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Abstract
. . :
The synthesis, reactions and fluxianai behaviour of
a number of cycloheptatrienyl :Gmpl es of transition

metals have been investigated. Monohapto, trihdpto and

-pentahapto coordination of the cyclohefStatrienyl group to

_transition metals has been explored. Fluxional behaviour

- k

in these cémplexes has been studied using variable o

NaRe (CQ)S with CE7H7BF4 afforded

(CQ)ggTé). the fi C QhaEtGCYElGhEpta;

]

eaction o

b |

1

trienyl derivative 'of a transition metal. Study of the

1]

H7)R

fluxional belaviour of 5 by spin saturation transfer

techniques demonstrated that the metal migration process
4 .
~.. ]
in this compound is a [1,7] sigmatropic migration. A : ®

concurrent carbonyl scrambling process was also detected.

[ ] L _
These results are interpreted in terms of conservation. of
R L

orbital symmetry.

fforded (ﬁB-C7H7)Re(CD)4,

]

Successive decarbonylation of 5

. o - Y S . .
(8), (n>-C,H,)Re(CO),, (9) and [{~'-CiH,)Re(CO),],.

Reaction of 8 and 9 with various phosphine ligands affardeﬂ

mcnaha to and tr;h pto derivatives, samé of which exhibit

fluxional behaviour. .
Reaction of NaC‘pRu(CD)2 with C7 7EF4 formed
CFRQ(CD)Z(TEnl— H7). (23), nearly quantitatively. This
compound exhibits two metal migration pathways. The
expected .[1,5] $1gmatfaplc migration of the metal moiety

%



-
was observed, as,well as a [1, 7] métazqiigratlnn.

The ste:éachemistry of the eﬁal migration process
has been studied ﬁs;ng a derxvative of 23. .
¢pRu(CG)(PMezPh)(7sﬂl—Q7H7), hav;ﬁg a chiral metal center.

The [1,7) metal migration in this compound gr@ceeds with

retention of configuration at the metal. !
S a 1]
, f.
& Q l - -
n .
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CHAPTER ONE

INTRODUCTION
[ =}

wmsis is concerned with the synthesisrand

6f cycloheptatrienyl complexes of the transi-

Cycloheptatriene. is a very versatile ligand
ition metals in several different

ways, emploning b¢twgen one and seven carbon atoms in

1. It is convenient to have a short-

hand notation to describe the number of carbon atoms

k]

attached to the metal. A system of notation suggested

by Cotton will be empl@yedil The number of carbon atoms

bonded to the metal is specified by a prefix such as

monohapto, trihapto, tetrahapto, etc. Abbreviations for
1 3 4

these prefixes are n , n°, n , etc. A standard numbering
schémez for the ring carbon atoms is outlined below.
cﬁC7H7 or
7=ﬂl’C7H7 or ' monohapto
1 ,
n -C7H7 B
3. ~

pentgha§;é




In the monoha

to bonding mode, only one metal-carbon

o0 bond is formed from the metal to C,. This general

type of bonding between a transition metal and an organic
group has a somewhat confusing history, which will be
briefly outlined here.

torically, the formation of metal-carbon ¢ bonds

‘H1

was first investigated in studies of compounds of the

H
m
rt
I

main group metals. One of the early discoveries of
organometallic chemistry was the preparation by Frankland

of diethylzinc in 1848.3 1In 1853, Lowig prepared an

ethyl compound of leadi4 By 1859, Buckton had identified

this material as tetraethyllead,s a material which was

much later to have considerable industrial importance.

The study of the alkyl ﬂaméeunds of the main group metals
was firmly established by 1900, when the discovery of
Grignard reagents opened up many new areas for sﬁudy;s
More conveniently prepared and handled than the alkyls

of 2zinc, the Grignard reagent allowed the convenient
synthesis of many metal alkyls from the corresponding

metal halides.

In contrast to the rapid development of main group

alkyl‘chemistry, ear

—

of this type to the preparation of transition metal

alkyls met with very limited success. Faf'examPIEE the

reaction of phenylmagnesium bromide with CrCl,

y attempts to apply synthetic methods



was reported by Bennett and Turner in 191457 This

reaction gave a quantitative yield &f biphenyl. (It

should be noted that Fi Hein obtained phenyl complexes

of chromium from similar reactions in 191918 but the true
nature of these complexes was not understood until ?ush
later). These and other results led to the impression
that tranéitian metal alkyls were 1gss!5table than those
of main group metals. 1In a 1955 review of alkyls and
aryls of the transition metals, F.A. Cotton summarized
the available data with this statement: "It will be

apparent from this overall picture.of alkyls and aryls

of the transition metals that the often heard generaliza-

tion that theyare much less stable and accessible than

those of nontktransition elements is quite trueg"g
Develééments of the late 1950's led to some revision

of these ideas. Compounds such as CHB-MB(CG)Eplo

CH,-Pt (C1) (PEt), 11 and (n®-C.H.)W(CO),-CH. 12 were

~3 N "3 2 and {n ~tghs A i | T

prepared, along with many other complexes where in

aééitian to one or more metal cgrbéh o bonds, the complex

contained 7 bonding or m acid ligands such as CO or

phines. This led to the theory that "stabilizing"”

o
=
o]
1]

PR ]

-
1]

ligands were needed in order to increase the strength
13

of the metal-carbon bond.

is not correct. Stable transition metal

any other ligands have been prepared. Kinetic stability



is assured by judicious choice of alkyl groups which
prevent access to low energy deéompoaiticn pathﬁéygilg’ls'ls
Results in this area have been summarized in two recent
reviews.17'18

A monohagtocycloheptatriegyl alkyl is a special
case of metal-carbon o bonding. Due to the large resonance
"stabilization of the tropyl radical,19 metal-carbon ¢
bonds of this type are expected to be weakened, relative
to bonds to ordinary alkyl groups such as methyl, ethyl,
etc. At the outset of this réseafch, the only organo-
metallic examﬁles of monohapto bonding of cyclqhepta-
triene were found amohg the main group IV metals.”  One
of the objectives of this research was to develop synthetic
onohapto-

methods which would allow the preparation of m

cycloheptatrienyl alkyls of the transition metals, on
the assumption that some of these compounds would be
stable enough to isolate.

In contrast to cyclopentadiene, which is quite

acidic due to the formation of the stable aromatiec C5H5

anion, cycloheptatriene'is a very weak acid. An estimated

21

pKa of 36 has been reported by Breslow and Chg_r There

is limited indirect evidence for the existence of the

anion C7H7-.22’23 The halides of cycicheptatriene are
ionic, due to the great stability of the tropylium catioen,
+ 24 l

Ciﬂ7 ' which is isoelectronic with benzene. TQis



cation is a convenient starting point for synthesis.
The reaction of the tropylium cation with an
nucleophilic transition metal center such as a metal
carbonyl anion would be expected to yield a monohapto-
cycloheptatrienyl alkyl4 An examination of the literature
reveals that this approach has been a complete failure
in the past. Everyfreparted reaction of a metal carbonyl
anion with tropylium has resulted in oxidation of the
anion and reduction of the cation to (C7H7)2 (ditropyl).
Some of these reactions are:
2NaCpCr (CO) 5 + 2C,H,Br + [CPCr(CO),], + ditropyl
» (Fischer and Fritz, 1958).

25

3735'; Mn, (COY 4 + ditropyl B
(Wilkinson et al., 1958).2%8

2NaMn (CO) ¢ + 2C,

2 (Na(diglyme),]V(CO) ; + 2C,H,BF, + 2V(CO)¢ + ditropyl

(Werner et al., 1961).°%’
(diphos)] + EC7H7BF

4 " EV(CD)4§iphe§

+ ditropyl

ZlEt4H][V(CD)4

(Ellis, 1971).2%8

opylium catlan has been used extensively by Elli
- and coworkers as an oxidizing agent for metal carbonyl
anions. In a recent paper, Ellis states that "tropylium

ion 1is then used as a mild and convenient one-electron

(¥, 1



oxidizing agent to convert carbonyl anions to analogous
neutral species."z9

The failure of these reactions may be due to the
occurrence of a one electron transfer from the anion to

the cation, followed by coupling of the tropyl radicals

to give ditropyl. An alternative explanation is that

weak to allow isolation of these alkyl compounds, due to
the stability of the tfagyl radical.

In order to investigate this gquestion, in ﬁhis thesis
a variety of indirect synthetic routes have been explored
in attempts to prepare monohaptocycloheptatrienyl alkyls
of various transition metals. The direct reaction of
tropyliﬂh with carbonyl §ﬂiéﬁ$ of the heavier transition
metalé has also been investigated.

Aside from the chemical interest‘aﬁé synthetic )
challenge of monohaptocycloheptatrienyl compounds, a major
motive for investigation of these compounds was to study
their fluxional behaviour. Fluxional molecules are

30

defined as systems which have more than one thermally

-
accessible equivaleng structure and undergo a degenerate
rearrangement procecs which interconverts these structures.
Organometallic compounds with cyclopolyenyl groups o

bonded to the metal form one class of fluxional molecules.

The o-cyclopentadienyl (or ﬁl=C5H5) metal compounds have



been studied
An iron
by Piper and

of this type

extensively.
compound, (nS—CSHS)Fe(CO)Z(nl—CSHS), prepared
Wilkinson in 1956, was the first compound

recognized as a fluxional molecule. Based

on the observation of a single resonance for the

(nl—CSHS) group in the 1y NMR spectrum, these authors

correctly in

ferred that the metal moiety was rapidly

migrating around the ¢ bonded cyclopentadienyl ring, Q

breaking and

reforming metal carbon o bonds as it went.lz

A large number of c-cyclopentadienyl compounds of the

transition m
known. Most

The -que

etals and the main group metals are now
of them exhibit similar fluxional behaviour.

stion of how these rearrangements occur has

been investigated extensively. 1In every case studied,

it was found

that the migration of the metal group is

from one carbon atom to the adjacent carbon; a so-called

(1,2) shift.

In the

31

L]

1960's a large amount of experimental data

had accumulated on these and many bther types of molecular

rearrangements. At the same time, a theoretical basis

for the mechanism of these reactions became available

with advances in molecular orbital theory. The contribu-

tions of several workers led to what are now commonly

referred to as orbital symmetry rules or the Woodward-

'Hoffmann rules.32 These rules apply the principle of

conservation

-

of orbital symmetry to predict the path of



molecular rearrangements. One type of rei;rangement
governed by these rules is sigmatropic migration, defined

by Woodward and Hoffmann33

as an uncatalyzed, concerted
intramolecular migration of a o bond to a new position
within a 7 electron system.

Application of orbital symmetry considerations to
migrations in cyclic dienyl systems such as cyclopenta-
diene and cycloheptatriene is well established in organic
chemistry and the extension to organohetallic chemistry,
particularly in main group IV derivativey, has generated
a great deal of interest. 1In cyclo dienyl systems, the
observed (1,2 shifts are not distinguishable from
the theoretically predicted [1,5] sigmag}opic migration.*
It is not .clear whether orbital symmetry constaints or "
a preference for minimum motion of the migrgking group
("1ea§t-motion" shifts) is the dominant factor. 1In
o-cycloheptatrienyl s;\tems, the least motion (1,2) path
can be readily diétinguished from the theoretically
allowed [1,5) pathway, in which the migrating group

moves to the carbdn atom furthest from the original point‘

The convention of designating the pathway of sigma-
tropic migrations in square brackets will be
followed. A complete explanation of this terminology
and the basis of the theoretical predictions will be
found in chapter VII.

L 3



of attachment.*

In a study of triphenyl-7-cycloheptatrienyltin,
Larrabee found that this molecule is fluxional via a
20 ... .

[1,5] migration of the metal. This result is very
. SnPh
snPh
3
” 7 ’ O ﬁ Et
—_——a il

SnPh

important, since it establishes that orbital symmetry
constraints can determine the pathway of a metal migra-
tion. The theoretical basis for the symmetry rules
assumes that the migrating group presents an in@ariant
orbital of - symmetry as it migrates over the polyenyl

framework. The results for this tin compound ihdicate

that this aSSQmptlan is probably valid for main group
metals.

1f the migrating group also has d orbitals which are

orbital symmetry conservation requirements based on s i

and p orbitals may be altered. As mentioned previously,

\

N S B B :
only the [1,5) shift is allowed if the stereochemistry
of the migrating group remains unchanged. The

@nsequEEQES cf inversian at the migrating group are
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the intensively studied monohaptocyclopentadienyl
compounds of the transition metals, which all exhibit
(1,2) metal migrations, do not allow this question to be
addressed since the "least motion"™ and symmetry controlled

pathways are degenerate.

]

The study of the fluxional behaviour of monohapto-
cycloheptatrienyl compounds of the transition metals will
allow the role of metal d orbitals in determining the

pathway of metal migration to be investigated.



CHAPTER TWO

CYCLOHEPTATRIENYL COMPLEXES OF MANGANESE AND RHENIUM

Section 1I. Introduction

The reaction of the Mn(CO)S_ anion with tropylium
bromide was first reported in 1958 to yield only ditropyl
and MnZ(CO)lo.ZG This result was later interpreted by

King34 as indicating that the manganese~carbon bond in

~C,H,) Mn (CO),

the unknown o-cycloheptatrienyl derivative (7-n
apparently 1s very weak. This reaction was reinvestigated -
recently by T.H. Whitesides and R. Budnik,35 ‘Réactiaﬁ
of NaMn(CO)5 with C7H7BF4 in THF at -78°C gave only
MnZ(CO)10 and ditropyl. 1Irradiation of the reaction
mixture at -78°C gave no additional products. It was
concluded that any ¢ bonded alkyl intermediate was very
unstable, even at -78°cC.

In contrasgcfp these results, a stable manganese
acyl compound wa; isolated by these workers from the
'reaction of NaMn(CO)5 with 7-cycloheptatrienylacyl
chloride. This acyl was photochemically decarbonylated
at -65°C to give a low yield (l1% after chromatography)
of (nS_c7H7)Mn(c0)3 (2) along with large amounts of

ditropyl and an(CO)lo (eq. 1).

11



_ho .
Mn (1)
e | N
= o) (/]
(o) c O
1 la o
2

Whitesides péstulatéé the chelated acyl intermediate

=
o
g

o explain the success of this indirect route. If

this is correct, it seems unlikely that 2 is the sole

1§
0
H

product of further decarbonylation of la. We have
rei@vestigéted this reaction in the hope of intercepting
intermediates in the formation of 2.

The remainder of this chapter deals with the
preparation and properties of the analogous rhenium
compounds, with emphasis on decarbonylation reactions.
Striking differences in thermal stability and ease of

4
decarbonylation between manganese compounds and their

rhenium analogs are explored.

12.
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Section II. Cycloheptatrienyl Compounds of Manganese

1 was;pfepared according to the

' and Budnik,Bg The reported

physical and spectroscopic properties of this material

T

re in agreement with our observations, with the excep-
tion of the infrared spectrum. The reported infrared
spectrum (pentane solution) consists of four absgrpﬂigns

in the carbonyl stretching region: 2115, 2050, 2005

and 1652 cm ! (acyl CO). Under higher resolution, a
more complex spectrum is evident (see Figure I).

For a molecule LHﬂ(CD)5 of C4v symmetry only three

infrared active CO stretching vibrations are predicted
from group theory (EAl and E),35 In alkyl and acyl

Hﬂ(CD)S compounds with lower than 23 symmetry in the alkyl
or acyl groups, the normally infrared inactive B,

stretching mode become

3]

infrared active and the doubly
37

degenerate E mode splits into two components.~ By
comparison to other compounds of the EéMn(CD)S and

Q o -
R—Caﬂn(CD)S type,aa the infrared spectrum of 1 can be

1

assigned: (cyclohexane, Veo! em 7)) 2114 (w,Al), 2050

2020 (s,E), 2009 (s,E), 2005 (S,Al)!
The acyl stretching frequency is also split into
two bands at 1668 cm*l and 1655 cm <. This is due to

the existence of two different rotamers with respect to

the carbon-carbon bond in the acyl group. Similar effects
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0
1l . .
in other R-C=Mn (CCI)5 aompounds have been reported by

The photochemical decarbonylation of was carried

™

out in acetone at -50°C using an immersion well reactor
with a refrigerated lamp jacket (450 W medium pressure
Hg discharge lamp). A nitrogen purge was maintained and
the progress of the reaction monitored by infrared
spectroscopy.. This procedure is very similar to that
employed by Whitesides and Budnik. Chromatographic
work-up (see experimental section for details) gave the
expected (ﬁ; Cy 7)Mﬁ(CQ)3 in 14% yield as well as a red
camp@ugd identified by infrared spectroscopy as

(n -C,H 7)Hn(CD) (3) (see Figure II). NMR spectra of
this material indicated contamination with ditropyl.
Careful recrystallization from hexane affords 3 as large
red needles and ditropyl in the form of large colour les

plates. These were then physically separated and the
red crystals were recrystallized once more from hexane
to give pure 3 in 7% yield. All spectroscopic and
analytical data are consistent with the f@fmulaticﬁ of
3 as a tetracarbonyl compound.

In view of the presence of this new compound among

+ne products of the photochemical decarbonylation

reaction, some of the physical properties of 2 reported

‘by Whitesides which differ slightly from our observations ,

15?
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are perhaps explicable. Compound 2 was reported as a
bright orange solid, mp 64°C, xmax (EtéH) 307 (e 4500),

a yellow solid,

262 nm (¢ 10400). 1In our hands, 2 i
mp 64°C, xmax (EtOH) 374 (e 3450), 311 nm (e 10350).
Contamination of 2 by a small amount of 3 (mp 66°C)
would not substantially affect the elemental analysis.
Detection of 3 by NMR spectroscopy under the conditions
employed by Whitesides is not possible since 3 is fluxional
and would give only a very broad signal at the temperatures
indicated. (Refer to Chapter VIII for a discussion of
the fluxional properties of 3 and related compounds.)

In principle, the intense red colour of 3 (Amax
(EtOH) 388 (e 5150), 312 nm (e 38700)) could lead to a

detectable change in the UV/visible absorption spectrum

of 2. The differences between our observed UV/visible

-

spectrum cf 2 and the spectrum reported by Whj

are so large (ca. 50 nm) that some other sourc

discrepancy must be considered.
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Section I1I. Preparation and Properties of (7—n1-C7§l_7)Re(CO)E5

The failure of our attempts and those of other workers
to prepare a monohagtocycloheptat;ienyl compound of
manganese could be attributed to two different factors.
Whitesides35 has suggested that (7-h1—C7H7)Mn(Cox; would
be very unstable due to weakness of the metal-carbon o
bond which arises from the stabilization of ihé tropyl
radical. The other possible explanatfon is that under
photolysis conditions, facile decarbonylation to the
trihaéto and pentahabto compounds prevents isolation of
(7-nt-c 1) Mn(cO) 4.

A quantitative study of Mn-C versus Re-C bond strengthd™

39

has been reported by Skinner et al. The Mn-C bond

dissociation energy D[CH3—Mn(CQ)5] is 27.9 * 2.3 or

1

30.9 + 2.3 kcal mol = (the value depends on a choice A

40,41

between two different reported values for D{Mn-Mn]

in an(CO) For rhenium D[CH3—Re(CO)5] is 53.2 + 2.5

10"
kcal/mol. In a monohaptocycloheptatrienyl alkyl, the

M-C o-bond will be weakened by resonance stabilization
of the tropyl radical. This stabilization relative to

the methyl radical can be estimated by comparing the

measured D[C7H7-C7H7] for ditropyl of 35 kcal mol-l 19

with D[CH3-CH3] for ethane, which is reported as 88

xcal mor 1.42 on this basis, the stabilization of the

C7H7- radical relative to CH3° is approximately

A S



26 kcal mol~ Y. The apparent instability of

(7*n1—2 H7)Hn(cc)5 is to be expected, since D[C,H Hn(cD)f

7 777
-1

will be in the range of 2-5 kcal mol A similar
estimate for the rhenium analog gives DI[C, H7 RE(CG)E] of
about 27 kcal mol 1, which should be sufficient bond
strength to allow isolation of the compound.

Another route by which a @?933, heptatrLEﬁyl

compound could decompose would be by decarbonylation {G
a trihapto compound, as noted in Section I in the

synthesis of (ﬁS*C7H7)Hﬂ(Q@) Rhenium pentacarbonyl

45
compounds are known to exhibit reduced CO lability
compared to the manganese analcgs_43 For example, at

the time that this research was undertaken a report of
the synthesis of (n —C )RE(CD)S had appeared in which
it was stated that "Limited attempts to decarbonylate
thié material were unpramising."44 (the presumed product
of éecarbgnyiaﬁicn, (nB—CBHS)Ré(CD)4; is a stableicampsund
available by another r@ute).45 A Subsequent reinvestiga-
tien of this work established that (ﬁ -C,H S)RE(CD)S does
undergo decarbonylation under Uy irradiation to afford
(n3-C4Hg)Re (CO), in 55% yield.4¢ ‘
Based on the above considerations of greater Re-C
o bond stféngth and reduced lab;iity.taward decarbonyla-
tion of rhenium systems, the acyl C7 2 EeRa(CQ)5 was
prepared as'an eﬁtry into the rhenium system (eq. 2).

)



0 " - (o)
i o ) THF 0 .
C7H;—C~Ci + Na[Re(CO)g) 20C" C -C—Re(CO),q (2)
4

Compound 4 was fully characterized by infrared, NMR
and mass spectroscopy as well as elemental gnaiysisi The
infrared spectrum is very similar to that of the manganese

analog, again exhibiting splitting of the doubly degenerate

;ggffsggsgi Photochemical decarbonylation of 4 in acetone at

-78°C affords the monohaptocycloheptatrienyl compound

in 60% yield (eg. 3). Compound 5 is an air stable, orange

O 5

T o hv
-C—Re(CO)y ——————=
acetone,—78°C

crystalline solid which melts at 74°C. It has been fully

- Re(CO)s (3)

\Ih
J

characterized by elemental analysis and spectroscopic
methods. The contrast between these results and those
obtained in the manganese system is quite remarkable.

Since 5 is a stable compound, we investigated a

more direct synthesis from cf.','i,!sx?EF‘l (eq. 4). Surprisingly,

[C;H,] BF ] + Na[Re(CO)g] % Re(CO); (4)

I

20.
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this reaction is essentially quantitative, ;ffcréing 5
in 90% iscolated yield. As noted in the intreoduction,
all previously reported reactions of metal carbonyl
anions with tropylium led to oxidation Dfrthe anion and
reduction of the tropylium cation to ditropyl.

The infrared spectrum of 5 in cyclohexane solution
1

shows three v, bands at 2120, 2015 and 1983 cm ~. The
positions and relative intensities of these bands are

typical of an H(CD)5 éerivative.47‘4a Further confirma-
tion of the formulation of 5 as a pentacarbonyl derivative
was provided by the mass spectrum, which has a molecular

ion corresponding to (C,H,)Re (CO)¢ at m/e 418 with the

Hhy

correct isotope pattern. Ions corresponding to loss o
up to five CO groups were also observed.
The 1H NMR spectrum of 5 is shown in Figure III.
The assignments shown on the spectrum are based on the
following decoupling experiments: ' | |
1) the triplet of triplets at § 3.16 integrates as
one proton, therefore it is H,. Decoupling of
this sigrial causes the signal at § 5.44 to
collapse to a broad doublet. This peak is assigned
to HL,E’ .
2) Dpecoupling of H) ¢ causes H, to ;ellapse to a
~singlet while the complex resonances at § 5.25

becomes much narrower (i.e., a large ceupling is

¥
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removed). This resonance is assigned to H, ¢-

3) Decoupling of H2 g causes the remaining resonance
at 6 5.96 to collapse to a singlet, confirming

that this resonance is due to HB 4"

These assignments of the lH spectrum can then be
used as the basis for selective proton decoupling experi-
ments to assign the olefinic resonances in the 13C NMR

spectrum. The 25.1 MHz 13C NMR spectrum (broad band

proton decoupled) is shown in Figure IV. The two carbonyl
resonances can be assigned by inspection, based on their
intensity ratio, to the axial and equatorial -carbonyl

positions. Confirmation of this assignment is provided

1

by comparison with the reported *3Cc NMR spectra of other

Re(CO)5 derivatives, where the equatorial CO resonances
are at lower field than the axial CO resanance.49

Inspection of the lH NMR spectrum of 5 in methyl-

cyclohexane-d14 reveals that the vicinal coupling

constant 3Jl_7 in this compound is 8.7 Hz. This coupling

is altered very slighsly by a change in solvent to R

dioxane-d8 or CFH212/CD221 (4:1). 1In both of ghese
3

J1-7
two different conformers in solution, which can be

2

solvents, = B.5 Hz. Compound 5 potentially has

represented as 5a and 5b.
Re(COy,
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In cycloheptatriene its&lf;50‘5l and in 7-substituted

derivatives,sz'53 there is a rapid equilibrium between
conformers analogous to 6a and 6b. This process can be
slowed down (on the NMR time scale) at low temperatures !
(ca. -100°C). The H7 resonances of the two conformers
typically exhibit chemical shift differences of 1 ppm

or more and also substantial differences in 331_7. An
example of these differences is gravided by the recent

study of Gunther et al. on C7H7i%-H (5),54 At =152°C

in CDZClz/vinyl chloride (1:2), conformers 6a and 6b
] . . . —~
could be clearly distinguished.
62
6b : ==
’ H, at 63.57
H, at 62.25 7 '
3.
3 . J = 9,2 Hz
Jl‘? = <5 Hz 1-7
These results for the vicinal coupling constants
55

are in accord with predictions based on the Karplus curve.

The vicinal angle between H, and H) gy in S5b is ca. 120°,

£



.80 a vicinal couéling constant of about 4 Hz would be
expected, while 5a should give a coupling constant of
approximately 8 Hz.

Since the vicinai coupling constant in 5 is 8.7 Hz,
we tentatively conclude that 5a is the predominant’ form
in.solution. In order to investigate the 5a 7 5b
interconversion, a low temperature NMR study was carried
out. A sample of 5 was dissolved in CFHClz/CDZC12 (4:1)

lH NMR spectrum was examined at various

and the 100 MHz
temperatures down to ~-150°C. There is some line broad-
ening and loss of resolution at this temperature, but:
the chemical shift and vicinal .coupling constant are
unchanged. No new signals are observed.

These results confirm that 5a 1is, the predominént
conformer in solution. The gnount of 5b present is |

below 1

H NMR detection limits. These conclusions are
based on the reaéénable assumptions that éhe cpemical
shifts of H, in 5a and 5b would be different and that_
the activation energy.for Sa - Sb interconvérsion is not
substantially lower than that observed in other 7-sub-
stituted cycloheptatriene derivatives.

A similar vicinal coupling constant (3J1_7 = 8.0 Hz)

had been reported for Ph3Sn(7-nl-C7H7), (Z).56

implying
a similar solution structure for the two compounds. It

has also been established by crystallography that “the

26.



so0lid state structure of the tin compound is the conformer

>7 In order to elucidate structural

analogous to 5a.
features of a transition metal monohapto compound, a
determination of the structure of 5 was carried out by
the crystallographic staff of Molecular Structure

Corporation, College Station, Texas. Details of the

-~ of structural parameters, bond lengths and bond angles
will be found in the experimental section.
The crystal structure (see Figure V) establishes

that the solid state structure of 5 is conformer 5a.

Re(CO)s

2a 7a

This is very similar to the reported structure for

7). _;,57 The length of the Re Cq

bond

-]
is 2.348(1l1) A. This value is the same, within

experimental error, as the REECHB bond in
58

(nsicsgs)ﬁe(ca)gsr(CHB). 2.32(4) i, and somewhat longer

o
-than the mean Re-CH, distance of 2.24 A in.

59

5 . 4 . oA o o e =
(n =C755)(n 7C5H5CH3)RE(CH3)EE A RE—CHB distance of

2.308 + .017 A in CH,

4

ERE(CG)S has been determined by



45

FIGURE V. The molecular structure of (72ﬁ1327ﬂ7332(c3)5.

Thermal ellipsoids are drawn at the 50% level.

23!



29.

electron diffraction.60

To our knowledge no X-ray
structure has been reported for a compound in which the
Re(CO)5 group is bonded to an sp3 carbon atom. A
comparisop of the solid state structures of 5 and another
R-Re (CO) ¢ derivative would be interesting.

| Since 5 is the first example of a monohaptocyclo-
heptatrienyl compound of a transition metal, we were
interested in making a guantitative measurement of the

stability of this compound. Thermal decomposition of 5

gives Rez(CO)10 and ditropyl (eg. 5) in a first order

l 3
2(7-nt-c_H,) Re (CO) E—o—i;;é’ + Re, (CO) o (5)

reaction. Quantitative results were obtained by 1H NMR

monitoring in dioxane-d8 (see Experiméntal section for
details). Activation parameters calculated from an
Eyring plot of data from three temperatures are AH‘ =
30.4 + 0.3 kcal mol™}; as* = 13 + 1 eu.; 863, = 26.5
+ 0.5 kcal mol"1 (error limits correspond to one standard
deviation).

As noted above, we had estimated a value for homolytic
dissociation of the Re-C o bond in 5 of about 27 kcal mo1~1,

" which is in good agreement with the observed activation



30.

energy. As discussed in Chapter VII, this estimate of

the M-C o bond strength in 5 is important in establishing

arise from a dissociative process.

.
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The possibility of preparing rhenium analogs of
(n3-C,H,)Mn (cO), and (n°~C,H,)Mn (CO) ; led us to consider
decarbonylation reactions of 3. An obvious method tb
achieve this would be by further irradiation of 5, similar
to the procedure employed for the manganese system. FH@wever.
this appfﬁach might have yielded mixtures of various
ﬁecarb&nyiatian products requiring chromatographic separa-
=tic:sﬁ, 80 an alternative method was sought.

The use of trimethylamine-N-oxide (Me.NO) for

3
decarbonylation of metal carbonyls is a well established
reaction. This reaction isg frequently used as an Alterna-

tive to thermal or photochemical methods for replacing a

metal bound CO with a ligand L (L = PRy, P(OR),, AsR,,

retc.). Advantages of this method are that milder condi-

r

ions are required compared to thermal reactions, and
that undesirable side reactions caused by photolysis
are eliminated. For example, substituted group

VI carbonyls LZM(CD)4 and LBH(C‘D)3 have been prepared
using mild canditians.5l

The remarkable acceleration of substitution by

Me,NO as compared to purely thermal reactions is demonstrat-

ed by the substitution of Ph?Hﬁ(C@)s by PPh,, (eq. 6)
'A =



4
PPh, + Ph-Mn (CO), ————=e cis-PhMn (PPh.) (CO), (6)
3 5 2500 3 4

which gives a 64% yield after three days_sz Recent

investigations by Brown and caw@rker563 have shown that

this reaction is greatly accelerated in the presence of

The mechanism of the promotion of CO loss is not
éntirely understood, but the reaction of FE(CD)S with

Me ,NO in the absence of added ligand has been shown to

give a trimethylamine complex of iron (eq. 7), with

TE(CD)S + HEBNQ i—ﬁEiﬁFE(CD)4(HEBN) + CDE (7)

evolution of 262-54 These results suggest that the

reaction proceeds via nucleophilic attack at carbonyl

carbon, loss of CO2

and ‘subsequent complexation by HEBHi
When 5 reacts with one equivalent of Me,NO in CH,Cl,,

there is an immediate colour change from orange to deep

wine red. (!’13%';'7%17)l‘-le(’(:’ti’))‘i (8) can be isolated in 77%

yield (eq. 8).

0O
) Cc
NG Me ,NO | ;"’CP
o® 22 N é o
o




The infrared spectrum of 8 shows four v absorptions

co

at 2089, 2006, 1980 and 1963 cm ! (cyclohexane). This

is very similar to the infrared spectrum reported for

(n3-C Hg)Re(CO) ;: 2094, 1994, 1980, 1959 cm (melt) 46

1 as that of (n3§C7H7)Hn(CD)4 (see Figure II). The
mass spectrum shows the molecular ion as well as successive
loss of four CO's . 14 ana 132 NMR studies have confirmed
that the cycloheptatriene ring is bound to the metal in

a trihapto fashion and that the compound exhibits flux-

ional behaviour via 1,2 shifts of the metal moiety around
the ring. Detailed consideration of these NMR results
will be found in Chapter VIII.

Further decarbonylation of (8) is readily effected,

iaga;n using Me,NO (eg. 9). 1In this reaction, the red

0
c O

4 | sc}— 7;

10 |

~Re Me,NO Re (9)
| ~~co T CH.CL. AN
o (o) C (o)
N o)

8 5

colour of (8) is replaced by the pale yellow colour of
(n3-C.H,)Re(CO), (9), initially identified by its

infrared spectrum, which consists of three intense bands

in the v g -1 (eylco-

hexane), a very similar spectrum to that observed for

region at 2034, 1963 and 1939 cm

(ﬂ5!C7H7)Hn(CG)3 (see Section II). Other SPEG€I@5¢§Pi§
\ 3

33.



and analytical results are consistent with the formula-

tion of 9 as a
1

pentahapto cycloheptatrienyl complex.

H and 132 NMR spectra show that the compound

Once again,

is fluxional, with the Re (CO) group migrating around

3 :
the ring via 1,2 shifté. There is also a second fluxional
process which scrambles .the metal carbonyls. A detailed
analysis of these processes is found in Chapter VIII.

As noted previodsly, HEBHG promoted decarbonylation
reacti@ﬁs are believed to proceed through an intermediate
HESN complex. In our application of this method, the
"ligand" which replaces CO is formally a double bond of
a triene system which is already attached to the metal.
Infrared monitoring of the reaction solutions gave no

evidence for éetéétable concentrations of an intermediate.

In these reactions, CD2 loss could be followed immediately

by coordination of two more carbon atoms of the ring.
Attempts to effect further decarbonylation of 9

initially were not successful.

_CH,Cl,/MeqNO
Reflux

No Reaction

Hi3HQ/f§1u3n1 o o
Reflux _J- Decomposition

Reflux/N, Purge )
i 2 = No Reaction

Octane
nggluxfl\!; Purge ,
T Toluene = Decomposition
Reflux/THF Decomposition
Pa/C
. 2 Raflux/Hexane
————fe= No Raaction

~pd/C

f



"The failure of 9 to decarbonylate in the presence

of HeBND is perhaps not surprising in view of the require-
f

ment for nucleophilic attack on the coordinated CO group.

The infrared spectrum of 9 shows that the carbonyl groups
have lower Veo frequencies than in the tetracarbonyl

compound 8 and thus have less positive charge at carbon.

By comparison, CPMo(CO),I (v., 2046, 1989, 1968 cm 1)
reacts rapidly w;th'MEBNQ. but CPMG(CD)BSCHB (“CG 2018,

1950, 1946 cm 1) doed not react under the same conditions.®>

The infrared “CD

frequencies of 9 fall between these two

mélybdénum camgaunds. Lower v frequencies indicate

co
greater back bonding from the metal center into the
COm* orbitals and thus correlate with the observation of
reduced susceptibility of the carbonyl carbon to attack
by nucleophiles. Similar correlations have been observed
for nucleophilic attack on ccardinééed carbonyl groups
65

by organolithium compounds.’ i

When decarbonylation éfjgiusiﬁg ultraviolet light

&

(Hanovia 140 W lamp, quartz vessel) was attempted, no
reaction was observed after 24 h. However, 9 was
consumed when a more intense light source (450 W medium
pressure Hg discharge) in an immersion well reactor
cooled to -50°C was employed. Chromatdgraphic work-up
allowed isolation of a bright red crystalline material-

in ca. 1% yield (see Experimental section for details).

35.



36.

This product is soluble in CHzcl2 or THF, but

essentially insoluble in hydrocarbons. The

-

H NMR spectrum

(CDZCLE) at room temperature shows only one sharp singlet

at § 3.76 ppm (v§ = 0.8 Hz) . The mass spectrum (sée
Figure VI) shows a molecular ion envelope at m/e 664-670

which matches the isotope pattern calculated for

ClsﬂlqRezogi This cluster of ions ;Ggﬁfigaﬂds to two

(C7H7)RE(CD)2 units. Peaks corresponding to successive
loss of four CO groups are also observed, as well as a
peak at m/e 334 which has an isotope pattern cansistent
with CEH7RéG—! These observations indicate that the
product is best fefmulated as [(C7H7)RE(Cé)2]2 (10) .
Structural possibilitieg for such a formulation
are limited. One pﬂssiAilitzifs a dimer with a Re=Re

dauéle bond. The very sharp single line observed in the
(n°C,H.,) (CO) ,Re==m= Re (CO) . (n5C-H.)
N GgHe) (L0 pRe==== Re (CO) , (n"C,H,]

lH NMR spectrum of 10 at room temperature is not consistent
with this formulation. Pentahaptocycloheptatrienyl
compounds are fluxional, but the barriers to metal migra-
tion observed are too high to give such a sharp line at
ambient temperature (see Chapter VIII).

r If (E7H7)RE(CD)2 satisfies the effective atémiq
number rule, other structural possibilities for a dimeric

|
species require bridging ligands. The infrared spectrum
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i

of 10 (see Figure VII) consists of three vca‘bandS;
1981, 1951 and 1890 cm ' (CH,Cl,

] and slightly asymmetric,

solution). The lowest

frequency band is broa

s}

indicating the possibility of two absorptions which are
inzampj::%ly resolved. Since there are no infrared

bands due to bridging carbonyl groups, the bridging
ligands must be cycloheptatrienyl gfégpsi Two structural

possibilities are:

Both of these structures have Czh symmetry. Only

two infrared

T

tive uCD bands would be expected for 10a
or 10b. A possible explanation for the additional band(s)
observed is that exact Czh symmegry is not maintained in
solution.

The bridging cycloheptatrienyl group is well
documented in the literature. An example of a bonding
mode analogous to 10b is provided by FE(CD)S(C7H7)Rh(CG)2;‘

66

The solid state structure of this compound can be

represented schematically:



Py

T

¥ 700

T

(). 108}

T

1 300

—r

2000

=

8

~ T oo'oe

0G*0¢L
3INU1LIWSNUEL X

' oc° 09

00 05"

‘Infrared spectrum of 10, CH,Cl,.

FIGURE VII.

gy 1

%



40.

The 1H NMR spectrum of this compounds shows a single line

down to -l60°C.

A geometry analogous to 1l0a h%s been demonstrated
in the so0lid state for EuB(CG)E(C7H7)(C7H9); in which
the cycloheptatrienyl ring is equally bonded to two
ruthenium atoms. The 1H NMR spectrum of this ring shows
a sharp singlet even at -100°C.

It is interesting to compare the properties of 10

to known neutral (ﬁ7—C7H7) compounds of the transition
metals. (ﬁ7=Q7H7F;£CD)3 is a diamégneti& ménamEf,27 as
68

. o7 A
5HS)Cr(n C7H7)i

analog of this

also knawnigg

is (ﬁE*C A paramagnetic vanadium

hromium compound, (ﬁE‘CSHE)V(ﬂ7-C7H7) is

2]

The structure of this compound was con-

m

firmed by X-ray :rystall@graphyi7g The lH NMR spectra

of some mononuclear, dinuclear and trinuclear (ﬁ7-C7H7)
‘complexes are listed in Table I. The large variation in

§ values and solvents make these results difficult to
interpret but in general the mononuclear compounds exhibit
réé@nances for the cycloheptatrienyl groups at lower

field than the bridging derivatives. [(n’-C,H,)Re(CO),l,
7

=7
is typical of the bridging compounds at § = 3.76 ppm.



TABLE I. 'H NMR Data for Some (C,H,) Compounds.

Compound 6C , (solvent) Reference

SHS)Cr(n gQ7H7) 4.92 (CSDE) 68

Ty vy . I ;
(n C7H7)V(CG)3 4.64 (toluene dE), 27

| l \ | 4.11 (solvent ?) 67

(ﬁ5=C

, 3.14 (solvent ?) 67

Fe (CO) 5 (C,H;)Rh(CO), 4.16 66
Fe (CO) 5 (C,H,)Mn (CO) 4 © 4.05}CFHC1,:CD,C1,) 66

Fe (CO) 4 (C,H,) Re (CO) , 4.22| Pl 66

1%

'S

7 -~ . . - - i e e
[(n —C7H7)RE(CG)2]2 (10) 3.76 (CDZCLE{ This work




1

The, *H NMR spectrum of 10 is thus indicative of the

dimeric structure, in accord with the infrared and mass

1

spectral results. However, the “H NMR spectrum does not

distinguish between 10a and 10b as possible structures.

An X-ray crystallographic study of 10 is currently under

way .



Section V. Experimental

Rhenium carbonyl and manganese carbonyl were purchased
from Strem Chemicals, Inc. The an(CD)lD was purified by
sublimation before use. ircpylium tetrafluoroborate and
HeBNQ-HED were obtained from Aldrich Chemicals. Dehydra-
tion of the He;NDéHEG was effected by azeotropic dis-

3
tillation from toluene. 7-Cycloheptatrienylacyl chloride
was prepared by the method of Dewar and Pettiti7l An

improved preparation of the carboxylic acid precursor

developed by Betz was emplcyed;72
F
General Techniques -

All reactions and manipulations were carried out
under an atmosphere of purified nitrogen. Commercial
nitrogen was purified by passing through a heated
column (110°C) of BASF Cu-based catalyst (R3-11l) to
remove oxygen and a column of Mallinkrodt Aquasorb
on an inert support) to remove water.

(P2 5
Solvents were distilled under nitrogen immediately

=

prior to use. rying agents employed were: pentanes,

hexanes and benzene (Caﬂz);hC52212(P205); acetone
(Drierite); THF (potassium/benzophenone). Ether (anhydrous)

was uged as received from Mallinckrodt Chemical Works.

In the case of preparations involving metal carbonyl

anions prepared from Na/K, the THF solvent was transferred.

43.
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L]

directly from the drying agent in vacuo by‘caaling the
reaction flask with liquid nitrogen.

Infrared spectra were recérded using a Nicolet MX-1
FT IR Spectrometer in 0.5 mm or 0.1 mm NaCl cells unless
otherwise noted. Mass spectra wzre measured using an
Associated Electronics Industries M5-12 Mass Spectrometer
coupled with a Nova-3 computer employing D5-50 software.
All NMR spectra were recorded using Bruker HFX-90, WP-200
or WH-400 FT NMR instruments. Details of operating
parameters, temperature calibration, and other expe:iméntal
conditions used in obtaining NMR spectra are given in
Chapters VII and VIII.

Melting points were determined using a Xofler hot
stage microscope. Microanalyses were perfs%med by the'

‘microanalytical laboratory of this department.

o
il 7
Preparation cffg7H7-§jMp(CD{52(i);

The procedure of Whitesides and Budnlk
with slight modification. Mn 2(C‘,)lo (2.1 g, 5.4 mmol)
was diss@lved:iﬂ 100 mL THF and stirred with excess 1%
Na/Hg (20 mmol Na). After é h, excess amalgam was remaved‘
and the Ealutign was filtered. 1.7 g (11 mmol, 1.3 mL)
sé Cl was added dropwise over one minute (the

of C,H,

density of C7H7ﬁ&-Cl was determined as 1.32 g/mL). After

‘H

one hour stirring, the solution was filtered' to remove



a pale yellow precipitate. The solution was taken to
dryness on the Rotovap to give a red-orange crystalline
residue. This residue was extracted with 10 x 25 mL of
hexane. The combined extracts were filtered and cooled

to -78°C to afford 1 as pale yellow needles, mp 84°C
(darkens) 1lit. mp 83°C (dec).3® vield: 1.90 g, 56%. IH

NMR in CEDE identical with reported spectrum. For details

of infrared spectrum, see discussion.

Photochemical decarbonylation of 1.

Compound 1, (990 mg, 3.15 mmol) was dissolved in A
60 mL of N, saturated acetone and placed in an immersion
well photochemical reactor. The lamp jacket was cooled
with 50:50 ethylene glycol/water coolant recirculated
and coocled to -25°C using a NESLAB ﬁTEsB refrigerated
circulating bath. The entire apparatus was immersed in
a dry ice-acetone bath maintained at -78°C. The tempera-
ture of the solution was ca. =-50°C. A continuous ﬁz
purge was maintained throughout.

Infrared monitoring during phatalygié indicated
a rapid decrease in the intensity of the band at 2005 em™ 1
due to the starting acyl. The photolysis was terminated
after 19 minutes. The acetone was removed on the Ratcvaé
to give a red oil. The o0il was extracted with benzene

and applied to a 5 cm x 10 cm column of silica gel

45.



(Fisher Scientific Co., 28-200 mesh, grade 12). Elution
with heptane gave a single orange band. The heptane
solution was concentrated to ca. 5 mL, then applied to

a second column consisting of 150 g Fluka Kieselgel G
(TLC grade) slurried with heptane and packed under 12
psi'Nzrt@ give a bed 3.5 cm x 14 cm. Elution with
heptane gave Mn,(C0),, followed by (ﬁB—C7H7)Hn(CG)4. and

finally (ﬂS—C7H7)Hﬁ(CQ)3, Separation was complete.

The third fraction from the chromatography column

was evaporated to give a bright yellow crystalline

residue. Recrystallization from hexane afforded
35 é 35

as

|8

yellow needles (lit.: orange) mp 64°C (lit.”~ mp 64°C)

yield: 103 mg (l14%). 1IR: (hexane, cm l) 2026s,

Veo!
1964s, 1941s (lit. IR: (CS,) 2025, 1951, 1930). 1y NMR:

(acetcneédé, -50°C, 60 MHz, §) 7.15 (t, 1H, HB; Jo =

7;5 Hg)' 5;40 (tg 2E, 32'4)p 4,-70 (mg 2!‘1, Hﬁ'i?)j 3;53

(m, 2H, H ).

71,5

Anal. Caled for CIDH7HnQB= Cc, 52.20: H, 3.07. Found: C,

51.69; H, 2.14. )___ (EtOH) 374 (£ 3450), 311 nm (e 10350)

max
Lit.32, A, (EtOH) 307 (¢ 4500), 262 nm (c 10400).
(n3-C_H_)Mn(CO), (3)

The red band (second to elute, after Mﬂ%(CD)lD) was

collected and evaporated to dryness to give a red

46.



"ecrystalline residue (150 mg) which was recrystallized from

15 mL hexane by cooling to -78°C. This procedure gave a

lH NMR spectrum

mixture of red and white crystals. The
of a white crystal identified this matetial as ditropyl,
which has identical solubility properties to 3. A second,
slow recryé;gllizaticﬁ afforded 3sas deep red needles

and ditropyl as large colourless plates. _These were
physically separated and the red material recrystallized
once more to give pure 3 (60 mg, 7%) mp 66°C (gas evolved)

IR (hexane, v.,, cm ') 2063m, 200ls, 1970s, 1960s (see

Figure II). Mass spectrum: (14 eV, 80°C) H*, Mt - n co

(n 2-4).

Anal. Calcd for C..H MnQ4= Cc, 51.19; H, 2.74. Found:

1147 .
1y NMR (-90°C, THF-dg, 400 Mz, )

*

3.48 (t, 1lH, H,., il*? 7.2 Hz), 4.67 (m, 2H, H {,

)p Sigz (m! EH’ H

Ty
1]

1,3

Y- A (EtOH) K‘

5.21 (m, 2H, 4,7 max

Hs5,6
388 (¢ 5150), 312 nm (c 38700).

0\
Preparation of C.H,-C*Re(CO)g (4).

D
E&-Cl (2.04 g, 13.2 mmol) in 15

A solution of C,Hy

mL THF was added at room temperature over 30 min to a

solution of NaRe(CO). prepared from 4.32 g (6.6 mmol)

€

REZ(CD) by reaction with Na/Hg in 100 mL THF. After

y 10
30 min stirring, the volume of THP was reduced under

~ vacuum to 20 mL; the solution was diluted with 200 mL



" M = n CO, n

water and gxtracted with 5 x 30 mL hexane. The extracts
were dried, filtered and cooled to =10°C. Further

cooling to -78°C completed the crystallization, affording

4 as pale yellow crystals mp 98°C (4.1 g, 70%). IR
{cyclohexane, Em_l, v.. with intensity and assignment in

co

-Civ symmetry) 2132 (w,Al), 2061 (H;BI)g 2023 (s,E), 2014
’ 1

(s,E), 199 (SEAI), 1637, 1626 (w,acyl CO). “H NMR

(methylcyclohexane=d §) 6.51 (m, 2H, H ).i 6.18 (m,

14° 3,4
o s .
2H, H2 5) 5.12 (m, 2H, Hl S) 2.50 (t, H7; J17 = 5.8
Hz) . 13: NMR: (CDCly, 25°C, 6) 71.6 (C;), 109.4 (C; (),
125.8 (C2 5), 129.5 (C3 4)' 181.0 (axial CcO), 183.1

(equatorial CO), 243.7 (acyl CO).

Anal. Caled for C13H7OSRE C, 35.04; H, 1.57. Found:
+

.70. Mass spectrum: (14 eV, 50°C). M-,

—

C, 35.08; H,

+

1-4. Re(cc)é* (base peak) .

Preparation of L?fﬂle7E )R§JCD)§5(§);

Method (a). A sample of 4, (890 mg, 2 mmol) in 40 mL

dry;'axygEﬂ—free acetone was placed in a quartz flask
which was partly immersed in a dry ice/acetone bath and
if:aéiated for 12 h using a Hanovia 140 W lamp. Acetone
was removed in vacuum and the orange residue extracted

with 4 x 15 mL hexane. Cooling to -78°C gave 5 contaminated

'slightly with 4. Two recrystallizations f:am hexane

-y
M

afforded pure 5 as orange needles mp 74°C (500 mg, 60%).



}E (cyclohexane, cm 71, with intensity and assignment

\JCG C 8

in C4v symmetry): 2120 (H;Al). 2015 (s,E), 1983 (m,Ai).
1H NMR (20°C, dioxane-d

§) 5.92 (m, 2H, H ) 5.44 (m,

8’ 3,4
, . ) 3 -
Hy,s)» 3.16 (tt, 1H, 3, .

= 1.0 Hz). 1In methyl:yelahexan3*d14=

2H, Hl,é)’ 5.16 (m, 2H,
8.5 Hz, 317

5.96 (m, 2H, H ), 5.44 (m, 2H, H ), 5.24 (m, 2H,

l f ] ,
3. . 4
7 Jl-7 8.7 Hz, 32_7

§) 18.1 (C5), 122.1 (C

3,6

), 3.16 (tt, 1H, H = 1.0 Hz).

Hy 5

13¢c MR (10°c, THF-d ,

2;5
); 182.0 (axial CcO), 187.3

8!
136.1 (234); 141.3 (Cl6
(equatorial CO). 1In methylcyclahexanefdlqz 17.7 127)§

122.1 (¢, ), 135.7 (C 140.1 (cC ); 183.7 (axial

2,5 3.4)’ 1.6
CO), 186.4 (equatorial CO). UV-VIS (dioxane, xmax' nm,
€): 278 (5200), 394 (2500).

Anal. Ccaled for C 12H OgRe: C, 34.52; H, 1.69.- Found:
C, 34.54; H, 1.78. Mass spectrum (16 eV, 35°C): M+,

M - nCO (n = 2-5); Mt - C, H7, C7H7* (base peak).

Method (b). NaRe(CO). (10 mmol) in 100 mL THF was cooled
to -7B°C (g white precipitate formed) and solid C:7H.7EF4
(1.78 g, 10 mmol) was added in one portion. The mixture
was stirred at -78°C for 1 h, THF was removed under
vacuum and the residue extracted with 3 x 20 mL hexane.
Filtration and cdoling of the hexane solution to -78°C

affords (3.8 g, 90%) identical to that of method (a).

lun
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Thermal decomposition of 5.

Samples of 5 (0.20 M) in dioxane—d8 were f!;eze-thaw
degassed in vacuum in NMR tubes which were then sealed

1

off. H NMR was used to monitor the first order

disappearance of 5 at three temperatures: T, K: 54.3°C,
2.60 x 107> sec™!; 68.4°C, 2.00 x 1074 sec™!; 83.4°c,
1.33 x 10”3 sec”!. calculated activation parameters
(error limits correspond to one standard deviation):

8H* = 30.4 ¢ 0.3 kcal mo1™Y; as* = 13 ¢ 1 e.u.; AG§00 =
26.5 + 0.5 kcal mol Y. The major products of the thermal
decomposition were (C7H7)2 and Rez(CO)lo with small

amounts (1-5%) of-C7H8.

X-ray structure of 5.

-

The X-ray structure determination was performed by
the crystallographic staff of Molecular Structure
Corporation, Colleée Station, Texas. All calculations
were performed on a linked PDP-11/45-11/60 computation
system using the Enraf-Nonius structure determination ’

package73

and private programs of Molecular Structure
Corp. .

A red prismatic crystal with dimensions ca.
0.12 x 0.12 x 0.10 mm was used for data collection.
(Crystals were grown by slow sublimation in a sealed

tube in a temperature gradient provided by the glower

of a Perkin-Elmer 337 infrared spectrometer.) Details



of data collection are listed in Table 1I.

The structure was solved using the Patterson heavy-
atom method which revealed the position of the Re atom.
The remaining atoms were located in succeeding difference
Fourier syntheses. Hydro?en atoms were not included in
the calculations. The structure was refined in full-
matrix least-squares where the function minimized was

l)2 and the weight w is defined as AFQZ/QE(FQE)i

Zw(|F°|-|Fc
Only the 1487 reflections with Fo > 3.0 c(Fé} were used
in refinement. The final cycle of refinement included
78 variable parameters and converged with

R Z(IFOI-IFCI)/ZIFOI = 0.038 and R, =

12172 _

L =
(zw(F | -F_])2/1w|F_ 0.049. The highest peak in
the final difference Fourier had a height of 0.52 E/EBg
The structure of 5 is depicted in Figure I. Relevant
bond lengths and bond angles are tabulated in Tables II

and III. Positional and thermal parameters are listed

in Table 1V.

Preparation of (n3-C7§7)Re(CO),_(§);
TN

2°
38- mg (0.5 mmol) of Me3N0 was added.aﬁpfter 10 min stirring

2210 mg (0.5 mmol) of 5 was dissolved in 20 mL CH,Cl

at room temperature, the CHZCI2 was pumped off and the
residue extracted with 3 x 10 mL of hexane. The solution

was filtered and cooled to -10°C for 16 h. Cooling to



TABLE I1I. Crystal Data for (7-n1-c7n7)ne(c0)5

A. Cell Parameters at 23°cC.2

crystal system: monoclinic . a= 6.962(2)
space group: P21/c > b = 22.099(§) g
z = 4 : : c = 8.955(1) A
fw = 417.39 B = 109.91(2)*
o (calcd) = 2.14 g/cm 7 v = 1295.4 A

B. Collection of Intensity Data.

diffractometer: Enraf-Nonius CAD 4

radiation: MoK (A = 0.71073 A)

monochromator: graphite crystal, incident béam
scan type} w ~ 8

scan rate: 2 - 20°/min (in w)

scan width: 0.6 + 0.350 tan 6°

max 20: 49.0°

reflections collected: 2299 total, 2144 unique

)
stds: 3 every 41 min, no measurable decay

Absn. coeff: u = 99.2 em~ 1

corrections: Lorentz-polarization

Empirical absorptionb

Apased on 25 reflections in the range 6° < 6 < 14°.

bRelative transmission coefficients ranged from 0.89 to
1.00 with_ an average value of 0.95.



L]

. e a
Bond Lengths (A).

53.

TABLE III.
A
Re -C(8) 1.980(12) 0(4)-C(11) 1.143(12)
Re -C(12) 1.959(12) 0(5)-C(9) 1.132(12)
Re —CklO) 1.919(13) C(7)-C(6) 1.462(15)
Re -C(11) 1.966(11) C(7)-C(1) 1.48(2)
Re -C(9) 1.981(11) C(6)-C(5) 1.32(2)
Re -C(7) 2.348(1)) C(S)-C(4)‘ 1.47(2)
. 0(1)-C(8) 1.129(12) C(4)-C(3) 1ij}ﬂ2)
.0(2)-C(12) 1.156(13) C(3)-C(2) 1.46(2)
0(3)-C(10) 1.171(14) C(2)-C(1) 1.35(2)

4Numbers in parentheses are estimated standard deviations

in the least significqqi digits.



TABLE IV.

Bond Angles (Degrees).?

C(8) -Re-C(12)

C(8) -Re-C(10)
Cc(8) -ﬁe§C(11)
C(8) =-Re-C(9)
C(8) -Re-C(7)
C(12)-Re-C(10)
C(l2)-Re-C(11)
C(12)-Re-C(9)
C(12)-Re-=C(7)
C(10)=-Re-C(11)
C(10)~-Re=-C(9)
C(10)-Re-C(7)
C(1ll)-Re-C(9)
C(1l1)-Re-C(7)

C(9) =-Re-C(7)

88

89

178.

92.

et
~J
\U“

88.
B6.
91.

-8(5)
.1(5)
4(4)

~J
—
(W]
st

.3(4)
.1(5)
.2(5)
.4(5)
.6(4)

.3(5)

2.2(5)

.5(5)

2(4)

4(4)
>

0(4)

Re-C(8) -0(1)
Re-C(12)-0(2)
Re-C(10)=0(3)
Re-C(1l1l)-0(4)
Re-C(9)
Re-C(7) -C(6)
Re=C(7)
c(6)-C(7)-C(1)
C(7)-C(6)-C(5)
C(6)-C(5)-C(4)
C(5)-C(4)-C(3)
C(4)-C(3)-C(2)
C(3)-C(2)-c(1)

C(7)~-C(1)-C(2)

179.(1)
177.(1)

178.(1)

aﬂumbérs in parentheses are estimated standard deviations
in the least significant digits.
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-78°C completed crystallization of (8) as deep red
needles mp 84°C. Yield: 150 mg (77%) IR (cyclohexane,

Y cmil) 2089 (m), 2006 (s), 1980 (s), 1963 (s). Mass

co’
+ L+

gpectrum: M , M = CO (n = 1-3).

o |

Anal. Calcd for C17H76432; C, 33.91; H, 1.8l1. Found:
1.

c, 33;?4; H, 1.86. H NMR: (-70°C, methylcyzlahe;ane—dl‘,

), 5.27 (m, 2H, H, ) 13¢ nMs

50.3 MHz, 6) 55.8 (1C, ¢,

200 MHz, &) 2.90 (t, 1lH, H

Hl;B)' 4.50 (m, 2H, HS,S

(-40°C, methylcyclohexane-d )

14’

1 ), 120.1 (2C, CE,E)’ 132.9 (2c, C4

67.0 (2C, C; 3),
190.0 (1¢), 193.5 {1C) (axial carbonyls), 199.0 (2C)

57) ¥

(equatorial carbonyls).

§§EP§§§;1§H of §ﬁ5§27§7)ﬁej§917 (9).

390 mg (1 mmol) of (8) was dissolved in 30 mL CH,Cl,.

3

Me_.NO ( 80 mg, 1.07 mmol) was added. After two h stirring
at room temperature, the éH2212 was removed under vacuum
and the residue extracted with 3 x 20 mL of hexane. The

solution was filtered and cooled to =-78°C for 16 h to
yield 9 as bright yellow needles, mp 88°C. Yield: 264

mg, 73%¢. IR (cyclohexane, v . em™ 1) 2034, 1963, 1939.

Mass spectrum: M+; H+ - CO, M+ = 2CO.

Anal. Calcd for C10H7D5Re= C, 33.24; H, 1.95. Found:

C, 33.38; H, 1.97. ~“H NMR: (-=20°C, aeetenEEQEp 60 MHz

o

c)., 5.00 (m, 2H, 5.86 (dd, 2H,

Hy ¢ Hg 1)
13

H2 4), 7.12 (tt, 1lH, Hj)' "C NMR (-90°C, acétane-dsg

§) 3.90 (m, 2H,
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22.6 MHz, §) 71.1 (2C, C 93.6 (1cC, C3), 107.5 (2C,

1'5)1

C 130.0 (2c, C Metal carbonyls: 191.2 (20C),

2,477 6,7
202.6 (1C). .

Photolysis of (ns-c7§7)Re(CO)3;

140 mg (0.39 mmol) of (nS-C7H7)Re(CO)3 was dissolved
in 225 mL of heptane in an immersion well photolysis
reactor with N2 purge. The lamp jackgt was cooled.to
-25°C with continuously pumped glycol/H20 coolant. The
entire reactor was immersed in ; dry ice-acetone bath
(-78°C) in a large Dewar. The highest solution tempera-
ture during photolysis was -50°C. After 20 min photolysis
a brown precipitate forms. Photolysis was terminated
,after 2.5 h, with about 50% of the starting material
unreacted. The solution was filtered, concentrated to
ca. 10 mL and applied to a 2 cm x 10 cm column of silica
gel (Kieselgel G, Fluka AG, slurried in heptane and
packed under 15 psi N,). Elution with 200 mL heptane
under pressure eluted all unreacted starting material.

A very slow moving bright yellow-orange band had moved
ca. 0.2cm from the origin at this péint. A further
2000 mL of heptane eluted this band ca. 4 cm. Elution
was completed with 500 mL CH2C12/heptane (20:80) .
'Evaporat}on of the solvents gave a red crystalline

residue (3 mg). The product was soluble in CH2C12,
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f S , -1, ..
2212/heptanei IR (EHEClZg Vogr M ) 1981 m,
1951 s, 1890 m (broad). !

from CH
H NMR (CDEClZ’ 25°C, 400 MHz):
one sharp singlet at § 3.76. Mass spectrum: (145°c,
70 ev) Mt at m/e 664-670 matches isotope pattern
calculated for Clgﬂl432264; M* - n co (n = lii);
m/e‘334, m/e 306, m/e 91 (6757*). The product is
formulated as [(n7éC7H7)RE(CQ)2]2 (see Disgussicn)i‘

Insufficient material was available for elemental analysis.



CHAPTER_THREE
PHOSPHINE ADDITION REACTIONS

Section I.

Introduction

The use of phosphines as ligands is widespread in
transition metal organometallic chemistry. In metal
carbonyls and their derivatives, replacement of CO by a
phosphine often raises the melting point and increases
the thermal stability of a compound. An ex8mple of this

effect is the marked difference in stability between

$1e-co(CO), (decomp. at -35°C) '4 and Me-Co(CO) , (PPh,)
(decomp. at 20°C)§7S -

Triphenylphosphine is most commonly employed,
probably due to convenience of handling compared to
trialkylphosphines which are air sensitive liquids.
Relatively few reports have appeared invelving the use

of PMeg, probably due to difficulties in handling this

rather volatile, air sensitive liquid. Recently several

reports of the use of PMe, as a ligand have appeared.75

Particularly interesting is the work of C.P. Casey and
W.D. Janes!77 in which PMe, was found to reduce the

hapticity of a cyclopentadienyl ligand from entahapto

to monohapto (eq. 10).




2pMe; + Re,  — — ‘Re (10)
Me é NO  esP? L PMes
o

Phis reaction is associative (kinetic results show a
linear dependence of rate on PMe, concentration) and
reversible. Crystalline product was isolated from a
reaction in hexane, from which the product crystallizes.

The structure of the monohapto product was confirmed by

X-ray crystallography.

This reaction is the first example of the conversion
of a (ﬁ5=CSH§) ligand to a (ﬂléCEHS) ligand. Since

trihapto and pentahapto derivatives of the cyclohepta-

trienyl ligand are relatively common and accessible, we

sought to extend this hapticity reduction process to the

synthesis of (n QC7H7) compounds from the corresponding
5 _~ u A Yo
(n —C7H7) and (n =C7H7) complexes.

60.
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Section II. Rhenium Eémpcqus

Since the stability of (7- ﬂl C )RE(CD) (g) has
been established, and (ﬁ’—C7H7)RE(CD)4 and (n -C7H7)RE(C@)3
are available via decarbonylation of 5, our initial goal
was to prepare further monohapto alkyls of rhenium by
phosphine addition reactions. The trihapto alkyl
Pal %Eﬁﬁ})ﬁeicc)g, (8), was indeed found to react with

one egquivalent of PHEB to afford (7=ﬁl-C7H7)Re(CD) PMEB

e

(

) in 97% yield (eqg. 11).

(11)
The lH NMR spectrum of 1l is consistent with the
monohaptocycloheptatrienyl formulation. The resonance
- -
for H, is a quartet, due to equal coupling to Hl 6 and
to P (BJ 5 = 33 = 8,8 Hz). As discussed in Chapter

1-7 "H=F S
I1, this value for the vicinal coupling constant indicates

that the predominant conformation of 11 is the one shown
in eq. 11.
The infrared spectrum, mass spectrum and elemental

analysis are consistent with this farmulatlen for 11.
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Solutions of 11 in cyclohexane-d,, or benzene-d, show

no detectable free PMe, after several days in solution,

3
indicating that in the coordination of PMe, to this metal

center, the equilibrium lies far to the side of complex

.

formation.

excess of PMe, is employed. Although a quantitative

3
kinetic study of this reaction has not been carried out,

the reaction might reasonably be expected to be associa-

tive, as was observed by Casey and_Jongs in the reaction

77

of PMe. with (ns—CSHS)Ré(CO)(NO)CH3 (eq. 10).

3
+ The reaction of (ns—C.IH.,)Re(CO)3 with PPhj proceeds

to give a trihaptocycloheptatrienyl compound incorporating

one PPH3 group (eq. 12).

Thme

5
(n -C7H7)Re(CO)3 + PPh3 4PPh,

9 12

Compound 12 has been fully characterized. The infrared

spectrum in hexane solution shows three Vco bands of

equal intensity at 2022, 1949 and 1914 cm-l, consistent

with expectations for the facial78 isomer. The lHFNHR
spectrum (CDZC12, -70°C) is congistent with the ;;iga,ggl
cycloheptatrienyl formulation. Two poss%?le structures
for 12 are shown as 12a and 12b. Since the PPh, group
is quite sterically d_emanding,"9 structure 12a is probably

preferred, since this would minimize interaction between

—— (n-Cc,H,)Re(CO) ;PPh,  (12)

62.



PPh.
-3
|~ &
~Re
C
0o
12a 12b

Hz and the phosphine ligand. Attempts to grow crystals

af\erystgllcqraphic quality of 12 have so far not been

gsuccessful.

The reactions of (ﬂEiCSHS)RE(CD)(NQ)CHB with

phas?hines which were explored by Casey and Jones were
limited to reactions with PHEB and dmpe. The more
sterically demanding PBug does not react under the same
conditiens. Although the reaction of PPhS was not
investigated, it seems unlikely that PPhB would react
with (ﬁSiCEHE)Re(CD)(NG)CHB, since E‘Ph3 is even more

79

=

sterically demanding than PBuz. he formation of 12

demonstrates a considerable difference between
(ﬂS*GSHS)Re(CD)(ND)CﬁB and 8 in reactivity toward phos-
phine substitution. No further reaction between 12 and
excess PPhy could be detected. .
When (nS—C7H7)Re(CD)3 was combined with one equivalént
of PMe,, a trihaptocycloheptatrienyl derivatives formulated

as (n3—C7E7)Re(CC)3PHea (13) was formed. This formulation

for 13 is consistent with the mass spectrum ;ﬁd the

63§i



£
elemental analysis. The infrared spectrum of 11 is

quite complex, with six Veo bands (see Fig‘ce VIII).
There are three possible geometric isomers of 13,

as shown below. For the facial isomers 13a and 1l3c,

three Veo bands of equal intensity would be expected,7g

while meridional substitution as in 13b would give three
Veo bands of unequal inténsitygao
' 13

The C NMR spectrum indicates that two isomers are

present in unequal amounts, with 13a the most likely
formulation for the major isomer. The lBC chemical

shifts are listed below (chemical shifts are for a CD,C1,

solution at -20°C, expressed in ppm, TMS = 0. J values

3 C0's
(1:1:1)

196.0 J=11.3Hz
191.4 J=10.7Hz

refer to J. ). ' { 203.7 Low J

117.5
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The observation of three carbonyl resonances in the

=

ratio 1:1:1 is only consistent withiiégé A choice

between 13a and 13c for the structure of the major isomer
can be made by comparison to 12, where the more sterically
demanding PPhB group makgs 12a the most reasonable struc-

ture. The infrared spectrum of 13 can be resolved into

the major and minor isomer components by assigning the

three strong v., bands at 2025, 1948 and 1911 cm ! to the

facial isomer 1l3a. This spectrum is very similar to

that of 12 which shows 3 v bands of equal intensity

co
at 2022, 1949 and 1914 cm . The remaining three Veo
bands in the spectrum of 13 (2035 w, 1943 s, 1919 m)

are assigned to the meridional isomer 13b.
These @bsefvati@ns are consistent with the observed
1H NMR spectrum of 13, (-70°C, CDECJE) which shows two

sets of signals for the two isomers. Integration of the

PMe, signals gives a l3a:13b ratio of 88:12.

NMR data are summarized below (chemical shifts ai

ppm from TMS = 0).

J‘ ¥ lill!@
E‘if‘f 0

&.40dE

5.30m . _ 5.43m G ) y
PMI}; o Ig g Sha
1284 'JFPiLii: -
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The 1

similar to that of (ﬁB—C7

principle show seven different signals

heptatrienyl group as was observed in the

due to coupling to P. The spectrum of

In fact, the chemical shift differences

H NMR spectra of both isomers of 13 aye very

H,)Re(CO) ,, with added complexity

3b should in

between the two

sides of the ring were not fﬁlly resolved, and only five

siénals were observed. Some of the signals due to 1l3b

may be obscured by the more intense signals due to

3§i

-

'In the 1H NMR spectra of both 12 and l3a, there is

structures are correct, this large

-
]

1 and H3 1

W

"H-P

the proton trans to the P ligand.

-0

= 16 Hz), but

If the proposed

upling is observed

In assigning the

signals of 13b, the signal at & 3.5l has

J = 6.5 Hz and so is assigned to the proton trans

to the PMe; group. The signal at 6 4.09 does not show

resolvable coupling to P, so it is assigned to the

proton cis to the PMe,

group.

Both 12 and 13 show fluxional beﬁaviaur which has

discussed in Chapter VIII.

In contrast to 12, which showed no reaction with a

second egquivalent of PPhBE compound 13 reacts readily

T L, . &3
with additional ,Hej

cycloheptatrienyl compound,

14

(eq.

13).

to give a disubstituted monohapto-

67§



PMe

3 ia_—ggia(7aﬁl§c7ﬁ

(n )RE(C‘D)B(PHEB)E

-C7H7)Re(CO)3PMe

ol

3
(13)

=

-

I4

Compaund 14 can also be prepared by the reaction of

(nS-C;R7)Re£Co)3 with an excess of PMEB. The 1H NMR

spectrum of 14 is consistent with a monohapto formulation.

This was confirmed by elemental analysis and mass spectro-

scopy. The infrared spectrum of 14 (cyclohexane solution)
co bands at 2016, 1942 and 1893 cm™!

as well as two weaker bands at 2008 and 1925 cm Yt (see

has three strong v

Figure IX).

1

The "H NMR spectrum of 14 shows only one set of

resonances (in CD2C12, bengenEEdE or cyclahexanéédlz).
The extra infrared bands are probably due to some
isomerism in which isomer interconversion is rapid on

the NMR time .scale, but slow on the time scale of infrared
spectroscopy. A tentative explanation for this could be
the existence of rotomers about the REEC7 bond, as shown

in l4a and 1l4b.
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W
’C%H7LRE(CG)3 with dmpe also

The reaction of (ﬁ5

affords a monohaptocycloheptatrienyl compound
(7—n1—C7H7)RE(CG)3(deE), (15). This compound has been
fully characterized by mass spectroscopy, elemental
analysis, lH NMR and infrared spectroscopy. The infrared
spectrum is very similaf to that of 14. The solubility
of 15 in hexane and other hydrocarbon solvents is very
limited, while 14 is slightly soluble.

The stepwise conversion of the

8 to the monohapto 14 is analogous to the reaction
reported by Casey and Jones in which iﬁ53§5HS)Re(CD)(NG)GH3
was converted by two equivalents of PHEB to

(nl-CSHS)Re(CD)(HO)(PHEB)QCHB (eq. 14)

oc.
2Pme; +  Re, —
S “NO
Me é MesP? | H PMes (14)
)
16 17

This reaction was reversible and no intermediate
monophosphine complex could be detected. 1In the formation

of 14, (eq. 13), the equilibrium lies far to the right

(no free PMe, was detected in solutions of 14) and the

3
_intermediate monosubstituted complex 13 is isolable.

This is understandable since the trihapto coordination



mode of the cycloheptatrienyl group is quite stable. In
the case of the cyclopentadienyl system, the presumed
intermediate in the phosphine substitution reaction could
be a compound containing a trihaptocyclopentadienyl group
(16a) or a bent nitrosyl (16b). 1In either case, loss

of PMe3 to regenerate starting mateérial or reaction with

I

sNQ , DC‘EIIRE;‘&M‘
Me O=N PMej

[
|2
|
Yt
Ll
r

further PMES is apparently quite rapid.
Two possible mechanisms for the first step in the

conversion of 16 to 17 were suggested by Casey and

Jones:77 a) the nS—C

nl or n3-é§HS species; b) the nitrosyl ligand could bend

EHS ligand could "slip" to form an

to change the electron count of the rhenium center. oOur
results are on a somewhat different gystem, ‘but they
clearly establish that a nitrosyl ligand is not a general

requirement for these reactions to proceed.



Section I1II1. Manganese Compounds

Since several new monoha

to alkyls were obtained by

phosphine addition reactions in rhenium systems, we, next

explored the extension of these re
Reaction of (ﬂ5—27ﬁ7)Hn(CD)3 with
trihaptocycloheptatrienyl complex

3

—= (n"=C

5 , o
(n C7H7)Mﬁ(CD)3 + lPMeB

The infrared spectrum of 18 i
shows Veo bands at 2006 s, 1944 s,
-1 .

cm . This is very similar to the

the rhenium analog 13, indicating

actions to manganese.
PHEE affords the
16 (eq. 15).

7H7)Hn(CD)3PHE3 (15)

18
n cyclohexane solution
1937 m, 1918 w, 1901 s
spectrum observed for

the presence of facial

and meridional isomers, shown below as 18a and 18b.

Ed

~Mn’
| Sco
Pﬂﬂag

The 'H NMR spectrum (co,

with l8a as the major isomer. The

[
o
er

Clz. -70°C) is consistent

spectrum is very

similar to that of 13a. Integration of the PMe_, signals

gives a ratio of 13a:13b of 100:1.
= -,

3
Since the amount of

72i



18b present is very small, the cycloheptatrienyl resonances

La]

or 18b were not detected. 1In the case of the fhenium

nalog 13, the 13a:13b ratio was 88:12. Another difference
between 13 and 16 becomes apparent when the temperature

of the solution is raised. The PMe, signals due to 18a
and 18b broaden and coalesce at ca. -30°C, then sharpen
again to give a single doublet at room temperature.

These results indicate that the barrier for 18a 7 18b
interconversion is lower than thaé for 13a I 13b inter-
conversion. Both 13 and 18 are fluxional, with the metal
moiety migrating around the cycloheptatrienyl ring via

1,2 shifts. These results and the isomer }ntérﬂﬂnversicn

pProcess are examined in detail in Chapter VIII.

- Having established that phosphine addition reactions

will proceed in a manganese system, we next attempted
to synthesize a manganese analog of 1l by the reaction

The outcome of this

of (n —C7H7)Mn(CD)4 with Pnez,

reaction is shown in eq. 16.

(n~C,H,)Mn (CO) , + PMe, -~DEXADEL (3 .y \un(co) pue
77 4 o3 , 77 3 3
25°C (16)

+ ditropyl +7[(PM33)Mn(EQ)4]2

As shown in eq. 16, this reac:tion does not follow the
same course as with the rhenium analog. One of the
!%\luﬁduct:. (n3sc7ﬂ7)ﬁﬁ(é§)3Pﬂejg demonstrates that Pnes

displaces CO from the metal, which did not occur with



74.

rhenium. The dimeric products [(PMe3)Mn(CO)4]2 and ditropyl
probably form via the homolytic cleavage of a weak Mn-C o
bond in an intermediate (7-nl—C7H7)Mn(CO)4PMe3.

In hopes of spectroscopically identifying this
intermediate, the reaction wis carried out at\low
temperature in an NMR tube (CD,C1,, ~-50°C to ~10°C). The

starting material was consumed to give only ditropyl and

HPMe3)Mn(CO)4]r A trace of (n—3C7H7)Mn(CO)3PMe3 was also

°
O
ampe | & | ©
M'n —_— Mn PMeg + Ml‘l\ (17)
J . 25°C ' \pj- ' Co
o é o hexane c M ‘ ¢
o (o]

observed. The CO displacement reaction is evidently reduced
at lower temperatures.

The reaction of (n5-C7H7)Mn(CO)3 with dmpe was
investigated in the hope that the presence of a chelating
phosphine ligand would increase the stability of the
product. When the reaction was carried out in hexane at
room temperature, infrared spectroscopic evidence for a

trihapto intermediate was obtained (eq. 17).



*

,btzfaqm temperature, tgis inté:mediate quickly decomposed to
give ditropyl (identified by NMR) and an insoluble
precipitate.

When the reaction was repeated:in an NMR tube (CD,C1,
solvent) at low temperature (-50°C) the iﬁentity of the
intermediate was confirmed by observation in the lH NMR

spectrum of signals for a trihaptocycloheptatrienyl group,

very similar to-the 1y NMR spectrum of 16. On increasing
the temperature to -10°C, ditropyl was fotmed. There was no
evidence for a monohaptocycloheptatrienyl species.

Our attempts to prepare monohapto alkyls of manganese
have not been successful, in contrast to the rhenium
analogs. This is probably due to the lower Mn-C o bond
sérength for manganese compared to rhenium. When combined
with the stabilization of the tropyl radical, the Mn-C o
bond strength is lowered to the point that homolytic bond
cleavage to give ditropyl and metal dimers is very rapid.
The arguments advanced in Chapter II regarding the
in;tability of (7—n1-C7H7)Hn(CQ)5 apparently apply equally

well to phosphine substituted derivptives.

SN



Section IV. Experimental

PMe ; was purchased from Strem Chemicals, Inc. PPh3 was
purchased from Aldrich Chemical Co. The manganese and

rhenium precursors were prepared by the methods described in

L]

Chapter 1II.

Preparation of (7-nl-C,H,)Re(CO) (PMe;) (11)

(nB—C7H7)Re(CG)4; (39 mg, .1 mmol) was dissolved in 20
mL Texaﬁe. PMe 4 (11 wl, .11 mmol) was added. After 2 h.
sti:??hg,!thg_saluticn was filtered and cooled to -78°C,
depositing orange crystals of 11, mp 105°C. Yield: 45 mg
(97%). IR (cyclohexane, veo ! Emil} 2074 w; 1995 m, 1912 s,
1935 m. lu NMR (cyclohexane-d),, 25°C, & ) 1.57 (d, 9H,
PMe,, ZJH_E = 8.4 Hz), 2.48 (quart., 1H, H4, 337_1 = BJH—P =,
8.8 Hz), 5.12 (m, 2H, Hy 3), 5.30 (t, 2H, Hy g), 5.89 (m,
2H, H3 4). Anal: calc. for Cy4H)gReO,P: C, 36.12; H,
3.46. Found: C, 35.87; H, 3.59. Mass spectrum (l6 ev,
9o°c) M*, m*-2c0, M*-3co, M*-CsH;, C,;H9* (base peak). The

formation of 1l was accelerated when an excess of PMe ; was

used. .
~

E:eparatignﬁgﬁ715?2512713§L§D)3 PPh4y

(nS!C7H7)RE(CD)3. (150 mg, .41 mmol) was dissolved in

15 mL CHZClz. PPhy (65 mg, .25 mmol) was added. After 8 h.



stirring, the CH,Cl, was removed under vacuum and the
residue washed with 10 mL pentane at 0°C. The residue was
extracted with 3 x 10 mL ether at room temperature. The
combined extracts were filtered and reduced in veiﬁme to 10
mL. An equal volume of pentane was added. A red
precipitate formed. Cooling to -10°C completed
crystallization of the product. A second recrystallization
from ether/pentane afforded 12 as red microcrystals, mp 98°C
(dec). Yield: 60 mg (39%). IR (hexane, vcor em~1) 2022,
1949, 1914. lH NMR (CD,Cl,, =-40°C, 6) 2.05 (dt, 1lH, Hy,

334.p = 16 Hz), 3.28 (t, 2H, Hy 3), 4.40 (dd, 2H, Hg ¢).
5.22 (m, 2H, Hy 7)s 7.2-7.6 (bfrmult, 16 H, Ph). Anal:
Calc. for C,gH,,ReO3P: C, 53.89; H, 3.55. Found: C,
53.82; H, 3.95. A mass spectrum could not be obtained.
Several attempts gave only a mass spectrum for PPhj.

When 12 was stirred in CH,Cl, with excess PPhjy for 24
h., no reaction was detected. The procedure reported here
for the preparation of 12 employs a deficiency of PPhj in

order to avoid the difficult separation of 12 from PPhjy.

. - 3 A g e s
Preparation of (n°-C9H,)Re(CO) . PMe,

mL of hexane. PMej, (20 ul, .2 mmol) was added. After 6 h.

stirring at room temperature, infrared spectroscopy
’



-3

indicated that ca. 20% starting material remained. he

solution was filtered, reduced in volume to 10 mL, and

cooled to =10°C. A red precipitate was collected. The

to -10°C to afford 13 as red needles, mp 111°C. VYield: 45
mg (52%). IR (hexane, vcg, cm™1) 2035-w, 2024 s, 1948 s,
1943 m, 1914 w, 1911 s (see discussion). Anal: Calc. for
3.66. Mass spectrum (l6 ev, 100°C) M*, H*-CO, Mt-2co (base
peak), M*-3CO, M*-(CO + PMe3), C,Hg*, C,H7*. For ln and 13c

NMR spectral results, see discussion.

Preparation of (7-nl-cqi,)Re(CO)3(PMe;3); (14)

Method (a). (n°-CyH,)Re(CO)3, (72 mg, .2 mmol) was'

disselved in 20 mL hexane to give a pale yellow sclution.
PMe3 (100 wul, 5«x éxcess) was added. The solution turned red
immediately. After 2 h., the colour of the solution was
yellbw. The solution was evaporated to a yellow residue
which was dissolved in 15 mL hexane, filtered and cgaledrta
-78°C. 14 was cclleétéd as yellow needles, mp 92°C.

Yield: 94 mg (91%). IR (cyclohexane, vpg, cm™l) 2034 ww,
2016 s, 2009 w, 1942 s, 1925 w, 1893 s. IH NMR (CD,Cl,,
'25°C, ) 5.85 (m, 2H, H3,4), 5.26 (br t, 2H, H} g), 5.06 (m,

2}"! Hz's)r 1.88 (qulnt, 1H, H-’, 3‘]157 = BJH_P = 9 Hz), 1.55
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(lines of an HyPP'H4 system, 20H, PMe3). Anal: calc. for

4.96. Mass spectrum (70 ev, 70°C) M*, M*-CO, M*-PMe,.

Method (b). (n3-CqH5)Re(CO)3PMe;, (11 mg, .025 mmol) was
dissolved in 5 mL hexane. §ﬁ23 (5 ul, 2x excess) was
added. After 2 h. at room empérgtufe, the sclutiaﬁéwas
filtered and cooled to =10°C. Compound 14, (1Q mg, 78%), was
collected by filtration. The product is identical to that

obtained by method (a).

Preparation of (7-nl-cqH;)Re(CO); (dmpe) (15)

( 55C7H7)EE(CD)3, (36 mg, .1 mmol) was dissolved in EQQ
mL hexane. Dmpe (20 wl, ca. .2 mmol) was added. After 6 h.
stirring at room temperature, no starting material remained
(IR) and a fine orange precipitate had formed. The solution
was cooled to 5°C overnight, the supernatant was syringed
off, and the product gashed with 2 x 10 mL pentane. The
product forms orange microcrystals, mp -130°C. VYield: 45 mg
(88%). IR (hexane, vco, cm™l) 2016 s, 2009 w, 1949 s, 1932
w, 1892 s. 1 NMR (CD,C1,, 25°C, &) 5.92 (m, 21, Hy, ¢)
5.21 (br t, 2H, Hy,g), 5.10 (m, 2H, Hy g), 1.69 (d, 33, p =
9 Hz, ca. 6H, PMe), 1.49 (d, 30, p = 10 Hz, 6H, PMe), 1.6~
1.8 (v. complex mult., ca. 6H, P=CH2); Hy was located

at §1.70 by decoupling Hj ¢ which causes a slight change in
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. a complex group of signals. Decoupling at §1.70 caused H) 6
to collapse to a doublet. The lH NMR spectrum is simplified
in benzene-dg: § 6.39 (m, 2H, Hy 4), 5.64 (m, 2H, Hy ),

»+5.32 (brt, 2H, Hp.g), 1.45 (quintet, 1H, Hy, 3Jy_, = 8.8

Hz), 0.76-0.86 (complex: mult., 4H, P-CH,). Anal: calc. for
ClSHEBRE?Eaif C, 37.55:; H, 4.53. Found: C,37.07; Hp

4,49. Mass spectrum (70 ev, lDD€C) H*; H*EZCD, H*iC7H7
(base peak) C7E7* (also dmpe fragmentation).

Preparation of Hng;ﬁT;PHeijQ%—Clij) (18)

(n°-C7H,)MN(CO);, (6.6 mg, .028 mmol) was dissolved in
mL hexane. PMe 5, (3rul;éggl .03 mmol) was added. The pale
vyellow colour of the stafling material darkened to a red-
orange colour after 5 minutes. After 45 min., iﬁfrared
spectra show that no starting material remains. The solvent
was pumped off to leave a red-orange crystallide residue.
The residue was dissolved ig 2 mL pentane, filterqd and
cooled to ~10°C, to afford 18 as shiny red neeéiesp mp
108°C. vield: 5.8 mg (66%). IR (cyclohexane, veg, cm~l)
2006 s, 1944 s, 1937 m, 1918 w, 1901 s. lu NMR (-70°C,

CDaCly, 6) 5.74 (m, 2H, Hs,g), 4.92 (dd, 3H, Hy 7), 3.76 (t,

2H, Hy 3, 3315 = 7.3 Hz), 1.74 (dt, 1H, Hy, 33y_p = 15.9

Hz), 1.20 (d, 9H, PMej, 2J,.p = 8.6 Hz). additional

doublet signal due to the PMey group the minor isomer is



Observed at 61.50 (23, , = 9.2 Az). Integration of the two
PMe3 signals gives a ratio of ggljlﬂazl;far the major:minor
isomers. Mass spectrum (16 ev, 75°C) M*, M*-3CO (base
peak), M*-(3C0o + PMe3). Anal: cal%. for ClBHIEHnQ3P=' c,

t

51.00; H, 5.27. Found: C, 50.08; H, 5.24.

Reaction of (n3-CyH,)Mn(CO), with PMe,

5.0 mg of (n3—C7H7)Mn(CQ)4 were dissolved in $§ mL
hexane. 5 yl of PMe; was added. All the starting material
was consumed after two hours. The products are (ﬁji
C7H7)Mn(CO)3PMe3 and a new species having 2 vco bands at

1905 and 1950 cm~l. The solution was pumped dry, then

" extracted with 3 mL cold pentane. This solytion was

filtered and cooled to -10°C to give a yellow crystalline
material. IR (hexane, vCO' em™1) 2034 w, 1 3 TS m.
'H NMR (CDCly, 25°C) lines of an HgPP'H§ system at 61.60.
Mass spectrum (14 evi 85°C)s Mn,(CO) 5(PMey) 2%,
Mn(CO)4PMe3*, Mn(CO)4* (base peak). Insufficient material
for analysis; This product is tentatively identified as

[(PMe3)Mn(CO)4]2f When this reaction was carried out in

THF-dg Or CD,Cl, in a sealed NMR tube (at -10°C to -56°C),

products identified were ditropyl,‘(n3éc7ﬂ7)ﬂn(ca)3PHez and
((PMe3)Mn(CO) 4] 2. There was no evidence for a

monohaptocycloheptatrienyl manganese compound. Less
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v
(n3LC7H7)Hn(CD)3Pﬂ§3 was formed at the lower temperatures.

_ { ,
Reaction of Cﬁ§fCTH7)Hﬁ(CQ)17ﬂith dmpe

(nC3H7)Mn(CO)3, (12 mg, .05 mmol) was dissolved in 10
mL hexane to give a paig yellow solution. dmpe (10 ul, ca.
.1 mmol) was added. The sclutisg rapidly turned red and a
tan precipitate formed. Infrared bands at 2007 s, 1944 s,
1937 m, 1903 s em~! for the product were very similar to the
spectrum observed for 16.0n fufther standing at room
tempe:atufe, the amount of precipitate increased, the

& EE

solution became cclcurléssjand né'uce bands were observed in
the infrare? spectrum. ' The supe:natant was syringedﬁeff.
evaporated ﬁg dryness, and taRen up in CD5,Cl5: The 1y HﬁR
spectrum shows ditf?pyl and dmpe.

When this reaction was carried out in an NMR tube,
(CD,Cly, =50°C) the identity of the -intermediate species was

confirmed by observation in the lH NMR spectrum of signals
b
for a trihaptocycloheptatrienyl complex. The methyl and

methylene regions of the spectrum were extremely complex.

On warming to -10°C, the trihapto intermediate is slqwly




COMPOUNDS OF CHROMIUM, MOLYBDENUM AND TUNGSTEN

Section I. TIntroduction
3

, 7 o e , 7
The reaction of NaCpCr (CO) 4 with the tropylium cation
(eqg. 18) was first reported byéEiD. Fisher and H.P. Frditz in

1958.25

2NaCpCr(CO)3 + 2C7HyBr + [CPCr(CO)), + ditropyl " (18)

Apparentlygthis was an attempt to prepare (ﬁ5iCSHS)Cr(ﬁ7i

C9H4) (later prepared by a qgite differen

m
o
"
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quote E.O. Pischer?3; "it was found that the great
sensitivity of tropylium bromide to redﬁcﬁicng coupled with
the strong reéucing power of the carbonyl hydrides militated
against success."

This reaction is actually a very convenient method for
the preparation of [épCf(CG)3]2- A 1963 report in Inargaﬁi&
Syntheses made use of the reaction of NaCpCr(CO)3 with
tropylium bromide or allyl chloride to prepare [CpCr(CO)3]3
in 37% yield.82 rThe failure of these reactions to yield
stable alkyl compounds such as CpCr(CG)3(7in%=27H7) or
CpCr(CO)3(o-allyl) is %erhags not surprising in view of the

reported thermal instability of CpCr(CO)3- cH,'2, which is

I 3

83



84.

the only chromium alkyl of this type reported.

In the classic paper of 1956 by Piper and Wilkinsonl?,
the reaction of the anions CpM (CO) 3™ (M = cr, Hé; W) with
methyl iodide was explored. 2986(29)3!CH3‘éeecmpcses at
124°C while CpW(CD);-CH; melts at 145°C. Both were prepared

Jin 80% yield. 1In cantr;iﬁ, the Cr analog was characterized
only by infrared gpe:tréséapy since the yielqd was only 1-
33. A purification of CpCr(CO) 3~CH, by va:uéﬁ‘distillatiaﬁ
was subsequently reported bykﬁilkgnscn in 195333, but it is
not cleartghat’theicampaund Qgs actually isolated.

More recently, CpCr (CO )B-CH was igélated as
yellaw crystals from the reaction of NanCr(CD)3 Hlth Mel .at

(EEG‘C in THF, followed by a pentane extractlan workup and
crystallization at -78°c.84 no melting point or analytical
data were reported, but the Eampaénd seems to be a stable
'golid at room temperature, since it was employed in further

. reactions,

lar results have been reported for compounds of the-

[,

_ Sim
tﬁpe CpM(CD;j(é—aliyi)i For M = Cr, this cémpcgné is
unknown, apparently due to thermal instabiléty. For M = Mo,
Green and Cousins have reported decomposition at 60°C and mp
ca. -5°C.85 fFor M = W, there is no reported decomposition
temperature (mp ZQEZE‘C)-ZG

These and other results indicate that the thermal and
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Ooxidative stability of alkyls of this type increases on
des:enéiﬁg the group (for further data, cf. the revigu‘by
Barnett and Slvan87), 1 seemed likely Fha*g - aégicn
of reaction 18 to Mo and W could yield s* £ the
type CpM(CO)3(7-nl-coH,,
; > =

inraéditicn to the direct reactic roe with
metal carbonyl anions, indirect synth -
m§n3h§:tggyc}cheptatrienyl alkyls ha: l'ored.
These include decarbonylation reacti ‘mpounds
and ;déftian of PMe, to trihaptocyc. i+ compounds.
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Section Ij. Reactions of Metal Carbonyl Anions with

Tropylium

The reactions of tpe anions CpM(CO)B* (M= Mo, W) with‘

tropylium tetraflouroborate were carried out at -78°€ in THF

(egq. 19)
NaCpM(CO); + C4H,BF, ——I%E—- [CPM(CO)3}9 + ditropyl (19)
-78"%C |
M= MO, W » ' N

"In the case of tungsten, the potassium salt of the
anion was also prepared and reacted with tfapylium, with the
fame results. Yields of the dimers are 85% (W) and Eéi
(Mo) . >Separation of the more soluble ditropyl is ;;adily%;
accompllshed by recrystallization from Cﬂzcltheptane since
the metal dimers are only slightly soluble in hydrocarbon
solvents,

These reactions may have some syntheticéutility! The
first prgparation of these Mo and W pimers was reported by
Wilkinson in 1954, employing a high temperature vapor phage
reaction of M(CO)¢ with cyclopentadiene, to give a yield'af
303 in both cases.88 An improved route (é@% yield) to
[CéMo(CO)}Jz invoiving oxi¥lation of CpMo(CO)3-H was EépﬁfEEﬂ
in 1963.82 A;pording to Wrighton and'coworkEEsg attempts to

extend this procedure to the tungsten dimer gave yields of
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v f
. . .
only 10%.89 rThe best preparation currently available for
the tungsten dimer is a two .step method involving the,
thermal decomposition of CPWTED)B’(CHZCGH5) (eq. 20)
NaCpW(CO)3 + CgHgCHp=Br + CpW(CO)3-(CHpCgHsg) EE%,,.
7 - ’ 180°C .
(CPW(CB) 3], + dibenzyl ‘ . (20)

E

Xh overall yield of >90% after a chromatographic workup was

claimed for this preceduregag

Although it was not our intention to develop new

synthetic methods for these dimers, it seems clear that the
f

tropylium reactions provide a simple one-step preparation
. L ! -
which is comparable in yield in the case of tungsten and

suge:i%t in the case of molybdenum, to alternative routes
currently available.

i

The failure of these reactions to yield the desired

alkyl compounds does not necessarily mean that such

compounds are all inherently unstable. As mentionmed in the
introduction, there _is aﬂgg the possibility of electron
transfer from the anions to the tropylium cation to give
radical specie§} followed by coupling to give the observed

3

dimeric products. There is some potential Ffor s§kcess if an

indirect synthetic route could be employed.



Sectigﬁigg;:j:;néi;ggg Synthetic Routes

Since the direct synthetic route haé‘failed, the same
approach initially used for the Re(CO)y system was next
employed. The formation of .an acyl compound which could

then be decarbonylated to a o alkyl was envisaged (eq. 21).

B
s

N s !
'l'i:a,tf;"f.)l‘-'l(('i_‘Cb)3 + Eﬂi‘l _THF _ Cpg(gg)j--@ (21)

M= Mo, W

8]
In the case of CpHc(Cé)z—E—C7H7. the product is very
unstable, decomposing rapidly to give [CpMo(CO)3l;.
* presumably via loss éf CO to give the o alkyl, followed by
homolytic cleavage of - the Mo-C ¢ bond (eq. 22).

2CpMo(CO) 3-C-Cqty 229 o 2cpMo(CO) 3=(7-nl-CqHq) —e

[CpMO(CO) 3] + ditropyl (22)

- 0
. The tungsten analog, CpW(CO)4-C-C9Hy (19), is more stable
and can be isolated with some difficulty as a pale yellow

crystalline solid, -which has been fully characterized.
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The physical properties of 19 are ;&@il:é to those )
reported for CpW(C0)3-CcCH22H3. Hhich u;s described as a 7
waxy orange golid, mp 5°C.90 The infrgred Spectrum af thls
material has only one acyl Btretching band at 1640 em 1
(CCl4 soluthon). The infrared spectrum of 19 shows two acyl
stretching bonds at 1643 and 1619 cm-1 (see figure X) This
is probably due to the existence of two rotamers with
respect to the carbon-carbon bond in the acyl gréup, ES;?Q;
described in Chapter j for the compounds CyHq= EsM(CD)S
(M=Mn,Re). A similar doualiﬁg of the acyl stretching mode
was observed in CPW(C0)3-C CH-CHQ,,uhere frequencies of 1630
and 1623 cm~1 iNu]Ol) were reported. 91

The mass spectrum of 19 does not show a molecular
ion. The higbgﬁt observed m/e values correspond to M*-co.
The observation of this ion in‘the mass spectrometer is

- perhaps encouraging for thexsuécess of the photochemical
decarbonylation of 19.
The low tempetature.phetéehemical decarbonylation of 19

was carried out in THF at -78°C (eq. 23).

19 hulogetc [cpW(CO) 41, + & (23)

THF

) major .
, product .
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TIGURE X. Infrared spectrum of 19, cyclohexane



=

‘ a ” 9]1.

CPW (CO) , (n3~c

H,), (20) and CPH(CD)aﬁ were formed in approx-'
imately equal ;mau;t:g The [CPW(CG)3]2 may be fg:meé by
homolytic cleavage of the metal-carbon ¢ bond in the possible
interﬁedigte CPH(CD)3(7 nl—c H )i CpwW (CO) . H eaulﬂ be: the
result of hydrogen ab;tra:tian from the lalvgnt by CPH(CD)
The results are consistent: with, but do not require, the

intermediacy éf,CPW(CG)3(7iﬁ1
] -

iC7H7) as the first step in
the de:arbgnylaiian reaction. This intermediate would be
thermally or photochemically unstable.

Another indirect route to mcnqhggggéy:lcheﬁtatrienyl

alkyls of this grcuprwhigh has been explaféd is the hydride

abstraction methcd developed by Sweet and Grahak %2 his
reaction gmplayg hydride abstraction by C7H7 to form
cationic metal %Smplexes containing nz-c maietie;. The A
acidity of cycloheptatriene is co n;ide:ably ehhanced by 7
coordination to the metal, allowing ready deprotonation to

give a o alkyl (eqg. 24).

C,H,BF, \
CpRe (CO) (NO)H é@!ﬁi!—-ﬁ-[CpRe(CQ)(HG)'
2772 (24)

Et.N '
—d CpRe (CO) mm
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The tungsten hydride (MesCp)W(CO)3-H was prepared by
the methad of King and‘F:D nzaglia.?3 rThe proposed reaction

is shgwn in eq. 24a

H,BF ' _
(HeSCp)w(CD)B-H -*L—it- [Hé’ Cpﬂ(cc) ]*EF

CH.C1 - )
2772 H H (24a)

%-ﬁ-s Me ;CPW (CO)

2

Q

i L3

% 0 L i =
Infrared spectra indicAted that a cation was formed, |

but attempts to precipitate the cation from" CH,C1 2 by

addition of ether or to deprotonate with triethylamine led
to displacement of the coordinatéd cyclohe eptatriene. For

reasons not yet clearly unge:staad, the binding of

cycloheptatriene to this metal center is guite weak.
Another indirect approach to the prcblemrwag suggested

by the success of the tri ihapto + monohapto conversion

¥

carried out using the- reaction of PMe; with (ﬂ3iC7H7)Re(C®)4

(see Chapter I11I, section II). Recent results reported by
Casey and coworkers suggested that such a hapticity
reduction reaction might also be applicable to tungsten

systems (eq. 25).94 ‘j

(n 3 CSHS)W(CD) NO + 2PMe —fk(ﬂlic )W(C‘C)) (ND) (PMe

32
(25)

3



The compound CpW(CG)z(ﬂ3—C7H7) (20), mentioned above as
a by-product of the decarbonylation of 19 is structurally
quite similar to the tungsten nitrosyl compound which was
found by Casey to be quite reactive towards PMe;. Thus the
reaction of eg. 26 was planned as an indirect synthesis of

&

the elusive monohapto alkyii

The literature method for the preparation of compound
20 gives only a 1%.5% yield after a chromatographic
workuﬁ.93 It was found that this yield could be increased
to 71% by the simple expedient of using a carefully prepared
salt of athe cyclopentadienide anion (which was cg;étalline)
rather than an in situ preparation of NaCp as employed

previously (see experimental section for details). The

reaction used is shown in eq. 27.

(n7-C7H7)W(C0)21 + NaCp-monoglyme -THE,
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- When 20 was combined with excess PMe; at room
temperature in a variety of solvents (THF, benzene, hexane),
there was no reaction detectable by infrared spectroscopy.
Réfluxing for 24 hours in hexane produced no reaction.
Although this lack of reactivity toward PMe3 on the part of
20 is disappointing, it is verffinﬁerestiag in terms of the
mechanism” of these phosphine addition reactions. Casey has
shown that the mechanism of the PMe; addition in the case of
CPRE(CG)(ND)CH377 and CpW(CD)2N994 is associative (i.e. rate
depends on [P]) and [substrate]). Since both of these
compounds contain an NO group, it is' tempting to postulate a
shift in nitrosyl bonding mode from linear to bent as a key
Part of the reaction mechanism. However, our results with

"Re and Mn compounds (see Chapter III) which do not contain
NO groups indicated that the NO ligand is not required for
phosphine addition to occur. A more likely explanation is
that the metal center in CpW(CD)z(Qi:i?H7) is more electron
rich than in' CPW(CO),NO and thus lless susceptible to attack
by an entering nucleophile. This difference in electron
density at the metal is perhaps éest illustrated by a
comparison of MCO st:etéhing frequencies in the infrared
spectra of the two compounds. The reported vey frequencies
for CpW(CO)2NO are 2011 and 1934 cm~! (hexine solution).95

CPW(CD)z(ﬂ3iC7H7) exhibits a more complex infrared spectrum



since the prESEﬁée of two isomers gives a total of four vqq

bands at 1966, 1955, 1907 and 1891 cm~1.96 1

o |

spite of this
complication, it is clear that the CO stretching frequencies
are observed at substantially higher frequencies in the
tungsten nitrosyl compound, in accord with the greateér
reactivity of this compound towards PMej.

All the currently available synthetic routes for
monohapto cycloheptatrienyl compounds have now been
éxhaust;d in our attempts to prepare Mo and W derivatives.
Possibilities which remain unexplored include variations on
the Eaféanyl anion reactions such as the use of
CPW(CO) 5 (PEL )~ anion.?’ This may form an alkyl
CPW(CG)Z(PEtB)(ﬁI*C7H7) in which the presence of the phos-
phine ligand should increase the thermal stability of the
product. (This is a general observation in compounds of

this type, cf. TE{Q 87.)
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Section IV. Experimental

|

W(CO)g, [(CpMo(CO)3], and PMej were purchased from Strem

Chemicdls, Inc.

NaCpMo(CO)3 + CyHyBF,

A solution of 10 mmol of NanHa(C@); in 100 mL THF was
prepared from [CpMO(CO)3}, with excess 1% Na/Hg according to
the method of ante:igs After removal of the excess
amalgam, the solution was filtered into a Schlenk tube and
cooled to -78°C. C,H.BF, (1.78 g, 10 mmol) was added over 2
h. The colour of the solution changed from straw yellow to

deep red immediately on addition of the first portion of
CyH9BF4. IR monitoring indicated that the dimer was the
only product. The.THF was pumped off and the residue
extracted with CH,Cl,. The product wa%QfEQEystallized twice
from CH,Cl,/heptane to give [CPHG(CG)sz as wine-red
crystals mp 205-210°C (1it.88 mp 215-217°C). vYield: 2.1 g
(86%). IR (hexane, veg, em™l) 1962, 1917. (1it.89 IR; iso-

octane:1960, 1915).

Preparation of NaCpW (CO) 4

1.36 g NaCp (15.5 mmol) prepared from excess Na sand at
roon temperature in THF was dissolved in 300 mL THF with 11

g of W(CO)g (31 mmol). After 85 h. reflux, the THF was
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pumped off and the excess W(CO), was sublimed out onto a
water cooled probe by warming the flask to 60°C. The
residue is a =lightly off-white solid which is quite air

ségsitive_

Preparation of KCpW(CO),

A sample of KCp was prepared from 391 mg (10 mmol) of K
and 5 mlL of cyclopentadiene in 50 mL dry ether at 0°C. When
all the potassium metal had been consumed, the ether and
excess cyclopentadiene were pumped off to give a white
‘solid. 3.86 g (11 mmol) of H(CD)E was added, followed by
100 mL THF. The mixture was refluxed for 120 h. The THF

.
The excess W(CD)6 was sublimed out as before. The same
reaction can be achieved in 12-24 hours in diglyme but the
difficulty encountered in pumping off diglyme makes it

necessary to use the resulting solution directly.
9
Preparation of CpW(CO)3=C-CyH; (19)

1.2 g (3.4 mmol) of NaCpW (CO) 3 was dissolved in 50 mL

hours stirring at room temperature, the THF was pumped off

to give a dark brown residue which was extracted with 3 x 25

mL of hexane. The solution was filtered and cooled to =10°C
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overnight, then filtered again and cooled to -78°C for ca. 1
hour. Aan orange pfecipisate forms. The Supernatant was
syringed off. The pfecigitate oils on warming, but
solidifies after a few miﬂute% Pumping. The precipitate was
dissolved in 25 mL hexane, filtered and cooled slowly to
-10°C over 24 hours. This procedure was repeated twice to
afford 19 as yellow Crystals, mp 42°C. vYield: 410 mg
(278). IR (cyclohexane, vco, cm™l) 2020 s, 1940 s, 1929 vs,
1643 w, 1619 w. lH NMR: (benzene-dg, 2s°c, 6) 2.72 (t, 1u,
3-; o

37312 5.1 Hz), 4.25 (m, 2H, Hl;S)‘ 6.06-6.20 (m, 4H, HB;!

Hoo 1
and 32'5)1 4.68 (s, 4.5H, Cp): Mass spectrum: (90°C, 16 ev)
M*-co, M*-2co0, M*-3co, C9H7% (base peak). Anal.: calcd.

G_,

- 74.

M

Phctqu;is of 19

-

30 mg of the acyl compound x;g dissolved in THF,

n vessel and the solution

transferred to a quartz irradiati
cooled to -78°C. The solution was irradiated with a 140 w
Hanovia lamp. 1Infrared monitoring indicaté@ that starting
material was consumed and that the major product was
(éEW(CG)glz (bands at 1953 and 1904 cmél)g Photolysis was
terminated after three hours ang the THF was pumped off.

The red residue was extracted with hexane, which left most



of the dimer undissolved. The infrared spectrum of the
hexane extract indicated the presence of Cpﬁicc)g{njﬁc7ﬂ7)
and CpW(CO),-H. Various éttempzs to carry out this
irradiation in pPyrex or in hydrocarbon solvents gave similar

results. No evidence for CpW(CD)B(nl—C7H7) was obtained.

;D mmol of KCPH(CD)3 in 150 mL THF was cooled to =78*C
(some white ppt. forms). 1.78 g (10 mmol) of C,HyBF, was
added over 15 min. The solution instantly turned dark
red. Infrared monitoring indicated quantitative conversion
to [CPW(CG)3]2. After one hour stirring at -78°C, the
solution was warmed to room temperature and the THF pumped
off to give a red semi-crystalline residue. The residue was
eéxtracted with CH,Cl, and recrystallized twice from
CHyCl,/heptane. vYield: 2.81 g (85%). IR (heptane, veor
em™!) 1960, 1912 (11t.8% 1958, 1910 em-!, iso-octane).

Similar results were obtained using HanW(CD)3;

Preparation of CPW(CQ)j(ﬂ?‘QZEJL!(Egg

(n7ﬁC7H7)W(CO)ZI was prepared by the literature
method. 93 g3 m3 (.2 mmol) of (n7éC7H7)H(CD)Zi was dissolved
in 10 mL THF. This solution was added to a solution of 75

mg (.42 mmol) of NaCp-monoglyme (prepared by the method of
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Mink?9) n 30 mL THF. The initially colourless NaCp
soluti®h turned bright red-orange instantly as the deep
green solution of the iodide was added. an infrared
spectrum taken after 5 min. showed no starting material
remaining and two-.new bands at 1941 and 1871 em~1, The THF
was pumped off to leave an orange oily residue.:- The residue
was extracted with 10 mL hexane. The solution was filtered
and cooled to -78°C to afford 56 mg (71%) of CPW(CO) 5 ( n3-
CyH7) as orange crystals, mp 135°C (dec) (1it.23 mp ‘137°C
dec.). IR (hexane, voy, em™l) 1966, 1955, 1907, 1891
(1it.93 infrared: 1967, 1958, 1908, 1892 cm-l
(cyclohexane)). Reference 93 gives a 16.5% yield of product
mp 111-117°C after chromatography. Purer product, mp 137°C
was obtained by sublimation, but the recovery of sublimed

product was only ca. 10%.

Reaction of CpW(CO),(n’-C_K,) with pMe

CPW(CD)Z(ﬁBiC7H7) was combined with excess (tenfold to
hundredfold) PMe3 in THF, benzene or hexane. No reaction
was detected by infrared spectroscopy after 24 hours at room

temperature. Refluxing for 24. hours in hexane produced no

reaction.

J
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(Me CP)W(CO) y-H + C.H,BF,

(MesCp)W(co)3u?3, (78 mg, .2 mmol) was dissolved in 20

mL CHyCl, to give a pale yellow sblution. The infrared
spectrum showed two Voo bands at 2007 and 1910 em~1,
Addition of C7h7BF4 (35 mg, .2 mmol) caused the solution to
turn deep red. Infrared spectra indicated that no starting
material remained. fhere were 2 new vco bands at 2052 and
1958 cm~l. The solution was divided into two parts. The
‘first part was treated with ca. 4 volumes of ether in an
attempt to precipitate the cation. No precipitate formed.
All solvent was removed under vacuum and the red crystalline
residue was redissoived in CH,Cl,. The infrared spectrum
had 2 v, bands at 2042 and 1951 cm~). The second part of
the solution was treated with several drops of Et3N. There
was an immediate colour change to orange-red. The infrared
spectrum showed 2 vco bands at 2020 and 1918 em~l, A
portion of this sample was evaporated and gave an orange red
oil which was dissolved in CDZCIZ. The lH NMR spectrum
showed several resonances in the MegCp region and free

CyHg. There was no evidence for a monohapto-

cycloheptatrienyl compound or for ditropyl formation.

N\



CHAPTER V

CYCLOHEPTATRIENYL COMPOUNDS OF IRON AND RUTHENIUM

'
Section I. 1Introduction

The first reaction of an iron carbonyl anion with the
tropylium cation was reported by Wilkinson and coworkers in

195826 (eq. 28)

NaHFe(CO)4 + C7H7Br + ditropyl + Fe3(CD)12 (28)

(both in low yield)

It is not clear what product was actually expected from this

-
L4

reaction, but a more recent report by Rosenblum and
Ciappenel1il00 yagq clearly an attempt to prepare a

monohaptocycloheptatrienyl alkyl of iron (eq. 29).

NanFe(CO)z + C7H7BF‘

THF S 1
EE-CpFe(CO)z(7-n !77H7)
v + (CPFe(C0)2]2 + ditropyl

(29)

The compound, which was thought to be CPFQ(EG)2(7—H1§C7H7)p
was obtained in only 4% yield. The major products of the

reaction are ditropyl and [CpFe(CO)zlz.

102
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Further examination of the preperties of compound 20
arises from decarbonylation of a éi:a:banyl intermediate.
This observation indicates that the synthesis of a
monohaE;gﬁyélcheptatrienyl compound of iron might be
possible if decarbonylation to a trihapto species could be
prevented. In the present work, the reaction of NaCpFe(CO)»
with C;H,BF, has been reinvestigated.

The reaction of CpFe(diphos)Br with magnesium to give
CpFe(diphos)MgBr was reported by Felkin in 1974.102
Reactions of thls material with alkyl halides were
subsequently reported to give alkyls of the type
CpFe(diphcs}Ri103 A possible route to a monohapto alkyl is
shown in eq. 30. Formation of a trihapto species would be

unlikely in this case.
CpFe (diphos)MgBr + C7H7BF > CpFe(d;phas)(7 n ac H,) (30)

Reactions of carbonyl anions of ruthenium have also
been explored and will be 6eséribed in this chapter. The
réaction of KCpRu(CO),, NaCpRu(CO), and KMesCpRu(CO), with
tropylium gives results which shed light on the mechanism of
the reaction of metal carbonyl anions, particularly with

.respect to the involvement of radicals as intermediates.
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Alkyls of the type CpH(CO)(PR3)(R) (M = Fe, Ru) have a
pseudo-tetrahedral metal center with four different
ligands. Compounds of this type exist as two different
enantiomers. Synthesis of monohaptocycloheptatrienyl
derivatives of these metal centers would allow the
stereochemistry of the metal center during thEJEoufse of the
metal migrat}on to be investigated. Synthetic routes to

compounds of this type are discussed in Section 1IV.



Section II. Iron Compounds

The reaction of CpPe(diphos)MgBrl03 with c,H,BP, at

~-78°C in THF gave only ditropyl and CpPe(diphos)Br (eq. 31).

CpFé(dlphDs)Hng + C.,H.,BF4 ﬁzﬂ:—ﬁl CpFPe (diphos)Br + ditropyl
-789C
‘ o
(31)

This outcome indicated that even in a system where
decarbonylation cannot occur, the monohapto alkyl species is
probably unstable. This fesuit is in contrast to the
stability of the closely related benzyl derivative of this
iron system, CpFe(diphas\:CHzth— , possibly due to metal-
carbon bond weakening caused by the stability of the tropyl
radical.

The reaction -of NaCpFe(CO), with CqH4BF, was

reinvestigated. 1In our hands, the only products of this

reaction were ditropyl. and [CpFe(CO),], (eq. 32).

"NaCpFe(CO), + C,H.,BF, saiiip [CPFe(CO), ), + ditropyl (32)
' ' -78°¢ |

4 ]
There was no evidence for the formation of CpFe(CO)( n3-

C7H7), Variations of this reaction were also attempted.



KCpFe(CO), and KMegCpFe(CO), were reacted with C7H9BF4 in
THF at -78°C, with the same results. The failure of these
reactions to give any ;FFE(CG)(n3§C7H7) or (HESCP)FE(C@)(ﬂB‘
CyH9) led us to investigate the exact experimental
conditions used in tré published preparation. Perusal pt
the Ph.D. tgesis of D.J. Ciappenelli showed that the best
yield of CpFe(CG)(n3§C7H7) obtained in a large number of
experiments was 4%.104 1¢ is also noted in this cheszgdthat

when the CpFe(CO),~ anion was prepared from

recrystallized (CpFe(CO),),, the reaction with C7H9BF,
failed to give any CpFe(CQ)(ﬁZiC7H7)!lD5 When crude dimer
was used, low yields of the tfihapﬁa species were
obtained. We conclude that an unknown species i; the
impure dimer starting material is essential to success in
this reaction, so that our failure to reproduce the reported
results is not surprising. T~

The indirect approach using an acyl intermediate which
was successful for rheniug was next attempted. The reaction

of NaCpFe(CO), with CyH9-C=Cl gives an acyl s%ifiés (eq.

33).
) o 0
e , ) ' LI THF . ) , 1] . )
NanFe(C@)z + C7H7—CiC1 Eaa@;ag CpFe(CQ)zgriCqH7 (33)
' -78%¢ ' :
2l

Infrared spectra of the reaction solution showed two
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terminal vco bands at 2020 and 1956 cm~1 and a less intense
acyl band at 1652 cm~1l, Attempts to work up the mixture led
to complete decomposition to [CpFe(CO),),. Reduction in:
volume of the solution under vacuum at -78°C caused rapid
decomposition. The instability of 21 is in marked contrast
to the high thermal stability of atBer CpFe(CG)z—é-R
compounds.. For example, CpFe(CG)gié!CHz can be sublimed at
70-90°C (0.3 mm) and recovered unchaﬁgeéllaé The
decarbonylation of 21 may be proceeding via a chelating acyl
intergediate, as suggested by Whitesides and Budnik for
C7H7-8-Mn(CO)535 (see Chapter II). A possible reaction

sequence for decomposition of 21 is shown in eq. 34.

Eq. 34 (CO)Fe

-ccla . kz,_

<.
,2_]_- -p——

k
-1
+CO
2la
The Vco frequencies of 21 do not suggest unusual

lability of the CO ligands. However, the rate of the

reverse reaction (k_l) could be substantially reduced by the
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formation of 2la, which is coordinatively saturated. The
C-C bond broken in the second step (kz) is a relatively weak

bond, so k2 is probably greater than the rates for normal .
alkyl migration reactions. Since the ¢ bonded alkyl is
Probably very unstgblé,,kz is large and dimer formation

would be rapid. The overall rate of the reaction under

these conditions (k, >> k_y) is determimed by the rate of
initial CO loss (kl). A possible explanation for the

thermal instability of 21 consistent with this scheme is

that CO loss is accelerated by the coordination of the

double bond to the metal during the formation of 2la.

In an attempt to prepare a more stable acyl derivative,

the pentamethylcy:léPEﬁtadiene analog of 21 was prepared

(eg. 35), 4
% o
KHESCPFE(E@)Z + C7H7CEC1 %&—MESCpFe(CQ)Eig (35)

CQmp@und_Ei was isalateé with some difficulty. 1t is a pale
yellow crystalline solid which gave satisfactory elemental
analysis and S8pectroscopic data (see experimental

section). Like the cyclopentadienyl analog 2], compound 22
is unstable towards decarbonylation, decomposing rapidly in

solution to give {(H25C§)FE(CD)2]2 and ditropyl. This

reaction occurs®slowly even at -78°C, as indicated by the

colour of the reaction mixture and monitoring by infrared



spectroscopy. When the acyl chloride is added to the
solution of K(MegCg)Fe(CO);, the red colour of the anion “is

discharged and replaced by the pale yellow colour of the

109.

acyl 22. On pumping at -78°C, the yellow colour darkens to

red, due to formation of (Me ;CpFe(CO) 4] 5, which ultimately
is also observable by infrared spectroscopy.

Irradiation Pf‘zg_at -78°C in pentane or in THF gave
only [MegCpFe(CO),], and dit;apyli There was no evidence
for MeSCpl!(CO)(n3—C7H7), a compound similar to the
previously reported CpFe(CD)(ﬁ3—§7H7). This result
indicates that MescéFe(CO)2(7—ﬁl—C7H7)g the presumed
intermediate in the photolysis, has such.low stability that
its lifetime is too short to allow further decarbonylation
before homolytic cleavage with dimer formation occurs.

Although quantitative data on Fe~-C o bond strengths is
not available, the results obtained indicate that such bonds

are not strong enough to overcome the stabilization of the

tropyl radical.



Section III, Ruthenium Cbﬁpaupg;

PEince the iron compounds that we had intended to
Prepare seemed to be Very unstable, the analogous ruthenium
Species were chosen as the next synthetic objective. 1n
marked contrast to 8he iron case, the reaction of RCpRu(CD);
or NanRu(CG)Z with C7H7BF4 gives quantitative formation of

a mapahg’;ccyclghéptatr13ﬁy1 compound (eq. 36)

C,H,BF, B f
L 7 : a8 -~ i ’

23

Infrared monitoring of the reaction shows quantitative
formation of 23 (see Figure XI). Isolated yields were 50-
70%. Campaundigi is extremely soluble in hydrocarbons, so
complete crystallization is éiificult; even at -78°C,
Thermal instability of 23 is also a problem, leading to
continuous production of [CgRu(C@)zlz and ditropyl.
Quantitative measurements have not been made, but
qualitative observations indicate that 23 is slightly less
thermally stable than (7—n1iC7H7)RE(CG)5_ A half-life of

Ca. 36 h. at ambientxsemperature in C¢Dg was observed for
I \ = ) )
23. ~

The lH NMR Spectrum of 23 shows a triplet for H, at &
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4.02 (see Figure XII). The value for 3J;_, is 7.8 Hz,
indicating that conformer 23a predominates in solution (see
Chapter II for a complete discussion of the structural

1mplicatiaﬁs of this coupling constant).

The infrared spectrum of 23 in cyclohexane solution

hows 2 vco bands at 2013 and 1957 cm~! (see Figure XIII),

similar to those of CpRu(CO),Me (2028, 1960 cm~l in

. 107 closer examination of the spectrum of 23 reveals a

~—

S2
shoulder on the lower frequency band. This feature is real
and not due to an impurity since the position and intensity
of this peak are unaffected by repeated recrystallization.
A possible explanation for this phenomenon is the existence
of rotational isomers with respect to the Ru-C; bond. The
two rotamers are represented schematically as 23c and 23d.

An example of guch isomerism causing extra bands in an
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C%: ‘
N
@

23d

Ru
|
o

23c 23d
infrared spectrum is provided by the closely related alkyl
compound (nS-CSHS)Ru(CO)z(nl-CSHS), which has four vgq

bands at 2030, 2023, 1976 and 1969 cm~! (cyclohexane
solution).108  1n this example, a constant diffevence of 7
wavenumbers is observed between the band positions of the
two rotomers. This situation does not always prevail, and
unequal splittings o{ the high and low energy bonds have
been observed in compounds of the type CpFe(CO),-

SnClzPh.109 In 23, the low energy band splitting is ca. 2-3 .
wavenumbers, while the high energy band is unaffected,
indicating a splitting of less t--- - wavenumber.

Further confirmation of the monohapto coordination of
the cycloheptatrienyl group is provided by the mass. spectrum

of 23, which exhibits a molecular ion envelope at m/e 308-

317 with a pattern of intensities consistent with the



composition C;,H),Ru0,. Peaks due to M*-2CO and CoH,* are
also observed.

Campéund,gi exhibits remarkable fluxional behaviour,
with the metal moiety migrating around the ring by both
(1,2) and (1,4) shifts. These 'results are discussed in
Chapter VII.

A similar reaction of KHeSCpRu(CD)z with C7H7BF 4
affords a low yield (8%) of MegCpRU(CO)p(7-nl-CyHy) (eq.

37).

"y

1
HeSCpRu(CG)zt‘I n 7C7 7) +

o , . TH
KMe sCPRu(CO) , + C,H,BP, s
[

=1

C

s

, s
[HeSCpRu(CQ)EJ2 + ditropyl
(37)

Compound 24 has been fully characterized by NMR,
infrared, mass spectroscopy and elemental analysis.

Interest;ngly, they lnfrared spectrum of 24 shows iny

tWo uco bands at 1997 and 1944 cm-l (c‘lahexane) There is
no evidence for the presence of more than one rotational
isomer. This is prgp;biy the result of the steric bulk of
the pentamethylcy:léée%tadienyl group, which renders only
one fctamer (péfhags.analagaus to 234) energetically

Accessible,



The ly nwr spectrum of 24 is very similar to that of
the cyclopentadienyl anal:3 23, but there are also some
interesting differences. The H) resonance is found at §
3.04, which is ca. 1 ppm upfield from the position of the Hy
resonance in 23. This is congistent with the electron
donating ability of the five methyl groups in 24 causing
greater shielding of H,.  Slight differences in the geometry
of the seven-membered ring.are indicated by the value of
3J1_7 = 7.4 Hz for_zi, and the resolution of 4J2_7 = 1.0
Hz. 3n‘32, H4 gave ; simple triplet with 3J1_7 = 7.8 Hz and
4J2_7 was not resolved,

An improved yield of 24 was achieved by an indirect

route (eg. 38).

NaBH4 C7H7BF4
Me .CpRu (CO) ,~Cl ———nMe CPRu (CO) ,~H .
5+F 2 5 2 CH,C1
THF 2°°2 - e
(38)
EtENH
[MeSCpRu(CO)z‘Q JBF4 —=— 24
H "H '

Separation of 24 from large quantities of dftropy; was
avoided by using this Preparative route. As discussed in
Chapter 1V, hydride abstraction by tropylium followed by
deprotonqtion of the intermedijate cycloheptatriene cation
was employed by Sweet and Graham to prepare CpRe(CO)(NO)(7-
nl-C7H7).92 The same method has been employed by Graham and
Hoyano to prepare osmium analogs of 23 and_gi.llo In this

case the yield of 24 was 19% (based on MeSCpRu(CO)2Cl)g
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Section Iv. Hechanistic_CEnsiderg@ians

It is instructive to consider the reason for the poor
vield of 24 in the reactjon of KMegsCpRu(CO), with CyH,BF,.
Monitoring of thisg reaction by infrared spectroscopy showed
Agubstantial formation of [He5CpRu(CD)2]gg (ca. 50%) along
withzgii The amount of dimer formed may actually be higher,
since its low solubility in cold THF will cause some of the
dimer to precipitate from solution. The actual isolated
yield of 24 was reduced by the necessity for multiple
recrystallization to separate 24 from the large amount of
ditropyl which is formed.

This result contrasts sharply with the nearly
quantitative formation of alkyl 23 which was observed in the
reaction of KCpRu(CD)E w%th C7H7BF4 (see Figure XI).
Although quantitative results have not been thaiﬁed;
qualitative observations indicate that 23 and 24 have
similar thermal Stabilities, so the difference in the course
of these reactions must be otherwise explained.

It should be Pointed out that»all the isolable -
,mancﬁaggggyzlchéptat:ienyl compounds that are discussed in
this thesis are aﬁlyékiﬁetically stable. The products of
thefmadyﬁamic‘equilibrium are ditropyl and M-M dimer. all
isolable compounds depend for their limiteq stability on a

low rate of M-C bongd homolysis.
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The mechanism of the reaction of metal carbonyl anions
with the tropylium cation is not entirely understood. San
Fillipo and Krusic have shown that the reaction of
NaCpFe(CO), with the more reactive alkyl halides proceeds
via a mixture of SN2 subgtiéutian and electron transfer to
give radicals, which theﬁ combine to give metal
alkyls.111,112

In the case of reactions with tropylium cation, a wide
variety of metal carbenyl anions including NanFe(CD)Z;
NaMn(CO)g, NaCpMo(CO)3 and NaCo(CO),4 were found to give rise
to tropyl radicals (detected by ESR spectroscopy). These
observations could not be quantified, sc the relative
importance of SN2 versus electron ;:ansfer reaction is not
known. A further uncertainty in the interpretation of these
results arises when the instability of thé exéected alkyl
pProducts is considered. The observed tropyl radicals may
arise from rapid homolytic cleavage of very unstable M-(7-
nl§C7H7) alkyls. The reaction of NaCpFe(CO), under the saxe
conditions with benzyl bromide and allyl bromide gave rise
to strong spectra of benzyl and allyl radicals,
respectively. 1In these reactions, the iron alkyl products ’
formed are known to be stable, so the observed radicals must
be the product of an electron transfer from the carbonyl

anion., Since benzyl bromide is less readily reduced than
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tropylium cationll3 ¢he tropyl radicals observed in the ESR

experiments are probably the result of electron transfer.

’\

gain, it must be emphasized that the relative importance of

this pathway compared to the direct substitution reaction lis

not known.
The infrared spectrum of KCPRuU(CO)y in THF consists of
two vco bands at 1895 and 1811 cm~l. The spectrum of the
sodium analog is similar, with two bands at 1905 and 1824
cm~1l. Some difference in anion-cation interaction is
iﬁdicated, but the difference bétween these two salts does
not seem to affect the outcome of their reaction with
C4H,BF4, since both are converted quantitatively to the
alkyl 23. The infrared spectrum of KMe gCpRu(CO) 5 in THF is
more complex, with four veo bands at 1876, 1792, 1866 and
1768 cm~l, Ssimilar observation of more than the two veo
bands expected in the case of NaCpFe(CO) 5, in conjunction
with ather data, was interpreted in terms of tight ion pairs
and solvent separated ion paifsill4 '
Two explanations for the different fea:tivities of
these two ruthenium :arbaﬁyl anions are possible. Iﬁgthe
reaction with tropylium cation is predominantly a
substitution feactién, the ion pairing indicated by infrared
spectroscopy in solutions of KMe 5CpRu(CO); may reduce thé

rate of this substitution reaction. The large amounts of

\



ditropyl and dimer could be formed from radicals generated
by electron transfer. An alternative explanation is that
both reactions occur primarily by electron transfer, perhaps
via initial formation of a solvent caged radical pair. Less
efficient productive radical recombination in this solvent
cage and greater diffusion out of the cage could account for

the low yield of 24. These possible reactions are

summarized in Scheme 1I.

SCHEME 1 , — =
_— u _ C7H7— + M

,l, kD

v

=~ H * -+ H!
C7'7

1C7H7! l M-

ditropyl M-M dimer

ky = .rate of diffusion out of the solvent caégﬁsg give free
radicals. :

ke = rate of productive combination in the solvent cage.

kjj = rate of M-C bond homolysis to give radicals in a
solvent cage.

ko = rate of productive combination of free radicals.

ky = rate of homolysis to free radicals.

There is no evidence to decide which of these pathways

is predominant, but two facts are clear from A consideration
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of this scheme:

1)

2)

the large amounts of ditropyl and dimer observed in

the reaction of KMegCpRu(CO), with CyH9BF4 are not

explicable ir terms of an exclusive SN2 reaction.

[

any alkyl M-(7-n'-C5H4) which is isolable, should be
obtainable by the direct reaction of the appropriate
metal carbonyl anion with tropylium. If this reaction

fails, indirect methods are unlikely to succeed, since

v
ky (or kH) is probably quite large, due to low metal- ,

-
carbon bond strength.
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Section V. Preparation of Hong@gpt@;yclaheptat:iegyl Alkyls

With Asymmetric Metal Center

In order to investigate the stereochemistry of the
metal migrations observed in the monohaptocycloheptatrienyl
alkyl compounds, a probe of optical activity at the metal
center is required. A compounéiéf this type has been

reported by Sweet and Graham?? (eqg. 139).

C,R.BF ; e H  EtyN

|
Re 777174 Re
oc” | 272 oc” N (39)
N N
0 0
- 8, ®

This compound shows excellent thermal and oxidative
stability. Unforﬁunately, it exhibits no fluxional
behaviour, even at elevated temperatures.

In view of the established stability of the alkyls of
ruthenium described in the‘previéus_secticn and the pseudo-
tetrahedral nature of the metal center, compounds of the
type CpRu(CO)(P)(?-nl- H7) were our initial synthetic
objective (P = PMe3 or PNepPh).

Since we were succespful in converting trihapto rhenium
complexes to monohapto ajkyls using PMe; (as described in
Chapter 1III), the reaction scheme outlined in eq. 40

extending this reaction to ruthenium seems reasonable.



™ -co F,@LO (40)

Campaundégé was prepared by photochemical or Me 3NO

induced decarbonylation anggf and was fully characterized

by infrared, NMR, mass spectroscopy and elemental
analysis., The infrared spectrum exhibits only cneivéo band
at 1971 em~1 (:yclch xane). The reported infrared spectrum
of CpFe(CD)(ﬁ -C7H7) consists of a slngle vceo band at 1959 ,
em~1 (cyclohexane). 101

Both the iron and ruthenium compounds could exist as two
c@nfarmati@naliscmers- Such isomerism has béen reported for
CpFE(CO)(nB-C3H5)1%sand CPRU(CO)(n -C3H5)44 which both have
two veq !bstptiQQEyiﬁ their infrared spectra and two sets

of 1y NMR resonances. The two isomers involved differ only

in ﬁrientat{Sn of the allyl groups.
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o "endo”

For M = Fe, the equilibrium between these two isomers

—

has been studied for the simple mllyl compound and a variety

of substituted derivatives,ll5

-
o |

all cases stuéieé,gghe

"exo" isomer is more stable. Friom steric considerations,

the most likely structure of 25 is the exo isomer:

25

hJt

The H NMR spectrum (-20°C, THP-dg) of 25 shows only one
Cp resonance and theifaur resonances expected for the
trihaptocycloheptatrienyl group (see experimental section
for details). Compound 25 is fluxional, with the metal
group migrating around the ring via (1,2) shifts. This

ssed in more detail in Chapter VIII.

process is diset

was observed, even after 24 hours
This result is in marked contrast to

of compounds such as (ﬁ3—C7H7)Re(CG)4.
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which are easily converted to the monohapto species.

The next synthetic route explored was to approach the
problem via a substituted hydride. The reaction of
CpRu( CO) 5-H with PPhy to give CpRu(CO) (PPh,)-K was reported
by Knox and Humphries in 1975.116,  wWhen a similar reaction -

was carried out using

o

Me,, an analogous monocarbonyl

hydride was obtained (eqg. 41).

CPRu(CO) ,=H + PMe, + CpRu(CO)PMe j-H " (41)
26

This hydride has been fully characterized. 1In the infrared
spectrum of a cyclohexane solution of 26, a single v-5 at

1931 em=l with a shoulder at ca. 1940 cm~l was observed.

solution) consists of a single broad peak at 1937 Em‘l.llé
The shoulder at 1940 cm™l in the spectrum of 26 persists
after recrystallization or sublimation of the product. This
feature was ultimately identified as the Ru-H stretch by the

observation of a strong bond at 1943 em~! in the Raman

spectrum of 26. -

When 26 was reacted with C;H4BF4, hydride abstraction

occurred to give a n2—c7ﬁg cation 27 (eq. 42).
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CH,Cl

26 + C,H,BF, 2" 2,

[CPRB(CEC))(PHEB)(ngics’HE)]BF4 (42)
Cation formation was indicated by the appearance of a

new ven band at 1997 em~1, Attempts to isolate this cation
by precipitation with ether led to displacement of
cycloheptatriene. When a cancent:atéd solution of 27 in
CD,Cl, (ca. 100 ?géTL) was stored at -78°C for 7 days, a
yellow PEEEiPitaéij;;% deposited. lH NMR spectra of the
supernatant shéuéasig;reased amounts of free C;Hg. Analysis
(C,H) of the precipitate was not ~-onsistent with the
formulation of 27. Free C;Hg could arise by formation of a
BF, complex, CpRu(CO)(PMej)BF,. The carbon content of the
p%aeipitate was intermediate between the value expected for
27 and the value calculated for CpRu(CO)(PMe;)BF, (see
Experimental section). '

Support for the proposed structure of 27 is provided by
the 1H NMR spectrum (see Figure XIV). There are two
singlets of equal intensity due to (ﬁS—CSHS) groups at §
5.295 and 5.382 ppm. Similarly, two doublets due to PMej
groups are observed at 1.716 and 1.591 me!(EJH_P = 10.7 and
10.4 Hz, respectively). The sixteen signals expected for
the cycloheptatriene protons of the twoc d.astereomers 27a

and 275 were not completely resolved . Only nine signals



!

[PIGURE XIV. lH NMR speftrum of CPRu (CO) (PMe) (1,2-n?~C,n,),

CD,Cl, (* = free C.Hg).

(™



were observed.* Two more (Hg and Hg') were located

<

, I
He Rud
- 7 ~C FMej
H--
' 4
6 5
27a 278

underneath the_PHe3 signals be decoupling experiments,
Other signals are obscured by coincidental overlap and small
diastereotopic shifts, The éssignments shown in the figure
Are baseé on eleven decoupl ing experiments. The MNMR
spectrum of 27 is similar to that reported by Sweet for
CPRe(CO)(NO) (n2-CqHg)BR, ., 117

Attempts to depratgnateégl with a variety of bases did
not afford an alkyl compound. Instead, free
cycloheptatriene was formed (detected by 14 NMR).

The phgsp@ine substituted alkyl derivatives were
ultimately obtained by a simple thermal substitution

reaction of the dicarbonyl compound 23 (eq. 43).

o

Only one enantiomer of each diastereomer is shown,




CpRu(CD{(PHeB' (43)
28

Camp@undégg was identified by a single vco band at 1920
cm=1, 7Thig ph@sphiné éub;tituticn reaction does not proceed
via a trihapto intermediate since i§ has been shown that
CPRu(CD)(ﬁB—C7H7) does not reéct with PMe; under similar
conditions.

Similar results were obtained when PMe,Ph was employed,
to afford CpRu(CO)(PMeyPh)(7-nl-c.H;) (29). Both 28 and 29
exhibit diasteréotopic shifts of the C5Hy ring protons in
the 1y HMR spectra. The methyl groups of the PMe ,Ph ligand
in 29 are also diastereotopic. The partial 400 MHz lu NMR
spectrum szgi (éyclchexane!dlz) is shown in Figure XV. The
olefinic protons were assigned by decoupling experiments.
The assignment of Hl or Hg is arbitrary, but once this
choice is made, all other assignments are sequential around
the ring. The magnitude of the chemical shift differences
be tween diastereotopic proton pairs in both 28 and 29:

1§ Hy-6 Hg| > |6 Hy=8 Hgl > |6 Hy-8 Hol. These results are
consistent with the observations of 'Sweet and Graham for
CPRe (CO) (HO) (7-nl-cyn,) . 92

The value for the vicinal coupling constant 331_7 in 28

is 7.5 Hz (3Jli7 = 7.2 Hz in 29). As discussed in Chapter
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II, this large value for the vicinal coupling constant

indicates that one conformer (28a or 29a) predominates.

This conclusion is consistent with the observed chemical

P = PHezPh 29%a 29b
shift differences bet‘een pairs of diastereotopic protons,

The closer the protons are to the chiral metal center, the
greater 1s the difference in the magnetic environment on the
two sides of the ring.

Similar effects are Qbservgs in the 13¢c nMr spectra of
28 and 29. The oefinic region of the 13¢ nMr spectrum of 28
(100.6 MHz) is shown in Figure XVI. Assignments are based
on selective proton decoupling experiments. In the case of
C, and Cg, it was not possible to decouple Hy without
affecting Hg, due to the small chemical shift difference
between these protons.. ‘The assignment was made by carrying
out ten different selective proton decoupling experiments,

stepping the decoupler position thraugh the Hy and Hg
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resonances. Similar procedures were used to assign the 13¢
spectrum of 29.

The fluxional behaviour of 29 has been investigated by
13¢ ana ly NMR experiments. These results are discussed in
Chapter VII. '



Section VI. Experimental

Fe(CO)g, [CpFe(CO) ;) 5, PMe3, PMe,Ph, diphos and

"

pentamethylcyclopentadiene were purchased from Strem
Chemicals. C,HyBF, was purchased from Aldrich Chemicals.
CpFe(CO);Br was érepared from the dimer by the method of
Pauson and Hallam,1l18 CpFe(diphos)Br was prepared from the
dicarbonyl using the procedure of King et a1.119
[MegCpFe(CO),), was prepared from Fe(CO)g by the method of
120 Ru3(CO);, was prepared by the Pomeroy
modificationl2l of ¢he Inorganic Syntheses methodl22 op
purchased from Strem Chemicals. [CpRu(CD);]; was prepared
according to the procedure of Knox and Humphfies.llsﬂafx
(20:80) was prepared by melting the metals together in a

Schlenk tube under nitrogen. N

Reaction of Cng(dipﬁas)HgEglzTﬁFrgith4§7§7§£4

CpFe (diphos)MgBr: 2THF (300 mg, 0.40 mﬁal) prepared by
the method of Meunier g;ﬁalilDB was dissolved in 15 mL
THF. The red solution was cooled to -78°C. CqH,BF, (72 mg,
+40 mmol) was added. After 2 h. stirring at -78°C, the
solution had turned black. Removal of the solvent at -10°C
gave a black residue, identified by 1H NMR as a mixture of

ditropyl and CpFe(diphos)Br.



Preparation of [MecCpRu(CO),],

Ru3(CO);o (1.28 g, 2 mmol) was dissolved in 200 mL of
n-octane. HeSCpH (2 mL, 10 mmol) was added. After 16 h.
reflux, the solution was cooled to room temperature,
depositing iargei?range crystals, which were isolated by
syringing off the supernatant, then washing with 3 x 5 mL
THF, then 3 x 5 mL pentane. Yield: 550 mg. The
supernatant solution was refluxed for a further 8 hours.
The same procedure allowed recovery of a further 500 mg of
product from this solution. Overall yield 1.05 g (60%).

Analysis: Calcd. for CZ4H30Ru2Q4. C, 49.31; H, 5.17.

Found: C, 49.49; H, 5.08. The literature procedure

afforded a 32% yield after chrcmatagraghyilzz

[MegCPRU(CO)5)5, (175 mg, 0.3 mmol) was dissolved in
100 mL of CCl4. The solution was stirred under ambient
fluorescent light for 24 h. After removal of CCly, the
brown residue was chromatographed on Florlsil (2 cm x 5 cm
column) with CH,Cl, as eluant. The product was
recrystallized from CHyCl,/heptane to afford the chloride as
a bright yellow crystalline solid, mp 120°C (dec). Yield:
150 mg (76%). IR: (cyclohexane, vog, em™l) 2033, 1984. ln

NMR (cyclohexane-d;,, 25°C, §) 1.86 s. Anal.: Calcd. for



C12H)}5RUO,C1l: C, 43.97; H, 4.61. Found: C, 43.86; H,
4.59.

Preparation of MeCpRu(CO),-H

Method (a). The supernatant solution from the preparation

of [MegCpRu(CO),], was evaporated to give a deep red oil
which was chromatographed on Florisil (3 ecm x 15 cm) with
heptane elution to give a fraction containing Me ;CpH

followed by a fraction containing the hydride. Evaporation

water cooled probe afforded Me ;CPRu(CO),H as a colourless
crystalline solid, mp {;QC (75 mg). IR (cyclohexane, veq,
em=1): 2013, 1954. 1 RMR (cyclohexane dyp, 25°C, &):
2.01 (s, 15H, MegCp), -10.6 (s, 1H, Ru-H). Anal: Calcd.
for Cy,H gRUO,: C, 49.14; H, 5.50. Found: C, 49:383 H,
5.15.

Method (b). MegCpRu(CO)4+Cl (130 mg, 0.4 mmol) was dissolved

in 25 mL THF. NaBH; (40 mg, 1 mmol) was added, followed by
1 mL of water.i The mixture was stirred for 6 h., then
pumped dry to give an off-white residue. Sublimation at
60°C onto a water cooled probe afforded 95 mg of

MegCpRu(CO),H (81l%) identical to the product of method (a).
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Preparation of CpFe(CD)EECfC7E7_(§;)

[CAFe(CO);],, (345 mg, 1 mmol) in 50 mL THF was :eé;ced
(2 h.) with 25% excess 1% Na/Hg, filtered and cooled to
-78°C. CqH,- 8 Cl (308 mg, 2 mmol) was added. The red colour
of the anion was discharged immediately to give a yellow
solution. The infrared spectrum had vco bands at 2020, 1956
and 1652 cm~1. on warming or pumping to reduce the volume
of THF, the solution turﬁga dark red, and the infrared
spectrum indicated formation of [CpFe(CO),),. Attempts to
form this acyl compound and photochemically decarbonylate it
in situ at -78°C éave only [CpFe(CD)zjza, There was no

evidence for formation of CpFe(CD)(n3!E7H7),

Preparation of MesCpre(Co)y-B=Cony (22,

[HESCpFe(CD)zlz (50 mg, .1 mmol) was stirred in 25 mL

THF with .1 mL (80 mg) of Na/K for 3 h. The deep red anion

solution was filtered and cooled to =78°C. 31 mg (.2 mmol)
of C7H7383C1 was added. The solution immediately turned
yellow. The THF was pumped off at -78°C over 24 h. The
residue was extracted at -78°C with 10 mL of pentane
saturated with CO. The yellow solution was filtered and
concentrated by pumping at -78°C to ca. 2 mL. A yellow
precipitate was deposited. Yield: 8 mg (21%). IR
(pentane, vogr ©m~1): 2008, 1953, 1656. Mass spectrum:

(14 ev, 55°C) highest m/e corresponds to M*-3CO. Anal:



g‘i) 139.
caled. for C20H2Fe03: C, 65.69; H, 6.06. FPound: c,
66.78; H, 6.56. Attempts to prepare Me 5CpPe(CO) (n3CqH,) by
W irradiation of this acyl compound at -78°cC were not

successful. Only [Hesche(cQ)zjz was formed.

Reactions of iron anions with CyH9BF4

e
f‘ngecticn of NaCpFe(CO),, NaMesCpFe(CO), or

7

KMe 5CpFe (CO), with C7H;BF4 in THF at -78°C gave only the

respective dimers and ditropyl. The reactions were worked
up by pumping off the THF below =50°C, then extracting the
residues at -50°C with pentane. Only the dimers were found
in the pentane extracts, even though more soluble

mononuclear compounds such as CgEe(CD)(ﬁ3éC7
extracted preferentially. 14 NMR of the pentane extracts

HT) should be

showed only ditropyl and dimer. (NMR samples were prepared
by evaporation to dryness, then dissolving the residue in
CDECLE at §écm temperature. Spectra were taken
immediateiy_)

Preparation of CpRu(CO),(7-nl-CyH,) (23)

S

[CpRu(cc)Z]Ei (222 mg, 0.5 mmol) in 50 mL THF was -

stirred vigorously with excess 1% Na/Hg for 4 h.l124 ppe
solution was filtered and cooled to -78°cC. CyH7BF4 (178 mg,

1 mmol) was addé€d. The solution was stirred for 30 min at

!



A

=78°C. The THF was pumped off at 0°C. The fesidueglas
extracted with 2 x 15 mr, pentane and the extracts were
filtered and cooled to a?B‘g to afford an orange
Precipitate, mp 47°C. Yield: 180 mg (57%). IR
(cyclohexane, voy, em™1): 2013 s, 1960 sh, 1957 s. Anal:
calcd. for CLQHlERUD2= C, 53.67; H, 3.86. Found: C,
53.63; H, 3.86. Mass spectrum (14 ev, 25°C): M*, M*-co,
M*-2co0, CyH;* (base peak). lu nmr (cyclohexane-d,,,
20°C, &) : 5.40 (s, SH, Cp), 5.64 (m, 2H, H3y 4), 5.22 (m,
2H, Hy,6)s 5.10 (m, Hy 5), 4.02 (¢, Hy, 3JH1_H7 = 7.8
Hz); 13c NMR:  (THF-dg, 20°C, §): 202.7 (co), 140.8 (2c,
€1,6)s 135.0 (2¢, c3, 4), 122.9 (2c, Cz,5), 89.9 (5C, cp),
19.5 (1C, Cy). similar results were obtained using
RCpRu(CD)z from the reduction of the dimer with Na/K. 1n
both cases, infrared monitoring of the reaction mixtures
indicated near qguantitative formation of the alkyl.

Yields of isolated material varied from 50-70%.

@reparation pfﬁHE;CpRp(QD);L;;2*ﬁ2!C7§B)BF4 {

HgSCpRu(CD)E*H, (60 mg, .2 mmol) dissolved in 5 mL
CHpCl, was added over 1 h. to 4§ mg (22 mmol) of CyH,BF,
suspended in 10 mL CH;Cl,. After a further hour stirring,

R _
the solution was filtered and the volume reduced to ca. 3

mL. Ether (25 mL) was added with stirring and the yellow



Precipitate which formed was dissolved in 5 mL CHzclz and
recrystallized by addition of 25 mL Et,0. Yield: 40 mg
(428). IR (CHpCl,, vcp, om™l): 2063, 2022. 1lm mMr
(CDyCl,, 25°C, 6): 1.45 (m, 1H, Hy or Hg), 1.94 (s, 14H,
MesCp), 2.40 (quint, 1H, Hy or Hg), 2.57 (quart, 1H, Hy),
3.34 (br 4, 1H, Hy;) 5.94 (br quart, 1H, Hg), 6.44 (m, 1H,
Hg), 6.70 (m, 2H, Hy,4). Anal: calcd. for CjgH,3Ru0,BFy:

C, 48.43; H, 4.92. Found: C, 48.21; H, 4.95.

Preparation of HegggRu(CO)7(7-nl-C1§1L (24)

(a) Anion method: [MeSCpRu(CO)zlz, (292 mg, .5 mmol) was

dissolved in 50 mL THF over 0.25 mL (200 mg) of Na/K. After
16 h. stirring, the mixture was filtered to give a clear
yellow-orange solution. The infrared spectrum showed

four vco at 1876, 1866, 1792 and 1768 cm~l. After cooling
to -78°C, 178 mg (1 mmol) of C;H,BFy was added. After 1 h.
stirring, the infrared spectrum showed that the anion had
reacted to give 24 and the starting dimer in about equal
amounts. (The low solubility of this dimer in THF at =-78°C
probably means that the amount of dimer formed is greater
than 50%.) The THF was pumped off at 0. The residue was
extracted with 3 x 20 mL of penéane at 0°C, filtered, and

cooled to -78°C. An orange precipitate formed which was

identified as (MegCpRu(CO),],. The supernatant was pumped
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dry to give a red-orange crystalline residue which was
recrystallized twice from pentane (10 mL) to ifféféééi as an
orange crystalline solid, mp 108°C (dec). Yield: 30 mg
(8%). IR (cyclohexane, voy, cm~l): 1997, 1944. Anal:
calecd. for ClgﬂzgRuDZ; C, 59.52; H, 5.78. Found: c,
9.26; H, 6.23. Mass spectrum (14 ev, 70°C): M*, M*-co,

M*-2c0, M*-C,H,, MesCpHY, CyH9* (base peak). ln mMR

(cyclohexane-d),, 20°C, 6): 3.04 (tt, 1H, H,, 33129 = 7.5
Hz, 43, 5 = 1.0 H2), 5.20, 5.25 (m, 4, Hy 5 and H) ¢), 5.88

A2) Deprotonation method: MegCPRu(CO),(n2C,Hg)BF,, (24 mg,

.05 mmol) was dissolved in 10 mL CH,Cl1, and Et,NH (3 drops)
was aéged. After 1 h, stirring at room temperature, the
CH;Cl, was pumped off and the orange residue extracted with
2 x 5 mL of pentane. Filtration and concentration to ca. 3
mL total volume followed by “cooling to -78°C afforded 15 mg
of 24 (78%), identical with the Product obtained from the
anion reaction. When the deprotonation route was used
without isolation of intermediates, a 19% overall yield
starting from Me 5CPRu(CO) ,-Cl was obtained. This route has
the advantage over method (a) that s;pgraticn of product

from ditropyl is not required.
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) _(25)

Preparation of CPR“(EQ)J“3—¢7§7)

CPRU(CD)2(7—ﬁliC7H7); (190 mg, .60 mmol) was dissolved
in'10 ML CHyCl,. Me3NO (100 mg, 1.3 mmol) was added. After
8 h stirring, solvent was removed under vacuum to leave a
black residue. After extraction for 16 h with 20 mL
pentane, an orange sé!g§ian was obtained. After filtration

+

and reduction in volume to ca. 5 mL, cooling to -10°C

afforded a red pfecipitate_ Recrystallization from 5 mL
pentane gave large red-orange needles, mp 133°C. VYield: 55
my (32%). The same product can be obtained in ca. 10% yield
by photochemical decarbonylation of 23. IR

(cfclchexane, Veor em™l): 1971, Mass spectrum (16 ev,
105°C): M*, M*-Cco (base peak). Aﬁai: calcd. for
C;zﬁlzﬁuéz C, 54.57; H, 4.51. Found: C, 54.21; H, 4.40.
' NMR (-20°C, THF dg, 6): 2.60 (t, 20, %2, 33,0, = 1.5
Hz), 4.68 (6, 24, H; 3), 4.98 (m, 2H, Hg ¢), 5.88 (m, 2H, -

H"ir?)’ 5.03 (8, 5H, CP)-

Preparation of CpRu(CQ)EHE3i§ (26)

A procedure similar to that used by Knox and Humphries
for the preparation of CpRu(CD)PHeB—HS was employed. A
solution of 0.51 mmol CPRu(CO),-H was generated by refluxing
Ruj(C0O)12 (2.10 g, 0.17 mmol) wi®h CpH (2 mL) in 200 mL
heptane for 3 h. PMe3 (.5 mL, 5 mmol) was added. After 5

min. reflux, IR monitoring indicated complete consumptioniof
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the starting hydride. The solution was reduced in volume to

ca. 50 mL. An orange precipitate of {MegCpRu(CO),], formed

which was filtered off to give a‘yellow filtrate.
Evaporation of this filtrate to dryness afforded a pale
yellow precipitate which was recrystallized from 30 mL
hexane by cooling to -78°C. Yield: 1.15 g (83%) mp 79°C.
Colourless materiai was obtained by sublimation at 55°C
(0.1 mm) onto a water-cooled probe. IR (cyclohexane, veor

em™l): 1931. lu NMR (CD,Cl,, 25°C, &): 4.99 (s, SH, Cp),

-~

1.49 (4, 9H, PMey, 2Jy_, = 9.8 Hz), -12.63 (4, 1H, Ru-H,

ZJH_p = 35.4 Hz). Raman (solid state, Hele laser): 1943
em™l. Anal: calcd. for CgH;gRUOP: C, 39.84; H, 5.57.

Found: C, 40.09; H, 5.57.

Preparation of [CpRu(CO)PMe1(l,2-n2-C7H8)]BF4 (27)

CpRu(CO)PMe3-H (54 mg, .2 mmol) in S mL CH2C12 was
added dropwise over 1 h. to a rapidly stirred suspension of
CyH7BF4 (50 mg, .28 mmol) in 5 mL CH,Cl,. Infrared spectra
showed that the single vco band of the starting hydride
(1909 cm~l) had been replaced by one at 1997 cm~1. Attempts
to precipitate the cation by addition 65 ether caused
displacement of CyHg (lﬂ NMR). When a concentrated solution
of 27 in CD,Cl, was stored at -78°C for 7 days, a yellow

Precipitate formed slowly. Analysis: calcd. for 27,



C16H22RUOPBF: C, 42.78; H, 4.94. Found: C, 35.28; H,
4.20. 1y Nmr spectra indicated large amounts of free C-Hg
in the supernatant. The precipitate did not redissolve in
dichloromethane.

The identification of 27 as a cycloheptatriene cation
is consistent with the lu NMR spectrum (400 MHz, CD,Cl,,
0°C). Due to the presence of two diastereomers, the spectrum
is very complex (see Figure XIV and discussion in section
V). Attempts to deprotonate the cation in situ with a
variety of bases (Et3;N, NaN(SiMej), or 1,8 bis-
(dimethylamino)-napthalene) did not give an alkyl product.
Rapid formation of free cycloheptatriene was detected by 1y

NHRi

Preparation of CpRu(CO)PMe3(7-nt-coH,) (28)

CPRU(CO)5(7-nl-CyHy), (250 mg, .80 mmol) was dissolved
in 20 mL hexane, and PMe; (5 mmol) was added. The solution
was heated to 65°C for 10 min, cooled to room temperature,

under vacuum, the oil was fissolved in 10 mL pentane. When

filtered, and evaporated t7affard a red oil. After 1 h
this solution was filtered and cooled to -78°C, an orange-
red crystalline precipitate formed. The supernatant was

. syringed off and the precipitate pumped dry at -78°C. On

warming, the precipitate melts to a red oil at ca. 0°C.
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Repeated attempts to crystallize this oil from hydrocarbon
solvents havé not been successful. IR (cyclohexane, veor
em~1): 1920. lH NMR (cyclohexane dy,, 25°C, 6): 1.36 (d,
9H, PMey, 2Jy_p = 9.2 Hz), 2.84 (g, 1H, Hy, 3J,_; = 3Jyp =
7.5 Hz), 4.65 (44, 1H, Hy), 4.68 (dd, 1H, Hg), 4.87 (br 44,
1H, Hg), 5.06 (br dd, Hy), 5.19 (br dd, 1H, Hy), 5.27 (br
dd, 1H, H3), 5.48 (s, 5§, Cp). 13c NMR (cyclohexame-d,,,
s°C, &): 21.55 (d, 3C, PMej, 1J._p = 29-Hz), 23.22 (d, 1C,

C7, 2Jc_p = 7 Hz), 88.21 (s, 3.5C, Cp), 117.58 (s, 1C, C2),
-
3

118.61 (s, 1C, C5), 132.76 (s, 1C, C4), 133.88 (s, 1C, C3),
141.28 (s, 1C, C6), 143.84 (s, 1C, Cl), 205.3 (4, .2¢, cCo,

Jc_p = 20 Hz).

Preparation of CpRu(CO)PMe,Ph(?-nl—CliiL (29)

CpRu(C0)2(7-n1-C7H7), (228 mg, .73 mmol) was dissolved
in 10 mL hexane. PMe,Ph (100 wuL, 85 mg, ,Sl mmol) was
added. The solution wés warmed to 65°C for 5 min. After
cooling to room temperature, 10 mg of silica gel was added
(Fisher, 28-200 mesh). The mixture was stirred for 10
minutes, then filtered( reduced in volume to 5 mL and cooled
to -10°C. A red oily precipitate formed overnight. The
supernatant was syringed off. lH NMR showed that the
supernatant contained ditrdpyl, 29 and ca. 20% free

PMe ,Ph. The supernatant was discarded. The red oil was
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dissolved in 5 mL hexane, filtered and cooled to -10°C. A
The supernatant was syringed off. The

oil did not solidify even after several hours pumping. IR
1y NMR (cyclohexane-d;5,
7.2

red oil separated.
1922.
Jy-p = 8.8 Hz), 1.68 (4, 3H,

(m, 2H,
(t, 2C, PMe,, lic_p

{(cyclohexane, veor cmi1)§
20°C, 6: 1.60 (d, 3H, PMe,
PMe, 23y p = 8.8 Hz), 2.74 (q, 1H, Hy, 334 p = 33,_,
Hz), 4.64 (44, 1H, H,), 4.68 (dd, 1H, Hg), 4.86 (dd, 1H,
Hg), 5.05 (dd, 1H, H;), 5.18 (dd, 1H, Hy), 5.27 (a4, 1H,
Hy), 5.43 (s, 4H, Cp), 7.24-7.32 (m, 3H, m + p), 7.58-7.66
13¢c NMR (cyclahexane—élzg 20°C, &): 20.3
30 Hz), 23.10 (1C, Cq, 2Jc_p = 4.6
1C, C4), 133.91 (s, 1C, Cg){‘ifl;é? (s,

ortho).
Hz), 88.58 (s, 3.5 C, Cp), 118.00 (s, 1C, Cy), 118.77 (s,
1C, Cs), 133.04 (s,
1C,; Cg), 143.80 (s, 1C, C)), 206.25 (4, .2C, CO, 2J._p =
21.4 Hz). Aromatic carbon atoms of the phosphine 1igand
were assiéﬁed based on comparison to the free ligand and the
: 130.49 (4, 2C, Je_p = 10.8 Hz, ortho), 128.73
(d, 2¢, Jc_p = 7.6 Hz, meta), 126.28 (4, 1C, Jo_p = 4.5 Hz,
not
rum the free
at § 143;TJ

size of Jo_p:
para). The carbon atom directly attached to P was

ry
An inverse gated decoupling spectrum of

x

li

located.
ligand located the resonance for this carbon atom
This signal is relatively weak even in the absence of

ppm.
NOE effects, presumably due to a long T
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DINUCLEAR RUTHENIUM COMPOUNDS

Section I. Introduction

Metal dimers containing n? cyclopentadienyl groups and
carbonyl ligands have been intensively studied in recent
years. 125 Particularly interesting compounds are the
cyclopentadienyl dicarbonyl dimers of the iron triad,
[CpH(CQ)E]E(M = Fe, Ru, Gs). The iron dimer has been the
subject of infrared and NMR studies which have led to a
detailed understanding of the structures of the various
fsomers and the pfécesses by which they are
interconverted.126 .fhe ruthenium analog has also been
investigated by 1y nMrl27? and infrared spectfasgegyglza

The chemical reactivity of the iron dimer has been

extensively investigated, including studies of ligand

ubstitution reactions where a carbonyl ligand is replaced

by another ligand L such as a phosphine, phosphite or
isonitrile group. Many unsuccessful attempts to prepare

disubstituted dimers have been reported, Typical of these
results is the reaction of [Cp?e(cc)zjz with various
phosphines and phosphites, which gave only monosubstituted

products CpFe(CD)(L)—CQFE(CD)I,lzg Disubstitution can be

148
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achieved by employing bridging ligands. Compounds of the

type CpFE(CQ)thP-(CHZ)niPth(CO)FeCp (n = 1-3) have been

reported.130 The novel ligand PF)N(CH,CH3) , was employed by
R.B. King and coworkers to prepare

) 4] the only disubstituted dimer with

131

'[Cpre(ca)PFZN(CHECHB NPy
monodentate ligands reported to date.
Pre&icus workers have employed the direct thermal or
photochemical reactidbn of a ligand with the tetracarbonyl
dimer. It is not surprising that in most cases only
monosubstitution was observed, since the replacement of one
carbonyl group with a ligand which is a better ¢ donor and
less capable n» acceptor than CO will reduce the lability of
the remaining CO groups. 1In this chapter, indifeét me thods
for the synthesis of disubstituted dimers which allow this

problem to be avoided are described.



Section II. Preparation of [CpRu(CO)PMe;]},

The instability of [CpPRu(CO)(PMej)(n2-CqHg)])BFy, 27,
with gespect to loss of cycloheptatriene was described in
Chapter V (Section E). 1In the presence of CpRu(CO)(PMe,)-H,
27 is rapidly consumed to give a new species. 14 NMR
spectra show two new (nS—CSHE) singlets and two PMej
doublets. This new species was identified as a dinuclear
compound by an independent synthesis using the hya§}§§

abstraction method developed by Sweet for the synthesis of

[CPRe (CO) (NO) ), (up-H) PFgILT (eq. 44).

CH,Cl

2CpRu(CO)PMe H + Ph,CPF, —2 2 o
3 3¢FFg ”
200¢C
(CpRu(CG[PMEBJZ(uz-H)PFE + Ph,CH
(44)

The reaction was :arried‘cgt by adding a solution of
Ph3CPFg in CH,Cl, to a solution of 26 in the same solvent.
Compound 30 precipitates from solution upon adaitién of
diethyl ether.

The 14 NMR spectrum of 30 in CD,Cl, has two Cp singlets
at & 5.154 hnd 5.162. Doublets due to PMej groups are
observed at § 1.635 and 1.653 (23, p = 9.6 and 10.4 Hz
respectively). Two triplets are observed at § -20.26 and
-21.70 ppm (see Figure XVII). ThesT*hyd:ide resonances are
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observed at much higher field than in the mononuclear
precursor 26 (8 -12.6 ppm). The observation of triplets for
these signals indicates equal coupling to two P nuclei.
Previous reports indicate that the NMR resonance of a
bridging hydride occurs at higher field than that of a
terminal hydg}de.l321133 A shift upfield of ca. 7 ppm was
reported for [CpRe(CO)(ND)]z(uz—HJPEé compared to
CpRe (CO) (NO)-H. 117 :

The two complete sets of NMR resonances observed for 30
(a similar situation was observed in the 13¢c NMR spectrum)
occur in therfatic Sésés, (The same ratio is obtained by
comparing the Cp, PMej or hydride resonances.) This ratio
is independent of solvent (THF-dg or CD3Cl5). These
observations indicate that [CpRu(CD)(PHeB)]z(uziﬂ)PFE exists
in solution as two diastereomers, rather than as two
geometric isomers (i.e. cis and trans).

'he infrared spectrum of 30 lends further support to

this interpretation. Only two vco bands are observed (see
Figure XVIII) and their position and relative intensity are
only slightly affected by changing the solvent (CH,Clh,
CH3CN or THF). The most probable structures for 30 are the
sterically less demanding trans structures (only one

enatiomer of the RR/SS diastereomer is shown) .
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of 30-RS were located exactly between the Ru atoms, the
molecule would have C; symmetry and one vpo band would be
expected. With the hydride ligand off-center as shown in
the structure, the symmetry would be Cy and two v~ bands
would be predicted. Thus the observed infrared spectrum
could be accounted for by only one of the diastereomers.
Alternatively, the two v-~q bonds observed could each be due
to one diastereomer. Very similar spectroscopic data were
reported by Sweet for [CpRe(CD)(ND)]g(uzﬁH)PEg-ll7

The protonated form of the unsubstituted dimer, i.e.
[CPRB(Cszlz(gZEH)*, has been observed specttcseapicallylz4
and the iron analog has been isolated as a

hexafluorophosphate salt.135 protonation of

Cp,Fe;(CO)3(P(OMe)3) was reported to give a hydride bridged

¥



cation.134 1n a11 of these cases, the bridging carbonyl
groups present in the parent dimer are replaced by a
bridging hydride ligand in the cation.

A typical reaction of hydride bridged metal dimer
cations is facile deprotonation to give the corresponding
neutral dimers. For example, [CpRe(CO)(NO)]z(uz-H)PF5117
and [CpFe(CO)]z(uz-H)L)Z-diphos)BF4l36 are both deprotonated
by Et3N.

Compound 30 does not react with Et3N, Et,NH or 1,8-bis-
(dimethylamino)napthalene. With excess NaN(SiMe3), in THF,
a brigﬁt red crystalline compound (31) was isolated in low
yield. The compound has very limited solubility in THF. It
reacts with CH,Cl, to give CpRu(CO)PMe3-Cl, identified by
comparison of infrared spectra with an authentic sample,

The infrared spectrum in THF shows only one vco band at 1645
cm~l. This band is broad and slightly asymmetric.

A 1H NMR spectrum of 31 in THF-dg was obtained by
grinding the crystalline material and stirring in THF-dg .
Only one Cp singlet at § 4.69 and one PMe; doublet at § 1.33
ppm (ZJH_p = 13.2 Hz) wer; observed. Aside from small
shifts in peak positions, the spectrum was unchanged on
cooling to -100°C.

Compound jl melts with decomposition at 240°C and gives

a mass spectrum (70 ev, 220°C) with a molecular ion envelope
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at m/e 533-547 having an intensity pattern consistent with
the formulation [CpRu(CO)(PMej3)],.

The structure of 31 was confirmed by an x-ray crystal
structure determination carried out by Dr. Richard Ball of
this department. Details of the data collection and
refinement procedure as well as tables of structural
parameters, bond lengths and bond angles will be found in
the experimental section. The strucfure in the solid state
is the trans configuration with bridg}ﬂg carbonyl groups
(see Figure XIX). This structure is consistent with the
sp;%;rogcopic observations in solution. The lack of
terminal vco'bands in the infrared spectrum and the single
Cp resonance in the lH NMR spectrum (ie lack of evidence for
diastereomers expected for a non-bridged structure)
indicates that the solution structure is probably the same
as that found in the solid state.

The structure of 31 is very similar to that previously

.Areported for the tetracarbonyl dimer, [CpRu(CO)2]2.137 This

o] (0]
1 8
C -
s NG )
/86.1(u° 87.0(5)"\\
2.7519(4)A Ru Ru 2.735(2)A Ru
ENN '
03 ,Lb\ < M)
(4 0\ 2 \\
ON % 7 S
) Cl 1 . JJ F S
) 1
0 o]

31 [CPRu (CO),1,



compound also has a carbonyl bridged centrosymmetric

structure in the solid state. The central core of the
two compounds show essentially the same structural
features. The metal-metal distance in 31 is only

slightly longer than in [CPRu(CO),],.
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Section III. Preparation of [CPRuU(CO) (PMe 5Ph) ] 5

The preparation @EfCpRu(CG)(PHezPh)(7!ﬂlsc7ﬂ7) (29) was
described in Chapter V. All mcnghag§acy:1ahegtatfienyl
alkyls so far investigated show varying degrees of thermal
instability, decomposing to give ditropyl and a metal-metal
bonded dimer. 1In the case of 29, heating a homogeneous
solution in methylcyclohexane to 90°C for 15 min caused the
deposition of a fine orange precipitate (32).

The infrared spect:um.sf 32 in THF solution shows a
single veo band at 1697 cm™!. The 'H NMR spectrum (THF-dg),
in addition to aromatic protons of the ligand, has one
(gingfet Cp resonance at § 4.45 ppm and a doublet due to PMe,
groups at 6§ 1.52 ppm (ZJHEP = 8.5 Hz). Analytical data are
consistent with the formulation [CpRu(CQ)(EMEzPh)]E_ The

&

similarity of the spectroscopic results for 31 and 32
suggests that these two dimers are isostructural.

The synthetic methods described here fér the
pfeparation of novel dimeric species are capable of
extension to the other metals in the iron‘ group. 'Although o
cycloheptatrienyl compounds of iron gppeaf to be very
unstable, substituted hydrides such as CpFe(CO)(PMey)-H are
known.138 15 the case of osmium, c;os(co)z(Tsn1§c7H7) and
chg(cb)z-H have recently been prepared by Hoyano and

Graham139, 80 suitable starting materials are available for



this metal. It would be very interesting to prepare
[CPOsS(CO)(P)],, since the parent tetracarbonyl dimer is
known to adopt a non-bridged structure in solution.
Possibly phosphine substitutian would force the compound

into a carbonyl bridged structure analogous to 31 and 32.

160.



Section IV. Experimental

Ph3CPFg was purchased from Aldrich Chemical Co.

Preparation of [CPRu(CO)(PMej3))o(uy~H)PFg (30)

CpRu(CO)PMe3-H (400 mg, 1.48 mmol) was dissolved in 5

mL CH,Cl1,. Ph3CPFg (272 mg, 0.7 mmol) in 5 mL CH,Cl, was
added over 0.5 h. The solution was stirred for 0.5 h. The
Recrystallization was effected by dissolving the precipitate
in 5 mL CH,Cl, and adding 10 mL ether to afford 30 as an
orange powder. Yield: 390 mg (818). IR (CH3CN, vcor cm~1)

1957, 1943. lu NMR (CDCl,, 400'MHz, 25°C, §): 1.635
(d, 9H, PMes, 2Jy_p = 9.6 Hz), 1.653 (4, 9H, PMe3, 2Jy_p =
10.4 Hz), 5.154 (s, 44, Cp), 5.162 (s, 4H, Cp), =20.26 (t,
1H, 234_p = 19.7 Hz),.<21.70 (t, 1H, 234 _p = 17.6 Hz). 13c
NMR (CD,Cl,, 100.6 MHz, 5°C, &): 23.15 (d, 3C, PMe;, lJ._p
= 33.5 Hz), 23.42 (&, 3C, lgc_p = 35.1 Hz), 85.19 (s, 5C,
Cp), 86.07 (s, 5C, Cp), 202.88 (4, .2C, Co, 2

Hz), 203.20 (d, .2C, CO, 2Jo_p = 19.8 Hz). The 13 spectrum

was also run at 50 MHz in order to distinguish P couplings
from chemical shift differences between the two
diastereomers. Analysis: calecd. fct“ﬁl§H2933262P3F5= c,

31.49, H, 4.26. Round: C, 31.47; H, 4.27.



Preparation of [QpRu(CQ)(PHej)jj (31)

Compound 30 (4.4 mg, .0064 mmol), HaN(SiHe3)2 (10 mmol)
and 0.8 mL THF were combined and thoroughly mixed to give a
homogeneous red solution. Cooling the solution to 5°C for
48 h caused the crystallization of 31 as deep red
crystals. The supernatant was syringed off and the crystals
washed 3 times with THF. Yield: 0.975 mg (28%). IR
(THE, veo, om™1): 1645 1 NMR (THP-dg, 20°C, &): 1.33
(4, PMe 5, 2JH%P = 13.2 Hz), 4.69 (s, Cp). Mass spectrum (70

ev, 220°C): M*, M*/2, and many fragment ions.

Preparation oﬁ_[CpRu(CQ)(PHE3Ph)1? (32)

CPRu(CO) (PMe yPh) (7-nl-C,H,), (25 mg,” .059 mmol) was
.

dissolved in;lO mL methylcyclohexane and heated to 90°C for
15 min. A precipitate formed. on cooling, anrafgngef
microcrystalline precipitate was collected by syringing 'off
the supernatant and washing the crystalline :esijpe with 3 «x
5 mL pentane, Yiéld: 15 m3 (77%). IR (THF, veor cm=1);
1697. lu NMR (THF-dg, 25°C, &): 1.52 (a, Pe , 23y p = 8.5
Hz), 4.45 (s, Cp), 7.26~7.38 (m, o & p), 7.72-7.78 (m,
meta). Anal: calcd. for C23H32RQQQEP2= C, -50.59; H,

4085- Found: Cg 49-10: Hj ‘,-BB‘
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X-ray Structure of 31

A deep red paralleliped crystal with dimensions ca,.

“u

0.02 x 0.01 x 0.02 mm was used for data collection. Details

of the data collection procedure are listed in Table VI.

method, which revealed the position of the Ru atom. The

remaining non-hydrogen atoms were located by the usual

o]

combination of leaétésquares refinement and difference
Fourier Synthesis. The molecule is constrained to be

centrosymmetric by virtue of its position in the cell thus

the molecule.
The structure was refined in full-matrix least-squares

where the function minimized was JIw(|F_ EIFE)E and the

weight w is defined as QF /U (F 2)

refinement included 109 parameters

having I > 3 0 (I) and converged with Rl"; LIF |-
C n hae . R e lale (120w (2,1/2 _
|F_|/Z|F | = 0.036 and R, * [zw(lEgl lfcl) /ow|F_|°) =

0.060. The highest peak in the final difference Fourier was

[}

0.9(2) e/Ag;;The structure of 31 is depicted in Figur
XIX. Bond lengths and bond angles are tabulated in Tables
VII and VIII. Positional and thermal parameters are listed

in Table IX.
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Table VI. C(Crystal data for (CPRu(CO)PMe,],

A. Cell parameters (room t:emper:aVt;'u;‘e;)‘E

Crystal system: monoclinic

a = 8.080 (1) A
space group P, ,c b =28.107 (1) A
Z = 2 c = 15.058 (2) A
f.w. = 540.51 8= 91.73 (lg °
p (calcd.) = 1.82 g/cm3 V = 985.82 A

B. Collection of Intensit;y.oatab

diffractometer: Enraf-Nonius CAD4
radiation: MoKa (X = 0.71073 &)
monochromator: graphite crystal, incident beam
scan type: w-0
scan rate: 0.6 - 10°/min (in w)
scan width: 0.65 + 0.35 tan 6°
max. 20: 27.5°
reflections collected: 2265 unque, 1911 with I > 3 ¢
absorption coeff.: -y = 16.65 cm™
corrections: none

3 Based on 25 reflections in the range 71° < €& < 181l.

b Computer programs used include the Enraf-Nonius Structure
Determination package and several locally written or
modified programs.



TABLE VII.

Bond Lengths (k)2

Bl

Cc(1)

C(5)
C(5)
Cc(6)
C(7)
c(s)

Ru'

C(1)
c(l)*
C(5)
c(6)
c(7)
c(8)
c(9)

c(2)
C(3)
c(4)

0(1)

Cc(6)
c(9)
C(7)
c(8)
Cc(9)

LS LSV S NN RN

b e

e

1.
1,

.7519(4)

.2804(7)

.0230(26)
.0083(26)
.2933(27)
.2745(28)
.2395(29)
.2663(32)
.2822(29)
.8261(32)
.8096(31)
.8330(33)
.1837(32)
.4083(55)
.3860(45)
.3848(47)

4086 (49)
40§2(49)

gNumbers in parentheses are estimated
standard deviations in the least

significant digits.
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TABLE VIII. Bond Angles (Degrees)l
c(1) Ru C(l) 93.9(1)

C(2) P C(3) 104.68(16)
Cc(2) P C(4) 99.55(16)
C(3) P C(4) 99.23(16)
Ru C(1l) Ru' 86.1(1)

c(6) C(5) c(9) 108,35(30)
C(5) C(6) C(7) 107.82(30)
c(6) C(7) c(8) 108.32(31)
c(7) c(8) c(9) 107.45(29)
C(5) C(9) c(8) 108.04(30)

Numbers in parentheses are estimated
standard deviations in the least
significant digits.

166!
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CHAPTER VII

FLUXIONAL BEHAVIOUR OF MONOHAPTOCYCLOHEPTA ATRIERYL COMPOUNDS

Section 1. _Introduction

A. Application of a;b;gg;fsy@metrg Criteria to Sigmatropic

Shifts

Woodward and Hoffman32 defined a sigmatropic shift Gf
order [(i,j] as the mlgfatian of a o bond, flanked by one or
more = electron systems, to a new position whose termini are
i-1 and j-1 atoms removed from the original bonded loci, in
an uncataly zed intramolecular process. An example
illustrating the system of notation is provided by the
rearrangement of 1,5 hexadienes (Cope rearrangement). This

rearrangement is an example of a (3,3] sigmatropic shift.

AN (3,3] =
—_——

It is important to note that in the designat’ions [1,3] and

(1,5], commonly used in describing sigmatropic migrations, 3



and 5 refer to the number of the carbon atom which is the
migration terminus. The designation 1 does not refer to the
migration origin. This number specifies that in both
reactant and product bonding is to the same atom in the
migrating group.

The basic principle of the theory proposed by Woodward
and Hoffmann is that reactions occur readily when the
symmetry properties of molecular orbitals in the reactant
and the product allow for maximum favorable (bonding)
overlap throughout the reaction (an allowed reaction). When
this condition ;g not met, the reactions proceed only with

‘difficulty (a forbidden reaction). Thus orbital symmetry is
33

The fundamental simplicity of this hyp@thes%S has been
obscured by a lack of a clear understanding of the
definition of a concerted reaction. The mistaken
supposition has arisen that all allowed reactions are
concerted, and all forbidden reactions are ﬁanscan:efteé.
As was pointed out by Andrist, this reasoning would render
the theory irrefutable, since a failure to observe the
outcome predicted from orbital symmetry constraints in a
particular reaction could be interpreted as either a
violation of the theory or as a non-concerted reaction,l41

In the context of sigmatropic shiftas, an acceptable
-
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. definition for concertedness is that there is an equal
amount of bond breaking and bond formation at all times
during the migration.l42 7rhig definition does not exclude

the formation of an intermediate. The concertedness of bond

symmetry control of the outcome, regardless of the existence
or lifetime of the intermediate. 1In previous studies of

sigmatropic migration reactions, it has been considered

a1

adequate to establish that the reaction is intramolecular,
since concertedness or a lack thereof is not subject to

experimental verification. It has been argued that the

observation of a negative entropy of ﬂﬁtiéatiéﬁp a \
previ@uslyéaccepted criterion for concertedness in
sigmatropic shifts, is inadequate for this §u5pese.l43 In
the absence of solvation effects, negativg eﬁt:épy of
activation is indicative of bond formation during the rate
determining stepl44. but does not establish that a bond is
bfaken;ccn;ufrengly. Sincé a dissociative reaction occurs
with an increase in entcmf:45, the entropy criterion is a
useful method to distinguish between dissociative and non-
dissociative rearrangements.

As mentioned in the introduction, fluxional rearrange-

ments observed in o-cyclopolyenyl metal compounds can be

considered as a series of sigmatropic migrations. Before



considering the Cyclic systems, it is instructive to clarify
the concepts and terminology employed using acyclic polyenyl
systems and a migrating group (G) having only a p type
orbital available for bonding. The highest occupied
molecular orbital (HOMO) of the polyenyl'fragment can be
used to predict which carbon atoms will have favorable
(bonding) interactions with the migrating group, and the
stereochemical consequences. Only suprafacial sqifts are
considered, since antarafacial shifts are considered to be
impossible in small and medium sized cyclic systems.l45' The
predicted shifts for a pentadienyl system are [1,5] with

‘

retention and [1,3]) with inversion.

' [(1,5] retention
C:f (1,3] inversion

P

As was pointed out by Anastassioul47, predictions based
on acyclic polyenyl systems cannot be directly generalized
to the cyclic systems since the cyclic » interaction due to

the development of a p orbital a¢ the migration origin is



172.

7

not accounted for. 1In a cyclic system, the HOMO must be
chosen from an energetically degenerate pair of molecular |
orbitals. A procedure for choosing the correct MO has been
outlined by Salem, based on the‘use of simple perturbation
theﬂ:y;lla The predicted pathways of sigmatropic shifts in
various cyclopolyenyl systems have been summarized in a
review by McKinney and Haworth.149 oThe result for a o-
cyclopentadienyl system is that ([1,5] sigmatropic migrations
are allowed if the stereochemistry of the migrating group is
unchanged, while [1,3] shifts with inversion are also

allowed.

9 [1,5] retention
{1,3]) inversion
- -;;

stereochemistry is conventionally termed a [(1,5) shift, in

keeping with the acyclic nomenclature. Of course in this

~cyclic system a [1,5] shift is equivalent to a [1,2] shift.

wJthe same consideration of the symmetry properties of



the HOMO leads to the conclusion that there are three

allowed pathways for sigmatropic shifts in a

cycloheptatrienyl ccmpcundgi Once again the nomenclature

' (1,71, [1,6]

inversion

,Cij (1,5] retention

used here_is consistent with the acyclic notation. Equally
correct terminology would be [1,2] or [1,3] shifts with

inversion and [l,4] shifts with retention.

B. o-cyclopolyenyl Metal Complexes: Previous Results

There are a large number of o¢-cyclopolyenyl complexes
of the main group and transition metals and their fluxional
properties have been intensively studied by many ?
investigators. Cyclopentadieny? com paunﬂs ‘are by far the

=

most numerous group. As noted in Chapter I, the first ™~
was reported by Piper and Wilkinson in 1956.12 rhe compound
(CgHg) 2Fe(CO), was prepared and a structure containing one

pentahapto and one monohapto ring was proposed, based on




=
~d

of a o-bonded cyclopentadienyl ring. However, the room

temperature 1y NMR spectrum of this compound showed only two

singlet resonances. This observation was interpreted by
these authors as the consequence of rapid migration of the
metal around the o bonded ring, which led to time averaging
of the signals expected for this grcgpi.

Subsequent analysis of the g NMR spectrum at varisﬁs
temperatures by Cotton and coworkers showed that the
expegteé AA'BB'X spectrum for the monohapto ring was
observed at -80°C.133 0on warming, these signals broadened
and ultimately coalesced to give a single resonance,
confirming the earlier observation. Confirmation of the

proposed structure was provided by-an x-ray structure

determination. Careful examination of the olefinic region
of the lH NMR spectra revealed that the collapse of these

signals was not symmetric. This result indicated that the
pathway of metal migration is not random. The two possible
non-random pathways are (1,2) and (1,3) shifts of the

metal. ‘A simple system of matrix notation (attributed to

*

The theoretical basis for NMR line broadening by exchange
processes is an §§tf§fi°n of the Bloch equations to include
exchange terms,150,1: The 6e5§ga;ian of the necessary
equations has been summarized. ’“
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(1,2)

J.W. Faller") was employed to predict the effect of these
two different pathways on the observed line broadening of

the olefinic lH resonances. 1In thé (1,2) shift pathway

o - l ——
2 5 y 1
1 7 4 5
5 (1,3) 3 (1,2} 4
4 2 3
3 1 2

the Hy,3 protons are exchanged only half as often as the
H),4 protons, so this resonance is expected to be less

broadened. Once the olefinic resonances have been assigned,
a choice of pathway can be made. This methodology is widely

applicable to the determination of the pathway of site

-
See ref. 154 for an anecdotal account of the early

development of this field.



exchange.
migration
Studi
exchange,
deduction

the metal

In every case examined to date, a (1,2) metal

has been observed.l33:31

es of this type can reveal the pathway of site

but further information is required for the
of the *chanism of the process. ’ In cases where

has an isotope of appropriate nuclear spin,

coupling between the hydrogen (ot 13¢) nuclei of the

cyclopentadienyl group and the metal which is retained in

the high temperature limiting spectrum is evidence for an

intramolecular process. For example, the intramolecular

nature of

the metal migration in (nl=C5HS)Pt(CH3)(CDD)l55

has been demonstrated by this method.

Compounds in which the metal center is asymmetric allow

the stereochemistry of the migraticn process to be

investigat

Bu) 5] Mo ( nl

ed. The metal migration. in (nS—CSHS)-(Dﬂ)lSIEN(n—

sCéHE) was shown to occur via (1,2) shifts with

retention of the configuration of the migrating metal

group.137

benefit of

Asymmetry at the metal center has the further

simplifying the problem of assignment of the

olefinic resonances in the 1lH NMR spectrum. The chemical

shift differences between diastereotopic proton (ér l3(:)

4 -
pairs increases with proximity to the asymmetric metal

*
center .

Retention of configuration during a (1,2) metal

L 5 f 5 = . o= s = i :
This generalization can only be verified by decoupling:
experiments which are sometimes inconclusive. To date, no

exceptions

have been reported.
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miératﬁil'h;s alsc _be€n demonstrated in (nSECSHE)i

y 117 :

Re(Cm(HD)((r‘nl-CSHS

> |§H, - &H

Asymmetric migrating groups have been employed in the

== . study of silyl group migrations in organosilanes such as

(nl-C5H5$SiH21(niBu), (33), which was Eauniﬂta undergo silyl

group migration with retention of configuration. On the
basis of this result,_it was claimed th;t%‘the fluxional
process in_é;r(ané perhaps in a&ll related )
monohagggcycléﬁentadienyl metal compounds) is correctly V
termed a concerted [l,S]nmetallatrapic rearrangement with
conservation of orbital symmetfy_“lsa No evid;n:e for,
concertedness or intramolecularity was présented. »

As mentioned in Chapter 1, fluxional behaviour was
observed in (7!nl§C7H7)SﬁPh3gj A (1,4) shift pathway was
\obae;vejza and later ccﬁfimeQSS in this cpmpound. The
intramolecular nature of this rearrangement was established
by a determination of the activation eéérgy for sn-C bond

homolysis, which is substantially higher than the activation

"

~J

o |
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[ %]
L= ]

energy for the metal migration®™ 1f this migration is .
concerted then this process is an example of a [1,5]
gigmatrapic shift. Similar [1,5] proton migrations hgée

been observed in chlaheptﬁtriEﬁe itself159 and 7-

substituted derivatives CqH;R (R = Phl60, Mel6l, omMel62,

~

etc.). A [1,5] methy migration was observed in

-

grou

\qu‘

3,7E?—trimethylil,3,5§cyclahep;atriene.l53

C. Scope of the Present Studies

Currently available results for main

transition metal o-polyenyl compoynds are

expectations based on the conservation of
expected in concerted sigmatropic migrations. fhe @bjectivei
of the investigafions presented in thzs chapter is to extend
the available data to inclééé m;nqﬁg'tgcyclaheptatfienyl
}ngaunas’aé the transition metals, with a view to
understanding the mechanism;af metal migration reactions in

which the migrating group possesses molecular orbitals of

substantial d character at accessible energy levels:
Although such cases were not dealt with explicitly in the

original formulation of the principles of orbital symmetry
conservation, this principle is of course applicable to
these systems, provided that the symmetry properties of the

orbitals are taken jinto account.



Since there is no gvidence to the contrary, it will be

med throughout that the observed reagrangements are

assu
concerted sigqatrapiz migrations. -This assumption is. 7
reasonable, but unfortunately it is not subject to ¢
a#xperimental verification.

179.
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Section 1I. Fluxional Pfacggsggﬁinliiﬁnlfglgj)ﬁe(cc)g (5)

< —

A. The Pathway of Metal Migration

=

The 14 and 13c NMR spectra of é_(éeé Figures III and
IV) at ambient temperature show no evidence of line
bréaﬂEﬁing indicative of site exchange. The 14 NMR specttum
of 5 at 90°C (6iéxahé—éai 400 MHz), shows substantial line
Brgadening ‘:‘f all r‘:ancesi with the H3 4 resonance least

affected ( V1/2 = 20 Hz for H3'4i Vi/2, = 40 Hz for Hy,& and -

Hy g)- Using a matrix representation of the seven sites of
the cycloheptatriene ring, the effects of (1,2) versus (1,4)

J
)

[ ? 1‘ m
“

(1,4)

G wawuol

T
W

e wawmo -~
lh
|

L

'metal migration on the linewidths of the olefinic resonances
can be predicted. The (1,4) shift pathway exchanges the 2,5
positions only half as often as the other olefinic sites.

The (1,2) pathway exchanges the 3,4 site less rapidly than !>



the 2;5 or 1,6 sites and is thus consistent withathe
observed liriewidths. :

Sirgge 5 is thermally unstable, temperatures which allow
the observation of line bfoadening also cause rapid
decomposition of the compound to ditropyl andEREE(CD)iQii
The olefinic resonances of di fapyl paftially‘abscuré the

signals due to 5. The*quaiiﬁacive abser#gtian that (1,2)
métal migration is occurring can be made, but reliable
quahtitative data EEQEEding the rate of this process: coudd
not be E\,btaxned -~ . A

.Exchange processes which occur tac slowly to cause NMR

line broadening can be studied using techniques such as
- isotopic 1§bellinge159 Recent improvements in NMR
instrumentation have allowed the use of a double resonance

technique known as spin saturation transfer to obtain
E AL ar-op o onNss

similar information. ‘Thisiﬁethad is applicable in cases
where the rate of exchange is ccmpafableitc the rate of
longitudinal relaxation of the 3Acleus used for observation
(as expresseé by the spin- lattlce\gelaxatlén time T{). 1In
these cases, two sites liﬁkea by an exchange proc can be
identified by saturation of one site and QbSEEVEtlQniéf an
ntensity decrease at the site with which it is
exchanging. The decrease ih intensity results from the

partial transfer of saturation to the new site effected by
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-

thé exchange process.

The thecregical basis for- quantitative dete
‘rate‘canstants from experiments of this type is
ification of the Bloch equations due to McConne

first experiments in this area were carried ou

and Hoffmann.164 fSubsequently this technigue -
applied to a wide variety of problems. A rea +

account of the method with applications and exa

available, 165
’ |
qualitative confirmation of

[

n the case of compound

the pathway of site exchange ip readily obtained by

saturating the resonance due to H, with a secorid RF field.

]

The intensity of the Hi,6 %Fsananﬂe decreases, indicating -
that these two sites are exchanging with H; via a (1,2)
shift pathway. The decrease in signal intensity at the Hj ¢
site can be qguantitatively measured by using a difference
séégtrum (see Figure XX). In this procedure, a normal
spectruld of 5 is taken with the saturating field on, but not
centered on Hy. é spectrum is then taken with saturation of
H, and the two FID's are subtracted to give .a difference
FID, which is then Fourier transformed to give a difference

spectfgﬁ: This allows the inten

(%]

L

ity decrease to be
Zainst an internal-

quantitatively evaluated by integration a

standarad. *
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Rate constants are readily derived from the Fize>cf the
decrease in signal intensity and a knowledge of the T;
values for each proton in the molecule (it~i5‘n§t'necessafy
to determine the T, of the nucleus being saturated). " Since
thfee métal migration éathﬁays are possible, three rate
constants (kjj, klé and kj4) are considered (k is defined as
a one-way rate cﬂnstanti)g The parameter which must be
measured is éhe z component of the equilibrium ma%netizatién
(M,) at e;ég sitg, in the presence (H ) ‘and abse;ce (M$) of

saturation. Theﬁequilibrium magnetizatiaon is proportional

to signal intensity, provided that full relaxation can occur

o

etween observation pulses. This condition is met by using
a delay of at least 5 x T, between pulses. For the 1,6
site, with saturation of the H, resonance, the time

dependence of Mz(1,6) is gLﬁén_by a modified Bloch equation

(eq. 45). ' -
o _ oo ; . sos s
, , Me =M - , —
Mer,6) . Mza,6) ~ Madie) K, M, bk M e
d; . 7 71272 (2.,5) "1372(3,4)
71(3-'6) (45};‘
+kigMy 0,5 Y M3, a2k K3t )Hz(l 6)

*The total rate at which the metal leaves site 7 by (1,2)
shifts is given by 2kj,.

-



i “‘t’t

Similar equatians apply for Hz(2 3) and H=(3 4)° At
equilibrium, dHZ/dt = 0, High Hi(l;é) arbitrarily defined
as 1, this equation can be simplified and rearranged to give

equation 46.

=l

e WS PMeae | L?“"‘1.1» (2,5 “kla 103.4)
12 - = .

Mo ) Tuine  MaLe M. (1,6

L (46)

ko o (M + M ) .

N VL e N TE WL R
M1,6)

A set of three equations with three unkﬁéﬁn rate constants
describes this system. Input of measured H; values allows
all the rate constants to be determined. The details of the
derivation and solution of these equations are given in the
Appendix.

A study of the~(1,2) metal migration in 5 at various
Eemﬁeratutes in di@xaneidg has been carried out (see Figgfé
XX1). The results at the lawer temperatures show that the.
saturation of Hy leads to an intensity decrease at Hy,6*
The highér temperature expé%iments show the effect of
successive (1,2) shifts, which are manifested by intensity
decreases at the 2,5 site and to a lesser extent at the 3,4
site. olution of the set of three equations describing
”:;1,6)1 Mg(2,5) and Mg 3, 4) gives values for the rate

constants kjj, k)3 and k)4 at each temperature. The results



FIGURE XXI.
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of this process, along with the M_ and T; values used in the

o N

calculations, are tabulated in Table X. The rate conatants

i

Rate constants were also galculated using the results
of the SST experiment depicted ’in Figure XX. A value of k),
= 2.84 x 10-2sec} for 5 in methylcyclohexpne-dj, at 298.2 K
was obtained. This is 10% higher than the value obtained in
'aiaxane—qs:at the same temperature. Thus it can be
condluded that the rate of metal migration is not
5ub§taﬁtially affected by this change in solvent.

The precision of these va

k), is affected by a
number of sources of error. There' is uncertainty in the

temperature, in the determinatianiéf relaxation times (T;'s)
and in the evaluation of M  for each site in the ring. As
outlined in the experimental section of this chapter, the
probe temperature was carefully determined with a calibfated

thermistor and is accurate to £ 0.1°C. The probe

emperature varies less thadi & 0.1°C under the experimental

"

7 _ ¥ 3 *
conditions. ‘

Relaxation times were measured using .the conventional

(w=1- 2 angl)pulse sequence. The precision of this
2 ’ .
procedure was estimated to be a 5% (2 standard deéviations)

by Levy and coworkers.166 Dpue to superior field homogeneity

of the superconducting magnet used in our experiments, the
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\
precision may be!iﬁgfgved, but no systematic invéstigatién
of the precision achieved in the T, dete nations has been

carried out. An indication %5 the precision of these reults

is that the relative order Tl(2,5) < Tl(3,4) is maintained

at all temperatures studied, although the two values differ

by cnly Ca. 5%. The T;'s show a lin;af depgnéence on ‘the

range, uhere averaging due tq-the exchange process causes
some deviations. The values 1listed in Table X are the

result of a linear fegkessicﬁgigalysis of data from 288.4 K
’

to 312.9 K.
Evaluation of M depends on precise integration of

difference spectra. With the proviso that phase anomalies

are awvoided and that an adequate signal:noise ratio is
¥

obtained, integration of the difference signal is believed

to be precise to 2 5%. These egrals are eva;uatea by

comparison to aniinEEfnal,sféndara provided by the signal

‘which is saturated.
The uncertainty in the rate ognstants ‘determined by the
solution of the three simultaneous equations can be roughly

ccordingly. The worst

case in which a 5% error in the Tl and a 5% error in the
integral reinforce each other leads to an 11% :hange in k;z-

Activation parameters for the (1,2) metal migfatian in
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5 were obtained from an Eyring plot of the data of Table X
(see Figure XXII). Values obtained ;Efe AH* = 18.0 & 0.7
‘kcal mol‘l, AS* = -5.0 & 3.%‘e.u. and AG;gQ‘ 19.5 & 1.0 kcal
mol~-l. The uncertainty limits correspond to one standard
deviation in the slope based on a linear regression analysis
employing program ACTEN. This prograﬁ accepts

errors in bothvk and‘% and propagates these errors through
to the calculation of the slope. In this case, the inputs
were k;,x 10% and T ¢ 0.2°C. Although the aG* value is
probably fairly reliable, the entropy of Rctivation is very
approximate, since the data cover a narrow temperature range
and the as¥ wvalue is derived from an interzegi which is the
result of a very long extrapolation.

There are two potential sources of error in this
experiment which arise from using iH, which has 99% naturali
abundahce? as the nucleus of observation. The pfﬂt?ﬁs =
involved are in close physical proximity and highly coupled
to each other. When the resonance due to H; is saturated,

there is & possibility of spurious intensity enhancement at

H) 6 due to the nuclear Overhauser effect (NDE)157, as well
as the possibility of propagation of demagnetization to
other ring protons via spin;spin intefgctiens.lsg‘\lt is

experimentally impossible to distinguish NOE effects from

spin saturation transfer due to chemical exchange if both
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are occurring. In the absence of exchange, NOE effects caﬁ
be detected. In the case of 5, there was no observable NOE
effect and no chemical exchange effects at 288.4 K,

The possibility of MOE effects between H, and Hl,6ain
compounds of this type ceannot be dismissed, since such
effects Qere observed in (7-n1-C7H7)Re(CO)4PMe3 and other
phosphine subs;ftuted derivatives of 5 (see Section III of
this chapter). ’

The potential problems ¢3n be avoided by using a
magnetically dilute observation nucleus, such as 13c.
Fluxional processes in 5 were studied by 13¢ NMR at 100.6
MHz iq THF-dg. (The complete temperature range used was not

accessible using‘g\\xane-de.)

The determination Wf 13c T;'s in 5 was complicated by

the fact that the T; of |Cy is quite short (ca. 0.5 sec)

compared to those of thd olefinic carbons. The exchange

process causes the observed T; of C1,6 and Cy g to be
reduced at the higher temperatures” (see Figure XXIII). The
Ti values show a linear dependence on teméerature in the
range 275.8 K to 291.7 K. A linear regression analysis of

~ this data was used to obtain the Tl's at higher
temperatures. "
Decoupling of 13C was achieved by using an external

frequenéy synthesizer (see Experimental Section). Probe
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N

Y
temperatures ;EEE calibrated as in the case of the lH probe,
and are constant to # 0.1°C. Saturation transfer effects
in the preceeding section for l4 experiments. Any one of
the four 13C resonances due to the ring carbans can be
saturated. An example of a saturation transfer experiment
with saturation ;E the leg resonance is shown in Figure
XXIV., The difference spectrum clearly shows that there is
saturation transfer to CE;E? consistent with a (1,2)
shift. There is no decrease in the intensity of the C; ¢

‘resonance. The effectiveness of the subtraction procedure
f”ﬂ
is demonstrated by the latk of residual signal at the C) ¢

.position. Another important point to note is that complete

saturation of the C3'4 resonance was achieved (middle
spectrum) . Since the difference signal due to C3,4 is used
as the internal intensity standard, complete saturation is
crucial to the accuracy of the quantitative results.

A series of difference spectra were recorded at various
temperatures with saturation of C;. A selection of these
spectra are shown in Figure XXV. As expected, the largest
intensity decrease is observed at the 7 ¢ position. The
intengity decrease caused by two successive (1,2) shifts is

amaller and the effect at C3!4 {s wmaller stiFl.

Q

_The values for M, , T;'s and the rate constants



|

145 135 T 128 115
PPM (TMS = 0)

;
FIGURE;XXIVE lzc SST difference expetimgﬁt on

(7‘ﬁl‘C7H7)RE(CD)5 in THF. Top: normal
|
spectrum. Middle: saturation of CB 4

Bottom: difference spectrum.
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obtained from these experiments are listed in Table XI. As

-

in the case of the proton results, k;3 and k;, were not
significantly different from zero.

The sources of error which were discussed for the 1y
measurements also apply to the 13¢ experiments. NOE effects
and spin—spin interactions are eliminated. There is one
difference in the experimental canditi@ng which may have an
effect on the accuracy of the results. As noted in the
experimental section, the 13C decoupling field was generated
by an external frequency synthesizer, not subject to direct
cohputer control. Manual switching of the decoupler
frequency between the on and off resonance modes was
required. 1In the étct@n experiments this task is automated,
" so the saturating field was switched from on resonance to
off resonance every 4 scans to minimize problems due to
field drift and temperature variation. In the 13¢ spectra,
the decoupler was switched only' once, at the halfway point

hours). 1In some of

in accumulations of 100-300 scans (1-
the 13c expefifnentsE poorly phased difference spectra were
obtained. These results were disfegaédef and the
experiments were repeated.

An Eyring plot of the rate constants from Table XI is
shown in Figure XXVI. The activation paraSZQEEs were

obtained as previously discussed. 1Input uncertainties were
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ki, & 108 and T # 0.2°. The activation parameters obtained
for the (1,2) metal migration in 5 are AG;OO = 18.8 & 0.6
kcal mol-l, aH* = 18.1 & 0.5 kcal mol-l and as* = -2.4 & 1.5
eu. The activation parameters for this process obtained

from 1y experiments were: AG;OO = 19.5 & 1.0 kcal

mol-1l, au* = 18.0 & 0.7 kcal mol~l and ss* = -5.0 & 3.2 0
eu. The free energy of activation obtained from the 13C’
measurements is slightly lower than the result obtained from
the proton experiments. Since the 13¢ experiments cover a
slightly greater temperature range and are based on

observation of a magnetically dilute nucleus, they are

probably more reliable.

B. Carbonyl Exchange and the Mechanism of Metal Migration

As pointed out in the introduction to this Chapter,
information concerning the pathway of metal migration can be
obtained by observation 6f the pattern of site exchange. No

information regarding the mechanism of the rearrangement
process can be obtained in this way. Further data is
needed.

The activation energy for homolysis of the Re-C; o bend
in 5 was determined to be 26.5 kcal mol-l (Chapter 1I1I).
This value is substantially greater than the measured

activation energy of' 19.5 kcal mol-! for the (1,2) metal



A\

migration. Thus a dissociative mechanism can be ruled
out. Similar arguments were advanced by Larrabee?9 to
establish that the fluxional behaviour of Ph3Sn(7—nl-C7H7)-
was the result of an intramolecular process.

Since the metal migration in 5 is intraﬁé&ecular, it

will be assumed that it is also a concerted reaction and

that orbital symmetry restrictions should apply. On this
1

basis a [1,5) metal migration, as observed in Ph3Sn(7-n
CqHy), would be expected. The similarity in solid~state and
solution structures between 5 and this tin compound were
poinﬁéd oﬁt in Chapter II. There is no geometric constraint
on a {1,5] metal higration in 5. The observed [1,7] metal
migration in 5 is not consistent with expectations based on
participation of a single invariant o orbital of the Re(CO)jg
group. The observed migration must involve orbitals of the
Re(CO); _droup of other than o symmetry. The energy ordering
f molecular orbitals for molecular fragments of the type
(CO), have been the subject of theoretical study by Eli;n
and Hoffmann.l169. 1n the case of the Mn(CO)g fr&émegi, the

HOHO'is an a) orbital of ¢ symmetry (predominantly dzz)-

»

These calculations are equally applicable to Re(CO)g



]
o
%]

fragments.170

The involvement of e type orbitals (d!; and dy;
hybrids) in the transition state for metal migration would
seem reasonable, since calculations show that a slight
distortion of the Re(CO)s fragment could render these
orbitals energetically gimiikr to the a; orbital. An

increase in 6 to approximately 110° is required to

\

1 Hor e

Homo a

equalize the energy of the a, andgl orbitals. The
interaction with the ﬁbﬂﬂ of the C5Hy fragment is depicted
in Figure XXVII. Such a process would render the observed
(1,7] shift symmetry allowed, and it would also exchange the
axiél CO group with one of the equatorial CO groups. This
exchange process should be ogcurring at the same rate as the
métal migration, gnd should be detectable by a 13¢ ssT
experiment. ‘Such an experiment has been carried out.

The saturation of the 13C resonance due to the axial
carbonyl group ing causes a decrease in the intensity of

the signal for the equatorial eafbbnyli- The rate of
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exchange was calculated using the formula:

[s) —“"
k=4 |ozeq) Maeq) | 12
ax - _'7”’77 * 7.
Hz(eq) 1(eq)

The equilibrium magnetization of the 13C nuclei in the
equatorial positions is designated M2 (eq) in the absence of
sqggation and H:Téq) with saturation. The factor of four

allows for the population difference between these two

sites. This definition of the rate of exchange, kex’ is

consistent with the definition of kl' as a

o]

ne-way rate

-

constant. Since metal migration in either direction causes

carbonyl exchange, kex should be twice klzé

0.23 sec . The expected value

is 3.7 sec, giving kex

for k_, at this temperature is 0.38 sec . When the same
“C SST experiment was carried out us}ng EHBiRe(CD)S, no
SST effect was detected at 308 K.

| Thus we conclude that the Gbaervéﬂ carbonyl scrambling
in 5 is a consequence of the metal migration. The proposed

mechanism for the [1,7] shift in 5 is in accord with orbital

symmetry predictions and with the experimental observations.
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Section III. §g;§ Sauration Transfer Experiments on

Phosphine Substituted Derivatives of (7=ni-

C7H7Re(CO) s
Tw9 phosphine substituted derivatives of 5 have been
TN L L . .
studied by 1H NMR SST experiments. These are the tri-
methylphosphine substituted tetracarbonyl 11 and the dmpe

derivative 15.

Ré
o

ﬂ'c’g

Saturation of the H, resonance of 1l or 15 at 297 K led
to an increase in the intensity of the H; ¢ signal,
presumably due to an NOE effect.167 There was no evidence
for an SST effec; at the Hp g or Hy 4 resonances. Since NOE
enhancement of signal intensities depends on dipole-dipole
(ie l14-1y) interaction, the effect is critically éepenéent
on the distance (r) between nuclei. The size éf the effect
i .167 Replacement of one or more

EE

is proportional to
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carbonyl éroups in 5 with phosphines presumably causes some
slight change in the conformation of the cycloheptatrienyl
ring, leading to a smaller sep&ration between Hy and Hl,é'
The lack of observable SST effects exhibited by the
HZ,S and Hy 4 resonances indicates that metal migration is
gquite slow at these temperatures. Phosphine gubstituticﬁ
seems to have increased the activation energy for metal
migration. aMore definitive information could be abtéined by
employing 13¢ as the observation nucleus. Since the
quantities of 11 and lj7available are limited, this has not

yet been investigated.
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Section IV. Metal Migration in CPRU(CO),(7-ni-CqHy) (23)

Although no crystallographic data is available for this
compouné, the value of 7.8 Hz for the vicinhal coupling

33;57 is consistent with 23a. The structure of 23

congtant

23a 23b

may be a rapidly exchanging mixture of 23a and 23b, with 23a

predominating. As was the case with 5, there, are no
geometric constraints on the pathway of metal migration.

The lH NMR spectrum of 23 is shown in Figure XII.
Saturation of the resonance due to Hy (298 K) causes an
intensity de&reage at Hy ¢, Hgfg and H3y 4 The size of the
effect at H3'4=i5 not consistent with a (1,2) shift alone.
Due to the potential problems with HOE effects, further
experiments were confined to the use of magngﬁiéally dilute
;3C for observation.

The 13c NMR spectrum of- 23 is very similar to that



observed for 5. The results of an SST experiment with
saturation of C, are shown in Figure XXVIII. The difference
spectrum shows that the largest intensity decrease is at
C1,6° There is also an effect at C, ¢ and C3’4! It is
clear on comparing this result to those obtained for 5 that
some pathway in addition to the (1,2) shift observed in 5
must be exchanging C, with CZ;E and C3:4‘

Analysis of a series of spectra at various temperatures

showed similar effects (see Figure XXIX). The observed

W

intensity changes are tabulated in Table XII. The
measurement of T;'s in 23 was hampered by exchange averaging
at higher temp;fatufes, As observed in 5, T; for Cy is much
shorter than the others, leading to a deviation from
linearity at the higher temperatures. The T,'s listed in
Table XII are the result of a least squares fit of data from
260.5 K to 285.4 K (8 points). Values for higher
temperatures were extrapolated.

The calculation of rate constants for the metal
migration was carried out as described for compound 5.
Three rate constants kj;, Kj3 and k)4 were c@nside:gdi The
solution of the three equations describing the magnetization
transfer gave non-zero values for kj, and kj, at all
temperatures, The values for k;; were not significantly

different from zero (see Table XII).
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An Eyring plot of the rate constant data is shown in
Figure XXX. The plot of ln(:%z) as a function of 1/T is
linear. The analogous plot ng k14 is somewhat more
erratic, but only one point (282.2 K, marked with an
asterisk i;FFigu:e XXX), was considered to deviate far
enough from a linear relationship to warrant omission from
the calculation of the slaée! Activation parameters
calculated for the (1,2) metal migration are AG§DD = 18.4
0.5 kcal mol-1l, aH* =20.5 & 0.4 kcal mol~1l and as* =9.0 =
1.4 eu. For the (1,4) shift, Aszoo = 19.1 ¢+ 0.6 kcal mol

21.8 + 0.4 kcal mol~ Y, as® = 9.0 + 1.4 eu. The

+

AH*
uncertainty inputs for this calculation were k * 10%

and T + 0.2°C. This estimate of the uncertainty in k is

based on the assumptions outlined in Section II, i.e. T,

+ 5% and a similar uncertainty in the integral of

the difference spectra. As noted in the case of 5,

the ac* values quoted here are probably accurate, but
thevés* values are not reliable. The AG;DD values for the
two metal migration pathways are sufficiently -similar that
there is some doubt that the difference between them is
significant. ‘The Eyring plot (Figure XXX) shows clearly
that the rate constants for these two processes are
significantly different. The set of data available is not

large enough or precise enough to allow calculation of

activation parameters with sufficient precision to make this

distinction.
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The obsgrvation of two distinct metal migration
pathways in 23 illustrates the power and discriminating
ability of 'the spin saturation method. To detect a second,
smaller metal migration pathway by analysis of lineshape
data alone would be very difficult, {f not impossible. An
example of a similar problem is provided by (né-CgHg)-
Cr(Co) 3. Spin saturation transfer experiments using 13¢ for
observation showed that both a (1,2) and (1,3) shift were
involved in the metal migration around the cyclqpctatetraene
ring.17l Previous studies of l4 NMR line broadening in this
molecule had suggested random shifts.l78 A (1,3) shift
mechanism was also proposed based on the same lineshape
data.35

Once again assuming that the observed metal migrations
in 23 are the result of concerted processes; the observation
of a [1,5] sigmatropic shift is in accord with orbital
symmetry considerations. The activation energy for this
process is 3.3 kcal mol~l greater than the most reliable
value reported for the [1,5] metal migration in Ph3Sn(7-nl-
C7H7).56 The more interesting observation is that this
symmetry allowed process is not the lowest energy pathway
for metal migration. The [1,7] shift occurs with a lower
actibation energy. This result is explicable in two

different ways. It is possible that the migrating metal



group undergoes an inversion of configuration, which would
render the [1,7] shift allowed. An alternative explanation
is that there is involvement of metal d orbitals in the
transition state, allowing orbitals of suitable symmetry to
become available for bonding.

- The molecular orbital energies in CpFe(CO);R compounds
have been calculated using the extended Huckel methaﬂ@l73
studies of compounds of the type CpM(CO),R (M = Fe, Ru) by
photoelectron spectroscopy have shown that the aréital
energy levels are very similar for Fe and Ru ccmpagnés;l74
The HOMO in compounds of this type ¥s an a; orbital of o
symmetry which has considerable d,2 character.173 uysing
this orbital alone, the observed [1,7]) shift in 23 would be
forbidden.

Photoelectron spectra of compounds with double b@nés
allylic to the metal center, such as CpFe(CG)z(nl=CBH5) have
been reported. It was found that the presence of allylic
double bonds Eeéuces the ionization potential of the Fe d
orbitals, c@mpéfed to alkyls such as CpFe(CO),-CHjy-

Extended Hackel calculations were employed to interpret
these results in terms &f mixing of the olefin » orbitals
with metal 4 pfbitals.175

Further data is needed to decide which .of the two

possibilities mentioned above applies to 23. Specifically,



configquration during the

(1,7]

metal migration.
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Section V. Stereochemistry of Metal Migration in

CPRu(CO) ( PMe ,Ph) (7-ni-CqH,) (29)

Two phosphine substituted deri?atives of 23 have been
prepared. These are CpRu(CO)(PMej)(7-nl-CyH7) (28) and
CBRu(CO)(PMe,Ph) (7-nl-CqH7) (29). Both compounds show
diastereotopic splitting of the cycloheptatrienyl ring
nuclei, (1H or 13C) such that seven separate resonances are
observed in both ca¥es (see Figure XV for the lH WMR
spectrum of 29 and Figure XVI for the 13¢ NMR gspectrum of
28). Compound 29 has the additional advantage of having two
diastereotopic methyl groups on the phosphine ligand, so
study has been concentrated on this compound.

In principle, it is possible to détermine the pathway
and stereochemistry of metal migration in 28 or 29 with an
SST experiment; The occurence of [1,7] spifts with
inversion or retention of configuration have quite different
consequences for the pattern of spin saturation transfer.

IS

If the configuration at the metal is unchanged during the

M* M*

[1,7]) retention (1,7) inversion



shift, saturation transfer will occur to the same siégraf’

the ring. 1If inversion accompanies metal migration,

saturation will be transferred to the opposite side of the

ring.

This experiment has been carried out. Saturation of
the Cg resonance in 29 led to an intensity decrease at the
resonance assigned to Cg (see Figure XXXI), indicating that
the metal migration is a [1,7]) shift with fetent;pﬁiéf
configuration.* This conclusion rests upon the correctness
of the assignment of C, versus Cg, which is based on
selective proton decoupling of the two carbon resonances.
The proton resonances involved (H, and HS) differ in
chemical shift by only ca. 12 Hz (at 400 MHz). Since
reversal of this assignment would reverse the conclusion of
the experiment, we sought to verify this ;esult by an
independent method.

The diastereotopic methyl groups in 29 should remain
distinct even at high rates of metal migration if the
éonclusion reached above 1s correct. If the metal migration
proceeds with inversion, the two different methyl resonances

should coalesce, given atsufficiently rapid rate of metal

*

Assignment of C, versus Cg is arbitrary, but once this
choice is made, all other gssignmentg follow sequentially
around the ring (dee Chapter V, Section V).



migration.

The‘rate of metal migration at 308 K was calculated
frdﬁ the 13C sST experiment shown in Figure XXXI.
Saturation of C¢ led to an intensity decrease at Cg which is
related to the rate of metal migration by the two-site

« *
formula:

The T; of Cg at this temperature 1571.45 sec, giving ko *
9.3 x 102 sec~l. Dpata for the rate of metal migration at
higher temperatures was obtained from computer simulations
of the lineshape of the partial 14 NMR spectrum of 29 using
the program DNMR3. * The lH spectra were measured at 90 MHz
with 3lp decoupling. Under these canéitians, the Hy

resonance is a triplet (337_1 = 7.8 Hz) and the two

diastereotopic methyl groups of 29 give two singlet

resonances.

*
This is a simplification of eq. 45 from Section II in which
terms for multiple shifts are neglected.

*DNMRJ is the third revised version of a program for the
computation of exchan%eébragdened NMR line shapes originall;
developed by Binsch.l 6 The program was obtained frowm QCPE
an stablished at the University of Alberta by R.G. E
Cajll. The general complex matrix inversion routine CMINVS
w upplied by R.E.D. McClung.
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The rate of metal migration was estimated at various
temperatures by comparison of the btcaaeﬂiné of the Hy
triplet to calculated spectra (see Figure XXXII). Rate
égns;aﬂtg kyp are again defined as one-way rate :anst;nés;
consistent with the practise adopted for calculation of
rates from SST experiments. An Eyring plot of this data in
addition to the value of ky, = 9.3 x 1072 sec”™! at 308 K
obtained from the 13é SST experiment allowed approximate
activation parameters to be calculated. An uncertainty in
the rate constant from the.13c experiment of + 10% was
assumed. The rate constants from the lineshape comparisons
were assigned an uncettaiﬁty of & 208. The quality of the
spectra is p@@f-aue to extensive sample decomposition. The

5

activation parameters calculated from the Eyring equation
where G35, =19.5 & 0.3 kcal mol=1, an* =19.4 & 0.2 kcal
m@l;l and ast -0.3 ¢ 0.7 eu.

The qualitative observation can be made that phosphine
substitution has slightly reduced the rate of metal
migration. The rate constant for metal migration in 29 at
308 K is 9.3 x 1072 sec™l., Similar values of kj; in the
dicarbonyl derivative 23 were observed at much lower
temperatures (see Table XI1I). !

The appearande of the two methyl singlets will be -

affected by the metal migration process Af the migration is
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accompanied by an inversion of configuration. Using the
definitian of the rate of metal migration, k;,, a4s a one-
way, pseudo f Est order rate constant, tﬁ; rate of metal
inversion at a particular temperature will be twice k)3
rassuming that every migration is acdompanied by inversion.
14 NMR spectra of the two methyl singlets at various
temperatdres along with the calculated lineshapes based on
the assumption of inversion occurring with each migration
are shown in Figure XXXIII. The observed lineshapes are

clearly not consistent with the occurrence of inversion of

0

configuration at the metal center. There is a small amount
of line broadening observed at 90°C, -but this is attributed
to field inhomogeneity broadening. The cyclopentadienyl
resonance of 29 shows a similar amount of broadening at this
temperature. The thermal decomposition products of 29 (see
Chapter VI) include {CpRu(CD)(PHe;Eh)]Z; which forms an
afanée precipitate from methylcyclohexane, even at high
temperatures. The broadening of the lines observed in the
ly NMR is ;tt}ibuted to the presence of this solid suspended
in the sample. Further evidence against coalescence of the
diastereotopic methyl signals is provided by the observation
of a constant separation between the lines. If the observed
brcidéning were due to coalescence of these two signals, a

reduction in separation would also be observed.
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It is concluded that the metal migration in 29 occurs .
with retention of configuration at the migrating group. The
same mechanism may be operative in the observed (1,7] Ru
migration observed in the dicarbonyl 23. Both of these
observations are explicable in terms of conservation of
orbital symmetry provided that 4 orbital participation in
the transition state is postulated. As mentioned in Section
IV, @4 theoretical study of the molecular orbital energy
levels of CpFe(CO), systems has been carried out.173 Thé
| observed stereochemistry of the metal migration is readily
explained in terms of the available molecular orbitals. The
HOMO is a 3a' orbital of o symmetry, but there is available
at similar energy a filled a”" orbital of suitable symmetry
té facilitate the formally forbidden [1,7] metal
migration. The effects of interaction with the » system of
the cycloheptatrienyl ring could shift the relative energy
of these orbitals, as was observed in CpFe(CG)z(ﬁl—CSHS) by

Labinger.175 s
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Section VI.  Conclusions.

The stereochemistry as well as the pathway of certain
metal migrations has been elucidated. All of the
experimental observations are consistent with the pfincigle
of conservation of orbital symmetry. In some cases, a
consideration of the energy and symmetry of the molecular

orbitals of the metal fragment has led to an understanding

of the metal migration process in terms of orbital symmetry.
- L]

The availability of d orbitals renders the unexpected
(1,7) pathway allowed and in the case of CpRu(CD)2(7ﬁnl—
CoHy) the activation energy for this process is lower than
that for the allowed [1,5] shift employing only ¢ type
orbitals. Stereochemical studies of the phosphine
substituted derivatives of this compound show that the [1,7]
shift occurs with retention of configuration, strongly
implying that d orbitals are involved in the transition
state,

The results thaiqeé for (7—nl—C7H7)Re(CG)5 demonstrate
the predictive power of molecular orbifgl calculations. The
metal migration mechanism suggested by the calculated
energies of the molecular orbitals of the M(CO)g fragment
implied a distortion of the metal fragment during
migration. The carbonyl group scrambling predicted on the

basis of this distortion was subsequently observed.



Section VII. Experimental

A General

" CHyRe(CO)g was prepared by the method of HiEbEf}77

All other compounds were prepared according to the synthetic
procedures outlined in previous Chapters. Samples for SST
experiments were prepared by vacuum transfer of dried,
degassed solvents into 5 or 10 mm NMR tubes. After three
cycles of freeze-thaw degassing, the tubes were sealed off

under vacuum.

B. Instrumentation and Methodology

ly sst experiments were carried out using a Bruker WH-
400 spectrometer (400 ﬁHz). 13¢ experiments at 100.6 MHz
employed the same instrument. The field drift of this
particular instrument is quite low (ca. 40 Hz/day). Direct
computer control of the second RF field used for proton SST
experiments is possible using this instrument, allowing the
difference spectra to be collected using rapid switching
(every 4 scans) between on and off resonance decoupling.
This pulse sequence can be automated usind a simple

microprogram sequence:

Command Comment
l ZE zero memory
2 02 select decoupler

frequency



N
[ %]
o

3 HG . turn on decoupler
4 D2 time for saturation

- . (SST)
5 DO turn a%f decoupler .
6 D3 ' settling delay )
7 -GO=3 . apply observation

pulse and collect FID

8 NM invert memory
9 LO TO 2, TIMES:8 loop to 2, B8 times
10 EXIT : terminate

The result of this sequence is that n scans are collected
with saturation of the resonance of interest and subtracte®
from n scans with the saturating field applied at some point
off the resonance of interest. The. resulting FID is
processed normally. 1In the case of 13C SST experiments, the
second RF field for 13c spin saturation was generated using
a PTS-160 frequency synthesizer (Programmed Test Sources
Inc.), then tripled and modulated by a Bruker BSV 31BX
decoupler unit. This synthesizer is not subject to
automated frequency control, so a slightly different
microprogram sequence was employed. The frequency of the
saturating field was manually changed from on resonance to

off resonance halfway through the experiment.

1 ZE

2 HG

3 D2

4 DO

5 D3

g sg:z- + switch decoupler to off resonance.

8 HG _ . :
9 D2 .
10 DO .



11 D3

12 GO=8

13 EXIT

The settings used were:
PTS5-160: Level: Off
fﬁ Standard: External

BSV 31BX: Internal: Comp 22-30 4B

attenuation

!13§ﬁ13c Decoupling selector switch: ON
1H Decoupling: BB 20W 07 dB attenuation
¢

The experimental setup is non-standard, so a schematic
diagram is included on the following page.
| Spin lattice relaxation times (Tl‘s) were measured
using the standard =, T, %, 5 x Ty pulse éequence; The T,
values were calculated using the program T1CAL (T.

Nakashima).

C. 7Tg§pgfatu§g4§aﬁ:fgl and Calibration

The BVT-1000 temperature control unit will maintain a
constant temperature to &

the true probe temperature. Probe temperatures were meas-

L)
L)

0.1°C, but the dial reading is not

ured with a calibrated thermocouple (Doric 400 Type Cu Con) .

The thermocouple wire was placed in a 5 mm NMR tube
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c Probe
preamp
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?ler FD . B
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preamp é) probe é;

Directional Coupler .
;PTS ,éﬂr BSV-3BX Spectrometer
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ref. outpur Buz Bu, Bug w OUT  10MHz
T L ) N T
Rf
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4
with ca. 1 mL of THF. This assembly was lowered into the

probe and temperatures read

for equilibration.

For the

to $0.1°C after allowing 15 min

132 probe (10 mm);'bréad—bané

proton decoupling conditiohs must be used since the decoupl-

ing power levels employed causes substantial heating of the

sample.

v

¢ -

The thermocouple wire acts as a RF receive

r,

80

meaningful temperature readings could only be obtained with
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280,000
281.000

'+ 282.000

283.000
284.000
285.000
286,000
287.000
288.000
28%.000
2920.000
291,000
292,000
293.000
294.000
295.000
296.000
297.000
298.000
299.000
300.000
301,000
302.000
303.000
304,000
305.000
306,000
307.000
308.000
309.000
310.000
311.000
312.000
313.000
314,000
315.000
3146.000
317.000
318.000
317.000
320,000

294,31
295.29
296.26
297.24
298.21

. 299.19

300.14
301.13
302.11
303.08
304,06
305.03
306.00
306.99
307.95
308.93
309.90
310.88
311.895
313.80
314,77
315.75
316,72
317.69
318,47
319,44
320,462

264,000
245.000
266.000
267.000
2468.000
269.000
270.000
271.000
272.000
273.000
274.000
275.000
274.000
277.000
278.000
279.000
280.000
281.000
282.000
283.000
284.000
285,000
284.000
287.000
288.000
289.000
290.000
291.000
292.000
293.000
294.000
295.000
294.000
297.000
298,000
299.000

280.17
281.21
282.25%
283,29
284,33
285.37
284.40
287,44
288,48
289.52
290.56
291.60
292.63
293.47
294,71
295.75
296.79
297.83
298.86
299.90
300.94
3Q1.98
303.02
304.06
305,09
306.13
307.17



the decoupler switched off. This problem was avoided by
allowing 15 minutes for equilib:sgién, then turning off the
decoupler and immgdiately reading the temperature.

The correction to be appied is not constant, but ;n
both cases (5 mm and 10 mm), a linear relationship between

true probe temperature and the dial reading was observed.

Regression analysis fit the data to a straight line,

D. Field Homogeneity and Probe Tuning

For both ln ana 13¢ sst experiments, it is critical to
success that the field homogeneity be carefully optimized at

each temperature used. For l3<‘:E the probehead must be

carefully tuned. The standard procedure outlined in the
Bruker operating manual was employed. If!thege precautions
are not carefully followed, poorly phased difference spectra

are obtained, which cannot be integrated accurately.

E. Integrals

The integrals of the difference spectra were normalized

based on Cy(Hy) 1. This procedure depends on knowledge of
the integral ratios of the olefinic nuclei versus the
aliphatic one. These integrals were measured at only one

temperature (the lowest in the range). Conditions for these
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experiments were the same as those used for the SST

experiments (ie 5 x T, between pulses).

H3,4
(7-nl-CqH;)Re(CO) g 1.97
2.02
C3,4

CPRU(CO) 5(7-nt-CqHq)  2.05

(7-nl-CqH5)Re(CO) g 2.03

Ci,6
"2.08

s

!DD

[
~J

et

!DQ

solvent

methylcyclo-
bexane:dlg

dioxane®dg



CHAPTER VIII : \

FLUXIONAL BEHAVIOUR OF TRIHAPTO AND PEHTAHAPTO

CYCLOHEPTATRIENYL COMPOUNDS

Section I. Introduction
The fluxional processes considered in th¥s chapter

involve metal migfﬁgians around trihapto and pentahapto-

cycloheptatrienyl ring systems. The bonding of the metal to
the organic group in these cases has both
a o and w» component. The rearrangements observed are not
sigmatropic shifts.

There are a large number of examples of trihaptocyclo-
hepatrienyl compounds of various transition metals. All
those reported show fluxional behaviour. In every case

where the pathway of metal migration has been determined, a
a.31

(1,2) metal migration pathway was foun

The occurence of pentahapto coordination of

cycloheptatriene is less common. Five compounds of this

type are known. The first reported example was (n5i

C,H,)Fe(CO)3*, prepared by Pettit in 1964.178 (-

v .
CqH,7)Mn(CO) 3 was reported by wWhitesides and Budnik in
1971.35 oOther examples of this type of coordination are

S c_H.)Fe( n~C 179,180 and (S 0 VRU( nS-C 1 181
(n”-c,H )Fe(n —C7H9) ’ and (n ,c757)ag(n *C7Hg) .

234
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All of these compounds exhibit fluxional behaviour, with

metal migration around the pentahapto ring via a series of

(1,2) shifts.

The preparation of (ns-c7ﬂ7)Fe(co)23nph was described

3
by Reuvers.182 The metal migration around the

pentahaptocycloheptatrienyl ring in this compound has been
tentatively attributed to a (1,3) metal migration

pathway.183
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Section 1II.

Fluxionality in(n’-C;H;)M(CO)4 (M = Mn, Re)

and Phosphine Sugg;iﬁuteqipegivat;?gg

A.  (n’-C9H;)Re(CO), and (n3-CyHy)Mn(CO),

The fluxional behaviour of compound 8 has been
thoroughly investigated by both lH and 13c NMR. The lH NMR

spectrum at ambient temperature consists of a single broad
resonance at § 4.90. Cooling the sample to =-50°C (90 MHz)
gave the expected low temperaéufe limiting spectrum for a e
trihaptocycloheptatrienyl complex. The resonance of the
central proton (Hy) in a trihapto ring appears at highest
fieldlOl (5 2.90 in this case). This situation is reversed
in the event of pentahapto coordination (see Section III).
The pathway of metal migration in 8 was readily
1

“H
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resonances as the sample temperature was increased. The

consistent with a (1,2) metal migration pathway.
Quantitative data on the rate of this fluxional process
was obtained by reccfdipg the 13c NMR spectrum (50 MHz, lH
temperatures. The low temperature limiting chemical shifts
were obtained at 223° K. The chemical shifts are unchanged
in the temperature range 223° K to 243*®* K. Rate constants
were obtained at five temperatures between 264.5° K and
310.7° K by fitting the observed spectrum to spectra
calculated using program DNMR3. The minimum signal:noise
ratio in the intermediate exchange region was 10:1. The
estimated uncertainty in the rate constants derived from
this procedure is & 10%. The rate data is tabulated in
Table XIII. The probe temperature was calibrated by a
QWmilar procedure to the one outlined in Chapter VIII (see
Experimental Section). The temperature control unit
maintains theipréﬁe teﬁPEEQture constant to 4 0.5°C,
Inputs were k & 10% and T & 0.5°. The activation parameters
for the (1,2) Re migration in 8 are sH* = 14.6 &+ 0.2 kcal

moi=1, as* = 7.4 4 0.8 eu and a6} . = 12.4 & 0.3 kcal mo1l.



~T.,K k2 (seeil)i
264.5 ‘ 200
273.7 500
283.0 1,200 !
292.2 3,000
310.7 14,000

*Consistent with the definition previously adopted, the rate

constant k is defined as a one-way rate constant.

Another important observation from the 13¢ NMR spectra
{s that the carbonyl carbon resonances of 8 remained sharp
at all temperatures studied. This result indicates that the
carbonyl groups of 8 remain distinct and are not exchanged
«during the metal migration. This observation is consistent
with the activation energy of 26.5 'kcal mol~l determined for
the axial-equatorial carbonyl scrambling process in the
related compound (n3sC3H5)Re(C.D)4!l84

The fluxional behaviour of (n3sC7H7)Hn(CD)4 (3) is
similar to that observed for 8. The ly NMR spectrum of 3 at
room temperature (CD,Cly, 400 MHz) consists of ;i-inglc

resonance at 8 4.90. A low temperature limiting spectrum
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very similar to that of 8 was observed at =-80°C (400 MHz).
Oon warming the sample, all the resonances broaden, with Hg ¢
least affected, consistent with a (1,2) pathway for metal
migration. The only difference between the fluxional
behaviour of 8 and 3 is that 3 has a lower activation energy
for the (1,2) shift process.

Insufficient guantities of 3 were available for 13c NMR
studies. The available pr@gg;m»(DHHRB) is not capable of
fully simulating the 1y spectrum of 3. An approximate value
for the rate constant for exchange can be obtained from the
1y spectrum of 3 at 213 K (THF—dE) using a simulated
spectrum calculated with pfegrém DNMR3. At this
temperature, the lines are broad (“¥§i Eg;_éﬂ!lﬂo Hz),
rendering unimportant the contributions to the linewidth due
to coupling. The low temperature limiting linewidth was
simulated by using Ty = 0.2 sec. On this basis, the rate
constant k;, at 213 K is ca. 40 sec™l. A value of AGEIS =
10.7 kcal mol-l was calculated from this rate. This value
is lower than the more precisely determined value of AG%IB
= 13.0 kcal mol~1 for 8. Due to the uncertainty of
the Ag* value determined for 3, it is not clear that this
éifégtgnce is significant. The qualitative observation that
metal migration is occurring more rapiél& in 3 than in 8 can

be made by comparing the ly NMR spectra of the two
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compounds. The chemical shift differences among the
cycloheptatrienyl protons in the two compounds are very
similar. The low temperature limiting spectrum of 8 was
obtained at =-50°C (90 MHz) while a temperature of -80°C and
higher field (400 MHz) was required to observe the low

temperature limiting spectrum of 3.

B. Phosphine Substituted Derivatives

The triphenylphosphine substituted derivative of

8, 1n3—C7H7)Re(CQ)3PPh . (12), also exhibits fluxional

[~
o |

behaviour. As observed for Ezandgg, the HS,S resonance

12 . .
7 . - .
thelﬂ NMR spectrum of 12 was least affected by line
broadening in the intermediate exchange region, indicating a
(1,2) shift pathway ¥or the metal migration. Rate constants

for this process have not been determined, but a qualitative

comparison of the 14 NMR spectra of 8 and 12 indicates that

(=]



the rate of metal migration in 12 is slightly reduced
compared to 8.
The trimethylphosphine substituted derivative of 8

presents a more complex situation. The presence of two

spectroscopy (see Chapter I1I1).

13a 13b

The low temperature limiting 1y NMR spectrum was obtained in
CD2C12{at -40°C (400 MHz). 5péctfa in the intermediate
exchange region indicate that the pathway of metal migratién
is a (1,2) shift. At ambient temperature, the
cycloheptatrienyl protons of 13a and 13b give a single very
broad resonance centered at & 4.60. The trimethylphosphine
protons of 13a and 13b give two distinct doublets at this
temperature, indicating that 13a + 13b interconversion igﬁ>
not sufficiently rapid at this Eiﬁpﬁf:tu:e to caafe (

broadening of the methyl resonances. This is consistent



with the lack of carbonyl scrambling accompanying the (1,2)
Re migration in 8. 1In both 8 and 13, the (1,2) Rg migration
apparently occurs via a mechanism which does not scramble
the other ligands attached to the metal.
The manganese analog of 13 has also been investigated.
(n3-C7H7)Hn(CO)3(PMe3), (18), also exists as two isomers,

l18a and 18b (see Chapter III). The low temperature

o
, ©
u 3 | ,c'o
1) /,
. Mn ‘
7 "] Seo
PMej
¢ 18a 18b

limiting spectrum was recorded at -70°C (400 MHz). The Hs ¢
resonances were least affected by line broadening in the
intermediate exchange region, consistent with a (1,2)
pathway for Mn migration. A rough estimate of the rate of
this process was obtained by fitting of the observed spec-
trum at 243 K to a spectrum simulated for k;,; = 50 sec”l. A

value of ~AG§43 = 12.2 kcal mol~! was obtained from this rate

constant.
)
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The appearance of the PMe, resonances of 18a and 18b at

higher temperatures indicates that isomer interconversion is
occurring. The two PMe3 doublet signals broaden, coalesce
and then sharpen to give a well-resolved doublet at ambient
xEEEPEfature_ The coalescence tempgrétgre for this process
was 263 K. The method of Shanan-Atidi and Bar-Eli for
estimatian of activation parameters from coalescence of two
signals of unequal intensity was gmplayedilas This
procedure gave AG%SB = 14.9 kcal mol-l, ’

The estimated aG¥ values for the 18a T 18}

interconversion and for the (1,2) shift derived above are
approximate in the extreme, but some qualitative conclusions
regarding the two processes can be made. It is clear that
the rate of 18a ; 18b interconversion is slower than the
rate of (1,2) Mn migration. Therefore the (1l2) shift is
accufringiiﬁdependentlg of 18a : 18b interconversion.

In the rhenium analog 13, the (1,2) Re migrat

gration was
Observed, but there was no evidence for 13a # 13b

interconversion at temperatures up to 303 K. If 13a 2 13b
inte:ccn;ersicn does occur, it clearly has a lower rate and
higher activation energy Fhan the (1,2) Re migration.

ased on observations on the four compounds 3, 8, 13

B
and 18, the following conclusions can be reached:

1) The rate of (1,2) metal migration in analogous compounds



3)

4)

5)

o
is greater for M = Mn than for M = Re.
The rate of metal migration is reduced when a CO group

i

replaced by PMej,

The rate of the (1,2) metal migration in 13 and 18 is

greater than the respective rates of 13a 7 13b and 18a <
18b interconversion. The two processes are not linked.

“The rate of carbonyl site exchange in 8 (analogous to
isomer interconversion in 13 and 18) is less than the
rate of (1,2) Re migration.

13a 2 13b interconversion is slower than 18a 7 18b

interconversion, indicating that isomer interconversion

rates are greater for M = Mn than for M = Re.
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Section III. Fluxionality of CPRu(CO)(n3-CqHy) (25)

The iron analog of 25, CpFe(CD)(na!E7H7) was reported
by Rosenblum and Ciappenelli in 1969.101 This iron compound
is fluxional, with a (1,2) pathway of metal migration. HNo
activation energy has been reported for this process, but
the low temperature limiting 14 NMR spectrum (100 MHz) was
obtained at -50°c,104

The lH NMR spectrum of 25 at ambient temperature shows
a sharp singlet cyclopentadienyl resonance and four broad
resonances due to the cycloheptatrienyl protons. The low
temperature limiting spectrum, indicative of trihapto
coordination of the cycloheptatrienyl group, was obtained at
-10°C. The resonance due to Hg 6 is least affected by line
broadening in the intermediate ewchange region. As
previtusly noted, this observation indicates that the
pathway of metal migration is a (1,2) shift. Since the low

25

temperature limiting spectrum of 25 was obtained at -10°C
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with a 400 MHz field, the previous observation of a low
temperature limiting spectrum of CpFe(CO)(n3-C7H7) at -50°C
(100 MHz) indicates that the rate of 1,2 metal migration in
thesgltwo compounds is similar. Without further data on the
. !

iron7compound, valid comparisons between the two compounds

cannot be made.
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Section 1V. Fluxional g;acesggg;ggf(nséczgﬁjﬁegcg)j

As mentioned in the Introduction to this chapter,

relatively few examples of pentahapto coordination of

cycloheptatriene to a transition metal have been reported.
All the reported compounds show fluxional behaviour. With
one exception the pathway of metal migration is a (1,2)
shift. The 1y NMR spectrum observed for (ﬂS-C7H7)Re(CD)3,
(9), (60 MHz, acetone-dg, -20°C) is very similar to the
spectrum reported for the manganese analog 4. The resonance
due to the central proton of the metal bound portion of the
ring (Hy) is found at lowest field (8 filz)_ The low
temperature limiting spectrum of 9 was obtained at =20°C.

The reported low temperature limiting spectrum for 4 was

k]

recorded at -47°C (60 MHz, acetone-dg).3> The spectrum of 9

observed at 20°C shows substantial broadening of all the



resonances, with the signal due to H6,7 least affected.
This observation is consistent with a (1,2) metal migration
pathway. Similar results were reported for 4. The
difference in the temperature required for low-temperature
limiting spectra of 4 and 9 leads to the qualitative
conclusion that the activatibn energy for the (1,2) metal
migration is lower in 4 (M = Mn) than in 9 (M = Re).

The rate of (1,2) Re migration in 9 was quantitatively

, . a7 . .
determined at various temperaturés by fitting the observed

13¢ NMR spectra (22.6 MHz, acetone-dg) to calculated spectra
(DNMR3). Rate constants were determined for nine

temperatures between 268° K and 313° K. The minimum

signal :noise ratio was 15:1. The probe tempefature was

calibrated and is constant to + 0.5° (see Experimental

Section). The rate constant¥data are tablated in Table XIV.
Activation parameters for the. (1,2) Re migration cal-

culated from this data are: sn? = 14.8 2 0.2 kcal mol~l,

8s* = -1.3 4 0.7 eu ana aG%y, = 15.1 & 0.3 kcal mol-l.

The reported activation energy for the (1,2) Mn migration in

(n3-CyH7)Mn(CO)3 is 86350 = 14 kcal mol=1.35 The small

difference between these values is of ddbious significance,
S

but seems to confirm the observations on the 1H NMR spectra

of these compounds. A much lower temperature (ca. 30°

lower) was required to observe the low temperature limiting
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Table XIV. Rate Constants for the (1,2) Re migration in 9

T,K klzt (SEEil)
268.0 3 o

278.0 . 8

20
293.0 35
298.0 _ 50
303.0 70
308.0 120

313.0 ‘ 200 .

*One-way rate constant. . .
lH NMR spectrum of the manganese compound.

In the reported 13C NMR study of (n3-CqH5)Mn(CO)3 MO
carbonyl signals were observed, pfébaply due to a
combination of long relaxation times and quadrupole coupling
effects.35 1In contrast to this result for i; the carbonyl
resonances of 9 were readily observed. At low temperatures
(193‘ K), two signals in the ratio 1:2 were observed (22.6
HH;)L As the ge?perature was raised, the signals 'broaden

and coalesce to give a single resonance. Rate constants for



this process were measured by com%?ring the observed spectra
to simulated spectra (DNMR3). The temperature range
investigated was 193° K to 283° K. Minimum signal:noise
ratio was 10:1. Rate constants for the carbonyl écfambling

process are tabulated in Table xv.

Table XV. Rates of CO Scrambling in 9
K k, (sec'l).
193.0 5 | -
203.0 10
213.0 30 ‘
218.0 i 60
223.0 100
253.0 600
263.0 2000
283.0 5000

*Consistent with previous practice, k is defined as a one-

way rate constant.

Activation.parameters for the CO scrambling process

are 8H* = 8.1 4 0.1 kcal 'mo1-1, as* = -12.8 & 0.3 eu

and AG;oo = 12.0 & 0.1 kcal mol-l, Comparison of this value



to AG§00 = 15.1 & 0.3 kcal mol~l calculated for the (1,2) Re
migration process shows that carbonyl scrambling occurs much
more readily than metal migration. This result is a
reversal of the situation ini(n3!C7H7)Re(CG)4; where metal
migration was rapid and carbonyl scrambling was not
observable on the NMR time scale.

~Site exchange of carbonyl groups in tricarbonyl metal
compounds has been observed in a wide variety of
compounds. For example,(ﬁEiC7H3)H(CD)3 (M = Cr, Mo)
exhibits CO scrambling with an¥ = ll—lz‘hcgl mo1~1,186 The
exchange of carbonyl environments in (ﬁ4iCEHE)Ru(CG)3
has AG¥ = 11.6 + 0.2 kcal mol=1,187 7Tne carbonyl scrambling
process observed in 9 has a similar activation energy. A
compound very closely related to 9, (ﬁ5-C7H9)Rg(CQ)3. has
been reported, but no 13C NMR data were obtained for this

compound. 187

N

'] - ’ . i : N
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ge;;iqg V. Expgri@:n:gl
Sengfal

Compounds were prepared as outlined in Chapters II, III
and V. Solvents for NMR studies were dried and degassed
before use. 1In the 13C study of (n3-CsH;)Re(CO)4, a serum-
capped 20 mm NMR tube was employed. The solvent was purged

with nitrogen for 15 minutes. 1In all other cases, 5 mm Or
10 mm NMR tubes were used, with vacuum transfer of
solvents. Three cycles of freeze-thaw degassing were

followed by sealing off under vacuum.

T%@péfﬂtg;éicg}ibfat}én

The temperature calibration of the 5 mm 1y probe of the
WH-400 spectrometer was described in Chapter VI. A similar
.procedure was employed in calibrating the tempera;ufegbi the
20 mm 13cC proble of the WP-200 spectrometer used in the
study of the fluxional process in 8. The calibration was
carried out using bfé‘sfgnnd proton decoupling conditions
identical to those employed iw recording actual spectra, and
- the same solvent. This calibration is only strictly valid
for this solvent, since the amount of iamplg heating caused

¢ by the proton decoupler is dependent on the solvent

dielectric. A linear regression analysis of the data allows



all temperatures in the range of interest to be
extrapolated.

to £ 0.5°C.

Dial

260.000
261.000
262,000
263,000
264,000
265,000
266,000,
'267.000°
268.000
269,000
270.000
271,000
272,000
273,000
274,000
275,000
276,000
277.000
278,000
279.000
280.000
281.000
282.000
283,000
284,000
285,000
286.000
287.000
288.000
289.000
290,000

o

True

261.69
262.62
263,54
264,44
26%5.39
266.31
267.2

268.16
2469.08
270.01
270,93
271,85
272.78
273.70
274,42
275.55
276.47
277.40
278.32
279,24
280.17
281.09
282.01
282,94
283,84
284.79
285.71
286.63
287.54
289.40

Dial
291.000
292.000
293.000
294.000
295.000
296.000
297.000
298,000
299.000
300.000
301.000
302.000
303,000
304.000
305.000
106.000
307.000
308,000
309.000
310.000
311.000
312.000
313.000
314.000

.315.000

316.000
317.000
318.000
319.000

320,000

True
290.33
291.23
292,17
293.10
294,02
294,95
295.87
2946.79
297.72
298,64
299.56
300.49
301.41
302.34
303.264
304.18
305.11
306,03
304.993
307.88
308.80
309.73
310,45
311.57
312.50
313.42
314.34
315.2
3146.19
317.12

[ %]
T

The measured probe temperatures were constant



A
A similar temperature calibration for the Bruker EFf;QD
spectrometer has been carried out by T. Brisbane (22.6 MHz

13¢ spectra were recorded on this instrument). The
temperatures quoted in the tabulations of rate constants are

the true temperatures, constant to & 0.5°C.
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Appendix (Thanks to R. E. D. McClung)

{

In the magnetization transfer experiment, one measures
the z-component of the magnetization in each site i at

thermal equilibrium, M2 and under steady state conditions
i
with the k-th resonance saturated, M: . It is convenient
i
to describe the saturation transferred in terms of the

relative saturation parameters

1

. .
Si = [Mz, Mz.
i i

]/M; ' (1)
since these parameters are readily obtained by normalizing
the integrals in a difference spectrum. It is clear from
eq (1) that Sy = 1 for the resonance which is saturated,
thatgsg“- 0 for sites to which no magnetization transfer
occurs and that, in general, 0 < Si < 1. The relationship
betJeen the relative saturation parameters, Si’ and the
rate constants, kij' for chemical exchanges between the
sites is derived from the Bloch equations modified for

chemical exchange.l For all sites i ¥ k, the appropriate

Bloch equation for M

) © ' ..
+ L k., M =0, (2)
ypi 31z

) [ S
Zi= Zi .24,- z

dt Ty J¥i
-

K. M.
~{1\ji
Jhere kij is the rate of exchange from site i to site jJ
and M: is the steady state magnetizdtion at site i when

i
" resonance k i¥ saturated. At thermal eguilibrium,. N

e .

~/
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kijﬁgi = kji";j . (3)

Therefore

[Hgi g H%ilfili + ] {kji(Hz. - !;j] - kijlﬂil - n;il} =0
| 344 ? : |
(4)
Dividing eq (4)_ by H; and introducing Sy from eq (1),
“i
we obtain

iri
which is a set of simultaneous linear equations in the
rate constants ki.a For an exchange problem involving

]
n sites, there will be n-1 equations which, given measured

values of the S, and Tli' can be solved by standard
meth@ds_z

It is appropriate to illusgrape the application of
eg (5) by considering the 13C saturation transfer in the
Tiiiti%génahgpﬁg—cycl@heptatriEﬁyl fragment. To minimize
confusion, we label the sites a(C, and CS)’ b(C, gﬁd GS).
:(23 and Cl) and d(c7)i If resonance d is saturated,

the relevant linear equations are

Kab (Sp, = Sad + Ky (S, =7S,) + kg(Sq = 5,) = S,/Ty,
Kpa{Sa = 8p) + Ko (S, = 8)) + &y y(Sy = 8)) = Sp/T1p (6)
Kea (S, = 8o) + Koy (Sp = 5,) + k qSq = So) = So/T, i

%

= 1 )



k

k

If the rates of 1-2, 1-3 and 1-4 shifts are represented

by the rate constants klZ’ kli and kl! respectively, one B

can show that

kab - kbg '

n
W
+
”
.
-
]
W
n
»

kac - kca = le + kl! ’ kbd - kdh‘i k;3 ’ (7)
Koo " kep = Kyp Y Ky3 0 Kg " Kge T Ky v

and that eq (6) can be rewritten as

12(8p * Sq = 255) *+ ky3(5, = Sp) + K Sy * S = 25,) = Sa/T1a
'\,‘\' | : o ) 7 |

12(5a * Sg = 28p) + K 3(S. + 8q = 25,) + Ky (S, = Sp) = Sp/Tyy,
- § k. .(S + S = 25) + ( + S. - 28 ) = 4y

1208y = 8) * kyy(s, + 8y - 2850 + Ky (S, + 84 = 25_) = S_/T).

14 "a 4a c’

In this case the number of relative saturation parameters
measured (5, Sp and s.) is equal to the number of rate

constants (k k and k14) 8o that one can solve for

12’ T13
the rate constants in a direct fashion. If there are

to an overdetermined set of gquatiansz would be applied.
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