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Abstract

Reactions of ambident organometallic nucleophiles,
(n3-C7H7)M(CO)3- (M=Fe, Ru, Os) with ditferent transition metal
electrophiles to form cycloheptatrienyl bridged bimetallic compounds have
been studied.

Thus, (n3-C7H7)M(CO)3- (M=Ru, Os) reacted with [M'(CO)4X]>
(M'=*41, Re; X=Br, Cl) to give cis-(u-n3,n4-C+H7)M(CO)3M'(CO)3 where two
metal moietic occupy same fac: of the C7H7 ring with concurrent formation
of a metal- <ctai bcnd. These -esults rurror previous work where reactions o,
(n3-C7H7)Fe(COQ)3" with the same Mn/Re electrophiles afforded cis type
products as well. Interestingly, the reaction of [PhgAs]{(n3-C7H7)Os(CO)3)
with [Re(CO)4Br]2 afforded an unusual cis-(u-n3,n2-C7H7)0s(CO)3Re(CO)4
compound with an uncoordinated double bond in the C7H7 ring.

The metal-dependent nucleophilicity of anions, (n3-C7H7)M(CO)3"
(M=Fe, Ru) was observed in their reactions with [Pd(n3-C3Hs)Cl]2. The iron
anion gave the normal, cycioheptatrienyl bridged cis type complex,
¢'s-(p-n3,n4-C7H7)Fe(CO)3Pc(n3-C3Hs). But in the Ru reaction allyl transfer
occured and (n3-C7H7;Ru(CO)2(n3-C3gHs)and
(1-C7H7)Ru(CO)3Ru/CO)in3-C3Hs) were isolated. No Ru-Pd product was
obtained in this r2action.

Both amt:dent nucleophilicity and subtle electrophilic discrimination
were ohserved in the reactions of (n3-C7H7)M(CO)3- (M=Fe, Ru, Os) with
[Mo(CO;2{CH3CN)a(L)]* (L=n5-CgH7, n°-CsHs). The Fe and Ru reactions
resulted in the exclusive formation of
trans-{u-n4,n3-C7H7)M(CO)3Mo(CO)2(L) (M=Fe, Ru; L=n3-CgH7, n3-CsHs).

But. the Os reactions afforded two types of products, the trans OsMo



compounds and unusual cis compounds without a metal-metal bond,
cis-(p-n4n3-C7H7)M(CO)3Mo(CO)2(L). These complexes are fluxional, but
the rates of metal migration around the C7 ring were slower in the trans
compounds than in the normal cis compounds and the rates decrease as the
metal triad is descended. The metal migration in the trans complexes was
shown to proceed by a series of 1,2-shifts.

The preparation and characterization of the formyl substituted

cycloheptatrieny! anion, [(CHOC7Hg)Fe(CO)3]", were carried out. In the solid
stat2 the C7HgCHO ligand is bonded to the Fe(CO)3 moiety in an n3 fashion.

In solution, however, an equilibrium between two isomeric species was
deduced. The substituted anion also displays versatile reactivities towards
organic electrophiles. The reaction with methyl iodide gave two ring
substituted products, but with trimethylsilyl chloride only trimethylsilyloxy

substituted fulvene compounds w ‘re obtained.
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Chapter 1

Introduction.

1.1. Development of Heterobinuclear Transition Metal

Complexes.

One of the most important developments in the field of heterogeneous
catalysis was the discovery of superior catalytic properties of certain mixed
metal species. These heterometallic catalysts appear much more active,
more selective and more stable than their pure metal components.1-6 it is
believed that the interactions between different metals in these systems play
an important role in the alteration of their catalytic properties.” That is the
reason why today major research efforts are being directed toward
understanding these metal-metal interactions and their relationship with the
unusual behavior of heterometallic compounds.

The catalytic phenomenon has been recognized for a long time since
Davy first reported the flameless combustion of coal gas in the presence of a
platinum wire in 1817.8 However, until now, the detailed understanding of
many catalytic processes is still very limited. A major reason for this is that
most industrial processes are heterogeneous, i.e. the reactants are present
in a phase which is ditferent from the phase of catalysts.® Most catalysts in
these processes are supported metal salts or metal oxides which are
insoluble in most common solvents. Thus it is not easy to apply classical
spectroscopic techniques (such as IR or NMR) to monitor the progress of the

reaction or to detect possible intermediates.



In order to circumvent these difficulties, chemists have turned to
homogeneous model systems, often ciuster compounds, to uncover the
mechanisms of heterogenous catalytic reactions and also to study possible
metal-metal interactions in these systems.10 It is argued that the metal-metal
bonded framework of these clusters resembles the structural characteristics
of heterogeneous multimetallic catalysts, meanwhile the good solubility of
these clusters in common solvents allows a ready access to most classical
spectroscopic methods. In addition, some of the novel clusters may act as
unique catalysts tnemselves. A most recent example is the cluster
compound, Pt3Rug(CO)20(u3-PhCoPh)(uz-H)(u-H) (1).11 The compound
behaves as an unusually active catalyst for the selective hydrogenation of
diphenylacetylene to (Z)-stilbene (Equation 1.1). The catalytic activity of 1 is
both significantly higher and more selective than that of either pure

ruthenium or platinum catalysts.

Ph Ph
1 atm, 50°C \C /
Ph-C=C-Ph 4 H —- [C=C :
+ e Pt3Rug(CO)20(n3-PhCoPh)(H)2 H/ \H (1)
M (Z)-Stilbene
100%

At the other end of the spectrum, the chemistry of simple mononuclear
complexes has attracted the attention of organometallic chemists for over
three generations. The central role of some mononuclear compounds in
homogeneous catalysis has been well recognized.1? In order to relate the
mononuclear compounds to multinuclear clusters, it is noted that dinuclear
complexes can be perfect candidates due to their mid positions between

mononuclear compounds and multinuclear clusters.10d.13 1t is hoped that

5N



fundamental studies of these dinuclear complexes may link the two areas of
mononuclear complexes and multinuclear clusters and therefore provide a
smooth and logical progression in the studies of metal mediated caialysis.
Based on this idea thousands of binuclear compounds have been prepared
and studied.

Ore of the fundamental and well developed strategies for the
preparation of binuclear complexes is to link two metal centers via a bridging
ligand.13 A major advantage of these bridged binuclear compounds is that
by choosing a specific ligand system, it is possible to build model
compounds that resemble postulated intermediates in catalytic processes.
For example, the carbon chain growth in the heterogeneous Fischer-
Tropsch process has been postulated to occur through the combination of a
surface-bound methylene moiety with a surface-bound alkyl group (Scheme
1.1).14 As a result of these postulates, extensive series of hydrocarbon
bridged binuclear compiexes have been prepared and the chemistry of

bridging hydrocarbon fragments has been thoroughly investigated.13a.b

M—M—QQ* ﬁ_ﬁﬂ,Mi\':: + H,O

PR P R Cw\w_ A

M= M—M— M—M— M—M
PHs

( Scheme 1.1)

in the past 20 years thousands of different binuclear complexes with a

broad range of bridging ligand systems have been prepared.10d.13 Among



them binuclear compounds with cycloheptatrienyl (C7H?7) or
cycloheptatriene (C7Hg) as bridging ligands have emerged as interesting
series of compounds and they have been a long standing research interest

of the Takats' research group.

1.2. Cycloheptatrienyl (C7H7) and Cycloheptatriena (C7Hg)
Ligands.

The choice of selecting cycloheptatrienyl (C7H7) or cycloheptatriene
(C7Hg) as a special bridging group is based on the fact that these ligands
are very versatile. They can bond to transition metals in several different
ways, utilizing one to seven carbon atoms. This variable bonding capability
has been clearly demonstrated in mononuclear systems and also promises
ready access to different metal combinations in the same molecule. The
potential of rich derivative chemistry for these binuclear compounds is
apparent.15

A schematic representation of the different bonding modes for
cycloheptatrienyl (C7H7) or cycloheptatriene (C7Hg) ligands in mononuclear
compounds is shown below (Scheme 1.2), utilizing the hapto (n)
designation, a nomenclature first introduced by Cotton.16 What follows is a
brief review of the different bonding modes for cycloheptatrienyl (C7H7) and
cycioheptatriene (C7Hg) ligands. This review is not intended to be
exhaustive but to provide only a brief overview of the preparation, some
structural characteristics and reactivity trends of different coordination modes

for the cycloheptatrienyl (C7H7) and cycloheptatriene (C7Hg) complexes.
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1.2.1. Complexes with an n1-C;H7 Ligand.

The most obvious route to a compound containing an n1-C7H7 ligand
is the reaction of a tropylium cation with a nucleophilic transition metal
center. However, due to the mild oxidizing nature of the tropylium cation,

these reactions normally result in oxidized transiticn metal anions and

ditropyl, (C7H7)2 (Equation. 1.2-1.4).17-18

2 Na[(n®-C;Hs)Cr(CO)g]—252HB [(15.CoH5)Cr(CO)slo + (C7H7)2 (1.2)

2 3
2 Na[Mn(CO)s]+ 2 C;H,Br = Mn,(CO)yo + (C7H7)2  (1.3)
4
C-H+|BF
2 [Na(diglyme),]V(CO)s — 0 ¢ o y(CO)s+ (CrH7z  (14)
6 7

The failure to isolate n'-cycloheptatrienyl complexes had been

attributed to a combination of ready electron transfer from the anionic



complexes to tropylium, followed by immediate coupling of tropyl radicals to

give ditropyl, and to the weakness of the metal-carbon ¢ bond in these

monohapto-cycloheptatrienyl cocmplexes. Thus, for a long time no
n'-cycloheptatrienyl transition metal comptex had been reported.20

In 1979, Heinekey and Graham first reported a series of stable
n'-cycloheptatrienyl complexes.21-23 [nitially, in order to avoid possible
electron transfer, the acyl complex, (n1-C7H7CO)Re(CO)s (8) was prepared.

Photochemical decarbonylation of 8 successfully afforded the monohapto

cycloheptatrienyl rhenium complex, (n1-C7H7)Re{CO)s (9) (Scheme 1.3).

Surprisingly, it was later discovered that the reaction of Na[Re(CO)s] (10)
with [C7H7]{BF4] also directly yields the same n1-complex in 90% isolated
yield. Complex 9 is fluxional and the metal moiety migrates rapidly around
the C7H7 ring. Spin-saturation-transfer (SST) experiments have confirmed

that the metal migration occurs via a series of 1,2-shifts.22

Q@ 0
Na[Re(CO)sl + C7H7 -C-Cl M @ Re CO)S

8 hy > Re(CO)s
-78°C, acetone

( Scheme 1.3)

1.2.2. Complexes with an n2-C7Hg Ligand.

Only a few n2-cycloheptatriene complexes are known. Pauson and
coworkers first detected an n2-cycloheptatriene intermediate by infrared

spectroscopy in the synthesis of (n6-C7Hg)Mn(n5-CsHs) (11).24 Later, the



n2-complex, (n2-C7Hg)Mn(CO)2(n5-CsHs) (12) was isolated as a yellow
crystalline solid from the reaction of [(n3-CsHs)Mn(CO)2(THF)] with
cycioheptatriene (Equation 1.5).25 Its 13C NMR spectrum indicated that the
cycloheptatriene ligand was coordinated through a double bond adjacent to

the ring methylene carbon.

(n5-C5Hs)Mn(CO)s — 25— [(n°-C5Hs)Mn(CO)o(THF)]
(1.5)

[(n5-CsHs)MN(CO),(THF)] -MT—S’JFﬁa-— (n2-C,Hg)MN(CO),(n°-C5Hs)
i 12

More recently cationic n2-cycloheptatriene complexes of Fe and Re
were prepared but by two rather different routes. The "classical" halide

abstraction method was used by Reger et al..26 Treatment of

[(n5-CsHsg)Fe(CO)2][BF4] (13) with C7Hg afforded the cationic n2-olefin
complex, [(n5-CsHs)Fe(CO)2(n2-C7Hg)][BF 4] (14) (Equation. 1.6).

(n%-CsHs)Fe(CO)pl —oStom [(n-C5Hs)Fe(CO),(BF.]

CH2Cl2
13 (1.6)

13— [(n2-C;Hg)Fe(CO),(n°-CsHs)IIBF ]
14

On the other hand, the unusual reaction, insertion of the
electrophilic tropylium ion into a metal-hydride bond to give the stable
complex, [(n2-C7Hg)Re(CO)(NO)(nS-CsHs)][BF4] (15) was reported by

Sweet and Graham (Scheme 1.4).27
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( Scheme 1.4)

Although not strictly following the definition of this section, it is still
worthwhile to mention an interesting recent example where the
né-cycloheptadienyne and the n2-tropyne ligands are stabilized by a Pt
center.28 Reaction of a mixture 1-, 2- and 3-bromocycloheptatrienes with
Pt(PPh3)3 in the presence of LDA led to the cycloheptadienyne complexes
16 and 17 in a ratio of 8:1. Hydride abstraction from the mixture of 16 and
17 witt [(Ph3C][BF4] gave the tropyne complex 18 as red, air stable crystals
(Scheme 1.5). As shown in scheme 1.6, the tropyne complex 18 is relatively

inert to most of shown reagents.28

B | I
r Pt(PPhs), PY{(PPh3),
16 A7
.
]
Pt(PPhs),
18

( Scheme 1.5)
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1.2.3. Complexes with an n3-C7H7 Ligand.

A series ot n3-C7H7 complexes has been prepared.2® The common
characteristic of these complexes is that the cycloheptatrieny! ligand bonds
to a metal center via an allyl moiety and leaves the diene part
uncoordinated, which can be further utilized to bond to another metal
center.30 The typical geometry of an n3-cycloheptatrienyl ligand is
demonstrated by the solid state structure of (n3-C7H7)Mo(CO)2(n5-CsHs)
(19) (Figure 1.1).31In this structure the seven membered ring is not planar
but folded, the dihedral angle between the allyl and diene parts is 143°.

Another interesting feature of these n3-C7H7 complexes is the highly
fluxional C7H7 ring.32.33 Thus, at room temperature, the metal moiety rapidly
rearranges on the C7H7 ring of (n3-C7H7)Mo(CO)2(n5-CsHs) (19) and its TH
NMR spectrum shows a single, time averaged signal for the C7H7 ring. The
ring whizzing can be stopped at -110°C and gives four well-separated

peaks in a ratio of 2:2:2:1. This is consistent with the above solid state



structure which has Cg symmetry with a mirror plane through the C7H7 ring
(Figure 1.1). Line shape analysis of the variable temperature 'H NMR
spectra suggested that the principle pathway for metal migration in 19 is the

1,2 shift.33

Cp3

Cp2

Figure 1.1 Molecular structure of (n3-C7H7)Mo(CO)z(n5-CsHs) (19).

It is noteworthy that a second dynamic process in this complex has
also been identified by variable temperature IR spectroscopy. At room
temperature there are four CO stretching bands due to the terminal CO
ligands (1970, 1961, 1914, 1899 cm-1). At -60°C two of the four bands
disappear (1970 and 1914 cm-1). The explanation of this observation is an

equilibrium between two isomers (exo -A and endo-B), which is caused by

10



the different orientations of the C7H7 ring with respect to the CsHs ring

(Scheme 1.7).33a

Mo Mo \
oc// S oo// ~
oC oC

7,
exo-A 7 endo -B

( Scheme 1.7 )

Other interesting n3-C7H7 complexes are (n3-C7H7)M(CO)3" (20)
(M=Fe a, Ru b, Os ¢),34.35 which are also the main subjects investigated in
this thesis. Their formation is another excellent example of a very reactive
organic ligand stabilized by a transition metal moiety. Due to its antiaromatic
nature, the free anion (C7H7)" is rather unstable and consequently very
difficult to prepare.36 In contrast, the metal anions, (n3-C7H7)M(COQ)3- (20)
(M=Fe a, Ru b, Os ¢) can be easily prepared by deprotonation of
(n4-C7Hg)M(CO)3 (21) (M=Fe a, Ru b, Os ¢).

There are two bonding alternatives for the anions (Scheme 1.8) and
both satisfy the 18-electron rule.37 In structure C the M(CQO)3 moiety bonds
to an n4-diene unit with the negative charge formally localize? on the ally!
part of the CyH7 ring. Structure D corresponds to (n3-ailyl)M(CQO)3- where
the metal fragment formally carries the negative charge while the diene

fragment remains uncoordinated.



M(CO)5

nt-c n3-D
M = Fe, RU. Os

( Scher. 1.8)

X-ray crystallographic studies of ¢ “hree metal anions have revealed
that the n3 form is the preferred bonding mode in the solid state (Figure
1.2),340.35

The C7H7 ring of the anion 20 is fluxional as well. The low
temperature limiting TH NMR spectrum of 20¢ can be obtained at -110°C
and consists of four peaks in the intensity ratio of 2:2:2:1. The chemical shifts
of two peaks, which represent four protors, are in the free diene range. This
indicates that in solution the n3-D form is also the dominant structure.35
These results are in accord with molecular orbital calculations which
predicted the n3-D form to be slightly more stable than n4-C form. The
energy difference between the two bonding modes is only ~14 kJ mol-1.37

The anions, (n3-C7H7)M(CO)3- (20) (M=Fe a, Ru b, Os ¢) behave as
mild nucleophiles with interesting ambident reactivity, and both ring and
metal substituted products have been observed. These aspects will be fully

discussed in the following chapters.

1.2.4. Complexes with an n4-C7Hg Ligand.

Because the M(CO)3 (M=Fe, Ru, Os) moieties have a strong
tendency to coordinate to conjugated dienes,38 it is not surprising that

most n4-cycloheptatriene complexes contain a group 8 metal.

12



Figure 1.2 Molecular structures of (n3-C7H7)M(CO)3" (20) (M=Ru b, Os c)

13



The complex, (n4-C7Hg)Fe(CO)3 (21a) is a yellow liquid at room
temperature. It is prepared by heating a toluene solution of cycloheptatriene
and Fe(CO)s under reflux.39 The analogous ruthenium complex, (n4-
C7Hg)Ru(CO)3 (21b) was first reported by Domingos et al.403 and Bau et
al.,400.41 put the preparations were either inconvenient or gave 21b in very
low yields A modified method, which involved photolysis of Ruz(CO)42 and
excess of cycloheptatriene in benzene at 70°C, gave an 80-85% isolated
yield of (n4-C7Hg)Ru(CO)3 (21b).42 The Os complex 21c can be prepared
in a similar fashion. However, due to the poor solubility of Os3(C0Q)42 in
hydrocarbon soivents, the preparation scale is limited to only 300 mg at a
time 43

The structural features of all three complexes are very similar. Their IR
spectra show the characteristic stretching pattern of an M(CO)3 group
coordinated to an n4-diene moiety, three strong bands, two of which are
closely spaced (2050, 1989, 1975 cm-1 for Fe(CO)3). The uncoordinated
C=C double bond stretch occurs around 1660 cm-1.39

The 1H and 13C NMR spectra show seven distinct resonances for the
C7Hg ring which clearly establish that the molecules are static on the NMR
time scale.32.40b The chemical shifts of bonded diene fragment experiences
significant upfield shifts from that of the free ligand and the chemical shifts
also roughly increase in the order of Fe<Ru<Os (Table 1.1). The latter most
probably reflects the strength of the interaction between the M(CO)3 moiety
and CsHg ring, which is expected to increase in the same order.

The derivative chemistry of (n4-C7Hg)M(CO)3 (21) (M=Fe a, Ru b, Os ¢)
is rich. Reactions can occur either at the CyHg ring or at the metal center.
This thesis focuses on the deprotonation of compound 21 and the reactions

of formed anions with different electrophiles.

14



Table 1.1 'H NMR data of free C7Hg and (n4-C7Hg)M(CQ)3 (21)
(M=Fe a, Rub, Os ¢).a.b

Free Fe Ru Os

C7Hs _
H1 5.28 3.3 3.25 2.75
H2 6.12 5.4 5.4 4.6
H3 6.55 5.4 5.45 4.7
H4 6.55 2.9 3.15 2.75
H5 6.12 5.7 5.8 5.7
H6 5.28 5.2 5.0 4.9

H7/H7' 2.20 2.3-25 2.0-2.2 1.6/0.9

achemical shifts in ppm from TMS. Y signals are multipiets.

3
/7 i 1

M(CO), 2
M =Fe, Ru, Os

Cycloheptatriene is a very weak acid with an estimated pKa of 3636
and its deprotonation is very difficult. On the other hand, attachment of an
M(CO)3 moiety leads to enhanced acidity of a C7Hg ring. Also, the resulting
C7H7- anion is stabilized by the M(CC)z moiety. Therefore
(n3-C7H7)Fe(CO)3 (20a) can be easily prepared by the deprotonation of
(n4-C7Hg)Fe(CO)3 (21a) with a variety of strong bases (Equation 1.7).34

In contrast to (n3-C7H7)Fe(CO)3- (20a), the preparation of the

analogous Ru anion requires considerably more care. Although the

15



deprotonation of (n4-C7Hg)Ru(CO)3 (21b) with KO!Bu proceeds rapidly and
gives exclusively the desired anion, the reactions with KH or NaN(SiMes)2
result in a mixture of mono- and dinuclear anionic species,

[(C7H7)Ru2(CO)s]-.42

Base

n*-C7HgM(CO); — 3¢ n%-C/HM(CO)y™  (1.7)
yellow red
21 20

M= Fe Base = KH, NaN(SiMe3),, Buli, KO'Bu
Ru KO'Bu
Os KO'Bu

It appears that KO'Bu is also the only reagent for cleanly
deprotonating (n4-C7Hg)Os(CO)3 (21c). The resulting anion,
(n3-C7H7)0s(CO)3" (20c¢) is the strongest base in the series.43 This is
reflected by the high sensitivity of 20¢ toward protic solvents and the
deprotonation equilibrium is temperature dependent. Low temperature
favors the neutral, protonated form 21c. Attempted deprotonation of
(n4-C7Hg)Os(CO)3 (21¢) by other strong bases was not successful.
Treatment of 21¢ with Buli gave a carbonyl attacked product,
Li[(n4-C7Hg)Os(C0O)2(COBuU)] (22) (Scheme 1.9).43 It appears that the
decreased acidity of (n4-C7Hg)Os(CO)3 (21¢) renders the carbonyl ligands
the preferred site for a nucleophilic attack. Actually, nucleophilic attack of
BuLi at carbonyl groups of Os and Ru clusters leading to stable acyl anions

has been reported aiready. 44

16
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1.2.5. Complexes with an n5-C7H7 Ligand.

A typical neutral complex with an n5-C7H7 moiety is the complex,
(n3-C7H7)Mn(CO)3 (23). The compound was prepared by low temperature
decarbonylation of (C7H7CO)Mn(CO)s (24) (Scheme 1.10).45

Complex 23 is fluxional. At 88°C the 'H NMR spectrum displays only
a time-averaged singlet for the C7H7 ring protons. On lowering the
temperature the sharp signal broadens. The low temperature limiting
spectrum is obtained at -48°C and shows four peaks in a ratio of 1:2:2:2
(3.53, 4.70, 5.42, 7.10 ppm). This is consistent with Cg molecular symmetry.
Comparison of experimental and simulated spectra established that the

rearrangement occurs through 1,2 metal shifts.45b

- @)
Mn(CO
- -68°C
Mn(CO)g

24 23

( Scheme 1.10)



Anuther interesting n5-C7H7 complex is the cationic
[(n3-C7H7)Fe(CO)3)* (25), which is isoelectronic with (n5-C7H7)Mn(CO)3
(23). The cation was prepared by protonation of (n4-C7H7OCH3)Fe(CO)3
(26) with HBF4 (Scheme 1.11).47 Hydride abstraction from
(n4-C7Hg)Fe(CO)3 (21a) with [Ph3C][BF4] is not a viable synthetic route

since only electrophilic addition of [Ph3zC]* to the C7Hg ring is observed.

+
Feo(CO
2800 OCH, —HBFs aF
r (BOA)Fe(CO)3 / 4

Fe(CO Fe(CO);
26 25
( Scheme 1.11)

The fluxional behavior of cation 25 is similar to that of the neutral Mn
complex 23 except that the metal migration is more facile (T¢=-50°C, E;=46
kd mol-?! vs Tc=+20°C, E3=63 kJ mol1in 23). Based on detailed
photoelectron spectroscopic studies and molecular orbital calculations,
Whitesides et al. concluded that the differences are related to the extent of
back-bonding from metal to the ring. An increase in back-bonding to the
C7H7 ring results in an increase in the energy barrier to metal migration, and
hence the cationic iron complex 25 with less back-bonding leads to a faster

rate of rearrangement.45b

1.2.6. Complexes with an n6-C;Hg Ligand.

The classical n6-C7Hg complexes are those containing group 6

transition metals, (n6-C7Hg)M(CQ)3 (27) (M=Cr a, Mo b, W ¢). Indeed,

18



(n6-C7Hg)Mo(CO)3 (27b) was the first metal complex containing a
cycloheptatriene ligand.48 The complexes, (n8-C7Hg)M(CO)3 (27) (M=Cr a,
Mo b, W ¢) can be prepared by heating M(CO)g in pure cycloheptatriene or

in high boiling solvents under reflux (Scheme 1.12).48

heat

M(CO)G + C7H8

M=Cr, Mo, W M(CO)s

( Scheme 1. 12)

The molecular structure of the molybdenum complex 27b is shown in
Figure 1.3. The complex has approximate Cs symmetry and the mirror plane
passes through the molybdenum atom, one carbonyl and the methylene
group of the C7Hg ring. The cycloheptatriene ring is not planar, as the CH»2
group deviates from the plane of the remaining six carbon atoms by about
0.67 A .49

The properties of (n6-C7Hg)M(CO)3 (27) (M=Cr a, Mo b, W c) have
been investigated in great detail. It was found that the Cr and Mo complexes
readily undergo thermal 1,5 hydrogen shifts. The rearrangement of
7-substituted (n6-C7H7R)Cr(CO)3, which resulted only in an exo-R but not an
endo-R isomer, demonstrates that only endo-hydrogen participates in the
rearrangement (Scheme 1.13). Although a transition state involving the
hydride intermediate E was originally suggested, the stepwise formation of
substituted compounds and the stereospecifity of the shifts favour

intermediate F.50
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Figure 1.3 Molecuiar structure of (n6-C7Hg)Mo(CO)3 (27b).

M = Cr(CO),
2
—H M- By
I\ N
¢o coCO &0 &oco
E F

( Scheme 1.13)

One of the important applications of (n8-C7Hg)Mo(CO)3 (27b) is its
usage as a source of Mo(CO)3 group. The ready substitution of the C7Hg

ligand by other neutral ligands and the almost exclusive formation of a fac-



isomer make using 27b in many cases the best preparative method for

fac-[Mo(CO)3L 3] (28) (L = amines, phosphines, arsines, stibines, thioethers,

etc.).51
Another important reaction of (n6-CyHg)Mo(CO)3 (27b) involves the

facile hydride abstraction from the C7Hg ring. The obvious driving force for
this reaction is the formation of the stable aromatic n7-tropylium cation.32
The properties and reactions of the cationic n7-tropylium complexes will be
discussed in the following section.

Beside n6-C7Hg group 6 metal complexes, other metals can also
bond to cycloheptatriene in an né-fashion. The displacement of all three
carbony! groups in (n5-CsHs)Mn(CO)3 by a C7Hg ligand gave
(n6-C7Hg)Mn(n5-CsHg) (11).24 The crystal structure of the
(n5-CH3CgsH4)Mn(n8-exo-7-PhC7H7) (29) has also been described.52 The
late transition metal complex (n6-C7Hg)Ru(n4-CgH12) (30) has been
prepared from the reaction of Ru(COD)(COT) (31) with CHT under a

hydrogen atmosphere.53
1.2.7. Complexes with an n7-C7H7 Ligand.

As mentioned before, hydride abstractior from (n6-C7Hg)M(CO)3 (27)
(M=Cr a, Mo b, W c) affords the caticnic complexes (n7-C7H7)M(CO)3+
(32).32 The 'H NMR spectrum of [(n7-C7H7)Mo(CO)3][BF4] (33b) shows
only one sharp singlet for the C7H7 ring which indicates fast rotation of the
C7Hy7 ring in this molecule.

The planarity of the CsH7 ring has been confirmed by an X-ray
structural investigation (Figure 1.4).54 The Mo-CO distance (2.032 A) is the
longest found for Mo(CO)3 complexes. On the other hand, the Mo-Cring
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distance (2.314 A) is correspondingly one of the shortest so far found in
molybdenum-aromatic ring compounds. Therefore the interaction between
the metal and the C7H7 ring must be strong and the Mo-CO bond is
relatively weak. These structural properties lead to characteristic reactivities

of these cationic compounds.

Figure 1.4 Molecular structure of [(n7-C7H7)Mo(CO)3][BF 4] (33b).

The chemistry of the complex (7-C7H7)Mo(CQO)3+ (32b) has been
studied extensively. Both ring and metal moieties are reactive.1® The weak
metal-carbonyl bond leads to ready substitution of one carbonyl group by
another neutral ligand (Scheme 1.14).55 This reaction opens a synthetic

route to otherwise inaccessible L-substituted complexes
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(n€-C7Hg)Mo(L)(CO)2 (35) by borohydride reduction of the resulting cation,
[(n7-C7H7)Mo(L)(CO)2]* (34).56

F@ 1+ =~ T+ i 1+
l
e N -CO @
Ny —_—
| Mo(L)(CO),

32b 33 34

( Scheme 1.14)

The typical ring reaction is nucleophilic attack on the CyH7 ring. Both
neutral and anionic nucleophiles can react with (n7-C7H7)M(CO)3+ (32)
(M=Cr, Mo, W) to give substituted né-cycloheptatriene derivatives. Treatment
of (n7-C7H7)Mo(CO)3+ (32b) with phosphines affords the ring substituted
phosphonium salts [(n6-C7H7PR3)Mo(CO)3][BF4] (36).57 But excess of
phosphines leads to fac-[M(CO)3(PR3)a] (37) (M=Mo, W) (Scheme 1.15).58

+ H1*
fac-Mo(PRg)y(CO)y 8. —PRa o C
excess / /

37 Mo(CO)s Mo(CO)
32b 36
( Scheme 1.15)

Ambident reactivity has been observed in the reactions of
(n7-C7H7)M(CO)a+ (32) (M=Cr, Mo, W) with anionic nucleophiles (Scheme
1.16). For example, the reactiun of [(n7-C7H7)Mo(CO)3+] with (CH3)3CMgBr



gave the corresponding ring substituted exo-!Bu complex.59 A kinetic
investigation, using methoxide or acetylacetone as nucleophiles, suggested
that the reaction occurs via direct addition to the tropylium ring. On the other
hand, metal attacked products, (n7-C7H7)MX(CO)2 (39) were obtained from
the reactions of (n7-C7H7)M(CO)3+ (32) (M=Cr a, Mo b, W ¢) with NaX.60
The formed dicarbonyl compounds are useful starting materials for the
synthesis of n7-cycloheptatrienyl dicarbonyl derivatives. Interestingly, it
seems that such ambident reactivity is a characteristic property of C7H>7
complexes because in following chapters such behavior will also be
observed with the anions, (n3-C7H7)M(CO)3- (20) (M=Fe a, Ru b, Os ¢).

R
ol
Nax R
-CO / /
MoX(CO), Mo(CO), Mo(CO),
39 32b 38
X=Cl, Br, | ( Scheme 1.16) R=H, OCH,3, SH, t-Bu

1.3 Cycloheptatrienyl Bridged Heterobimetallic Complexes.

In the preceding pages the variable bonding capability of the
cycloheptatriene (C7yHg) and cycioheptatrienyl (CyH7) ligands to
mononuciear metal fragments, MLp, has been clearly demonstrated. The
ligands also have the ability of bridging two metals together to give a variety
of bimetallic complexes. A potential advantage of using these ligands as
bridging groups is the possibility of producing unsaturated metal sites via

ring slippage in these bimetallic complexes, that is via changes of the
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bonding mode of the u-C7Hg or u-C7H7 moieties. Since coordinatively
unsaturated species are highly reactive, the variable bonding capability of
these ligands promises rich derivative chemistry.

The first cycloheptatriene bridged binuclear complexes were
homobimetallic complexes which were obtained from the reactions of

cycloheptatriene with the respective di- or polymetallic carbonyl compounds

(Scheme 1.17).81

Fey(CO) + C;Hg — @

CO)3Fe-— Fe CO)s

40
( Scheme 1.17)

Later, the cycloheptatrienyl bridged dirhodium complex was prepared
by abstraction of a hydride from a coordinated cycloheptatriene ligand in

CH2Clo, as illustrated in scheme 1.18.62

+
CHxCl
CpRh— RhCp CpRh— RhCp

42
41 ( Scheme 1.18)

The first cycloheptatrienyl bridged heterodinuclear complex was
reported by Cotton et al. in 1969. The Fe-Mo complex was prepared by
photochemical reaction of (n3-C7H7)Mo(CO)2(n>-CsHs) with Fe(CO)s or

Fea2(CO)g. Spectral data and X-ray crystallography confirmed the
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trans-(u-n3,n4-C7H7) structure for this compound, in which
(n5-CsHs5)Mo(CO)2 and Fe(CO)3 fragments are bonded to opposite faces of

the C7H7 ring with n3- and n4- bonding modes, respectively (Scheme

1.19).30
;
Fey(CO RN
/I\{lo\ €(CO)g _ OC/ \ ?(- |
oC hv ocC
ocC — \
19 43 Fe(CO)y

( Scheme 1.19)

it was also found that the complex is fluxional. At room temperature
the TH NMR spectrum showed only one broad signal for the C7H7 ring.
Upon lowering the temperature the peak broadened. The low temperature
limiting spectrum was reached at -50°C and gave four peaks in a ratio ot
2:2:2:1, consistent with Cg molecular symmetry. Line shape analysis
suggested that the rearrangement proceeds by a 1,2 or a mixture of 1,2 and
1,3 metal shifts.30

In 1976 Bennett et al. reported, for the first time, a different strategy to
synthesize cycloheptatrienyl bridged heterobimetallic complexes.83 In this
route a metal anion, (n3-C7H7)Fe(CO)3- (20a) was reacted with transition
metal carbonyl halides to give C7H7 bridged heterobimetallic complexes.
Interestingly, the products of these reactions exhibited a cis arrangement of
two metal moieties with a metal-metal bond (Scheme 1.20), different from

above trans FeMo complex 43.
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(CO),Fe — Rh CO),

44
( Scheme 1.20)

The method has proved versatile and provided a series of
cycloheptatrienyl bridged heterobimetallic complexes,
cis-(u-C7H7)Fe(CO)3M'Lp (M'= Rh, Ir, Mn, Re, Pd; L= CO, olefin).62-64
Recently, by using the analogous Ru and Os anions, (n3-C7H7)M(CO)3- (20)
(M=Ru b, Os c), the corresponding Ru/Os-Rh/Ir complexes have also been
synthesized.42.43.65

A noteworthy feature of this method is the retal-dependent reactivity
of the anions. Thus, the reactions of Fe and Ru anions with transition metal
halides always yielded cis type products, but the Os anion gave both cis and
trans compounds (Scheme 1.21).66

A most distinct characteristic of these cycloheptatrienyl bridged
heterobimetallic complexes is the whizzing of the C7H7 ring, but, the speed
of rotation is very different between cis and trans type compounds. For
instance in cis-(u-C7H7)Fe(CO)3Rh(CO)2 (44) the rotation of the C7H7 ring
could not be frozen out even at -1640C.63 However, the related

trans-(u-C7H7)Os(CO)3Rh(COD) (45) has a coalescence temperature of
-500C .66
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[ @ + [M"(COD)Cl ],
[ \M(CO),

M=Fe, Ru M=Os

(COD) M— M(CO)3 (co>305

( M=Fe, Ru, Os; M"=Rh, Ir) (M"=Rh, Ir)
( Scheme 1.21)

Although most cycloheptatrienyl bridged heterobimetallic complexes
have a coordinatively saturated CyH7 ring, very recently Airoldi et al.
prepared cis-(u-n3,n2-C7H7)Fe(CO)3Pd(n5-CsHs) (46) which has a free
double bond in the C7H7 ring. The (u-n2,n3-C7H7) structure has been

confirmed by X-ray crystallography (Figure 1.5).67

)
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c® N\ c@
\5,7(\1/(%0(6) Ci“‘)/ ).
&N . Y
/> et ; Jcaa)
<40 on)

Figure 1.5 ORTEP drawing of (u-n3,n2-C7H7)Fe(CO)3Pd(n3-CsHs) (46).



Complementing the above synthetic routes, nucleophilic attack on an

electrophilic tropylium complex can also afford u-CyHyz bridged
heterobimetallic compounds. Muller et al.68 and Beddoes et al.69 treated the
cationic tropylium complex, (n7-C7H7)Mo(CQ)3+ (32b) with Na[Re(CO)s]
(10) or K[Ru(CO)2(n5-Cs5Mes)] (47) and obtained
(b-nén?'-C7H7)Mo0(CO)3Re(CO)s5 (48) and
(u-n8n1-C7H7)Mo(CO)3RuU(CO)2(n5-CsMes) (49) (Scheme 1.22). Both

compounds are fluxional as well.

KI[Ru(CO),(n°-CsMes)] .
[(n7-C7H,)Mo(COMJ* + { a7 — &

32b Na[Re(CO)s] Mo(CO)
10

( R=Re(CO)5 48, Ru(CO),M>-CsMes) 49)

( Scheme 1.22)

1.4. Further Reactions of the Anionic Complexes,
(n3-C7H7)M(CO)3" (M=Fe, Ru, Os), with

Electrophiles: Scope of the Thesis

It has been demonstrated that the anionic complexes
(n3-C7H7)M(CO)3" (M=Fe, Ru, Os) are effective starting materials for the
formation of C7H7 bridged heterobimetallic complexes. However, the
metal-dependent reactivity and electrophilic discrimination of these anions
are far from being understood. Clearly, in order to rationalize the variable

reactivities, more information about the reactions of the anions is desirable.
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In this thesis the reactions of (n3-C7H7)M(CO)3" (20) (M=Fe a, Ru b, Os ¢)
with a range of metal electrophiles have been carried out. It was found that
reactions of 20b and 20c¢ with group 7 halides gave only cis-C7H7 ring
bridged Ru/Os-Mn/Re complexes. The complex,
cis-(u-n3,n2-C7H7)0s(CO)3Re(CO)4 (50) was detected in the reaction of
(n3-C7H7)0s(CO)3- (20¢) with [Re(CO)4Br]2. The detection of this complex is
helpful to understand the formation of cis-C7H7 ring bridged Ru/Os-Mn/Re
complexes.

The reactions of 20 with (n5-CgH7)/(n5-CsH5)Mo(CO)o+
(CgH7=indenyl, CsHs=cyclopetadienyl) have been carried out. Surprisingly,
in all three cases trans type products have been produced. The osmium
anion again proved to be the exception and gave two products, the trans
compound and a cis compound without a metal-metal bond. The reactions
again demonstrate that the nature of the electrophiles is very important for
the outcome of the reactions.

The reaction of Fe anion 20a with [Pd(n3-C3Hs)Cl]2 gave a normal
cis-FePd compound. But the reaction of the Ru anion resulted in allyl transfer
and gave (Mn3-C7H7)Ru(CO)2(ns-C3Hs) and
(1-C7H7)Ru(CO)3Ru(CO)(n3-C3Hs), another example of the nucleophilic
metal-dependence.

Finally, with a view to utilizing the anionic complexes iri organic
synthesis, the deprotonation of the functionalized derivative,
(n4-C7H7CHO)Fe(CO)3 was carried out, and the reactions of the anion,

[(n3-C7HECHO)Fe(CO)3] with CH3l and Me3SiCl were investigated.
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Chapter 2.

Synthesis and Spectroscopic Characterization of
cis-(u-C7H7)M(CO)3M'(CO)3 (M=Ru, Os; M'=Mn, Re)

2.1. Introduction.

As mentioned in chapter one, the reactions of the ambident
organometallic anions, (n3-C7H7)M(CQ)3- (M=Fe 1a, Ru 1b, Os 1¢) with
transition metal electrophiles have exhibited interesting metal-dependence.
The reactions of 1a and 1b with [M"(COD)Cl]2 (M"=Rh, Ir;
COD=1,5-cyclooctadiene) lead to the formation of cis type products,
cis-(u-C7H7)M/M" (M"=Rh, Ir), which have the two metal moieties occupying
the same face of the C7H7 ring. In these compounds the two metal units are
joined by a metal-metal bond (Scheme 2.1).1-3 However, the reactions of 1¢
with [M"(COD)Cl}]2 (M"=Rh, Ir) unexpectedly gave
trans-(u-C7H7)Os(CO)3M"(COD) (M"=Rh, Ir), where two metal fragments
occupy opposite sides of the bridging C7H7 ring (Scheme 2.1).4 The trans
compounds appear as the kinetic products and easily convert to
thermodynamically more stable cis compounds. The driving force for this
isomerization is presumably the saturated 18 electron configuration of the
Rh/Ir centers in the cis compounds, compared to the 16 electron Rh/ir
centers in the trans arrangement.

The rationale for such variable reactivity of anions 1 has, for a long
time, been attributed to the possible existence of two alternative structures
(n3-A and n4-B) (Scheme 2.2).5 Formally, the location of the negative

charge is very different in these two structures, at the metal atom in n3-A and
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on the C7H7 ring in n4-B. Hence electrophilic attack is expected to occur at
the metal center in n3-A to give metal-metal bonded bimetallic compounds,

or at the ring carbon in n4-B to afford ring substituted products.

+ [M"(COD)CI
\M(CO),

M=Fe, Ru Ws, LT
O——CF
9]
N

(COD)M'—— M (CO)y; (COXOs
( M=Fe, Ru, Os; M"=Rh, Ir) (M"=Rh, Ir)
( Scheme 2.1)

e & T
M(CO)

T]s'A .n4_B
( M=Fe, Ru, Os )

( Scheme 2.2)

However X-ray crystallography has revealed that the solid structures
of all three anions 1a-1¢, irrespective of the metal, conform to the n3-A
bonding mode.® Also, variable temperature 1TH NMR studies of the Os anion

indicated that even in solution anion 1c takes an n3-A bonding form as its



ground state structure.® These experimental observations are also
consistent with the results of extended Hickel MO calculations which
indicates that the n3-A form is slightly more stable than the n4-B form.7 Thus
the variable reactivity of the anions may just reflect the relative amount of the
negative charge distributed between the metal center and the n3-CyH> ring
as the metal center is changed. This is supported by the 13C chemical shift
trend of the C7H7 ring (3¢c,H, 1a, 95.2; 1b, 92.8; 1c, 89.0 ppm, all in THF-
dg)8. The upfield shifts of the C7H7 ring signal of 1¢ implies that electron
density on the C7H7 ring in 1¢ is higher than in the other anions. Hence
reactions of 1¢ may favor ring attacked, trans type products.

In order to further probe this metal-dependent reactivity, and with the
hope of producing more trans type products to give further support to the
above nucleophilic trend, it was decided to react the anions,
(n3-C7H7)M(CO)3- (M=Ru 1b, Os 1¢) with [M'(CO)4X]2 (M'=Mn, Re). We
reasoned that if trans-(u-C7H7)M(CO)3M'(CO)4 (M=Ru, Os; M'=Mn, Re) were
formed, they, as opposed to trans-(u-C7H7)Os(CO)3M"(COD) (M"=Rh, Ir),
should be more stable because of the 18 electron, closed-shell configuration
of both Ru/Os and Mn/Re centers. However, as will be seen, only cis type
compounds were obtained from these reactions.

This chapter describes the preparation and spectroscopic
characterization of cis-(u-C7H7)M(CO)3M'(CO)3 (M=Ru, Os; M'=Mn, Re)
(2-5). Comparison with the analogous compounds,
cis-(u-C7H7)Fe(CO)3zM'(CO)3 (M'=Mn 6, Re 7) will be made as well. In
addition, in the reaction of [PhsAs][(n3-C7H7)Os(CO)3] with [Re(CO)4Br]2
another minor product, cis-(u-C7H7)Os(CQO)3Re(CO)4 (8) was detected. The

structure of 8 was probed by variable temperature 'H NMR spectroscopy.
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2.2. Results and Discussion.

2.2.1. Reactions of (n3-C7H7)M(CO)3" (M=Ru, Os) with
[M'(CO)4sX]2 (M'=Mn, Re; X=Cl, Br).

Addition of K[(n3-C7H7)M(CO)3] (M=Ru 1b, Os 1¢) to [Mn(CO)4Cl], or
[Re(CO)4Br}, in THF at low temperature caused immediate disappearance
of the dark red color of the anions. Work-up, followed by column
chromatography afforded very poor yields (~2%) of the bimetallic
compounds 2-5 and a large amount of (n4-C;Hg)M(CQO)3 (M=Ru, Os)
(~70%). Crystallization from hexane solution gave yellow or light yellow
crystals 2-5 which are air stable and moderately soluble in common organic
solvents. (Equation 2.1)

THF

KI(M3-C7H7)M(COY] + 172[M(COMX]e —— 7 A7 (2.1)

(1-C7H)MM(CO)s + M*-C7HgIM(CO); + CO
2-5

( M=Ru, Os; M'=Mn, Re)

The poor yields of the bimetailic products are similar to that of the
previous FeMn/Re reactions (~2%) which were carried out under similar
conditions.! Interestingly, in the present reactions no by-products of
[(C7H7)M(CO)3], (M=Ru, Os) were observed, whereas in the FeMn/Re
reactions varying amounts of [(C;Hy)Fe(CO)3], were also obtained.? It

appears that in the present cases the major competition reaction is
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protonation of the anions to form (n4-C;Hg)M(CO)5, as opposed to redox
coupling with formation of [(C;H7)M(CO)3], (M=Ru, Os).

As discussed before, due to the ambident nature of anions 1 two
possible products could result from reaction 2.1, a trans compound with a

Mn/Re(CQO)4 moiety or a cis compound with a Mn/Re(CO)3 fragment

(Scheme 2.3).
@

(CO M —— }VI(CO):; (CORM
cis trans
( M=Ru, Os; M'=Mn, Re)
( Scheme 2.3)

Elemental analysis and the mass spectra of compounds 2-5 led to
their formulation as (C7H7)MM'(CO)e (M=Ru, Os; M'=Mn, Re). In particular,
the mass spectra of 2-5 exhibited parent ions followed by successive loss of
six carbonyl ligands. These results suggest the formation of cis compounds.

Further corroboration of cis type products came from the IR spectra of
2-5. Previous work has shown that for a trans compound, with little
interaction between the two metal centers, one would expect the spectrum to
be a simple composite of the two individual metal carbony! groups. For
example, the IR spectrum?® of
trans-(u-n4,n3-C,H;)Fe(CO)3Mo(CO)2(nS-CsHs) shows five bands at 2040,
1980, 1975, 1950, 1880 cm-1, corresponding to (n4-C;Hg)Fe(CO)5 (2050s,
1989s, 1975s cm-1)9 and (n3-C,H7)Mo(CO),(n3-CsHs) (1966/1960 and
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1911/1896 cm-1)10. On the other hand, a cis compound, such as
cis-(u-CyH7)Fe(CO)3Mn(CO)3 (6), gives a multiple band pattern (2052s,
1997s, 1995sh, 1992sh, 1944w and 1939m cm-1) with little resemblance to
the original mononuclear compounds.? In fact, it is the latter situation that is
observed for compounds 2-5. For instance, the IR spectrum of the RuMn
compound 2 displays five bands at 2070s, 2014s, 2001vs, 988w,
1934s cm-1. The hypsochromic shifts of the first three bands, compared to
the FeMn compound, can be considered as the result of replacing *“e Fe
atom by the Ru atom. The positions of the bands are far different from the
simple combination of (n4-C,Hg)Ru(CO); (2066, 2002, 1991 cm-1)11 and
(n3-C7H7)Mn(CO),4 (2063, 2001, 1970, 1960 cm-1).12

More evidence for the cis type structure was obtained from the 1H and
13C NMR spectra of the products. It is well known1-3 that the most
distinguishing characteristic of a cycloneptatrieny! bridged cis-bimetallic
compound is the rapidly whizzing C7H7 ring, even at low temperature.
Indeed, attempts to obtain the slow-exchange limiting TH NMR spectrum for
cis-(u-C7H7)Fe(CO)3Mn(CO)3 (6) failed even at -140°C.1

At room temperature both TH and 13C NMR spectra of 2-5 show a
single, time-averaged signal for the CsH> ring (at 3.92 and 64.68 ppm for 2
respectively). These single peaks remain sharp as the temperature is
lowered to -70°C, and indicate that ring whizzing in these complexes is very
fast. The behavior is similar to other cis-(u-C7H7)MM' compounds.!

Another similarity between 2-5 and cis FeMn/Re complexes is the
behavior of the CO ligands. At room temperature the 13C NMR spectra
displayed two singlets for M(CO)3 (M=Ru, Os) and Re(CO)z moieties,
indicating rapid CO scrambling at the respective meta! centers. The tentative

assignment of these CO signals are based on the comparison with other
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similar compounds. The signal for Mn(CO)3 was not observed due to the
quadrupolar property of the Mn nucleus.! Raising the temperature to 70°C
caused no line broadening of the CO signals in the OsRe compound 5.
Thus, no intermetallic CO exchange occurs and the process must be a high
energy process.

At this stage we can conclude that reactions 2.1 result only in the
formation of cis type compounds. In order to improve the yield, reactions of
1b and 1¢ with [Mn(CO)3(CH3CN)2Br] and [Re(CO)3(THF)2Br) were carried
out. These reagents should more easily give cis compounds 2-5 without the
necessary CO loss from the Mn/Re moieties. This strategy has been used
before in the Fe-Mn/Re reactions. Indeed, reactions 2.2 afforded the same

cis-products, but in somewhat better yields (see experimental section).

3 . THF
K[(n*C7H)M(CO)g] + M(COJLoX ——— (22)
(1-C7Hz)MM'(CO)s + (n*-C;Hg)M(CO)

2-5
( M=Ru, Os; M'=Mn, Re )
( L=CH,;CN, THF )

2.2.2. Reaction of [PhgAs][(n3-C7H7)Os(CO)3] with [Re(CO)4Br],.

The absence of trans compounds from reactions of the Os anion with
Mn/Re electrophiles was not anticipated. Since the Os anion reacted with
[M"(COD)Cl], (M"=Rh, Ir) to give kinetic trans products, we were expecting
similar reactions to occur with tho ' -izngse and rhenium electrophiles.

Furthermore, the trans compous. . ‘ng the Mn/Re(CO)4 moieties
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should be more stable than the 16 electron OsRh/ir compounds because of
the saturated 18 electron configuration at both Os and Mn/Re centers.

Another unexpected feature of reactions 2.1 was the formation of large
amounts of (n4-C,sHg)M(CO)3 (M=Ru, Os), which obviously arose from
protonation of the anions. A potential proton source was traced to ‘BuOH
which existed as a result of using KO'Bu to deprotonate the neutral
molecules, (n4-C;Hg)M(CO)j3. In addition to lowering the yield of the
products, we were concerned that the presence of 'BuOH might also
influence the course of the electrophilic attack. In order to rule out this
possibility, an experiment that eliminated any trace of tBuOH was carried out.

Instead of the potassium salt, a carefully prepared
tetraphenylarsonium salt, [PhgAs][(n3-C;H7)Os(CO)3] was reacted with
[Re(CO)4Br], at -780C under a CO atmosphere in THF. TH NMR
spectroscopy confirmed that the anion did not contain any residual tBuOH.
The use of CO atmosphere was to prevent CO loss from the product and
thereby allow isolation of the trans compound, if formed at all.

In order to avoid possible decomposition and conversion of the
initially formed products, the solvent was removed at -70°C. TH NMR
spectroscopy was used to probe the composition of the crude reaction
mixture and showed the formation of two major products in a 1:1 ratio. It was
also found that there was still a considerable amount of (n4-C7Hg)Os(CO)3
formed in this reaction. It is not clear how this protonation occurs. Work-up
and crystallization at -78°C from hexane solution failed to afford any solid
product. Purification via column chromatography resulted only in separating
the by-product, (n4-C7Hg)Os(CO)3. Further attempts to separate the two
products were not successful due to their very close Rf values although one

or the other component could be obtained in very small amount by collecting
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partial eluates. The overall isolated yield of combined products was very low
(<1%).

The IR spectrum of the slower moving component was the same as
the previously obtained cis-(u-C7H7)Os(CO)3Re(CQO)3 (5). The other
component 8 displayed a complex set of IR bands (2084m, 2037s, 2004vs,
1987s, 1970w, 1949s cm-1) and offered no definite structural suggestion
although the overall appearance of the band pattern was reminiscent of cis
bimetallic compounds (Figure 2.1).

The room temperature TH NMR spectrum of the mixture displayed two
single peaks, one sharp and one broad, in the CsH- ring region (4.07 and
4.7 ppm) (Figure 2.2). The upfield signal, which only broadens a little even at
-60°C, is at the same position as that of cis-(u-C7H7)Os(CO)3Re(CO)3 (5)
and further corroborates one of the components as the cis OsRe compound
5. Interestingly, the downfield signal begins to broaden at 0°C and
decoalesces at about -60°C (Figure 2.2). The low temperature (-1100C)
spectrum shows seven distinct resonances with relative intensity of one for
each peak which indicates asymmetric disposition of the C7H7 ring. It was
also found that compound 8 is not stable and slowly converts to compound
5 at room temperature.

On the basis of the available IR and NMR data, the stable component
in the mixture could be confidently assigned to
cis-(u-C7H7)Os(CO)3Re(CO)3 (5). The structure of the other component 8 is
more difficult to deduce with certainty. But it is clear that a trans structure is
not consistent with the spectroscopic data of 8. In particular, the low
temperature 'H NMR spectrum shows seven signals for the C7H7 ligand
whereas for the trans structure, with its Cg symmetry, four signals in the ratio

of 2:2:2:1 would be expected.4.8
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On the other hand, the fact that compound 8 slowly converns to §
implies that the two components 5 and 8 are closely related. On this basis,
and to account for the fluxionality and the asymmetric nature of the CsH-

ring, the structure of 8 is postulated as cis-(1—n3,n2-C7H7)0s(CO)3Re(CO)4

SN

(CO)yy Re—— Os(CO)3 (CO) 4Re —_ Os (CO)q

5(n*.n%) 8(n?,n°)
( Scheme 2.4)

(Scheme 2.4).

In this st ~ture, both metal centers are still located on the same face
of the briaging C7H7 ring and achieve the 18 electron configuration by
formation of an Os-Re bond. Because the Re(CO)4 center retains its four CO
ligands, the CyH7 ring will leave one double bond uncoordinated. Since the
compound has a cis configuration it is not surprising that the C7H7 ring stili
rotates very fast. However, the uncoordinated double bond certainiy disrupts
the m-conjugation in the CyH7 ring and renders metal migration a higher
energy process. Indeed, as figure 2.2 shows, the decoalescence
temperature of 8 (-60°C) is some 50°C higher than that of 5 (ca. -110°C).

it is noteworthy that recently Airoldi et al.’3 reported a compound that
contains a u-C7H7 moiety with an identical bonding mode as postulated for
8. Trs structure of cis-(u-n3,n2-C7H7)Fe(CO)3Pd(n5-CsHs) and the (u-n2n3)
bonding mode of the u-C7H; ring were confirmed by X-ray cryst-ilography.
The TH NMR spectri:in of the FePd complex and its temperature dependent

behavior aiso resemkble that of the complex 8. Thus at room temperature the



FePd compound shows a singlet for the C7H7 ring at 4.72 ppm. As the
temperature is lowered the single, sharp signal broadens and reemerges as
five signals at -110°C, in a ratio of 1:2:2:1:1.

Although separation of § and 8 could not be achieved and hence full
characterization of 8 is not at hand, we are confident that the obtained
spectroscopic data and the close relationship to the fully characterized
complex, cis-(u-n3,n2-C7H7)Fe(CO)3Pd(nS5-CsHs) are sufficient to establish
the structure of 8 as cis-(u-n3,1n2-C7H7)Os(CO)3Re(CO)4.

2.3. Conclusion.

The reactions of anions (n3-C7H7)M(CO)3- (M=Ru 1b, Os 1¢) with
[M'(CO)4X]2 and [M'(CO)sL2X] (M'=Mn, Re) followed the same path as 1a
(M=Fe) and led to the formation of cis-(u-C7H7)M(CO)3M'(CO)3 complexes,
regardiess of the metal centers. These results provide evidences that the
reactivity of the anions (n3-C7H7)M(CO)3" (M=Fe 1a, Ru 1b, Os 1¢) is
controlled by subtle factors and the nature of the electrophiles is also very
important in guiding product formation. The observation of
cis-(u-n3,n2-C7H7)0s(C0O)3Re(CO)4 (8) and its conversion to the
cis-(u-n3,n4-C7H7)0Os(CO)3Re(CO)3 (5) is interesting and allows us to
postulate how the initial step in these reactions occurs. The following
scenario (Scheme 2.5) seems to be a possible reaction route for the

tormation of c~mplexes 5 and 8.
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Os(CO); ™ Os(CO),

+ (CO), Ré
1/2 [Re(CO),Br], | J

-CO

I S

/ \ / \
(CO) Re—= Os(CO), (CO);Re —— M(CO),

(n*, n3-5) (n2 n>8)
( Scheme 2.5)

2.4. Experimental.
2.4.1. General Techniques and Reagents.

All experimental procedures were performed in standard Schienk
vessels under a static atmosphere of rigorously purified nitrogen or argon.
Nitrogen and argon were purified by passage through a heated column
(100°C), containing BASF (Cu-based) catalyst R3-11 to remove oxygen and
a column of Mallinkrodt Aquasorb (P205 on an inert base) to remove water.
Solvents were dried by refluxing under nitrogen with the appropriate drying
agents (Table 2.1) and distilled just prior to use.

Pentane and hexane were preconditioned before refluxing and
distiliation by washing with HoSO4 and water and drying over NazS0Oy4 in
order to remove alkenes. All deuterated solvents were dried over molecular
sieves except TiHF-dg which was distilled from Na-benzophanone prior to
use. Glassware was cleaned by treatment with KOH-ethanol solution and

was oven-dried at 120°C.
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Table 2.1. Drying agents used in the distillation of solvents

Solvent Drying Agent

Pentane CaHa

Hexane Potassium metal

Benzene Potassium metal

Toluene Sodium metal

THF Potassium metal/benzophenone
CH2Clo P20s.

Potassium tertiarybutoxide (KO!Bu) and tetraphenylarsonium chloride
(Ph4AsCl) were purchased from Aldrich. Potassium tertiarybutoxide (KO!'Bu)
was sublimed prior to use (150°C, 10-3 mmHg). Tetraphenylarsonium
chloride (Ph4AsCl) was dried at 180°C under vacuum (1 mmHg) overnight.
‘Mn(CO)3(CH3CN),Br],'4 [Re(CO)3(THF)2Br],15 [Mn(CO),4Cl], 16
[Re(CO)4X]o (X=Cl, Br),17 (n4-C7Hg)Ru(CO)3'8 and (C;Hg)Os(CO)z4 were
prepared according to literature methods. Silica gel 60 (230-400 mesh
ASTM) was used as received from BDH Chemicals, except for drying by
heating overnight at 200°C.

Infrared spectra were obtained with a Nicolet MX-1 or a Bomem
MB-100 Fourier Transform interferometers. Mass spectra were taken with an
A.E.l. MS-12 spectrometer operating at 16eV or 70eV. NMR spectra were
recorded on Bruker WH 200, Bruker WH 360, Bruker AM 400 or Bruker AM
300 spectrometers. Elemental analyses were performed by the

Microanalytical Laboratory of this department.

52



2.4.2. Preparation of cis-(u-C7H7)Ru(CO)3Mn(CO)3 (2).

Method A: K(n3-C,H;)Ru(CO); (1.08 mmol) was prepared by the addition
of an equimolar quantity of KO'Bu to (n4-C;Hg)Ru(CO); (300 mg, 1.08 mmol)
in THF (20 ml) at -78°C. The cold anion solution was added dropwise via a
canula to a slurry of [Mn(CO)4Cl]; (220 mg, 0.51 mmol) in THF (25 ml) at
room temperature. Initially, the dark red color of the anion quickly
disappeared. The addition continued for 1.5 hr and resulted in a reddish
mixture. The mixture was stirred for 2 hr at room temperature, filtered and the
solvent evaporated under vacuum to give a dark reddish oil. The residue
was extracted with pentane (2 x 20 ml), concentrated to 2ml and
chromatographed on a silica gel column (1 X 10 cm). Elution with pentane
produced a !arge orange band which proved to be (n4-C7Hg)Ru(CO)3 (145
mg, 70%). Further elution with pentane-toluene (1:1) gave, after solvent
removal, a reddish solid. Washing the residue with pentane (2 ml) gave
compound 2 as a yellow-orange solid (10 mg, 2%).

Arz Calcd. for C43H70gMnRu: C, 37.61, H, 1.70. Found: C, 37.39, H, 1.74.
Mass spectrum (16eV, 120°C); M* (416), M+-nCO (n=1-6)

IR (hexane) : veo 2070(s), 2014(s), 2001(vs), 1988(w), 1934(s) cm-1.

'H NMR (360 MHz, 22°C, CD2Cl,): § 3.92 (s, 7 H, C/H-).

13C {1H} NMR (30 MHz, 24°C, CDCl3): § 64.68 (s, C7H7), 196.27 (s, CORy);
(-67°C,CD,Cly): 8 64.51 (s, C7H7), 196.53 (s, COR,), 225.25 (s,COpp)-

Method B: A cold THF solution of K{n3-C,H;)Ru(CO); (2.7 mmol), prepared
as above, was added over a period of 3 hr to [Mn(CO)3(CH3CN)2Br] (0.81 g,
2.7 mmol) in THF (60 ml) at room temperature. The solution was stirred for

another hour at room temperature. Work-up and chromatographic
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separation were carried out as above. Crystallization from hexane gave

orange crystals of 2 (107mg, 10%).

2.4.3. Preparation of cis-(u-C7H7)Ru(CO)3Re(CO)3 (3).

Method A: K(n3-C;H;)Ru(CO); (0.94 mmol) in THF (20 ml) was added
dropwise to a slurry of [Re(CO)4Cl]2 (320 mg, 0.48 mmol) in THF (40 ml) and
was stirred at room temperature for 2 hr. The resuiting orange mixture was
fitered to remove a white precipitate (KCI) and the solvent was removed
under vacuum. The residue was extracted with hexane (2 x 25 ml). The
combined extracts were concentrated to 1 ml and chromatographed on a
silica gel column (1x10 cm). Elution with hexane gave (n4-C;Hg)Ru(CO),
(145 mg, 67%). Changing the solvent to benzene eluted a yellow band.
Removal of the solvent gave 3 as an orange-red solid (50 mg, 10%).

Anal. Calcd. for C43H;0gReRu: C, 28.57, H, 1.29. Found: C, 28.87, H, 1.30
Mass spectrum (16eV, 100°C); M* (546), M+-nCO (n=1-6)

IR (hexane) : vgo 2069(s), 2012(vs), 1991(w), 1941(s), 1936(s) cm-1.

'H NMR (360 MHz, 22°C, CD2Cl,): 6 4.15 (s,7 H, CsH,).

13C {TH} NMR (90 MHz, 24°C, CDCI3): 5 62.01 (s, C7H7), 194.59 (s, COgy,)
192.70 (s, COgre) (the tentative assignment of CO ligands is based on the
comparison with other Ru or Re compounds); (-70°C,CD,Cl,): 8 62.40 (s,
C7H7), 196.03 (s, COR,), 193.38 (s,COR,)-

Method B: A cold THF (20 ml) solution of K(n3-C;H;)Ru(CO); (0.97 mmol)
was added dropwise to [Re(CO)3(THF)2Br] (405 mg, 0.97 mmot) in THF (20
mi) at room temperature. After addition was complete the white precipitate

(KBr) was filtered out and the solvent was removed under vacuum to give a
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reddish oil. The residue was extracted with benzene 2 x 20 ml) and the
combined extracts were concentrated to 1 ml and separated on the silica gel

column chromatography (1 x 10 cm). Elution with hexane gave

(n4-C,Hg)Ru(CO), (134 mg, 50%). Changing the solvent to hexane-benzene
(1:1) gave an orange-red band. Removal of the solvent gave 3 as an

orange-red solid (180 mg, 35%).
2.4.4. Preparation of cis-(u-C7H7)0s(CO)3Mn(CO)3 (4).

Method A: A THF solution of K(n3-C,H,)Os(CO); (0.65 mmol) was added
dropwise to a cold (-78°C) slurry of {[Mn(CO)4Cl]2 (135 mg, 0.33 mmol) in
THF (15 mi). After the addition was completed the solution was allowed to
slowly warm up to room temperature. An orange solution with some white
precipitate (KCl) was formed. The precipitate was filtered out and the solvent
was removed under vacuum to give a reddish oil. The residue was extracted
with hexane (2 x 20 ml). The combined extracts were concentrated to 1ml
and chromatographed on a silica gel column (1 x 10 cm). Elution with
hexane gave (n4-C,Hg4)Os(CO); (190 mg, ~80%). Changing the solvent to
hexane-CH2Cla (3:1) eluted a yellow band. Removal of the solvent and
crystallization from hexane afforded yellow crystals of 4 (9 mg,<1%).

Anal. Calcd. for C13H70gMnOs: C, 30.96, H, 1.40. Found: C, 33.74, H, 2.41
Mass spectrum (70 eV, 100°C); M* (504), M*-nCO (n=1-6)

IR (hexane) : veo 2071(s), 2007(s), 1999(vs), 1983(vw), 1935(s) cm-1.

'H NMR (360 MHz, 22°C, CD,Cl,): § 3.87 (5,7 H, C7H=).

13C {1H} NMR (90 MHz, 22°C,CD,Cl,): 8 61.28 (s, C7H7), 173.49 (s, COqpg)

Method B: [Ph4As][(n3-C;H,)0s(CO),} was prepared as follows. A THF
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solution of K(n3-C;H;)Os(CO); (0.19 mmol) was added dropwise to
Ph4AsClI (92 mg, 0.21 mmol) at room temperature and the slurry was stirred
for 15 min. IR spectrum of the solution indicated that the exchange of the
cations was compiete (the bands of the potassium salt: 1960s, 1884s
1863sh, br cm-1 were replaced by those of the tetraphenylarsonium salt:
1961s, 1882s 1863s cm-1, Figure 2.3). The slurry was filtered to give clear
red-orange solution. Addition of heptane (15 ml) to the anion solution
resulted in the formation of some reddish precipitate. Removal of THF under
vacuum gave more precipitate. The solids were filtered, washed with
pentane (10 mi) and dried to give a yellow solid of
[Ph4As][(n3-C,H)Os(CO),] (120 mg, 98%).

The solid was redissolved in THF (10 ml) and added to
[Mn(CO)3(CH3CN)2Br] (100 mg, 0.19 mmol) in THF (5 ml) at -78°C. After the
addition was complete the mixture was kept at -78°C overnight. Then 20 ml
of heptane were added to the solution and the THF was removed under
vacuum to give a yellow solution and some precipitate. The mixture was
filtered and residue was washed with heptane (10 ml). The combined
filtrates were concentrated to 5 mi and kept at -78°C to give 4 as a yellow
solid (20 mg, 21%). The mother liquor was concentrated to 1 mi and
chromatographed on a silica gel column (1 x 10 cm) to afford more solid 4

(10 mg) (over all yield, 31%)

2.4.5. Preparation of cis-(u-C7H7)Os(CO)3Re(CO)3 (5).

Method A: A cold THF (20 ml) solution of K[(n3-C;H;)Os(CO),] (398 mg,
0.58 mmol) was added dropwise to a cold (-78°C) slurry of [Re(CG)4Cl)2
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Figure 2.3 IR spectra of [Ph4As][(n3-C7H7)Os(CO)3] and K[(n3-C7H7)Os(CO)3] in THF.
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(166 mg, 0.25 mrnol) in THF (5 ml). After the addition was completed the

solution was allowed to slowly warm up to room temperature. The precipitate
(KCl) was filtered out and the sclvent was removed under vacuum. The
residue was extracted with hexane (2 x 20 ml). The combined extracts were
concentrated to 1ml and chromatographed on a silica gel column
(1 x 10 cm). Elution with hexane gave (n4-C,;Hg)Os(CO); (167 mg, ~80%).
Changing solvent to hexane-CHzClz (2:1) eluted a yellow band. Removal of
the solvent and crystallization from hexane afforded 5 as a yellow solid (20
mg, 6%).

Anal. Calcd. for C13H70¢ReOs: C, 24.57, H, 1.11 Found: C, 25.18, H, 1.19

Mass spectrum (16 eV, 190°C); M+ (636), M*+-nCO (n=1-6)

IR (hexane) : vco 2069(s), 2012(vs), 2005(s), 1982(m), 1943(m), 1938(s) cm-1
'H NMR (360 MHz, 22°C, CD2Cly): 8 4.07 (s,7 H, C;H).

13C {TH} NMR (90 MHz, 209C,CDCl3): 8 57.69 (s, C7H7), 171.57 (s, COqs).
191.33 (s,CORe).

Method B: [Ph4As][(n3-C5H;)0s(CO)4] (392 mg, 0.52 in ..o in THF (20 ml)
and [Re(CO)3(THF)2Br] (263 mg, 0.59 mmol) in THF (5 ml) at -78°C afforded
5 after the usual work-up (180mg, 48%)

2.4.6. Reaction of [PhgAs][(n3-C;H;)0s(C0O);] with [Re(CO)4Br]2.

[Ph4As][(n3-C;H;)Os(C0O),4] (202 mg, 0.28 mmol) in THF (10 ml) was
added dropwise to [Re(CO)4Br]2 (132 mg, 0.175 mmol) in THF (5 ml) at
-780°C under a CO atmosphere (1.5 atm). After the addition was complete the
original slurry changed to a clear yeliow solution. The solution was stirred at

-78°C for 1 hour. Then heptane (20 ml) was added. Removal of THF under
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vacuum at -60°C produced some yellow precipitate. The mixture was filtered
and the filtrate was concentrated to 10 ml. The solution was kept at -70°C to
effect crystallization. Three days later no solid was formed. At this point flash
column chromatography (silica gel, 1 x 10 cm) was carried out. Elution with
hexane gave a light yellow band which was confirmed to be
(n3-C7Hg)Os(CO)5. The solvent was changed from hexane to hexane-
CH2Clz (2:1) and resulted in the development of a yellow band. The IR
spectrum and a TLC test of the second band indicated that it contained a
mixture of two compounds. Further efforts to separate the mixture failed due
to the close Rf values of the two components. After separation was
completed the ratio of the components in mixture was 3:1 (5:8) based on the
TH NMR spectrum. No '3C NMR spectral data of 8 is reported due to
insufficient sample.

For 8: IR (hexane) : veo 2085(m), 2037(s), 2003(vs), 1987(s), 1970(w),
1949(s) cm-1.

H NMR (400 MHz, 20°C, CD2Cl5): 8 4.70 (s,7 H, CsH>7); (-110°C,CD,Cl,): &
5.64 (m, 1H, C7H7), 5.48 (m, 1H, C7H7), 5.09 (m, 1H, C7H7), 4.53 (m, 1H,
C7Hy), 4.09 (m, 1H, C7H7), 3.85 (m, 1H, C7Hy), 3.71 (m, 1H, C7H7).
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Chaptei 3.

Reactions of (n3-C7H7)M(CO)3- (M=Fe, Ru) with
[(n3-C3Hs)FdCl],: Unexpected Allyl Ligand Transfer between Ru

and Pd CTomplexes.

3.1. introduction.

One of the major events that stimulated the development of
organopalladium chemistry was the discovery of the Wacker process in
1956 (Equation 3.1).1 In this palladium catalyzed ethylene oxidation process
it is helieved that the key step involves nucleophilic attack by a hydroxide on
an ethylene palladium intermediate.?2 Since then, the application of
palladium complexes to mediate a variety of organic transformations has
develop 'd very rapidly, and palladium has become one of few transition
metals that is effective in almost all the important organometallic reactions
such as oxidative addition, reductive elimination, nucleophilic addition,

insertion and B-elimination.3

PACI,
CuCl 2

CH,==CH, + 1/20, CH,CHO (3.1)

Since organopalladium compounds are so reactive, the introduction
of ~ palladium metal into the versatile cycloheptatrienyl ring system should
be interesting. It may lead to some unusual reactivities and perhaps even to

unique catalytic chemistry. Also, the preparation of bimetailic compounds
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(u-C7H7)MPd (M=Fe, Ru, Os) would further extend our previous studies on
the reactivity of the anions, (n3-C7H7)M(CO)3" (M=Fe 1a, Ru 1b, Os 1¢).4-6
Such considerations led us to investigate the reactions of
(n3-C7H71CO)3- (M=Fe 1a, Ru 1b, Os 1¢) with an allylpalladium chloride,
{(n3-CzHs)PdCl]2. In fact, Salzer et al. has shown that the Fe-Pd complex,
cis-(u-C+H7)Fe{CO}3Pd(n3-C3Hs) (2) can be obtained from this synthetic
route.” Since the fluxional behavior of 2 was not yet studied it was decided
to include compiex 2 in our studies as well. The preparation of
cis-(n-C7H7)Fe(CO)3Pd(n3-C3Hs) (2) was carried out as described by
Salzer et al. Unexpectedly, the reaction of (n3-C7H7)Ru(CO)3" (1b) with
[(n3-C3Hs)PdCl]2 proceeded via an allyl transfer between the palladium and
ruthenium complexes and yielded (13-C7H7)Ru(CO)2(n3-C3Hs) (8) and
(u-C7H7)RU(TO)3RU(CO)(n3-C3Hs) (4). No Ru-Pd product was obtained in
this reaction. Compounds 2-4 were characterized by IR and NMR
spectroscopies and the structure of 4 was further corroborated by the X-ray
crystalographic study. The fluxional behavior of 3 and 4 was investigated by

variable temperature 'H NMR spectroscopy.

3.2. Results and Discussion.

3.2.1. Synthesis and Fluxionality of
(u-C7H7)Fe(CO)3Pd(n3-C3Hs).

The reaction of Na [(n3-C7H7)Fe(CO)3] (1a) with [Pd(n3-CaHs)Cl]2 at
-120C gave, after work-up and chromatographic separation, 2 as dark r:+1

crystals in 35% isolated yield (Scheme 3.1). Compound 2 is moderately air
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stable and soluble in most organic solvents. However even under an inert

atmosphere in solution, at room temperature, it decomposés to a black so:d.

@#e(cowwzwdma-oa: 5)Clk — g ’

\
(C3Hs)Pd—— Fe(CO),

1 2
@ ( Scheme 3.1)

The spectroscopic data for 2 are in good agreement with the
previous report.” The IR spectrum shows three terminal CO stretching bands
at 2003vs, 1945s, 1934s cm-1. At ambient temperature both 1H and 13C
NMR spectra show a single, time-averaged signal for the C7H7 ring. The
single C7H7 resonance remains sharp even at -80°C. It indicates rapid ring
whizzing in this molecule. Such a highly flurional C7H7 ring is consistent
with the expected cis cycloheptatrienyl bridging structure,
cis-(u-C7H7)Fe(CO)3Pd(n3-C3Hs) (2), because rapid ring whizzing is typical
for cis cycloheptatrienyl bridged bimetallic complexes.4

room temperature there are three sets of proton signals for the
n3-allyl group with a ratio of 2:2:1 (Figure 3.1). Based on signal intensity, the
muitiplet at 5.34 ppm (J=7 Hz, 13 Hz) is assigned to the centrai proton, Hj
which shows coupling to the other two types of protons. The remaining two
doublets are assigned to syr .»'~*~ng, Ha/Hg4 (4.67 ppm, J=7 Hz) and anti
protons, Hy/Hs (3.07 gpm, v=19 1 ~) on the basis of coupling considerations
ismaller coupling for the two syn protons and larger coupling for two anti

protons) (Figure 3.1).
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Figure. 3.1. Variable temperature TH NMR spectra (360 MHz) of

(n-C7H7)Fe(CO)3Fd(n3-CaHs) (2).



The simple three-signal pattern of the allyl group undergoes changes
as the temperature is lowered. The signals broaden and decoalesce at
-30°C. The low temperature limiting "TH NMR spectrum is obtained at -60°C
and shows five signals, each corresponding to one proton. At -60°C the
central proton, H3 remains at 5.34 ppm without significant changes, but the
signals due to the four terminal protons split into four signals. Based on the
coupling constants, the two downfield peaks (5.00 and 4.40 ppm) are
assigned to the syn protons, Ha/H4 and the two upfield signals (3.20 and
2.90 ppm) to the anti protons, Hy/Hs. Clearly, the temperature dependent
behavior of these allylic protons indicates that the allyl ligand is fluxional.
Also, the observation of five proton signals suggests that in *he ground state
structure of 2 the allyl group v.: .in asymmetric orientation.

The fluxional allyl group and its asymmetric orientation are confirmed
by the variable temperature 13C NMR spectra. At ambient temperature, only
two peaks are observed for the allyl ligand, one for the central carbon atom
at 113.74 ppm and another for the terminal carbon atoms at 70.51 ppm. At
-500C ihe latter signal splits into two equal intensity peaks at 70.10 and
71.067 ppm respectively, giving further evidence for the non-equivalence of
the two terminal carbon atoms of the allyl ligand at low temperature.

The temperature dependence of the allylic proton resonances can be
accounted for by an ally! rotation around the Pd-allyl bonc axiz This process
exchanges syn-syn (Hy and Hs) and anti-anti (Hz and Hy, protons only and
results in an AM2X2 pattern at the fast exchange limit (Scheme 3.2). Such

fluxional motion has been observed in many allyl compounds.8-12
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)

=/ \

Xl pg—— Fe(CO)
5 Hg

If the fluxionality of the allyl group praceecded by the other common
rearrangement processes, an n3-n1-n3 mvchanism (Scheme 3.3),11 the
high temperature limiting 'TH NMR spectrum should show an AX4 peak
pattern. This is because the formation of an n! intermediate provides a
pathway to interchange the syn Ha/Hg4 with the anti Hy/Hs protons.
Consequently all four peaks due to the terminal protons would coalesce into
a single peak at high temperature, if the exchange rate is faster than the

NMR time scale. Obviously, this is not the case for complex 2.

23— pre,

Pd—- Fe(CO
H2 (e Pd— Fe(CO)3 Pd—— Fe(CO)s (GOl

H
713 n'

( Scheme 3.3)

In conclusion, the product 2 has a cis-C7H7 ring bridged structure. At
room temperature both C7H7 ring and C3Hs ligands are fluxional. But at low
temperature (-60°C) the dynamic motion of the allyl group can be stopped

and reveals an asymmetrically oriented allyl ligand.



3.2.2. Reaction of (n3-C7H7)Ru(CO)3- with [(n3-C3Hs5)PdCl]a.

The reaction of (n3-C7H7)Ru(CO)3- (1b) with [(n3-C3H5)PdCl]2 was
carried out at -78°C. The work-up, followed by chromatographic separation,
gave two products, a red oil 3 and a yellow solid 4. The red oil 3 is very
volatile. At room temperature it can be easily sublimed to a dry ice cooled
probe under vacuum (1 mm Hg). The compoundis very soluble in
hydrocarbon solvents and crystallization can only be achieved in butan: at
-780C, the resultant red crystals melt at around 15°C. The other product 4 is
an air stable yellow solid which is also soluble in most hydrocarbon
solvents. Crystallization of 4 from hexane solution at -209C gave X-ray
quality single crystals.

Surprisingly, elemental analysis and mass spectra of these new
compounds revealed that neither of them contained a palladium atom. The
mass spectrum of 3, with a parent ion at m/e=290 followed by successive
loss of two CO groups, showed that it contained only one ruthenium atom.
From its elemental analysis 3 was formulated as (C7H7)Ru(CO)2(C3zHs). The
mass spectrum of 4 showed a parent ion at m/e=447, followed by
successive loss of four CO ligands. The isotope pattern (Figure 3.2)
indicated the presence of two ruthenium atoms in this molecule. On the
basis of the mass spectrum and elemental analysis, product 4 was
formulated as (C7H7)Ru2(CQO)4(C3Hs). Th::s, contrary to what was observed
in the reaction of 1a, the reaction of (n3-C7H7)Ru(CO)3- (1b) with
[(n3-C3Hs)PdCl]2 proceeded via an allyl group transfer (Equation. 3.2).
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THF
K[(n*-C7H7)Ru(CO)3] + 1/2 [Pd(n>C3Hs)Cl] e (3.2)

C7H7 RU CO CgHs C7H7)RU2 CO C3H5 +Pd+-

3.2.2.1 Characterization of (n3-C7H7)Ru(CO0)2(n3-C3Hs).

The IR spectrum of 3 shows four terminal CO stretching bands at
2026vs, 2017s, 1975vs and 1966sh cm-1. Based on the above formula,
(C7H7)Ru(CO)2(C3Hs), the very likely explanation for this observation is the
presence of two isomeric compounds 3a and 3b in solution. The formulation
and IR spectrum bring to mind the related ruthenium compound,
(n3-C3Hs5)2Ru(CO)2. which shows two terminal CO bands at 2024vs, 1971s
cm-1.13 The latter compound has an octahedral geometry with twc cis
carbonyl ligands. Due to the similarity of the IR spectra it seems clear that 3
has the same structure as (n3-C3Hs)2Ru(CQ)2, except that in solution 3
€.ists as two isomers, the major isomer 3a shows two bands at 202€+s and
1975vs cm'1 and the minor isomer 3b at 2017s arc 1966sh cm-1.

The TH NMR spectrum of 3 corroborates the existence of two isomers.
At ambient temperature two signals dua to the C7H7 ring are observed, one
broad peak at 4.82 ppm and one sharp resonance at 4.91 ppm with an
intensity ratio of roughly 3:1 (Figure 3.3). Therefore, the former is assigned to
3a and the latter to 3b. The different width of the two peaks indics"s that the
ftuxionality of the C7Hy7 ring in the two isomers is different. This is confirmed
by the variable temperature TH NMR spectra of 3 (Figure. 3.3). At -60°C the
original single peak due to the C7H7 ring of 3a is replaced by six new

peaks, corresponding to seven protons. When the temperature is further
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decreased to -87°C, six other peaks for the C7H7 ring of 3b are observed as
weil. The spectra clearly indicate an asymmetric C7H7 ring in the ground
state structure of 3a and 3b.

As expected, the TH NMR spectrum alsc shows two sets of
resonances for the allyl protons. Interestingly, the dynamic behavior of the
allyl groups are also different for the two isomers. The major isomer 3a
exhibits five broad signals at room temperature which, by -10°C show well
resolved coupling patterns. Only two broad peaks at 4.85 and 3.20 ppm in a
ratio of 1:2, can be identified at room temperature for the minor isomer 3b.
The peak at 4.85 ppm belongs tc the central H3 and that at 3.20 ppm to two
terminal allyl protons, respectively.

That the deceptive TH NMR features of the allyl group are due to
some rearrangement processes becomes app.arent in the -60°C spectrum.
Just as for 3a, the spectrum reveals five one-proton peaks for the allyl
moiety of 3b. On the basis of coupling constants consideration, the
resonances at 3.32 and 2.52 ppm are assigned the syn-Ha/H4 protons and
those at 3.08 and 0.35 ppm to the anti-Hy/Hs protons, respectively. As a
result of the large chemical shift separation between the two anti-protons the
rate of chemical exchange has only succeeded in coalescing these signals
into the base line at room temperature, whereas the signals due to the
syn-protons have already emerged as a single averaged peak at 3.20 ppm.
Clearly the rearrangement process causing syn-syn and anti-anti exchange
is faster in 3b than in 3a. Interestingly, the fluxional behav,ur of the n3-C7H7

ring follows the same trend.
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Thus, at this point, on the basis of the obtained spectroscopic data, we
can conclude that compound 3 is (n3-C7H7)Ru(CO)2(n3-CzHs). In solution it
exists as two isomers 3a and 3b, both conforming to a cis-octahedral type
structure, and both are fluxional, but the rates of rearrangement are different
in the isomers.

Any attempt to get a clear picture about the structures of 3a and 3b
and perhaps to uncover the reasons for the different dynamic behaviors of
the two isomers must consider the number of possible isomers for
compound 3 and also the possible interconversion pathways. In scheme 3.4
the four isomeric structures of compound 3 are shown. Each of them has cis-

octahedral geometry.

cO o)
OG‘"'RLi'[’\ OC";RT:
= &
OC -\ S
Rl =

( Scheme 3.4)

The relationship between these structures can be related to the
rotation of the cycloheptatrieny! ring or the allyl moieties. Thus pair B/C and

D/E are related by allyl group rotation, whereas pair B/D and C/E by C7H7



ring rotation about Ru-C7 ring bond axis. It is noted that at any time, whether
the C7H7 ring is static or fluxional, each isomer is asymmetric and should
give seven signals for the CyH7 and five resonances for the CzHs moieties
in the 'H NMR spectrum. Allyl group rotation, for instance, would only
interconvert B and C or D and E, but will not result in syn-syn and anti-anti
exchange of the allyl protons within one isomer. Therefore simple allyl
rotation is not compatible with the TH NMR behavior of isomer 3b.

In order to account for the observation of averaging syn-syn or anti-
anti proton peaks in 3b a fluxional process must exchange the two ends of
the asymmetric allyl moiety and yield a time-averaged mirror plane in the
molecule. The actual result of this process is racemization of 3b. Based on
this consideration, only a twist process such as the classic Bailar or Ray-Dutt
twists for six-coordinate octahedral complexes can meet this regt ant.
These twist processes for isomers B and D are illustrated in s¢
The scheme clearly shows that both processes go through a syri -
trigonal prismatic intermediate where the presence of a mirror plane renders
the two halves of the allyl and C7Hy groups equivalent and consequently
exchanges the two ends of the allyl group From scheme 3.5 it also appears
that the intermediate of the isomer B in the Bailar twist process (and for C as
well) suffers from severe steric congestion between the allyl and C7H7
groups, the situation seems to be more favorable for the isomeric pair D/E.
Consequently, the syn-syn and anti-anti exchanges of the allyl protons aic
more rapid in latter. On this basis we tentalively propose that the minor
isomer 3b has the structure D or E and the major isomer 3a has the
structure B or C. It would be tempting to further pursue the actual structures

of 3a and 3b, but at this stage the conclusion would be speculative at best.
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We wish to conclude this section by pointing out that similar twist
exchange processes of allyl groups have also been observed in the related
Ru(CO)2(n3-CaHs)2 complex.25 Finally it is also important to indicate that the
fluxional motion of the C7H7 ring is distinct from the racemization processes
discussed above. The fluxional motion averages the environment of the
C7H7 ring 2rotons in each individual isomer but does not require any other

process to accompanry this motion.

B-A ( Bailar Twist )

( Scheme 3.5)

3.2.2.2. Characterization of cis-(u-CyH7)Ru(C0O)3Ru(C0O){n3-C3Hs).

At ambient temperature the TH NMR spectrum of 4 shows a sharp
single peak at 3.84 ppm for the fluxional C7H7 .rig protons (Figure 3.4). The

allyl protons are observed us three peaks in an intensity ratio of 1:2:2. Based
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on the intensity and coupling constants it is not difficult to assign the muitiplet
at 3.26 ppm to the central proton H3, the doublet at 2.82 ppm (J=6.8 Hz) t0
the syn protons Hz 4 and the other doublet at 1.80 ppm (J=11 Hz) to the anti
protons Hi 5.

As the temperature is lowered both the C7H7 ring and allyl group
resonances undergo line shape changes. By -30°C the allyl signals
collapse and at -60°C five well separated signals representing five different
allyl protons are seen. The ally! lines continue to sharpen down to -110°C.
Allyl group fluxionality was observed in the Fe-Pd complex 2 and therefore
the fluxional behavior of the allyl gruup here is not unexpected. But the
process here is different from that of the Fe-Pd compound. It will be
discussed in detail later. More interesting is the temperature dependent
behavior of the C7H7 signal. At -75°C the peak broadens and by -110°C six
signals corresponding to the seven different C7Hz7 protons are seen. The
assignments appearing on the figure are based on homonuclear decoupling
experiments.

The highly fluxional C7H7 ring suggests that two metal centers in 4
may be bridged by a C7H7 ring in a cis configuration. If this is the case, the
stoppage of the fluxional motion is interesting and 4 joins the few, but
growing number of cis-(u-C7H7)MM' complexes where ring rotation has
been stopped. For example, in cis-(u-C7H7)Ru(CO)3Ir(COD) the low
temperature limiting spectrum was reached at -1150C.14 The low
temperature 'H NMR spectrum clearly shows that the structure of 4 is
asymmetric, the environment of the C7H7 and C3Hs protons are all difterent.

Also, the 13C NMR spectrum indicates that there are two types of

carbony! ligands in the molecule (198 and 208 ppm). The intensity ratio



tentatively suggests that three carbonyls are bonded to one ruthenium and
one to the other.

In order to provide unambiguous proof of the structure, to corroborate
the disposition of the CO ligands and to deduce the orientation of the allyl
ligand, a single crystal X-ray analysis on complex 4 was carried nut. A
perspective view of the complex 4 shows the cis arrangement of the two Ru
centers with respect to the seven membered ring (Figure 3.5). The Ru1 atom
is bonded to three carbonyl ugands and to the allylic part (C11, C12, C13) of
the C7 ring. The Ru2 atom is bonded to one ~arbonyl group, to the n3-ally|
ligand and to the remaining diene part (C14. 5, C16, C17) of the C7 ring.
Both metal centers satisfy the 18 electron rule by formation of a Ru-Ru bond.

The Ru-Ru bond length of 2.8859 (8) A (Table 3.1) is close to those
previously found in complexes containing such bonds
(L-CgHg)RuU(CO)3RuU(CO)3, 2.865 A15; Ruz(CO)y2. 2.85 A6 and
(L-CgHg)2Ru3(CO)4, 2.89 A6, The bond distances of the ruthenium allyl
fragment (Ru-C6 2.17 A, Ru-C7 2.27 A, Ru-C5 2.24 A, C5-C6 1.39 A) are
also similar to other Ru-allyl compounds,'® for instance
(M5-CsMes)Ru(n3-CaHs)Bra, (Ru-C¢ 2.175 A, Ru-Cy 2.164 A, C-C¢
1.439 A).19 The bond distances of Ru2 to the diene part of the C7H7 ring
(Ru2-C14 2.235, Ru2-C15 2.165, Ru2-C16 2.213, Ru2-C17 2.349 A) are
also in the range observed in the related compound (CgHg)2Ru3(CO)4 (2.37-
2.14 A).17 As in other bimetallic cis-(u-C7H7)MM' complexes the ullyl and
diene parts of the bridging seven membered ring bend away from the rest of
the molecule, resulting in a boat conformation of the C7 ring. The angle
between the two planes (diene plane and allyl plane) is 1209, which is

slightly smaller than 124° found in the complex (u-C7H7)Fe(CO)3Rh(CO),.4a

~1
~1
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Table 3.1 Selected bond distances of (u-C7H7)Ru(CO)gRu(CO)(n3-03H5) (44

Atom1 Atom2 | Distance (A) | Atom1 | Atom2 [ Distance (A)
Rul | Ru2 2.8859 (8) Ruz | Ci17 2.349 (6)
 Rul Ci 1.896 (8) O1 C1 1.149 (9)
Ru’ c2 1.934 (7) 02 Cc?2 1.139 (8)
Rul C3 1.916 (7) 03 C3 1.165 (8)
Rul Cii 2.248 (6) 04 Cé 1.131 (9)
Rul Ci2 2.204 (6) C5 C6 1.35 (1)
Rul C13 2.295 (6) C6 C7 1.39 (1)
Ru2 C4 1.870 (8) C11 ci2 1.434 (9)
“Ru2 C5 2.233 (7) Cii C17 1.496 (9)
Ru2 C6 2.162 (7) C12 C13 1.413 (9)
“Ru2 Cc7 2.285 (7) Ci13 Cia 1.481 (9)
" Ru2 C14 2.235 (6) C14 Ci5 1.45 (1)
Ru2 Ci15 2.165 (7) Ci15 Ci6 1.39 (1)
Ru2 C16 2.213 (6) C16 c17 1.43 (1)

aNumbers in parentheses are estimated standard deviations in the ieast significant
digit.
The bond distances of 1.49 {2) A and 1.48 (2) A, which are associated
with the bonds linking the allyl and diene parts (C11-C17 and C13-C14), are

slightly longer than the corresponding vaiue (1.45 A) tound in

(u-C7H7)Fe(CO)3Rh(CO)2. These distances are also close to those
observed in the complex trans-(n3-CsHs5)Mo(CO)2(u-C7H7)Fe(CO)3 (1.50
and 1.49 A), which has the trans arrangement of the two metals.18 Both the

longer distances separating the two planes and the smaller angle between



the two planes indicate that the disruption of n electron delocalization in the
C7H7 ring is more significant in 4 than in (u-C7H7)Fe(CO)3Rh(CO)2. This,
coupled with the stronger bonding between the metals and the bridging
C7H7 ring in 4 lead to a higher barrier for metal migration in the latter
complex. The NMR behavior of 4 reflects these structural features, the H
NMR coalescence temperature of 4 is -80°C, whereas that of FeRh is below
-160°C.

Finally, from the ORTEP drawing (Figure 3.5), it is clear that the allyl
group is not symmetrically oriented with respect to the CyHz7 ring. The
asymmetrical disposition of the ligand is seen as a consequence of the
roughly octahedral geometry of the Ru2 certer. The four equatorial positions
are occupied by the diene fragment, a carbonyl group and the terminal C7 !
the allyl ligand. One axial position is taken up by the C5-C6 bond of the allyl
group and the metal-metal bond to Rutl. We should note that the
coordination geometry of Ru1 is also octahedral. The allyl part of the ring
and two carbony! ligands occupy the four equatorial positions while another
carbonyl group and the metal-metal bond complete the six-coordinate
environment of Rul.

Based on the solid structure of compound 4, rotation of the allyl group
around the Ru-ally! bond axis does not account for the observed changes in
the allyl peak pattern over the different temperatures. In such an
asymmetrical structure the allyl group should always give rise to five protons
signals even at high rotation speed. The fact that only three peaks are
observed for the allyl group indicates another type of dynamic process is
ocurring. it involves syn-syn or anti-anti proton exchange of the allyt group. A
process that could explain this result involves in a fast forward and backward

motion of the allyl group with respect to the metal-metal bond. This process
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preduces a time averaged mirror plane in the molecule. Therefore, at the tast

exchange limiting an AMXz pattern is observed for the allyl proton peaks.

3.2.2. Possible Reaction Route of Forming Allyl Transfer Products.

Although we did not at:empt to use allylpalladiuni chioride as an
. ylating reagent, ally! ‘ransfer from Pd has been known for a long tima. The
1rst allyl transter reaction was discovered by two groups.20.21 They found
the reaction of Fep(CO)g with [(n3-C3Hs)PdCl]2 resuited in
(n 3t Fe O'3CL Later, an elegant r-allyl transfer from palladium to
cobalt and vice versa v s reported by Heck.22 Re:ction of [(n3-CaHs)PdCl]2
with sodium tetracarbonyicobaltate in eti.er solution at ambient temperature
atforded the n3-allylcobait tricaibony! complex. The proposed mechanism
suggested a series of binuclear intermediates coniaining a palladium-cobalt
bond. The key transter process involved a cis migration and a 1.2-shift of the

allyl group from Pd to Co (Scheme 3.6).23

oo+ erdGrod — [erCco)

<(—-c:o(cc>;3 +7¢ + CF + CO =— [ CH,
CH

( Scheme 3.6 )
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On the basis of the above mechanism the transfer process for the
reaction of (n3-C7H7)Ru(CO)3" with [(nS-C3Hs)PdCl]2 could proceed
according to scheme 3.7. The first step is ruthenium attack to form the Ru-Pd
bimetallic intermediate. This intermediate, by a series of CO elimination
accompanied by appropriate hapticity changes of the C7H7 ligand, provides
a pathway for allyl group transfer from Pd to Ru and gives product 3 and
compound 5. The latter is evidently not stable and further reacts with a
Ru(CO})3 unit, which couid come from the decomposition of

(n4-C7Hg)Ru(CO)3 also produced in the reaction, to yield product 4.

(n>-CsH7)RU(CT)y < o c<
Ru(CO)a| n3

+ —

[Pd(n*-CaHs)Cll2 @
L P J

o - ) ﬂ-oo _

n’ <( P°<Ru<c0) = << Pc<|=m(co n°

L - L " -

o o

Ru(CO) Ru(CO)2

S Z
. QB)RU(CO)S 3
1: \

=

(CO)sRuU— RU\
4 CcoO

( Scheme 3.7 )

I
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3.2.4. Conclusion.

The very different types of products from reactions of [n3-C3Hs)PdCl)2
with the Fe and Ru anions give further evidence of how sensitive the
reactivity of these metal nucleophiles is to the nature of the transition metal
electrophiles. The prediction of reaction products is difficult, especially for

the second (Ru) and third row (Os) transition metalis.

3.3. Experimental.

3.3.1. General Techniques and Reagents.

All experimental procedures were performed in standard Schlenk
glassware under a static atmosphere of rigorously purified nitrogen. All
solvents were dried by refluxing under nitrogen with the appropriate drying
agent and distilled just prior to use.

Potassium tertiarybutoxide (KOtBu) was purchased from Aidrich and
sublimed prior to use (150°C, 10-3mmHg). [(n3-C3Hs5)PdCl]2,24
(n4-C,Hg)Fe(CO)3 25 (n4-C7Hg)Ru(CO)3 4b were prepared according to
literature methods.

Infrared spectra were obtained with a Nicolet MX-1 Fourier Transform
interferometer and a Bomem MB-100 spectrometer. Mass spectra were
taken with an A.E.l. MS-12 spectrometer operating at 70eV or 16eV. NMR
spectra were recorded on a Bruker WH 200, Bruker WH 360, Bruker AM 400
or Bruker AM 300 spectrometers. Elemental analyses were performed by the
Microanalytical Laboratory of this dz2partment.

The complete X-ray solid state structure determination on compound

4 was carried out by Dr. Santarsiero and Dr. McDonald of the Structure



Determination Laboratory of this department and MSC Molecular Structure
Corporation. A limited amount of pertinent experimental data were extracted
from the respective structure reports and included in this thesis for the sake
ol completeness. Further information including listings of observed and
ralculated structure factor amplitudes of all reflections may be obtained from

Dr. B. McDonald or Dr. J. Takats of this department.

3.3.2. Synthesis of (u-C7H7)Fe(CO)3Pd(n3-C3Hs) (2).

Na [(n3-C7H;)Fe(CO),] (1a) (220mg, 0.87mmol) in THF (20ml) at
-10°C was added dropwise to [(n3-C3H5)PdCl]2 (177mg, 0.48mmol) in THF
(5ml). After addition was completed the mixture was stirred and was slowly
warmed up to room temperature in 2 hr. The IR spectrum showed complete
consumption of the anion 1a. The solvent was removed under vacuum to
afford a dark red oil. The residue was extracted with hexane (3x20ml). The
combined extracts were concentrated to ~10ml and cooled to -20°C to give
a dark red crystalline 2 (115mg, 35%).
Anal. Calcd. for C43H1203FePd: C, 41.06, H, 3.19. Found: C, 41.07,

H, 3.20.
Mass spectrum (70eV, 110°C); M+ (378), M*-nCO (n=1-3)
IR (hexane) : v 2003vs, 1945s, 1934s cm-1.
'H NMR (360 MHz, 22°C, CDCl,): § 4.76 (s, 7 H, C;H;), 5.34 (tt, Jo3=7Hz,
J13=13Hz, Hy), 4.70 (d, J23=7Hz, 2H, H, 4), 3.14 (d, J13=13Hz, 2H, H, ;).
(-60°C, CDCl,): 8 4.78 (s, 7 H, C;H), 5.34 (tt, Jo3=7Hz, J13=13Hz, Hj), 5.00
(d, J=7Hz, 1H, Hp o, 4), 4.40 (d, J=7Hz, 1H, Hy o, 4), 3.20 (d, J=13Hz, 1H,
H o ) 2.90(d, J=14Hz, 1H, H, o, 5),
13C {YH} NMR (90 MHz, 25°C,CD,Cl,): & 84.86 (s, C7H7), 113.74 (s, allyl
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CH), 70.51 (s, allyl CHa) 220.20 (s, COg,).
(-500C, CDCl3): § 84.19 (s, C7H7), 113.74 (s, allyl CH), 70.10 (s, ally! CHo),
71.07 (s, allyl CHp). 220.20 (s, COg,).

3.3.3. Reaction of K[(n3~C7H7)RU(CO)3] with
[(n3-C3Hs5)PdCl]>.

K[(n3-C7H7)Ru(CO)3] (1.8 mmol) was prepared by the addition of
equimolar quantities of KO!Bu in THF (3ml) to (n4-C7Hg)Ru(CO)5 (470mg,
1.8 mmol) in THF (20ml) at 23°C. The anion, which was cooled to -78°C,
was added dropwise via a canula to a solution of [(n3-C3Hs)PdCl], (329mg,
0.9 mmol) in THF (5ml) at -78°C. The dark red color of the anion
disappeared and some black solid precipitated out from solution. The
addition was completed in 25 minutes and resulted in a dark slurry.
Evaporation of the solvent under vacuum (the temperature was allowed to
warm from -78°C to -109C) gave a dark residue. The residue was extracted
with pentane (2x20ml) at -20°C. Pentane was removed from the resultant
red solution and the residue was sublimed to a dry ice cooled probe to give
3 as a red solid (334mg, 42%). The remaining yeliow solid residue was
identified as 4 (70mg, 9%).

Anal. Calcd. for 3 C4oH¢205Ru: C, 49.82, H, 4.18. Found: C, 49.37, H, 4.09.
Mass spectrum (70eV, 220C); M+ (289), M+-nCO (n=1-2); m.p=15°C.

For 3a:
IR (hexane): vco 2026vs, 1975vs cm-1.

"H NMR (360 MHz, 23°C, CDCls): 3 4.82 (s, 7 H, C;H;), 4.58 (m, 1H, Hy),
3.50 (d, J=7Hz, TH, Hy,, 2), 2.50 (d, J=7Hz, 1H, Hy ,, 4), 1.85 (d, J=13Hz, 1H,



Hy o s) 1.70 (d, J=14Hz, TH, Hy gr5),
(-60°C, CDCls): & 6.05 (t, 1H, C7H;), 5.62 (t, 1H, C5Hy), 5.1& (m, 2H, C7H,),
4.95 (t, 1H, C,H,), 3.50 (t, 1H, C;H;), 2.85 (t, TH, C;H;), 4.50 (m, 1H, Ha),
3.50 (d, J=7Hz, TH, Hy o, ). 2.40 (d, J=13Hz, TH, Hy o/ 5). 1.85 (d, J=7Hz, 1H,
Hy or o), 1.70 (d, J=14Hz, TH, Hy . 5),

For 3b:

IR (hexane): vgo 2017s, 1966sh cm-1.

1H NMR (360 MHz, 23°C, CDCl): & 4.91 (s, 7 H, C;H;), 4.85 (s br, TH, Hy),
3.20 (s br, 2H).

(-87°C, CD2C1,): § 5.92 (t, 1H, CsH7), 5.74 (1, 1H, C7H;), 5.24 (m, 2H, C7Hy),
5.15 (m, 1H, C,H,), 3.35 (t, 1H, C;H;), 2.80 (t, 1H, C;H7), 4.80 (m, TH, Hy),
3.32 (d, J=7Hz, 1H, Ha o, 4). 3.08 (d, J=7Hz, 1H, Hp 4, 4), 2.52 (d, J=13Hz, 1H,
Hyor 5), 0.35 (d, J=14Hz, TH, Hy o ),

For 4:

Anal. Caled. Cy4H4204Ruz: C, 37.67, H, 2.71. Found: C. 37.99, H, 2.79.
Mass spectrum (16eV, 1400C); M+ (447), M*-nCO (n=1-4).

IR (hexane): vco 2050s, 1994s, 1979m, 1953m, 1954w, sh cm1,

1H NMR (400 MHz, 22°C, CD2Cl,): 8 3.84 (s, 7 H, C;H;), 3.26 (tt, Joa=7Hz,
J13=13Hz, Hy), 2.82 (d, Ja3=7Hz, 2H, Hp 4), 1.80 (d, J13=13Hz, 2H, H 5).
(-110°C, CD2Cl,): § 4.62 (m, 1H, Hg), 3.95 (m, 1H, Hyg), 3.84 (m, 2H, Hp b'),
3.61 (m, 1H, Hg), 3.50 (t, 1H, Ha), 3.06 (m, 1H, Hc), 3.18 (m, 1H, Hg), 2.90 (d,
J=7Hz. 1H, Hy o, o), 2.48 (d, J=7Hz, TH, Hy o 4), 1.84 (d, J=13Hz, 1H, H; o),
1.52 (d. J=14Hz, 1H, H, o),

13C {TH} NMR (30 MHz, 22°C,CD,Cl,): & 64.43 (s, C7H7). 83.17 (s, allyl CH),
43.56 (s. allyl CHy) 198.07 (s, CORys), 208.38 (s, COpyp)-
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3.3.4. X-ray Structure Determination of 4.

X-ray quality crystals of 4 were grown from hexane solution at -20°C.
The structure was solved by Dr. B. D. Santarsiero of the Structure
Determination Laboratory of this department. The following information was
obtained from the structure report (File number SDL:TAK3111). A bright
yellow crystal of 4 with the dimensions of 0.29 x 0.12 x 0.1 mm was selected
and mounted on a glass fiber with epoxy, and optically centered in the X-ray
beam of an Enraf-Nonius CAD4 automated diffractometer. The automatic
peak search and reflection indexing programs generated a triclinic cell. The
space group P1 (No. 2) was chosen, and confirmed as the correct choice by
the successful solution and refinement of the structure.

The cell constants and orientation matrix were obtained from a least-
squares refinement of the setting angles of 24 reflections in the range
18.20<20<39.6°.

The intensity data were collected at room temperature (23°C) with
9-26 scans at 6.7-1.8° min-! (in 8). The scan range and aperture width were
varied as a function of 8 tc compensate for the a1-a2 wavelength
dispersion: o scan width = 0.60 + 0.347tang and aperture
width =(3.00 + tan6) mm.

The backgrounds for the peaks were measured by extending the scan
by 25% on either side of the calculated range; this gave a peak-to-
background counting time ratio of 2:1. Intensity measurements were made
out to a maximum 26 of 56.0°. Three reflections were chosen as intensity
and orientation standards, and these were remeasured after every 120 min
of exposure time to check on crystal and electronic stability over the course

of data collection; no appreciable decay was evident.
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Table 3.2 Crystallographic data of (u-C7H7)RuU(CO)3Ru(CO)(n3-C3Hs) (4).

A. Crystal Data

C14H1204Ruy;

FW = 446.39

Crystal dimensions: 0.29 x 0.12 x 0.10 mun

triclinic space group PI (No. 2,
b = 8.9436 (9),
J = 8§7.602 (8)°,

a = 7.0336 (8},

2)
c=11.642.1) A
~ = T4.554 (2)°
1

D. =2102 g cm™3: p = 10.97 cm™~

B. Data Collection and Refinement Conditions

Radiation:

Monochromator:

Take-off angle:

Detector aperture:
Crystal-to-detector distance:
Scan type:

Scan rate:

Scan width:

Data collection 28 limit:
Data coilection index range:
Retlections measured:

(Observations:variables ratio:

Agreement factors R, Ry, GOF:

Corrections applied:

Mo K, (A = 0.71073 )

incident beam, graphite crystal

3.0°

(3.00 + tan @) mm horiz x 4.00 mm vert
172 mm

6-20

6.7-1.8° min~!

0.60 + 0.347tan@°

56.0°

h, =k, x££

3395 total, averaged; 2766 with I > 3o([)
2766:181

0.076, 0.133, 3.926

absorption correction



Table 3.3 Fractional coordinates and equivalent isotropic thermal
parameters of (u-C7H7)Ru(CO)3Ru(CO)(n3-C3Hs) (4).

Atom z y : » Uy

Rul 426.2(1) 65.5(1) 716.37(9) 2.77(3)"
Ru2 196.9(1) 365.0(1) 796.02(9) 2.84(3)°
01 664(2) -256(1) 645(1) 7.9(58)°
02 663(1) 226(1) 549(1) 6.6(3)°
03 686(2) 33(1) 926.5(9) 7.3(4)°
04 412(2) 349(1) 1015(1) 8.3(4)°
c1 564(2) -137(1) 670(1) 5.0(4)°
c2 578(2) 167(1) 614(1) 4.4(4)°
c3 583(2) 56(2) 849(1) 5.3(4)°
C4 336(2) 348(2) 931(1) 5.8(5)°
c5 88(2) 618(1) 833(1) 6.3(5)°
o 179(2) 594(1) 724(1) 6.0(5)"°
c7 379(2) 517(1) 710(2) 6.3(5)*
ci1 153(2) 129(1) 612(1) 4.6(4)°
c12 146(2) 6(1) 692(1) 4.1(3)°
c13 146(2) 35(1) 811(1) 4.4(4)°
Ci4 65(1) 182(1) 872(1) 4.2(3)°
Ci5 -84(2) 312(2) 826(1) 5.2(4)°
C16 -80(2) 365(1) 713(1) 4.9(4)°
c17 68(2) 300(1) 627(1) 4.3(4)°

*Indicates atom refined anisotropically.

. . . P a
The equivalent isotropic displacement parameter [/ is 1/33 _,r’

[ 0 B

where r, are the root-mean-square amplitudes of vibratiocn.
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Chapter 4.

Synthesis and Characterization of Cycloheptatrienyl Bridged
Heterobimetallic Complexes, (u-C7H7)M(CO)3Mo(CO)2(L)
(M=Fe, Ru, Os) (L=n5-CgH7, n5-CsHs)

4.1. Introduction.

The ability of the anionic complexes, (n3-C;H7)M(CO)3~ (M=Fe 1a,
Ru 1b, Os 1¢) as precursors for the preparation of cycloheptatrienyi bridged
bimetallic complexes has been clearly demonstrated.'-6 However the
obtained results revealed a perplexing picture of their ambident reactivity.
Reactions of (n3-C,H-)Fe(CO)3" (1a) with group 14 halides (R3EX, E=Si,
Ge, Sn, Pb) gave evidence of electrophilic discrimination. Depending on the
electrophiles (R3EX) two distinct products, ring (E=Si, Ge) or metal
substituted products (E=Sn, Pb), were obtained (Scheme 4.1).4a.b On the
other hand, metai-dependent nuclecphilicity of anions 1 was displayed in
their reactions with [M"(COD)Cl]J2 (M"=Rh, Ir). The Fe and Ru anions gave
metal substituted cis-(u-C7H7)M(CO)3M"(COD) (M=Fe, Ru; M"=Rh, Ir)
(Scheme 4.1),1.2 whereas the Os anion initially afforded ring substituted
trans compounds which further converted to thermodynamically more stable
cis compounds (Scheme 4.1).3 But, as has been seen in chapter two, the
alteration of the metai center in anions 1 had no significant effect on the type
of bimetallic compounds that were obtained in reactions with [M'(CO)4X]2
(M'=Mn, Re; X=CI, Br) (Scheme 4.1). Clearly, besides the anions
themselves, the nature of the electrophiles also plays an important role in

determining the outcome of these reactions.
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in order to obtain more information about this electrophilic effect it is
necessary to carry out reactions of anions 1 with other transition metal
electrophiles. In this chapter we describe the reactions of 1 with the cationic
complex [(nS-CgH7)Mo(CO)o(CH3CN)ol* (2a) (n3-CgH7=Indenyl). To
explore possible ligand effect caused by the indenyl group, reactions with
[(n5-CsH5)Mo(CO)2(CH3CN),]* (2b) (n3-CsHs=cyclopentadienyl) were also

carried out. Surprisingly, the reactions of the Fe and Ru anions resulted in
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exclusive formation of trans-(u-n4,n3-C7H7)M(CO)3Mo(CO),(n5-CgH7)
(M=Fe 3a, Ru 3b) and trans-(u-n4,n3-C7H7)M(C0O)3Mo(CO),(n5-CsHs)
(M=Fe 4a, Ru 4b). Furthermore, the reactions of the Os anion 1¢ yielded
two types of products. The major products were still the trans compounds
(3¢ and 4c). The minor products proved to be the cis compounds, but
without a metal-metal bond, cis-(u-n4,n3-C;H7)0s(CO)3Mo(CO),(L)
(L=n5-CgH~ 5¢, n5-CsHs 6¢). The nature of these products were studied by
spectroscopic methods and in some cases (3a, 3¢ and 5¢) the solid state
structures were determined by the X-ray crystallography. Since the products
are fluxional, the migration mechanisms of the metal moieties around the

C-H7 ring were probed by the multisite magnetization transfer method.
4.2. Results and Discussion.

4.2.1. Preparation and Characterization of
(1-n4,n3-C;H;)M(CO)3M0(CO)2(n5-CgH;) (M=Fe, Ru, Os).

The reactions of the cationic complex,
[(n5-CgH7)Mo(CO)(CH3ZCN),J+ (2a) with (n3-C7H7)M(CO)3” (M=Fe 1a, Ru
1b, Os 1¢) were carried out at low temperature. Work-up and crystallization
from CH2Clo-hexane solution gave modest yields of the bimetallic products
FeMo (3a), RuMo (3b) and OsMo (3c), respectively (Equation 4.1). From the
osmium reaction a second bimetallic product 5¢ was also isolated.

Compound 5¢ will be discussed in section 4.2.5.



THF

K[(n®C7H7)M(CO)q] + [(n°-CoH7)Mo(CO)z(CHyCN),BF g ——
1 2a (4.1)
( M=Fe, Ru, Os ) (u-C7H7)MMo(CO)s(CgHy7) + (C7Hg)M(CO)

The FeMo compound 3a appears as dark red crystals and is soluble
in most common organic solvents. Although solid 3a can be stored in air for
several days without apparent decomposition, its solution is air-sensitive.
The RuMo compound 3b is also red, but it is less stable than the
corresponding FeMo 3a. Column chromatography on silica gel caused
rapid decomposition of 3b to (n4-C7Hg)Ru(CO)3 and another mononuclear
compound 7. The nature of 7 will be described in the section 4.2.4. Work-up
of the osmium reaction mixture was carried out at low temperature and
provided two major products 3¢ and Sc in a ratio of 2:1, in addition to small
amounts of (n4-C7Hg)Os(CO)3. Both 3¢, orange-red crystals and 5¢, yellow
crystals are moderately soluble in common organic solvents. Solutions of
the products, especially that of 5c, are air sensitive. Both 3c and 5¢ also
rapidly decomposed on silica gel columns.

Elemental analysis indicated a composition of C21H140s5MoM (M=Fe,
Ru, Os) for the corresponding compounds 3a-c. This was further
corroborated and refined by the mass spectra of the compounds which, in all
cases, showed parent molecular ion peaks, followed by successive loss of
five carbonyl groups and fragments of CgH7 and C7H7. These results
suggested that the formula of compounds 3a-c was
(C7H7)MMo(CO)5(CgH7) (M=Fe, Ru, Os).

In principle, there are three possible structures that could satisfy the

above molecular formula and give the favored 18 electron configuration at
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each metal center, cis-(n-n3,n4-C7H7)M(CO)3M0(CO)2(n3-CgH7) (A),
cis-(p-n3,n2-C7H7)M(CO)3M0(CO)2(n5-CgH7) (B) and
trans-(u-n4,n3-C7H7)M(CO)3Mo(CO)2(n3-CgH7) (C) (Scheme 4.2). The last
structure has been observed in the analogous cyclopentadienyl compound
(u-n4,n3-C7H7)Fe(CO)3Mo(CO)2(n3-CsHs), which was preparad by a totally
different route via photolysis of Fe(CO)s in the presence of

(n3-C7H7)Mo(CO)2(n3-CsHs).”

[(N3-CoH7)MO(CO)(CHaCNRIBF,  +  K[(n3-C;H;)M(CO),
2a 1

THF (M=Fe, Ru, Os)

/
(CO}Mo— ?\4(00)3 (CO)ZM/o— \M(CO)3 y I\AO(CO)z
/ OR d OR Q
M(CO)
cis -(n*-indeny!) cis -(n°-indeny!) trans -(n5-indenyl)
(A) (B) (C)

( Scheme 4.2)

On this basis it is perhaps tempting to conclude that compounds 3a-¢
all contain the trans arrangement of the metal fragments. However the other
structural formulations can not be dismissed without due consideration.
Indeed, so far the reactions of the Fe and Ru anions have not given any

trans-type products. Also, there are documented examples &f compounds
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with the n3-indenyl moiety,8 and the cis-(n-n3,n2-C7H7) bonding mode has
been identified in two separate occasions, in Deganello's work
(cis-(u-n3,n2-C7H7)Fe(CO)3Pd(n5-Cs5Hs5))6 and in chapter 2
(cis-(1-n2,n3-C7H7)Re(CO)40s(CO)3).

The spectroscopic data of products 3a-c¢ should provide clues as to
their actual structures. It was noted that the different arrangements of metal
moieties (trans or cis) require different bonding modes for the indeny! ligand
(n3 or n5) and the C7Hy7 ring. This should result in distinct IR and especially
NMR features and the fluxional behavior of the C7H7 ring in these ditferent
structures will be different as well.

The infrared spectra of compounds 3a, 3b, and 3c (Table 4.1)
displayed five well-separated absorption bands in the terminal carbonyl
region (for FeMo 3a; vgo=2044vs, 1982vs, 1973s, 1952s, 1882m cm-1). The
first three, with two closely spaced bands are the typical IR band pattern for
(n4-diene)M(CO)3 complexes (cf. (n4-C7Hg)Fe(CO)j3; vco=2050s, 1989s,
1975m cm-1)9 and suggests a trans-type structure for the compounds 3a-c.
Indeed the IR spectrum of 3a greatly resembles that of the known
compound, trans-(u-C7H7)Fe(CO)3Mo(CO)2(n5-CsHs).”

NMR spectroscopic studies further supported the trans structure. The
room temperature TH NMR spectra of compounds 3a, 3b and 3¢ showed a
very similar four-peak pattern in an intensity ratio of 2:2:2:1 for their indenyl
ligands (c.f. 3a, Figure 4.1). Based on the hcmonuclear decoupling
experiments the four peaks could be unambiguously assigned (Table 4.1). It
was previously noted that the chemical shifts for the Hy 3 protons and Ca 9
carbons of the indenyl! ligand occurs at very different region depending on
the bonding modes, 13-CgH7 or n5-CgHy7. For instance, the Hy 3 resonance

in (n5-CgH7)Ir(PEt3)2 occurs at 4.91 ppm, but in (n3-CgH7)Ir(PMe3)3 the
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same Hj 3 peak has shifted upfield to 2.78 ppm.8 The resonances of the
H1 3 protons in compounds 3a-c are at about 5.2 ppm and indicate that the
indenyl ligand in these compounds is very likely nS-coordinated. This
indication is further supported by the 13C NMR spectrum. The C4,g peaks of
compounds 3a-c appear at around 113 ppm, a position that is much closer
to 121.15 ppm observed in (n3-CgH7)Ir(PEt3)2 and far from 156.7 ppm of
(n3-CgH7)Ir(PMe3)3.8 Actually, in the known complex,
(n5-CgH7)Mo(C0O)2(n3-C3Hs),10 the Hy 3 signal is at 5.87 ppm, which
corroborate the presence of an nS-indenyl! ligand in our products.

Further evidence for the trans-(nS-indenyl) structure came from the
fluxionality of the products. It was found that metal migration around the
C7H> ring in compounds 3a-c is a slow process. For instance, in the FeMo
compound 3a, no signal for the C7H7 ring was observed at room
temperature (Figure 4.1). Increasing the temperature to +700C resulted in
the appearance of a broad singlet at 3.98 ppm. Upon lowering the
temperature, four peaks started to appear at -5°C. The low temperature
limiting spectrum was obtained at -40°C. For the corresponding Ru and Os
compounds the low temperature limiting spectra were reached at even
higher temperatures (-20°C and 10°C) which suggested slower rotation of

the C7H7 ring in these molecules. As mentioned in previous chapters. a
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typical characteristic of cis-C7H7 ring bridged compounds is the fast
whizzing of the C7H7 ring, even at low temperature.!a In contrast, in the
known trans compounds the process is much slower. |In
trans-(u-C7H7)Fe(CO)3Mo(CO)2(n3-CsHs)7 the whizzing of the C7H7 ring is

totally frozen out at -50°C.

Table 4.1. Infrared, 'H and 13C NMR data of 3a-c and 5¢.

IR (cm™)® TH NMR (ppm)

Indenyl {CgH7)¢ C7H7C

He7 | Hsg | Hi3 | H2 Hg Hc Hp Ha

3a% 2044vs 1982vs 644 ]| 6.18]15.18| 462 | 468 | 3.41 | 3.60 | -0.72
1973s
1952s 1882m

3be 2061vs 1997vs 6.48] 6256|1522 ]| 475]495] 3.55]3.65]-0.90
1989s
1948s 1877m

3c! 2062vs 1990vs 6521 6.32|15.28| 492|510 3.45] 3.65]-0.70
1982s
1947s 1876m

scf 2072vs 2006vs 652 6.32] 538} 501]|478]| 320} 3.35]-1.25
1985vs
1943m 1879s

3C NMR (ppm)9

Indeny! (CgH7) Cyhy

Ce7 | Cs8 | Cao C2 | Ci13 Cq Ce Co Ca | averagq

3ah | 1255 |123.5]112.8 | 87.57 | 79.60 68.00
4 3 4
3pD | 125.5 | 123.7 | 112.9 | 87.82 [ 79.90
2 1 5
3ch | 1252 |123.4 |112.7 | 87.68 | 79.85| 86.80 | 68.68 [ 47.85 | 1.15
4 1 9
Sch |124.7 |123.2 |112.7 | 89.83 | 80.69; 88.61 [ 71.44] 45.86 | -0.80
2 7 9

a Chemical shifts (d) in ppm from Me4Si. D |n hexane. ¢ Assignment based on homonuclear
spin-decoupling experiments. 9 In toluene-dg at -40°C. @ In toluene-dg at -18°C. ! In toluene-
dg at 23°C. 9 Assignment based on heteronuclear decoupling experiments. R in CD2ClI3 at
23°C.
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Figure 4.1 Variable temperature TH NMR spectra (360 MHz) of
(u-C7H7)Fe(CO)3Mo(CO)2(n3-CgHy) (3a) in toluene-dg.



At this point it seemed clear that compounds 3a-¢ have the trans
structure. A comparison of their low temperature 'H NMR spectra (for FeMo
3a, Hg 4.68, H; 3.41, Hp 3.60, Ha -0.72 ppm) with the analogous complex
trans-(u-C7H7)Fe(CO)3Mo(CO)2(n3-CsHs) (Hg 5.40, He 3.83, Hp 4.50, Hj
4.98 ppm),” shows obvious similarities . Both have four peaks for the C7H>
ring in a ratio of 2:2:2:1 which is expected for the Cs symmetry of the trans
structure. The upfield shifts in the indenyl compounds is due to the shielding
effect of the indenyl ligand. Such shielding appears especially strong for the
Ha proton which moves ca. 6 ppm upfield from its position in the Cp complex.
Similar observations have been reported in other indenyl compounds. For
instance, in exo-(n3-CgH7)Mo(C0O)2(n3-C3Hs) the central proton of the allyl
ligand appears at 0.15 ppm, but the corresponding Cp compound displays
the same proton peak at 3.61 ppm.11 The similarity between the

mononuclear and binuclear compounds is clear in the following scheme 4.3.

&z x>

OC/ MO\ oo~ Mo~z
O 7 oo/ /
7
P
k/l —CO
°%d

( Scheme 4.3 )
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4.2.2. Sclid State Structures of
(1-C7H7)M(CO)3M0(CO)2(n5-CgH7) (M=Fe, Os).

The final proof of the trans structure came from X-ray crystallographic
studies. Perspective views of compounds 3a and 3¢ are shown in Figure
4.2 which also establishes the numbering system. It is clear that the two
metal moieties occupy opposite faces of the bridging C7H7 ring, i.e.
trans-(1-C7H7) bonding arrangiement. This trans structure is the same as that
of the analogous Cp compound. For comparison, a perspective view of the
Cp complex is also shown in Figure 4.3.12 |mportant bond distances and
angles of 3a and 3¢, together with that of the Cp compound, are listed in
Table 4.2 and 4.3. A quick overview of the tables shows that the bonding in

3a, 3¢ and the Cp compound is very similar.
In these compounds the Mo atom is n3 bonded to the C7H7 ring and

n5 bonded to the indenyl ring. The distances ot Mo to the n3-C7H7 ring in
compounds 3a and 3¢ range from 2.20 A to 2.42 A which is the same as in
the Cp ccmpound (2.22-2.42 A). The shorter Mo-C15 distance (2.20 A)
compared to Mo-C14 (2.42 A) is typical for n3-allyl compounds (ct.
[PhB(pz)3]Mo(CO)2(n3-C3Hs), '3 Mo-C¢ 2.22 A, Mo-Cy 2.37 A). The carbon-
carbon bond distances of the allyl part in the CyH7 ring are also typical.
These observations suggest that replacement of the Cp ring by the indenyl
ligand does not change the bonding situation between molybdenum and the
C7H7 ring. The distances of Mo to indenyl ligand in compounds 3a and 3¢
are ca. 2.30-2.47 A, similar to 2.27-2.39 A found for n5-CgH7-W bonds in
(n5-CgH7)W(CO)2(n3-CgH7).14 The bonds from Mo to the ring junction
carbons (C29 and C24) (average 2.43 A) are much shorter than the

corresponding metal-carbon distances (3.12 A) to the n3-indenyl! ligand in
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Table 4.2. Selected bond distances of (u-C7H7)M(CO)3Mo(CO)2(n5-CgH7)
(3) (M=Fe a, Os ¢) and (u~C7H7)Fe(CO)3Mo(CO)2(n5-CsHs).

FeMo 3a | OsMo 3c | FeMoCp
Atom1 Atom2 Length (A)
Fe/Os C1 1.791 (4) 1.83 (3) 1.800 (9)
Fe/Os c2 1.790 (4) 1.88 (2) 1.799 (9)
Fe/Os C3 1.787 (4) 1.89 (2) 1.766(11)
Fe/Os C11 ~.042 (4) 2.20 (2) 2.059 (7)
Fe/Os Cc12 2.036 (4) 2.21 (2) 2.024(10)
Fe/Os C13 2.139 (3) 2.25 (2) 2.171 (9)
Fe/Os C17 2.183 (3) 2.27 (3) 2.158 (8)
Ci1 ci2 1.395 (6) 1.41 (2) 1.36 (1)
cii c17 1.423 (5) 1.43 (3) 1.42 (1)
Ci12 C13 1.413 (5) 1.46 (2) 1.41 (1)
'y C14 1500 (5) | 153 (2) 1.49 (1)
Cl4a C15 1.395 (4) 1.40 (2) 1.38 (1)
Ci15 c16 1.401 (4) 1.39 (2) 1.41 (1)
Ci16 C17 1.480 (5) 1.53 (2) 1.50 (1)
Mo C4 1.830 (3) 1.98 (2) 1.941 (9)
Mo C5 1.924 (4) 1.92 (2) 1.929(10)
Mo Cci14 2.424 (3) 2.40 (2) 2.426 (8)
Mo Cis 2.204 (3) 2.18 (2) 2.222 (8)
Mo C16 2.410 (3) 2.42 (2) 2.397(10)
Mo c21 2.322 (3) 2.33 (2)
Mo c22 2.307 (4) 2.30 (2)
Mo ca3 2.332 (3) 2.33 (2)
Mo C24 2.439 (3) 2.44 (2)
Mo c29 2.430 (3) 2.47 (2)
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Table 4.3. Selected bond angles of (u1—C7H7)M(CO)3Mo(CO)2(n3-CgH7) (3)

(M=Fe a, Os ¢) and (u—C7H7)Fe(C0)3Mo(CQ)2(n3-CsHs).

FeMo 3a OsMo 3¢ FeMoCp
Atom1 Atom2 Atom3 Angle (degree)?@

Ci Fe/Os C2 99.9 (2) 98 (1) 101.5 (4)
C1 Fe/Os C3 92.4 (2) 94 (1) 91.4 (4)
c2 Fe/Os C3 100.3 (2) 95 (1) 100.%5 (4)
C4 Mo Cs 80.8 (2) 81.7 (9) 80.5 (3)
C13 C14 C15 124.0 (3) 124 (2) 125.7 (8)
C14 C15 C16 117.8 (3) 118 (2) 116.8 (9)
c15 C16 c17 124.6 (3) 125 (2) 123.7 (10)
C11 C17 C16 129.6 (3) 132 (2) 129.1 (8)
c12 c11 C17 119.5 (3) 119 (2) 118.1 (7)
C11 ci12 C13 119.4 (3) 119 (2) 122.5 (9)
Ci12 C13 Ci14 130.2 (3) 127 (2) 128.4 (8)

a Number in parentheses are estimated standard deviations in the least significant digit.
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(m3-CgH7)W(C0)2(n5-CgH7).14 This strongly supports the simple n3-indeny!
ligand in these compounds The local geometry of the Mo moiety can be
viewed as the classical "piano-stool” with two carbonyl groups and two
terminal allyl carbons of the C7H7 ring forming the "four legs”. The same
geometry was observed in the Cp compound.

The M(CO)3 fragment is 4 coordinated to the diene part of the C7H7
ring. The distances of the metal to the inner diene carbons (C11 and C12)
are shorter than to the outer diene carbons (C13 and C17) which, together
with the similar carbon-carbon bond distances in the coordinated diene (for
FeMo: 1.40-1.42 A: for OsMo: 1.41-1.46 A) indicate strong interaction
between the metal and the diene part of the ring.15 In the free,
uncoordinated diene an obvious short-long-short pattern for these bond
distances is observed. The geometry of the metal center can be viewed as
an approximate square-pyramid with two CO ligands and two olefin bonds in
the basal plane and the remaining CO at the apical position. The same
geometry is observed in the Cp complex.12

Finally, the C7H7 ring in compounds 3a and 3¢ exists in a chair
conformation which is the same as in all known trans compounds.3.12 This is
another distinctive difference from the cis compounds which normally
appear in a boat conformation for their C7H7 ring. The different geometries
between trans and cis compounds appear to have significant effect on the

dynamic behavior of these compounds which will be discussed later.

4.2.3. Fluxional Behavior of trans-(u-C7H7)M(CO)3Mo(CO)2(nS-
CgH7) (M=Fe, Ru, Os).

Cotton's objective for the preparation of the trans compound
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(L-C7H7)Fe(CO)3Mo(CO)2(n5-CsHs) was to investigate how the
simultaneous attachment of two metal moieties without a metal-metal bond
would affect the whizzing rate of the cycloheptatrienyl ring, as compared to
the rates in mononuclear systems and in dinuclear compounds with a metal-
metal bond. The mechanism for metal migration in the trans compound was
also of interest. A line-shape analysis of the vatriable temperature TH NMR
spectra indicated that the predominant rearrangement process in the Cp
compound was either a 1,2- or a mixture of 1,2- and 1,3-metal shifts.” With a
series of similar trans compounds at hand, it was clearly worthwhile to
determine and compare the fluxional behavior of 3a-c with the Cp
analogue.

The room temperature *H NMR spectrum of FeMo 3a shows no peak
for the C7H7 ring protons (Figure 4.1). Upon lowering the temperature to 00C
three broad peaks appear. At -40°C the low temperature limiting spectrum is
obtained and gives four well-separated peaks in a ratio of 2:2:2:1. The line
shape changes in compounds 3b and 3¢ were similar except that the low
temperature limiting spectra were reached at higher temperatures (-20°C for
RuMo, 10°C for OsMo, respectively).

Since Cotton's experience with the analogous Cp compound showed
that line shape analysis does not lead to an unambiguous identification of
the mechanism of metal migration, a more sensitive probe was sought for
this purpose. The multisite magnetization transfer (MMT) method is
particularly useful in this regard, and has been used by McClung et al. to
analysize complex fluxional processes of related organometallic systems
containing the C7H7 ring ligand.16 The experiment involves in irradiating
one of the exchanging sites by selective inversion of the magnetization. The

exchange process transfers the label to other exchanging sites in the
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molecule, where it can be detected by measuring the magnetization from the
time of inversion until thermal equilibrium is retained. Since all sites are
monitored, very precise information about the dynamic pathway and
mechanism can be obtained.

Based on the experiments it was deter~ ned that for compounds 3a-c
the metal moieties migrated around the (-H7 ring with a series of
intramolecular 1,2 shifts. The 1,2-shift is the common process elucidated for
organometallic compounds with an n3-C7H7 liganc.' /-18 Such a shift can be
achieved by rotation of the ML, fragment as it moves from a site to next, in
effect accompanied by another ligand movement such as carbonyl
scrambling. Another possibility is a sliding motion of the ML, fragment with
no relationship to other ligand movement. The identification of the two
processes can rely on the activation energies of the two related processes,
metal migration and ligand scrambling. If the two movements have identical
activation energies the metal migration with rotation is indicated.
Unfortunately, in our case, the unavailability of 13C enriched samples made
it impossible to gain information on the carbonyl scrambling process. But
based on the ligand size we postulate that the process may go through a
1,2-slide motion with the least movement of the indenyl! ligand. In iact, a
similar 1,2-slide mechanism has been deduced for the Rh(COD) fragment in
trans-(p-C7H7)0s(CO)3Rh(COD).3 A possible pathway for 1,2-slide motion
of the M(CO)3 and Mo(CO)2(n5-CgH7) groups is depicted in scheme 4.4.
The formation of the 3-center 2-electron intermediate is achieved by bonding
to the terminal carbor utoms of the diene part from the 16 electron
Mo(CO)2(n3-CgH7) fragment.19 Similar 3-center 2-electron bonding has
been observed in coordinatively unsaturated Rh complex and has been

postulated in the related trans-(u-C7H7)Os(CO)3Rh(COD).3
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The rate constants and activation parameters of the 1,2 shift process
are recorded in Table 4.4 and 4.5. The free energies of activation at 298 K
are 55 kJ mol-! for 3a, 60 kJ mol-1 for 3b and 73 kJ mol-1 for 3c,
respectively. The value for 3a is similar to the analogous Cp compound,
trans-(u-C7H7)Fe(CQO)3Mo(CO)2(n3-CsHs). The activation energies are
significantly higher than in related cis-compounds. For instance in
cis-(n-C7H7)Os(CO)Rh(COD), a molecule which also contains Os and a
second row metal, AG¥ is 43 kJ mol-1 some 30 kJ mol-1 lower than in 3c.

The differences in fluxional behavior between cis- and trans
compounds can be supported by the X-ray structural data. The conformation
of the bridging C7H7 ring is different in the two classes, boat form in cis- and
chair form in trans compounds. Comparison of the two conformations
indicates that the allyl and diene parts are further separated in the trans

compounds. The distances between the two parts are longer in trans
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compounds (1.48~1.53 A in 3a and 3¢) than in cis compounds

(1.45-1.46 A).1.3 Also, the torsional angles (¢) between two n systems is
different. The values of 57° and 64°in 3a and 3¢ are much larger than

those in cis compounds (23° and 21°C).1.3 and imply that the delocalization

of the n electrons in the C7H7 ring is more limited in trans compounds.

Consequently metal migration in the latter is more difficult than in

NN

A

cis-(u-C7H7)MM' derivatives.

Table 4.4. Rate constants of metal migration in
(u-C7H7)M(CO)3Mo(CO)2(n>-CgH7) (3) (M=Fe &, Ru b, Os ¢).

FeMo RuMo OsMo

Temp2 | RateP Temp2 |RateP Temp3 | RateP

251.6 6.625 275.2 16.90 324.0 9.010

244.7 2.834 262.4 4.010 320.0 6.165

237.2 0.950 251.2 0.866 312.7 3.460
230.2 0.284 249.8 0.700 308.2 2.400

227.5 0.325 238.8 0.094

AUnits for temperature are degree of Kelvin. BUnits for rate constant are s°1.




Table 4.5. Activation parameters of metal migration in
(u—C7H7)M(CO)3Mo(CO)2(n5-CgH5) (3) (M=Fe a, Ru b, Os ¢) (kJ mol-1).ab,

Compound | AH# St.D AS# St.D AGH Errorc
FeMo 67.24 2.88 39.7 11.8 55.41 6.4
RuMo 70.25 2.18 35.0 8.6 59.86 4.7
OsMo 67.48 1.48 -19.2 4.7 73.00 2.9

a A1 298 K. PActivation parameters AH} and AS¥ calculated from the rate constants using a
non-linear least squares fitting procedure. Units for AS¥ are J/mole K.€ Errors calculated by

summation of one standard deviation for AH¥ and AS¥.

The somewhat larger separation between the allyl and diene parts in
3¢ (1.583 A) than in 3a (average 1.49 A) is in the right direction for the
observed activation energy for metal migration. Also the trend in AGH

(FeMo<RuMo<OsMo) is consistent with the well-known increase in metal-

ligand bond strength while descending a transition metal triad.

4.2.4. Characterization of the Byproduct,
(n3-C7H7)Mo(CO)2(n5-CgH;) from Decomposition of
(L-C7H7)RuU(CO)3M0o(CO)2(n3-CgH7) on the Silica Gel

Column.

Purification of compound 3b was initially attempted via silica gel
column chromatography. The effort failed to afford the pure product. Instead,
compound 3b decomposed and two mononuclear compounds were
obtained. The first major component proved to be (n4-C7Hg)Ru(CO)s. The

second compound was isolated as red-brown crystals 7.
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Based on the mass spectrum and element analysis, compound 7 was
formulated as (C7H7)Mo(CO)2(CgH7). The IR spectrum of 7 showed two
carbonyl bands in the terminal CO region (vco=1959, 1896 cm-1) which was
consistent with the above formula. The 'H NMR spectrum at room
temperature displayed a broad time averaged signal at 4.15 ppm due to the
C7H7 ring, in addition to the typical resonances from an nS-indenyl group.
The molecule is highly fluxional, the rotation of the C7H7 ring could be
frozen out only at -80°C. At this temperature four peaks in the ratio of 2:2:2:1
were observed (Figure 4.4). According to H-1H decoupling experiments at -
950C, where the better resolution of the proton coupling was observed, the
upfield triplet at -2.78 ppm was assigned to Ha, the triplet at 3.82 ppm o Hp.
the multiplet at 6.12 ppm to H¢, the multiplet at 5.20 ppm to Hg.

Comparison of the IR and NMR spectral data of 7 with the analogous
Cp compound, (n3-C7H7)Mo(CO)2(n5-CsHs),22 shows very similar features.
The low temperature (-110°C) TH NMR spectrum of the C7H7 ring for the Cp
compound (H¢ 6.12, Hg 4.95, Hp 3.76 and Ha 1.13 ppm) is similar to that ot
compound 7, except for the position of Ha (Figure. 4.4). Based on arguments
presented before, the about 4 ppm upfield shift of the Ha resonance is
attributed to the shielding effect of the indenyl ring. Theretore the structure of
7 is (n3-C7H7)Mo(CO)2(n5-CoH7).

Interestingly, only two bands are observed in the IR spectrum of 7,
which indicates the presence of one compound in solution. This is different
from the analogous Cp compound, (n3-C7H7)Mo(CO)2(n°-CsHs)22 and the
related (n5-CgH7)Mo(CO)2(n3-C3Hs) complex,'2 where an equilibrium
between two conformers (endo and exo ) of the C7H7/C3Hs ligands exist in

solution (Scheme 4.5).
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Figure 4.4 H NMR spectra (360 MHz) of (n5-CgH7)Mo(COQ)2(n3-C7H7) (7).
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Based on the chemical shift argument, 7 appears to have an exo
conformation for its C7H7 ring. Only in the exo form Hy experiences the
strong shielding effect of the indenyl ring. The observation of only one
rotamer for 7 may be explained by the steric interaction between indeny!

ligand with the C7H7 ring.

4.2.5. Characterization of the Minor Product fron: Reaction ot
(n3-C7H7)O0s(CO)3" with [(n5-CgH7)Mo(CO)2(CH3CN),]*.

As mentioned at the beginning of this chapter, two bimetaliic
complexes were obtained from the osmium reaction. Unexpectedly, the
mass spectrum and elemental analysis of the second product 5¢ were
identicai to those of trans-(u-C7H+)0s(CO)3Mo(CO)2(n5-CgHy7) (3¢), but
subtle differences in their spectroscopic features clearly indicated that the
structures of 3¢ and 5c were different.

As with compound 3¢ the IR spectrum of 5¢ showed five well
separated CO bands in the te-minal carbonyl region (v¢o=2072s, 2006s,
1985s, 1943m, 1879s cm1) (Figure 4.5). Most of the bands in 5¢ were at
slightly higher frequency than in 3¢ (vgo=2062s, 1990s, 1982s, 1947m,
1876s cm-1). But, the most notable differences between them were the larger

separation between the second and the third band (21 cm-! in 5S¢, only
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8 cm-1in 3¢) and the reversal of the relatively intensity of the two lowest
frequency bands. Since the three highest frequency bands could confidently
be assigned to the Os(CO)3 moiety, the larger splitting between the second
and third bands in 5¢ was indicative of a greater distortion from local C3vy
symmetry of the Os(CO)3 moiety in this compound. A distortion of the
Mo(CO)2 unit was also indicated by the calculated (OC)Mo(CO) angle,
based on the relative band intensities (Scheme 4.6).23 The estimated angle
in 3c was 829, in good agreement with the X-ray determinated value of
81.79, whereas the value for compound 5¢ was 108°. The bigger angle is

presumably due to some sort of steric interaction in 5¢.
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Figure 4.5 Infrared spectra of trans-3¢ and cis-(-C7H7)0s(CO)3Mo(CO)2(nS-CgH7) (5¢).
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The room temperature 'H NMR spectra of two products 3¢ and 5¢
(Figure 4.6) were very similar, except for the significant upfield shift
(-1.25 ppm) of the central allyl proton in 5¢. As argued before, the upfield
shift of a resonance is suggestive of greater shielding from the indenyl ring.

The simplest explanation of the obtained data could be the existence
of two isomers which are related by rotation of the C7H7 ring (Scheme 4.7).
Indeed, it was already mentioned that at room temperature
(n5-CsHs)Mo(CQ)2(n3-C7H7) exhibited an equilibrium between exo and
endo isomers, although the analogous indenyl compounds discussed in the

previous section did not have the same equilibrium.
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X-ray crystallography had clearly established that compound 3c had
the exo arrangement, this then would imply that compound 5¢ had an endo
configuration. However, this is contrary to the shielding arguments
presented above. Therefore the possibility of simple rotameric relationship
between 3¢ and 5¢ was ruled out at this point.

There were of course other isomeric structures that could have been
proposed for 5¢. In fact, two possible cis-type structures,
cis-(u-n3,n4-C7H7)M(CO)3Mo(CO)2(n3-CgH7) and cis-(u-n3.n2-
C7H7)M(CO)3Mo(CO)2(n5-CgH7) were shown at the beginning of this
chapter. However, the fluxionality of the cis-type compounds should be
higher than that shown by 5¢ in which the C7H7 ring is static at room
temperature. Also, the high field of Ha signal was still best accommodated by
an exo orientation the C7H7 ring towards the indeny! ring in which the Ha
proton is under the shielding region of the indeny! ligand. It was difficult to
see how the above mentioned cis structures could yield such an
arrangement.

Another possible structure for 5¢ is to change the conformation of the
C7H7 ring from the chair form to the boat form, but still keeping the trans
arrangement of two metal moieties (Scheme 4.8). In this structure the
bonding modes for both C7H7 ring and the indenyl ring would be same as in
3c. The only difference is the conformation of the C7H7 ring. To account for
the presence of 3¢ and 5¢ it must be assumed that the conformational
exchange between the chair and boat forms is stopped. This appears

unlikely, but it may be possible as a result of strong Os-C bonds.

119



[
Mo |
oc7/ 1) ocC//M°"‘“
oc = oc” A
A A
s—CO Os—CO
g7 0" G
( chair form ) ( boat form )

( Scheme 4.8)

Since the above possibility for the structure of 5S¢ represents a highly
unusual form and no other obvious structure can accommodate all the
spectroscopic data, the molecular structure of 5¢ was determined by X-ray
crystallography. The perspective view of 5c is shown in Figure 4.7.

Surprisingly, the figure shows that two metal fragments occupy the
same face of the C7H7 ring. The molecule adopts a cis-type structure but
with important differences from the typical cis-(u-C7H7)MM' structures.!
Although the conformation of the bridging C7H7 ring in 5¢c is still the boat
form, now the Os(CO)3 moiety is bonded to the diene part in an n4-fashion
and the (indenyl)Mo{CO)2 group via an n3-fashion. Both metal centers
achieve their 18 electron configurations and consequently there is no metal-
metal bond between the two metal moieties. The very long distance between
the two metal atoms (3.94 A) agrees with this. Thus two components differ
only by the location of the two metal fragments with respect to the bridging
C7H7 ring.

Unfortunately, due to poor crystal quality and extensive
decomposition during the data collection, the structure of 5S¢ could not be

properly refined and the resulting structural parameters are not accurate.
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Figure 4.7 Perspective view of cis-(u-C7H7)Os(CO)3M0(CO)2(n5-CgH-,-) (5¢).



Thus a comparison between the structures of cis-5¢ and trans-3¢ is not
possible. Nevertheless, it is still clear from figure 4.6 that the orientation of
the C7H7 ring is exo with respect to the indeny! ligand and that Ha of 5¢ is
indeed in the shielding region of the indenyl ring. Furthermore, the cis
arrangement of the two metal fragments without the metal-metal bond results
in severe congestion between the carbony! ligands and causes structural
distortions. The most evident is the opening up of the (OC)Mo(CO) angle to
accommodate the apical Os(CO) ligand. A result which was predicted from

the IR spectrum of this molecule.

4.2.6. Reactions of (n3-C7H7)M(CO)3 (M=Fe, Ru, Os) with
[(nS-CsHs)Mo(CO)2(CH3CN)2]*

Finally, in order to examine the possible effect caused by the indenyl
ligand, especially whether its presence was responsible for the formation of
trans-3¢ and cis-5¢ in the osmium reaction, the reactions of 1 with
[(n5-CsHs5)Mo(CO)2(CH3CN)2]*+ were also carried out. The experimental
conditions and work-up were similar to the indenyl reactions. In all cases the
same type of producis were obtained, and this was the same in the osmium
reactions as well where both trans and cis isomers were isolated. The
spectral features of these Cp compounds were very similar to those of
indenyl compounds, with the exception of the Ha proton of the bridging C7H7
ring which, as expected, occured some 4.5 ppm to low field and gave solid
foundation to the argument concerning the shielding effect from the indenyl
ligand. Therefore we can conclude that the change of ligand in the

electrophile did not alter this reaction pathway.
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4.3. Conclusion.

The formation of trans compounds 3 and 4 was unexpected, but
interesting. It again demonstrates the variable reactivity of the anion 1.
Based on the results obtained, it seemns that although the n3-C7H7 form A is
the only bonding form for anion 1 (Scheme 4.9),24 the distribution of the
negative charge is not only concentrated on the metal atoms. Calculations?>
have shown that actually, in the n3 form A, a substantial amount of electron
density is distributed to the C7H7 ring by an Fe-Cayi dr-back donation. it
was further found that the electron density on the n3-C7H7 ring is even

higher than in the n4 form B. The latter has been considered as containing a

free anionic allyl fragment in the C7H7 ring.

(M=Fe, Ru, Os) B
( Scheme 4.9)

Thus "active” electrophiles such as
[(nS-CgH7)Mo(CO)2(CH3CN)2][BF 4], R3GeCl, R3SiCl can attack to the C7H7
ring to form ring substituted trans compounds.

Increased M-C back bonding in the order of Fe<Ru<Os leads to
higher electron density localized on the C7H7 ring in the Os anion (1¢) than
in the corresponding Fe and Ru anions. In consequence, the the C7H7 ring

of 1¢ is more nucleophilic than the Fe and Ru anions. Therefore "less active”
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electrophiles ([M"(COD)Cl]2 M"=Rh, Ir) only with the Os anion lead to ring
attacked compounds, such as trans-(u-C7H7)Os(CO)3M(COD) (M=Rh, Ir).
There is no a priori reason why the C7H7 ring could not be attacked
by electrophiles on both sides (Scheme 4.10). The trans compound could be
formed by path a and the cis type compound is obtained by path b. Loss of a
ligand from the latter will result in the formation of a metal-metal bond and
yields the "normal” cis-(u-C7H7)MM' product. The detection of the OsMo
compound 5c is important since it shows that under certain conditions this

hitherto unobserved “intermediate” can be trapped (Scheme 4.10).

xa
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4.4. Experimental.

4.4.1. Techniques and Reagents

All experimental procedures were performed by using standard
Schlenk glassware under a static atmosphere of rigorously purified nitrogen.
All solvents were dried by refluxing under nitrogen with the appropriate
drying agent and distilled just prior to use.

Mo(CO)g was purchased from the Ventron Company. Potassium
tertiarybutoxide (KO'Bu), Indene, dicyclopentadiene, HBF4:-Diethyl ether
complex (85%) and CH3CN were purchased from the Aldrich Chemical
Company. KO!Bu was sublimed prior to use (180°C, 10-3 mmHg). Indene
was distilled prior to use. Dicyclopentadiene was cracked at 180°C in the
presence of Fe powder and cyclopentadiene distilled at 45°C. CH3CN was
treated with potassium metal before usage. The following reagents
Li[(n5-CgH7)M0(CO)3],26 (n5-CoH7)M0(CO)3CH3,26
[(n5-CgH7)Mo(CO)2(CH3CN)2]BF4,27 Li[(n5-CsHs)Mo(CO)a},26
(n5-CsH5)Mo(CO)3(CH3),26 [(n5-C5H5)M0o(CO)2(CH3CN)2]BF 4,28
(n4-CsHg)Fe(CO0)3,10 (n4-C5Hg)Ru(CO)32 and (n4-C7Hg)Os(CO);3 were
prepared according to literature methods.

Infrared spectra were obtained with a Nicolet MX-1 Fourier Transform
interferometer and a Bomem MB-100 spectrometer. Mass spectra were
taken with an A.E.l. MS-12 spectrometer operating at 16eV or 70eV. NMR
spectra were recorded on Bruker WH 200, Bruker WH 360, Bruker AM 400
or Bruker AM 300 spectrometers. Elemental analyses were performed by the

Microanalytical Laboratory of this department.
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The mechanism of the metal migrations in compounds 3a, 3b and 3¢
was deduced from selective TH spin inversion recovery experiments.16b
These were performed by Ms Gerdy Aarts. Analysis of the data and
calculation of the activation parameters from the deduced rate constant were
carried out by Ms Gerdy Aarts and Professor R. E. D. McClung using a non-
linear least squares fitting procedure.

The solid state X-ray structure determinations of compounds 3a, 3¢
and 5¢ were carried out by Dr. Santarsiero of the Structure Determination
Laboratory of this department and MSC Molecular Structure Corporation. A
limited amount of pertinent experimental data has been extracted from the
respective structure reports and are included in this thesis for sake of
completeness. Further information including listings of observed and
calculated structure factor amplitudes of all reflections may be obtained from

Dr. B. McDonalid or Dr. J. Takats of this department.
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4.4.2. Synthesis of trans-(u-c-,H7)Fe(CO)3Mo(CO)2(n5-CgH7) (3a).

A THF solution (10 ml) of Na(n3-C7H,)Fe(CO)3 (200 mg, 0.78 mmol)
was added to a cold (-78°C) suspension of
[(n5-CgH7)M0o(CO)2(CH3CN)2]BF 4 (358 mg, 0.86 mmol) in THF (5 mi). The
addition was completed in 10 minutes and gave a dark red solution. The
reaction mixture was allowed to warm up slowly to room temperature. The
solvent was removed under vacuum to give a dark red oil. The residue was
dissolved in CH2Clo (2 ml) and the solution was applied to a freshly
prepared silica gel column (1x10cm). Elution with hexane gave some

(n4-C7Hg)Fe(CO)3. Changing to hexane-CH2Clz (2:1) resulted in the

development of a red band which was collected to give a clear red solution.



127

The solution was concentrated to 3 ml and kept at -20°C overnight to give

dark red crystals (112 mg, 30%).
Anal. Calcd. for C51H41405FeMo: C, 50.64, H, 2.83. Found: C, 50.68, H, 2.83.

Mass Spectrum (16 eV, 200°C); M+ (498), M*-nCO (n=1 - 5).

IR (hexane): vgo 2044vs 1982vs 1973s 1952s 1882s cm-!.

TH NMR (200 MHz, 90°C, toluene-dg): & 6.58 (m, 2H, Hg 7)., 6.40 (m, 2H,
Hs.g), 5.23 (d, 2H, Hy.3), 4.84 (1, 1H, H2), 3.40 (s, 7H,C7H7); (360 MHz,
-40°C): 6.44 (m, 2H, Hg 7), 6.18 (m, 2H, Hs g), 5.18 (d, 2H, Hy 3), 4.62 (t, 1H,
H2), 4.68 (m, 2H, Hg), 3.60 (m, 2H, Hp), 3.41 (t, 2H, Hc), -0.72 (t, 1H, Ha).

13C {1H} NMR (90 MHz, 25°C, CD2Cl2): 8 241.95 (s, MoCO), 211.80 (s,
FeCO), 125.54 (s, Cg.7), 123.53 (s, Cs,g), 112.84 (s, Cag), 87.57 (s, C2).
79.60 (s. C1 3), 68.00 (s br, C7).

4.4.3. Synthesis of trans-(u-C7H7)Ru(CO)3Mo(CO)2(n5-CgHy) (3b).

A freshly prepared THF solution (20 ml) of K[(n3-C7H7)Ru(CO)3] (1.8
mmol) was added to a slurry of [(n5-CgH7)Mo(CO)2(CH3CN)2]BF4 (785 mg,
1.8 mmol) in THF (10 ml) at -78°C. The addition was completed in 30
minutes and resulted in a dark red solution with a precipitate. The precipitate
was filtered off and the solvent was removed at low temperature (-40 to
-20°C) under vacuum to give an orange-brown residue. The residue was
washed with pentane (3 x 25 ml) at low temperature to remove the byproduct
(n4-C7Hg)Ru(CO)3. The remaining solid was redissolved in a mixture of
CHoClo-hexane (2:1) (5ml). After one week at -78°C red solids were
obtained (826 mg, 48%) which can be further recrystallized to give red

crystals.
Anal. Calcd. for CoqH4405RuMo: C, 41.39, H, 2.45. Found: C, 41.23, H, 3.02.
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Mass Spectrum (73 eV, 1 00°C); M+ (533), M+-nCO (n=1 - 5).

IR (hexane): ugg 2061vs 1997vs 1989s 1948s 1877s cm-1.

1H NMR (360 MHz, -20°C, toluene-dg): & 6.48 (m, 2H, Hg 7), 6.25 (m, 2H,
Hsg), 5.22 (d, 2H, Hy,3), 4.75 (t, 1H, Hz), 4.95 (m, 2H, Hg). 3.65 (m, 2H, Hp),
3.55 (t, 2H, Hc), -0.90 (t, 1H, Ha).

13C {TH} NMR (90 MHz, 250C, CD2Clp): 8 125.52 (s, Cg,7), 123.71 (s, Cs.g),

112.95 (s, C4,9), 87.82 (s, C2), 79.9 (s, C1,3).
4.4.4. Isolation of (n3-C7H7)Mo(CO)2(nS-CgHy) (7).

As in the previous preparation, the reaction of K[(n3-C7H7)Ru(CO)3]
(0.54 mmol) with [(n5-CgH7)Mo(CO)2(CH3CN)2]BF4 (255 mg 0.58 mmol)
gave a dark oily residue after the usual work-up. The residue was
redissolved in CH2Cla (2ml) and the solution was applied to a freshly

prepared silica gel column (0.7x5cm). Elution with hexane gave a large

amount of (n4-C7Hg)Ru(CO)3 and a clear red brown solution. The red brown
solution was concentrated to about 2 ml. The solution was cooled at -20°C

overnight to give 5 as red brown crystals (26mg, 13%).
Anal. Calcd. for C1gH140,Mo: C, 60.35, H, 3.94. “ound: C, 59.71, H, 3.80.

Mass Spectrum (70 eV, 160 °C); M+ (318), M*-nCO (n = 2).

IR (hexane): vg, 1959s, 1896s cm-1.

1H NMR (360 MHz, 220C, CDCl3): § 6.15 (m, 4H, Hs.g), 5.49 (d, 2H, Hy 3),
5.55 (t, 1H, Ha), 4.15 (s, 7H,C7H7); (-80°C): 6.20 (m, 4H, Hs.g), 5.50 (d, 2H,
Hq 3), 5.42 (1, 1H, H2), 6.35 (m, 2H, Hc), 5.20 (m, 2H, Hgq), 3.82 (t, 2H, Hp),
-2.78 (t, 1H, Ha).



13C {TH} NMR (90 Mkhiz, 25°C, CD2Cl2): 6 236.11 (s, MoCO), 125.12 (s,
Ce.7), 123.81 (s, Cs.g), 111.89 (s, C4,9), 90.16 (s, C2), 81.30 (s. C13).
100.54 (s, C7)

4.4.5. Synthesis of trans-(u-C7H7)0s(CO)3Mo(CO)2(n3-CgH7)
(3¢c) and cis-(x-C7H7)Os(CO)3Mo(CO)2(nS3-CgH7) (5¢).

A freshly prepared THF solution (20 mi) of K[(n3-C7H7)Os(CO)3] (0.55
mmol) was added to a slurry of [(5-CgH7)Mo(CO)2(CH3CN)2]BF4 (233 mg,
0.55 mmol) in THF (5 ml) at -78°C. The addition was completed in 10
minutes and gave a dark red solution. IR spectrum of the resulting dark red
reaction mixture showed complete consumption of the anion and indicated
the formation of two new compounds. The mixture was allowed to warm up
to -20°C and filtered at low temperature. The solvent was then removed
under vacuum between -40 and -20°C to give a brown, oily residue. The
residue was redissolved in CH>Clo and concentrated to ca. 3 ml. Pentane
solution (3ml) was added. The mixture was kept at -78°C overnight to give a
brown solid which proved to be a mixture of 3¢ and 5¢ (208 mg, 60% for 3c
and 5¢ together). The mixture was redissolved in pentane-CH2Cl2 (2:1)
solution (10 ml) and kept at -10°C for crystallization. After several fractional
crystallizations 3c and 5¢ could be separated, but the procedure is
inefficient.

Anal. Calcd. for Co1H14050sMo (3c and 5¢ together): C, 39.88, H, 2.23.
Found: C, 39.20, H, 2.51.
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Data for 3c, yellow crystals.

Mass Spectrum (16 eV, 210°C); M* (632), M*+-nCO (n=1 - 5).

IR (hexane): ucg 2062vs 1990vs 1982s 1947s 1876s cm-1.

TH NMR (400 MHz, 23°C, toluene-dg): 8 6.52 (m, 2H, Hg, 7), 6.32 (m, 2H,
Hs g), 5.28 (d, 2H, H4 3), 4.92 (t, 1H, Hz), 5.10 (m, 2H, Hg), 3.65 (m, 2H, Hp),

3.45 (m, 2H, Hg), -0.70 (t, 1H, Ha).
13C {1H} NMR (90 MHz, 25°C, CD2Clz): & 241.98 (s, MoCO), 125.24 (s,

Ce.7), 123.41 (s, Cs.g), 112.79 (s, C4,9), 87.68 (s, C2), 79.85 (s, C1,3), 86.80
(s, Cg), 68.68 (s, Cp), 47.85 (s, C¢), 1.15 (s,Ca).

Data for 5c, red crystals

IR (hexane): vep 2072vs 2006vs 1985vs 1943m 1879s cm-1.
1H NMR (400 MHz, 23°C, toluene-dg): 8 6.52 (m, 2H, Hg 7), 6.32 (m, 2H,
Hs.g), 5.38 (d, 2H, Hq 3), 5.01 (t, 1H, H2), 4.78 (m, 2H, Hg), 3.35 (t, 2H, Hp),

3.20 (m, 2H, He), -1.25 (t, 1H, Ha).
13C {1H} NMR (90 MHz, 25°C, CDClp): & 241.98 (s, MoCO), 124.72 (s,

Ce.7). 123.27 (s, Cs.8), 112.79 (s, C4,9), 89.83 (s, Cp), 80.69 (s, C1,3), 88.61
(s. Cg). 71.44 (s, Cp), 45.86 (s, C¢), -0.80 (s,Ca).

4.4.6. Synthesis of trans-(u-C7H7)M(CO)3Mo(CO)2(n5-CsHs)

(M=Fe 4a, Ru 4b, Os 4c) and
cis-(u-C7H7)0s(C0O)3Mo(CO)2(n5-CsHs) (6c)

The compounds 4a-4c and 6¢c were prepared according to the

procedure outlined above for analogous indenyl derivatives except that



column chromatogragiy on silica gel column was used for the separation

and isolation of pure products.

Data for 4a, dark red crystals (50 mg, 20%).

Mass Spectrum (70 eV, 200°C); M+ (448), M*-nCO (n=1 - 5).

IR (hexane): vgo 2045vs 1982vs 1974s 1952s 1882s cm-1.

TH NMR (360 MHz, 48°C, Toluene-dg): & 4.41 (s, 5H, Cp), 4.17 (s br, 7H,
C7H7); (-40°C): 4.15 (s, 5H, Cp), 4.87 (m, 2H, Hq), 4.04 (t, 1H, Ha), 3.77 (1,
2H, Hp), 3.53 (m, 2H, Hc).

13C {1H} NMR (90 MHz, -40°C, CDCl3): 3 242.38 (s, MoCO), 93.43 (s, Cp),
90.02 (s, Cqg), 66.19 (s, Cp), 65.12 (s, C¢), 75.43 (s,Ca).

Data for 4b, red oranje crystals (10 mg, 4%).
Mass Spectrum (16 eV, 180°C); no M+ (483) is observed.
IR (hexane): Voo 2061vs 1997vs 1990s 1949s 1877s cm-1.

1H NMR (360 MHz, 259C, CDCl3): § 5.20 (s, 5H, Cp), 4.91 (s, 7H, C7H7); (-
409C): 5.25 (s, 5H, Cp), 5.40 (m, 2H, Hg), 4.47 (m, 3H, Hap), 3.59 (m, 2H,
He).

Data for 4c. yellow crystals (10mg, 8%)

Mass Spectrum (16 eV, 100°C); no M*(582) is observed.

IR (hexane): voo 2062vs 1989vs 1983s 1947s 1875s cm-1.

TH NMR (360 MHz, 25°C, Toluene-dg): 5 4.43 (s, 5H, Cp), 5.18 (m, 2H, Hq),
4.05 (t, 2H, Hp), 3.88 (t, 1H, Ha), 3.40 (m, 2H, Hg).

131



Data for 6c. orange crystals (5 mg, 4%)
IR (hexane): o 2072s 2006s 1984s 1944m 1877s cm-1,

1H NMR (360 MHz, 250C, CDCl3): & 4.43 (s, 5H, Cp), 5.52 (m, 2H, Hg), 4.10
(m, 3H, Hap), 3.38 (m, 2H, Hc).

4.4.7. X-ray Structure Determination of 3a.

X-ray quality crystals of 3a were obtained from CH2Cl2/hexane over
2 days at -20 OC. The structure was solved by Dr. B. D. Santarsiero of the
Structure Determination Laboratory of this department. The following
information was obtained frém the structure report (File number
SDL:TAK9002). An orange crystal of 3a with the approximate dimensions of
0.56 x 0.53 x 0.15 mm, was mounted on a glass fiber with epoxy, and
optically centred in the X-ray beam of an Enraf-Nonius CAD4 automated
diffractometer. All intensity measurements were performed using Zr-filtered
MoK, radiation (A = 0.71073 A).

The automatic peak search and reflection indexing programs
generated a monoclinic cell. The systematic absences (h0l, | odd; 0kO, k
odd) led to the choice of space group as P24/c.

The cell nonstants and orientation matrix were obtained from a least-
squres refinement of the setting angles of 24 reflections in the range
16.69<20<25.40.

The intensity data were collected at room temperature (23 °C) with
»-26 scans at 4.0-1.2° min-1 (in 8). The scan range was varied as a function
of & to compensate for the aq-ap wavelength dispersion: @ scan

width=0.50+0.347tané.
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The backgrounds for the peaks were measured by extending the scan
by 25% on either side of the calculated range; this gave a peak-to-
background counting time ratio of 2:1. Intensity measurements were made
out to a maximum 26 of 56°. Three reflections were chosen as intensity and
orientation standards, and these were remeasured after every 120 min ut
exposure time to check on the crystal and electronic stability over the course
of data collection; no appreciable decay was evident. A summary of the
crystallographic data is presented in Table 4.6 Positional and equivalent

isotropic parameters for the non-hydrogen atoms are given in Table 4.7.

4.4.8. X-ray Structure Determination of 3c.

X-ray quality crystals of 3¢ were grown by slow evaporation ot a
pentane solution of 3¢ The structure was solved by Dr. B. D. Santarsiero of
the Structure Determination Laboratory of this department. The following
information was obtained from the structure report (File number
SDL:TAK9108). A bright yellow crystal of 3¢ with the dimensions of 0.30 x
0.14 x 0.06 mm, was mounted on a glass fiber with epoxy, and optically
centred in the X-ray beam of an Enraf-Nonius CAD4 automated
diffractometer. All intensity measurements were performed using Zr-filtered
MoKy, radiation (A = 0.71073 A).

The automatic peak search and reflection indexing programs
generated a monoclinic cell. The systematic absences (hOl, | odd; 0kO, k
odd) led to the choice of space group as P24/n, a non-standard setting of

P24/c.

133



The cell constants and orientation matrix were obtained from a least-
squres refinement of the setting angles of 24 reflections in the range
16.49<20<19.40,

The intensity data were collected at room temperature (23 °C) with

8-20 scans at 5.0-2.2° min-! (in 8). The scan range was varied as a function
of 8 to compensate for the aq-oz wavelength dispersion: w scan
width=0.80+0.347tan6.

The backgrounds for the peaks were measured by extending the scan
by 25% on either side of the calculated range; this gave a peak-to-
background counting time ratio of 2:1. Intensity measurements were made
out to a maximum 20 of 56°. Three reflections were chosen as intensity and
orientation standards, and these were remeasured after every 120 min of
exposure time to check on the crystal and electronic stability over the course
of data collection; no appreciable decay was evident. A summary of the
crystallographic data is presented in Table 4.8. Positional and equivalent

isotropic parameters for the non-hydrogen atoms are given in Table 4.9.
4.4.9. X-ray Structure Determination of 5c.

X-ray quality crystals of 5¢ were grown by slow evaporation of a
pentane solution of 5¢. The structure was solved by Dr. B. D. Santarsiero of
the Structure Determination Laboratory of this department. The following
information is the brief crystal data of 5¢: Pnma (No. 62), a=7.463A,
b=12.169A, c=21.375A, V=1941A3, 2=4, pcaic=2.274 g cm-3, n=72.232 cm-1,
T=-130°C, radiation=MoKq(0.717073A), R=0.178, Ry=0.180, GOF=7.162.
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Table 4.6. Crystallographic data of (u-C7H7)Fe(CO)3Mo(CO)2(n3-CgH7) (3a).

A. Crystal Data

Cng“FeMoOs; FW = 498.13

Crystal dimensions: 0.56 x 0.53 x 0.15 mm

monoclinic space group P2;/c (No. 14)
a = 10.250 (4), b=6.810(1), c=28516(10)4
3 = 106.93 (3)°

V = 1904.5 43; 72 = 4;

D.=1737Tgem™%; p = 14.33 cm™!

B. Data Collection and Refinement Conditions

Radiation:

Take-off angle:

Detector aperture:
Crystal-to-detector distance:
Scan type:

Scan rate:

Scan width:

Data collection 26 limit:
Data collection index range:
Reflections measured:

Observations:variables ratio:

Agreement factors R;, R, GOF:

Corrections applied:

Mo Ko (A = 0.71073 &)

3.0°

2.40 mm horiz x 4.00 mm vert
173 mm

w=20

4.0-1.2° min™!

0.50 + 0.347tan#8°

56.0°

h, xk, £€

4956 total, averaged; 3493 with I > 3o( I
3493:254

0.045, 0.060, 2.071

absorption correction



Table 4.7. Fractional coordinates and equivalent isotropic thermal
parameters for (1-C7H7)Fe(CO)3Mo(CO)2(n3-CgH7) (3a).

Atom z y z Y

Mo 246.0 (3) 263.94(5) 320.40(1) 3.137(9)°
Fe 215.16(8) 14v.6(1) 480.77(2) 3.94(2)°
01 86.1(4)  350.9(7)  546.2(1) 7.8(1)°
02 492.6(4)  301.7(7)  519.5(2) 7.6(2)°
03 237.2(5) -218.2(7) 636.9(2) 9.1(2)"°
04 -49.0(3) 392.9(6) 312.1(1) 6.3(1)°
06 104.7(4) -141.3(8)  309.7(1) 6.5(1)°
c1 133.0(5) 273.56(8) 519.8(2) 5.3(2)*
c2 384.9(5)  242.3(7)  505.1(2) 4.8(2)°
c3 228.4(5) -74.3(9) 514.6(2) 6.7(2)*
ca 62.8(4) 347.8(7) 315.8(2) 4.4(1)°
cs 158.3(5) 11.4(7)  313.7(2) 4.4(1)°
c11 65.7(4)  210.7(9)  417.4(2) 5.2(2)°
c12 116.7(5) 21.0(8)  415.7(2) 5.1(2)°
c13 266.1(5) -6.8(7)  421.6(2) 4.3(1)°
c14 348.7(4) 93.9(6)  397.0(1) 3.7(1)°
C16 369.0(4)  206.4(7)  397.5(1) 3.8(1)°
cie 258.3(4)  418.3(6)  397.6(1) 3.7(1)"
c17 166.3(4)  373.3(7)  423.6(2) 4.4(1)°
c21 251.3(6)  487.2(7)  269.4(2) 4.6(1)"°
€22 232.1(5) 301.5(8) 238.7(2) 5.1(2)*
c23 349.9(5)  186.5(8)  260.1(2) 4.901)°
c24 447.9(4)  310.0(8)  202.8(2) 4.5(1)°
c26 585.3(5)  279.4(9)  323.7(2) 6.1(2)"°
c26 651.1(5)  434(1) 352.2(2) 6.7(2)°
car 588.5(5)  613(1) 352.6(2) 6.4(2)°
c28 458.2(5)  661.2(8)  324.4(2) 5.3(2)"
c29 385.6(4)  499.8(7)  292.8(2) 4.001)°

‘Indicates an atom refined anisotropically.

The o?uiva.lont isotropic displacement parameter U is
1/3Y,_,r?, vhere r; are the root-mean-square
amplitudes of vibration.
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Table 4.8. Crystallographic data of (u-C7H7)Os(CO)3Mo(CO)2(n3-CgHy7) (3¢).

A. Crystal Data

Cz]H“.\IOOsOS: FW = 632.48
Crystal dimensions: 0.30 x 0.14 x 0.06 mm

monoclinic space group P2,/n (a non-standard setting of P2;/c {No. 14,

a = 10.245 (3),

V = 1943.6 A3; Z =4

b=6.804(2), c=27.940(6)4A
3 =93.70 (2)°
D, =2.161 gcm™3; p=7199 cm™!

B. Data Collection and Refinement Conditions

Radiation:

Take-off angle:

Detector aperture:
Crystal-to-detector distance:
Scan type:

Scan rate:

Scan width:

Data collection 26 limit:
Data collection index range:
Reflections measured:

Observations:variables ratio:

Agreement factors R;, Ry, GOF:

Corrections applied:

Mo Ko (A = 0.71073 d)

3.0°

2.40 mm horiz x 4.00 mm vert
173 mm

0-26

5.0-2.2° min~!

0.80 + 0.347tan 8°

56.0°

h, xk, £€

5043 total, averaged; 1926 with I > 3all)
1926:149

0.064, 0.086, 2.091

absorption correction



Table 4.9. Fractional coordinates and equivalent isotropic thermal
parameters for (u-C7H7)Os(C0O)3Mo(CO)2(n3-CgH7) (3¢).

Atom z y : v

Os 264.5(1) 144.4(2) $80.38(4) 3.30(3)°
Mo 74.5(2) 261.7(4) 818.75(8) 2.75(8)*°
01 206(3) -234(4) 1037.1(7) 8.3(9)°*
02 26(2) 307(3) 1023.9(7) 6.4(8)"
03 4689(2) 363(4) 1046.2(9) 8.2(9)*
o4 206(2) -148(3) 808.3(7) 5.6(7)°
o] 358(2) 395(3) 812.4(7) 5.5(8)*
c1 279(3) -85(5) 1015(1) 5.6(9)
c2 121(3) 253(5) 1010(1) 4.5(8)
c3 393(3) 277(4) 1020(1) £.6(8)
c4 168(3) 1(4) 811.8(9) 4.0(7)
cs 261(2) 340(4) 815.3(8) 3.1(6)
c11 301(3) 11(8) 911(1) 4.5(8)
c12 358(3) 201(4) 912(1) 4.9(8)
€13 269(2) 367(4) $21.0(8) 2.7(6)
Ci4 138(3) 415(4) 804(1) 4.2(8)
C16 27(2) 295(4) 893.4(8) 2.7(8)
c16 46(2) 92(4} 893.6(8) 2.7(6)
c17 165(2) -12(4) 916.1(9) 4.0(7)
c21 -89(3) 192(4) 789(1) 4.2(8)
€22 9(3) 301(4) 739(1) 4.1(8)
€23 9(2) 489(4) 769.8(9) 3.1(8)
c24 ~92(3) 500(5) 792(1) 4.3(7)
c26 -137(3) 641(6) 820.4(9) 4.4(7)
ca2e -237(3) 614(5) 862(1) 8.0(9)
c27 -300(3) 432(8) 851(1) 7(1)
c28 -263(3) 285(5) 823(1) 6.8(9)
c29 ~158(3) 302(4) 791(1) 4.3(8)

*Indicates an atom refined anisotropically.
The o?uivuont isotropic displacement parameter U is
1/33;., 72, where r; are the root-mean-square

amplitudes of vibration.
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Chapter 5

Synthesis, Characterization and Reactivity of the
(Formylcycloheptatrienyl)tricarbonyliron Anion
[(CHOC7Hg)Fe(CO)3l"

5.1. Introduction

Due to its antiaromatic nature the free cycloheptatrienide anion is
unstable and difficult to prepare.! It has , therefore, been little used in
organic synthesis. In contrast, as has been shown in previous chapters, the
metal stabilized derivatives [(n3-C7H7)M(CO)3]" (M=Fe 1a, Ru 1b, Os 1c)
are more easily prepared? and their versatile reactivities have been
demonstrated by the preparation of different cycloheptatrienyl bridged
bimetallic complexes.3 This raises the possibility that through the reactions
of [(n3-C7H7)M(CO)3]" (1) with organic electrophiles carbon-carbon bond
formation and elaboration of the C7H7 ring could be achieved. Recent
reports of acylation of the C7H7 ring by Williams et al.,4 reactions of the
anion 1a with alkyl chloroformates by Airoldi et al.5 and nucleophilic
addition of the anion 1a to 2-chlorotropone by Nitta et al.6 are efforts in this
direction (Scheme 5.1).

Until recently, very little information on the behavior of ring substituted
C7H7 metal derivatives were available,43.b.5 although the unsubstituted
metal anions 1 have been studied extensively.2¢.7.8 To continue our
systematic investigation of cycloheptatrienyl complexes and to add to the
efforts of utilizing them in organic synthesis it was decided to study the

deprotonation of [n4-6-(CHO)C>H7]Fe(CO)3 (2) to give the formyl-substituted
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cycloheptatrienyl anion [{CHOC7Hg)Fe(CO)3]- (3). This chapter describes

the prenaration, characterization and preliminary reactivity study of anion 3.

Fe(CO), Fe(CO);
{ Scheme 5.1)

5.2. Results and Discussion.

5.2.1. Preparation and Characterization of
[(CHOC7Hg)Fe(CO)3]".

Deprotonation of the readily available aldehyde derivative
[n4-6-(CHO)C7H7]Fe(CO)3 (2) by NaN(SiMegs), in benzene solution at
ambient temperature gave the sodium salt of the anion, 3a. Under these
conditions pure 3a precipitated directly from the reaction mixture and was
isolated in the form of a pyrophoric orange-red powder in 90% yield

(Scheme 5.2). Other strong bases, such as KO'Bu, can also be used to



deprotonate 2. The presence of the electron withdrawing CHO group
renders anion 3a less reactive than the unsubstituted anions 1. Anion 3a

can be stored in a Schienk tube under No atmosphere at room temperature

for several months without apparent decomposition.

CHO
NaN(SiMe ;)
» Na [(C;HsCHO)Fe(CO),)
/ CBHG' 20°C
(CORFe
2 ( Scheme 5.2) 3a

The IR spectrum of 3a (in a THF solution) displayed two broad bands
at 1985 and 1910 cm-1 in the carbonyl stretching region. The shift of the two
bands to lower frequencies with respect to that of the neutral compound 2
was expected and indicated the formation of a negatively charged complex.
The fact, that the bands appeared at higher frequencies than in the related
unsubstituted anion, Na[(n3-C7H7)Fe(CO)3] (also in THF, vuco: 1944, 1869,
1847, 1823 cm-1), was also consistent with the presence of the electron
withdrawing formyl substituent on the ring. With possible delocalization onto
the CHO group there is more electron density on the C7H7 ring and thereby
weaker back-bonding to the carbonyl ligands, as observed. Surprisingly, but
still in line with the above arguments about the electron delocalization onto
the formyl group, the spectrum of 3a did not show the expected aldehyde
band (vgp, 1684 cm-1in 2).

The 'H NMR spectrum at room temperature (Figure 5.1) showed five
broad signals, one in the formyl CHO region at 7.92 ppm. The broadness of

the resonances was an indication that the molecule was experiencing some

[09]
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sort of rearrangement. This would not be unexpected since
[(n3-C7H7)Fe(CO)3]" (1a) is highly fluxional. Also, it was noted by Airoldi et
al. that at room temperature [(COOEtC7Hg)Fe(COQO)3]" rapidly rearranges in
solution.5 The non-rigid structure of 3a was confirmed by variable
temperature 'H NMR studies. The low temperature (-100°C) spectrum
(Figure 5.1) shows two sets of resonances, which indicates the presence of
two isomers. This is most clearly seen by the appearance of two formyl
signals. The isomer ratio is ca. 3:1. This observation is totally different from
the unsubstituted anion 1 where only one structure is detected in solution at
low temperature.2¢

Based on the 18 electron rule, there are several possible structures
that can be drawn for anion 3a. Some of these are shown in scheme 5.3.
The following comments are intended to tentatively relate the observed
spectrai data with the possible structures.

First, it is easy to see that in some structures the negative charge can
be delocalized onto the formyl oxygen atom with concomitant reduction in
HC=0 bond order to form an enolate like structure. Therefore the
disappearance of the normal vcHo band in the IR spectrum is not surprising.
Second, the temperature dependent behavior of the 'H NMR spectra
indicated that there is a rearrangement between the species. The
rearrangement appears to be different from the process observed by
Deganallo et. al for [(COOEtCyHg)Fe(CO)3] . In that case rapid metal
migration around the C7 ring is accompanied by facile rotation about the C7-
COOEt bond. The combination of the two processes results in a time-
averaged mirror plane through the C7 ring and gives a symmietrical room
temperature spectrum which consists of three peaks in the ratio of 2:2:2

(Hq.6:H2 5:H3 4) (Scheme 5.3). The observation of four peaks in a ratio of

I
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2:1:2:1 at room temperature for compound 3a is not in accord with such a

process.
6
v ) 0 o) . o H
3N\ 4 H \'- H I/ B o)
2 FaiCO). Fe(CO) (CO)3Fé =
b ”
i / 0
O S
/ —
. (CO)Fe
Fe(CO)\

({ Scheme 5.3)

Unfortunately, the low temperature 'H NMR spectra provided
insufficient information as to the nature of the isomers present. In particular,
poor resolution of the signals made it impossible to determine the
relationship of the ring hydrogens by homonuclear decoupling experiments.
With the hope of aiding the assignment and establishing how the nature of
the anion is dependent on the counter ion, different salts (PhgAs+*, R4N+) of
anion 3 were prepared. The variable temperature TH NMR spectra of these
anions were also similar to the sodium salt and the low temperature spectra
were not well resolved.

Attempts to grow single crystals of the sodium salt from various
sulvents gioved unsuccessful, but single crystals in the presence of
:3-crowr:-6 ether could be obtained. A perzcective view of comple. 3a is

shown in figure 5.2. Dursing refinemant it was discovered that the



crown-ether molecule is disordered and attempts to deal with the disorder
failed. Consequently the precision of the determination is low, nevertheless
the gross structural features are still clearly established. For comparison, a
perspective view of the unsubstituted anion 1a is also shown in figure 5.2.
The structure clearly shows that Fe(CO)3 moiety is bonded to the
formyicycloheptatrienyl ligand in an n3-fashion, with the formyl group
attached to the central carbon of the allyl fragment. Comparison of the Fe-C7
ring distances in the formyl-substituted anion 3a with that of unsubstituted
anion 1a indicates that they are very similar. But interestingly, it is noted that
in 3a the exocyclic C-C bond is rather short (1.38 A) and shows double
bond character. The carbon atom of the formyl moiety is 2.65 A away from
the Fe atom. This distance is long for direct bonding, but probably still
indicates secondary interaction between Fe and the formyl group. Thus, in
the solid state, the bonding can be best described by the forms shown
below, with significant contribution from the trimethylenemethane like
resonance form. Finally, the formyl oxygen is bonded to the sodium ion,

which is associated to the crown-ether ligand as well.

\.H \H

Fa(CO) Fe(CO

Comparison of this structure with a heptafulvene complex,
(n4-C7HgCH2)Fe(CO)3, which has a typical trimethylenemethane like
bonding mode, inaicates that even though the v .yclic carbon-carbon
distance of 3a is close to that observed in the heptafulvene Fe complex

(1.428 (8) A ) (Figure. 5.3),2 the Fe distance to the exocyclic carbon in 3a
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(2.65 (5) A ) is much longer than that of the heptafulvene complex (2.120 (3)
A). Thus the interaction between Fe and the exocyclic carbon in 3a is weak
and could be a major factor for the facile rearrangement of compounds 3.
The heptafulvene complex is rigid at room temperature.

Although we have obtained some information on the solid structure of
3, the structures in solution are still difficult to resolve. The major isomer in
THF solution could be accommodated by the solid state form. The minor
isomer is more problematic as is the appearance of the room temperature
TH NMR spectrum. More work is needed, but it is clear that rearrangement is
not accompanied by the C7-CHO bond rotation.

Recently Williams et al. reported a detailed study on the isomerization
of acyicycloheptatriene Fe complexes. It is believed that in this isomerization
the key step also involves an equilibrium between a series of

cycloheptatrienide anions (Scheme 5.4),4¢ much like what goes on with

anion 3a.
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5.2.2. Reaction of [([CHOC7Hg)Fe(CO)3]- with CHgsl.

The reaction of 3a with CHjl was carried out in THF at room

temperature. Normal work-up and silica gel column chromatography

provided two products 5 and 6 as yellow and yellow orange solids (in a ratio

of 2:1). Both compounds are fairly stable in the solid states, but their

solutions are air sensitive.

Mass spectra and elemental analysis suggested a molecular formula

of [(CH3)(CHO)C7Hg]Fe(CO)3 for these products. The IR spectrum of both §

and 6 show three carbony! bands in the terminal carbonyl region which are



typical for (diene)Fe(CO)3 compounds. The major difference between the
two compounds is the position of the formyl CO band. In § this band appears
at 1737 cm-! while the same band in 6 is at 1701 cm™1. T2 low frequency
shift in 6 indicates a greater conjugation of the formyl group with the C7 ring.

The room temperature 'TH NMR spectra (Table 5.1) of 5 and 6 show
distinct signals for each proton environment and are typical for substituted
(n4-cycloheptatriene)Fe(CO)3 complexes which are known to be rigid at
room temperature.” The assignments of the proton signals were based on
1H-1H decoupling experiments and by comparison of their chemical shifts
with that of similar benzoyl complexes.4P In compound 5 no aliphatic proton
peak was observed and the methyl signal was a singlet at 1.13 ppm, which
indicate the methy! group and formyl group are at the same carbon atom of
the C7H 7 ring. Based on this the structure of
(n4-7-CH3-7-CHO-C7Hg)Fe(CO)3 is assigned to 5. Thus the low field
doublet of doublets at 5.96 ppm was assigned to Hs, and a multiplet at 5.12
ppm to Hg. The two internal diene protons gave two multiplets around 5.34
ppm and the outer diene protons appeared at the higher field (H1 3.15, Ha
2.98 ppm).

In a similar fashion the structure of compound 6 was assigned to
(n4-5-CHO-7-CH3C7Hg)Fe(CO)3. The reason is clear. The resonance at
3.00 ppm is in the saturated alkyl proton region and it is coupled to the
methyl group, thus it is assigned to Hz. In turn the methyl signal at 1.54 ppm
is a doublet (JMe-H7=7 Hz). This clearly indicates that the methy! group is at
the C7 atom. The fact that the peak due to Hg is shifted to lower field (6.15
ppm) suggests that this olefinic proton may be at the end of an «,B-
unsaturated aldehyde group, which causes this downfield shift. Although the

spectral data between 5 and 6 and the related benzoyl substituted

(8]
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complexes are similar, the isomer ratio is not same. In latter reaction a 6:1
preference for (n4-7-CH3-7-PhCO-C7Hg)Fe(CO)3 was cbserved.
Interestingly, these results are different from reactions of the
unsubstituted anion 1a with CHgal. In this case attack of the metal was
reported, but the compound was not stable and decomposed to

(C,Hg)Fe(CO)3 (4) upon attempted chromatography.3e

[ CHO f
Fe(CO) F

e(CO)

"~ [CHyl lcml

5
4 6

CHO

/ 1
Fe(CO)j

S 6

( Scheme 5.5)

The experimental results show that, as far as the CH3l reaction is
concerned, the important reactive forms of anion 3a appear to be the same

as those identified by Williams et al. (Scheme 5.5).

5.2.3. Reaction of [([CHOC7Hg)Fe(CO)3]- with Me3SiCl.

The reaction of 3a with Me3SiCl was carried out at -780C. Work-up

and crystallization from hexane solution afforded the products as a yellow



brown solid in an isolated yield of 74%. The solid appeared less stable than
the methy! derivatives § and 6. It rapidly decomposed upon silica gel
column chromatography and was sensitive to air even in the solid state.

The mass spectrum and elemental analysis suggested a constitution,
(Me3SiCHOCHg)Fe(CO)3 for the product The IR spectra of the product
showed only three carbony! bands at 2047s, 1987s and 1971s cm! which is
typical for an (n4-diene)Fe(CO)3 complex. Interestingly, no formyl band was
observed. This indicated that the SiMe3 group is most likely bonded to the
formyl oxygen with the formation of a heptafulvene derivative. It is
noteworthy that similar selectivity was also observed by Williams et al. in
reactions of the benzoy! iron anion, (PhCOC7Hg)Fe(CO)3". The reaction with
Mel resulted in ring attacked products (see the previous section), whereas
silyl chioride gave coordinated heptafulvenes.

The 1H and 13C NMR data of the compounds are collected in Table
5.1. The 'H NMR spectrum is displayed in figure 5.4 and shows that the
product is actually a mixture of two isomers in an approximate ratio of 2:1.
Also shown in the figure is the related phenyl acetoxyheptafulvene
derivative obtained by Williams et al..40. 10 The similarities # & ¢ zar. The
assignment appearing in the table and figurz were determ.n~2 by homo-
and heteronuclear decoupling experiments and are consistent with the
(7-trimethylsiloxyheptafulvene)Fe(CO)3 formulation, which exists as two
isomers 7-E and 7-Z due to the ditferent orientations of the SiMeg
substituent about the exocyclic double bond.

The identity of the isomers was established by NOE experiments.
irradiation of the formyi proton of the major isomer resuited in the intensity

change of the H6 ring proton. This suggested that the formyl proton is close

[81]
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Figure 5.4 TH NMR spectra (300 MHz) of (8-phenyl-8-acetoxyheptafulvene)Fe(CO)3

and (8-trimethylsiloxyheptafulvene)Fe(CO)3 (7€, 72).



to H6 and SiMeg group is at the same side of Fe(CO)3. Thus we assign the
major isomer as 7-Z.

Thus the Me3gSiCl reaction appears to sample ditferent reactive forms
of the anion (Scheme 5.6). This again is different from :-e reactivity of the

unsubstituted anion 1a where Me3SiCl gave ring substitutea products.?

— ©1<S—— ME‘GSiCI @OSIM%
— H
/
(CO)Fe F{B(C%
[ TE
g
\ H
Fe(CO),
(CONnFe "
\ .
I\ _,01| Me;SiCl =¢H
. — Fe(CO)
7-Z

( Scheme 5.6 )

5.3. Conclusion.

The synthesis and characterization of [([CsHgCHO)Fe(CO)s)- (3) and
its derivatives have been carried out. In the solid state anion 3, like the

unsubstituted anion, [(n3-CyH)Fe(CO)3]" (1a), favors the n3-bonding mode



with secondary interaction with the exocyclic CHO. The same
tnmethylenemethane !¢ structure may predominate in solution at room
temperature, but the nature of the other isomers present and the mechanism
of intercorvarsia:: betweaan isomers is not clear at this stage. Reaction of the
anion with Mei anc M . .l resulted in ring substituted and heptafulvene
type denvatives, respectively. Thus preliminary results suggest that anion 3
may be useful precursor for substituted (RC;HgCHO)Fe(CO); and

(heptafulvere)Fa(CO)5 derivatives.

5.4. Experimental.
5.4.1. Genera! Techniques and Reagents.

All experimental procedures were performed in standard Schienk
glassware under a static atmosphere of rigorously purified nitrogen. All
solvents were dried by refluxing under nitrogen with the appropriate drying
agent and distilled just prior to use.

Sodium bis(irimethylisilyl)amide, trimethylsilyl chloride, and methyl! iodide
were purchased from Aldrich. Tetraphenylarsonium chloride (Phy4AsCl) was
obtained from Aldrich and dried at 1809C under vacuum (1 mmHg)
overnight. (n4-C,Hg)Fe(C0)372 and (n4-C;H;CHO)Fe(CO)3'3 were
prepared according to liierature methods.

Inf-ared spectra were obtained with a Nicolet MX-1 Fourier Transform
interfercmeter and a Bomem MB-100 spectrometer. Mass spectra were
taken with an A.E.l. MS-12 spectrometer operating at 70eV or 16eV. NMR
spectra were recorded on Bruker WH 200, Bruker WH 360, Bruker AM 400
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or Bruker AM 300 spectrometers. Elemental analyses were perfornied by the

Micoanalytical Laboratory of this department.

5.4.2. Preparation of Na[{C;HgCHO)Fe(CO)3] (3a).

A benzene solution (75ml) of NaN(SiMe3), (2.419, 13mmol) was added
dropwise at rmnom temperature to (C7H7CHO)Fe(CO)3 (2) (2.89g, 11.1mmol)
also in benzene (30ml). The reaction mixture rapidly turned deep red and
some red precipitate began to form. After addition was completed the
suspension was stirred for another hour at room temperature. Hexane
(50ml) was added to complete the precipitation of the sodium salt. The
precipitate was filtered under nitrogen and washed with pentane (2 x 50ml).
The solid anion was dried under vacuum to give an orange red powder (2.8
g, 97%).

IR (THF) : ugo 1985(s), 1910(vs, br) cm-1.

TH NMR (200 MH7, 200C, THF-dg): 7.92 (br, 1H, CHO), 5.48 (br, 2H, C7Hg).
5.18 (br, 1H, C;Hg), 4.7 (br, 2H,C7Hg), 4.5 (br, 1H,C;Hg). (-1000C): isomer
A, 7.8 (br, 1.4, CHO), 6.42 (br, 2H. CsHg), 5.42 (br, 2H, C7Hg), 4.68 (br,
1H,C7Hg), 3.42 (br, 1H, CsHg); isomer B, 8.28 (br, 1H, CHO), 5.75 (br, 2H,
C,Hg), 4.68 (br, 1H,C7Hg), 4.12 (br, 2H, C7Hg).

5.4.3. Preparation of [PhjAs]{(C;HgCHO)Fe(CO),] (3b).

A THF solution (20mi) of Na[(C;sHgCHO)Fe(CO)3] (3a) (558mg,
1.98mmol) was added dropwise to a slurry of PhgAsCl (820mg, 1.98mmol)
in THF (10ml). The mixture was stirred at room temperature for about an

hour. The IR spectrum showed that cation exchange was complete. The

L
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mixture was filtered. Addition of heptane (pretreated with K for 6 hr) (30ml) to
the filtrate gave some dark-red precipitate. The precipitation of the solid was
completed by removing THF under vacuum. The dark red solic was filtered
and immediately transfered into a dry hox. The solid was redissolved in THF

(5ml). Attempts to grow single crystals by sivw diffusion of hexane into THF

solution failed.

5.4.4. Reactinn of 3a with Mel.

Excess Mel (1 5ml) was added drcpwise at room temperature to
Na[(C;HgCHO)Fe(CO)3] (3a) (680mg, 2.4mmal) in THF (20ml). After the
addition was completed the mixture was stirred at room temperature for 3 hr.
The original dark red solution turne- dark brown. The IR spectrum showed
complete consumption of 3a. The solvent wzs removed under vacuum to
afford a dark brown oil. The residue was extracted with hexane (3 x 20ml).
The extracts were concentrated and separated by a column chromatography
(Silica Gel-hexane) and eluted with hexane-ether (10:1) to give a yellow
solution. Removal of solvent afforded yellow solids of 5§ (345mg, 52%) which
canbe ¢  .lized from hexane at -78°C. Further elution with same solvent
gave the other product 6 as a yellow-orange solid (83mg, 12%).

Anal. Found: C, 52.33; H, 3.71. C4,HgFeC;; caled.: C, 52.59; H, 3.68%.
For 5, IR (hexane) : veo 2057(s), 1984(s), 1971(s) 1737(m) cm-1.

For 6, IR (hexane) : ugg 2056(s), 175477\ 1984(s) 1701(m) cm-.

1H and 13C {1H! MMR dats are lisied s - Table 5.1.

160



5.4.5. Reaction of 3a with Me4SiCl.

Excess Me3SiCl (0.8ml) in THF (25ml) was added dropwise at -78°C
to Na [(C7HgCHO)Fe(CO)4) (3a) (1.0g, 3.5mmol) in THF (30ml). After the
addition was completed the mixture was stirred at -78°C for 1 hr. The
original dark red solution turned dark brown. The IR spectrum showed
complete consumption of 3a. The solvent was removed under vacuum at
-78°C to afford a yellow brown residue. The residue was extracted with
pentane (3 x 15mi). The combined extracts were concentrated to 2m! and
crystallized at -78°C overnight to afford 7-E and 7-Z as a brown yellow solid
(863mg, 74%). Attempted further separation of 7 by fractional crystallization
was noet successful.

For 7. Anal. Found: C, 50.39; H, £.03. C43H,gFe04Si calcd.: C, 50.62; H.
4.86%.

IR (pentane) : veo 2047(s), 1987(s), 1971(s) cm-1..

Mass spectrum (16eV, 70°C); M+, M+-nCO (n=1-3).

H and 13, ('H} NMR data are listed in Table 5.1.
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