (s), 1101 (w), 1027 (m); 'H NMR
(400 MHz, C¢Dg) 0 4.18 (d, J4.3 =4.9 Hz, LH, Hy), 3.58 (dd,J3.4 =49 Hz, /3.0 = 7.3
Hz, 1H. H3), 3.44 (s, 3H, CO2Me). 3.36 (s, 3H, CO2Me), 3.30 (d. J}2.; = 8.5 Hz, LH,

H)>), 2.58 (dddd by decoupling, Ji-7exo = 11.6 Hz, J1.12 = 8.3 Hz, J|.7endo = 3.6 Hz, J| 2
= 1.3 Hz, [H, Hy), 2.18 (br d, J2.3 = 7.2 Hz, 1H, H»), 2.0-1.6 (series of m, 4H, CH>, H7),
1.73 (s, 15H, CsMes), 1.6-1.4 (series of m, 4H, CH»), 1.2-0.9 (series of m, 3H, CH», Hg);
IH-'H GCOSY (300 MHz, C¢Dg) 6 4.18 (Hy) &> 83.58 (H3); 8 3.58 (H3) <> 8 2.18 (Ha);
8330 (H|2) & 0258 (H);: 258 (H|) & 82.18 (w,H3),d .1 (H7), 1.2 (w, H7); §2.18
(H2) & 8 1.2 (H7); !13C NMR (100 MHz, C¢Dg) 8 169.12 (m, CO-Me), 168.63 (m,
CO2Me), 90.1 (s, CsMes), 84.8 (d, !Jcy = 157.1 Hz, Cy), 78.2 (d, Wy = 160.8 Hz, C3),
65.4 (s, Cs), 60.2 (d, UUcy = 133.1 Hz, Cy3), 53.0b (d, l/cH = 146.9 Hz, C3), 51.5 (g,
LJcy = 149.6 Hz, CO2Me), 42.5 (d, !Jcy = 121.1 Hz, Cg), 38.5 (t, Lcu = 123.2 Hz,
CH>), 35.6¢ (t, lJcH = 124 Hz, CH>), 35.C° (d, lJcy = 128.8 Hz, Cy), 32.7¢ (t. LUcu =
126.4 Hz, CH2), 27.94 (t, Ucy = 126.3 Hz, CHy), 26.64 (t, lJcy = 125.2 Hz, C7), 10.0 (q,
UJcu = 126.1 Hz, CsMes). 3Signal is complicated by the presence of 23 Jcy. b<.dDenote
pairs of overlapping signals in the gated spectrum: JcH's are approximate. The C

assignment is based on 13C multiplicity (doublet). HMQC (300 MHz, C¢D¢) & 84.8 (Cy4)

293



© 84.18 (Hy); §78.2 (C3) > 83.58 (H3); §60.2 (C}2) > §3.30 (H12); § 53.0 (C2) & &
2.18 (H2): 851.5 (COaMe) ¢ & 3.34 (COsMe). & 3.36 (COaMe): §42.5 (Cg) > 0.9

(He): 8 38.5 (CH2) & § 1.5 (CH3); 8 35.6 (CH2) > 8 1.1 (CHa); § 35.0 (C1) 8258
(H1): 832.7 (CH2) ¢ 8 1.5 (CH2); § 27.9 (CH2) <> 8 1.8 (CH>»): § 26.6 (C7) <> & 1.7
(H7): 8 10.0 (CsMes) «> 8 1.7 (CsMes). HMQC correlations for high field signals are
based on chemical shift value, rather than to a specific signal. MS m/z calculated for

Ca6H37C004 (M*): 472.20239; found: 472.20331 (0.50%).

| Ph,C* BF,” |
Co

04» (MeO,C );CHNa H

d: THF, RT, 1h O( CHzClz, -78°C d' >
CH(CO,Me)z Ocu(cozm)z

[(CsMes)Co(n5-7-(bis(carbomethoxy)methyl)-C7Hg) }* BF 4~ (202). In the drybox,

(CsMes)Co(n3-C7Hg)(OTH) (99) (102.7 mg, 0.2353 mmol) was dissolved in tetrahydrofuran
(20 mL) at room temperature. Sodium dimethylmalonate (43.5 mg, 1.2 equiv) was added
with stirring and the solution was stirred for | h before the solvent was removed in vacuo.
The residue was extracted into pentane and the solution filtered through a Celite pad. The
pentane was removed, leaving of a red oil (85.5 mg, 87%). The crude product (192) was
mixed with triphenylmethyl (trityl) tetrafluoroborate (87.6 mg, 2.65 mmol, 1.3 equiv) and
immediately taken outside the drybox and cooled to -78 °C. Freshly distilled
dichloromethane (5 mL) was added to the flask and the cooling bath removed. The solution
was stirred 3 h at room temperature. After removing the solvent and washing with diethyl
ether, the residue was flash chromatographed (silica gel, 5% methanol/dichloromethane),
leaving a light orange solid (61.7 mg, 60% from diene, 52% overall). IR (CH,Cl; cast, cm-
) 3067 (w), 2957 (w), 2922 (w), 1730 (s), 1455 (m), 1436 (m), 1389 (m), 1357 (w), 1331
(m), 1287 (m), 1264 (m), 1242 (m), 1215 (m), 1195 (m), 1055 (s), 1036 (s), 980 (w), 957
(w), 918 (w), 893 (w), 874 (w), 847 (w), 732 (w), 700 (W), 520 (w), 510 (w), 494 (w); !
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NMR (400 MHz, CDCl3) 8 6.71 (apparent t, /3.3 = 6.9 Hz, J3.4 = 5.9 Hz, LH, H3), 5.47
(apparentt, Jy.3=35.4 Hz. J4.5=7.7 Hz, IH. H4). 4.89 (dd, />.; =9.3 Hz, /..3= 7.0 Hz,

lH, H), 440 (brd. J1.2=8.3 Hz, IH, Hy), 4.23 (brq, J5.4 = J5.3 = 8 HZ, J5.6ex0 = 4.8 Hz,
Js5.3< 1 Hz. IH, Hs), 3.72 (s, 3H, OMe). 3.67 (s, 3H. OMe), 3.62 (m, overlaps with § 3.67,
LH, H7endo), 3.07 (d. J8.7endo = 7.7 Hz, 1H, Hg), 1.89 (s, I5H, CsMes). 1.88 (m. IH, Heendo
obscured by CsMes), 0.14 (ddd Jeexo-6endo = J6exo-Tendo = 12.1 Hz, Jeexo-5 = 4.8 Hz, LH.
Heexo): 'H-'H GCOSY (300 MHz, CD2Cly) §6.71 (H3) <> & 5.47 (Hy), 8 4.89 (Ha). &
4.23 (w.Hs); 8 5.47 (Hs) <> 84.23 (H5): 3 4.89 (H2) & §4.40 (H;); §4.40 (H)) & § 3.62
(W, H7endo). 0 1.89 (W, Heendo); 84.23 (Hs) & 8 1.89 (Hgendo) 8 0.14 (Heexo): 8 3.62
(H7endo) € 8 3.07 (Hg). 8 1.89 (W, Hgendo), 8 0.14 (W, Hegexo): 8 1.89 (Heendo) < 6 0.14
(Heexo); '3C NMR (75 MHz, CD2Cl3) 8 167.9 (s. COaMe), 101.2 (d, lJcy = 174.5 Hz,
C3).99.8 (d. lUcH = 175.6 Hz, Cy), 97.6 (d, lJcH = 167.3 Hz, C1), 89.6 (d. !Jcy = 150.0
Hz. Cs), 84.7 (d. lJcH = 159.0 Hz, C)), 56.2 (d, JcH = 132.3 Hz, Cg), 53.0 (q, /oy = 148.8
Hz, COaMe), 52.2 (d. lJcy = 135 Hz, partially obscured by solvent, C7), 29.1 (t. lJcy =
132.2 Hz, Ce). 9.8 (q. JcH = 129.0 Hz, CsMes); HMQC (300 MHz, CD,Cl,) § 101.2 (C3)
& 8 6.71 (H3); 899.8 (C4) & 8 5.47 (Hy); 8§ 97.6 (C2) <> 54.89 (H2); § 89.6 (Cs) > §4.40
(Hs); 8 84.7 (C}) & 84.23 (H}); 8 56.2 (Cg) «> 8 3.07 (Hg); 8 53.0/52.2 (CO>Me, C7) & &

3.72/3.67 (CO2Me), 8 3.62 (H7); 8 29.1 (Ce) «> 8 1.88 (Hgendo), 8 0.14 (Hgexo): 9.8
(CsMes) &> & 1.89 (CsMes). Analysis calculated for C2a2H3gCoBF404: C, 52.41: H, 6.00;

found: C, 52.249; H, 6.209.

| THF

—e

+
Co * RT.3h
99

<

Pentamethylcyclopentadienyl[1-(2-5n—cyclohepta-2,4-dienyl)acetophenone] cobalt

: | :
Cl:o
OCH,COPI\
203

(203). In the drybox, a Schienk flask was charged with [(CsMes)Co(C7Hg)]* BF4~ (99)
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(0.1290 mg, 0.2956 mmol) and tetrahydrofuran (6 mL) was added to form an orange
slurry. The lithium enolate of acetophenone (1.5 equiv, 55.9 mg) was added as a solid
powder and the reaction mixture was stirred 3 h. All volatile material was removed in
vacuo and the residue was extracted with pentane until the extracts were colorless. The
pentane solution was filtered through a Celite pad and the pentane was removed. An
orange oil (74.1 mg, 62%) remained. The crude compound was used in further reactions
without full characterization. IR (hexane cast, cm-!) 3059 (m), 2959 (s). 2909 (s), 2861
(s), 1679 (s), 1652 (w), 1598 (m), 1580 (w), 1494 (w), 1447 (s), 1380 (m), 1349 (m),
1331 (m), 1261 (s). 1222 (m), 1176 (m), 1029 (s), 800 (s), 764 (m), 750 (m), 699 (s). 667
(W), 639 (w), 589 (w). 506 (w). |H NMR (400 MHz, C¢Dg, select data) §7.92 (m, Hpp,).
7.08 (m, Hpy). 4.1-3.9 (m, 2H. H3 4), 2.74 (d. J = 7.3 Hz, 2H, CH»), 2.4-1.4 (series of m),
1.48 (s, 15H, CsMes); MS m/z calculated for Co5H3CoO (M*): 406.17068: found:

406.17093 (100%).

+- |
Co PhyC* "BF, - CO*
== -78°C-RT d Ty
\ CH,COPh  CHiCl, 16 h CH,COPh
203 ~ 204

Pentamethylcyclopentadienyl(1-(2-6n—cyclohepta-2,4-dien-6-yl)acetophenone]
cobalt. [(CsMes)Co(n5-6-(acetophenone)-C7Hg)]* BF4~ (204). Note that the
numbering given below is for convenience of tabulation of NMR spectroscopic data and
is not the same as that used for naming the complex. In the drybox, a Schlenk flask was
charged with (n3-CsMes)Co(n*-1-(CgH70)-C7Hg) (203) (85.8 mg, 0.211 mmol) and
removed to the Schlenk line. Dichloromethane (10 mL) was added and the flask was
cooled to -78°C. Trityl tetrafluoroborate (119.3 mg, 1.7 equiv) was added and the
reaction was allowed to warm slowly overnight to room temperature. The solvent

volume was reduced to about 3 mL and the product precipitated by the addition of wet
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diethyl ether. The product was purified by tlash chromatography on silica gel, eluting
with 5% methanol/dichloromethane, yielding a light orange powder (30.7 mg, 30%). IR
(CH1Cla cast, cm-l) 3075 (vw), 2975 (vw), 2917 (w), 1680 (m), 1596 (w), 1580 (w),
[449 (w), 1384 (w), 1358 (w), 1274 (w), 1182 (w), 1055 (s), 908 (w), 757 (w), 732 (w).
694 (w), 520 (w); 'H NMR (400 MHz, CDCl3) & 7.86 (d. J = 7.7 Hz. 2H, Hpy,), 7.54 (L,
J=72Hz, Hpn), 7.43 (1, J = 7.5 Hz. 2H, Hpy), 6.69 (t, / = 6.2 Hz, 1H, H3), 542 (t. / =
6.8 Hz, 1H, Hy), 4.86 (dd. J=9.1, 7.2 Hz, IH, H»), 4.54 (br d./ = 8.1 Hz, IH, H)), 4.27-
4.18 (m. [H, Hs), 3.65-3.55 (m, 1H, H7gndo). 2.93 (dd, J = 17.7, 6.7 Hz, 1H, Hg,), 2.77
(dd, J=17.5, 6.8 Hz, IH, Hgp), 2.1-2.0 (m, 1H, Heendo). 1.90 (s, 15H, CsMes), 0.04
(ddd. J=10.1, 10.1, 4.9 Hz, 1H, Hegexo): 'H-IH GCOSY (300 MHz, CDCl3) § 7.86
(Hpn) € 6 7.43 (Hpn); 8 7.54 (Hpy) > 8 7.43 (Hpy); 8 6.69 (H3) &> § 5.42 (Hy), 5 4.86
(H2): 65.42 (Hy) &> 64.23 (Hs); 64.86 (H3) «> §4.54 (H}); §4.54 (H|) & 8 3.60
(H7endo): 64.23 (Hs) <> 8 2.05 (Hgendo)- 8 0.04 (Hgexo); 8 3.60 (H7endo) © 62.93 (Hgy).
8 2.77 (Hgp). 8 2.05 (Heendo)- 6 0.04 (Heexo): 82.93 (Hgy) &> 8 2.77 (Hgp); § 2.05
(Héendo) ¢ 8 0.04 (Hgexo): '3C NMR (100 MHz, CDCl3, J values from HMQC) &
197.9 (s, carbonyl), 136.2 (s, Cpy), 133.4 (d, lJcy = 159 Hz, Cpy), 128.7 (d, VVcy = 164
Hz, Cpp), 128.0 (d, Jcy = 162 Hz, Cpy), 100.7 (d, Jcy = 176 Hz, C3), 99.4 (d, lJcy =
173 Hz, Cy), 98.9 (s, CsMes), 96.7 (d, 'Jcy = 171 Hz, C3), 93.8 (d, lJcy = 156 Hz, C)),
85.7 (d, Jcy = 158 Hz, Cs), 49.3 (d, Ucy = 129 Hz, C7), 44.6 (t, LJcH = 124 Hz, Cg),
31.5 (t. Yo = 125 Hz, Cs), 9.6 (q, !JcH = 127 Hz, CsMes); HMQC (300 MHz, CDCl5)
3 133.4 (Cpn) <> 8 7.54 (Hpp); 8 128.7 (Cpp) > 8 7.43 (Hpn): 8 128.0 (Cpp) & 57.86
(Hpn); 8 100.7 (C3) > 8 6.69 (H3); §99.4 (C4) & 8 5.42 (Hy); 6 96.7 (C2) &> 5 4.86
(H2): 893.8 (C1) «> 84.86 (H}); 3 85.7 (Cs) & 8§4.23 (Hs); 8 49.3 (C7) & 53.60 (H7);
3 44.6 (Cg) «> 8 2.93 (Hga), 8 2.77 (Hgp); 8 31.5 (Ce) «> 8 2.05 (Hgendo). 8 0.04 (Heexo):
3 9.6 (CsMes) &> & 1.90 (CsMes). Electrospray MS m/z calculated for C25H30CoO (M*
- BF47): 405.162864; found: 405.162413 (100%). Analysis calculated for
Cy5H30BCoF40: C, 61.00; H, 6.14; found: C, 60.789; H, 6.201.
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‘Q.B
(MeO,C),CHNa Co H

[
+
Co |

F4
@ THF M a
cH,coph  T8"CoRT ) CH.COPR

16 h
8 CH(CO,Me),

204 205
Pentamethylcyclopentadienyl[1-(2-5n-6-acetophenone-cyclohepta-2,4-
dienyl)malonate] cobalt (205). To a solution of [(CsMes)Co(C7Hg(CgH0))]* BF-
(204) (15.1 mg, 30.7 umol) in tetrahydrofuran (3 mL) at -78°C was added sodium
dimethylmalonate (8.7 mg, !.8 equiv). The light orange solution was allowed to slowly
warm to room temperature over 16 h. The tetrahydrofuran solvent was removed in vacuo
and the residue was extracted with 1:1 benzene/hexane until the extracts were colorless.
The combined extracts were filtered through a Celite pad and the solvents were removed.
A light orange powder (9.0 mg, 55%) was obtained. IR (benzene cast, cm-!) 3003 (w).
2951 (m). 2909(m), 2865 (m), 1745 (m), 1735 (m), 1717 (s), 1681 (s). 1654 (m), 1617
(W), 1597 (w), 1577 (w), 1560 (w), 1446 (m), 1426 (m), 1408 (w), 1383 (m). 1357 (w).
1327 (w), 1316 (w), 1296 (m), 1262 (s), 1206 (s), 1168 (s), L1131 (s). 1096 (s), 1048 (s).
1030 (s), 1011 (s), 992 (s), 967 (m), 916 (m), 868 (w), 801 (s), 751 (s), 684 (s), 588 (W),
502 (m), 466 (m); 'H NMR (400 MHz, C¢Dg) & 7.82 (d, J = 6.6 Hz. 2H, Hpp), 7.15-7.00
(m, 3H, Hpn), 4.04 (dd, /3., =6.9 Hz, J3.4 = 4.5 Hz, 1H, H3), 3.93 (dd. /1.5 = 6.9 Hz, J4 3
=4.2 Hz, 1H, Hy), 3.38 (s, 3H, CO2Me), 3.34 (s, 3H, CO;Me), 3.29 (d, J3. = 7.5 Hz,
LH, Hg), 2.65 (dd, Joa-9p = 16.2 Hz, Jga.6 = 8.4 Hz, LH, Ho,), 2.54 (dddd, J}.7exo = 12.3
Hz, /1.8 = 7.2 Hz, J1-7endo = 3.3 Hz, J1.2 = 1.5 Hz, IH, H}), 2.42 (dd, Jop.95 = 16.2 Hz,
Job-6 = 5.1 Hz, 1H. Hop), 2.39-2.32 (m, 1H, Hg), 2.26 (br d, J2.3 = 6.6 Hz, LH, Hj), 2.18
(brd,Js.4=6.9 Hz, IH, Hs), 1.71 (s, 15H, CsMes), 1.26-1.19 (m, 1H, H7engo), 0.58 (q,
J7exo-Tendo = J7ex0-6 = J7exo-1 = 12.0 Hz, 1H, H7exo); 'H-IH GCOSY (300 MHz, CgDg)
8 7.82 (Hpp) «> 8 7.07 (Hpp); 54.04 (H3) & §2.26 (H)); §3.93 (Hy) & 52.18 (Hs); &
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3.29 (Hg) > 8 2.54 (H}): 8 2.65 (Hgy) &> 8 2.42 (Hop). 8 2.37 (Hg): 8 2.54 (H;) <> §2.26
(H2). 8 1.23 (H7endo). 8 0.58 (H7exo): 82.37 (Hg) &> 8 2.18 (w. Hs), § 1.23 (H7engo). &
0.58 (H7exo): 82.26 (H2) 3 8 1.23 (H7endo): 82.18 (Hs) & 8 1.23 (H7endo): & 1.23
(H7endo) <> 8 0.58 (H7exo): 13C NMR (100 MHz, CgDg, J values from HMQC spectrum)
d 198.4 (s, C(O)Ph). 169.0 (s, CO-Me), 168.7 (s, CO2Me). 138.1 (s. Cph.ipso). 132.5 (d.
'Jeu = 162 Hz, Cpy). 128.5 (d, Uy = 161 Hz, Cpy), 128.3 (d. ey = 161 Hz, Cpr).
90.3 (s. CsMes), 80.7 (d. lJcy = 164 Hz, C4), 80.6 (d, lJcH = 165 Hz, C3), 60.1 (d, Jey
= 134 Hz, Cy), 57.2(d, JcH = 144 Hz, Cs). 53.1 (d, ey = 146 Hz, C2), 51.6 (q, Ve =
147 Hz, CO2Me), 48.8 (1, 'JcH = 133 Hz, Cg), 40.0 (d, !Jcy = 131 Hz, C)), 35.9 (d, Jcy
=126 Hz. Ce), 34.3 (t, lJcy = 126 Hz. C7), 9.5 (q, JcH = 126 Hz, CsMes): HMQC (300
MHz, C¢Dg) 6 132.5 (Cpp) ¢> 8 7.07 (Hpp,); & 128.5 (Cpn) > & 7.82 (Hpp,): 8 128.3
(Cpn) > 6 7.07 (Hpn); 8 80.7 (Cy) «> 8 3.93 (Hy): 8 80.6 (C3) &> § 4.04 (H3); 8 60.1 (Cg)
«» 0 3.29 (Hg); 8 57.2(Cs) &> 8 2.18 (Hs): § 53.1 (C3) &> § 2.26 (H2); & 51.6 (CO2Me)
© 8 3.38 (CO2Me), 8 3.34 (CO2Me); 8 48.8 (Cy) &> & 2.65 (Hgy), & 2.42 (Hop): & 40.0

(C1) &> 3 2.54 (H}): 835.9 (Ce) & 82.37 (Hg); 8 34.3 (C7) & 8 1.23 (H7endo). 8 0.58
(H7exo0): 9.5 (CsMes) &> 8 1.71 (CsMes). MS m/z calculated for C3oH37C005 (M*):
536.19733; found: 536.19747 (100%).

> c':oz " xs Cp,Fe*PF, 2
= CH(CO,Me
-I-’ MeCN/pentane (COzMe);

\ M -35°CoRT
CH(CO; e)z 5 min
192 206

Dimethyl (cyclohepta-2,4-dien-1-yl)malonate (206). To a cold (-35 °C) slurry of
ferricenium hexafluorophosphate (0.1515 g, 0.4577 mmol, 2.6 equiv) in dry acetonitrile

(10 mL) was added a solution of (CsMes)Co(n4-C7Hg(CH(CO3Me)y)) (192) (0.0725 g,
0.173 mmol) in pentane (15 mL). The cooling bath was removed and the solution was

allowed to warm to room temperature. After stirring 5 min, the pentane layer was
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separated. water (5 mL) was added and the acetonitrile layer was extracted with pentane
(3x20 mL). The combined pentane extracts were dried (MgSOy) and the solvents
removed on a rotory evaporator. The residue was flash chromatographed on a silica gel
column, using 10% ethyl acetate/hexane. A colorless oil was obtained (26 mg, 67%). IR
(CHaCl; cast. cmr!) 3019 (m), 2954 (m), 2932 (m), 2889 (m), 1754 (s). 1736 (s), 1612
(w), 1435 (s), 1336 (m), 1274 (s), 1260 (s), 1246 (s), 1229 (s), 1198 (s), 1156 (s). L 111
(m). 1056 (m). 1019 (m). 977 (m). 685 (m): 'H NMR (400 MHz, CDCl3) § 5.8-5.6 (m.

4H, Ha.5). 3.75 (s, 3H, CO2Me), 3.74 (s, 3H, CO>Me), 3.51 (d, /= 9 Hz, LH. Hg), 3.1-

3.2 (m. 1H, Hg/7 ), 2.4-2.3 (m, 2H, Hg/7), 1.9-1.7 (m. 2H. Hg/7); '3C NMR (50 MHz.
CDCl3) 6 168.82 (CO2Me), 168.76 (CO2Me), 134.45 (Ca.5), 132.94 (Ca.5), 125.80 (C».
5) 124.56 (Ca.s5), 55.78 (Cg), 52.47 (CO2Me), 40.55 (Cy), 29.50 (Ce/7). 29.23 (Cg/7). MS
m/Z calculated for C1aH 604 (M*): 224.10486; found: 224.10451(5%); m/= calculated
for C7Hg (M* - dimethyl malonate): 92.06260; found 92.06231 (89%).

\Q 2 CH(COMe),

TO H xs CpoFe’PFg
\ MeCN/pentane
CH(CO2Me), -35°C—RAT
J Me 5 min CH,
195 207

Dimethyl (6-methylcyclohepta-2,4-dien-1-yl)malonate (207). To a cold (-35 °C) slurry
of ferricenium hexafluorophosphate (0.1435 g, 0.4335 mmol, 2.6 equiv) in dry
acetonitrile (10 mL) was added a solution of (CsMes)Co(n*-6-Me-C7H7(CH(CO32Me)»))
(195) (0.0729 g, 0.169 mmol) in pentane (10 mL). The cooling bath was removed and
the solution was allowed to warm to room temperature. After stirring 5 min, the pentane
layer was separated, water (5 mL) was added and the acetonitrile layer was extracted with
pentane (3x20 mL). The combined pentane extracts were dried (MgSOj4) and the

solvents removed on a rotory evaporator. The residue was flash chromatographed on a
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silica gel column, using 5% ethyl acetate/hexane. A colorless oil was obtained (25 mg,
62%). Also isolated by flash chromatography was (CsHs),Fe (60 mg, 76% from
ferricenium hexafluorophosphate, 95% trom cobalt diene) as a yellow-orange solid.

The acetonitrile layer was filtered and reduced to 5 mL in volume. The remaining
water droplets were removed by pipette. The residue was redissolved in dichloromethane
(15 mL) and dried over sodium sulfate. Two volumes of diethyl ether were added and the
precipitate of [(CsMes)Co(NCMe);](PFg)2 was collected as a light purple powder (56
mg, 55%). Data for C|3H 304 (207): IR (CH2Cl5 cast, cm-!) 3015 (w), 2955 (m). 1756
(s), 1737 (s), 1610 (vw), 1435 (m), 1240 (m), 1194 (m), 1157 (s), 1023 (m), 699 (W), 667
(w): 'H NMR (300 MHz, CDCl3) § 5.8-5.6 (m, 4H, Ha.5), 3.72 (s, 3H, OCH3), 3.71 (s,
3H.OCH3), 3.51 (d, J = 9.0 Hz, IH, Hg). 3.12-2.96 (m, LH, H}), 2.56-2.46 (m, |H, Hg),
[.92-1.64 (m, 2H, Hy), 1.04 (d, /= 7.2 Hz, 3H, CH3); 'H-'H GCOSY (300 MHz,
CDCl3) 85.70 (Ha.5) &> 8 3.05 (H)), 8 2.50 (Hg); 8 3.51 (Hg) &> 8 3.05 (H): § 3.05
(Hy) © 8 1.70 (H7); § 2.50 (He) & 8 1.70 (H7), § 1.04 (CH3); !3C (100 MHz, CDCl3) &
168.8 (s, CO2Me), 140.1 (d, lJcy = 150.0 Hz, Ca.5), 133.8 (d, !Jcy = 160.8 Hz, Ca.5).
125.7 (d, YJcy = 144.8 Hz, Ca.s5), 122.9 (d, Jcy = 161.8 Hz, Ca.5), 56.1 (d, Jcy =
135.7 Hz, Cg), 52.4 (q, !JcH = 147.4 Hz, CO2Me), 37.2 d, ey = 131.1 Hz, Cy), 37.2 (1,
|Jcy = 128.6 Hz, C7), 33.4 (d, lJcy = 122.5 Hz, Cg), 22.0 (q, /ey = 125.2 Hz, CH3);
'H-13C HETCORR (100 MHz, CDCl3) § 140.1 (C3/4) &> 8 5.75 (H2-5); 8 133.8 (C3/4)
& 85.75 (Ha.5); 8 125.7 (Cy/5) & 8 5.75 (H2-5); 8 122.9 (Cy/5) & 8 5.75 (Ha.5); 8 56.1
(Cg) &> 6 3.51 (Hg); §37.2 (Cy/7) & 83.05 (H}), § 1.75 (H7); 8 33.4 (Cg) & 6 2.50 (Hg):
9 22.0 (CH3) & 6 1.04 (CH3). MS m/z calculated for C3H g04 (M*): 238.12051;
found 238.12103 (1%); m/z calculated for CgH g (M*- dimethyl malonate): 106.07825;
found: 106.07804 (41%).
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\Q 2 CH(COzMe),
! 5

Co H xs Cp,Fe’PFg

 d

(o MeCN/pentane
CH(CO.Me), -35°CoRT
H,C
Me Me 5 min 3 CH,
H 196 208

Dimethyl (5,6-dimethyicyclohepta-2,4-dien-1-yl)malonate (208). To a cold (-35 °C)
slurry of ferricenium hexafluorophosphate (0.1101 g, 0.3326 mmol, 2.2 equiv) in dry
acetonitrile (15 mL) was added a solution of (CsMes)Co(n*-5,6-Mes-
C7H(CH(CO3Me)2)) (196) (0.0688 g, 0.154 mmol) in pentane (10 mL). The cooling
bath was removed and the solution was allowed to warm to room temperature. After
stirring 5 min, the pentane layer was separated, water (5 mL) was added and the
acetonitrile layer was extracted with pentane (3x20 mL). The combined pentane extracts
were dried (MgSO,) and the solvents removed on a rotory evaporator. The residue was
flash chromatographed on a silica gel column, using 10% ethyl acetate/hexane. A
colorless oil was obtained (19.2 mg, 49%). IR (CH»Cl> cast, cm-1) 2957 (s), 2927 (m),
2875 (m), 2853 (m), 1753 (s), 1736 (s), 1617 (w), 1436 (m), 1375 (m), 1335 (m), 1256
(s), 1194 (s), 1138 (s), 1097 (m), 1077 (m), 1019 (m), 718 (m); 'H NMR (400 MHz,
CDCl3) 65.71 (ddd, /= 11.6, 7.4, 2.6 Hz, |H, H3), 5.53 (m, 2H, H3 4), 3.74 (s, 6H,
CO2Me), 3.47 (d, 7.9 Hz, IH, Hg), 3.20 (m, LH, H)), 2.42 (m, 2H, Hg/7), 1.85 (s, 3H.
Mes), 1.73 (m, 2H, Hgs7, 1.09 (d, / = 7.1 Hz, 3H, Meg); !'3C NMR (75 MHz, CD»Cl,) §
169.3 (s, CO2Me), 148.5 (s, Cs), 131.8 (d, lJcy = 154 Hz, C1), 125.5 (d, 'Jcy = 154 Hz,
Css4), 119.9 (d, VJcy = 146 Hz, C3/4), 57.0 (d, Joy = 131 Hz, Cg), 52.6 (q, Jcy = 147 Hz,
overlapped with solvent, CO2Me), 38.02 (t, Jcy = 121 Hz, C7). 37.1 (d, JcH = 126 Hz,
Ce), 35.52 (d, Jcu = 135 Hz, C)), 25.3 (q, JcH = 129 Hz, Mes), 18.6 (q, Jcy = 127 Hz,
Meg). 2 peaks overlap; J's are somewhat inaccurate. MS m/z calculated for C|4H2004
(M*): 252.13615; found: 252.13602 (6%), m/z calculated for CgH|2 (M*- dimethyl
malonate): 120.09390; found: 120.09384 (100%).
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\Q ph_ 2 CH(COMe),
| 3

‘I’ MeCN/pentane
\ CH(CO,Me), -35°CoRT o
Pt 5 min
197 209

Dimethyl (3,5-diphenylcyclohepta-2,4-dien-1-ylymalonate (209). To a cold (-35 °C)
slurry of ferricenium hexatluorophosphate (33.9 mg, 0.102 mmol, 2.6 equiv) in dry
acetonitrile (8 mL) was added a solution of (CsMes)Co(1*-3,5-Phs-
C7Hg(CH(CO2Me)»)) (197) (22.7 mg, 0.040 mmol) in pentane (10 mL). The cooling
bath was removed and the solution was allowed to warm to room temperature. After
stirring 5 min, the pentane layer was separated, water (5 mL) was added and the
acetonitrile layer was extracted with pentane (3x10 mL). The combined pentane extracts
were dried (MgSOy4) and the solvents removed on a rotory evaporator. The residue was
flash chromatographed on a silica gel column, using pentane to elute ferrocene, then
using dichloromethane to elute the desired product. A colorless oil was obtained (7.5 mg,
50%). IR (CH1Clj cast, cm-!) 3024 (m), 2952 (m), 2925 (m), 2853 (m), 1754 (s), 1736
(s), 1598 (w), 1492 (m), 1445 (m), 1434 (s), 1364 (m), 1281 (m), 1252 (s), 1219 (m),
1195 (s), 1156 (s), 1132 (m), 1107 (m), 1076 (m), 1028 (m), 757 (s), 698 (s); 'H NMR
(400 MHz, CDCl3) 8 7.52-7.27 (m, 10H, Hpheny1), 6.49 (s, H, Hs), 6.35 (d, J2.; = 5.7
Hz, [H, Hy), 3.79 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.62 (d. /= 8.2 Hz, LH, Hg), 3.21
(m, 1H, Hy), 2.66 (m, 2H, He/7), 2.40 (m, LH, Hg/7), 2.19 (m, 1H, He/7); 13C NMR (100
MHz, CDCl3) 3 169.1 (CO2Me), 146.9 (C2.5), 142.8 (C3.5), 141.5 (Ca.5), 140.6 (Ca.5),
130.3 (Cphenyt), 128.5 (Cphenyt), 128.4 (Cphenyt), 127.5 (Cpheny1)s 127.4 (Cpheny1), 126.9
(Cphenyl), 126.7 (Cphenyl), 126.3 (Cphenyt). 55.8 (Cg), 52.6 (CO2Me), 40.0 (Cy), 38.8
(Cer7), 30.4 (Cer7), MS m/z calculated for Ca4H2404 (M+): 376.16745; found:
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376.16704 (9%); m/z calculated for CgH g (M* - dimethyl malonate): 244.12520:
found: 244.12507 (100%).

\Q 2
Cllo CR:ZF:’;/P Fg (xs) - %
eCN/pentane
CH(CO,Me) X A
7 TR ASCORT (geoc e

———

201 210

Dimethyl(bicyclo{5.4.0Jundeca-1,3-dien-5-yl)malonate. 5-
(bis(carbomethoxy)methyl)bicyclo[5.4.0]Jundeca-1,3-diene (210). In the drybox, a
Schlenk flask was charged with [(CsMes)Co(n*-5-(bis(carbomethoxy) methyl)
bicyclo[5.4.0]undeca-1,3-diene)] (201) (67.9 mg, 0.144 mmol) and pentane (20 mL) was
then added. This solution was cannula transferred into a cooled (-30 °C) solution of
ferricinium hexafluorophosphate (0.1262 g, 2.6 equiv) in acetonitrile (20 mL). The
cooling bath was then removed and the solution was warmed to room temperature. The
acetonitrile layer was then separated, and extracted with pentane (5 x 30 mL). The
combined pentane extracts were washed with water (2 x 10 mL) and dried (NasSOy).
The pentane was removed under reduced pressure. The residue was then flash
chromatographed on silica gel using pentane. Once the ferrocene was eluted, the eluent
was changed to 5% ethyl acetate-hexane and the product was eluted. The solvent was
removed, leaving 25.0 mg (0.0898 mmol, 62%) of a slightly yellow oil. IR (hexane cast,
cm-1) 3024 (w), 2998 (w), 2949 (s), 2927 (s), 2853 (m), 1756 (s), 1737 (s), 1616 (w),
1435 (s), 1337 (m), 1262 (s), 1242 (s), 1221 (s), 1194 (s), 1157 (s), L1 L1 (m), 1073 (W),
1055 (w), 1020 (m), 991 (w), 969 (w), 866 (W), 796 (w), 728 (w), 714 (w), 683 (w); 'H
NMR (300 MHz, CDCl3) 8 5.70-5.65 (m, 2H, Ha 4), 5.60- 5.56 (m, 1H, H3), 3.74 (s, 3H,
CO2Me), 3.72 (s, 3H, COMe), 3.55 (d, J12.5 =9.4 Hz, H|2), 3.08 (brt, /= 8.7 Hz, 1H,
Hs), 2.35-2.05 (m, 3H, CHy, H7), 1.92-1.75 (m, 3H, Hg, CH3), 1.70-1.53 (m, 3H, Hs,
CH3), 1.50-1.20 (m, 2H, CH3): 'H-!H GCOSY (300 MHz, CDCl3) § 5.65 (Hs) &> &
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3.08 (Hs); 83.55 (H}2) > 83.08 (Hs); §3.08 (Hs) © § 1.85 (Heendo). 8 1.64 (W. Hgexo):
8 2.35 (CH») <> 8 1.85 (CHa), 8 1.64 (CH1), § 1.44 (CH»); § 2.15 (CH)) &> 3 1.85
(CH2); 8 1.85 (CH2) > 8 1.64 (CH>); § 1.80 (CH») &> § 1.44 (CH3); 8 1.64 (CH3) &> &
[.44 (CH3): 13C NMR (300 MHz, CDCl3) & 168.97 (s, CO2Me), 168.89 (s. COsMe),
149.8 (s, Cy ), 132.7 (d, ey = 160.1 Hz, C3/3), 125.7 (dd, 'Jcy = 155.0 Hz, 2Jcy=35.2
Hz, Cy33), 118.4 (d, lUcy = 148.0 Hz, Cy), 55.33 (d, ey = 132.6 Hz, Ci2). 52.44 (q,
lJcH = 147.5 Hz, CO2Me), 42.2 (d, WJcy = 125.1 Hz, C7), 39.5 (t, Ucy = 127.0 Hz,
CH3), 37.1 (t, ey = 126.0 Hz, CH3), 36.8 (d, !Jcy = 118.6 Hz, Cs), 36.6 (1. \Ucy =
127.5 Hz, CH3), 28.8 (t, lJcH = 128.4 Hz, CH3), 26.7 (t, \JcH = 124.6 Hz, CH»); !H-
13C HETCORR (100 MHz, CDCl3) & 132.7 (C23) 8567 (H33):81257(Cr3) e 8
5.69 (H2.3); 8 118.4 (Cy) &> § 5.57 (Hy); 8 55.3 (C|2) & §3.55 (H}2): 8 52.4 (COsMe)
< 0 3.74 (COMe), § 3.72 (CO2Me); § 42.2 (C7) & 8§ 2.35 (H7): § 39.5 (CHy) & 822
(CH2). 8 2.1 (CH3): 3 37.1 (CH2) & § 1.75 (CHa), § 1.65 (CH»); & 36.8 (Cs) <> & 3.08
(Hs): 8 36.6 (CH3) &> 3 1.65 (CHa), 8 1.4 (CH»): § 28.8 (CH2) < § 1.85 (CH>), § 1.45
(CH»): 8 26.7 (CH3) <> 8 1.80 (CH>), § 1.50 (CH>); MS m/z calculated for C16H2204
(M*): 278.15179; found: 278.15107 (7%).

P /
o -
MeCN / pentane jt :
I CH(CO;Me), ™ 35-c,RT (MeO,C)HC' 4
— 5 min
199 211

Dimethyl(bicyclo[5.3.0]deca-1,3-dien-5-yl)malonate. 5-

(bis(carbomethoxy)methyl)bicyclo{5.3.0]deca-1,3-diene (211). A Schienk flask was
charged with a solution of (CsMes)Co(CsH1904) (199) (35.6 mg, 77.8 umol) in pentane
(20 mL). This solution was added dropwise to a stirred solution of ferric chloride (31.6
mg, 2.5 equiv) in acetonitrile (10 mL) at -30°C. The resulting two phase system was held

at -30°C for 5 min, after which a complete loss of color from the pentane layer was
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observed. The mixture was stirred at room temperature for an additional 5 min before the
pentane layer was removed and the acetonitrile was extracted with pentane (3x15 mL).
The combined pentane extracts were washed with water (5 mL), dried (Na>SOy) and the
solvent was removed on the rotory evaporator. A pale yellow oily material (14.0 mg,
39%) was obtained. IR (CH2Cl» cast, cm-!) 2957 (s), 2867 (m), 1750 (s), 1736 (s), 1658
(W), 1615 (w), 1435 (s), 1262 (s), 1194 (s), 1150 (s), 1096 (s), 1022 (s), 864 (m), 801 (s).
740 (m), 705 (m): 'H NMR (300 MHz, CDCl3) §5.81 (dd, J=11.7, 6.9 Hz. H. Hj3),
5.68 (ddd, /= 6.9, 2.4, 2.4 Hz, H, Hy). 5.60 (dd, / = 11.7, 6.3 Hz. 1H, H»), 3.73 (s. 3H.
CO2Me), 3.73 (s, 3H, Me), 3.41 (d, / = 10.5 Hz, 1H. Hg), 3.22-3.13 (m, IH, Hy). 2.50-
2.37 (m, 2H, CH3), 1.95-1.85 (m, 2H, CH») 1.80-1.25 (series of m, CH»); 'H-'H
GCOSY (300 MHz, CDCl3) 3 5.81 (H3) «> 8 5.68 (Hg), 3.17 (w, H|): § 5.68 (Hy) < &
2.43 (He); 6 5.60 (H2) &> 8 3.17 (H ), 8 2.43 (Hg), 8 1.90 (CH1): 8 3.41 (Hg) & §3.17
(H1): 83.17 (H1) & 8 1.90 (CH3), 1.75 (CH3); § 2.43 (Hg) > & 1.90 (CH»). § 1.75
(CH2), & 1.25 (CH2); 8 1.90 (CH3) &> § 1.75 (CH2), 1.25 (CH2); '3C NMR (75 MHz,
CDCl3) 0 168.6, 168.4, 154.4, 129.4, 126.6, 116.0, 57.4, 52.5, 41.2, 39.2, 35.3, 34.7.
34.4,25.3; MS m/z calculated for Cy5H29O4 (M*): 264.13617: found: 264.13608
(4.3%); MS m/z calculated for CjgH 2 (M* - dimethylmalonate): 132.09390; found:
132.09366 (52.1%). ‘

7 CH(COMe),
Co H CpzFe* MeCN/pentane N
== 63% -
\ CH(CO,Me),
194 212

Dimethyl (3,4-dimethylcyclohepta-2,4-dien-1-yl)malonate (212). To a cold (-35 °C)
slurry of ferricenium hexafluorophosphate (0.107 g, 0.323 mmol, 2.8 equiv) in dry
acetonitrile (20 mL) was added a solution of (CsMes)Co(n#-3,4-

Me;C7H[CH(CO2Me),]) (194) (0.0510 g, 0.114 mmol) in pentane (10 mL). The
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cooling bath was removed and the solution was allowed to warm to room temperature.
After stirring 10 min, the pentane layer was separated, water (5 mL) was added and the
acetonitrile layer was extracted with pentane (3x15 mL). The combined pentane extracts
were washed with water (5§ mL), dried (MgSQOy) and the solvents removed on a rotory
evaporator. The residue was flash chromatographed on a silica gel column, using hexane
to elute ferrocene. The product was then eluted using 20% ethyl acetate/hexane. A
colorless oil was obtained (26 mg, 90%). The product was impure by 'H NMR, giving an
estimated yield of about 63%. IR (hexane cast, cm-!) 2953 (m), 2936 (m). 2855 (w),
1757 (s), 1737 (s). 1620 (vw), 1435 (m), 1371 (w), 1340 (w), 1316 (m), 1267 (m), 1241
(m), 1216 (m), 1201 (m), 1158 (m), 1138 (m), 1068 (w), 1020 (w), 987 (w), 974 (w), 811
(w); 'H NMR (400 MHz, CDCl3) §5.83 (ddd, J = 5.8, 6.6, 1.5 Hz, [H. Hs), 5.61 (dd, J
=35.8, 1.4 Hz. 1H, H»), 3.72 (s, 3H. CO2Me), 3.71 (s, 3H, CO2Me), 3.43 (d, / = 8.6 Hz,
[H, Hg), 2.87-2.78 (m, ddtd by decoupling), [H, Hy), 2.04 (tt, / = 11.3, 6.9 Hz, IH, Hg),
1.95-1.75 (m. 3H, Hmethylene). 1.76 (s, 3H. Me), 1.75 (s, 3H, Me); Decoupling Irr § 5.83
(Hs) &> & 1.8 (m, changes. Hyethylene): [rr 8 5.61 (H2) & 8 2.82 (m, changes, H}); Irr §
343 (Hg) &> 062.82(did, /=11.6,6.9, 1.4 Hz, H|): Irr § 2.82 (H|) © § 5.61 (s, H1), 3.43
(s, Hg), 2.04 (m, He); Irr § 2.04 (Hg) > 8 2.82 (m. H}), 1.9 (m, Hmethylene). 1.8 (m,
Hmethylene): Irr 8 1.9 (Hmethylene) <> 8 5.83 (s, Hs), 2.82 (m, Hy), 2.04 (m, He); Irr 3 1.8
(Hmethylene) <> 8 5.83 (dd, Hs), 5.61 (d, H2), 2.82 (m. Hmethylene), 2.04 (m, He), 1.9 (m.
Hmethylene): 13C NMR (100 MHz, CDCl3) 8 169.2 (br's, CO2Me), 139.1 (br s, C34),
138.8 (br's, C3s4), 127.6 (d, lJcy = 154.2 Hz, Cs), 127.3 (d, lJcy = 149.8 Hz, C3), 55.7
(d, Ucy= 137.2 Hz, Cg), 52.3(q, lJcy = 147.7 Hz, CO2Me), 40.3 (t, lUcy= 125.7
Hz, C), 37.4 (d, lUcy = 134.6 Hz, C), 25.2 (1, lJcy = 126.7 Hz, C7), 20.9 (qd, ey =
126.2, 3/cy = 7.1 Hz, Me), 20.79 (qd, Jcy = 125.9, 6.7 Hz, Me); 'H-13C HETCORR
(100 MHz, CDCl3) 8 127.6 (Cs) &> 6 5.83 (Hs); 8 127.3 (C2) & 85.61 (H2); 8 55.7 (Cg)
> 3 3.43 (Hg); 8 52.3 (CO2Me) & §3.72 (CO2Me), § 3.71 (CO2Me); 8 40.3 (Cg) &> &
2.04 (Hmethylene), 8 1.75 (Hmethylene); 8 37.4 (C1) > 8 2.83 (H); 8252 (C7) & 8 L.7-
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1.92 (Hg); 8 20.9/20.7° (Me) <> 3 1.7 (Me); @ C correlated to a large range in the 'H axis
b resolution was not sufficient to distinguish either C signals or H signals. MS m/z
calculated for C4H>004 (M+): 252.13615; found: 252.13625(18%) m/- calculated for
CoH > (M* - malonate): 120.09390; found 120.09411 (100%).

Q. oﬁo CH(COy)Me

toluene, 55°C
CH(CO Me), 16h

192, R=H
195, R = Me
Dimethyl (cyclohepta-2,4-dien-1-yl)malonate (206). To a solution of cobalt
cycloheptadiene complex 192 (48.7 mg, 0.116 mmol) in dry, degassed toluene (10 mL)
was added maleic anhydride (57 mg, 5 equiv). The red solution slowly darkened to a
deep red-purple color. The solution was heated to 55°C overnight under a nitrogen
atmosphere. The solvent was removed in vacuo and the residue was puritied by flash
chromatography on silica gel, eluting with 10% ethyl acetate/hexanes. A slightly yellow
oil (24 mg, 92%) was obtained, although by |H NMR spectroscopy, the compound was
not entirely pure. 'H NMR spectroscopic analysis showed the material is identical to that
isolated from the ferricinium oxidation of complex 192.

Dimethyl (6-methylcyclohepta-2,4-dien-1-yl)malonate (207). To a solution of cobalt
cycloheptadiene complex 195 (97.7 mg, 0.219 mmol) in dry, degassed toluene (10 mL)
was added maleic anhydride (107 mg, S equiv). The red solution slowly darkened to a
deep red-purple color. The solution stirred at room temperature overnight under a
nitrogen atmosphere. The solvent was removed in vacuo and the residue was purified by
flash chromatography on silica gel, eluting with 10% ethyl acetate/hexanes. A slightly
yellow oil (26 mg, 47%) was obtained. !H NMR spectroscopic analysis showed the

material is identical to that isolated from the ferricinium oxidation of complex 195.
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Chapter 4 Experimental Section

o o SE

\ (10 equiv) Me. Co
/c°->> CH,Clp, 12h  Me ( | 17/ H
TtOo -78°C—RT
Me
80 87 Me

[(CsMes)Co(2,3,5,6-Mey-n5-C7Hs)]* TFO~ (87). This complex has previously been
prepared and characterized.38 In the drybox, (CsMes)Co(n3-C3Hs)(OTE) (80) (315.3 mg.
0.8205 mmol) was placed in a flask equipped with a Kontes value. This flask was
removed to the Schlenk line and dichloromethane (10 mL) was added. On the high
vacuum line, 2-butyne (0.44 g, 8.2 mmol) was added by vacuum transfer. The solution
was warmed to -78 °C, and then allowed to warm slowly to room temperature while
being stirred overnight. The solvent was evaporated, the residue washed with diethyl
ether and then dissolved in dichloromethane and filtered through Celite. Evaporation
gave a red, impure solid (327.3 mg, 81%). The material could be partially purified by
dissolving in a minimum amount of dichloromethane and adding dropwise to an excess of
rapidly stirring diethyl ether. IR (CH2Cl; cast, cm-!) 2968 (m), 2912 (m), 1477 (m),
1456 (m), 1434 (m), 1383 (m), 1268 (s), 1221 (m), 1144 (s), 1030 (s), 636 (s), 571 (m),
516 (m); 'H NMR (400 MHz, acetone-dg) 8 5.10 (br s, 1H, Hy), 4.09 (t, J{-7endo = J1-
7exo =4 Hz, 1H. Hy), 2.39 (ddd, J7endo-1 = 4 Hz, J7endo-7exo = 15.7 Hz, J7¢ndo-6endo = 9.5
Hz, IH, H7endo). 2.33 (s, 3H. Me3), 1.97 (s, 3H, Me>), 1.88 (m, IH, Hyexo, obscured),
1.77 (s, 15H, CsMes), 1.50 (s, 3H, Mes), 0.99 (d, J = 6.8, 3H, Meg), 0.75 (m, LH,
Héendo): !2C NMR (100 MHz, acetone-dg) 8 119.4 (s, Cs), 106.2 (s, C3 or C3), 106.1 (s,
C30rC>), 98.1 (d, Jo-y = 162 Hz, Cy), 97.1 (s, C5Mes), 80.6 (d, Jc.H = 149 Hz, C)),
49.5 (t, Jc.H = 128 Hz, C7), 38.2 (d, Jc.H = 124 Hz, C¢), 23.3 (q, Jc-H = 126 Hz, Mes),
19.8 (q, Jc-H = 128 Hz, Mey), 18.2 (q, Jc-4 = 128 Hz, Me3), 17.2 (q, Jc.q = 128 Hz,
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Mes). 8.6 (q. Jc.i = 128 Hz. CsMes). Full characterization on the BFy- complex is

described below.

BF,”
HBF4‘E!20

Me —_ e . Me
‘I’ Et,0, RT _@H

[(CsMes)Co(2,3,5,6-Mey-n3-C7Hs)]* BF 4~ (87-BF4-) . This complex has previously
been prepared and spectroscopically characterized.88 In the drybox. a solution of
[(C5Me5)Co(n4-2,3.6-trimethyl-5-methylene-cyclohepta-l.3-diene)] (88) (78.5 mg, 0.229
mmol) in diethyl ether (6 mL) was placed in a Schlenk flask capped with a rubber
septum. The flask was removed to the Schlenk line and tetrafluoroboric acid-diethyl
ether complex (40 pL, 0.231 mmol) was added with stirring. The orange precipitate
(98.6 mg, 100%) was collected and washed with diethyl ether. 'H NMR (400 MHz,
acetone-dg) & 5.10 (brs, 1H, Hy4), 4.09 (t, J{.7ex0 = J|-7endo = 4.4 Hz, LH, Hj), 2.39 (ddd,
JTendo-1 = 4 Hz, J7endo-7exo = 15.7 Hz, J7endo-6endo = 9.5 Hz, [H, Hyendo). 2.33 (s, 3H.
Me3), 1.97 (s, 3H, Me2), 1.87 (ddd, J7exo-Tendo = 15.8 Hz, J7exo-1 = 4.5 HZ, J7exo-6endo =
4.5 Hz. 1H, H7exo), 1.77 (s, 15H, CsMes), 1.50 (s, 3H, Mes), 0.99 (d, J = 6.8, 3H, Meg),
0.74 (m, 1H, Heendo); 'H-'H COSY (400 MHz, CD,Cl>, shifts corrected to acetone
values) 8 5.10 (Hy) & 8 2.39 (H7endo). 8 1.50 (Mes); 8 4.09 (H}) & 8 2.39 (H7endo), 8
1.87 (H7exo); 82.39 (H7endo) © 8 1.87 (H7exo), 8 0.74 (Heendo): 8 1.87 (H7exo) ¢ 50.74
(Heendo); 80.99 (Meg) <> 80.74 (Hgendo); '2C NMR (100 MHz, acetone-dg) & 119.9 (s,
Cs), 106.7 (s, C3 or C3), 106.5 (s, C3 or C3), 98.5 (d, Jc.H = 174 Hz, Cy4), 97.6 (s,
CsMes), 81.0 (d, Jc.q = 149 Hz, Cy), 49.9 (1, Jc.4 = 125 Hz, C7), 38.6 (d, Jc.j = 129
Hz, Cs), 23.8 (q, Jc-H = 128 Hz, Mes), 20.2 (q, Jc.H = 128 Hz, Mey), 18.6 (q, Jc.p = 128
Hz, Me3), 17.6 (q, Jc-H = 126 Hz, Mes), 9.0 (q, Jc.H = 128 Hz, CsMes); H-13C
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HETCORR (100 MHz, acetone-dg) 8 98.5 (Cy) <> 85.10 (Hy); 8 81.0 (Cy) & 34.09
(H1): 849.9 (C7) © 82.39 (H7endo). 8 1.87 (H7exo): 8 38.6 (C6) & 80.74 (Hgendo): &
23.8 (Mes) > 6 1.50 (Mes); 8 20.2 (Mea) <> 8 1.97 (Mea); & 18.6 (Me3) <> §2.33
(Me3): 8 17.6 (Meg) &> 8 0.99 (Meg): § 9.0 (CsMes) «> 8 1.77 (CsMes); 'H-13C Long
Range HETCORR (100 MHz, acetone-dg) 8 119.9 (Cs) ¢ 85.10 (Hy, very weak), &
1.50 (Mes), 8 0.99 (Meg): & 106.7 (C3 or C2) &> §2.33 (Me3), § 1.97 (Me»3): 8 106.5 (C3
or C2) &> 3 5.10 (Hy, weak), 8 2.33 (Me3), 8 1.97 (Mea); 8 98.5 (Cy) «> 8 2.33 (Me3.
weak), 8 1.50 (Mes); 8 97.6 (CsMes) < 8 1.77 (CsMes); 881.0 (C}) & & 1.97 (Mea); &
49.9 (C7) &> 3 0.99 (Meg); & 38.6 (Cg) > 8 1.50 (Mes), 8 0.99 (Meg): & 23.8 (Mes) & 6
5.10 (H4): 8 20.2 (Me3) > 8 4.09 (H|). Analysis calculated for C>H32CoBFy: C, 58.63:

H. 7.50; found: C, 58.47; H, 7.49.

55°, 7h

Me;
c*)% cr-',cu,ou "

[(CsMes)Co(n3-2,3,5,6,7-MesC7Hy)* OTE-(252) . In the drybox, (n3-CsMes)Co(n3-1-
Me-C3H4)(OTY) (81) (0.0811g, 0.204 mmol) was weighed out into a small vessel equipped
with a Kontes valve. 2,2,2-Trifluoroethanol (about 4 mL) was added to the flask to produce
a dark brown suspension, which slowly dissolved. 2-Butyne (0.2 mL, about 10 equiv) was
added by pipette and the valve was sealed. The solution was heated to 55 °C for 7 h, giving
a dark red solution and then cooled to room temperature. All volatile material was removed
in vacuo and the residue was purified by flash chromatography on a silica gel column. The
deep red product was eluted with 7% methanol/dichloromethane. Recrystallization from
dichloromethane/diethyl ether gave a dark red solid (60 mg, 58%). An addditional 21 mg
(total 78%) was recovered from the mother liquor. IR (CH2Cl; cast, cm-1) 3058 (w), 2971
(m), 2913 (m), 2873 (w), 1492 (w), 1453 (m), 1434 (m), 1384 (m), 1268 (s), 1222 (s), 1145
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(m), 1073 (w). 1031 (s), 1014 (m), 735 (s), 702 (m), 637 (s), 571 (w). 517 (m): 'H NMR
(400 MHz, CD1Cla) 8491 (s. LH, Hy), 3.78 (d. J|.7ex0 = 3.0 Hz. LH, H)). 2.56 (dqd. J7exo-
éendo = 10.0 Hz. J7exo-methyl = 6.7 Hz, J7exo-1 = 3.1 Hz, 1H, Hexo), 2.21 (s, 3H. Me), 1.82
(s, 3H. Me), 1.66 (s, I5H, CsMes), 1.38 (s, 3H, Me). 0.89 (d, J = 6.7 Hz, 3H. Me7), 0.85 (d,
J=6.8 Hz. 3H. Meg), -0.12 (dq. Jeendo-Texo = 10.0 Hz, J6endo-methyl = 7.0 Hz, 1H. Heendo):
'H-H COSY (400 MHz, CD-Cl») & 3.78 (H)) & 82.56 (H7exo): 82.56 (H7exo) & &
0.89 (Me7); 6 0.85 (Meg) < 8-0.12 (Heendo): '3C NMR (100 MHz, CDxClh) 8 121.4 (q,
lJer = 321.3 Hz. triflate carbon), 117.9 (s, C3), 106.2 (s, Cy5), 103.3 (s, Cy/5), 98.0 (d,
lJcH = 177 Hz, obscured by CsMes, Cy), 97.0 (s, CsMes). 87.0 (d, 'Jey = 145.6 Hz. Co).
59.4 (d. Ucy = 131.8 Hz, C7), 41.0 (d. Jcy = 130.7 Hz, Cg). 23.1 (q, 'JcH=125.9 Hz,
Me), 22.6 (q, e = 127.3 Hz, Me7), 21.2 (q. Jch = 128.3 Hz, Me), 18.6 (q, ey = 129.4
Hz, Me), 15.7 (q. Yy = 127.4 Hz, Meg), 9.2 (q, ey = 128.8 Hz, CsMes): 'H-13C
HETCORR (100 MHz, CD2Cl>) 6 98.0 (Cy4) «> 84.91 (Hs); §87.0 (C|) & §3.78 (H)):
59.4 (C7) © 8 2.56 (H7exo). 841.0 (Cg) > 8-0.12 (Hgendo): 8 23.1 (Me) &> & 1.38 (Me): &
22.6 (Me7) <> 6 0.89 (Me7); 8 21.2 (Me) <> 8 1.82 (Me); § 18.6 (Me) & §2.21 (Me); &
15.7 (Meg) «> 3 0.85 (Meg): § 9.2 (CsMes) &> 8 1.66 (CsMes). Analysis calculated for
C23H34CoF3038S: C, 54.54; H, 6.77; found: C, 54.357; H, 6.522.

[(CsMes)Co(n5-2,3,5,6-Mey-7-CH,D-CoHy)J* OTE- (252-d;) This compound was
prepared by deuteration of Cp*Co(butadiene) (82) with DOTT in diethyl ether at -78°C in
CHCly. The solvent was removed using a canula and the crude product was redissolved
in 2,2,2-trifluoroethanol. Excess butyne was added and the solution was heated to 60°C
for 12h. Removal of the solvent and precipitation from CH2Cl; with diethyl ether
provided crude 252-d;. The 'H NMR spectrum is similar to 252 above except for 0.87
(m, CH;D).
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2,3-13C-2-Butyne. A clean, oven-dried Schlenk flask was charged with 16.8 mL of
BuLi (2.5 M, hexanes). This solution was reduced in vacuo to a thick syrup. The flask
was cooled (about 263K), and 25 mL of freshly distilled diethyl ether was added, then the
flask was connected to an ampoule containing 0.5 L (approx 21 mmol) !3C labelled
acetylene (CIL, >98% isotopic purity). The flask was cooled to -78 °C, evacuated. and
the ampoule was cracked open. A white suspension of Li»C> quickly formed. The tlask
was held at -78 "C for 5 min, then the cooling bath was removed. This suspension was
stirred for | h, after which the volatiles were all removed in vacuo. If so desired. the
insoluble dilithioacetylide could be washed free of excess BuLi with pentane. However,
the precipitate is so fine that this is difficult, and losses occur.

The solid dilithioacetylide was cooled in a dioxane-dry ice slush (11 °C) and
HMPA (30 mL) was added with stirring. CAUTION: Remaining BuLi can react with
HMPA at temperatures slightly above room temperature and produce a tarry material
which interferes with the reaction. Dimethyl sulfate (42 mmol. 4.2 mL) was then added
slowly, with stirring. Once all the dimethyl sulfate had been added, the slurry was stirred
30 min in the cooling bath. The solution was frozen (-196 °C), and the vacuum transfer
apparatus was attached. After degassing, the reaction mixture was allowed to warm to
room temperature. All volatiies were vacuum transferred to a cooled (-196 °C) flask.
0.91g of a colorless liquid was obtained. 'H NMR spectroscopic analysis of purity
(pentane impurity) indicated a yield of about 50% overall. |'H NMR (300 MHz, CD>Cl3)
3 1.72 (t, 2Jcy = 3/cy = 3.0 Hz) ; 13C NMR (100 MHz, CD1Cl3) § 74.6 (s, C2). The
methyl (unlabelled) carbon was not located above baseline noise. Low Resolution MS

m/z calculated for 13C312CyHg (M*): 56.05; found: 56.1 (100%).
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87-3¢c,

[(CsMes)Co(n5-2,3,5,6-Mey-2,3,5,6-13C-C7Hs)[* OTF- (87-13Cy). In the drybox,
[(CsMes)Co(n3-C3Hs)[*OTS- (80) (30.1 mg, 78 umol) was placed in a glass bomb. The
bomb was removed to the Schlenk line and dichloromethane-d> (2 mL) was added. On
the high vacuum line, !3C-labelled 2-butyne (10 equiv, 780 mmol) was added by vacuum
transter. The solution was warmed to -78 °C, and then allowed to warm slowly to room
temperature while being stirred overnight. The solvent was evaporated, the residue
washed with diethyl ether and then dissolved in dichloromethane and filtered through
Celite. Evaporation gave a red, impure solid (26 mg, 67%). 'H NMR data was
complicated by 2/cy and 3/cy, which broadened ail signals into multiplets. !3C NMR
(labelled C only, 125 MHz, acetone-dg) & 119.57 (d. lJcc = 39.3 Hz, Cs), 2106.76 (d,
lJce = 46.3 Hz, Cay3), 2106.36 (d, lJce = 46.3 Hz, Cay3), 38.32 (dd, ey = 127.1 Hz,
lJcc = 39.3 Hz, Cg). aThese carbons lean together in a second order pattern. !Jcy value
obtained from gated spectrum run at 100 MHz, acetone-dg¢. This spectrum also
tentatively identified the CsMes signal at 8 8.7. /oy = 128.3 Hz. The chemical shifts are

consistent with the unlabelled material.

& X
\c o_)> Me%Me= éo*
AgBF,, acetone 1
8 -78°C—RT M“Q ( |7
125 255

[(1,2-Me3.CsH3)Co(1y5-3,4-Me3C7H7) ]+ BF4 (255). In the drybox,
(CsHs5)Co(n3C3Hs)(Br) (125) (0.6129 g, 2.501 mmol) was weighed into a Schienk flask
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and removed to the Schlenk line, where acetone (20 mL) was added. The flask was then
freeze-pump-thaw degassed three times using the high vacuum line and 2-butyne (12.5
mmol. 5 equiv) was added by vacuum transfer. The solution was allowed to warm to
-78°C in a dry-ice acetone bath. Under a nitrogen purge, solid silver tetrafluoroborate
(0.535 g. 1.1 equiv) was added. The solution was slowly allowed to warm. with stirring,
to room temperature. Purification was effected by tlash chromatography on silica gel,
using 5% methanol/dichloromethane. A light red-orange band was collected and this was
recrystallized several times from dichloromethane/diethyl ether to give a light orange
powder (52.9 mg, 6%). IR (CH1Cla cast, cm-!) 3110 (m). 2925 (w), 1695 (w), 1477 (m),
1417 (m), 1384 (m), 1269 (s), 1224 (m), L1S1 (s), 1060 (s), 1031 (s), 865 (m). 753 (W),
638 (s). 572 (m); 'H NMR (400 MHz, acetone-dg) & 5.64 (brs, 1H, CsH3Me»), 5.33 (1,
J=2.6 Hz. IH. CsH3Me»), 5.22 (d. /.| = 9.4 Hz, LH. Ha), 5.16 (brs. 1H, CsH3Me»),
5.07-5.00 (m, 2H, Hy 5), 2.85-2.70 (m, 1H, H7endo), 2.54 (s, 3H, Me3), 2.31 (s, 3H, Mey),
2.01 (s. 3H, CsH3Me»), 1.95 (s. 3H, CsH3Me3). 2.0-1.9 (m, I H, Hgendo, overlaps with
Me), 1.75 (brd. J = 16 Hz, [H, H7exo). 0.55-0.45 (m, LH, Hgexo): 'H NMR (400 MHz,
CDCl3) & 5.31 (s, 1H, CsH3Me3), 5.20 (s, LH, CsH3Me3), 5.13 (d, 1H, H>), 5.08 (s. LH,
CsH3Me»), 5.00-4.95 (m, 1H. Hy), 4.85 (dd. H5s), 2.75-2.60 (m, 1H, H7endo). 2.48 (s, 3H,
Mes). 2.24 (s, 3H, Mey), 1.94 (s, 3H, CsH3Me»), 1.90 (s, 3H., CsH3Me»), 1.75 (br d, IH,
H7endo)s 1.60 (m, 1H, Hgexo), 0.50 (m, 1H, Hgendo): 'H-'H COSY (400 MHz, acetone-
d¢) 6 5.64 (CsH3Me;) & 85.33 (CsH3Mea), 8 5.16 (CsH3Me»), 8 2.01 (w, CsH3Me»), &
1.95 (w, CsH3Me»); 8 5.33 (CsH3iMes) > § 5.16 (CsH3iMe»), § 2.01 (w, CsH3Me»), &
1.95 (w, CsH3Mes): 8 5.22 (H2) > 85.03 (Hys); 8 5.07 (Hy/s5) © 82.77 (H7endo), 8
1.95 (Heendo). 8 1.75 (H7exo), 8 0.50 (Hgexo): 82.77 (H7endo) < 8 1.95 (Héendo). 8 1.75
(H7exo): 8 1.95 (Heendo) € 8 1.75 (H7exo), 8 0.50 (Hgexo); 8 1.75 (Heendo) < 8 0.50
(Hgexo); '3C NMR (100 MHz, acetone-dg) & 115.5 (s), 109.1 (s), 102.9 (s), 102.6 (s),
96.0 (d, lJcH = 163.9 Hz, C3), 90.6 (d, YJcy = 154.5 Hz, C}). 88.4 (dd, Jcy = 181.3 Hz,
2Jcy = 5Hz, CsH3Me>), 87.3 (d, lJcy = 182.2 Hz, CsH3Mey), 86.2 (d, /ey = 159.2 Hz,
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Cs), 85.2 (dt, lJcH = 183.3 Hz, 2Jcy = 6Hz, CsH3Me»), 38.6 (1, ey = 131.7 Hz. C7).
28.13 (t, en = 130.2Hz, Ce), 21.8 (qd. Uy = 128.8 Hz, 3/cy = 5 Hz, Mey), 19.9 (qd,
lJcH = 129.6 Hz, 3Jcy = 5Hz. Me3), 10.6 (q, /ey = 128.9Hz, CsH3Me»), 10.2 Q. Ycu
= 128.9Hz, CsH3Men). 2 Overlaps with solvent peaks. 'H-13C HETCORR (100 MHz,
acetone-dg) 8 96.0(C2) & §5.22 (Ha):; §90.6 (C}) «> 8 5.1 (Hy); 8 88.4 (CsH3Men) <
8 5.16 (CsH3Me»): 8 87.3 (CsH3Mes) > § 5.64 (CsH3Mea): § 86.2 (Cs) & 8 5.0 (Hs): &
85.2 (CsH3Me2) 5 6 5.33 (CsH3Me2); 6 38.6 (C7) & 8 2.75 (H7endo)s 8 1.75 (H7exo); 8
28.1 (Ce) > 6 1.90 (Heendo). 8 0.49 (Heexo): 821.8 (Mey) & 8 2.31 (Mey); 8 19.9 (Me3)
& 8 2.54 (Me3): § 10.6 (CsH3Me») <> 8 2.01 (CsH3Me»): § 10.2 (CsH3Mea) < § 1.95
(CsH3Mea). Electrospray MS m/z calculated for CgH272Co (M* - BFy4): 273.105349:;
found: 273.104998 (100%).

)> (iiMe—=—Me_ Ca Me

F°7)) e ssc.7h 1
Br : Me 7
ii) KPF g, H,0

Me
128 256

[(CsH3Me2)Co(1,3,4-Me3C7Hg)]* PFg~ (256). To a Kontes tlask was added (1-Me-
CsH4)Co(C3H4)Br (128) (65.8 mg, 0.254 mmol), followed by 2,2,2-trifluoroethanol (6
mL) and 2-butyne (0.20 mL, 10 equiv). The Kontes valve was closed and the solution
was heated to 65 °C in an oil bath for 7h. The flask was cooled and all volatile material
was removed in vacuo. The residue was extracted into water and the solution was filtered
to remove insoluble material. The product was precipitated by the addition of a NH4PFg
solution and collected by filtration. A light orange powder (46.8 mg, 43%) was obtained.
IR (CH>Cl3 cast, cm-l) 3112 (br, w), 2882 (br, w), 1474 (m), 1455 (m), 1382 (m), 1349
(w), 1266 (m), 1117 (w), 1027 (m), 836 (s), 739 (m), 703 (m); 'H NMR (300 MHz,
CD,Cly) 65.29 (t,J=2.7 Hz, 1H, CsH3Mejy), 5.14 (br s, 2H, CsH3Me3 and Hy), 4.73 (1,
J=2.2Hz, IH, CsH3Mey), 4.59 (dd, J5.6endo = 6.6 Hz, J5.6ex0 = 4.0 Hz, 1H, Hs), 2.41
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(s, 3H. Mej3), 2.40-2.25 (m, 2H, H7exo and Hegeyo). 2.09 (s, 3H. Mey), 1.89 (s, 3H,
CsH3Meo). 1.83 (s. 3H, Mey), 1.67 (s, 3H, CsH3Me)), 1.37 (m. ddd by decoupling, J7¢yo-
Tendo = 13.1 Hz, J7exo-6ex0 = J7exo-6endo = 5.2 Hz, 1H, H7exo). 0.92 (m, dddd by
decoupling, Jeexo-6endo = 14.3 Hz, Jgexo-7exo = Jéexo-Tendo = 6.4 Hz, Jgexo-5 = 4.1 Hz.
[H, Heexo): 'H-'H GCOSY (300 MHz, CD>Cla) § 5.29 (CsH3Men) &> §5.14
(CsH3Me»), 8 4.73 (CsH3Mea); § 5.14% (CsH3Mes and H)) &> 8 4.73 (CsH3Mea), § 1.37
(w, H7): 6 4.59 (Hs) & § 2.33 (Heendo). 8 0.92 (Heexo); 82.33 (Heendo, 7endo) <= & 1.37
(H7exo). 8 0.92 (Heexo): 1.37 (H7exo) ¢ 8 0.92 (Hgexo). 2 This signal shows correlations
to all 5 methyl groups through 4 or 5 bond coupling. !3C NMR (100 MHz, CD-Cl>) §
[10.8 (s. Cy), 110.3 (s, C3), 107.7 (s, Cy), 101.3 (s. CsH3Me> quaternary), 101.0 (s,
CsH3Mea quaternary), 94.9 (d. YJcy = 165.4 Hz, C»), 88.722 (d, 'Jcy = 180.6 Hz.
CsH3Me»), 88.673 (d. !Jcy = 180.6 Hz, CsHiMe»), 85.7 (d. 'Jcy = 182.8 Hz,
CsH3Me»), 83.5(d, lJcy = 151.8Hz, Cs), 40.7 (t, ey = 132.7 Hz. C7), 31.4 (¢, ey =
129.5 Hz. C¢), 31.0 (q, Uy = 127.6 Hz, Mey), 21.5 (q. 'Jcy = 129.0 Hz, Mey). 20.3 (q.
Jen = 129.0 Hz, Me3), 10.5 (q, Jcy = 129.2 Hz, CsH3Me»), 10.3 (q, ey = 129.2 Hz,
CsHiMe»). 2These signals overlap in the gated decoupled spectrum. HMQC (300 MHz,
CD1Cl2) 894.9 (Ca) & 85.14 (Hy): 6 88.72 (CsH3Mes) > § 4.73 (CsH3Mer); 5 88.67
(CsH3Me3) <> §5.14 (CsH3Me»); 8 85.7 (CsH3Mea) «» 8 5.29 (CsH3zMes); § 83.5 (Cs)
> 0 4.59 (Hs); 340.7 (C7) & 6 2.33 (H7endo), 8 1.37 (H7exo): 3 31.4 (Cg) ¢ §2.33
(Heendo). 0 0.92 (Heexo); 831.0 (Me)) &> § 1.83 (Mey); 8 21.5 (Mey4) <> 8 2.09 (Mey); &
20.3 (Me3) & 8 2.41 (Me3); 8 10.5 (CsH3Mes) & & 1.89 (CsH3Me»); 8 10.3 (CsH3iMe»)

& 8 1.67 (CsHiMez): HMBC (300 MHz, CD1Cly) 8 110.8 (C;) & 82.33

(Héendo. 7endo), O 1.83 (Mey), & 1.37 (H7exo), 8 0.92 (Heexo): 8 110.3 (C3) &> §4.59 (Hs),
8241 (Me3), 8 2.09 Mey); 6 107.7 (C4) <> 8 5.14 (H2), 6 2.41 (Me3), 8 2.09 (Mey), &
2.33 (Héendo, 7endo)» © 0.92 (Hgexo); 0 101.3/101.02 (CsH3Me3 ring quaternaries) <> &
5.29 (CsHiMe»), 8 5.14 (CsH3Mey), 8 4.73 (CsH3Mey), 8. 1.89 (CsH3Me»), & 1.67
(CsH3Me3); 8 94.9 (C3) & 82.41 (Me3), 8 2.33 (Héendo, Tendo) O 1.83 (Me)), 8 1.37
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(H7exo): 8 88.72/88.672 (CsH3Mea) ¢ §5.29 (CsH3Me»), 8 5.14 (CsHiMe). § 4.73
(CsH3Me»), & 1.89 (CsH3Mea). 8 1.67 (CsH3Me»): 8 85.7 (CsH3Mer) & §5.29
(CsH3Me>). 8 5.14 (CsH3Mea). 8 4.73 (CsH3Mea); § 83.5 (Cs) <> & 2.33 (Héendo, Tendo)-
8 2.09 (Mey). 8 1.37 (H7exo). 8 0.92 (Hgexo): 831 > § 5.14 (H), § 4.59 (Hs), § 2.33
(Heendo. 7endo)s 8 1.37 (H7exo): 8 21.5 (Mey) > 84.59 (Hs): §20.3 (Me3) «> §5.14 (Hn).
4 These signals are not resolved in the spectrum. bTwo signals overlap: § 31.4 (Cg) and &
31.0 (Mey). Analysis calculated for C|7H24CoFgP: C, 47.23; H, 5.59; found: C. 46.671:
H. 5.392. Electrospray MS m/z calculated for C;7H14Co (M* - PFg): 287.120999:;
found: 287.120454 (100%).

<
@\ Me ——=—Me

i Br-
cd

= Me
C O—) bl %,
/ CF;CH,0H W
Br 60°C, 12 h
126 257

[(CsH5)Co(1,2,3,4,7-MesCyHy)I* Br-(257). To a Kontes flask was added (CsHs)Co( -
Me-C3H4) (Br) (126) (85.2 mg, 0.329 mmol) and 2,2,2-trifluoroethanol (3 mL). The
solution was freeze-pump-thaw degassed and 2-butyne (10 equiv) was added by vacuum
transfer. The flask was heated in an oil bath maintained at 60 °C for 12 h. All volatile
material was removed in vacuo and the residue was purified by flash chromatography using
5% methanol/dichloromethane on silica gel. An orange powder (65 mg, 54%) was obtained.
IR (CH)Cl; cast, cm!) 3038 (s), 2961 (s), 2924 (s), 2871 (s), 2833 (m), 2736 (w), 1618 (w),
1452 (s), 1428 (s), 1410 (s), 1389 (s), 1380 (s), 1345 (m), 1275 (w), 1243 (w), 1100 (w),
1077 (m), 1053 (m), 1014 (s), 999 (m), 935 (w), 865 (s), 832 (w), 730 (s), 696 (m), 653 (w),
597 (w), 498 (w); 'H NMR (300 MHz, CDCl3) 8 5.35 (s, SH, CsHs), 5.35 (m, 1H, Hjs),
2.72 (ddd, Jeendo-6exo = 15.2 Hz, Joendo-7 = 9.1 Hz, Jeendo-5 = 5.8 Hz, 1H, Heendo), 2.57 (s,
3H, Me), 2.57 (m, IH, Hy), 2.30 (s, 3H, Me), 2.28 (s, 3H, Me), 1.92 (s, 3H, Me), 0.99 (dt,
Jéexo-6endo = 15.7 Hz, Jeexo-5 = Jeexo-7= 3.6 Hz, IH, Hgexo), 0.38 (d,JMe-7 = 6.9 Hz. 3H,

318



Me7); 'H-'H COSY (400 MHz, CD1Cl2) 8 5.35 (Hs) ¢ & 2.72 (Hgendo). 0.9 (w,
Heéexo): 82.72 (Héengo) ¢ 8 0.99 (W, Heexo): 8 2.57 (H7) > §0.99 (Heexo). § 0.38 (Me7):
13C NMR (100 MHz. CD2Cla) 8 115.2 (s, C3). 106.7 (s. C{74), 105.1 (s. Ci/n4), 103.7 (s,
Ci/24). 89.7 (d. ey = 181.5 Hz. CsHs). 81.7 (d. 1Jcy = 158.6 Hz. Cs), 46.7 (d, ey =
134.4 Hz, C7). 42.2 (1. lJcH = 128.4 Hz, C¢), 31.8 (q, WJcH = 127.8 Hz. Me), 27.0 (q. Yy
= 128.0 Hz, Me), 21.4 (q, lJcH = 129.1 Hz, Me), 21.1 (q, I/cH = 125.8 Hz. Me). 20.4 (q.
IJcH = 129.2 Hz, Me7); 'H-!3C HETCORR (100 MHz, CD2Cl~) & 89.7 (CsHs) «» 65.35
(CsHs); 8 81.7 (Cs) & §5.35 (Hs); 8§ 46.7 (C7) > § 2.57 (H7): §42.2(Cg) > §2.72
(Héendo), 0.99 (Heexo): 631.8 (Me) & 8 1.92 (Me): § 27.0 (Me) &> §2.28 (Me); & 21 .4
(Me) © 8 2.30 (Me): § 21.1 (Me) &> § 2.57 (Me): 6 20.4 (Me7) & 80.38 (Me7). Analysis
calculated for C{7H24CoBr: C, 55.60; H, 6.59; found: C. 55.382: H, 6.440.

- _— S
X (i) Me—=—Me dcd.. ]

Co— TFE, 60°C, 7 h
/ ii) KPFg, H,0

129

258

[(CsHsMe)Co(1,2,3,4,7-MesC7Hy)I* Br—(258). To a Kontes tlask was added (1-Me-
CsHy4)Co(1-Me-C3H4)Br (129) (85 mg, 0.31 mmol), followed by 2,2,2-trifluoroethanol (5
mL) and 2-butyne (0.24 mL, 10 equiv). The flask was sealed and heated to 60 °C in an
oil bath for 7 h. The flask was cooled and all volatile material was removed in vacuo.
The residue was extracted into water (3 mL), filtered and the product precipitated by
addition of a solution of NH4PFg. The solid was collected and purified further by flash
chromatography on silica gel, using 5% methanol/dichloromethane as the eluent. A
orange-red solid (55 mg, 39%) was obtained. IR (CH>Cl5 cast, cm-l) 3116 (w), 2972
(w), 2931 (w), 1456 (m), 1381 (m), 1031 (w), 838 (s), 740 (w), 557 (m); 'H NMR (300
MHz, CDCl3) 8 5.53 (brs, 1H, CsH4Me), 5.37 (brs, 1H, CsHsMe), 5.13 (br s, 1H,
CsHqMe), 5.08 (dd, J5.6endo = 5.4 Hz, Js5.6ex0 = 3.6 Hz, 1H, Hs), 4.83 (brs, LH,
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CsHiMe), 2.84 (ddd. Jeendo-6exo = 15.3 Hz, Jeendo-7 = 9.3 Hz. Jéendo-5 = 5.7 Hz. IH,
Héendo)s 2.6-2.5 (m, LH. obscured by Me, 1H, H7), 2.52 (s, 3H. Me), 2.28 (s. 6H, 2 Me).
2.05 (s. 3H, Me), 1.93 (s. 3H, Me), 1.14 (dt, Jexo-6endo = 15.9 Hz. Jeexo-5 = Jgexo-7 = 3.9
Hz, 1H. Heexo). 0.39 (d.J = 7.2 Hz, 3H, Me7); 'H-H GCOSY (300 MHz, CDCl3) &
5.53 (CsHiMe) & 8 5.37 (CsHyMe), 8 5.13 (CsHyMe), 8 4.83 (CsHyMe): § 5.37
(CsHiMe) < 65.13 (CsH4Me), 8 4.83 (CsH4Me); 8 5.13 (CsHyMe) <> §4.83
(CsH4Me): 8 5.08 (Hs) € § 2.84 (Hgendo). 8 .14 (Heexo): 8 2.84 (Heendo) < 2.55 (Hy),
3 1.14 (Hgexo): 82.55 (H7) & 8 1.14 (Hgexo). 8 0.39 (Me7): !3C NMRa (75 MHz,
CDCl3) & 131.8(s,C3), 105.7 (s, Cj.2.4), 105.3 (s. Cy.2.4). 89.7 (d, ey = 186 Hz,
CsHiMe), 89.2 (d, lJcy = 184 Hz, CsH4Me), 89.2b (d. lJcy = 181 Hz. CsHyMe), 88.7
(d. 'JcH = 183 Hz, CsH4Me), 82.6 (d, \/cy = 154 Hz, Cs), 46.1 (d, /ey = 135 Hz, Cy).
42.3 (t, UcH = 135 Hz, Ce), 31.1 (q, 'JcH = 130 Hz, Me). 25.5 (q. !Jcy = 130 Hz, Me),
21.3(q. Ycn = 130 Hz, Meg), 20.4 (g, 'JcH = 130 Hz, Me), 19.0 (q, ey = 130 Hz, Me),
12.6 (q, JcH = 130 Hz, CsH4Me). 2Values for the L/cy coupling constant are obtained
trom the HMQC spectrum. ®Two Cp' ring carbons overlap. HMQC (300 MHz, CDCl3)
8 89.7 (CsHaMe) & 8 5.37 (CsHsMe); § 89.2 (CsHyMe) & § 5.53 (CsHyMe); § 89.2
(CsHiMe) & 5 4.83 (CsHs4Me): 8 88.7 (CsHsMe) & § 5.13 (CsH4Me); § 82.6 (Cy) & &
5.08 (Hs): 6 46.1 (C7) > 8 2.55 (H7); §42.3 (Cg) & 6 2.84 (Hgendo), O .14 (Heexo): &
311 (Me) & 8 1.93 (Me); 8 25.5 (Me) & 82.28 (Me); §21.3 (Me7) & 8 0.39 (Me7): &
20.4 (Me) & §2.28 (Me); 8 19.0 (Me) &> §2.52 (Me); 8 12.6 (CsH4Me) & §2.05
(CsHsMe). Analysis calculated for C gH26CoF¢P: C. 48.44; H, 5.87; found: C, 48.232;
H, 5.829.
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[(1-£-Bu-CsH4)Co(3-t-BuC7Hg) I PFg~ (259). To a solution of CpCo(C3Hs)(Br) (125)
(34.9 mg, 0.142 mmol) in trifluoroethanol (5 mL) in a Kontes flask was added ¢-
butylacetylene (0.18 mL, 10 equiv). The Kontes valve was then closed and the solution
was heated at 65°C for 16 h. The solution was cooled and the solvent was removed in
vacuo. The residue was extracted into warm water. The extract was filtered and the
product was precipitated by the addition of KPFg. The product was extracted into
dichloromethane. The dichloromethane layer was dried (Na2SOy) and the solvent was
removed. An orange-red powder (11.3 mg, 17%) was collected. The !'H NMR spectrum
of this complex is identical to that of the product obtained from the reaction between (13-

CsHs)Co(n*-1-t-BuCsHs), HBF, and t-butylacetylene (331, ide infra).

t-Bu
PFg"

t+Bu—=—Me cd
Co—>> '
TFE, 16 h +Bu 137
65°C

260

[(1-t-Bu-2-Me-CsH3)Co(3-t-Bu-4-MeC7H7)]* PFg~ (260). To a solution of
CpCo(C3H5)(Br) (125) (53.8 mg, 0.220 mmol) in trifluoroethanol (3 mL) in a Kontes
flask was added 4.4-dimethyl-2-pentyne (0.3 mL, 10 equiv). The Kontes valve was then
closed and the solution was heated at 65°C for 16 h. The solution was cooled and the
solvent was removed in vacuo. The residue was extracted into warm water. The extract
was filtered and the product was precipitated by the addition of KPFg. The product was
extracted into dichloromethane. The dichloromethane layer was dried (Na2SQOj4) and the
solvent was removed. An orange-red powder (22.7 mg, 21%) was collected. 'H NMR
(300 MHz, CDCl3) (select data only) & 5.7-4.6 (series of overlapping signals), 2.9-2.7
(m), 2.38 (s, Me), 2.26 (s, Me), 1.9 (brd, J ca. 15 Hz), 1.85-1.65 (m), 1.61 (s, t-Bu), 1.47
(s, +-Bu), 0.3-0.1 (m). Electrospray MS m/z calculated for C22H34Co (M* - PFg):
357.199249; found: 357.198996 (100%).
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[(1-Ph-2-Me-C5H3)Co(3-Ph-4-MeC7H7)]* PFg- (261). To a solution of

CpCo(C3Hs)(Br) (125) (30.7 mg, 0.125 mmol) in trifluoroethanol (4 mL) in a Kontes
flask was added phenylpropyne (0.076 mL, 5 equiv). The Kontes valve was then closed
and the solution was heated at 65°C for 16 h. The solution was cooled and the solvent
was removed in vacuo. The residue was extracted into warm water. The extract was
filtered and the product was precipitated by the addition of KPFg. The product was
extracted into dichloromethane. The dichloromethane layer was dried (Na>SOy) and the
solvent was removed. An orange-red impure powder (9.9 mg, 15%) was collected.
Impurities prohibited definite assignment of the INMR spectrum. 'H NMR (300 MHz.
CDCl3) (select data only) 8 7.50-7.25 (m, Hpp), 5.9-4.9 (series of overlapping signals),
3.0-2.8 (m). 0.6-0.4 (m). Methyl signals could not be conclusively assigned.
Electrospray MS m/z calculated for CagH26Co (M* - PFg): 397.136649: found:
397.136070 (100%).

/@ -Bu—= - Co Me
/c°‘> CH,Cl,, 12h 8 7
-78° T t-Bu H
. 78°CHR

t-Bu

81 262, major isomer

[(CsMes)Co(3,6-t-Buz-1-Me-C7Hg)I* BF4~ (262). A Schlenk flask was charged with
(CsMes)Co(1-Me-C3H4)(OTY) (81) (58.6 mg, 0.147 mmol). The solid was dissolved in
dichloromethane (10 mL) and cooled to -78°C. 3,3-Dimethyl-1-butyne (0.27 mL, 15

equiv) was added and the solution was allowed to warm to room temperature overnight.
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The solvent was removed and the residue was purified by column chromatography (silica
gel. 5% methanol/dichloromethane). A red fraction was collected and dried to give an
orange-red solid (27 mg, 33%), which appeared to contain at least two complexes by 'H
NMR spectroscopy. However, the title compound was identified as the major isomer.
'H NMR (400 MHz, CDCl3) 5.0l (d, Js.5 = 8.2 Hz, LH, Hy), 4.63 (s. |H, H»). 4.01
(dd, Js5.4 = 8.0 Hz, J5.6endo = 5.3 Hz, 1H, Hs), 2.53 (dd, J7endo-7exo = 17.2 Hz. J7endo-
6endo = 12.1 Hz. 1H. H7epdo). 2.05-1.95 (m. obscured by impurities, 1H, Hyexo), 1.88 (s,
3H, Me). L.75 (s. I5H, CsMes), 1.48 (s, 9H. ¢-Bu), 0.82 (s, 9H, ¢-Bu), -0.16 (ddd. Jgendo-
Zendo = 12.1 Hz, Jgendo-7exo = Jéendo-5 = 5.0 Hz, 1H, Hgendo); 'H-'H GCOSY (300
MHz, CDCl3) 65.09 (Hy) &> 84.01 (Hs); §4.01 (Hs) & 8-0.16 (Hgendo); 82.53
(H7endo) > 8 2.00 (H7exo). 8 -0.16 (Heendo): 82.00 (H7exo) > 8 -0.16 (Hgendo)-

t-Bu
\ > t-Bu—=—Me Ty
Co—) >
/ TFE, 16 h “Bu <{:1 3

Br 65°C
128

[(1-2-Bu-2-Me-CsH3)Co(3-t-Bu-1,4-Me;C7Hg)1* PF6-(349). To a solution of (1-Me-
CsH4)Co(C3Hs)(Br) (128) (%2.0 mg, 0.085 mmol) in trifluoroethanol (4 mL) in a Kontes
flask was added 4,4-dimethyl-2-pentyne (0.11 mL, 10 equiv). The Kontes valve was then
closed and the solution was heated at 65°C for 16 h. The solution was cooled and the
solvent was removed in vacuo. The residue was extracted into warm water. The extract
was filtered and the product was precipitated by the addition of KPFg. The product was
then isolated and purified by column chromatography (silica gel, 5%
methanol/dichloromethane). An orange powder (14.3 mg, 37%) was obtained, with the
title complex identified as the major component by comparison with the 1H NMR
spectrum of the authentic material (vide infra) Electrospray MS m/z calculated for
Cy3H36Co (M* - PFg): 371.214899; found: 371.214891 (100%). The minor isomer is

tentatively identified as the 1,2,3-trisubstituted seven-membered ring based on
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comparison of the !H NMR spectrum to that of other 1,2,3-trisubstituted

cycloheptadienyl complexes (e.g. 350, 355, vide infra).

c_§' ‘Q_
PanN Na,C Oy EtOH l cr

(HMB)RT\ RuUHME) = . 12h Au*

SR S

[(CeMeg)Ru(n3-Et-CsHy)J* CI-. To a solution of [(HMB)RuCl]> (51.6 mg, 77.1
umol) in absolute ethanol (10 mL) under nitrogen was added sodium carbonate (0.13 g,
excess) and bicyclo[3.2.0]hepta-2.5-diene (100 UL, excess). The red solution was heated
to reflux for 24 h, after which the color had faded to yellow-orange. The solution was
cooled and the solvent was removed in vacuo. In the drybox, the residue was triturated
with pentane. Outside the drybox, the residue was extracted with dichloromethane and
the extracts were filtered through a short Celite column. The solvent was removed,
leaving an off-white powder (21.4 mg, 70%). 'H NMR (400 MHz, CDCl3) § 5.05 (brs.
2H. Cp). 4.91 (br s, 2H, Cp), 2.38 (s, 18H. CgMes), 2.09 (q, J = 7.5 Hz, 2H, CH>CHj3),
1.09 (t./ = 7.5 Hz, 3H, CH2CH3); !3C NMR (100 MHz, CDCl3) § 102.4 (Cp), 99.1
(CeMeg), 92.0 (Cp), 80.7 (Cp), 20.0 (CH2), 17.7 (CsMeg), 14.9 (CH3).

= O &

pentane, hv, -30°C

\/ \/ 60 min —I- @

79 296 297

(n3-CsMes)Co(n3-CsHg) (296) and (n5-CsHs)Co(m3-CsMesH) (297) To a Schlenk
tube was added (CsMes)Co(CaHy)z (79) (0.2364 g, 0.9446 mmol). Pentane (50 mL) was
added, and the tube was removed from the drybox. On the Schlenk line cyclopentadiene

(0.45 mL, 5 equiv) was added and the tube was ccoled to -30 °C. Photolysis was carried
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out for 60 min. with a nitrogen purge to remove ethylene. After photolysis, the solvent
was removed and the residue extracted with pentane (8 mL) in the drybox. The pentane
extract was filtered through a Celite pad and then taken to dryness. A red-orange solid
residue (0.2432 g, 99%) was left. consisting of about a 2:1 mixture of (n3-CsMes)Co(n?*-
CsHe) (296) and (n3-CsHs)Co(n*-CsMesH) (297). Depending on photolysis time and
other variables, this ratio can change from about 1:3 to 6:1. This mixture was used
without further purification or separation. Data for (CsHs)Co(n*-CsMesH) (297). IR
(hexane cast, cm-!) 3093 (w), 3040 (m), 2949 (s), 2907 (s), 2856 (s), 2721 (s), 1652 (m),
1447 (s), 1378 (s), 1334 (m), 1308 (w), 1236 (w), L1107 (w), 1065 (m), 1027 (m), 1006
(m), 990 (m), 795 (s), 402 (s): 'H NMR (300 MHz, C¢Ds) 8 4.36 (s. SH, CsHs), 2.48 (q.
J=6.0Hz, IH. CsMesH), 2.10 (s, 6H, Me), 1.18 (s, 6H, Me), 0.28 (d, / = 6.1 Hz, 3H,
Me); 13C NMR (100 MHz, CsD¢) 8 89.0, 80.8 (CsHs), 56.7. 41.4. 20.4, 15.2, 12.6. MS
m/z calculated for C|sH3Co (M): 260.09753; found: 260.09757 (96%). MS m/z
calculated for CsH9Co (M*-H»): 258.08188; found: 258.08223(100%).

Data for (n3-C5Mes)Co(n*-CsHg) (296): 'H NMR (300 MHz, CgDg) 84.75 (t.J = 1.9
Hz, 2H, Ha 3), 2.66 (dt, J/ = 13.5, 2.2 Hz, 1H, Hs,), 2.302 (br d, / = 13.5 Hz. |H, Hsp),
1.76 (m, 2H, obscured by CsMes, H\ 4), 1.74 (s, 15H. CsMes). 2This signal apparently

has an unreolved triplet of about 1-2 Hz, as determined by the shoulders on the doublet

peaks.
Me .o
< O X e
| Me™ M: (Eq. 102)

/CQ\ hv, -30°C, 60 min I
\ / benzene Qﬁ @l_.)}- Me

79 298

(n3-CsH4Me)Co(n#-CsMesH) (298). To a Schienk tube was added (CsMes)Co(CaHa)2
(79) (0.1760 g, 0.7032 mmol). Benzene (50 mL) was added, and the tube was removed
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trom the drybox. On the Schlenk line, methylcyclopentadiene (0.40 mL. 5 equiv) was
added and the tube was placed in a cooling bath initially maintained at -30 °C. Photolysis
was carried out for 60 min, with a nitrogen purge to remove ethylene. After photolysis,
the solvent was removed and the residue extracted with pentane (about 10 mL) in the
drybox. The pentane extract was filtered through a Celite pad and then taken to dryness.
A red-orange oily residue (0.1744 g, 90%) was obtained, which consisted of a about a
1.6:1 mixture of (n3-CsH4Me)Co(n*-CsMesH) (298) and its isomer (n3-CsMes)Co(n?-
Me-CsHs). This mixture was used without further purification or separation. Data for
(CsHiMe)Co(n*CsMesH). IR (hexane cast, cm-!) 3035 (m), 2959 (s), 2909 (s), 2704
(m), 1615 (w), 1448 (s), 1374 (m), 1269 (m), 1028 (m), 937 (w), 881 (w), 817 (w), 704
(w); 'H NMR (400 MHz, C¢D¢) §4.19 (t, J = 2 Hz, 2H, Cp), 4.13 (t, /=2 Hz, 2H,
Cp’). 245 (q, /= 6.1 Hz, 1H, CsMesH), 1.83 (s, 3H. Cp'). 2.02 (s, 6H, Me), 1.17 (s, 6H.
Me), 0.45 (d, /= 6.1 Hz, 3H); 13C NMR (100 MHz, CeDs) 0 92.3 (Cp' quaternary),
88.6,81.7 (Cp'). 80.3 (Cp"), 56.4,45.0,20.2, 14.6, 12.1, 10.3 (Cp' Me). MS m/z
calculated for CgH23Co (M*+): 274.10535 found: 274.11296 (15%). MS m/z calculated
for CysH2pCo (M*-CH3z): 259.08969 found: 259.08967 (100%).

sz O S ﬁ

hv, -30°C, 40 min Co M

\/ \/ hexanes <|,3 @_ By

t-Bu

X

79

(n5-CsHy-Bu)Co(n3-CsMesH) (299). To a Schlenk tube was added
(CsMes)Co(CaHay)z (79) (0.1858 g, 0.7424 mmol). Hexane (40 mL) was added, and the
tube was removed from the drybox. On the Schlenk line, t-butylcyclopentadiene (0.27
mL, 3 equiv) was added and the tube was initially maintained at -30 °C. Photolysis was

carried out for 40 min, with a nitrogen purge to remove ethylene. After photolysis, the
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solvent was reduced to about 10 mL and filtered through a Celite pad. After the solvent
was removed, a red-orange solid residue (0.2326 g, 99%) remained, which consisted of
about a 1.3:1 mixture of (n3-r-BuCsH)Co(n+-CsMesH) (299) and its isomer (n5-
CsMes)Co(n?-r-BuCsHs). This mixture was used without further purification or
separation. Data for (n3-r-BuCsH4)Co(n*-CsMesH). IR (hexane cast, cm-!) 3037 (m).
2956 (s), 2902 (s), 2720 (m), 1634 (w), 1457 (m), 1378 (s), 1362 (m)., 1273 (w), 1028
(m), 909 (w), 855 (w), 803 (w), 408 (w); 'H NMR (400 MHz, CsDg) 8 4.06 (br s, 2H,
CpY). 3.97 (br s. 2H, CpY), 2.55 (q. / = 6.0 Hz, IH, CsMesH). 1.99 (s, 6H, Me). 1.33 (s.
9H. 1-Bu), 1.11 (s, 6H, Me), 0.36 (d. J = 6.0 Hz, 3H, Me); !13C NMR (100 MHz, C¢D¢)
5 88.5. 80.4 (CpY), 76.9 (Cph), 56.7, 43.0, 32.1 (+-Bu), 20.4, 14.9, 12.8. Cp! ring
quaternary and (-Bu quaternary carbons were not located. MS m/z calculated for
Ci9H2gCo (M*-H): 315.15231: found: 315.15225 (64%). MS m/z calculated for
C5H29Co (M*-r-Bu): 259.08969; found: 259.08989 (100%).

O e

hv, -30°C, 60 min

Co
\/ \/ pentane <|/3 @—TMS

79 MS 300

(n3-CsHySiMe3)Co(n3-CsMesH) (300). To a Schlenk tube was added
(CsMes)Co(CaHy)z (79) (0.1531 g, 0.6117 mmol). Pentane (50 mL) was added, and the
tube was removed from the drybox. On the Schlenk line, (trimethylsilyl)cyclopentadiene
(0.36 mL, 3 equiv) was added and the tube was cooled to -30 °C. Photolysis was carried
out for 60 min, with a nitrogen purge to remove ethylene. After photolysis, the solvent
was removed and the residue extracted with pentane (about 10 mL) in the drybox. The
pentane extract was filtered through a Celite pad and then taken to dryness. A red-orange
oily residue (0.2120 g, about 100%) was obtained, which consisted of about a 1.6:1
mixture of (n3-SiMe3-CsH4)Co(n*-CsMesH) (300) and its isomer (n3-CsMes)Co(n?-
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(SiMe3)CsHs). This mixture was used without further purification or separation. Data
for (n3-SiMe3-CsHy)Co(n*-CsMesH). IR (hexane cast, cm-!) 2951 (s), 2897 (m)., 2856
(m), 2717 (m), 1447 (m), 1378 (m), 1357 (m), 1245 (s), 1162 (m), 1081 (m), 1038 (m).
900 (m), 833 (s), 796 (m), 751 (m), 688 (m). 629 (m); 'H NMR (400 MHz. C¢Dg) O
4.33(t,J= 1.8 Hz, 2H, Cp™S), 4.11 (t, J = 1.8 Hz, 2H, CpT™S), 2.58 (q. /= 6.1 Hz, |H.
CsMesH), 2.02 (s, 6H, Me), 1.16 (s, 6H, Me), 0.43 (s, 9H, SiMe3), 0.40 (d. / = 6.1 Hz,
3H. Me): 13C NMR (100 MHz. CgDg) & 89.4.85.0 (CpTMS), 84 4 (CpTMS), 56,6, 42.3,
20.4, 15.1, 12.8, 0.50 (TMS). CpTMS ring quaternary carbon was not located. MS mv/-
calculated for CgH>9CoSi (M*): 332.137085; found: 332.13481 (9%). MS m/z

calculated tor C|sH>0Co (M* - SiMe3): 259.08969: found: 259.08980 (100%).

2 Me Me

Meﬁa
1

] H

Me Co Me

—

Table 15. !3C NMR Data for n*-Pentamethyicyclopentadiene Complexes

297 298 299 300
Cp |- 808 81.7 80.4 85.0
- 80.3 76.9 84.4

- 92.3 a a
Cl 56.7 56.4 56.7 56.6
C2 89.0 88.6 88.5 89.4
C3 41.4 45.0 43.0 42.3
C4 20.4 20.2 20.4 20.4
C5 12.6 12.1 12.8 12.8
C6 15.2 14.6 14.9 5.1
Rgroup | - 10.3 32.16 | 0.50

3 Quaternary carbon not located. b Resonance for the t-Bu methyl group only. r-Bu

quaternary not located.
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Me>;#§(m \@, F -

H HBF #Et,0 +
Me Me - Co
Co CH,Cl,, -78°C—RT, 16 h
< v e
297 Me o3

[(CsMes)Co(3,4-Mez-n3-C7H7)]* BF4~ (193). In the drybox. the mixture of (13-
CsHs)Co(n*-CsMesH) (297) and its isomer (29.4 mg. 0.113 mmol) was weighed out into a
Schlenk flask. The tlask was removed to the Schlenk line, where degassed dichloromethane
(6 mL) was added. The solution was cooled to -78 °C and 2-butyne (44 L. 5 equiv) was
added. HBF4¢Et>O (18 uL, 1.1 equiv) was added and the solution was allowed to slowly
warm to room temperature. All volatile material was removed in vacuo and the residue was
purified by flash chromatography on silica gel, using 7% methanol-dichloromethane as the
eluent. An orange band was collected and upon removal of solvent, an orange solid (32 mg,
70%) was obtained. The analytical sample was obtained by recrystailization from
dichloromethane/diethyl ether. Crystals suitable for X-ray crystallographic analysis were
obtained by layering diethyl ether on top of a solution in 5% acetonitrile/dichloromethane.
For full data on this crystal structure, request report # JIMS9605 from the Structure
Determination Laboratory at the University of Alberta Department of Chemistry. IR
(CH1Clj cast, cm-1) 2990 (w), 2915 (w). 1489 (w), 1476 (w), 1437 (w), 1385 (m), 1089
(m), 1049 (s), 1032 (s), 518 (w); 'H NMR (300 MHz, CD>Cl») 8 4.67 (brd, J2.; =9.1 Hz,
LH, H»), 4.40 (ddd, J\.2 = 8.7 Hz, /| .7ex0 = J1-7endo = 4.4 Hz, 1H, H,), 4.04 (dd, /5-6endo =
4.0 Hz, J5.6exo = 7.3 Hz, 1H, Hs), 2.45 (dddd, J7endo-7exo = 16.7 Hz, J7endo-6endo = 9.8 Hz,
J7endo-6exo = 8.8 Hz, J7endo-1 = 5.3 Hz, 1H, H7endo), 2.24 (s, 3H, Me3), 2.00 (s, 3H, Mey),
2.15-1.95 (m, 1H, Hegendo, obscured by Me), 1.77 (s, 15H, CsMes), 1.58 (dddd, J7exo-7endo =
15.9 Hz, J7exo-6ex0 = 5.9 Hz, J7ex0.1 = 3.3 Hz, J7ex0-2 = 4 Hz, 1H, H7exo), 0.77 (dddd, Jeexo-

6endo = 16.5 Hz, Jeexo-7endo = 8.1 Hz, Jeexo-7exo = 5.9 Hz, Jeexo-5 = 4.2 Hz, 1H, Hgexo): 'H-
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'H COSY (400 MHz. CD1Cly) §4.67 (Ha) & §2.24 (w, Me3). § 2.00 (w, Mey); 5 4.40
(H1) € 8 2.45 (H7endo), 8 1.58 (H7exo); 8 4.04 (Hs) & § 2.07 (Heendo). 8 0.77 (Hgexo):
2.45 (H7exo) ¢ 8 1.58 (H7exo), 8 0.77 (W, Heexo): 8 2.07 Héendo) © & 1.58 (H7exo), 8 0.77
(Hgexo): '3C NMR (100 MHz, CD»Cls) 8 110.9 (s, C3). 107.4 (s, C3). 98.0 (s. CsMes),
97.7 (d, ey = 164.2 Hz. C3), 93.5 (d, 'Jcy = 149.7 Hz, Cy), 87.0 (d. ey = 156.3 Hz.
Cs). 35.9 (t. e = 130.2 Hz, C7), 30.6 (t, 'Jcy = 130.0 Hz, Cg), 19.8 (q, 'Jcp = 128.3 Hz,
Me3). 18.6 (g, Ve = 126.2 Hz, Mey), 9.3 (q, Wy = 128.8 Hz, CsMes): 'H-13C
HETCORR (100 MHz, CD>Clz) 6 97.7 (C2) ¢ §4.67 (H2): §93.5 (C}) & 8 4.40 (H,); &
87.0 (Cs) &> 34.04 (Hs): 8 35.9 (C7) & 8 2.45 (H7endo). 8 1.58 (H7exo): 8 30.6 (Cg) > &
2.07 (Hgendo). 8 0.77 (Heexo): 8 19.8 (Me3) «> § 2.00 (Mey); 8 18.6 (Mey) <> §2.24 (Mey):
9.3 (CsMes) «» 8 1.77 (CsMes); Long Range 'H-13C HETCORR (100 MHz, CDACl1) &
2.24 (Me3) &> 8 97.7 (C2), 8 107.4 (Cy), 8 110.9 (C3, strong); & 2.00 (Mey) < 887.0 (Cs),
8 107.4 (Cy, strong), 8 110.9 (C3): HMBC (300 MHz, CD>Cl>) § 110.9 (C3) <> 84.40
(H1). § 4.04 (Hs). 8 2.24 (Me3), § 2.00 (Mey); § 107.4 (Cy) «> 5 4.67 (H2), §4.40 (H)), §
4.04 (Hs). 8 2.24 (Me3), 8 2.00 (Mey), 8§ 0.77 (Hgexo); 897.7 (Ca) & §4.04 (Hs), § 2.45
(H7endo), 8 2.24 (Me3); 8 93.5 (C) &> §4.67 (H2), 8 2.45 (H7endo). 8 1.58 (H7exo), 8 0.77
(Heexo); 8 87.0 (Cs) > 8 2.45 (H7endo), 8 2.00 (Mey), § 0.77 (Heexo): 835.9 (C7) & 84.67
(H2), 84.04 (Hs), 8 0.77 (Hgexo)s 830.6 (Cg) «> 82.45 (H7endo); 8 19.8 (Me3) & §4.67
(H2), 8 2.45 (H7endo); 3 18.6 (Meg) & 8 4.67 (Ha). Analysis calculated for C9H2g8BCoF4:
C, 56.74; H, 7.02; found: C, 56.842; H, 7.052.

Me
M
= | D
[ - - Co + Me clo e (Ea. 107)

S = ’
\\\ / <’\':’ts QE\xd.r,
79 296-dg 297-dg

(n3-CsMes)Co(n3-CsDg) (296-dg) and (1)5-CsDs)Co(n4-CsMesD) (297-dg). A 2:1

mixture of these two compounds was prepared by following the procedure for the
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unlabelled analogue. IR (hexane cast, cm!) 2946 (s), 2905 (s), 2854 (s), 2718 (w), 2286
(W), 2261 (w), 2189 (w), 2164 (w), 2117 (w), 2021 (s), 1971 (w), 1926 (w), 1559 (w),
[448 (m), 1380 (m), 1309 (m). 1244 (m), 1130 (w), 1069 (m), 1028 (m), 1007 (m). 956
(m). 852 (w), 765 (m). 745 (w), 727 (m), 702 (w), 647 (w), 603 (m), 529 (w). 513 (w).
477 (m), 440 (m); Data for (296-dg): 'H NMR (400 MHz, C¢Dg) & 1.74 (s, 15 H. 13-
CsMes): 2H NMR (76.7 MHz, CgDg) 8 4.65 (s, 2D. Ha3). 2.55 (s, D, Dsexo). 2.15 (.
ID, Dsendo). 1.70 (2D, Dyyy). Data for (297-dg): 'H NMR (400 MHz, C¢Dg) 8 1.97 (s.
6H). 1.1 (s, 6H), 0.35 (s, 3H): “H NMR (76.7 MHz, C¢Dg) §4.30 (s. 5D, Cp). 2.40 (s,
ID. n*-C5MesD). MS m/z calculated for C;5H;5DgCo (M+): 266.13519; found:

266.13472 (9%).

Co C O
l Me
<<:\> CHzClz, 12h —i @
ds -78°CHAT
301-d
296-dg ds 193-dg 5

(n3-CsMes)Co(C7HDgMe3)* BF 4~ (193-dg). Prepared according to the procedure for
the unlabelled compound. except the purification step. All volatile material was removed
in vacuo and the residue was recrystallized several times from dichloromethane/diethyl
ether. The resulting light orange powder contained both Cp*(Cp-ds)Co* OTf- (301-dg)
and the title compound. 'H NMR (300 MHz, CDCl3) § 5.22 (s, Cp*CpCo*), 4.65 (br s,
[/TH, H2), 4.39 (brs, 1/7H, H,), 4.03 (br s, 1/7H, Hs), 2.45 (br s, 1/7TH, H7endo), 2.25 (s,
3H, Me), 2.05 (s, Cp*CoCp), 2.00 (s. 3H, Me), 1.77 (s, 15H, CsMes). Other signals are
not observed above baseline noise. 2H NMR (76.7 MHz, CDCl3) § 5.22 (s, Cp*CoCp).
4.65 (s, 1D. D3), 2.39 (s, 1D, Dy), 4.03 (s, LD, Ds), 2.45 (s, 1D, D7endo), 2.0 s, LD,
Déendo). 1.55 (s, 1D, D7exo), 0.75 (s, 1D, Dgexo)-

331



@Me HBF 4*E1,0 | o~ BF
':ﬂe Clo Me Me—=—Me _ Me §°
CH,Cl,, 12h Me ¢1 >
Me—@ -78°C—-RT
298 soa Me

[(CsMes)Co(2,3,5-Me3-n3-C7He)I* BF 4~ (303). A solution of (5-CsH Me)Co(m*-
CsMesH) (298) and its isomer (0.1327 g, 0.4837 mmol) in degassed dichloromethane (8
mL) was cooled to -78 °C in a dry-ice/acetone bath. 2-Butyne (0.2 mL. 10 equiv) was
added by syringe. HBF4¢Et;0 (0.16 mL, 2.2 equiv) was then slowly added. The solution
was then allowed to slowly warm to room temperature, with stirring. All volatile
material was removed and the residue was purified by flash chromatography on a silica
gel column, eluting with 7% methanol/dichloromethane. This yielded a dark red powder
(0.111 g, 55%). IR (CHaCl; cast, cml) 2993 (m), 2966 (m), 2912 (m), 2884 (m), 1454
(s), 1437 (s), 1384 (s), 1354(m), 1270 (m), 1092 (s), 1053 (vs), 1034 (s), 734 (s), 701 (m),
519 (m); 'H NMR (400 MHz, CD:Cl>) & 4.80 (brs, 1H, Hg), 3.91 (dd, J5.6ex0 = 7.3 Hz,
J5-6endo = 4.0 Hz, 1H, Hy), 2.50 (dddd. J7endo-7exo = 16.7 Hz, J7¢ndo-6exo = J7endo-6endo =
7.9 Hz, J7endo-1 = 4.6 Hz, 1H, Hyendo). 2.24 (s, 3H, CHa), 1.89 (s, 3H, CH3), 1.68 (s,
I5H, CsMes), 1.70-1.60 (m, 2H, Hgendo, H7exo. Overlaps with CsMes), 1.52 (s, 3H,
CH3), 0.70 (ddd, Jeexo-6endo = 14.5 Hz, Jexo-7endo = 8.1 Hz, Jgexo-7exo = 3.5 Hz, 1H,
Heexo): 'H-'H COSY (400 MHz, CD2Cl2) 8391 (H|) & 8 2.50 (H7endo). d 1.67
(Héendo, 7exo); 8 2.50 (H7endo) «> 8 1.67 (Héendo, 7exo)» 8 0.70 (Heexo): 8 1.67
(Héendo.7ex0) €> 0 0.70 (Hgexo); 84.80 (Hg) & 8 1.52 (w, Me), 8 1.89 (w, Me); 13C
NMR (100 MHz, CD»Cly) § 115.7 (s, C3), 105.6 (s, C2), 97.4 (d, lJcy = 158 Hz, Cy),
96.8 (s, CsMes), 82.7 (d, lJcy= 151 Hz, C}), 38.4 (t, lJcy= 130 Hz, C7), 354 (t, Uc=
127 Hz, Ce), 27.6 (q, YJcy= 128 Hz, Me), 20.6 (q, !Jcy= 129 Hz, Me), 18.9 (q, JcH=
129 Hz, Me), 9.0 (q, Jcy= 129 Hz, CsMes); 'H-13C HETCORR (100 MHz, CDyCl;) &
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97.4 (C4) &> 54.80 (Hy): §82.7(C1) & 8§3.91 (H|); & 38.4 (C7) & §2.50 (H7endo). &
1.67 (H7exo): 8 35.4 (Ce) > 8 1.67 (Hgendo), 8 0.70 (Heexo); 8 27.6 Me) & & 1.52 (Me):
8 20.6 (Me) < 3 1.89 (Me); & 18.9 (Me) <> §2.24 (Me); § 9.0 (CsMes) <> & 1.68
(CsMes). Analysis calculated for CagH39BCoFy: C, 57.72: H, 7.27: found: C, 57.471: H.

7.481.
Me Me
:' S T Me Me—==—Me c|:+
- o
Co CH,Cl,, 12h Me I
t-Bu—QC_Lz -78°C-HRT Me-@u
299 304 tBu

[(CsMe5)Co(6-¢-Bu-2,3-Mez-n3-C7Hg)I* BF4~ (304). A solution of (13-
C5H4(C(CH3)3))Co(n*-CsMesH) (299) and its isomer (0.1472 g, 0.4652 mmol) in degassed
dichloromethane (8 mL) was prepared and cooled under nitrogen to -78 °C using a dry-
ice/acetone bath. 2-butyne (0.36 mL, 10 equiv) was then added via syringe. HBF4*Et>0
(0.15 mL, 2 equiv) was added dropwise with stirring. The solution was then allowed to
slowly warm overnight to room temperature. All volatile material was removed in vacuo
and the residue was purified by flash chromatography on silica gel using 7%
methanol/dichloromethane. A red powder (0.107 g, 50%) was obtained. IR (CH>Cl> cast,
cm-1) 3014 (m), 2989 (w), 2955 (s), 2914 (m), 2891 (m), 2868 (m), 2846 (m), 1481 (s),
1432 (m), 1394 (m), 1385 (s), 1365 (m), 1282 (w), 1244 (m), 1136 (w), 1071 (s), 1043 (s),
1033 (s), 976 (m), 839 (m), 733 (m), 520 (m); 'H NMR (400 MHz, CD;Cl3) & 5.00 (d, J4-5
=8.3 Hz, IH, Hy), 4.15 (dd, J5.4 = 8.3 Hz, J5.¢ = 5.0 Hz, LH, Hs), 4.05 (dd, /|.7endo = J1-
7exo = 3.3 Hz, 1H, Hy), 2.64 (ddd, J7endo-7endo = 16.0 Hz, J7endo-6 = 1 1.8, J7endo-1 = 4.0
Hz, 1H. H7endo), 2.15 (ddd, J7exo-Tendo = 16.3 Hz, J7exo-6 = 5.3 Hz, J7exo-1 = 3.2 Hz, 1H,
H7exo), 2.24 (s, 3H, Me3), 1.88 (s, 3H, Mey), 1.76 (s, 15H, C5Mss), 0.84 (s, 9H, ¢-Bu), 0.21
(ddd, J6-7endo = 11.8, J6-7ex0 = J6-5 = 5.2 Hz, 1H, Hg); 'H-'H COSY (400 MHz, CD>Cl3)
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0 5.00 (Hy) & 84.15 (Hs); 84.15 (Hs) & 8§0.21 (He); 84.05 (H|) & 8 2.64 (H7endo).
8 2.15 (H7exo): 6 2.64 (H7endo) <> 8 2.15 (H7exo). 8 0.21 (Hg); 8 2.15 (H7exo) & 6021
(Hg): 13C NMR (100 MHz, CD2Cla) § 111.7 (s, C3), 105.7 (s, C3). 98.1 (s, CsMes), 98.1
(d, Wy = 168.3 Hz, Cy4): 94.3 (d, 1Jcy = 152.4 Hz, Cs): 84.6 (d, !Jcy = 150.5 Hz, Cy);
479 (d, lJcy = 129.2 Hz, Cg); 44.8 (t, lJey = 127.7 Hz, C7): 31.8 (s, Cy); 27.3 Q. YJeu =
125.3 Hz, +-Bu): 21.2 (q, Jcu = 129.0 Hz. Me): 18.6 (q, Yeu = 129.4 Hz, Me); 9.4 q,
IJcH = 128.7 Hz, CsMes); 'H-13C HETCORR (100 MHz, CDCla) 8 98.1 (Cy) <> 8 5.00
(Hy): 894.3 (Cs) ¢> 5 4.15 (Hs); § 84.6 (C|) &> 8 4.05 (H{);: $47.9 (Cg) & 80.21 (Hg); &
44.8 (C7) &> 8 2.64 (H7endo), 8 2.15 (H7exo): 8 27.3 (1-Bu) & §0.84 (+-Bu); § 21.2 (Me) &
6 1.88 (Me): 8 18.6 (Me) &> § 2.24 (Me): § 9.4 (CsMes) < 8§ 1.76 (CsMes): Analysis
calculated for Ca3H36BCoF4: C, 60.28; H. 7.92; found: C. 60.004: H, 7.766.

\Q (i) HBF sE1,0, CH,Cl, Q \Q’

cl -78°C—RT, 2h Co
(o)
(ii) Me Me 3
[/C\> -7a°c—>n1', 16h @\ ‘@/\
309 (A) M 1:1 310 (8) H

[(CsMes)Co(n3-6-Et-3,4-Me3C7Hg)]* BF4- (309). and [(CsMes)Co(15-6-Et-2,3-
Me2C7Hg)I* BF4~(310). In the drybox, (CsMes)Co(n*-C7H ) (53.0 mg, 0.184 mmol)
was placed into a flask and removed to the Schlenk line, where dichloromethane (6 mL)
was added. The solution was cooled to -78 °C and HBF4*Et70 (1.5 equiv, 41 pL) was
added. The solution was slowly warmed to room temperature and stirred at that
temperature for 2h. After recooling to -78 °C, 2-butyne (0.2 mL, excess) was added and
the solution allowed to warm overnight to room temperature. The solvent was removed
and the residue was purified by flash chromatography (silica gel), using 5%
methanol/dichloromethane. After two recrystallizations from dichloromethane/diethyl
ether, a light orange powder (28.6 mg, 36%) was obtained which was a 1:1 mixture of

complexes 309 and 310. IR (CH>Cl;cast, cm-!) 2960 (m), 2919 (m), 2860 (m), 1455
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(m), 1384 (m), 1052 (s), 519 (m); 'H NMR (360 MHz, CDCl3) For compound 309: (A
and B labels refer to 309 and 310, respectively) 8 5.08 (d./ = 8.4 Hz. lH, Hy,), 4.26
(ddd J = 8.0, 8.0. 4.4 Hz. [H. Hsy). 3.98 (d.J = 3.6 Hz, [H, Hy,), 2.90-2.72 (m, 2H,
H7a/7b). 2.27 (s, 3H. Mey), 2.1-1.9 (m, 1H. He,, obscured by Me), 1.90 (s, 3H, Me,), 1.78
(s, I5H, CsMes), 1.40-1.00 (series of m, CH>CH3), 0.74 (t, J = 7.4 Hz, 3H, CH>CH3,),
0.19 (dddd, J = 13.8, 9.6, 4.5, 1.2 Hz, IH, Hg,); 'H-IH GCOSY (300 MHz, CDCl3) §
5.08 (Hip) & 8 4.26 (Hsy), 8 2.27 (w, Mey), 8 1.90 (Me,), 8 0.19 (Hgy); 84.26 (Hs,) < &
2.0 (Hga): 83.98 (H|y) & 8 2.7 (H7y): 8 2.8 (H7y7p) <> §2.05 (Hga). & 1.8 (Hep), & 1.2
(CH2CH3). 8 1.0 (CH2CH3), 6 0.19 (Hgy), 8 -0.14 (Hep): 8 2.0 (Hga) <> 0.19 (Hey).
Several correlations from & 1.4-1.0 to § 0.80 and 3 0.74 arise from the ethy! groups.

'H NMR (360 MHz, CDCl3) For compound 310: (A and B labels refer to 309 and 310,
respectively) 04.59 (d. J=9.6 Hz. IH, Hap), 4.29 (ddd, J = 10, 3.6, 1.5 Hz, IH, H}),
3.82 (dd. J = 8.4, 4.5 Hz, IH, Hsp), 2.90-2.72 (m, 2H, H7y7p). 2.26 (s, 3H, Meyp), 2.05 (s.
3H. Meyp), 1.85-1.75 (m. 1H, Hgp, obscured by Me), 1.79 (s, 15H, CsMes), 1.40-1.00
(series of m, CH>CH3), 0.80 (t, J = 7.4 Hz, 3H, CH2CH3yp), -0.14 (ddd, J = 12.6, 10.5.
4.5 Hz, IH. Hep); 'H-'H GCOSY (300 MHz, CDCl3) 8 4.59 (Hap) <> 84.29 (Hp). &

2.26 (w, Meyp), 8 2.05 (Mep): 84.29 (H|p) &> 2.8 (H7p): 8 3.82 (Hsp) <> & 1.8 (Hep).
-0.14 (Hgp): 0 2.8 (H7y7b) > 82.05 (Hgy), 8 1.8 (Hgp), & 1.2 (CH2CH3), § 1.0
(CH2CH3), 8 0.19 (Hgy), 8 -0.14 (Hep): 6 1.8 (Hepb) < -0.14 (Hgp). Several correlations
from & [.4-1.0 to 3 0.80 and 3 0.74 arise from the ethyl groups. Analysis calculated for
C21H332BCoF4: C, 58.63; H, 7.50; found: C, 58.883; H, 7.646.
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Reaction of Diene complex 311 with 2-butyne. A solution of (CsMes)Co(CaHy)a (79)
(0.1129 g, 0.451 [ mmol) and carbomethoxycyclopentadiene246 (0.30 mL., 5 equiv) in
hexane (30 mL) was photolyzed 90 min under a nitrogen purge. The solvent was
removed and the residue was extracted with a small amount of pentane. The pentane
extract was filtered through a Celite pad and the solvent was removed. leaving a deep red
oily residue (0.1017 g, 71%). MS m/z calculated for C;7H>3C00> (M+): 318.10300:
tound: 318.10295 (16%). MS m/z calculated for CigH2Co)> (M* - CH3): 303.07953;
found: 303.07930 (100%).

A Schlenk flask was charged with n#-Cp*Co(13-CsH4(CO>Me) (311) (0.0647 g,
0.203 mmol) and dichloromethane (10 mL). The solution was cooled to -78°C and 2-
butyne (0.16 mL, 10 equiv) was added, followed by HBF4¢Et>0 (30 pL, 1.0 equiv). The
solution was allowed to warm to room temperature overnight. TLC analysis showed only

cobalticenium products.

e &M, @: .

HBF4°Et,0 +
H s°Et;
Me CIO Me — - Co
Me—==—Me >
CH,Cl,, -78°C Me 7
> ™ {@
300 Me o3

Reaction of Diene Complex 300 with 2-butyne. A solution of (CsMes)Co(TMS-CsHs)
(300) (73.0 mg, 0.188 mmol) in degassed CH,Cl» (10 mL) was cooled to -78°C under
nitrogen. To this solution was added 2-butyne (0.2 mL, 10 equiv) and HBF4*Et;0 (31
UL, 1.1 equiv). The solution was allowed to warm to room temperature overa 12 h
period. The solvent was removed in vacuo and the product was isolated by flash
chromatography on silica gel, using 5% methanol/ dichloromethane to elute the red-
orange n3-cycloheptadienyl 193. The product was not completely pure by 'H NMR
spectroscopy and the estimated yield was about 25%. The !H NMR spectrum was

identical to that obtained from the product prepared from Cp*CoCp, HBF; and butyne.
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[(CsMes)Co(2,3,5,6-Mey-n5-C7Hs)]* BF 4~ (87). To a Schlenk flask was added
Cp*Co(CaH4)2 (79) (0.1662 g, 0.6641 mmol) and hexane (40 mL).
Dimethylcyclopentadiene (0.188 g, 2.0 mmol. 3 equiv) was added to the solution. The
light orange solution was then photolyzed for Lh, under a slight nitrogen purge. The
solvent was removed in vacuo and the residue was extracted with a small amount of
pentane. The red pentane extract was filtered through a pad of Celite and the pentane was
removed. A red oily residue (0.1673 g, 87%) remained and was used directly in the next
step.

To a Schlenk flask was added Cp*Co(n*-CsHMe») (0.0674 g. 0.234 mmol) and
dichloromethane (6 mL) under a nitrogen atmosphere. The solution was cooled to -78°C
and 2-butyne (0.18 mL, 10 equiv) was added, followed by HBF4¢Et>O (76 uL). The
solution was allowed to warm slowly to room temperature over a 12 h period and the
solvent was removed. The residue was purified by flash chromatography on silica gel,
eluting with 5% methanol/dichloromethane. A red solid (0.034 g, 33%) was obtained.
The 'H NMR spectrum was identical with that of Cp*Co(C7Mey) (87) prepared from
Cp*Co(allyl) (triflate) and 2-butyne.

337



Chapter 5 Experimental Section

<SS —>

] t-Bu—=—M [+ BF¢
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-78°C - RT Me
314 320

[(CsH4Me)Co(3-t-Bu-4-MeC7H7)[* BF4~ (320). In the drybox. (C sHs5)Co(n*-1-Me-
CsHs) (314) (0.1230 g, 0.6025 mmol) was weighed into a Schlenk flask and removed to
the Schlenk line, where dichloromethane (10 mL) was added. The solution was cooled to
-78 °C and 3,3-dimethyl-2-pentyne (0.56 mL, 7 equiv) was added, followed by
HBF4*Et;0 (0.20 mL, 2.2 equiv). Upon addition of the acid, the color of the solution
deepened from orange to dark red. The mixture was allowed to warm to room
temperature overnight with stirring. All volatile material was removed in vacuo and the
residue redissolved in dichloromethane (3 mL). The product was precipitated by addition
of diethyl ether (20 mL). Recrystallization from dichloromethane/diethyl ether gave a red
solid (0.1983 g. 85%). IR (CHaCl; cast, cm-1) 3113 (m), 2968 (s), 1695 (w), 1481 (s).
1456 (s), 1416 (m), 1382 (s), 1344 (w), 1308 (w), 1283 (w), 1241 (w), 1173 (w), 1057
(s), 860 (m), 733 (w), 695 (w), 520 (m), 481 (w), 465 (w); 'H NMR (300 MHz, CDCl3)
8 5.48 (brs. IH. Cp’). 5.38 (brs, 1H, Cp'), 5.30-5.24 (m, ddd by decoupling, J1.2=9.6
Hz. J1-7endo = 3.6 Hz, J|_7exo = 2.0 Hz, 1H, H}), 5.20-5.14 (m, 2H, Cp' and H>), 5.04 (br
s, IH, Cp'), 4.96 (dd, J5.6endo = 8.4 Hz, J5.6ex0 = 5.4 Hz, 1H, Hs). 2.87 (dddd, J7endo-Texo
= 17.4 Hz, J7endo-6exo = 11.7 Hz, J7endo-6endo = 8.7 Hz, J7endo-1 = 3.6 Hz, 1H, H7endo),
2.37 (s, 3H, Mey), 2.08 (s, 3H, Cp' Me), 2.02-1.90 (m, ddddd by decoupling, /7exo-7endo =
17 Hz, J7exo-6ex0 = 5.9 Hz, J7exo-1 = 2.0 Hz, J7exo-6endo = 0.8 Hz, J7exo-2 < | Hz, LH,
H7exo), 1.75-1.65 (m, ddddd by decoupling, Jeendo-6exo = 12.5 Hz, Jéendo-5 = Jéendo-Tendo
=8.3 Hz, Jeendo-2 = 1.8 Hz, Jendo-7exo = 0.8 Hz, 1H, Heendo), 1.58 (s, 9H, t-Bu), 0.057

(dddd, Jeexo-6endo = J6exo-7endo = 1 1.6 Hz, Joexo-7exo = Jéexo-5 = 5.7 Hz, 1H, Heexo); 'H-
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'H GCOSY (300 MHz, CDCl3) §5.48 (Cp') > 8§ 5.38 (Cp"). 8 5.17 (Cp"). § 5.04 (Cp),
2.08 (w, Cp' Me): 6 5.38 (Cp) &> 8 5.17 (Cp'), 6 5.04 (Cp"). 2.08 (w. Cp' Me); § 5.27
(Hy) > 835.17 (Ha). 8 2.87 (H7endo). 1.95 (H7exo). 8 1.70 (Hgendo): 83.17 (H2 Cp') &> &
5.04 (Cp"). 6 2.87 (H7endo)- 8 2.37 (w, Mey), 1.95 (H7exo). 8 1.70 (Hgendo): & 4.96 (Hs)
& 8 2.37 (w, Mey), 8 1.70 (Hegendo). 8 0.057 (Hgexo): 8 2.87 (H7endo) € 8 1.95 (H7exo).
8 1.70 (Hgendo). 8 0.057 (Heexo): 8 1.95 (H7exo) € 80.057 (Hgexo): 8 1.70 (Hgendo) < &
0.057 (Heexo): 13C NMR (100 MHz, CDCl3) & 134.3, 106.4, 104.2, 90.2, 87.9, 87.6,
87.00, 86.98. 86.8, 40.8 (C7), 36.6, 32.3 (+-Bu), 25.35 (Mey, Cg), 25.26 (Mey Cg), 13.0
(CsHiMe): HMQC (300 MHz, CDCl3, select data only) 8 90.2-86.8 <> § 5.8-4.6: § 40.8
(C7) © 32.87 (H7endo). 8 1.90 (H7exo): §32.3 (1-Bu) &> § 1.58 (+-Bu); § 25.35/25.26
(Meg, Cg) & 6 2.37 (Mey). 8 1.70 (Hgendo)- 8 0.057 (Hgexo): 8 13.0 (CsHiMe) &> §2.08
(CsHiMe). Electrospray MS m/z calculated for CgHisCo (M*-BF4): 301.136649:
found: 301.135900 (100%). Analysis calculated for C gH2¢BCoFy: C, 55.70; H, 6.75:
found: C, 55.383; H. 6.790.

| TMS———Me [ . BF¢
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[(CsH4Me)Co(3-(SiMe3)-4-MeC7H7)[* BF4~(321). In the drybox, (Cp)Co(n*-1-Me-
CsHs) (314) (0.0722 g, 0.354 mmol) was weighed into a Schlenk flask and removed to
the Schlenk line, where dichloromethane (8 mL) was added. The solution was cooled to
-78 °C and 1-(trimethylsilyl)-propyne (0.105 mL, 2 equiv) was added, followed by
HBF4¢Et;0 (0.115 mL, 2.2 equiv). Upon addition of the acid, the color of the solution
deepened from orange to dark red. The mixture was allowed to warm to room
temperature overnight, with stirring. All volatile material was removed in vacuo. The

residue was purified by flash chromatography on silica gel, using 5%
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methanol/dichloromethane as an eluent. A deep red band was collected and dried to give
an orange solid (0.1131 g, 85%). IR (CDClj3 cast, cm-l) 3111 (w), 2958 (w), 2263 (w),
1694 (w), 1481 (m), [455 (m), 1435 (m), 1414 (m), 1381 (w). 1344 (w), 1256 (s), 1056
(s). 916 (m), 842 (s), 763 (m), 727 (m), 647 (w), 624 (w), 520 (m), 409 (m); 'H NMR
(360 MHz. CDCl3) 3§ 5.64 (br s, 1H. Cp'), 5.4-5.3 (m, 2H, Cp' and H ), 5.18 (br s. IH,
Cp". 5.09 (d, J2.1 = 9.6 Hz, 1H, H»), 5.01 (dd. J5.6endo = 8.1 Hz, J5.6exo = 5.1 Hz, 1H,
Hs), 4.97 (br s, Cp'), 2.94 (m, dddd by decoupling, J7¢ndo-7exo = 17.5 HZ, J7endo-6exo =
11.2 Hz, J7endo-6endo = 8.5 Hz, J7endo-1 = 3.9 Hz, 1H, H7endo), 2.52 (s, 3H, Mey), 2.06 (s,
3H, Cp' Me), 2.00 (m, dddd by decoupling, J7exo-7endo = 16.9 Hz, J7exo-6ex0 = 5.4 Hz.
J7exo-1 = small, J7exq.6endo = small, 1H, H7exo). 1.85 (m, ddddd by decoupling, Jgendo-
6exo = 12.2 Hz, Jeendo-7endo = J6endo-5 = 8.3 Hz, Jeendo-1 < LHz, Jeendo-7exo = 0.8 Hz, 1H,
Héendo). 0-36 (s, 9H, SiMe3), 0.15 (m. dddd by decoupling, Jeexo-6endo = 12.0 Hz, Jgexo-
Tendo = 12.0 Hz, Jeexo-7ex0 = 5.9 Hz, Jexo-5 = 5.1 Hz, 1H, Heexo); 'H-'H GCOSY (300
MHz, CDCl3) 8 5.64 (Cp') «> 8 5.37 (Cp'), 8 5.18 (Cp"), § 4.97 (Cp"), § 2.06 (w, Cp'
Me): 8 5.37 (H{) &> 8 5.09 (Ha2), 8 2.94 (W, H7endo), 8 2.00 (W, H7exo). 8 1.85 (w,
Heendo); 8 5.34 (Cp') & 3 5.18 (Cp'), §4.97 (Cp'); 8 5.18 (Cp") &> § 4.97 (Cp’); § 5.09
(H2) & 82.00 (w, H7exo); 85.01 (Hs) &> 8 1.85 (Hgendo)»  0.15 (Hgexo): & 2.94
(H7endo) € 8 2.00 (H7exo), 8 1.85 (Hgendo). 8 0.15 (Heexo); 8 2.00 (H7exo) & 8 0.15
(Héexo): 0 1.85 (Heendo) ¢ 8 0.15 (Heexo). Note that no cross peak was observed for 8
2.00 (H7exo) ¢ 3 1.85 (Hgendo)- !2C NMR (100 MHz, CDCl3) § 121.2 (s, C3), 104.6 (s,
Cp' quaternary), 101.5 (s, C4), 95.8 (d, lJcy = 167.8 Hz, C3), 91.9 (d, lJcy = 154.8 Hz,
C1). 88.6 (d, lJcy = 159.6 Hz, Cs), 87.43 (d, lJcy = 180 Hz, Cp'), 86.4 (d, \Jcy = 182.7
Hz, Cp'), 85.4b (d, lJcy = 183 Hz, Cp'), 41.3 (t, Ucy = 131.3 Hz, C7), 27.0 (t, Vel =
132.9 Hz, Cg), 22.6 (q, JcH = 129.1 Hz, Mey), 12.7 (q, /ey = 129.3 Hz, Cp' Me), -0.10
(q, Ycu = 120.3 Hz, SiMe3). 2Signal obscured in gated spectrum. YTwo carbon signals
overlap. HMQC (300 MHz, CDCl3) 895.8 (C2) & 85.09 (H2); §91.9(C)) & §5.35
(Hy); 3 88.6 (Cs) «> 85.01 (Hs); § 87.4 (Cp') &> § 5.18 (Cp'); 5 86.4 (Cp') & & 5.64
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(Cp"): 385.4 (Cp') & 85.35 (Cp'), 4.97 (Cp"); 8 41.3 (C7) & 8 2.94 (H7engo). & 2.00
(H7exo): 827.0 (Cg) ¢ 8 1.85 (Hegendo). 8 0.15 (Heexo): 822.6 (Mey) & §2.52 (Mey); &
[2.7 (Cp' Me) & 8 2.06 (Cp' Me); § -0.10 (SiMe3) <> §0.36 (SiMe3);: HMBC (300
MHz. CDCl3) 8 121.2(C3) > 8 5.01 (Hs). 8 2.52 (Mey): § 104.6 (Cp') > 8 5.64 (Cp').
5.35(Cp'), 85.18 (Cp"), § 4.97 (Cp'), § 2.06 (Cp' Me): 8 101.5 (Cy) &> §5.09 (H2). § 5.01
(Hs), 8 2.52 (Mey). 8 1.85 (Heendo). 8 0.15 (Heexo): 895.8 (C2) &> §5.44 (H,), 5 2.94
(H7endo): 891.9 (Cy) &5 §5.09 (H2), 8 2.94 (H7endo)» & 1.85 (Heendo): 8 88.6 (Cs) &> &
2.52 (Mey), 8 1.85 (Heendo). 8 0.15 (Heexo): 8 87.4/86.4/85.43 (Cp') & § 5.64 (Cp'). §
5.35(Cp"). 6 5.18 (Cp"), 8 2.06 (Cp' Me); § 41.3 (C7) > 8 5.09 (H2), § 0.15 (Hgexo): &
27.0 (Ce) > 85.01 (Hs), 3 2.94 (H7endo): 822.6 (Cp' Me) &> & 5.18 (Cp"). 2Carbon
signals unresolved. Electrospray MS m/z calculated for C|7H26CoSi (M*-BF,):
317.113577; found: 317.113890 (100%). Analysis calculated for C|7H2¢BCoFSi: C,
50.51: H, 6.48; tound: C, 50.331: H, 6.137.
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[(CsH4Me)Co(3,4-(SiMe3)2C7H7) I BF4~ (322). In the drybox, (Cp)Co(n?*-1-Me-
CsHs) (314) (0.1457 g, 0.7137 mmol) was weighed into a Schlenk flask and removed to
the Schlenk line, where dichloromethane (15 mL) was added. The solution was cooled to
-78 °C and bis(trimethylsilyl)acetylene (0.35 mL, 3 equiv) was added, followed by
HBF3+Et70 (0.231 mL, 2.2 equiv). Upon addition of the acid, the color of the solution
deepened from orange to dark red. The mixture was allowed to warm to room
temperature overnight, with stirring. All volatile material was removed in vacuo and the
residue redissolved in dichloromethane (3 mL). The product was precipitated by addition

of diethyl ether (20 mL). Recrystallization from dichloromethane/diethyl ether gave a

341



light orange solid (0.3104 g, 94%). IR (CH1Cl5 cast, cm!) 3096 (w), 2957 (m), 1482
(m), 1455 (m), 1433 (m), 1254 (m), 1054 (s), 981 (m), 867 (s), 834 (s). 761 (m), 699 (w),
638 (w), 627 (w), 520 (m); 'H NMR (400 MHz, CDCl3) §5.73 (br s, 1H. Cp'), 5.73-
5.68 (m. dddd by decoupling, Ji.2 = 10.2 Hz, J|.7endo = 3.6 Hz. J|_7ex0 = 3.2 Hz. /| 6endo
<l Hz, IH., Hy), 5.40 (br s, LH, Cp"), 5.23 (dd. J5.6endo = 8.1 Hz, J5.6exo = 5.6 Hz. 1H,
Hs), 5.21 (brs, 1H, Cp'), 5.08 (d. J2.| = 10.2 Hz, LH, H>5), 4.90 (br s, IH. Cp’). 3.09 (m,
dddd by decoupling, J7endo-Texo = 18.0 Hz, J7endo-6exo = 1 1.8 Hz, J7endo-6endo = 8.3 Hz,
J7endo-1 = 3.6 Hz, 1H, H7endo), 2.23 (s, 3H, Cp' Me), 2.20 (m, obscured by Me. Jyps = 17
Hz, dddd by decoupling, J7exo-7endo = 17.1 Hz, J7ex0-6ex0 = 5.9 Hz. J7exo-6endo = 2.1 Hz.
Jexo-1 = 3.2 Hz, 1H, H7exo), 1.75-1.65 (m, dddd by decoupling, Jeendo-6exo = 11.9 Hz.
J6endo-7endo = 8.3 Hz. Jeendo-5 = 8.1 Hz, Jeendo-7exo = 2.1 Hz, 1H, Hgendo). 0.55 (s. 9H.,
SiMe3), 0.41 (s. 9H, SiMe3), 0.042 (dddd. Jeexo-6endo = J6exo-Tendo = 12.6 Hz, Jeexo-Texo
= Jéexo-5 = 6.3 Hz, LH, Hgexo): 'H-'H GCOSY (300 MHz, CDCl3) §5.73 (Cp') & &
5.40 (Cp'). 8 5.21 (Cp"), 64.90 (Cp'); 8§ 5.70 (H) > 8 5.08 (H>), § 3.09 (H7endo). 8 2.20
(W, H7exo). O 1.70 (Heendo): 85.40 (Cp') &> 8 5.21 (Cp'), §4.90 (Cp'); §5.23 (Hs) & &
1.70 (Hgendo). 8 0.04 (Heexo): 85.21 (Cp') & 84.90 (Cp'); § 5.08 (Ha) & &2.20 (w,
H7exo): 8 3.09 (H7endo) € 8 2.20 (H7exo), 8 1.70 (Heendo): 8 0.04 (Hgexo); 8 2.20 (H7exo)
> 0 0.04 (Heexo): 8 1.70 (Hpendo) <> 80.04 (Hgexo): '3C NMR (100 MHz, CDCls, lJcy
values obtained from HMQC spectrum) & 119.9 (s, C3), 106.8 (s, C4), 105.0 (s, Cp' ring
quaternary), 99.4 (d, lJcy = 168 Hz, C3), 95.3 (d, /ey = 156 Hz, C)), 91.7 (d, 'Jcy =
158 Hz, Cp'), 88.1 (d, lJcH = 184 Hz, Cp'), 86.6 (d, |Jcy = 182 Hz, Cp"). 85.08 (d. JcH =
186 Hz. Cs), 84.6 (d, !JcH = 184 Hz, Cp"), 42.2 (t, Uy = 128 Hz, C7), 26.5 (t, \UcH =
[33 Hz, Cg), 13.5 (q, lJcH = 128 Hz, Cp' Me), 2.2 (q, 'Jcy = 117 Hz, SiMe3), 1.6 (q,
Uch = 120 Hz, SiMe3). 3/ value appears abnormally large. HMQC (300 MHz, CDCl3)
899.4 (C2) &> 85.08 (H3): 95.3 (C}) «»85.70 (H}); §91.7 (Cp) &> 8 5.21 (Cp"); &
88.1 (Cp") &> 8 5.40 (Cp'): 8 86.6 (Cp") &> 8 5.73 (Cp'); 885.0 (C5) & 85.23 (Hs); 8 84.6
(Cp) &> 6 4.90 (Cp'); §42.2 (C7) & 8 3.09 (H7endo), 8 2.20 (H7exo); 826.5 (Cg) «
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1.70 (Hgendo). 8 0.04 (Heexo): 8 13.5 (Cp' Me) > § 2.23 (Cp' Me): §2.2 (SiMe3) & §
0.55 (SiMe3); 8 1.6 (SiMe3) «» 6 0.41 (SiMes3). Analysis calculated for
Ci9H3>BCoFSia: C, 49.36; H, 6.98; tound: C, 49.192; H, 7.115.

@ HBF4°Et,0 —© BF¢ @ BFs
Co A —2 + Co Me
| Bh.onL
_ 2~2 +-B
314

[(CsH4Me)Co(3-t-BuC7Hg)I* BF 4~ (323) and [(C5Hs)Co(1-Me-3-t-BuC7H7)]* BF 4~
(324). In the drybox, (CsHs)Co(n#-1-Me-CsHs) (314) (0.1463 g, 0.7166 mmol) was
weighed into a Schlenk flask and removed to the Schlenk line, where dichloromethane
(12 mL) was added. The solution was cooled to -78 °C and 3,3-dimethyl-1-butyne (0.62
mL. 7 equiv) was added, followed by HBF4Et;0 (0.23 mL, 2.2 equiv). Upon addition of
the acid, the color of the solution deepened from orange to dark red. The mixture was
allowed to warm to room temperature overnight with stirring. All volatile material was
removed in vacuo and the residue redissolved in dichloromethane (3 mL) and filtered
through a Celite pad. The product was precipitated by addition of diethyl ether (20 mL).
Recrystallization from dichloromethane/diethyl ether gave an orange powder (0.2364 g,
88%). The product consisted of a 4:1 mixture of (CsH4Me)Co(3--Bu-C7Hg) (323) and
(CsHs)Co(3-r-Bu-5-Me-C7H7) (324). Major isomer 323: IR (CH>Cl; cast, cm-!) 3114
(m), 2968 (m), 2876 (m), 1497 (w), 1480 (m), 1411 (m), 1374 (m), 1266 (w), 1053 (s),
871 (m), 735 (m), 699 (w), 521 (m), 466 (w); 'H NMR (300 MHz, CDCl3) §5.51 (t,J =
1.9 Hz, 2H, Cp'H), 5.46 (d, / = 9.0 Hz, 2H, Hy4), 5.38 (1, J = 2.0 Hz, 2H, Cp", 5.30-5.20
(m, 2H, Hy/s), 2.50-2.40 (m, 2H, Heendor7endo), 2.00 (s, 3H, Me), 1.56 (s, 9H, ¢-Bu), 1.25-
1.15 (m, 2H, Hgexor7exo); 'H-'H GCOSY (300 MHz, CDCl3) §5.51 (Cp") & §5.38
(Cp'); 85.46 (Hya) > §5.25 (Hy/s); 85.25 (Hy/5) > 82.45 (He/7endo): 8 1.20 (He/7exo);
8 2.45 (He/7endo) € 8 1.20 (Hg/7ex0): '3C NMR (100 MHz, CDCl3) § 132.7 (C3), 129.2
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(Cp' quaternary), 89.6 (Cy4), 87.5 (Cp'), 87.0 (Cp'). 85.4 (Cy/5), 36.5 (1-Bu quaternary),
33.7 (Ces7). 31.2 (1-Bu), 13.2 (Cp' Me). Data for minor isomer 324: 'H NMR (300 MHz.
CDCl3. partial data only) 6 5.58 (s, LH. H»), 5.43 (s, SH. Cp), 5.40-5.35 (m. obscured,
JH. Hys), 2.80 (dddd. J = 15.9. 8.4, 8.4, 4.5 Hz, I H. H7endo), 2.06-1.92 (m. obscured by
Me), 1.84-1.76 (m, obscured by ¢-Bu), .84 (s, 3H, Me), 1.58 (s, 9H, ¢-Bu), 0.83 (ddd. J =
14.1, 8.4, 6.0 Hz, 1H. Heexo); 'H-'H GCOSY (300 MHz, CDCl3) 6 5.58 (H2) & §5.37
(w. Ha/5). 3 1.84 (w. Me): 8 5.37 (Hys) & 8 2.80 (H7endo): 8 2.80 (H7endo) & 8 2.00
(H7exo). 8 1.80 (Hgendo)- 8 0.83 (Heexo): 82.00 (H7exo) <> 8 1.80 (Hgendo), 8 0.83
(Héexo): 8 1.80 (Hgendo) € 8 0.83 (Hgexo). Analysis calculated for C|7H>4BCoFy: C.

54.58:; H, 6.47; tound: C, 54.614: H, 6.326.

< ‘@ "@ BF, 5

: uas‘-ezzo 7
Co -
| / \/ Ph
> cnzcu Ph < -
'78°C—)RT Ph Ph

314

[(CsH4Me)Co(3,4-PhyC7H7)]* BF 4~ (325) and [(CsH4Me)Co(3-5n-8-911-1,2,8,9-
tetraphenylbicyclo(4.3.0]nona-4,8-dien-3-yl )]* BF4~(326). In the drybox, a Schienk
flask was charged with CpCo(n+-CsHsMe) (314) (0.2299 g, 1.126 mmol). The flask was
removed to the Schlenk line, where dichloromethane (25 mL) was added, followed by
diphenylacetylene (2.00 g, 10 equiv). The flask was cooled to -78°C and HBF4°Et,O
(0.365 mL, 2.2 equiv) was added by syringe. The flask was allowed to warm slowly to
room temperature. The solvent was removed and the residue was triturated with pentane
to remove excess diphenylacetylene. The remaining residue was purified by column
chromatography on silica gel, eluting with 5% methanol/dichloromethane. A dark red
fraction was obtained and dried to give a red powder (0.2977g, 41%) of the bis adduct
326. A second light orange fraction was collected and dried to give an orange powder

(60.6 mg, 10%) of the diphenylcycloheptadienyl cobalt complex (325). The remainder of
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the material balance is unknown. In a similar experiment with 3 equivalents of alkyne,
32% of the bis adduct 326 and 23% of the monoadduct 325 were isolated.

Data for the bis adduct 326: IR (CH>Cl» cast, cm-!) 3058 (m), 2926 (w), 1599 (m),
1575 (w), 1494 (s), 1478 (m), 1455 (m), 1443 (m). 1425 (m), 1386 (w). 1312 (m), 1267
(m), 1221 (w), 1160 (m), 1058 (s), 926 (w), 898 (w), 868 (m), 847 (m), 773 (s)., 734 (s).
700 (s), 631 (w), 612 (m), 595 (w), 562 (m), 544 (m), 521 (m), 487 (w), 462 (w): 'H
NMR (400 MHz. CDCl3) 8 7.62-7.46 (br m. 2H. Hpyp), 7.49 (t. J = 7.2 Hz, 2H, Hpy,),
7.40-7.40 (m, 4H, Hpy), 7.00-6.80 (m, 11H, Hpy, and H3), 6.75 (t. J = 7.5 Hz. 2H. Hpy),
6.35 (d. J5.6 = 5.5 Hz, 1H, Hs), 6.22 (d, /= 7.9 Hz, 2H, Hpy,), 5.24 (brs, LH, Cp'), 5.11 (¢,
Ji.6 =J4.5= 6.8 Hz, IH, Hy), 4.912 (br s, 2H, Cp"), 4.50 (br s, 1H, Cp"), 4.35(d, J>.3=

5.1 Hz, IH, H»), 4.19 (d, J72.75 = 15.2 Hz, 1H, H7,), 3.310 (dd, J7p.7a = 14.7 Hz. J7p.¢ =
3.0 Hz, LH, H7p), 2.77 (br s, 1H, Hg), 1.64 (s, 3H, Cp' Me). 2 Depending on
concentration, this signal is resolved into two separate Cp' singlets at § 4.92 and & 4.86. b
Small J value is not always well resolved. 'H-'H GCOSY (300 MHz, CDCl3) & 6.89
(H3) © 8 6.35 (w. Hs), 8 5.11 (Ha), 8 4.35 (H3); § 6.78 (Hpp) & & 6.22 (Hpy): 8 6.35
(Hs) & 8 5.11 (Hyg), 6 2.77 (He); 8 5.24 (Cp") &> 8§ 4.91 (Cp'). 5 4.50 (Cp'), & 1.64 (w, Cp’
Me); 85.11 (Hs) > 8 2.77 (w. Hg); 6 4.91 (Cp') & §4.50 (Cp"), & 1.64 (w. Cp' Me); &
4.50 (Cp") & & 1.64 (w, Cp' Me); §4.19 (H7) &> 8 3.31 (H7p), 8§ 2.77 (w, Hg); 8 3.31
(H7p) & 8 2.77 (He); '3C (100 MHz, CDCl3) & 138.4 (s, Cpp), 136.5 (s, Cpp), 136.0 (s,
Cpn), 135.12 (Cpp), 134.93 (s, Cpy), 130.82 (Cpy), 130.43 (Cpy), 129.72 (Cpy), 129.23
(Cph), 128.92 (Cpp), 128.52 (2Cpp), 128.43 (2Cpy), 127.423 (2Cpp), 127.22 (2Cpy). 110.2
(s, Cg), 104.2 (s, Cp' quaternary), 95.6 (d, !Jcy = 182.7 Hz, Cp'), 94.2 (d, lJcH = 176.9
Hz, Cp'), 93.2 (d, lJcy = 185.6 Hz, Cp'), 91.7 (d, tJcy = 171.1 Hz, C4), 91.5 d, Ve =
169.7 Hz, Cs), 88.5 (d, l/cy = 185.6 Hz, Cp'), 81.8 (d, !Jcy = 168.2 Hz, C3), 64.0 (s,
C), 52.4 (d, ey = 131.1 Hz, C3), 48.0 (t, LJcy = 126.6 Hz, C7), 38.6 (d, /ey = 138.8
Hz, Ce), 12.6 (q, 'Jcy = 128.1 Hz, Cp' Me). 2 Phenyl carbon signals do not resolve in the
gated decoupled 13C spectrum. HMQC? (300 MHz, CDCl3) § 95.6 (Cp') & 8 4.50
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(Cp); 894.2 (Cp) <> 84.91 (Cp'); §93.2(Cp') &> 84.91 (Cp');: §91.7 (Cy) > 8 5.11
(H4): 3915 (Cs) > 8§ 6.35 (Hs); § 88.5 (Cp") > §5.24 (Cp"): 5§ 81.8 (C3) & 8 6.89 (H3):
0 52.4(C2) > 64.35 (H2): §48.0 (C7) © 84.19 (H7y), 8 3.31 (H7p); 8 38.6 (Cg) & &
2.77 (Hg): 6 12.6 (Cp' Me) ¢ 3 1.64 (Cp' Me). 3 Phenyl carbon signals do not resolve in
either the HMQC or HMBC spectrum. HMBC? (300 MHz, CDCl3) & 138.4 (Cpp) & 0
4.35 (H2): 8 136.0 (Cpn) > 3 6.78 (Hpy): 8 135.1 (Cpp) & 8 7.5 (Hpp): & 130.4 (Cpp) <
04.19 (H7,): 8 128.4 (Cpp) > §4.35 (H3): § 127.4 (Cpp) © 8 6.22 (Hpp): 8 110.2 (Cy)
© 34.35 (Ha). 8 4.19 (H7,): 8 104.2 (Cp' quaternary) « § 5.24 (Cp'), §4.91 (Cp'),
4.50 (Cp'), & 1.64 (Cp' Me); §95.6 (Cp') «> § 5.24 (Cp'). 8 4.91 (Cp"). & 1.64 (Cp' Me); &
94.2/93.2b (Cp') &> & 5.24 (Cp"), § 4.91 (Cp'), 84.50 (w, Cp'), § 1.64 (Cp' Me); 8
91.7/91.5b (C4/Cs) &> 5 6.89 (H3), 8 4.35 (H>»), 5 4.19 (H7,): 6 88.5 (Cp') & 8 4.91 (Cp),
3 4.50 (w, Cp"). 8 1.64 (Cp' Me); 5 81.8 (C3) & 86.35 (Hs), § 4.35 (Ha); § 64.0 (C) &
9 6.89 (H3). 8 6.35 (Hs). 3 6.22 (Hpp); 8§ 4.35 (H2), § 4.19 (H7,): §52.4 (C3) & §5.11
(H4). 8 38.6 (Ce) & 85.11 (Hy), 8 4.35 (H1). 2 Phenyl carbon signals do not resolve in
either the HMQC or HMBC spectrum. bSignals not well resolved. Analysis calculated
for C39H35BCoF4: C, 72.13; H, 5.43; found: C, 69.967; H, 5.263. Electrospray MS m/z
calculated for C3gH34Co (M+ - HBF4): 561.199249; found: 561.198751 (100%).

Data for the mono adduct 325: IR (CH>Cl5 cast, cm-!) 3106 (w), 3050 (vw),
3045 (vw), 2950 (vw), 2925 (vw), 2861 (w), 1445 (w), 1433 (w), 1411 (w), 1383 (w),
1366 (w), 1284 (w), L181 (w), 1157 (w), 1047 (s), 897 (w), 866 (W), 848 (w), 840 (w),
789 (w), 766 (m), 701 (m), 626 (w), 598 (w), 558 (w), 534 (w), 521 (w); 'H NMR (400
MHz, CD>Cl3) & 7.60-7.20 (series of m, 10H, Hpy), 5.66 (br's, LH, Cp'), 5.63 (dd, Js.
6endo = 8.1 Hz, J5.6ex0 = 4.8 Hz, 1H, Hs), 5.35 (m, 2H, H}, Hy), 5.24 (br s, 1H, Cp"), 5.22
(brs, IH, Cp’), 5.12 (brs, 1H, Cp'), 3.08 (dddd, J7endo-7exo = 17.5 Hz, J7endo-6exo =
J7endo-6endo = 9.0 Hz, J7endo-1 = 0.8 Hz, 1H, H7endo), 2.29 (dddd, Jeendo-6exo = 13.6 Hz,
J6endo-Tendo = 8.7 Hz, Jeendo-5 = 8.4 Hz, Jeendo-7exo = 2.5 Hz, 1H, Hgendo), 2.02 (br dd,
dddd by decoupling, J7exo-7endo = 17.3 Hz, J7exo-6exo = 5.1 Hz, J7exo-6endo = 2.5 Hz,
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J7exo-1 <2 Hz, LH, H7exo). 1.77 (s, 3H, Cp' Me), 0.79 (m, ddddd by decoupling, Jgexo-
6endo = 14.5 Hz, Jgexo-7endo = 10.0 Hz, Jgexo-7exo = 5.1 Hz, Jgexo-5=4.8 Hz, Jops = 1.9
Hz, IH, Heexo): 'H-'HGCOSY (300 MHz, CD2Cla) § 5.66 (Cp') & § 5.233 (Cp'). &
5.12(Cp"): 6 5.63 (Hs) <> 8 2.29 (Hgendo). 8 0.79 (Heexo): 8 5.35 (H|/2) & & 3.08
(H7endo). 6 2.02 (H7exo); 85.232 (Cp') > 8 5.12 (Cp'); 8 3.08 (H7endo) & & 2.29
(Héendo). 6 2.02 (H7exo), 8 0.79 (Hgexo): 62.29 (Hgendo) <> 8 2.02 (H7exo). 8 0.79
(Heexo): 8 2.02 (H7exo) © 8 0.79 (Hgexo):

I
! HB F4‘Etz° Co

Co >
t-Bu————H -8 1
@ CH,Cl, ({ I ’
.78°C—RT
315 16h 327

[(CsH4Pr)Co(n35-3-t-BuC7Hg)}* BF4~ (327). In the drybox, a flask was charged with
(n3-CsHs)Co(m?-1-iPrCsHs) (315) (0.1047 g, 0.4509 mmol) and removed to the Schienk
line, where dichloromethane (10 mL) was added. The solution was cooled to -78 °C and
HBF4°Et>0 (0.146 mL. 2.2 equiv) was added, turning the solution a deep red color.
Upon addition of 3,3-dimethyl-1-butyne (0.167 mL, 3 equiv), the color turned to green.
After 2 h at -78 °C, the solution had turned a deep red color. Allowing the solution to
warm to room temperature did not result in any further color change. Removal of all
volatile material gave a dark oily residue. The compound was purified by flash
chromatography (silica gel) using 5% methanol-dichloromethane. After a red band was
collected and the solvent was removed, there remained a red residue (0.0456 g, 25%). IR
(CH2Clj cast, cm-l) 3112 (m), 2967 (s), 2874 (m), 1479 (s), 1399 (m), 1373 (m), 1312
(w), 1283 (w), 1259 (w), 1054 (s), 916 (m), 862 (m), 698 (w), 520 (m); 'H NMR (360
MHz, CDCl3) 8 5.60-5.50 (m, 4H, 2Cpi and Hays), 5.30-5.20 (m, 4H, 2Cpi and Hy/s),
2.75 (septet, J = 6.9 Hz, |H, CHMey), 2.50-2.35 (m, 2H, Heendor7endo), 1.54 (s, 9H, t-Bu
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), 1.27 (d, J = 6.9 Hz, 6H, CHMe»), 1.22-1.15 (m. 2H, Hgexo/7exo); 'H-'H GCOSY (300
MHz, CDCl3) §5.55 (Hz/4 and Cpl) &> §5.25 (Hy/5 and Cpi); § 5.25 (H /5 and Cpi) & &
2.42 (Heendo/7endo) 8 1.19 (Heexor7exo)s 8 2.75 (CHMen) < § 1.27 (CHMe»): § 2.42
(Héendo.7endo) € 8 1.19 (Heexo,7exo0): '3C NMR (100 MHz, CDCl3) § 133.0 (s. Cpi ring
quaternary), 89.3 (d, lJcy = 168 Hz, Ca/4), 86.8 (d. Jcy = 161 Hz. Cy/5), 85.0 (d. ey
= 188 Hz, Cp), 84.3 (d. !JcH = 185 Hz, Cpi), 35.5 (s, r-Bu quaternary), 33.8 (t. ey =
134 Hz, Cg/7), 31.2(q, ey = 123 Hz, -Bu), 27.1 (d, /ey = 121 Hz, CHMe»), 22.7 (q.
lJch = 121 Hz, CHMen); HMQC (300 MHz, CDCl3) 6 89.3 (Ca4) & 85.53 (Hayy): 8
86.8 (Cy/5) <> 85.24 (Hy/s): 8 85.0 (Cp') ¢ 8 5.24 (Cpi): § 84.3 (Cp') &> § 5.57 (Cpi); &
33.8 (Cer7) © 8 2.42 (HeendorTendo)s O 1.19 (Heexar7exo); 8 31.2 (1-Bu) «> § 1.54 (¢-Bu); &

27.1 (CHMe») & 8§ 2.75 (CHMe»); 8 22.7 (CHMe») & § 1.27 (CHMe>). Analysis
calculated for C|9H27BCoF4: C, 56.89; H, 6.78; found: C, 56.545: H, 6.839.

| HBF4‘E'2° Co
Co -
t-Bu—=——Me . 1
-78°C—HRT
16h Me 328

315

[(CsH4iPr)Co(n5-3-t-Bu-4-MeC7H7)]* BF4~ (328). In the drybox, a flask was charged
with (n3-CsHs)Co(n*-1-iPrCsHs) (315) (0.1346 g, 0.5496 mmol) and removed to the
Schlenk line, where dichloromethane (13 mL) was added. The solution was cooled to -78
°C and HBF4*E1;O (0.188 mL, 2.2 equiv) was added, turning the solution a deep red
color. Upon addition of 3,3-dimethyl-2-pentyne (0.155 mL, 2 equiv), the color turned to
green. After 1 hat-78 °C, the solution had turned a deep red color. Allowing the
solution to warm to room temperature did not result in any further color change.
Removal of all volatile material gave a dark oily residue. The compound was purified by

flash chromatography (silica gel) using 5% methanol-dichloromethane. After a red band
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was collected and the solvent was removed, there remained an orange residue (0.0784 g,
33%). IR (CHxClycast, cm!) 3112 (m), 2967 (s), 2875 (m), 1480 (s), 1401 (m), 1384
(m), 1369 (m), 1310 (w), 1283 (w), 1241 (w). 1172 (w), 1054 (s), 918 (w), 859 (m), 694
(w). 520 (m): 'H NMR (360 MHz, CDCl3) & 5.49 (brs, 1H, Cpi), 5.40 (brs. 1 H. Cph),
5.342(brd./y.2=9.5 Hz, IH, H}), 5.26P (d. /.. =9.6 Hz, lH, Hj), 5.24 (br s, 1H. Cp}),
5.00 (brs, LH. Cpl), 4.97 (dd. J5.6endo = 8.4 Hz, J5.gexo = 5.0 Hz. 1H, Hs), 2.89 (dddd.
Jrendo-7exo = 17.1 Hz, J7endo-6exo = 11.2 Hz, J7endo-6endo = 8-7 Hz, J7endo-1 = 3.6 Hz.
IH. H7endo), 2.84 (septet, J = 6.9 Hz, 1H, CHMe»), 2.42 (s, 3H, Mey). 1.98 (br dd, J7axo-
7endo = 17.3 Hz, J7exo-6exo = 6.2 Hz, J7exo-1 = small, 1H, H7exo), 1.71 (m, dddd by
decoupling, Jeendo-6exo = 13.6 Hz. Jeendo-5 = J6endo-Tendo = 81 Hz, Jeendo-Texo = small,
IH. Héendo). 1.62 (s. 9H, r-Bu), 1.33 (d, / = 7.2 Hz, 3H, CHMe»), 1.31(d, J=7.2 Hz,
3H, CHMe»), 0.14 (m. dddd by decoupling, Jeexo-6endo = J6exo-Tendo = 1 1.5 Hz. Jeexo.

7exo = 6.1 Hz, Jeexo-5 = 5.6 Hz, 1H, Heexo). 3 Several small unresolved couplings are
noticed upon various decoupling experiments. b Signal overlaps with § 5.24 signal. 'H-
'H GCOSY (300 MHz, CDCl3) § 5.49 (Cpi) > 8 5.40 (Cp'), § 5.24 (Cpi),  5.00 (Cpi);
8 5.40 (Cpi) & 8 5.24 (Cpi), § 5.00 (Cpi); 8 5.34 (H|) & §5.26 (H2), & 2.89 (H7endo). &
[.98 (H7exo): 8 5.24 (Cpi) <> § 5.00 (Cpi); 8 5.26 (H2) > §2.42 (w, Mey), § 1.98
(H7exo): 64.97 (Hs) & 82.42 (w, Mey), 8 1.71 (Hgendo). 8 0.14 (Hgexo): & 2.89 (H7endo)
&> 3 1.98 (H7exo), 8 1.71 (Héendo), 8 0.14 (Hgexo); 82.84 (CHMes) & § 1.33 (CHMe»),
9 1.31 (CHMe»); 8 1.98 (H7exo) ¢ 8 1.71 (Héendo)» 8 0.14 (Heéexo); & 1.98 (H7exo) & 8
[.713 (Heendo)» 8 0.14 (Heexo): 8 1.71 (H7exo) > 8 0.14 (Heexo). 2Extremely weak
correlation; almost nonexistant. !3C NMR (100 MHz, CDCls, /¢y values from HMQC
spectrum) & 135.1 (s, quaternary), 117.7 (s, quaternary), 115.0 (s, quaternary), 89.9 (d,
lJcH = 168 Hz, C3), 87.1 (d, !Jcy = 186 Hz, Cpi), 86.8 (d, lUcy = 159 Hz, Cs), 86.72
(C1). 86.2 (d, lUcy = 183 Hz, Cpi), 85.7 (d, lJcy = 183 Hz, Cpi), 84.6 (d, !Jcy = 181 Hz,
Cpi), 8 41.0 (t, lJcy = 126 Hz, C7), 36.6 (s, r-Bu quaternary), 32.3 (d, l/cy= 128 Hz, 1
Bu), 27.1 (q, lJcH = 128 Hz, CHMe»), 25.61° (q, 'JcH = 128 Hz, Mey), 25.580 (¢, lJcy
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= 128 Hz, C¢), 23.0 (q, /cH = 128 Hz, CHMe»). 22.6 (q, !Jcy = 128 Hz, CHMe»). @
Signal is unresolved in the HMQC spectrum. bSignals are not resolved in the HMQC
spectrum. HMQC (300 MHz, CDCl3) § 89.9 (C2) & §5.26 (H2); § 87.1 (Cpi) & §5.24
(Cpi); 8 86.8 (Cs) > §4.97 (Hs); §86.72 (C|) © 65.34 (H,); 5 86.2 (Cp') & 6 5.00
(Cpi); 8 85.7 (Cpi) «> § 5.40 (Cpi); 3 84.6 (Cpi) & 8 5.49 (Cpi); §41.0 (C7) & 52.89
(H7endo), 8 1.98 (H7exo); 832.3 (1-Bu) «> & 1.62 (+-Bu); § 27.1 (CHMe>) & §2.84
(CHMe»): 8 25.61 (Mey) & 82.42 (Mey); 8 25.58 (Cg) > & 1.71 (Hgendo)» 8 0.14
(Hgexo): 823.0 (CHMen) « 8 1.33 (CHMe»): § 22.6 (CHMe)) © & 1.31 (CHMe»). @

Signal is not totally resolved, but is assigned here. Analysis calculated for

Ca0H29BCoF,: C, 57.86; H, 7.04; found: C, 57.435; H. 7.387.

HBF 4°Et,0 éo
Co >
TMS———Me 1
<& Mg e~ ¢
-78°C—RT
Me
315 329

[(CsH4iPr)Co(n5-4-Me-3-(SiMe3)C7H7) |+ BF4~ (329). In the drybox, a tlask was
charged with (n3-CsHs)Co(n*-1-iPrCsHs) (315) (0.1246 g, 0.5366 mmol) and removed
to the Schlenk line, where dichloromethane (12 mL) was added. The solution was cooled
to -78 °C and HBF4¢Et0 (0.17 mL, 2.2 equiv) was added, turning the solution a deep red
color. Upon addition of 1-(trimethylsilyl)propyne (0.16 mL, 2 equiv), the color slowly
turned to green. After 2 h at -78 °C, the solution had turned a deep red color. Allowing
the solution to warm to room temperature did not result in any further color change.
Removal of all volatile material gave a dark oily residue. The compound was purified by
flash chromatography (silica gel) using 5% methanol-dichloromethane. After a red band
was collected and the solvent was removed, there remained a red residue (0.0444 g,

21%). IR (CH1Cl) cast, cml) 3111 (w), 2964 (m), 1479 (m), 1435 (m), 1384 (m), 1311
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(W), 1256 (s), 1054 (s), 979 (m), 922 (m), 839 (s), 762 (m), 723 (w), 696 (W), 622 (w),
520 (m); 'H NMR (360 MHz, CDCl3) 65.60-5.50 (m. J|.3 =9.3 Hz, 1H, H}), 5.52-5.48
(m, 1H, Cpi), 5.44-5.38 (m. 2H, Cpi). 5.17(d. J».; =9.6 Hz, 1H, H»), 5.06-5.03 (m, 1H,
Cp). 4.96 (dd. J5.6endo = 8.4 Hz. J5.6ex0 = 5.1 Hz, LH. Hs), 2.95 (m, dddd by decoupling,
J7endo-Texo = 174 Hz, J7endo-6exo = 11.0 Hz, J7endo-6endo = 9.0 Hz, J7endo-1 = 3.9 Hz.

I1H, H7endo). 2.65 (septet,J = 6.9 Hz, LH, CHMe»), 2.57 (s, 3H, Mey), 2.03 (br d, J =

17.4 Hz, ddd by decoupling, J7exo-7endo = 17.2 Hz, J7exo-6exo = 5.7 Hz. J7exo-1 = 2 Hz,
LH., H7exo). 1.79 (m, dddd by decoupling, Jeendo-6exo = 12.6 Hz, J6endo-7endo = J6endo-5 =
8.2 Hz, Jéendo-1 = small, 1H, Heendo), 1.28 (d.J = 7.0 Hz, 3H, CHMe»), 1.26 (d. J = 7.0
Hz, 3H, CHMe3), 0.41 (s, 9H, SiMe3), 0.24 (m, dddd by decoupling, Jeexo-6endo = J6exo-
Tendo = 1 1.1 Hz, Jeexo-Texo = 6.0 HZ, Jgexo-5 = 5.1 Hz, 1H. Hgexo); 'H-'H GCOSY (300
MHz, CDCl3) 85.55 (H|) & §5.17 (H2), 8§ 2.95 (H7endo). 8 2.03 (Heendo). 8 1.79
(Héendo): 85.50 (Cpi) &> §5.41 (Cpl). 8 5.04 (Cpi); § 5.41 (Cpi) & §5.04 (Cpi); §5.17
(H2) & 82.57 (w, Mey), 8 2.03 (H7exo): 84.96 (Hs) & §2.57 (w, Mey), 8 1.79 (Héendo)-
8 0.24 (Heexo): 8 2.95 (H7endo) € 8 2.03 (H7exo), 8 1.79 (Héendo), 8 0.24 (Hgexo); & 2.65
(CHMe») & 5 1.28 (CHMe»), § 1.26 (CHMez2); § 2.03 (H7exo) € 8 1.793 (vw, Heendo), 8

0.24 (Heexo); 6 1.79 (Heendo) <> 8 0.24 (Hgexo). 2Only a very weak correlation is seen.
13C NMR (100 MHz, CDCl3 !Jcy obtained from HMQC spectrum) 8 121.7 (s. C3),
115.5 (s, Cpi ring quaternary), 101.7 (s, Cy4), 95.5 (d, Jcy = 166 Hz, C>), 91.1 (d, Ucy=
155 Hz, Cy), 88.9 (d, lJcH = 159 Hz, Cs), 86.1 (d, !Jcy = 184 Hz, Cpi), 85.1 (d, Jcy =
184 Hz, Cpi), 84.7 (d, !Jcy = 182 Hz, Cpi), 84.5 (d, lJcy = 182 Hz, Cp), 417 (t, Ucy =
124 Hz, C7), 27.3 (t, lcy = 131 Hz, Cg), 27.0 (d, 1Jcy = 129 Hz, CHMey), 23.3 (q, e
= 126 Hz, CHMey), 23.0 (q, !Jcu = 127 Hz, Mey), 22.2 (q, JcH = 129 Hz, CHMe»),
0.045 (q, 'JcH = 117 Hz, SiMes); HMQC (300 MHz, CDCl3) §95.5 (C3) & 85.17
(H2); 8§ 91.1 (Cy) > 8 5.55 (H}); 8 88.9 (Cs) «> 84.96 (Hs); 8 86.1 (Cpi) & 8 5.41 (Cpi);
3 85.1 (Cp') & §5.04 (Cp'); 8 84.7 (Cpi) & 8 5.41 (Cpi); 5 84.5 (Cpi) & §5.50 (Cpi): §

41.7 (C7) © 8 2.95 (H7endo), 8 2.03 (H7exo); 827.3 (Ce) &> 8 1.79 (Heendo), 8 0.24
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(Heéexo): 827.0 (CHMe3) «> 8 2.65 (CHMea): & 23.3 (CHMe») & 8 1.26 (CHMe»): &
23.0 (Mey) > 8 2.57 (Mey); 8 22.2 (CHMes) <> & 1.28 (CHMe»): & 0.045 (SiMe3) & &

0.41 (SiMe3); HMBC (300 MHz, CDCl3) § 121.7 (C3) & 84.96 (Hs), 8 2.57 (Mey): &
L15.5 (Cpl) &> §5.50 (Cpi), § 5.41 (Cpi), § 5.04 (Cpl), § 2.65 (CHMe»). § 1.28 (CHMe»),
0 1.26 (CHMe2); 8 101.77 (C4) &> 8 5.17 (H2). 8 4.96 (Hs), § 2.57 (Mey), § 1.79
(Hgendo)- 8 0.24 (Hgexo): 895.5 (C2) € 82.95 (H7endo). 8 2.57 (Mey); §91.1 (C)) & &
2.95 (H7endo). 8 2.03 (H7exo). 8 1.79 (Heendo): 8 88.9 (Cs) & & 2.03 (H7exo). 8 1.79
(Héendo). 8 0.24 (Heexo): 386.1/ 85.1/ 84.7/ 84.53 (Cp') &> § 5.50 (Cpi). § 5.41 (Cpi), §
5.04 (Cp'). 8 2.65 (CHMe3); §41.7 (C7) & 8 5.17 (H2), 5 4.96 (Hs), & 1.79 (Heendo). &
0.24 (Heexo): 8 27.3 (Cg) &> §4.96 (Hs), 8 2.95 (H7endo): 827.0 (CHMe1) & & 1.28
(CHMey): 8 23b (Meg and CHMe») > §5.17 (Ha), § 2.65 (CHMe3y), § 1.26 (CHMe»): §
22.2 (CHMe») ¢ 3 2.65 (CHMe»), & 1.28 (CHMe»), & 1.26 (CHMe»). 2 Signals are not

resolved: one large correlation is seen for all carbon signals. bSignals at § 23.3 (CHMe»)

and & 23.0 (Mey) are not resolved. Analysis calculated for C 19H29BCoF4Si: C, 52.92; H,
6.78; found: C, 52.787; H, 6.924.

| HBF +Et,0 Co
Co —
TMS—=—TMS 1
& T g
-78°CHRT ™S
315 330

[(CsH4iPr)Co(n5-3,4-(SiMe3);C7H7)]* BF4~ (330). In the drybox, a flask was charged
with (n3-CsHs)Co(m*-1-iPrCsHs) (315) (0.1622 g, 0.6985 mmol) and removed to the
Schlenk line, where dichloromethane (10 mL) was added. The solution was cooled to -78
°C and bis(trimethylsilyl)acetylene (0.30 mL, 2.0 equiv) and HBF4¢Et,0 (0.25 mL, 2.2
equiv) were added, turning the solution a deep red color. Allowing the solution to warm

to room temperature did not result in any further color change. Removal of all volatile
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material gave a dark oily residue. The compound was puritied by flash chromatography
(silica gel) using 5% methanol-dichloromethane. After a red band was collected and the
solvent was removed, there remained a solid red residue (0.1451 g, 48%). IR (CH.Cl»
cast,cm-!) 3111 (m), 2962 (s), 1480 (m), 1459 (m), 1432 (m), 1414 (m), 1367 (w), 1341
(w), 1310 (w), 1254 (s), 1054 (s), 980 (m), 866 (s). 835 (s), 759 (s), 733 (m). 699 (m).
638 (m), 628 (w), 521 (m); 'H NMR (360 MHz, CDCl3) §5.72 (brd. J;.» = 8.8 Hz, |H,
Hy), 5.64 (brs, LH. Cpi), 5.45 (br s, I1H, Cpi), 5.20-5.15 (m. 3H, Cpi, Hs, Hs)., 4.95 (brs.
LH. Cpi), 3.04 (m. dddd by decoupling, J7exo-7endo = 17.9 HZ. J7endo-6exo = 1 1.6 Hz.
J7endo-6endo = 8.5 Hz, J7endo-1 = 3.4 Hz, 1H, H7endo). 2.85 (septet, J = 6.8 Hz, 1H,
CHMe»), 2.14 (br d. Jobs = 14.4 Hz, dddd by decoupling, J7exo-7endo = 1 7.8 Hz, J7exo-
6exo = 3.5 Hz, J7¢xo-1 = 2.9 Hz, J7.3 = small, 1H, H7exc), 1.70 (m, ddddd by decoupling,
Jéendo-6exo = 12.0 Hz, Jeendo-7endo = J6endo-5 = 8.2 Hz, Jeendo-1 = small, Jeendo-Texo =
very small, 1H, Hgendo), 1.33 (d. J = 6.9 Hz, 6H, CHMe»)0.53 (s, 9H, SiMe3), 0.40 (s,
9H, SiMe3), 0.075 (m, dddd by decoupling, Jeexo-6endo = J6exo-Tendo = 11.9 Hz., J6exo-
7exa = 3.5 Hz, Jgexo-5 = 5.3 Hz, 1H, Heexo). 'H-'H GCOSY (300 MHz, CDCl3) §5.72
(Hp) € 85.17 (H2), 8 3.04 (H7endo), 8 2.14 (H7exo), 8 1.70 (W, Heendo); 8 5.64 (Cpi) &
3 5.45 (Cpi), 8 5.17 (Cpi), 8 4.95 (Cpi), 8 2.85 (w, CHMe3); 8 5.45 (Cpi) «» §5.17 (Cpi),
8 4.95 (Cpi); 8 5.17 (Cpi, Ha, Hs) & §4.95 (Cpi), § 2.14 (W, H7exo), 8 1.70 (Heendo), 5
0.075 (Héexo): 6 3.04 (H7endo) € 8 2.14 (H7exo), 8 1.70 (Heendo), 8 0.075 (Hegexo): 8 2.85
(CHMe3) < & 1.33 (CHMe2); 8 2.143 (H7exo) €3 8§ 0.075 (Hgexo): 8 1.70 (Heendo) < &
0.075 (Heexo)- 3There is no noticeable crosspeak between H7exo and Hgendo. '3C NMR
(75 MHz, CDCl3, J values from HMQC spectrum) & 120.2 (s, Cquaternary), 115.8 (s,
Cquaternary)» 107.2 (s, Cquaternary)» 98.6 (d, lJcy = 166 Hz, C3), 93.9 (d, ey = 157 Hz,
C1).91.4 (d, lJcy = 158 Hz, Cs), 85.6 (d, !Jcy = 186 Hz, Cpi), 85.2 (d, 'Jcy = 183 Hz,
Cp'), 84.07 (d, !Jcy = 186 Hz, Cp'), 83.98 (d, !Jcy = 184 Hz, Cpi), 42.3 (t, lJcy = 126
Hz, C7), 27.3 (d, lJcy = 134 Hz, CHMe»), 26.7 (t, lUcy= 132 Hz, Cg), 23.23(q, ey =
124 Hz, CHMey), 22.42 (q, !Jcy = 124 Hz, CHMe»), 2.1 (q, !Jcy = 118 Hz, SiMey), 1.5
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(q. ey = 118 Hz, SiMe3). 2These carbons are not resolved. HMQC (300 MHz. CDCly)
8 98.6 (C2) > 85.17 (H2): 893.9(C|) < §5.72 (H|);: §91.4 (Cs5) & §5.17 (Hs); & 85.6
(Cp') > §5.64 (Cpi); §85.2 (Cpi) «> §5.17 (Cpi): § 84.07 (Cpi) &> & 5.45 (Cpi); 5 83.98
(Cpi) & 84.95 (Cp'): §42.3(C7) > § 3.04 (H7endo): 8 2.14 (H7endo): 827.3 (CHMe»)
> 8 2.85 (CHMe3); 8 26.7 (Cg) > 8 1.70 (Hgendo). 8 0.075 (Heendo): & 23.22 (CHMe»)
© 8 1.33 (CHMe>); §22.42 (CHMe») «> & 1.33 (CHMe»); § 2.1 (SiMe3) < §0.53
(SiMe3): § 1.5 (SiMe3) & 80.40 (SiMes). 2These carbons are not resolved. Analysis

calculated for C3H3¢BCoF,Sin: C, 51.42; H, 7.41; found: C, 51.133: H, 7.460.

t-Bu t-Bu@ 8F -

| +

Co >
t-Bu—=—H . 1
e G
-78°C—-RT
316 331

[(CsHy-Bu)Co(n3-3«-Bu-C7Hg]* BF4~ (331). In the drybox. (n3-CsHs)Co(n*-1-1-Bu-
CsHs) (316) (0.1005 g, 0.4081 mmol) was weighed into a Schienk flask. The compound
was dissolved in degassed dichloromethane (10 mL) and cooled to -78 °C. To the
solution was added 3,3-dimethyl-1-butyne (0.50 mL, 10 equiv), followed by HBF4°Et>,O
(0.13 mL, 2.2 equiv). The color of the red solution deepened immediately upon addition
of the acid. The solution was slowly warmed with stirring over a 12 h period. Removal
of the solvent was followed by flash chromatography on silica gel using 5%
methanol/dichloromethane. Crystallization from dichloromethane/diethyl ether gave a
light orange powder (112 mg, 66%). IR (CH2Cl; cast, cm-!) 3113 (m), 2964 (nt), 2910
(w), 2874 (w), 1497 (w), 1484 (w), 1467 (w), 1409 (w), 1398 (w), 1392 (w), 1372 (w),
1280 (w), 1151 (w), 1055 (s), 1035 (s), 904 (w), 857 (w), 837 (w); 'H NMR (300 MHz,
CDCl3) 4 5.57 (d, J2-1 = 8.9 Hz, 2H, Hy4), 5.52 (t, J = 2.2 Hz, 2H, CpY), 5.4-5.3 (m, 2H,
Hyss), 5.21 (1, J = 2.2 Hz, 2H, CpY), 2.5-2.3 (m, 2H, Hgendo/Tendo) 1.52 (s, 9H, t-Bu), 1.33
(s, 9H, t-Bu), 1.2-1.1 (m, 2H, Hgexor7exo): 'H-'H GCOSY (300 MHz, CDCl3) § 5.57
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(Haz3) € 85.35 (Hy/s): §5.52(Cpt) &> §5.21 (Cpt): 8 5.35 (Hyys) & 6 2.4
(Heendo/7endo): O 1.15 (HeexorTexo): 8 2.4 (HgendorTendo) < & 1.15 (HeexorTexo): 3C
NMR (100 MHz. CDCl3) & 134.2 (s, C3), 121.2 (s, Cp' ring quaternary), 90.0 (d. Ucu=
166.5 Hz. C2/4). 85.4 (d. Uy = 156.6 Hz. Cyy5). 84.22 (d. ey = 181.5 Hz, Cpt). 84.0¢
(d, ey = 181.5 Hz, Cpt), 36.1 (s, -Bu, quaternary), 34.1 (d, 'Joy = 132.6 Hz. Cg/7).
31.8 (s, t-Bu quaternary), 31.1 (q, JcH = 127.3 Hz, t-Bu), 30.7 (q, 'Jcy = 126.3 Hz, +-
Bu). 2 These carbons overlap in the 'H coupled spectrum. J values are approximate. !H-
13C HETCORR (100 MHz, CDCl3) 8§ 90.0 (Ca/4) ¢ 8 5.57 (Hayy); & 85.4 (Cys) e 8
5.35 (Hyy5); 6 84.2 (Cpt) &> §5.21 (Cpt); § 84.0 (Cpt) «> 8 5.52 (Cp'): & 34.1 (Cg/7) > &
2.4 (Héendor7endo)s 8 1.15 (Heexor7exo): 8 31.1 (1-Bu) > § 1.52 (+-Bu): § 30.7 (+-Bu) <> &
1.33 (+-Bu). Analysis calculated for CagH3gBCoF4: C, 57.72: H, 7.27: found: C, 57.467:

H. 7.021.
t-Bu t-Bu
*@ BF /- ‘@
+
co NaCH(CO,Me), .~ Co
THF, 6h l
t-Bu 7
—2 Y
331 t-Bu 332 BCH(C()zMe)g

1-t-Butyl-cyclopentadienyl[dimethyl (2-5-n-3-¢-butyl-cyclohepta-2,4-dienyl)-
malonate]cobalt. [(n5-1--Bu-CsH4)Co(n4-3-t-Bu-1-(bis(carbomethoxy)methyl)-
C7Hg)] (332) . In the drybox, {(r-BuCp)Co(n3-3-t-Bu-C7Hg)]* BF 4 (331) (55.2 mg,
0.133 mmol) was placed in a Schlenk flask and tetrahydrofuran (15 mL) was added to
form an orange-red slurry. Sodium dimethylmalonate (27.6 mg, 0.179 mmol, 1.4 equiv)
was added. The slurry slowly dissolved and the solution turned deep red. The reaction
was stirred for 6 h, then all volatiles were removed in vacuo. The residue was extracted
with pentane and the pentane extracts were combined and filtered through a pad of Celite.
The solvent was removed, leaving a deep red oil (48.8 mg, 80%). IR (hexane cast, cm-!)

2957 (s), 2905 (m), 2868 (m), 1759 (s), 1735 (s), 1481 (w), 1456 (w), 1433 (m), 1391
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(w), 1362 (m), 1359 (m), 1325 (m), 1294 (w), 1261 (s), 1232 (m), 1200 (m), L151 (s).
1132 (m), 1087 (s), 1059 (m). 1019 (s), 910 (w), 870 (w), 843 (w), 800 (s); 'H NMR
(400 MHz. C¢Dg) & 4.72-4.70 (m, 1H, Cp*), 4.67-4.63 (m, LH, Cpt), 4.44-4.43 (m, 1H,
Cp"). 4.40 (d. Jobs = 7 Hz. dd by decoupling, J4.5 = 7.3 Hz, J4_gexo < 2 Hz. 1H, Hy), 3.85-
3.83 (m, LH. CpY), 3.39 (s, 3H, CO2Me). 3.26 (d, J3.| = 10.5 Hz, 1H, Hg, overlaps with
COaMe), 3.24 (s, 3H, CO2Me), 3.05-3.04 (m. LH, Ha), 2.96 (apparent t, Jops = 6.5 Hz,
dddd by decoupling, Js.4 = 7.3 Hz, J5_6exo = 5.8 Hz, J5.6endo < 2 Hz. J5.7endo = 1.7 Hz,
H, Hs), 2.73 (m, dddd by decoupling, J|.7exo = 12.0 Hz, J|.g = 10.5 Hz, /| .7endo = 3.3
Hz. /1.2 = 1.7 Hz, IH, Hy). 1.67 (m, dddd by decoupling, J6endo-6exo = 16.8 Hz. Jsendo-
7exo = 12.9 Hz, Jendo-7endo = 3.5 Hz, J6endo-5 = 1.8 Hz, 1H, Hegendo), 1.52 (m, dddd by
decoupling, Jeexo-6endo = 16.7 Hz, Jeexo-5 = 5.8 Hz, Jeexo-7exo = 3.7 Hz. J6exo-Tendo = 3.7
Hz, |H, Hgexo), 1.42 (m, dddd by decoupling, J7endo-7exo = 12.8 Hz, J7endo-6exo = 3.7
Hz, J7endo-6endo = 3.5 Hz, J7endo-1 = 3.3 Hz, 1H, H7endo), 1.26 (s, 9H, Cptt-Bu), 1.24 (s,
9H, C3 r-Bu), 0.48 (dddd. J7exo-6endo = 12.9 Hz, J7exo-Tendo = 12.5 Hz, J7exo-1 = 12.0 Hz.
JTexo-6exo = 3.7 Hz. 1H, H7exo): 'H-'H GCOSY (300 MHz, C¢Dg) §4.72 (Cpt) & &
4.44 (Cp"). 8 3.85 (Cp'): 34.67 (Cp!) & 5 4.44 (Cph), 5 3.85 (Cp): §4.44 (Cpt) & § 3.85
(Cp"); 5 4.40 (H4) & 8 2.96 (Hs), 8 1.52 (W, Hgexo): 83.26 (Hg) <> 82.73 (H}); 8 3.05
(H2) & 82.73 (H)), d 1.42 (W, H7endo); 82.96 (Hs) © 8 1.67 (Hgendo), & 1.52 (Heexo): &
2.73 (H) & 8 1.42 (H7endo)s 8 0.48 (H7exo): 8 1.67 (Hgendo) <> 8 1.52 (Heexo), & 1.42
(H7endo). 8 0.48 (H7exo); 8 1.52 (Heexo) € 8 1.42 (H7endo), 8 0.48 (H7exo): & 1.42
(H7endo) € 8 0.48 (H7exo); !'3C NMR (100 MHz, C¢Dg) 8 169.2 (s, CO2Me), 168.1 (s,
COsMe), 112.6 (s, Cp! ring quaternary), 108.1 (s, C3), 80.5 (d, lJcy = 173 Hz, CpY, 79.8
(d. Uch = 171.9 Hz, Cpt), 78.92 (d, lJcy = 164 Hz, Cp'), 78.82 (d, LJcy = 164 Hz, CpY),
75.8 (d, Ych = 161.6 Hz, Cy), 60.9 (d, tJcy = 134.4 Hz, Cg), 51.7 (g, LJcy = 147.0 Hz,
COsMe), 51.6 (q, lJcy = 147.2 Hz, COsMe), 45.5 (d, ey = 143.5 Hz, Cs), 40.9 (d,
LJcy = 134.4 Hz, C)), 39.8 (d, !JcH = 143.8 Hz, C3), 33.9 (s, C3 t-Bu quaternary), 31.7¢
(q, YcH = 125.3 Hz, Cpt -Bu), 31.4¢ (s, Cpt +-Bu quaternary), 30.6¢ (q, lJcy = 125.0 Hz,

356



C3t-Bu), 29.8¢ (1, lJcy = 125.9 Hz, Cg¢), 27.3 (t, Wy = 125.1 Hz, C7). 2 b¢ Denote
pairs of overlaping signals in the gated decoupled spectrum: lJcy's are approximate.
HMQC (300 MHz, C¢Dg) 6 80.5 (Cpt) <> 64.67 (Cp!); & 79.8 (Cpt) &> §4.72 (Cpt); &
78.9/78.8 (CpY) &> 8 4.43 (Cp"), 3 3.85 (Cpt); 8 75.8 (Cy) &> 8 4.40 (Hy); § 60.9 (Cg) «>
8 3.23 (Hg): 8 51.7 (CO2Me) «» 3 3.39 (CO2Me); § 51.6 (CO2Me) «» § 3.24 (CO-Me): &
45.5(Cs) € 82.96 (Hs): 340.9 (C|) > 8§ 2.73 (H); 6 39.8 (C3) &> §3.05 (H1): § 31.7
(Cp' 1-Bu ) <> 6 1.26 (Cp* 1-Bu); 3 30.6 (C3 +-Bu ) &> § 1.24 (C3+-Bu ); § 29.82 (Cg) > &
1.67 (Heendo)» & 1.52 (Heexo): 8 27.3 (C7) & 8 1.42 (H7endo). 8 0.48 (H7exo). 3Signal is
partially obscured by the +-Bu signal. HMBC (300 MHz, CgDg) 8 169.2 (CO2Me) ¢ &
3.39 (CO2Me): § 168.1 (CO2Me) > § 3.24 (CO2Me); § 112.6 (Cp* ring quaternarys) <>
04.72 (Cph), 6 4.67 (Cpt), 5 4.44 (CpY), 8 3.85 (Cp"), § 1.26 (Cp* +-Bu quaternary); &
108.1 (C3) «> 6 2.96 (Hs). 8 2.73 (H}), 8 1.24 (C3 r-Bu); 8 80.5 (Cpt) > 54.72 (Cpt), §
4.44 (Cp"), 6 3.85 (Cp"): §79.8 (Cp') &> 8 4.67 (Cpt),  3.85 (Cp'); § 78.9/ 78.8 (Cp!) &> &
4.72(CpY), 6 4.67 (Cpt), 8 4.44 (Cpt), & 3.85 (Cp"): 8 75.8 (C4) &> 8 3.05 (H>); 8 60.9
(Cg) & 83.05 (H2). §2.73 (H|); 3 45.5 (Cs) > § 0.48 (W, H7exo): §40.9 (C|) & 50.48
(H7exo): 0 39.8 (C2) & 3 4.40 (Hy), 8 2.73 (H); & 33.9 (C3 +-Bu quaternary) <> § 3.05
(H2): 8 31.7 (C4) &> 8 1.26 (C3 t-Bu); 8 30.6 (C3 t-Bu quaternary) & § 1.24 (C3 r-Bu); &
20.8 (Cg) € 84.40 (Hy), 8 0.48 (H7exo): 8 27.3 (C7) & 8 3.05 (Ha), 5 2.96 (Hs). MS
m/z calculated for C25H37C004 (M*): 460.20239; found: 460.20204 (54 %).

t-8u
\<> t-Bu_@
I HBF (*Et,0 |+
Co - c
t-Bu—==—Me o
CE CH,Cl, . 3
S oMk :BUQ &,
316 Me 333

[(CsHg-Bu)Co(n5-3<¢-Bu-4-Me-C7Hg]* BF4 (333). A solution of CpCo(n*-1-1-Bu-
CsHs) (316) (46.6 mg, 0.189 mmol) in dichloromethane (4 mL) was cooled to -78 °C. To
the solution was added 4,4-dimethyl-2-pentyne (0.18 mL, 7 equiv), followed by
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HBF4*Et>0 (61.3 mL, 2.2 equiv). The color of the red solution deepened immediately
upon addition of the acid. The solution was slowly warmed with stirring overa 12 h
period. Removal of the solvent was followed by tlash chromatography on silica gel using
5% methanol/dichloromethane. Recrystallization from dichloromethane/diethy] ether
gave a light orange powder (57 mg, 70%). IR (CHACl cast, cm-l) 3112 (w), 2964 (m).
1484 (m), 1468 (w), 1384 (w), 1369 (w), 1274 (w), 1242 (w), 1173 (w), 1152 (w). 1054
(5), 904 (w), 858 (w), 733 (w), 694 (w), 520 (w), 488 (w): 'H NMR (300 MHz. CDCl;)
8 5.58-5.57 (m. 1H, Cp!). 5.49 (m, dddd by decoupling, /1.2 =9.5 Hz. /| 7endo = 4.0 Hz.
J1-7ex0 < 2 Hz, Jy.6exo < 2 Hz, 1H, Hy), 5.33 (dd. J2.| =9.5 Hz, J2.7exo = 0.8 Hz. IH.
H>). 5.27-5.24 (m, LH, Cp), 5.24-5.20 (m., IH. CpY), 5.10 (dd. /5.6endo = 8.4 Hz. J5.gexo
=4.8 Hz. 1H, Hs), 4.96-4.94 (m, [H, Cpt), 2.89 (dddd, J7endo-7exo = 17.3 Hz. J7endo-6exo
= J7endo-6exo = 9 Hz. J7endo-1 = 4 Hz, 1H. H7engo). 2.41 (s. 3H, Mey), 1.93 (m, dddd by
decoupling, J7exo-7endo = 1 7.1 Hz, J7exo-6exo = 6.3 Hz, J7exo-1 < 2 HZ, J7exo.2 < 2 Hz.
LH, H7exo). 1.75-1.65 (m, 1H, Heendo). 1.63 (s, 9H, C3 r-Bu). 1.40 (s. 9H, Cp* +-Bu), 0.20
(dddd. Jeexo-6endo = 12.7 Hz. Jexo-7endo = 1 1.5 Hz, Jeexo-Texo = 6.5 Hz, Jeexo-5 = 7 Hz.
[H. Heexo): 'H-H GCOSY (300 MHz, CDCl3) § 5.57 (Cpf) & & 5.24 (Cpt), § 5.20
(Cph). 6 4.94 (Cp'): §5.49 (H|) <> 65.33 (H2), 8 2.89 (H7endo)s 8 1.93 (H7exo). & 1.65 (w,
Héendo): 85.33 (Ha) &5 3 2.41 (Me), 8 1.93 (H7exo); 8 5.24 (Cpt) > 8 5.20 (Cph), 5 4.94
(CpH: 85.10 (H|) & §2.89 (H7endo), 8 2.41 (Mey), 8 1.63 (C3 t-Bu), 8 0.20 (Hendo): &
2.89 (H7endo) € 6 1.93 (H7exo), 8 1.65 (W, Heendo), 8 0.20 (Hendo); 8 1.93 (H7exo) ©
1.65 (W, Héendo)» 8 0.20 (Hendo); 8 1.65 (Heendo) € 8 0.20 (Hendo); '3C NMR (100
MHz, CDCl3) 8 136.4 (s, C3), 120.1 s, Cp! ring quaternary), 106.5 (s, C4), 89.3 (dd.
lJcu = 167.8 Hz, 2Jcy = 9.2 Hz, Cy), 86.5 (dd, Ucy = 181.7 Hz, 2Jcy = 6.1 Hz, Cph),
85.33 (d, ey = 177.7 Hz), 85.23 (d, lUcy = 179.4 Hz), 84.5 (dd, !Jcy = 180.3 Hz, 2Jcy
=5.9 Hz, Cpt), 84.2 (d, UcH = 157.3 Hz, Cy), 41.1 (t, lJcy = 136.1 Hz. C7), 36.8 (s, C3
t-Bu quaternary), 32.2 (q, l/cH = 127.1 Hz, C3 t-Bu), 31.6 (s, Cpt t-Bu quaternary), 31.0
(q, JcH = 126.2 Hz, Cpt1-Bu), 25.8 (1, Ucy = 132.3 Hz, Cg), 25.6 @q. Yoy = 129.3 Hz,
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Me.). 32 carbons overlap for one of these signals. Cs and 2 C's for the Cp ring resonate at
these 2 positions. HMQC (300 MHz. CDCl3) § 89.3 (C») & 85.33 (H>): 8 86.5 (CpY)
© 8 5.20 (Cpt); 3 854 (Cs, Cp') > §5.24 (Cpt), §5.10 (Hs), 5 4.94 (Cph); 3 84.5 (Cph) &
8 5.57(Cp": 384.2(C)) > 8549 (H|); §41.1 (C7) & §2.89 (H7endo)s 0 1.93 (H7eyo); 8
32.2(C31-Bu) &> 8 1.63 (C3 t-Bu); § 31.0 (Cpt r-Bu) & § 1.40 (Cptt-Bu); 8 25.8 (Cg) &
8 1.65 (Heexo). 8 0.20 (Hgexo): 8 25.6 (Mey) <> 8 2.41 (Mey). aUnresolved signals in 13C
spectrum. HMBC (300 MHz, CDCl3) § 136.4 (C3) «> §5.10 (Hs), § 2.41 (Mey), 8 1.63
(C3 1-Bu); § 120.1 (Cpt r-Bu ring quaternary) &> § 5.57 (Cpt), § 5.24 (Cp"), 3 5.20 (CpY), &
4.94 (Cpt), & 1.40 (C3 r-Bu); 8 106.5 (C4) & §5.33 (H3), § 2.41 (Mey). §0.20 (Hgexo); ©
89.3 (Cp") ¢» 8 5.57 (Cp"); 8 86.5 (Cph) &> & 5.57 (Cpt), & 5.24 (Cp*), 6 4.94 (CpY); 5 852
© §5.57 (Cph), § 5.24 (Cpt), 8 5.20 (Cpt), § 4.94 (CpY), § 2.41 (Mey). § 0.20 (Hgexo): O
84b « § 5.24 (Cph), § 5.20 (CpY), § 4.94 (Cp"), 8 2.89 (H7endo); 841.1 (C7) & §5.33
(H2), 8 5.10 (Hs). 8 0.20 (Hgexo): & 36.8 (C3 1-Bu quaternary) « 8 5.33 (H»). § 1.63 (C3
t-Bu): 8 31.0 (Cp'¢-Bu quaternary) & § 1.40 (C3 t-Bu); 8 25¢ <> 8 5.10 (Hs), 5 2.89
(H7endo). #Signals at 85.3 and 85.2 (Cs and Cpt) overlap. bSignals at 84.5 (Cp*) and
34.2 (Cy) overlap. cSignals at 25.8 (Cg) and 25.6 (C10) overlap. Analysis calculated for
C21H32BCoFy: C, 58.63; H, 7.51; found: C, 58.484: H, 7.729.
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[(¢-BuCsH4)Co(3-(Me3Si)-4-Me-n5-C7H7}* BF4~(334). In the drybox, (CsHs)Co(n?-
1-t-Bu-CsHs) (316) (34.7 mg, 0.141 mmol) was weighed into a Schlenk flask. The
compound was dissolved in degassed dichloromethane (5 mL) and cooled to -78 °C. To
the solution was added 1-trimethylsilylpropyne (0.15 mL, 7 equiv), followed by
HBF4°Et20 (0.46 pL, 2.2 equiv). The color of the red solution deepened immediately
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upon addition of the acid. The solution was slowly warmed with stirring over a 12 h
period. The solvent was removed and the crude residue was redissolved in
dichloromethane (3 mL) and filtered through a Celite column. Addition of diethyl ether
(50 mL) caused an orange precipitate (45.6 mg, 72%) to form. Recrystallization from
dichloromethane/diethyl ether gave orange-red crystals (29.6 mg, 47%). IR (CH>Cl»
cast, cm-!) 3113 (w), 2962 (m), 1486 (m), 1468 (m), 1434 (m). 1384 (m), 1266 (m),
LI51 (m). 1053 (s), 978 (m), 912 (m), 838 (s), 761 (m), 724 (w), 697 (w). 622 (w), 520
(m); 'HNMR (400 MHz, CDCl3) & 5.67 (br d. dddd by decoupling, /1.2 =9.3 Hz, J|.
7exo = J1-7exo = 3.5 Hz, J).6endo <2 Hz, 1H, H}), 5.55-5.40 (m, 2H, Cp'), 5.46-5.43 (m,
IH, Cp"), 5.22 (d, /2.1 =9 Hz, IH, H3), 5.19 (dd, J5.¢endo = 8.2 Hz. J5.6exo = 5.0 Hz, LH.
Hs), 5.03-5.00 (m, 1H, Cp!), 2.99 (m, dddd by decoupling, J7endo-7exo = 17.6 Hz, J7endo-
6exo = L 1.7 Hz, J7endo-6endo = 9.7 Hz, J7endo-1 = 3.5 Hz, 1H, H7endo). 2.60 (s. 3H, Mey),
2.01 (br d, dddd by decoupling, J7exo-7endo = 17.6 Hz. J7exo-6exo = 5.8 Hz, Jrexo-1=3.5
Hz, J7exo-6endo < 2 Hz, 1H, H7exo). 1.80 (m, ddddd by decoupling, Jeendo-6exo = 1 1.7 Hz.
Jeendo-Tendo = 9.7 Hz, Jeendo-5 = 8.2 Hz, Jgendo-7exo < 2 Hz. J6endo-1 = 2Hz, 1H, Heendo).
1.30 (s, 9H, Cpt r-Bu), 0.41 (s, 9H, SiMe3), 0.23 (dddd, Jeexo-6endo = Jéexo-Tendo = 1 1.7
Hz, Jeexo-7ex0 = 5.8 Hz, Jgexo-5 = 5.0 Hz, 1H, Hgexo): 'H-H GCOSY (300 MHz,
CDCl3) 85.67 (H|) > 8§5.22 (H3), 8 2.99 (H7endo), 8 2.01 (H7exo), 8 1.80 (W, Heendo):
8 5.47 (Cp") & 8 5.02 (Cp'): 3 5.45 (Cpt) &> §5.02 (Cp'); 8 5.22 (Hp) & §2.60 (w,
Mey), 8 2.01 (H7exo); 85.19 (Hs) & 8 1.80 (Heendo)s 8 0.23 (Heexo); 82.99 (H7endo) <
8 2.01 (H7exo), 8 1.80 (Héendo), 8 0.23 (Heexo); 82.01 (H7exo) € 80.23 (Heexo): 8 1.80
(Heendo) > 8 0.23 (Heexo): '3C NMR (75 MHz, CDCl;) & 122.3 (s, C3), 119.6 (s, Cpt
ring quaternary), 102.2 (s, Cy4), 94.6 (d, lJcy = 164.9 Hz, Cy), 89.2 (d, /cy = 155.4 Hz,
Cy). 87.7 (d, lUcu = 155.5 Hz, Cs), 85.7 (d, ey = 183.5 Hz, Cpt), 85.2 (d, !JcH = 180.2
Hz, Cpt), 84.3 (d, l/cy = 182.5 Hz, Cpt), 83.8 (d, lJcy = 178.9 Hz, CpY), 41.9 (t, LUck =
130.8 Hz, C7), 31.6 (s, t-Bu quaternary), 30.9 (q, !Jcy = 126.9 Hz, -Bu), 27.3 (t, lUcx =
131.1 Hz, Ce), 23.3 (q, YJcH = 132.7 Hz, Mey), 0.05 (q, !Jcy = 120.1 Hz, SiMe3);
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HMQC (300 MHz, CDCl3) 8 94.6 (C2) &> §5.22 (H2); §89.2(Cy) & §5.67 (H); &
87.7(Cs) «> 85.19 (Hs); 8 85.7 (Cp!) «> §5.52 (Cp'); 3 85.2 (CpY) ¢ 8 5.44 (Cpt); §
84.3 (Cp") ¢> 6 5.02 (Cp"); 5 83.8 (Cpt) «» §5.50 (CpY); §41.9 (C7) & §2.99 (H7epdo), &
2.01 (H7exo): 830.9 (1-Bu) ¢ § 1.30 (#-Bu); 8 27.3 (Cg) <> 8 1.80 (Hgendo). 8 0.23
(Hgexo); 023.3 (Mey) & 8 2.60 (Mey); 8 0.05 (SiMe3) &> § 0.41 (SiMe3); HMBC (300
MHz, CDCl3) & 122.3 (C3) « 85.22 (H3), § 5.19 (Hs), 8 2.60 (Mey): 8 119.6 (Cpt ring
quaternary) <> 8 5.50 (Cp"), 8 5.40 (Cp"), § 1.30 (+-Bu); § 102.2 (C4) & §5.22 (H»). 8
2.60 (Mey). & 1.80 (Hgendo). 8 0.23 (Hgexo); 6 94.6 (C2) ¢> 8 2.60 (Mey); §89.2 (C)) &
0 1.80 (Hgendo): 0 87.7 (Cs) > 8 1.80 (Heendo). 8 0.23 (Heexo); S 285.7, §85.23, § 84.34,
0 83.82 > § 5.50 (Cph), 8 5.43 (Cp'), 8 5.00 (Cp'); 541.9(C7) & §5.22 (H)), §5.19
(Hs), 8 2.60 (Mey), 8 1.80 (Heendo)» 8 0.23 (Heexo): 830.9 (£-Bu) > § 1.30 (+-Bu); § 27.3
(Ce) & 85.19 (Hs): 6 23.3 (Mey) & 8 5.22 (H2); 8 0.05 (SiMe3) & §0.41 (SiMe3).
aResolution of these signals is poor. Analysis calculated for CagH32BCoF4Si: C, 53.82;

H. 7.23: found: C, 53.434; H, 6.884.

"8\"® i BF,-
|

HBF (Et,0 Co
Co TMS—=—-TMS
N G ¢
-78°C—oAT MS
316 33s

[(n3-1-4-Bu-CsH4)Co(n3-3,4-(Me3Si)2-C7H7]* BF4~ (335). In the drybox, CpCo(m?-1-
t-Bu-CsHs) (316) (102.9 mg, 0.4179 mmol) was weighed into a Schlenk flask. The
compound was dissolved in degassed dichloromethane (20 mL) and cooled to -78 °C. To
the solution was added bis(trimethylsilyl)acetylene (0.47 mL, 5 equiv), followed by
HBF*Et;0 (0.135 mL, 2.2 equiv). The color of the red solution deepened immediately
upon addition of the acid. The solution was slowly warmed with stirring overa 12 h
period. The solvent was removed and the crude residue was redissolved in

dichloromethane (5 mL) and filtered through a Celite column. Addition of diethyl ether
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(100 mL) caused an orange precipitate (165.9 mg, 79%) to form. Recrystallization from
dichloromethane/diethyl ether gave orange-red crystals (156.4 mg, 74%). Crystals
suitable for X-ray crystallographic analysis were grown by layering diethyl ether on top
of a dichloromethane solution. For full data on this crystal structure, request report #
JMS9716 from the Structure Determination Laboratory at the University of Alberta
Department of Chemistry. IR (CH>Cl> cast, cm-!) 3116 (w), 2961 (m), 1486 (m), 1457
(m). 1393 (m), 1365 (w). 1254 (s), L1151 (m), 1055 (s), 979 (m), 906 (m), 866 (s), 834 (s).
760 (m), 698 (w). 638 (w), 520 (m); 'H NMR (400 MHz, CDCl3) § 5.94 (br d. Jops = 9
Hz. dddd by decoupling, J1.2 = 9.2 Hz, J{.7endo = J1-7exo = 3.3 Hz, J|.6endo < 2 Hz. H,
Hj), 5.84-5.85 (narrow m, I1H. Cpt), 5.33 (dd. J5.6endo = 8.2 Hz, J5.6exo = 5.2 Hz, [H,
Hs), 5.28 (d. /2.1 = 9.2 Hz, 1H, H>), 5.20-5.22 (narrow m, LH, Cpt), 5.07-5.09 (narrow m,
LH, Cp"). 4.92-4.94 (narrow m, [H, Cpt), 3.05 (m. dddd by decoupling, J7endo-7exo = 17.7
Hz, J7endo-6endo = J7endo-6exo = 9.5 Hz, J7endo-1 = 3.7 Hz, 1H, H7gngo), 2.08 (br dd, Jobs
= 17.3, 5.4 Hz, dddd by decoupling, J7axo-7endo = 1 7.7 Hz. J7exo0-6exo = 6.0 HZ. J7exo-1 =
2.7 Hz, J7ex0-2 < 1Hz, H, H7exo), 1.72 (br q,Jobs = 11 Hz, ddd by decoupling, Jeendo-
6exo = 12.3 Hz. Jeendo-7endo = J6endo-5 = 8.5 Hz, Jeendo-1 < 2 Hz, 1H, Hgendo), 1.42 (s,
9H, 1-Bu), 0.55 (s, 9H, C3 SiMe;3), 0.41 (s, 9H, C; SiMe3), 0.15 (apparent tt, Jgexo-6endo =
12.3 Hz, Joexo-7endo = 9.5 Hz, Jéexo-7exo = 6.0 Hz, Jeexo-s = 5.2 Hz, 1H, Heexo): 'H-1H
GCOSY (300 MHz, CDCl3) 8 5.94 (H|) <> 85.28 (H2), 6 3.05 (H7endo), 8 2.08 (H7exo).
0 1.72 (Hgendo): 05.84 (Cpt) &> 8 5.20 (CpY), § 5.07 (Cpt), 6 4.92 (Cpt); 8§ 5.33 (Hs) &> &
1.72 (Heendo), 8 0.15 (Hgexo): 8 5.28 (H2) «> §2.08 (H7exo); 8 5.20 (CpY) & 8§ 5.07 (Cph),
3 4.92 (Cpt); 8 5.07 (Cp) &> §4.92 (Cp'); 8 3.05 (H7endo) <> 8 2.08 (H7exo), & 1.72
(Héendo) 8 0.15 (Heexo); 82.08 (H7exo) ¢ 8 0.15 (Hgexo); 8 1.72 (Hgendo) < 8 0.15
(Hgexo); 13C NMR (100 MHz, CDCL) & 121.6 (s, C3), 120.0 (s, Cp! ring quaternary),
107.7 (s, C4), 98.1 (dd, WJcy = 166.0 Hz, 2Jcy = 8.9 Hz, C3),91.6 (d, Jcy = 156.3 Hz,
C1), 88.9 (d, !JcH = 156.2 Hz, Cs), 86.8 (d, lJcy = 182.0 Hz, CpY), 84.5 (d, UUcy = 181.1
Hz, Cpt), 83.0 (d, !Jcy = 183.9 Hz, Cpt), 82.7 (d, LUch = 178.1 Hz, Cpt), 42.5 (t, LUcH =
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130.2 Hz, Cy). 31.8 (s, r-Bu quaternary), 31.2 (q, 'JcH = 126.9 Hz, t-Bu), 27.1 (t, Uch=
131.5 Hz, Cg), 2.07 (q, JcH = 120.7 Hz, C3 SiMe3). 1.63 (q, e = 119.9 Hz. Cy
SiMe3); HMQC (300 MHz, CDCl3) $98.1 (C2) > 85.28 (H2); §91.6 (C|) <> 85.94
(Hy): 8 88.9 (Cs) &> 55.33 (Hs): 586.8 (Cp!) &> & 5.84 (Cpt); 8 84.5 (Cp!) &> 8 5.07
(Cp'): 5 83.0 (Cp!) &> 64.92 (Cp"); § 82.7 (Cp') &> 8 5.20 (Cp'): § 42.5(C7) <> 8 3.05
(H7endo) 8 2.08 (H7exo): 8 31.2 (1-Bu) &> § 1.42 (+-Bu): 8 27.1 (Ce) & 8 1.72 (Hgendo). 0
0.15 (Heexo): 6 2.07 (C3 SiMe3) ¢ § 0.55 (C3 SiMes); 8 1.63 (Cy SiMes) «» 8§ 0.41 (Cy
SiMe3): HMBC (300 MHz. CDCl3) 8 121.6 (C3) > 8 5.33 (Hs), 8 5.28 (H»): 8 120.0
(Cpt ring quaternary) <> 6 5.20 (Cp!), § 5.07 (Cpt), & 4.94 (Cpt). & 1.42 (+-Bu): 8 107.7
(C4) € 85.33 (Hs), 6 5.28 (H2), 8 1.72 (Héendo)- 8 0.15 (Hgexo): 898.1 (Ca) > 33.05
(H7endo): 91.6 (C) &> 8 3.05 (H7endo)» 8 1.72 (Heendo); 8 88.9 (Cs) <> 8 2.08 (H7exo).
0 1.72 (Heendo). 8 0.15 (Hgexo): 3 86.82, & 84.52, § 83.02, § 82.72 (Cp') «> 8 5.84 (Cp'), § -
5.20 (Cpt), 6 5.07 (Cpt'). 5 4.92 (Cp'); §42.5 (C7) &> 85.33 (Hs), 8 5.28 (H2). 6 1.72
(Héendo), 8 0.15 (Heexo): & 31.8/31.2 (+-Bu and ¢-Bu quaternary) <> 8 1.42 (+-Bu); § 27.1
(Ce) «> 8 5.33 (Hs). 8 3.05 (H7endo): 82.07 (C3 SiMe3) &> 8 0.55 (C3 SiMes): 8 1.63 (Cy
SiMe3) &> 8 0.41 (C4 SiMe3). 3Signals overlap. Analysis calculated for
C22H33BCoF4Sis: C, 52.38; H. 7.59; found: C, 52.075: H, 7.586.
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[(CsHy-Bu)Co(n35-3,4-Ph2-C7H7]* BF4~ (336). A solution of CpCo(n4-1-t-Bu-CsHjs)
(316) (42.1 mg, 0.171 mmol) in dichloromethane (5 mL) was prepared under nitrogen

and cooled to -78 °C. To the solution was added diphenylacetylene (0.305 g, 10 equiv),
followed by HBF4¢Et;0 (55 uL, 2.2 equiv). The solution darkened immediately upon

addition of the acid. The solution was slowly warmed with stirring over a 12 h period.
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Removal of the solvent was followed by flash chromatography on silica gel using 5%
methanol/dichloromethane. Recrystallization from dichloromethane/diethyl ether gave
61 mg (70%) of a light orange powder. IR (CH>Cl> cast. cm-!) 3110 (w). 3059 (w),
3033 (w), 2965 (w), 2909 (w), 2876 (w), 1485 (w). 1464 (w), 1449 (w), 1420 (w). 1398
(w). 1370 (w), 1273 (w), 1150 (w), 1056 (s), 1036 (s), 1003 (m), 914 (m), 859 (w). 837
(W), 766 (m), 728 (m), 702 (s), 681 (w), 647 (w); 'H NMR (300 MHz, CDCl3) & 7.54
(d, J=6.5 Hz, 2H, Hpy), 7.4-7.4 (m, 2H, Hpy), 7.3-7.15 (m, 6H. Hpy), 6.09 (br s, 1H.
Cp'). 5.9-5.8 (m, 2H. H| 1), 5.59 (dd. J5.6ex0 = 8.4 Hz. J5.gendo = 4.7 Hz, LH. Hs). 5.41
(brs. 1H, Cp"). 5.12 (br s, LH, CpY), 4.29 (brs, 1H, CpY, 3.21-3.10 (m. 1H. H7apgo), 2.18-
2.06 (m, 2H, H7exo, 6endo)» 1.30 (s, 9H, t-Bu), 0.74-0.65 (m. 1H. Hgexo): 'H-'H GCOSY
(300 MHz. CDCl3) & 7.54 (Hpp) > 87.45 (Hpp); 8 6.09 (CpY) &> 5 5.41 (CpY), § 5.12
(Cp'). 84.29 (Cp"): 85.9 (H 2) > 85.8 (H{.2), 8 3.15 (H7endo). 8 2.12 (H7exo 6endo); 8
5.59 (Hs) «> 8 2.12 (H7exo.6endo): 8 2.04 (H7exo,6endo)s 8 0.70 (Heexo): 85.41 (Cpt) &> &
5.12(Cp"), 8 4.29 (Cp'); 8 5.12 (Cpt) > 8 4.29 (Cph): § 3.15 (H7endo) © 8 2.1 (H7exo,
6endo)s 8 0.70 (Heexo): & 2.1 (H7exo,6endo) € 8 0.70 (Hgexo); 13C NMR (100 MHz,
CDCl3) 8 136.3 (s, Cph, ipso). 136.0 (s, Cph, ipso)» 131.3 (dt, ey = 159.6 Hz, 2Jcy =6.1
Hz, Cpp), 130.1 (d, lJcH = 160.9 Hz, Cpp), 129.7 (d, !Jcy = 162.1 Hz, Cpy), 129.3 (dd,
lJew = 163.1 Hz, 2Jcy = 7.0 Hz, Cpy), 131.3 (dd, ey = 162.6 Hz. 2/cy = 7.0 Hz,
Cpn), 122.5 (s, Cp! ring quaternary), 119.4 (s, C3), 110.2 (s, Cy), 94.4 (d, \JcH = 169.7
Hz, C»), 88.92 (d, lJcy = 151.1 Hz, C)), 88.63 (d, |Jcy = 187.3 Hz, Cp*), 86.2 (d, lJcy =
184.6 Hz, Cp'), 83.2 (d, I/cy = 182.2 Hz, Cpt), 81.8 (d, lJcy = 153.2 Hz, Cs), 42.2 (t,
|JcH = 128.6 Hz, C7), 31.8 (s, t-Bu quaternary), 31.0 (g, !Jcy = 127.6 Hz, t-Bu), 269 (t,
lJcy = 130.2 Hz, Cg). Signals overlap, lJcH's are approximate. Most signals from 94.4-
81.8 show small unresolved 2-3Jcy coupling constants. HMQC (300 MHz, CDCl3)
131.3 (Cpn) & 8 7.2 (Hpn); 8 130.1 (Cpn) «> 8 7.54 (Hpp); 8 129.7 (Cpy) © 87.35
(Hph): 8 129.3 (Cpp) > 8 7.35 (Hpy); & 128.2 (Cpp) © 8 7.2 (Hpp); 8 94.4 (C2) & 8 5.80
(H2); 388.9 (Cy) > 8 5.84 (H}); 588.6 (Cpt) & 85.12 (Cpt); & 88.2 (Cph) & 54.29
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(Cp"): 6 86.2 (Cp!) «> § 5.41 (Cpt); § 83.2 (CpY) > 8 6.09 (Cpt); 5 81.8 (C5) «> §5.59
(Hs): 842.2(C7) & 8 3.15 (H7endo). 8 2.13 (H7exo): 8 31.0 (1-Bu) > & 1.30 (+-Bu): &
26.9 (Ce) <> 8 2.13 (Hgendo). 8 0.70 (Hgexo): HMBC (300 MHz, CDCl3) § 136.3
(Cph.ipso) «> 6 7.17 (Hpp), 8 5.59 (Hs); 8 136.0 (Cpp, ipso) €>87.35 (Hpy). 8 5.8 (H 2): &
131.3 (Cpp) > 87.31 (Hpp), 6 7.24 (Hpy): §130.1 (Cpp) <> 8 7.24 (Hpp): 8 129.7 (Cpp)
< 87.54 (Hpn): 8 129.3 (Cpp) «> 8 7.37 (Hpy). 8 7.33 (Hpp): 8 128.2 (Cpp) < 5 7.17
(Hph): 8 122.5 (CpY) ¢ 8 6.09 (CpY), & 5.41 (Cp), § 5.12 (Cpt), §4.29 (Cpt. & 1.30 (1-
Bu): 0 [19.4 (C3) & 8 7.54 (Hpy), 8 5.80 (H| 1), §5.59 (Hs); § 110.2 (Cy) & §7.25
(Hph). 8 5.80 (H{,2). 8 2.09 (H7exo.6endo)s 8 2.05 (H7exo.6¢ndo) 8 0.74 (Heexo): 8 94.4
(C2) > 86.09 (CpY), 8 3.15 (H7endo): & 88.9/ 88.6/ 88.2 (Cpt) &> § 6.09 (CpY, § 5.41
(Cp"), 8 5.12 (Cp"), 8 4.29 (Cp"), 8 1.30 (+-Bu), 8 3.15 (H7endo). 8 2.10 (H7exo); 886.2
(Cpt) &> 8 6.09 (Cpt). §5.12 (w, Cpt), § 4.29 (Cpt); § 83.2 (Cp) & § 5.41 (Cpt), § 5.12
(Cp"). 8 4.29 (Cp'): 8 81.8 (Cs) > & 2.10 (H7exo 6endo)- & 2.06 (H7exo.6endo). 8 0.74
(Hgexo): 842.2(C7) & 85.9 (H),2). 8 5.59 (Hs), 8 2.15 (H7exo.6endo)s 8 0.74 (Hegexo): &
31.8.31.0 (+-Bu and r-Bu quaternary) «<» 8 1.30 (¢-Bu); 8 26.9 (Cg) > 8 5.59 (Hs), & 3.15
(W, H7endo)s 8 2.15 (H7exo 6endo)- Analysis calculated for CagH30BCoF4: C, 65.64; H,
5.91; found: C, 65.240; H, 5.854.

r-a\u© Bu-& BF,-

| HBFEt,0 Co
Co Me—=—=—Me -
-78°CHRT
Me
316 337

[(n3-1-¢-Bu-CsH4)Co(n5-3,4-Me2-C7H7]* BF 4~ (337). In the drybox, CpCo(n?*-1-¢-Bu-
CsHs) (316) (0.2059 g, 0.8362 mmol) was weighed into a Schlenk flask. The compound
was dissolved in degassed dichloromethane (20 mL) and cooled to -40 °C. To the
solution was added HBF4¢Et;0 (0.135 mL, 1.1 equiv). The color of the red solution

turned a deep green upon addition of the acid. After stirring 1 min at -40°C, 2-butyne
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(0.196 mL., 3 equiv) was added, changing the color of the solution to a dark red. The
solution was slowly warmed with stirring to room temperature. A drop of saturated
aqueous NaHCO3 was added and all volatile material was removed in vacuo. The crude
residue was redissolved in dichloromethane and filtered through a Celite column.
Addition of diethyl ether caused an orange-brown precipitate (0.2416 g. 74%) to form.
IR (CH2Cl; cast, cm™!) 3112 (m), 2965 (s), 2875 (m), 1695 (w), 1485 (s), 1463 (m), 1372
(m), 1278 (m), 1152 (m), 1054 (s), 867 (m), 520 (m), 495 (w); 'H NMR (360 MHz,
CDCl3) 8 5.59-5.55 (m, 1H, CpY), 5.41-5.38 (m. Cp"), 5.36-5.32 (m, 2H. H, 1), 5.25 (dd.
J5-6endo = 8.1 Hz, J5_gexo = 4.4 Hz, 1H, Hs), 5.24-5.22 (m, LH, Cp!), 5.10-5.07 (m. LH,
CpY, 2.77 (dddd, J7endo-Texo = 17.2 Hz. J7endo-6endo = J7endo-6exo = 9-6 Hz. J7endo-1 =
4.1 Hz, 1H, H7endo). 2.58 (s, 3H, Mes), 2.31 (s, 3H, Mey), 2.00-1.88 (m, Jeendo-6exo =
[3.8 Hz, Jeendo-7endo = 9.6 Hz., Jeendo-5 = 8.1 Hz, Jeendo-7exo = 1.9 Hz, 1H, Heendo), 1.76
(m, dddd by decoupling, J7exo-7endo = 16.9 Hz, J7exo-6exo = 6.1 HZ, J7ex0-1 = small,
J7exo-6endo = 1.9 Hz, IH, H7exo), 1.30 (s, 9H, -Bu), 0.45 (dddd, Jeexo-6endo = 13.8 Hz,
Jéexo-Tendo = 10.2 Hz, Jexo-7Texo = 6.3 Hz, Jeexo-5 = 4.5 Hz. LH. Heexo): !'H-'H GCOSY
(300 MHz, CDCl3) 8 5.59 (Cpt) &> 85.39 (Cp*), 6 5.23 (Cp"), 8 5.08 (Cpt); 8 5.39 (Cp*)
< 6 5.23 (Cp), 8 5.08 (Cpt); 8 5.34 (H.2) &> 8 2.77 (H7endo)» O 1.75 (H7exo): 8 5.25
(Hs) &> 6 1.93 (Hgendo), 8 0.45 (Hegexo); 85.23 (Cpt) &> 8 5.08 (Cp); 8 2.77 (H7endo) ©
8 1.93 (Heendo)» 8 1.75 (H7exo), 8 0.45 (Heexo): 6 1.93 (Heendo) € 8 1.75 (H7exo), 8 0.45
(Héexo): 6 1.75 (H7exo) € 8 0.45 (Heexo): 13C NMR (100 MHz, CDCl3) & 120.2 (s, C3).
117.3 (s, CpY), 109.1 (s, C4 ), 93.7 (d, lUcy = 170.4 Hz, C3), 87.02 (d, !Jcy = 183.3 Hz,
Cp'), 86.93 (d, lJcy = 183.3 Hz, Cpt), 85.9 (d, !Jcy = 158.0 Hz, Cy), 85.5 (d, WJcy = 165
Hz, Cs), 84.56b (d, lJcy = 181.7 Hz, CpY), 84.53b (d, LJcy = 183.3 Hz, Cpt), 39.7 (t,
lJcu = 131.8 Hz, C7), 31.5 (s, -Bu quaternary), 30.9 (q, \Jcy = 127.3 Hz, +-Bu), 27.7 (t,
lJch = 125.2 Hz, Cg), 23.0 (q, lJcy = 125 Hz, Mey), 21.5 (q, lJcH = 126.9 Hz, Mej). ab
Carbon signals overlap in gated spectrum. HMQC (300 MHz, CDCl3) § 93.7 (C3) & &
5.34 (Hy,2); 6 87.0 (Cpt) «> 8 5.08 (Cpt); 8 86.9 (Cp') &> 85.57 (Cp*); 385.9 (C|) & &
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5.34(H|2): 8 85.5 (Cs) «» §5.25 (Hs): 8 84.63 (Cp!) &> 8 5.39 (Cpt); & 84.62 (Cp!) > &
5.23(Cp"): 6 39.7 (C7) © 8 2.77 (H7endo). 8 1.75 (H7exo): 630.9 (£-Bu) & & 1.30 (-Bu);
8 27.7 (Cg) ¢ 8 1.93 (Heendo)- 8 0.45 (Hgexo): 8 23.0 (Mey) & 82.31 (Mey); 5215
(Me3) > 3 2.58 (Me3): 2 Signals are not resolved. Analysis calculated for
CgH26BCoF4: C, 55.70: H, 6.75; found: C, 55.962; H, 6.790. Electrospray MS m/z
calculated for CgH>¢Co (M* - BF4): 301.136649: found: 301.136128 (100%).

| +

t-Bu S - PFq-
|

c (i) HBF4‘Et2° . Co
° Ph——x-H ;
CE CaCly P"O
Q -40°C—RT
316 (Il)NHPFg, H,0 338

[(n3-1-t-Bu-CsH4)Co(n3-3-PhC7H7]* PF6~ (338). In the drybox, CpCo(n*-1-r-Bu-CsHs)
(316) (0.0645 g, 0.262 mmol) was weighed into a Schlenk flask. The compound was
dissolved in degassed dichloromethane (6 mL) and cooled to -40 °C. To the solution was
added HBF4°Et>0 (0.042 mL, 1.1 equiv). The color of the red solution turned a deep green
upon addition of the acid. After stirring | min at -40°C, phenylacetylene (0.082 mL, 3
equiv) was added. changing the color of the solution to a dark red. The solution was slowly
warmed with stirring to room temperature overnight. The solvent was removed and the
crude residue was extracted with water. A small amount of impure product (about [5 mg,
13%) was precipitated by the addition of NH4PFg to the aqueous extracts and tentatively
assigned as 338. 'H NMR (300 MHz, CDCl3) 3 8.0-7.0 (m, 5H, Hpy,), 6.07 (d, J =9.0 Hz,
2H, Haa), 5.7-5.6 (m, 2H, Hyss), 5.52 (br s, 2H, Cpt), 5.39 (br s, 2H, Cp*), 2.6-2.4 (m, 2H,
Héendo/Tendo)» 1.3 (m, obscured, 2H, Hegexo/7exo)s 1.09 (s, 9H, ¢-Bu); 'H-'H GCOSY (300
MHz, CDCl3) (phenyl region not reported) 8 6.07 (H2/4) &> 85.65 (Hys); 8 5.65 (Hy/5) &
8 2.5 (Heendor7endo)» 0 1.3 (Hgexor7exo); 8 5.52 (Cpt) &> 8 5.39 (Cpt): 8 2.5 (HgendorTendo) €

o 1.3 (Héexor7exo)-
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t-Bu t-B u@ PF-

+
CI (i) HBF#EL,0 éo
° Ph——Me
A) CH,CI, Ph 17
Q -40°C—AT
316 (ii) NH4PFg, H,0 Me 339

[(n3-1-t-Bu-C5H4)Co(n5-4-Me-3-PhC7H7}* PF- (339). In the drybox, CpCo(n*-1-r-Bu-
CsHs) (316) (0.0933 g, 0.379 mmol) was weighed into a Schienk flask. The compound was
dissolved in degassed dichloromethane (10 mL) and cooled to -40 °C. To the solution was
added HBF4¢Et;0 (0.064 mL. 1.1 equiv). The color of the red solution turned a deep green
upon addition of the acid. After stirring | min at -40°C. phenylpropyne (0. 14 mL, 2 equiv)
was added. changing the color of the solution to a dark red. The solution was slowly
warmed with stirring to room temperature overnight. The solvent was removed and the -
crude residue was extracted with water. A small amount of impure product (about 8 mg,
6%) was precipitated by the addition of NH4PFg to the aqueous extracts and tentatively
assigned as 339. 'H NMR (300 MHz, CDCl3) & 7.8-7.0 (m, Hpp), 6.5-4.8 (series of signals,
TH, obscured by impurities), 3.0-2.7 (m, 1H), 2.13 (s, 3H. Me), 2.4-2.2 (m. 1H), 2.0-1.8 (m,
2H), 1.27 (s, 9H, r-Bu), 0.65-0.50 (m, 1H, Hgexo).

CIO HBF.‘OEQ; Et;BHLI
I H——=——H IHF
Q CH,Cl, -78°C-HRT
-78°C-RT
Me
314

(1-Me-CsH4)Co(n1-n3-bicyclo[4.2.1]non-2-ene-4,9-diyl) (340). A solution of
CsHsCo(1-Me-CsHs) (314) (61.1 mg, 0.299 mmol) in dichloromethane (6 mL) was
cooled to -78°C and HB4¢Et0 (97 pL, 2 equiv) was added. Upon addition, the light

orange solution turned dark red-brown. Acetylene was bubbled into the solution for 1
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min, causing the solution to lighten slightly to red. The reaction mixture was held at
-78°C for lh, then warmed to room temperature for lh. The solvent was removed in
vacuo and the residue was redissolved in tetrahydroturan (6 mL) and cooled to -78°C. To
this solution was added Et3BHLi (0.9 mL, 1.0 M. THF, 3 equiv) and the solution was
allowed to warm slowly to room temperature over 16h. The solvent was removed in
vacuo and the residue was extracted with pentane. The combined pentane extracts were
filtered through a short pad of Celite and the pentane was removed in vacuo. A deep red
air sensitive oil (55.8 mg, 72%) was obtained. IR (hexane cast, cm-!) 2924 (s), 2866 (s).
2824 (m), 1443 (m), 1369 (m), 1319 (w), 1280 (w), 1217 (w), L 157 (w), 1028 (m), 995
(m), 923 (w), 885 (w), 842 (w), 796 (s), 407 (m); 'H NMR (400 MHz, C¢Dg) & 4.54
(ddd, J4.5, = 6.8 Hz, J4.3 = 6.7 Hz, J4.5p = 1.6 Hz, LH, Hy), 4.45 (br s, 2H. CsH;Me).
4.43-4.40 (m, 1H, CsH4Me), 4.39-4.35 (m, 1H, CsH4Me), 4.25 (dd, J2.3 =6.9 Hz. J>,; =
6.7 Hz, 1H. H»), 3.73 (ddd, /3.2 = 7.0 Hz, J3.4 = 6.6 Hz, /3.5, = 0.9 Hz. I H, H3), 2.80
(dddd, J1.8a = J1.9 =8.9 Hz, /1.2 = 6.7 Hz, J|_gp = 5.6 Hz, 1H. H), 2.63 (dddd. J5,.5p =
5.5 Hz, J55.6 = 11.1 Hz, Js3.4 = 6.9 Hz, J55.3p = 1.2 Hz, IH. Hs,), 2.50-2.40 (m. LH,
He), 1.82 (s, 3H, CsHsMe), 1.70-1.60 (m, 1H, Hg,), 1.42 (dd, Jg.| = 9.3 Hz, J9.¢ = 6.5
Hz, IH, Hg), 1.34 (br d, dddd by decoupling, Jsp.55 = 15.5 Hz, J5p.4 = J5p.6 = 2.1 Hz,
J5b-3=0.9 Hz, 1H, Hsp), 1.20-1.15 (m, 2H, H7, and H7p), 1.00-0.90 (m, LH, Hgp); 'H-
IH GCOSY (300 MHz, C¢Dg) 8 4.54 (Ha) <> 83.73 (H3), § 2.63 (Hsy), & 1.34 (Hsp); &
4.44 (CsHsMe) &> 64.37 (CsHaMe); §4.25 (H) <> 8 3.73 (H3), § 2.80 (H,): 8 3.73 (H3)
<> 8 1.34 (Hsp); 6 2.80 (H)) > & 1.65 (Hs,), 8 1.42 (Ho), § 0.90 (Hgp); 82.63 (Hs,) <> &
2.45 (He), 6 1.34 (Hsp); 8 2.45 (He) & & 1.42 (Hog), & 1.34 (Hsp), 8 1.17 (H7a/7p); 8 1.65
(Hga) © 8 1.17 (H7a/7b), 6 0.90 (Hgp); & 1.17 (H7a/76) 8 0.90 (Hgp); 13C NMR (100
MHz, C¢Dg) 8 96.7 (s, CsH4Me ring quaternary), 83.5 (d, ey = 155.7 Hz, C3), 82.72
(d, Uy = 175.2 Hz, CsH4Me), 82.52 (d, lJcy = 175.2 Hz, CsH4Me), 81.6 (d, lJcy =
174.2 Hz, CsH4Me), 81.1 (d, lJcy = 174.0 Hz, CsH4Me), 68.5 (d, lJcy = 149.4 Hz, Cy),
53.4(d, lUcy = 162.3 Hz, C1), 48.0 (d, !Jcy = 130.7 Hz, Cg), 44.8 (d, /oy = 133.6 Hz,
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C1),40.1 (t, lUcH = 126.1 Hz, Cs), 35.7 (t. 'Ucy = 127.8 Hz, Cg). 33.1 (t, Ucy = 128.3
Hz, C7), 13.1 (q, lUcy = 126.7 Hz, CsHyMe), 8.7 (d, lJcy = 150.4 Hz. Cy). 2 These
signals overlap in gated decoupled spectrum. HMQC (300 MHz, CgDg) 8 83.5 (C3) ¢> &
3.73 (H3): 8 82.7 (CsH Me) & § 4.44 (CsHyMe); & 82.5 (CsHyMe) <> §4.42
(CsH4Me): 6 81.6 (CsHyMe) &> 8 4.44 (CsHyMe); 5 81.1 (CsH Me) & §4.37
(CsHyMe): 8 68.5 (C4) &> §4.54 (Hy): 8 53.4 (Ca) & §4.25 (H1); §48.0 (Cg) & 52.45
(Hep): 344.8 (Cy) &5 6 2.80 (H); 8 40.1 (C5) <> 8 2.63 (Hsy), § 1.34 (Hsp): 8 35.7 (Cy)
> 0 1.65 (Hg,), 8 0.90 (Hgp): 8 33.1 (C7) 3 8 1.17 (H7y7); 8 13.1 (CsHMe) &> § 1.82
(CsHiMe): 8 8.7 (Cy) &> 8 1.42 (Hg); HMBC (300 MHz, C¢Dg) & 96.7 (CsHyMe ring
quaternary) <> 0 4.44 (CsHyMe), 8 1.82 (CsHsMe): § 83.5 (C3) & 8§4.25 (H»)., § 2.80
(H1). 5 2.63 (Hsa). 8 2.45 (He). 8 1.34 (Hsp); 8 68.5 (C4) & §4.25 (H2), §3.73 (H3). &
2.63 (Hsq), 6 2.45 (He), 8 1.34 (Hsp); 8 53.4 (C3) «> 84.54 (Hy), § 3.73 (H3), § 2.80
(Hy), 8 1.65 (Hga), 8 1.42 (Hg), 8 0.90 (Hgp);  48.0 (Cs) > 54.54 (Hs), 5 2.80 (H)), &
2.63 (Hsy). 6 1.65 (Hgy). 8 1.34 (Hsp). 8 1.17 (H7a/7p); 8 4.8 (C|) &> §4.25 (H»), § 3.73
(H3), 8 0.90 (Hga), 8 1.17 (H7y/7p): 8 40.1 (Cs) & 83.73 (H3), § 1.42 (Hg), § 1.17
(H7/7b); 8 33.1 (C7) & §2.63 (Hsa), 8 2.45 (Hg), 8 1.34 (Hsp), 8 0.90 (Hg,); 8 8.7 (Cy)
& 34.25 (Hp), 3 2.80 (H,), § 2.45 (He), 8 1.65 (Hgy), 8 1.34 (Hsp), 8 1.17 (H7a7p), &
0.90 (Hgy). MS m/z calculated for CsH|9Co (M+): 258.08188; found: 258.08187

(100%).
t-Bu
<> & e
\
cl:o HBF‘-OEt,¢ c * Et,BHLI
| H—=—H ,,\ THF
7 TN CH,Cl; i -78°CHRT
-78°C—RT ~
t-Bu
316 - =

(t-Bu-CsH4)Co(m1-n3-bicyclo[4.2.1]non-2-ene-4,9-diyl) (341). A solution of
CsHsCo(t-Bu-CsHs) (316) (15_6.7 mg, 0.636 mmol) in dichloromethane (16 mL) was
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cooled to -78°C and HB4*Et>0 (206 pL, 2 equiv) was added. Upon addition, the light
orange solution turned dark red-brown. Acetylene was bubbled into the solution for 1
min, causing the color of the solution to change to dark red. The reaction mixture was
held at -78°C for 1h. then warmed to room temperature for Lh. The solvent was removed
in vacuo and the residue was redissolved in tetrahydrofuran (16 mL) and cooled to -78°C.
To this solution was added Et3BHLi (1.9 mL, 1.0 M, THF. 3 equiv) and the solution was
allowed to warm slowly to room temperature over 16h. The solvent was removed in
vacuo and the residue was extracted with pentane. The combined pentane extracts were
filtered through a short pad of Celite and the pentane was removed in vacuo. A deep red
air sensitive oil (154.3 mg, 81%) was obtained. IR (hexane cast, cm-!) 2932 (s), 2866
(s), 1482 (m), 1458 (m), 1360 (m), 1318 (w), 1274 (m), 1198 (w), 1151 (w), 1108 (m).
1040 (m), 1016 (m), 997 (m), 910 (m), 885 (w), 844 (w), 798 (s), 668 (W), 405 (s): 'H
NMR (400 MHz, C¢Dg) 6 4.69 (ddd. J4.3 = 6.9 Hz, J4.5, = 6.8 Hz, J4.5p = 1.8 Hz, 1 H,
Hy4). 4.65 (narrow m, LH, Cpt!), 4.52 (narrow m, LH, Cpt), 4.38 (dd, J2.3=8.0 Hz, /5| =
7.0 Hz, 1H, H»), 4.37 (narrow m, 1H, Cp'), 4.28 (narrow m, 1H, Cp'), 3.81 (ddd, /5.5 =
8.0 Hz, J3.4 = 6.6 Hz, J3.5p = 0.7 Hz, 1H, H3), 2.77 (m, dddd by decoupling, /1.9 = J|_g,
=9.1 Hz, J1.80 = 5.6 Hz, J1.2= 7 Hz, IH, H)), 2.65 (ddd, Js4.5p = 15.5 Hz, J55.6 = 11.2
Hz, J53.4 = 7.0 Hz, 1H, Hs,), 2.43 (m, dddd by decoupling, J6.52 = 11.2 Hz, Jg.9= 6.2
Hz, J6.5p = small, J6.g; = small, 1H, Hg), 1.73 (m, dddd by decoupling, Jga.8p = 12.3 Hz,
J8a-7=J8a-1 = 8.1 Hz, Jga.¢ < | Hz, 1H, Hgy), 1.59 (dd, J9.; = 9.3 Hz, J9.4 = 6.2 Hz, 1H,
Hog), 1.3 (brd, J = 13.5 Hz, 1H, Hsp), 1.24 (s, 9H, t-Bu), 1.15-1.05 (m, 2H, H7a/7p), 1.0-
0.9 (m, 1H, Hgp): 'H-'H GCOSY (300 MHz, C¢Ds) 8 4.69 (Hy4) &> §3.81 (H3), 3 2.65
(Hsa), 8 1.3 (Hsp); 8 4.65 (Cpt) &> §4.52 (CpY), § 4.37 (Cpt), 8 4.28 (CpY); §4.52 (Cpt)
8 4.37 (Cp), 8 4.28 (Cpt); 54.37 (Cpt) &> 54.28 (Cpt); 54.38 (Hp) & §3.81 (H3), &
2.77(H;); 83.81 (H3) & 8 1.3 (w, Hsp); 82.77 (H}) & & 1.73 (Hga), § 1.59 (Ho), 8 0.95
(Hgb); 6 2.65 (Hsa) > 82.43 (He), 8 1.3 (Hsp); 82.43 (Hg) & 8 1.59 (Hg), § 1.3 (Hsp), &
L.1 (H7y7b); 8 1.73 (Hga) > 8 1.1 (H7a/7b), 8 0.95 (Hgp); 8 1.1 (H7a7) © 80.95 (Hgp);
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13C NMR (100 MHz, CgDg) & 113.3 (s, Cpt ring quaternary), 83.1 (d. lJcy = 157.5 Hz,
C3). 81.2(d. ey = 171.2 Hz, 1-Bu-CsHy), 80.8 (d, lJcy = 171.2 Hz. t-Bu-CsHy). 80.3
(d, LJcH = 173.6 Hz. +-Bu-CsHy), 79.9 (d, 'Jey = 174.4 Hz, -Bu-CsHy), 67.1 (d, Ucu=
147.5 Hz. Cy). 54.1 (d, lJcH = 156.5 Hz, C2), 49.0 (d, 'Jcy = 130.0 Hz, Cg)., 44.8 (d,
lJcH = 127.6 Hz, Cy), 40.0 (¢, 'Jcy = 120 Hz, Cs)., 35.9 (t. ey = 131.6 Hz. Cg). 33.1 (1,
lJcH = 127.5 Hz, C7). 31.7 (q, YJey = 125.5 Hz. r-Bu), 6.5 (d, lJcy = 146.8 Hz. Coy);
HMQC (300 MHz, C¢Dg) & 83.1 (C3) &> §3.81 (H3); 8 81.2 (¢+-Bu-CsHy) > §4.52 (s-
Bu-CsH4): 8 80.8 (1-Bu-CsH4) <> §4.28 (t-Bu-CsHy); & 80.3 (1-Bu-CsHy) <> & 4.65 (¢-
Bu-CsHy); 6 79.9 (1-Bu-CsHy) <> 8 4.37 (1-Bu-CsHy); § 67.1 (Cy) & §4.69 (Hy): § 54.1
(C2) &> 84.38 (H2): §49.0 (Cg) <> 5 2.43 (He): §44.8 (C}) &> 5 2.77 (H): § 40.0 (Cs)
> 8 2.65 (Hsy), 8 1.30 (Hsp); 8 35.9 (Cg) <> 8 1.73 (Hg,), 8 0.9 (Hgp); 8 33.1 (C7) & &
1.102 (H7a/7b): 8 31.7 (r-Bu-CsHy) &> & 1.24 (1-Bu-CsHy); § 6.5 (Cg) & 8 1.59 (Hg). 2
This correlation is not resolved from the large r-Bu correlation. MS m/= calculated for
C8H25Co (M*): 300.12881; found: 300.12933 (55%). MS m/z calculated for C14H6Co
(M+*- -Bu): 243.05840 found: 243.05860 (100%).

| |

EtyBHLI Co—39
=—H THF —
O CH.Cl; -78°C—AT
-78°C—RT 3 :

2
296 — - 342

| .
o HBF4'°Et2 -

(CsMes)Co(n1-n3-bicyclo{4.2.1]non-2-ene-4,9-diyl) (342). A solution of Cp*Co(CsHg)
(296) (24.6 mg, 0.0945 mmol) in dichloromethane (3 mL) was cooled to -78°C and
HB4¢Et;0 (31 pL, 2 equiv) was added. Upon addition of the acid, the light orange
solution turned dark green. Acetylene was bubbled into the solution for 1 min, causing
the solution to change color to red. The reaction mixture was held at -78°C for 1h, then

warmed to room temperature for lh. The solvent was removed in vacuo and the residue



was redissolved in tetrahydrofuran (3 mL) and cooled to -78°C. To this solution was
added Et3BHLi (0.28 mL, 1.0 M. THF, 3 equiv) and the solution was allowed to warm
slowly to room temperature over 16h. The solvent was removed in vacuo and the residue
was extracted with pentane. The combined pentane extracts were filtered through a short
pad of Celite and the pentane was removed in vacio. An orange air sensitive solid (9.5
mg, 32%) was obtained. IR (hexane cast, cm-!) 2910 (s), 2854 (s), 2820 (m), 1480 (w).
1442 (w), 1380 (m), 1260 (m), 1155 (w), 1088 (m), 1027 (m), 884 (w), SO0 (m). 668 (m).
424 (m), 410 (m); 'HNMR (400 MHz, C¢D¢) 8 3.69 (dd. J = 8.0, 7.0 Hz, 1H. Hy), 3.48
(dd. /= 6.9. 6.8 Hz, I1H, H»), 3.15 (dd. /= 7.7. 7.3 Hz, LH, H3), 2.85-2.75 (m, |H. H)),
2.50(ddd, /= 17.5, 11.0, 6.4 Hz. 1H. Hs,), 2.51-2.40 (m, 1H. He), 1.7-1.6 (m, LH,
obscured by Cp*. 1H. Hga), 1.61 (s, I5H, CsMes), 1.45 (br d. J = 14.3 Hz, LH. Hsp),
1.25-1.15 (m, 2H, H7,/7b), 1.05-0.95 (m, 1H, Hgp). 0.58 (dd. J =9.2, 6.1 Hz. IH. Hg);
13C NMRA (100 MHz, CsDg) 8§ 90.5 (CsMes), 88.1 (C3). 71.9 (Cy). 55.8 (C>). 46.8 (Ceg).
44.9 (C)), 40.3 (Cs), 35.6 (Cg), 33.8 (C7). 9.7 (CsMes). 9.5 (C)). 2Assignments are based
on comparison with the analogous t-BuCp and MeCp systems. MS m/= calculated for

CigH27Co (M*): 314.14447; found: 314.14443 (100%).

< =

t-Buli ]

|+
+
Co —tpr ¢o So
@ -78°C—RT ~ _ <?\
t-Bu t-8u

348A 3488

[(n3-1-Me-CsHy)Co(m+-2-Me-5-t-Bu-CsHy] (348A) and [(m3-1-Me-CsH4)Co(m?-1-
Me-5-t-Bu-CsHy) (348B). To a suspension of (1-MeCsH4),Co* PFg~ (6.5 g, 17.9 mmol)
in tetrahydrofuran (100 mL) at -78°C was added r-BuLi (10.6 mL, 1.7 M, pentane, 1.01
equiv). The yellow suspension quickly turned into a red solution. After stirring at -78°C
overnight, allowing the solution to warm to room temperature, the solvent was removed

in vacuo and the residue was extracted with hexane under nitrogen. The extracts were
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filtered through Celite and the hexane was removed. A red oil (4.3227 g, 88%) remained.
By 'H NMR spectroscopy. an approximately 2:1 mixture of isomers was obtained. IR
(hexane cast. cm!) 3081 (w), 3050 (w), 2954 (s), 2899 (s), 2864 (s), 1474 (m), 1461 (m),
[415 (w), 1389 (m), 1374 (m), 1361 (s), 1315 (m), 1252 (w), 1223 (m), 1190 (w), 1033
(m), 1190 (w), 1033 (m), 963 (w), 922 (w), 850 (m), 800 (m), 558 (w), 508 (W), 456 (w).
418 (m); 'H NMR (300 MHz, C¢Dg) (select data only) major isomer: & 1.82 (s, 3H,
Me), 1.18 (s, 3H, Me), 0.64 (s, 9H, r-Bu). Minor isomer: 8 2.01 (s, 3H, Me), 1.71 (s.
3H, Me), 0.57 (s, 9H, r-Bu). MS m/z calculated for CgH22Co (M* -H): 273.10535:
found: 273.10490 (15%). MS m/z calculated for Cj3H4Co (M* - r-Bu): 217.04276;
found: 217.04247 (100%).

General note for the seven-membered ring compounds prepared using the r-Bu-MeCsH,
template. Unless stated otherwise, yields are given for the isomeric mixture of seven-
membered ring products after crude chromatographic separation to remove non-seven-
membered ring impurities. However, only small amounts of any given isomer can be
obtained in a pure state by crystallization or slow chromatography. Most of the material
balance still exists as a mixture of isomers. For this reason, isolated yields of the
individual isomers are not given, as they are somewhat variable and do not reflect the true

efficiency of this reaction.

tBu \/MO t-Bu f'BU@

I

—_ | + +
| HBF °Et,0 Co Me . O BF,”
Co -8 M -
-Bu—=—Me t-Bu 1
é) CHCl, B"Q 7
/O -78°C - RT
Me
348 350

[(t-Bu-Me-CsH3)Co(3-t-Bu-1,4-Me2C7Hg)]* BF4~ (349) and [(¢-Bu-Me-CsH3)Co(3-t-
Bu-4,5-Me;C7Hg)]* BF4~(350) . In the drybox, a flask was charged with Cp'Co(Cp'tH)
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(348) (0.1078 g, 0.3930 mmol) and removed to the Schlenk line, where dichloromethane
(10 mL) was added. The solution was cooled to -78 °C and 4,4-dimethyl-2-pentyne (0.37
mL, 7 equiv) was added. Upon addition of HBF4*Et>0 (64 puL. 1.1 equiv), the color
turned to green. After 2 h at -78 °C, the solution had not changed color. Warming slowly
to room temperature gave a red solution. Removal of all volatile material gave a deep red
residue. The compound was purified by flash chromatography (silica gel) using 5%
methanol-dichloromethane. After a red band was collected and the solvent was removed.
there remained a red residue. Attempted recrystallization from chloroform/diethyl ether
only gave oils, which later solidified upon drying in vacuo, to give an orange-red solid
(0.1560 g, 87%). This crude material was shown to be at least two compounds, a major
and minor complex in about a 2:1 ratio by !'H NMR spectroscopy; however. extraction
with ethyl acetate left behind a light orange powder. This powder was recrystallized from
dichloromethane/ethyl acetate/diethyl ether, and shown to be a single product: the 1,3 4-
cycloheptadienyl isomer 349. The ethyl acetate soluble portion contained a mixture of
two compounds, including the "insoluble” product. By 'H NMR spectroscopy, the other
product appeared to be a positional isomer of the 1,3.4-compound 349. Further
chromatography (silica gel, 2% methanol/dichloromethane allowed enrichment of the
ethyl acetate soluble isomer, which was identified by |H NMR as the 3.4,5-isomer 350.
Recrystallization of 350 from dichloromethane/ethyl acetate/diethyl ether yielded crystals
suitable for X-ray diffractrion analysis. For full data on this crystal structure, request
report # JMS9807 from the Structure Determination Laboratory at the University of
Alberta Department of Chemistry. Data for ethyl acetate insoluble 1,3.4-isomer 349: IR
(CHCl; cast, cm-!) 3096 (w), 2975 (m), 2874 (m), 1482 (m), 1457 (m), 1423 (w), 1398
(w), 1382 (m), 1367 (m), 1313 (w), 1281 (w), 1238 (w), 1186 (w), 1088 (s), 1058 (s),
1035 (s), 851 (m), 520 (w); 'H NMR (400 MHz, CDCl3) §5.30 (s, 1H, H)), 5.11 (¢, J =
2.8 Hz, IH, Cp"), 4.91 (1, / = 2.4 Hz, 1H, Cp'"), 4.80 (dd, J5.6endo = 8.3 Hz, J5.6ex0 = 4.6
Hz, 1H, Hs), 437 (t, /= 2.5 Hz, 1H, Cp"), 2.57 (ddd, J7endo-7exo = 17.7 Hz, J7exo-6exo0 =
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10.8 Hz, J7endo-6endo = 9.0 Hz. 1H. H7endo). 2.37 (s, 3H, Mey), 2.25 (s. 3H. Cp'*Me),
1.83 (s, 3H. Me), 1.8-1.73 (M. J7exo-7endo = 17.7 Hz, J7ex0-6ex0 = 9.7 Hz, 1H. H7exo).
1.7-1.6 (m, J6endo-6exo = 13.1 Hz, Jeendo-7endo = 9.0 Hz, Jgendo-5 = 8.3 Hz, 1H, Héendo).
1.64 (s, 9H, Cp+-Bu), 1.42 (s, 9H. C3 +-Bu), 0.20 (m. dddd by decoupling, Jeexo-6endo =
12.5 Hz, Jeexo-7endo = 12.5 Hz, Jgexo-7exo = 9-7 Hz, Joexo-5 = 4.6 Hz, 1H, Hgexo). *Other
J values not determined. 'H-'H GCOSY (300 MHz, CDCl3) § 5.30 (H-) <> 82.37 (w,
Mey). § 1.83 (Me), § 1.73 (H7exo); 85.11 (CpY) <> §4.91 (Cp'), 5 4.37 (Cp'): & 4.91
(Cp") <> 64.37 (Cp'): 6 4.80 (Hs) & 8 1.65 (Hsendo)» 8 0.20 (Hgexo); 8 2.57 (H7endo) <
8 1.73 (H7exo). 8 1.65 (Heendo)» 8 0.20 (Heexo): 1.73 (H7exo) < 80.20 (Hgexo): 1.65
(Héendo) € 8 0.20 (Hgexo): !'3C NMR (100 MHz, CDCl3) & 130.2 (s, C3). 116.0 (s. Cpt
ring quaternary), 106.4 (s, Cy), 105.5 (s, C4), 100.3 (s, Cp't ring quaternary), 90.4 (d,
LJcn = 163.3 Hz, Ca), 89.1 (d, 'JcH = 178.9 Hz, Cp't), 85.4 (d, lJcy = 177.8 Hz, Cp"),
82.9 (d. JcH = 182.9 Hz, Cp"), 79.3 (d, lJcy = 158.6 Hz, Cs), 44.7 (1. lcu = 127.7 Hz,
C7), 37.1 (s, Cp' +-Bu quaternary), 32.4 (s, C3 +-Bu quaternary), 32.3 (q. !'Jcy = 127.2
Hz, Cp1-Bu), 30.3 (q, UcH = 127.0 Hz, C3 t-Bu), 29.4 (q, Jcy = 129.3 Hz, Me1), 25.54
(q, Ych = 129.0 Hz, Mey), 25.02 (1, ey = 129.0 Hz, Cg), 13.2 (q, ey = 129.3 Hz, Cp*t
Me). 2Overlap in gated spectrum. HMQC (300 MHz, CDCl3) §90.4 (C3) «» 8 5.30
(H2); 889.1 (Cp") & §4.91 (Cp't); 585.4 (Cp™) &> 84.37 (Cp't); §82.9 (CpY) > 5.1
(Cp™): 8 79.3 (Cs) <> §4.80 (Hs); § 44.7 (C7) & 8 2.57 (H7endo), 8 1.75 (H7exo); & 32.3
(Cp"+-Bu) &> 3 1.64 (Cp't r-Bu); 8 30.3 (C3 t-Bu) &> 8 1.42 (C3 1-Bu); § 29.4 (Me|) & &
1.83 (Me): 8 25.5 (Mey) &> 8 2.37 (Mey); 8 25.0 (Ce) <> 8 1.65 (Hgendo), 8 0.20
(Heexo); 6 13.2 (Cp't Me) &> § 2.25 (Cp't Me); HMBC (300 MHz, CDCl3) § 130.2 (C3)
> 0 4.80 (Hs), 8 2.37 (Mey); 3 116.0 (Cp'") &> 8 5.11 (Cp'*) §4.91 (Cp'"), § 4.37 (Cp"), &
2.25(Cp"Me); 6 106.4 (C) «> 8 2.57 (H7endo), 1-83 (Mey); 8 105.5 (C4) &> 85.30 (Ha),
8 2.37 (Mea), 8 0.20 (Hgexo): 8 100.3 (Cp™) &> §5.11 (Cp'), 8 4.91 (Cp"), § 4.37 (Cp"), §
2.25 (Cp*Me); §90.4 (C2) &> 8 2.57 (H7exo)s & 1.73 (H7exo); 6 89.1 (Cpt) > 8 5.11
(Cp™), 8 4.37 (Cp"), 8 2.25 (Cp* Me); 585.4 (Cp") & §5.11 (Cp'®), §4.91 (Cp'"); 5829

376



(Cp") <> 64.91 (Cp'"), § 4.37 (Cp); § 79.3 (Cs) & § 2.37 (Mey); §44.7 (C7) & 8§ 4.80
(Hs). & 1.73 (H7exo). 8 0.20 (Hgexo); 8 37.1 (Cptt-Bu) > § 5.11 (Cp". 5 1.64 (Cp*i-
Bu): 8 32.4/32.33 (+-Bu quaternaries) <> 8 1.64 (Cp't£-Bu), § 1.42 (C3 r-Bu); § 30.3 (C3 1-
Bu) &> 8 1.42 (C3 r-Bu); § 25.5/25.02 (Me/Cg) <> 8 4.80 (Hs). 2Resolution insufficient to
separate signals. Analysis calculated for Ca3H36BCoFy: C, 60.28: H, 7.92: found: C.
60.173; H. 7.983.

Data for 3.4,5-isomer 350: 'H NMR (360 MHz, CDCl3) §5.27 (t./ = 2.7 Hz.
Cp", 5.16 (1. J = 2.0 Hz, 1H, Cp"), 5.05-4.95 (m, LH, H}), 4.89 (d. J = 8.0 Hz, {H. H»).
4.87 (t, /= 2.7 Hz, IH., Cp"), 3.03 (dddd. J7endo-7exo = 17.7 Hz, J7endo-6exo = 12.8 Hz,
J7endo-6endo = 6.6 Hz, J7endo-1 = 2.4 Hz, 1H, H7endo), 2.59 (s, 3H, Me), 2.47 (s. 3H, Me).
2.37-2.27 (m, 1H. H7exo), 1.93 (s, 3H, Me), 1.61 (s, 9H. t-Bu), 1.14 (s, 9H. ¢-Bu), 1.05
(ddd. Jeendo-6exo = 11.5 Hz, Jeendo-7endo = 6.2 Hz. Jéendo-7exo = 1.9 Hz. 1H. Heendo)-

-0.19 (ddd, Jeexo-6endo = J6exo-Tendo = 12.6 Hz, J6exo-7exo = 4.6 Hz, I H, Heexo)

t-Bu Me t-Bu
5 BF
I Me | +
Co HBFyoEt,0 Copme
Cl_'D Ph—=—Me
/Q CH,CI, Ph@
.78°C — RT
348 Me™ 351

[(¢-Bu-Me-CsH3)Co(1,4-Mez-3-PhC7Hg)* BF4~ (351). In the drybox, a flask was
charged with Cp'Co(Cp'*H) (348) (0.0848 g, 0.309 mmol) and removed to the Schlenk
line, where dichloromethane (9 mL) was added. The solution was cooled to -78 °C and
L-phenylpropyne (0.19 mL, 5 equiv) was added. Upon addition of HBF4°Et;0 (50 puL,
[.1 equiv), the color turned to green. Allowing the solution to warm to room temperature
gave a deep red solution. Removal of all volatile material gave a dark oily residue. The
compound was purified by flash chromatography (silica gel) using 5% methanol-
dichloromethane. After a red band was collected and the solvent was removed, there

remained a red residue (0.073 g, 49%). This material was shown by |H NMR
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spectroscopy to contain a single major product, although minor impurities are present. IR
(CDCl3 cast. cm™!) 3104 (w), 2966 (s), 2874 (m), 2262 (w), 2171 (w). 1717 (w), 1652
(w), 1483 (m), 1456 (s), 1381 (m). 1262 (m), 1221 (m). 1188 (m), 1055 (s), 918 (s), 857
(m), 766 (m), 728 (s), 706 (s), 680 (m), 647 (w), 521 (m); 'H NMR (360 MHz, CDCl3)
87.79 (d.J = 7.2 Hz. 2H. Hpy), 7.54 (1, J = 7.3 Hz. 2H, Hpy), 7.47 (t. J = 7.3 Hz, IH,
Hpp). 5.52 (s. 1H, H2), 5.39 (t. J/ = 2.3 Hz, 1H, Cp"), 5.10 (dd. J5.gendo = 8.1 Hz. J5.6ex0
=4.4 Hz. I1H. Hs5). 4.78 (t. / = 2.8 Hz. I1H. Cp"), 4.36 (1, / = 2.2 Hz, IH, Cp). 2.65 (m,
apparent quintet, / = 18.9, 9.2, 9.2 Hz, 1H. H7endo). 2.20 (s, 3H, Me). 2.16 (s. 3H, Me),
2.05-1.90 (m, 1H, Héendo). 1.90-1.80 (m, [H, H7exo). 1.84 (s, 3H, Me). 1.42 (m. dddd by
decoupling, J = 13.9,9.9, 6.0. 5.5 Hz, 1H, Heexo); 'H-'H GCOSY (300 MHz, CDCl3) &
7.79 (Hph) > 8 7.54 (Hpp): § 5.52 (H2) &> 8 2.16 (Me), § 1.85 (H7exo): 85.39 (CpY) & &
4.78 (Cp"). 8 4.36 (Cp): § 5.10 (H5s) > 8 1.95 (Hgendo). 8 0.61 (Heexo): §4.78 (Cp*) &
6 4.36 (Cp'): 8 2.65 (H7endo) €3 8 1.95 (Hgendo). 8 1.85 (H7exo), 8 0.61 (Hgexo): & 1.95
(Héendo) > O 1.85 (H7exo). 8 0.61 (Heexo): 8 1.85 (H7exo) € 8 0.61 (Hgexo): '3C NMR
(100 MHz, CDCl3) 3 136.0 (s, Cpp). 129.7 (d, 'Jey = 152.1 Hz, Cpy), 129.3 d, ey =
161.5 Hz, Cpn), 116.6 (s. Cquaternary). 115.5 (s, Cquaternary)+ 109.0 (s. Cquaternary). 107.8
(s. Cquaternary)» 100.3 (s, Cquaternary). 95.4 (d. !Jcy = 164.1 Hz, C>), 88.8 (d, lJcy =
182.5 Hz, Cp"), 86.0 (d, !Jcy = 182.7 Hz, Cp"), 85.3 (d, !Jcy = 178.8 Hz, Cp"), 80.2 (d,
| /ey = 158.8 Hz, Cs), 44.5 (1, !Jcy = 130.8 Hz, C7), 32.2 (s, t-Bu quaternary), 30.3 (q,
lJch = 127.1 Hz, r-Bu), 29.3 (q, ey = 122.6 Hz, Me), 26.3 (t, /oy = 132.9 Hz, C),
24.0(q, UcH = 125.3 Hz, Me), 13.1 (g, lUcy = 129.2 Hz, Cp'* Me); !H-!3C HETCORR
(100 MHz, CDCl3) & 129.7 (Cpp) ¢ 87.79 (Hpp): 8 129.3 (Cpp) <> 8 7.508 (Hpp); &
95.4 (C2) & 85.52 (H2); 6 88.8 (Cp') &» 85.39 (Cp't); 5 86.0 (Cp") &> 54.78 (Cp'Y); &
85.3 (Cp") &> §4.36 (Cp'!); 6 80.2 (Cs5) <> 6 5.10 (Hs);8 44.5 (C7) © 8 2.65 (H7endo), O
1.85 (H7exo); 6 30.3 (1-Bu) &> 8 1.42 (1-Bu); § 29.3 (Me) & 8 1.84 (Me); § 26.3 (C) &
0 1.97 (Hgendo). 8 0.61 (Hegexo); §24.0 (Me) & §2.16 (Me); & 13.1 (Cp*Me) &> §2.20
(Cp*Me). 2 Correlation is broad enough to encompass both & 7.54 (Hpy) and 8 7.47
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(Hpn). Analysis calculated for C25H32BCoF,: C. 62.78; H, 6.74; found: C, 62.499: H.
6.760.

t-Bu Me "BU@/

&

oo HBF<EL,0 Co Me
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Cl_'J CH,Cl, Me <| 17
/Q -78°C - RT
Me
348 352

[(¢-Bu-Me-CsH3)Co(1,3,4-Me3C7Hg)]* BF 4~ (352). In the drybox, a flask was charged
with Cp'Co(Cp'tH) (348) (0.0649 g, 0.237 mmol) and removed to the Schlenk line, where
dichloromethane (6 mL) was added. The solution was cooled to -78 °C and 2-butyne
(0.20 mL, 10 equiv) was added. Upon addition of HBF4*Et;0 (38 L, .1 equiv), the
color deepened. After 2 h at -78 °C, the solution had turned a deep red color. Allowing
the solution to warm to room temperature did not result in any further color change.
Removal of all volatile material gave a dark red residue. The compound was purified by
flash chromatography (silica gel) using 5% methanol-dichloromethane. After a red band
was collected and the solvent was removed, there remained a red residue (0.074 g, 78%).
This material was shown by !'H NMR spectroscopy to contain a single major product,
although minor impurities are present. IR (CH3Cl; cast, cm-!) 3103 (w), 2969 (m), 1694
(w), 1483 (m), 1460 (m), 1382 (m), 1282 (w), 1222 (m), 1194 (w), 1058 (s), 864 (m), 818
(w), 733 (m), 701 (w), 520 (m); 'H NMR (360 MHz, CDCl3) & 5.40-5.35 (narrow m,
2H, Cp), 5.34 (s, 1H, H3), 4.96 (dd, J5_6endo = 7-3 Hz, J5.6exo = 4.1 Hz, 1H, Hs), 4.60 (t,
J=23Hz, 1H, Cp"), 2.50 (s, 3H, Me3), 2.39 (ddd, J7endo-Texo = 16.2 Hz, J7endo-6endo =
10 Hz, J7endo-6exo = 8 Hz, LH, H7endo)s 2.15 (s, 3H, Mey), 2.12 (m, dddd by decoupling,
J6endo-6exo = 15 Hz, Jeendo-7endo = 9 Hz, Jeendo-5 = 7.3 Hz, Joendo-7exo =4 Hz. LH,
Hegendo). 1.87 (s, 3H, Cp'tMe), 1.81 (s, 3H, Me}), 1.44 (ddd, J7exo-Tendo = 15.9 Hz, J7exo-
6exo = 6 Hz, J7exo-6endo = 5 Hz, 1H, H7exo), 1.24 (s, 9H, r-Bu), 0.70 (m, dddd by

decoupling, Jeexo-6endo = 14.1 Hz, Jeexo-7endo = 8 Hz, Jexo-7exo = 7 HZ, Joexo-5 = 4.2
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Hz, 1H, Heexo): 'H-'H GCOSY (300 MHz, CDCl3) § 5.37 (Cp™) > §4.60 (Cp't); &
5.34 (H2) €5 6 2.50 (w, Me3), 8 2.15 (w, Mey), 8 1.81 (w. Me|), § 1.44 (W, J7exo): 84.96
(Hs) ¢> 8 2.12 (Hgendo). 8 0.70 (Heexo): 84.60 (Cp'Y) &> & 1.87 (w, Cp"* Me): §2.39
(H7endo) > 8 2.12 (Heendo). 8 1.44 (H7exo). 8 0.70 (Heexo): 8 2.12 (Hgendo) <> & 1.44
(H7exo). 8 0.70 (Hgexo): 8 1.44 (H7exo) > 80.70 (Heexo): 13C NMR (100 MHz, CDCl3)
6 116.8 (s, Cp't r-Bu ring quaternary), 111.7 (s, C3). 109.5 (s, C}), 107.0 (s. Cg). 97.2 (s,
Cp' Me ring quaternary), 93.7 (d, 'Jcy = 161.4 Hz, C3), 90.1 (d. 'Jcy = 178.4 Hz, CpY),
85.9 (d. YJcH = 183.7 Hz, Cp"). 85.6 (d, ey = 177.9 Hz, Cp'), 79.4 (d. lJcy = 150.4
Hz.Cs). 41.4 (t, Ucy = 129.2 Hz, C9), 32.0 (s, t-Bu quaternary), 30.22 (q, lJcy = 126.5
Hz, +-Bu and Me)), 29.3 (t, lJcH = 130.9 Hz, Cg), 21.3 (q. JcH = 128.8 Hz, Mey), 21.1
(q. 'JcH = 129.3 Hz, Me3), 12.4 (q, ey = 129.2 Hz, Cp't Me). 22 carbon signals
overlap: -Bu and Me|. HMQC (300 MHz, CDCl3) § 93.7 (C3) « 8 5.34 (H»): §90.1
(Cp"Y) > 85.37 (Cp't): §85.9 (Cp'") &> §5.37 (Cp'); § 85.6 (Cp™) &> §4.60 (Cp't); § 79.4
(C5) > 84.96 (Hs); 541.4 (C7) € 8 2.39 (H7exo). 8 1.40 (H7endo): 8 30.2 (Me, and ¢-
Bu) &> 6 1.81 (Mey), & 1.24 (+-Bu); 8 29.3 (Cg) «> 8 2.12 (Hgendo). 8 0.70 (Hgexo); 821.3
(Mey) & 82.15 (Mey): §21.1 (Me3) &> § 2.50 (Me3); § 12.4 (Cp't Me) &> §2.87 (Cp't
Me); HMBC (300 MHz, CDCl3) 6 116.8 (Cp't r-Bu ring quaternary) < 8 5.37 (Cp't),
4.60 (Cp'™), 1.87 (Cp* Me), 1.24 (+-Bu); & 111.7 (C3) & 84.96 (Hs), 5 2.50 (Me3), & 2.15
(Mes); 8 109.5 (Cy) &> 3 1.81 (Mey), 8 0.70 (Hgexo); 8 107.0 (Cy) &> 8 5.34 (H2), & 4.96
(w, Hs), 8 2.50 (Me3), 8 2.15 (Mey), 8 0.70 (Heexo); §97.2 (Cp' Me ring quaternary) <>
8 5.37 (Cp'"), 4.60 (Cp"), 1.87 (Cp't Me); §93.7 (C2) & & 2.50 (Me3), 8 2.39 (H7endo)» &
1.81 (Me1); 890.1 (Cp") «» 35.37 (Cp't), 4.60 (Cp™), 1.87 (Cp't Me); 8 85.9/85.63 (Cp')
© 8 5.37 (Cp'), 4.60 (Cp'"); 8 79.4 (Cs) « 82.39 (H7endo), 8 2.15 (Mey); 841.4 (C7) &
8 5.34 (H2), 3 4.96 (Hs),  1.81 (Me), 8 0.70 (Hgexo); 8 30.2 (Me| and t-Bu) & § 5.34
(H2), 8 1.24 (+-Bu); 8 29.3 (Ce) & 64.96 (Hs), 8 2.39 (H7endo); 821.3 (Mey) & 5496
(Hs): 8 21.1 (Me3) & §5.34 (H,). 2 Resolution is insufficient to assign signals.
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Electrospray MS m/z calculated for CogH30Co (M+-BF4): 329.167949: found:
329.168582 (100%).
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CE CH,Cl, Ph 7
/Q -78°C - RT
348 Ph™ 353

[(¢-Bu-Me-CsH3)Co(1-Me-3,4-PhyC7He)1* BF 4~ (353). In the drybox. a flask was
charged with Cp'Co(Cp'tH) (348) (0.1058 g, 0.3857 mmol) and removed to the Schlenk
line, where dichloromethane (11 mL) was added. The solution was cooled to -78 °C and
diphenylacetylene (0.344 g, 5 equiv) was added. Upon addition of HBF*Et>O ( 0.063
mL, 1.1 equiv), the color turned to green. Allowing the solution to warm to room
temperature over several hours resulted in a color change to deep red. Removal of all
volatile material gave a dark oily residue. The compound was purified by flash
chromatography (silica gel) using 5% methanol-dichloromethane. After a red band was
collected and the solvent was removed, there remained a red residue (0.1610 g, 77%).
This material was shown by H NMR spectroscopy to contain a single major product,
although minor impurities are present. Recrystallization from chloroform/diethyl ether
yielded an orange powder (0.1201 g, 58%), which contained predominantly one isomer.
IR (CH;Cl cast, cm-!) 3060 (m), 2966 (m), 1695 (w), 1652 (w), 1599 (w), 1483 (m),
1445 (m), 1420 (m), 1367 (m), 1270 (m), 1221 (w), 1184 (w), 1057 (s), 855 (w), 765 (m),
733 (m), 703 (s), 625 (w), 596 (W), 557 (m), 535 (w), 520 (m); 'H NMR (300 MHz,
CDCl3) 6 7.60 (br s, 2H, Hpy), 7.40-7.00 (series of m, 8H, Hpy), 5.68 (s, LH, H3), 5.41
(dd, J=8.1, 4.5 Hz, 1H, Hs), 5.37 (br s, 1H, Cp'"), 5.09 (brs, 1H, Cp"), 3.47 (brs, LH,
Cp"), 2.84 (ddd, J = 18.3, 9.6, 9.6 Hz, 1H, H7epdo), 2.34 (s, 3H, Cp'tMe), 2.20-2.00 (m,
2H, Hegendo and H7exo), 1.92 (s, 3H, Mey), 1.16 (s, 9H, -Bu), 0.65-0.50 (m, 1H, Heexo);
H-TH GCOSY (300 MHz, CDCl3) & 7.60 (Hpp) <> & 7.40 (Hpp); 8 5.68 (H2) & §2.10
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(H7exos6endo): 8 5.41 (H2) ¢ 8 2.10 (H7exo/6endo): 8 0.57 (Hgexo): 8 5.37 (Cpt) & §5.09
(Cp"). 8 3.47 (Cp"), 3 2.34 (w, Cp't Me); § 5.09 (Cp") > § 3.47 (Cp't): §3.47 (CpHY e d
2.34 (w, Cp'" Me); 6 2.84 (H7endo) > 8 2.10 (H7exo/6endo)s 8 0.57 (Heexo): 8 2.10
(H7exo6endo) € 80.57 (Hgexo): '3C NMR (100 MHz. CDCl3) § 136.3 (s, Cpy), 136.1
(s, Cph), 131.4 (d. ey = 159.6 Hz, Cpy), 130.4 (d, Lcy = 160.1 Hz. Cpy). 130.0 (d.
lJcH = 162.6 Hz, Cpy), 129.462 (d, ey = 160.4 Hz, Cpy). 129.382 (d, lJey = 160.4 Hz.
Cph), 128.2 (d. ey = 162.9 Hz, Cpp), 117.3 (5. C quaternary), 114.3 (s, C quaternary),
[10.2 (s, C quaternary), 109.1 (s, C quaternary), 98.5 (s, C quaternary), 95.8 (d, !Jcy =
164.5 Hz. C»). 91.1 (d, 'Jcy = 180.3 Hz, Cs), 89.2 (d. !Jcy = 170.5 Hz, Cp"), 85.8 (d.
l/cw = 182.6 Hz, Cp"), 76.1b (d, Cp"), 46.2 (t, lJcy = 132.0 Hz, Cy), 32.1 (s, 1-Bu
quaternary), 29.8 (q, 'Jcy = 130.9 Hz, -Bu), 29.1 (q, Ycu = 123.0 Hz, Mey), 25.1 (t,
UcH=129.3 Hz, Cg), 12.7(q, 'JcH = 129.3 Hz, Cp* Me). 3 Signals overlap in gated
spectrum. bSignal obscured by solvent peak in the gated decoupled spectrum. HMQC
(300 MHz, CDCl3) & [31.4-128.2 (Cpp) ¢> 8 7.6-7.0 (Hpy); 8 95.8 (C2) &> § 5.68 (HA): &
91.1(Cs) &> 85.41 (Hs): §89.2(Cp") > §3.47 (Cp'): §85.8 (Cp™) &> §5.09 (Cp't); &
76.1 (Cp") &> 85.37 (Cp't); §46.2 (C7) ¢ 8 2.84 (H7endo), & 2.10 (H7exo); 6 29.8 (¢-Bu)
© 8 1.16 (r-Bu); 8 29.1 (Me}) > § 1.92 (Me): 8 25.1 (Cg) & & 2.00 (Heendo), 8 0.57
(Hgexo): 0 12.7 (Cp't Me) <—->\8 2.34 (Cp't Me). Analysis calculated for C3gH34BCoF4: C,
66.70; H, 6.34; found: C, 67.739; H, 6.532. Electrospray MS m/z calculated for
C3pH34Co (M*-BF4): 453.199249; found: 453.199905 (100%).

t-Bu Me t-8u
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[(¢-Bu-Me-CsH3)Co(1-MeC;3H)8)}* BF4~(354) . In the drybox, a flask was charged with
Cp'Co(Cp'*H) (348) (0.1574 g, 0.5738 mmol) and removed to the Schlenk line, where
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dichloromethane (15 mL) was added. The solution was cooled to -78 °C and HBF4°E1-O
(0.110 mL. 1.3 equiv) was added, turning the solution from red-orange to deep green.
Cyclooctyne (0.16 mL, 2 equiv) was then added. causing the solution to change to a deep
red color. Warming slowly to room temperature did not cause any further color change.
Removal of all volatile material gave a deep red residue. The compound was purified by
flash chromatography (silica gel) using 5% methanol-dichloromethane. After a red band
was collected and the solvent was removed, there remained a red residue. As
recrystallization attempts returned only oils, this compound was subjected to further
chromatography, giving a red solid (0.1150 g, 43%), which proved to be predominantly one
isomer. IR (CDClj cast, cm-!) 3105 (w), 2926 (s)., 2857 (s). 2261(w), 1712 (w), 1482 (m),
1455 (s). 1381(m), 1363 (m), 1281 (m), 1222 (m), 1168 (w), 1058 (s), 916 (m), 866 (m).
729 (s), 647 (w), 520 (m); 'H NMR (360 MHz, CDCl3) 8 5.50 (t.J = 2.7 Hz, |H, Cp"),
541 (t,J=22Hz, IH, Cp"), 5.14 (s. 1H, Hy), 4.92 (dd, Js.¢endo = 7.7 Hz, J5.6ex0 = 4.3 Hz.
IH. Hs), 4.58 (1, J= 2.3 Hz, Cp), 3.27 (td. J = 13.0, 4.3 Hz, 1H, CH»). 2.95-2.80 (m, 2H.
CH3). 2.62 (dt. J7endo-Texo = 16.7 Hz, J7endo-6exo = J7endo-6endo = 9.1 Hz, 1H, Hendo). 2.2-
1.2 (series of m, CHa, Heendo and H7exo), 1.87 (s, 3H, Me), 1.85 (s, 3H, Me), 1.27 (s, 9H, ¢-
Bu), 0.46 (m, dddd by decoupling, Jeexo-6endo = 14.3 HZ, Jexo-7endo = 8.9 Hz, J6exo-Texo =
5.6 Hz, Jeexo-5 = 4.3 Hz, 1H, Hgexo); 'H-'H GCOSY (300 MHz, CDCl3) §5.50 (Cp") & &
5.41 (Cp'). 8 4.58 (Cp"); § 5.41 (Cp™) > 84.58 (Cp'1); § 5.14 (H2) &> & 1.63 (Hendo): &
4.92 (Hs) & 8 2.05 (H7exo), 6 0.46 (Hgexo); 83.27 (CH2) & §2.95 (CH3), § 2.10 (w, CH2),
6 1.67 (w, CH2); 62.95 (CH3) & & 1.90 (w, CH3), § 1.67 (w, CH2); 8 2.62 (H7endo) < &
2.05 (H7exo), 3 1.63 (Héendo)» 8 0.46 (Heexo); 82.05 (H7exo) > 8 1.63 (Héendo), 8 0.46
(Héexo); 8 1.63 (Heendo) > 8 0.46 (Hgexo). Several unassigned correlations appear within
the region of § 2.2-1.2. 13C NMR (100 MHz, CDCl3) § 117.2 (s, quaternary), 114.5 (s,
quaternary), 110.8 (s, quaternary), 110.6 (s, quaternary), 97.7 (s, quaternary), 92.9 (d. lJcy
= 159.0 Hz, C3), 90.3 (d, !Jcy = 183.4 Hz, Cp"), 85.52 (d, ! Jcy = 184 Hz, Cp"), 85.32 (d,
'JcH = 178 Hz, CpY), 78.4 (d, lJcy = 147 Hz, Cs), 43.3 (t, Ucy = 129.1 Hz, C7), 35.5 @,
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lJeu = 135.3 Hz, CHy), 33.7 (t, ey = 134.9 Hz, CHa), 32.00 (, CHa), 31.00 (t, CHa), 30.4
(q, UcH = 127.1 Hz, t-Bu), 30.1 (q, /ey = 127 Hz, Me), 28.3 (1, Jen = 130.7 Hz, Cg), 26.4
(t. Uey = 121 Hz, CH»), 25.6 (t, lJcy = 124.4 Hz, CH»), 12.8 (q.1JcH = 129.3 Hz, Cpt
Me). 2 Signals overlap, J's are approximated. b Signal obscured in gated decoupled
spectrum. No lJcy value obtained. 'H-13C HETCORR (100 MHz, CDCl3) §92.9 (Ca) &
3 5.14 (H2): 8 90.3 (Cp") «> 8 5.41 (Cp't); 5 85.5 (Cp") & §5.50 (Cp'); 885.3(Cph e b
4.58 (Cp™): § 78.4 (Cs) «> 8§ 4.92 (Hs); §43.3 (C7) & 82.62 (H7epgo). 8 1.63 (H7exo): &
35.5 (CH3) ¢» 8 2.80 (CH2), 8 1.95 (CH3); 8 33.7 (CH2) ¢ 8 3.27 (CHa). § 2.90 (CH>): &
32.0 (CH2) ¢> 8 2.15 (CH2), 8 1.50 (CH»); 8 31.0 (CH») «> §2.10 (CH1), § 1.70 (CH3): 3
30.4 (--Bu) &> 6 1.27 (+-Bu); 8 30.1 (Me) «> § 1.85 (Me): § 26.4 (CH3) <> 8 1.70 (CH»). 8
1.50 (CH32); 8 25.6 (CH3) ¢> & 1.75 (CH2), 8 1.40 (CH»); 8 12.8 (Cp*Me) <> & 1.87 (Cp't
Me). Electrospray MS nv/z calculated for C24H36Co (M+-BFy): 383.214899: found:
383.215271. (100 %).

- <,
HBF¢Et,0 | + BFs&
I - ¢
Co TMS——Me o
CH,Cl,
/Q .78°C - RT TMSQ
Me
348 355 Me

[(2-Bu-Me-CsH3)Co(4,5-Me2-3-(SiMe3)C7Hg)]* BF4~ (355). In the drybox, a flask was
charged with Cp'Co(Cp'H) (248) (0.1872 g, 0.6824 mmol) and removed to the Schlenk
line, where dichloromethane (18 mL) was added. The solution was cooled to -78 °C and
I-(trimethylsilyl)propyne (0.31 mL, 3 equiv) was added. Upon addition of HBF4*Et;0
(0.221 mL, 2.2 equiv), the color turned to green. Allowing the solution to warm to room
temperature over several hours resulted in a color change to deep red. Removal of all
volatile material gave a dark oily residue. The compound was purified by flash
chromatography (silica gel) using 5% methanol-dichloromethane. After a red band was

collected and the solvent was removed, there remained a red residue. In another
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experiment, this residue, although obtained in high yield (84%). appeared to contain
multiple species. The red solid was recrystallized from dichloromethane/diethyl ether to
give a single dark red isomer (0.1401 g, 43%). The 'H NMR spectrum of the mother
liquor indicated the presence of several unisolable compounds. IR (CDCl; cast, cm-!)
3105 (w), 2960 (s), 2835 (m), 2166 (w), 1624 (w), 1482 (m), 1436 (m), 1381 (m), 1363
(m), 1336 (m), 1305 (m), 1255 (s), 1219 (m), 1058 (s), 958 (m), 923 (m), 843 (s), 797
(w). 764 (m), 727 (m), 693 (w), 639 (m), 533 (m), 522 (m), 278 (w), 449 (w): 'H NMR
(300 MHz, CDCl3) 8 5.31 (1, J = 2.1 Hz, IH, Cp"), 5.00 (1. J = 2.7 Hz. IH, Cp"), 4.97 (d,
J2.1=9.3 Hz, lH, H»), 4.88 (dq,J|-2 = 9.3 HZ, J|.7¢ndo = J1-Texo = J1-6endo = 2.7 Hz, LH.
Hy). 4.68 (dd. J=2.7, 2.1 Hz, [H, Cp"). 3.14 (dddd. J7endo-7exo = 7.7 Hz, J7endo-6exo =
12.7 Hz. J7endo-6endo = 6.9 Hz, J7endo-1 = 2.7 Hz, LH, H7endo). 2.54 (s, 3H, Mey), 2.47 (s.
3H, Cp* Me), 2.31 (ddd, J7exo-7endo = 16.8 Hz, J7exo-6ex0 = 4.6 HZ, J7exo-| = 2.7 Hz, 1H.
H7exo)s 1.79 (s, 3H, Mes), 1.21 (ddd, Jeendo-6exo = 1 1.4 Hz, Jeendo-7endo = 6.6 Hz, Jeendo.
1 = 1.8 Hz, 1H. Hegendo), 1.12 (s, 9H, r-Bu), 0.55 (s, 9H, SiMe3), 0.03 (ddd. Jeexo-7endo =
12.6 Hz, Jgexo-6endo = 11.7 Hz, Jpexo-7exo = 5.1 Hz, LH. Heexo); 'H-'H GCOSY (300
MHz, CDCl3) 6 5.31 (Cp™) & §5.00 (Cp't), 8 4.68 (Cp™), § 2.47 (w, Cp't Me); §5.00
(Cp") & 34.68 (Cp'); §4.97 (Ha) > 54.88 (H)), § 2.54 (w. Mey), § 2.31 (W, H7exo): &
4.88 (H) &> 8 3.14 (H7endo), 8 2.31 (H7exo), 8 1.21 (W, Heendo): 8 3.14 (H7endo) < &
2.31 (H7exo), 6 1.21 (Hgendo). 8 0.03 (Heexo); 82.312 (H7endo) € 80.03 (Heexo): 8 1.21
(Héendo) € 8 0.03 (Hegexo); 3No cross peak to 8 1.21 (Hgendo) is observed. 13C NMRa
(100 MHz, CDCl3) & 115.3 (s, Cs), 114.5 (s, C3), 112.7 (s, Cp" t-Bu ring quaternary),
105.2 (s, s, Cp" Me ring quaternary), 99.0 (s, C4), 93.7 (d, lJcyH = 164 Hz, C>), 93.2 (d,
lJcH = 185 Hz, Cp'), 92.1 (d, /ey = 154 Hz, Cy), 86.1 (d, !Jcy = 180 Hz, CpY), 81.9 (d,
ey = 181 Hz, Cp"), 41.9 (t, Ucy = 126 Hz, C7), 34.1 (t, oy = 130 Hz, Cg), 32.3 (q.
lJch = 127 Hz, Mes), 29.9 (g, lJcy = 126 Hz, t-Bu), 24.3 (q, 'Jcy = 129 Hz, Mey), 14.9
(q, JcH = 132 Hz, Cp' Me), 2.9 (q, JcH = 122 Hz, SiMe3). 2 LJcy values are obtained
from the HMQC spectrum. HMQC (300 MHz, CDCl3) §93.7 (C2) < 84.97 (H2); &
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93.2(Cp") > §5.31 (Cp't); §92.1 (C)) > 54.88 (H)); 5 86.1 (Cp™) e §4.68 (Cp't): &
81.9 (Cp") > 8 5.00 (Cp'); §41.9 (C7) &> 8 3.14 (H7endo), 8 2.31 (H7exo): 8 34.1 (Cg)
> 8 1.20 (Hpendo), 8 0.03 (Hgexo): 832.3 (Mes) & 8 1.79 (Mes): 8 29.9 (¢-Bu) < & 1.12
(t-Bu); 6 24.3 (Mey) > 8§ 2.54 (Mey): 3 14.9 (Cp' Me) &> § 2.47 (Cp't Me); § 2.9 (SiMe3)
& §0.55 (SiMe3); HMBC (300 MHz, CDCl3) 8 115.3(Cs) & 8§ 1.79 (Mes), 6 0.03
(Hgexo): 0 114.5 (C3) &> §2.54 (Mey), 5 4.88 (H|); & 112.7 (Cp* quaternary) <> § 5.31
(Cp™). 8 5.00 (Cp*), 5 4.68 (CpY), § 2.47 (Cp Me), 8 1.12 (r-Bu); § 105.2 (Cp"
quaternary) > 8 5.31 (Cp"), § 5.00 (Cp™), § 4.68 (Cp't), § 2.47 (Cp* Me); §99.0 (Cy) <>
0 4.97 (Ha), 8 2.54 (Mey), § 1.79 (Mes), 8 0.03 (Hgexo); 93.7 (C2)/ 93.2 (Cpty92.1
(C1)* & 85.31(Cp"), §5.00 (Cp"), 5 4.68 (Cp), 8 3.14 (Hendo), 8 2.54 (Mey). § 2.47
(Cp"Me); 586.1 (Cp') <> §5.31 (Cp't), 6 5.00 (Cp™); 5 81.9 (Cp") & §5.31 (Cp'Y), d
4.68 (Cp"); 341.9 (C7) &> 84.97 (H2), 5 4.88 (H), 8 0.03 (Hgexo); 834.1 (Cg) > 5 3.14
(H7endo)- 0 1.79 (Mes): 8 32.3 (Mes) «> 8 0.03 (Hgexo): 829.9 (2-Bu) &> 8 1.12 (+-Bu); &
24.3 (Mey) & 34.97 (H1), 5 4.88 (H); 8 2.9 (SiMe3) <> 8 0.55 (SiMe3). 3Resolution is
insufficient to assign correlations to individual carbon signals. Analysis calculated for

CaoH36BCoF4Si: C, 55.71; H, 7.65; found: C, 55.547; H, 7.753.
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[(¢-Bu-Me-CsH3)Co(3-t-Bu-1-MeC7H7)]* BF 4~ (356). In the drybox, a flask was
charged with Cp'Co(Cp'H) (348) (0.0808 g, 0.295 mmol) and removed to the Schlenk
line, where dichloromethane (8 mL) was added. The solution was cooled to -78 °C and
3,3-dimethyl- 1-butyne (0.36 mL, 10 equiv) was added. Upon addition of HBF4¢Et,0 (48
UL, 1.1 equiv), the color turned to green. After 2 h at -78 °C, the solution had turned a

deep red color. Allowing the solution to warm to room temperature did not result in any
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turther color change. Removal of all volatile material gave a dark oily residue. The
compound was puritied by flash chromatography (silica gel) using 3% methanol-
dichloromethane. After a red band was collected and the solvent was removed, there
remained a red residue (0.1090 g, 83%). This material was shown by 'H NMR
spectroscopy to contain a single major product, although minor impurities are present. IR
(CHCl; cast, cml) 3105 (w), 2966 (s), 2875 (m), 1715 (w), 1683 (w), 1652 (w), 1615
(w), 1338 (w), 1482 (m), 1464 (m), 1398 (w), 1367 (m), 1282 (w). 1219 (m), 1059 (s).
861 (m). 819 (w), 764 (w), 733 (w), 696 (w), 520 (m); 'H NMR (360 MHz, CDCl3) §
5.68 (brs, IH. Hy), 5.37 (t, /= 2.0 Hz, 1H, Cp"), 5.28 (d. J2.; = 8.5 Hz, 1H, C3), 4.99 (t,
J=2.8Hz, IH, Cp"), 4.80 (dd. / = 2.8, 1.8 Hz, IH, Cp'), 4.64 (ddd. J;.» = 9.0 Hz. J,.
7exo = J1-Tendo = 4.1 Hz. 1H, Hy), 2.85 (dddd. J7endo-7exo = 16.3 Hz, J7¢ndo-6endo =
J7endo-6exo = 8.8 Hz, J7endo-1 = 4.8 Hz, 1H, H7endo). 2.55 (s, 3H. Cp'*Me), 1.90 (m, dddd
by decoupling, Jeendo-6exo = 13.8 Hz. Jendo-7endo = 8-8 Hz, Jeendo-Texo = 3-4 Hz, Jeendo-
| <2Hz, IH, Héendo). 1.81 (s, 3H, Mes), 1.65 (m. dddd by decoupling, J7exo-7endo = 16.0
Hz, J7exo-6exo = 6.0 Hz, J7ex0-6endo = 3.4 Hz, J7ex0-1 = 4.0 Hz, 1H, H7exo), 1.57 (s. 9H.
C3 t-Bu), 1.18 (s, 9H, Cp't +-Bu), 0.73 (ddd. Jeexo-6endo = 14.3 Hz, Jgexo-Tendo = 9.4 Hz,
Jéexo-7exo = 6.0 Hz, |H, Heexo): 'H-'H GCOSY (300 MHz, CDCl3) § 5.68 (Hs) & &
5.28 (w, H2); 6 5.37 (Cp"Y) © 54.99 (Cp'), 4.80 (Cp"), 8 2.55 (w, Cp'Me); 8 5.28 (H»)
<> 8 4.64 (Hy), 8 1.65 (H7exo); 84.99 (Cp'") & §4.80 (Cp'); §4.64 (H|) <> 52.85
(H7endo), 8 1.65 (H7exo); 82.85 (H7endo) <> 8 1.90 (Heendo). O 1.65 (H7exo); 8 1.90
(Heendo) € 8 1.65 (H7exo). 8 0.73 (Hgexo); 8 1.65 (H7exo) € §0.73 (Hgexo); 13C NMR
(100 MHz, CDCl3) 6 127.2 (s, C3), 113.7 (s, Cs), 112.5 (s, Cp't 1-Bu ring quaternary),
102.3 (s, Cp't Me ring quaternary), 93.2 (d, !Jcy = 175.7 Hz, Cp*), 88.02 (d, LJcy =
165.4 Hz, C»), 87.93 (d. lJcy = 165.4 Hz, C4), 84.9 (d, WJcH = 179.5 Hz, Cp't), 83.5 (d,
lJch = 152.7 Hz, Cy), 81.0 (d, lJcy = 182.5 Hz, CpY), 37.7 (¢, Ucy = 125.8 Hz, C7),
35.8 (s, C3 t-Bu quaternary), 35.3 (t, !/cy = 125 Hz, Cs), 32.4 (s, Cp't 1-Bu quaternary),
31.4(q, lJcu = 127.3 Hz, C3 +-Bu), 30.3 (q, Yy = 1270 Hz, Mes), 29.8 (q, LJcy = 126.0
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Hz, Cp"r-Bu), 14.7 (q, Jcy = 128.8 Hz, Cp™e). 2Carbons overlap in gated decoupled
spectrum. b/ value obtained from HMQC spectrum. HMQC (300 MHz, CDCl3) §93.2
(Cp™) > 85.37 (Cp't): 8 88.0 (C2) &> §5.28 (H2): 5 87.9 (Cy) > §5.68 (Hy): 5849
(Cp™) > 8 4.80 (Cp'*): §83.5 (Cy) ¢> §4.64 (H}): 881.0 (Cp") & §4.99 (Cp'": 637.7
(C7) &> 82.85 (H7endo). 8 1.65 (H7exo): 835.3 (Cp) ¢ 8 1.90 (Hgengo). 8 0.73 (Hgexo): 0
31.4(C3 1-Bu) & § 1.57 (C3 ¢-Bu); § 30.3 (Mes) <> 8 1.81 (Mes); §29.8 (Cp*t-Bu) &>
1.18 (Cp'¢-Bu): § 14.7 (Cp" Me) <> 8§ 2.55 (Cp'* Me); HMBC (300 MHz. CDCl3) §
127.2(C3) & 84.64 (H|), § 1.57 (C31-Bu); 8 113.7 (C5) & §2.85 (H7endo). & 1.81
(Mes), 8 0.73 (Hgexo): 8 112.5 (Cp" t-Bu ring quaternary ) > § 5.37 (Cp't), § 4.99 (Cp").
8 4.80 (Cp™), § 2.55 (Cp" Me), § 1.18 (Cp" t-Bu); § 102.3 (Cp' Me ring quaternary) <
5.37(Cp"), 8 4.99 (Cp™")., § 4.80 (Cp"). § 2.55 (Cp'* Me); §93.2 (Cp") & 8 4.99 (CpY), &
4.80 (Cp"), 8 2.55 (Cp Me); 3 88.0/87.92 (Ca/4) «> 8 5.68 (Hy). & 5.28 (Ha). § 2.85
(H7endo). 8 1.81 (Mes), 8 0.73 (Hgexo): 884.9 (Cp™) «> §5.37 (Cp't); §83.5 (C() & &
2.85 (H7endo). 8 0.73 (Heexo): 881.0 (Cp™) &> §5.37 (Cp't), § 4.80 (Cp): § 37.7 (C7) &
8 5.28 (H2), 8 1.90 (Héendo). 8 0.73 (Heexo): 8 35.8 (C3 r-Bu quaternary) «> § 1.57 (Cst-
Bu): 8 35.3 (Cg) & 8 5.68 (Hs), 8 5.28 (H2), § 4.64 (H)), & 2.85 (H7endo). & 1.81 (Mes);
0 32.4 (Cp" 1-Bu quaternary) <> § 1.18 (Cp" t-Bu); 8 31.4 (C3 -Bu) & § 1.57 (C; r-Bu);
0 30.3 (Mes) <> §5.68 (Hy); 8 29.8 (C3 t-Bu) &> & 1.18 (C3 ¢-Bu); 2 Carbon signals
overlap in spectrum. Analysis calculated for C2aH34BCoFy: C, 59.48; H, 7.71; found: C,
57.124; H, 7.541. Electrospray MS m/z calculated for C22H34Co (M*-BFy):
357.199249; found: 357.198779.

- HBF.-Eth [ +
Co Co
—=—CO0,Et
CB CHch, Et0,C 17
/Q -78°C > RT
as7
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[(t-Bu-Me-CsH3)Co(4,5-Mez-3-(COEt)C7Hg)]* BF 4~ (357). In the drybox, a tlask
was charged with Cp'Co(Cp'*H) (348) (0.3719 g, 1.356 mmol) and removed to the
Schlenk line, where dichloromethane (25 mL) was added. The solution was cooled to -78
°C and ethyl 2-butynoate (0.79 mL. S equiv) was added. Upon addition of HBF;°Et-O
(0.22 mL1.1 equiv), the color turned to green. Allowing the solution to warm to room
temperature over several hours resulted in a color change to deep red. Removal of all
volatile material gave a dark oily residue. The compound was puritied by flash
chromatography (silica gel) using 5% methanol-dichloromethane. After a red band was
collected and the solvent was removed, there remained a red oily residue (0.1530 g,
24%). Recrystallization from dichloromethane/diethy! ether deposited a red liquid.
impure by 'H NMR spectroscopy, although the identity of the minor compounds could
not be ascertained. Small amounts of the major product could be obtained by careful,
slow column chromoatograpy on silica gel, using dichloromethane and 1%
ethanol/dichloromethane as the eluent. IR (CDClj3 cast, cm-l) 3106 (w), 2965 ( m), 1725
(s), 1652 (w), 1446 (m), 1385 (m), 1282 (s), 1244 (m), 1190 (m), 1055 (s), 866 (m), 533
(w), 521 (m); 'H NMR (360 MHz, CDCl3) & 5.82 (t, J = 2.1 Hz, Cp"), 5.49 (dd. J1.; =
9.6 Hz, J2.7ex0 = 1.2 Hz, 1H, H2), 4.97 (dq, J1-2 = 9.3 Hz, J{.7ex0 = /|-7endo = J1-6endo =
3.3 Hz, IH, H{), 491 (t, /= 2.3 Hz, IH, Cp"), 4.88 (t, J = 2.7 Hz, 1H, Cp"), 4.56 (dq, J =
11.1, 7.1 Hz, 1H, CO2CH,CH3), 4.50 (dq, J = 11.0, 7.2 Hz, 1H, CO2CH>CH3), 3.32
(dddd, J7endo-7exo = 18.0 Hz, J7endo-6exo = 12.3 Hz, J7endo-6endo = 7.2 Hz, J7endo-1 = 3.0
Hz, H, H7endo), 2.49 (s, 3H, Mey), 2.40 (s, 3H, Cp'Me), 2.36-2.22 (m, ddd by
decoupling, J7exo-7endo = 17.6 Hz, J7exo-6exo = 4.6 Hz, J7exo-1 = 3.3 Hz, 1H, H7exo), 1.86
(s, 3H, Mes), 1.45 (t, J = 6.9 Hz, 3H, CO2CH,CH3), 1.46-1.40 (m, 1H, Hgendo), 1.17 (s,
9H, t-Bu ), 0.10 (ddd, Jgexo-6endo = J6exo-7endo = 12.3 Hz, Jeexo-7exo = 4.8 Hz, 1H,
Heexo): 'H-H GCOSY (300 MHz, CDCl3) § 5.82 (Cp") & §4.912 (Cp™), § 4.882
(Cp"™); 8 5.49 (Hp) &> 34.97 (H), 8 2.30 (H7exo); 84.97 (H) & 83.32 (W, H7endo), &
2.30 (H7exo), 8 1.43 (W, Heendo); 64.56/4.500 (CO,CH2CH3) & 8 1.45 (CO,CH,CH3);
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8 3.32 (H7endo) ¢ 8 2.30 (H7exo). 8 1.43 (Heendo). 8 0.10 (Hgexo): 82.30¢ (Hreyo) <> &
0.10 (Heexo): 8 1.43 (Hpendo) € 8 0.10 (Heexo). “These signals overlap. b Two H atoms
of the methylene are not resolved. © No observable cross peak to & 1.43 (Héendo)- 13C
NMR (100 MHz. CDCl3, l/cy values obtained from HMQC spectrum) & 167.9 (s,
CO»EL). 115.0 (s, Cp" +-Bu ring quaternary), 111.6 (s. Cs), 106.1 (s, Cy). 102.7 (s, Cpt
Me ring quaternary), 101.3 (s, C3), 92.7 (d, lJcy = 187 Hz, Cp"), 92.3 (d, !Jcy = 168 Hz.
C2),90.1 (d, 1JcH = 156 Hz, Cy), 88.3 (d, lJcH = 186 Hz, CpY), 87.2(d, l/cy = 182 Hz,
Cp'), 63.7 (t. Jcy = 149 Hz. CO»CH>CH3), 42.3 (1, Jcw = 125 Hz, C7), 32.7 (1, ey =
125 Hz, Ce). 32.3 (s, +-Bu quaternary), 29.7 (q, !JcH = 129 Hz, t-Bu), 27.5 (q, ey =
127 Hz, Mes), 19.5 (q, lJcy = 129 Hz, Mey), 14.3 (q. ey = 129 Hz, Cp* Me), 14.1 (q.
lJey = 127 Hz, CO>CH>CH3): HMQC (300 MHz, CDCl3) 8 92.7 (Cp') <> 5 5.82
(Cp"): §92.3 (C3) & § 549 (H2); 8 90.1 (C) > 5 4.97 (H); 5 88.3 (Cp') & & 4.88
(Cp"): §87.2 (Cp") &> 8491 (Cp'); 8 63.7 (CO2CH2CH3) & § 4.56 (CO,CHACH3), §
4.50 (CO2CH2CH3): §42.3 (C7) > 8 3.32 (H7endo) 8 2.28 (H7exo); 832.7 (Cg) & &
1.45 (Héendo), 8 0.10 (Hgexo): 629.7 (1-Bu) & 8 1.17 (+-Bu); § 27.5 (Mes) <> 8 1.86
(Mes): 3 19.5 (Mey) & 82.49 (Mey); & 14.3 (Cp'Me) & § 2.40 (Cp'*Me); 6 14.1
(CO2CH2CH3) « 6 1.45 (CO2CH2CH3); HMBC (300 MHz, CDCl3) § 167.9 (COHEY)
© 3 5.49 (Hy); 8 115.0 (Cp" t-Bu ring quaternary) &> § 5.82 (Cp'), 64.91 (Cp"), 3 2.40
(Cp*Me), 8 1.17 (+-Bu); 8 111.6 (Cs) &> 8 2.49 (Mey), & 1.86 (Mes), 8 0.10 (Hgexo): &
106.1 (C4) &> 8 5.49 (Hy), 8 2.49 (Mey), § 1.86 (Mes), 8 0.10 (Hgexo); & 102.7 (Cp'tMe
ring quaternary) <> & 5.82 (Cp"). § 4.91 (Cp'), 3 2.40 (Cp't Me); § 101.3 (C3) & 8 2.49
(Mey); §92.7 (Cp") > §4.91 (Cp't), 3 2.40 (Cp" Me); 5 88.3 (Cp") &> §5.82 (Cp't); &
87.2 (Cp") &> 8 5.82 (Cp'Y), §4.91 (Cp"); § 63.7 (CO,CH,CH3) & 8 1.45
(CO2CH2CH3); 8 42.3 (C7) & 8 5.49 (H2). 8 0.10 (Hgexo); 832.7 (Cg) & & 1.86 (Mes);
8 32.3 (+-Bu quaternary) ¢» 3 1.17 (+-Bu); 8 29.7 (+-Bu) &> 8 1.17 (+-Bu). Analysis
calculated for C22H33BCoF404: C, 55.72; H, 6.80; found: C, 58.852; H, 6.806.
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Electrospray MS nv/z calculated for C22H33CoO2 (M*+-BFy): 387.173428: found:

387.173272.
-8 - t-Bu t-Bu
iy DD
co THE Co * Co
t-Bu@ -78°C—RT t-Bu’<<|>\ @\
Me By Me
358 359A 3598

[(n5-1-¢-Bu-CsHy)Co(n*-2-t-Bu-5-Me-CsHy] (359A) and [(n5-1+-Bu-CsH)Co(n3-1+-
Bu-5-Me-CsHy] (359B). To a suspension of ( 1-2-butylCsH4)2Co* PFg~ (358) (1.03 g,
2.31 mmol) in tetrahydrofuran (50 mL) at -78°C was added MeLi (1.8 mL, 1.4 M. ether.
I.1 equiv). The yellow suspension quickly turned into a red solution. After stirring at
-78°C for Lh, the solution was warmed to room temperature and stirred an addition hour.
The solvent was removed in vacuo and the residue was extracted with pentane under
nitrogen. The extracts were filtered through Celite and the pentane was removed. A red
oil (0.6816 g, 93%) remained. By !H NMR spectroscopy, this consisted of an
approximately 8:1 mixture of isomers. The major isomer is identified as (1-¢-
butylCsH4)Co(2-r-butyl-5-exo-methyl-1,3-cyclopentadiene). The minor isomer is
tentatively identified as the 1,5-isomer. IR (hexane cast, cm-l) 3096 (w), 3041 (m), 2955
(s), 2907 (s), 2864 (m), 1480 (m), 1460 (m), 1388 (m), 1359 (s), 1308 (w), 1277 (m),
1225 (w), 1199 (w), 1149 (w), 1129 (w), 1031 (m), 916 (m), 854 (w), 806 (m), 688 (W),
558 (w), 509 (w); 'H NMR (360 MHz, C¢Dg) 8 4.92 (ddd, J = 2.7, 1.6, 1.6 Hz, 1H,
Cp"). 4.88 (dd, /= 2.8, 1.5 Hz, IH, H3), 4.71 (ddd, J/ = 2.6, 2.6, 1.5 Hz, IH, Cp"), 4.37
(ddd, /=26, 1.6, 1.6 Hz, 1H, Cp"), 3.78 (ddd, J = 2.6, 2.6, 1.6 Hz. IH, Cp"), 2.67 (qdd, J
=6.0,2.4, 2.4 Hz, LH, Hs), 2.56 (ddd, J = 2.5, 2.5, 2.5 Hz, 1H, Hy), 2.52 (ddd, J = 2.3,
2.3, .5 Hz, IH, H)), 1.26 (s, 9H, r-Bu), 1.22 (s, 9H, t-Bu), 0.32 (d, J = 6.1 Hz, Me); 13C
NMR (75 MHz, C¢Dg) & 112.3, 107.8,79.0, 77.7, 76.3, 75.1, 71.3, 47.8, 45.0, 42.5, 31.9

(+-Bu), 31.1 (t-Bu), 27.1. r-Bu quaternary carbons are not located. MS m/z calculated for
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Ci9H29Co (M*): 316.16013: found: 316.15927 (4 %). MS m/- calculated for C15H2gCo
(M* - 1-Bu): 259.08969; found: 259.08978 (100 %).

Data for minor compound: 'H NMR (360 MHz, CeDg) 65.00 (ddd, J=2.4.2.4,
1.5 Hz, 1H). 4.98 (apparent t, J/ = 2.7 Hz, [H), 4.84 (br s, |H), 4.67 (t, J = 2.5 Hz. 2H).
3.84 (apparent q. J = 1.9 Hz), 2.79 (qd. /= 5.9, 2.6 Hz, 1H), 2.41 (ddd, J = 3.0. 3.0. 1.8
Hz, 1H), L.17 (s, 9H, t-Bu), 1.00 (s, 9H. t-Bu), 0.45 (d. J = 6.0 Hz, 3H, Me).

<> LD 4 e 2 4
| Me—==—Me \ 1

Co Co
HBF 4Et,0 —\ 74
= CH,Cl, Me 5
<™>  asc’ShT
360 361

[(CsHs)Co(n3-n2-4-(1,2-dimethylvinyl)-2-cyclohexen-1-yl)]* BF4~ (361). To a
Schlenk flask was added (CsHs)Co(n#-CgHg) (360) (0.5932 g, 2.906 mmol) and
dichloromethane (30 mL). The red solution was cooled to -78 °C and 2-butyne (2 mL, 10
equiv) was added, followed by HBF4*Et>0 (0.47 mL., 1.1 equiv). The solution was
allowed to warm slowly to room temperature. The solvent was reduced to 5 mL and the
product precipitated by the addition of diethyl ether. A light orange-brown powder
(0.9674 g, 96 %) was collected by filtration. The analytical sample was prepared by
recrystallization from tetrahydrofuran/diethyl ether at -30 °C. IR (CH»Cl; cast, cm-!)
3121 (m), 2923 (m), 1448 (m), 1413 (m), 1383 (m), 1052 (s), 891 (m), 856 (m), 834 (m),
521 (m); 'H NMR (400 MHz, CD2Cl3) 8 6.34 (br t, J = 5.6 Hz, 1H, Ha), 5.66 (brt, J =
5.3 Hz, IH, H3), 5.23 (q,J = 6.5 Hz, IH, Hg), 5.13 (s, SH, CsHs), 5.20-5.10 (m, overlaps
with Cp, IH, Hy), 2.63 (br d, J = 14.9 Hz, IH, Heexo), 2.06 (d,J = 6.3 Hz, 3H, Meg), 1.87
(s, 3H, Me7), 1.68 (brs, 1H, Hy). 1.41 (brd, J = 15.1 Hz, IH, Heendo), 1.08 (brd,J =
15.8 Hz, Hsexo). 0.57 (brd, J = 16.0 Hz, 1H, Hsendo); 1H-'H COSY (360 MHz, CD,Cl,)
3 6.34 (Hy) & 85.66 (H3), 8 2.63 (Hgexo), 8 1.41 (Hgendo); 85.66 (H3) < & 1.08
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(Hsexo). 8 0.57 (Hsendo): 85.23 (Hg) «> & 2.06 (Meg), § 1.87 (w, Me7); 8 5.15 (H|) <> &
1.41 (Heendo), 8 0.57 (Hsendo): 8 2.63 (Heexo) <> & 1.68 (Hy), 8 1.41 (Heendo). 8 1.08
(Hsexo): 6 1.68 (Hy) > & 1.08 (Hsexo): 8 1.41 (Heendo) € 80.57 (Hsendo): & 1.08
(Hsexo) €2 8 0.57 (Hsendo): 13C NMR (100 MHz, CD-Cla) § 112.5 (s, C7), 90.3 (d.
!Jcu = 182.7 Hz. CsHs), 88.52 (d, /ey = 165 Hz, Cg), 85.0 (d, !Jcy = 168.9 Hz. C.
82.7(d. YcH = 163.9 Hz, C3), 80.3 (d, lUcp = 160.8 Hz, C1), 43.0 (d. 'Jcy = 136.1 Hz,
C4). 35.3 (t, WcH = 133.9 Hz, Ce), 25.0 (t. lJcy = 132.9 Hz, Cs), 19.6 (q. Ucy=127.6
Hz, Meg), 17.9% (q, !Jcy = 127.7 Hz, Me7), aSignal overlaps with CsHs signal in gated
decoupled spectrum. PSignal is distorted. !'H-!3C HETCORR (100 MHz, CDCl») &
90.3 (CsHs) «» 8 5.13 (CsHs): 8 88.5 (Cg) «> §5.23 (Hg); 8 85.0 (Cy) &> §5.15 (H,); &
82.7(C3) &> 85.66 (H3): 8 80.3 (C3) «> 3 6.34 (Ha): §43.0 (C4) <> 5 1.68 (Hy); § 35.3
(Ce) © 82.63 (Heexo). 8 1.41 (Heendo): 825.0 (Cs) <> 8 1.08 (Hsexo), & 0.57 (Hsendo): & -
19.6 (Meg) «> & 2.06 (Meg); 8 17.9 (Me7) & & 1.87 (Me7). Analysis calculated for
Ci5Hy0BCoF4: C, 52.06: H, 5.83; found: C, 51.685; H, 5.947.

- Ru
HBF.-Et,o —\
CH,Cl, Me
Q .78°C — RT
363

[(C¢5M¢3.5)Ru(n3-r12-4-(l,2-dimethylvinyI)-2-cyclohexen-l-yl)]+ BF4(363). Toa
Schlenk flask was added (CeMeg)Ru(n*-CgHg) (362) (0.0689 g, 0.201 mmol) and

dichloromethane (8 mL). The red solution was cooled to -78 °C and 2-butyne (0.16 mL,
10 equiv) was added, followed by HBF4°Et,0 (33 puL, 1.1 equiv). The solution was

allowed to warm slowly to room temperature. The solvent was reduced to 5 mL and the
product precipitated by the addition of diethyl ether. The ruthenium complex slowly

decomposed, preventing an accurate yield measurement. Estimated yield was about 60%
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of impure yellow powder. 'H NMR (CD1Cl», 300 MHz) & 4.05 (m, dddd. J1.2=7.1 Hgz,
J1-6exo =4.3 Hz, J1.3= J|.5ex0 = 1.4 Hz, LH, H|), 3.96 (q, / = 6.4 Hz, |H. Hg), 3.74
(ddddd. /3.3 = 7.0 Hz, J3.5ex0 = 5.6 Hz, J3.| = 1.4 Hz, J3_Sendo = J3-4 = small, 1H, Hj),
3.35 (ddd. J2.1 = 7.1 Hz, J2.3 = 6.7 HZ. J2.gexo = 0.8 Hz. 1H, Ha), 2.45 (dddd, Jeexo-6endo
= 14.1 Hz, Jeexo-1 = 3.6 Hz, Jgexo-5ex0 = Jéexo-Sendo = 1.7 Hz. 1H, Heexo). 2.13 (s, 18H.,
CeMeg), 1.87 (br m, overlap with & 1.85, IH, Hy), 1.85 (m, IH, Heengo). 1.82 (d.J = 6.4
Hz, 3H, Meg). 1.69 (s, 3H, Me7), 1.03 (m, IH, Hseyxo), 0.92 (br d. J= 14.7Hz. IH,
Hsendo): Decoupling (400 MHz, CD2Cly) Irr 8 2.45 > 84.05 (dt, J=5.5, 1.6 Hz), &
1.03 (dt, J = 14.7, 4.0 Hz), 8 3.74 (lost small J); Irr 8 1.03 & § 0.92 (br m), 8 3.74 (br d. J
=7.0 Hz),  2.45 (dt, /= 14.1, 4.8 Hz), 8 3.35 (lose small J); Irr § 3.35 <> 8 3.74 (d. J =
4.2 Hz), 6 4.05 (d. /= 4.3 Hz), 8 2.45 (lost small J); Irr 8 3.74 <> 3 4.05 (lost small J ), &
3.35(d./=6.9 Hz), § 1.03 (br d), 8 0.92 (narrower); Irr § 3.96 <> & 1.82 (s): Irr § 4.05 «>
0 3.74 (apparent t ), § 3.35 (d,J = 6.7 Hz), § 2.45 (ddd, J = 14.3. 4.3, 2.5 Hz), § 1.03
(changes): Irr 8 0.92 & § 3.74 (changes), 8 4.05 (lost small J), § 2.45 (lost small J); Irr §
1.85 &> 3 0.92 (narrower), § 1.03 (dd, J = 14.7, 4.3 Hz), § 2.45 (br d, J = 4.8 Hz), § 3.74
(changes). !H-'H COSY (400 MHz, CD,Cly) §4.05 (H}) < 83.74 (w, H3). 3 3.35
(H2), 8 2.45 (Hegexo), 8 1.85 (Heendo): 8 3.96 (Hg) <> 8 1.82 (Meg); 8 3.74 (H3) & 8 3.35
(H2). 8 1.03 (W, Hsexo), 8 0.92 (Hsendo); 82.45 (Heexo) < 8 1.85 (Hendo); & 1.86 (H4 and
Héendo) > 6 1.03 (Hsexo), 8 0.92 (Hsendo); '3C NMR (100 MHz, CD2Cl») § 106.5 (s.
CeMeg), 100.8 (s, C7), 81.9 (d, cH = 165.6 Hz, C3), 74.0 (d. !Jcy = 154.0 Hz, C)),
73.2(d, Uch = 154.9 Hz, Cg), 66.2 (d, lJcy = 169.5 Hz, C3), 43.6 (d, lUcy = 129.4 Hz,
C4), 36.2 (1, LJcH = 126.6 Hz, Cs), 23.5 (t, !JcH = 130.4 Hz, Cs), 18.0(q, 'Jcy = 124.6
Hz, Meg), 16.70 (q, !JcH = 129 Hz, CeMgs), 16.69 (q. !Jcy = 129.3 Hz, Me7); HMBC
(400 MHz, CD1Cly) 6 81.9 (C3) & 8 3.35 (H3); § 74.0 (C}) & 84.05 (H,); 8 66.2 (C3)
© 0 3.74 (H3); 643.6 (C4) & 3 1.87 (Hy); 8 36.2 (Cg) ¢> 8 2.45 (Hgexo), & 1.85

(Heendo): 623.5 (Cs) & 8 1.03 (Hsexo), 8 0.92 (Hsendo); 8 18.0 (Meg) & & 1.82 (Meg): &
16.70 (CeMes) <> 82.13 (CsMee): 8 16.69 (Me7) & 8 1.69 (Me7).
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