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Abstract

I Redox Chemistry of Bimetallic Fulvalene Complexes
I Oligocyclopentadienyl Complexes

by
David Stebhen Brown
A v Doctor of Philosophy in Chemistry
University of California at Berkeley

Professor K. Peter C. Vollhardt, Chair

The electrochemistry of the heterobimetallic complexes (fulvalene)WFe(CO)5 (30)
and (fulvalene)WRu(CO); (31) has been investigated. Compound 30 is reduced in two

‘one-electron processes, and this behavior was exploited synthetically to prepare the

tetranuclear dimer 98 by selective metal reduction. Complex 31 displayed a distinction

between the metals upon reoxidation of the dianion, allowing the formation of the dimer

103 By selective metal anion oxidation. The dianions of both 30 and 31 were prepared and

trapped as the cdrresponding dimethyl complexes 99 and 102, respectively.

The redox behavior of 30 led to an investigation of the use of electrocatalysis to |
effect xﬁetal-spéciﬁc ligand subsﬁtution. It was found that reduction of 30 with a catalytic
amount of CpFe(CgMeg) 97 in the presence of excess P(OMe); or PMe; led to the
formation of the zwitterions (fulvalene)[W(CQO);1[Fe(CO)PR5*] (107 , R = P(OMe)5; 108,
R =PMej). X-ray crystallography was used to confirm the structure of 107. This electro-
catalytic process was extended to the homobimetallic speciés (fulvalcne)Moz(CO)s 93 and
(fulvalene)W,(CO)4 94, allowing the preparation of the previously reported zwitterions '
117 and 118, respectively. It was also shown that selective metal substitution could be
achieved with the heterobimetallic compounds (fulvalene)MoRu(CO)s 95 and 31.
Compound 31 also displayed unique behavior with different reducing agents, as the
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monosubstituted zwitterion (fulvalene)[W(CO)51[Ru(CO),(PMes)*] 123 was obtained
-when 97 }was used while the disubstituted complex (fulvalene)[W(CO)s7]
[Ru(CO)(PMes),*] 122 was produced when Cp*Fe(CgMeg) was the catalyst.

Potential synthetic routes to quatercyclopentadienyl complexes were also explored.
Various attempts to couple heterobimetallic fulvalene compounds proved to be
unsuccessful. The use of a pinacol coupling reaction on the enone (3-oxo-1-
cyclopentenyl)cyclopentadienyltungstentricarbonyl methyl 22 with Sml, produced the
corresponding diols 170a and b in quantitative yield, but efforts to convert the diols to
quatercyclopentadienyl species by dehydration were unsuccessful. Attempts to couple the
anion of (cyclopentadienyl)cyclopentadienyltungstentricarbonyl methyl 24 also failed to

give the desired quatercyclopentadienyl species.

e
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Chapter One
Introduction

The first part of this thesis will discuss the electrochemical behavior of some
heterobimetallic fulvalene complexes. This work is part of the ongoing effort to explore
the reactivity of cornpiexcs c;)ntaining two different metal centers. Since relevant -
introductory material is presented at the beginning of each chapter, this general
introduction will focus on the reasons for the interest in heterobimetallic complexes.
Some representative examples from the recent literature will be cited, and the latest
developments in fulvalene chemistry itself will be emphasized.

One of the primary reasons for the interest in complexes containing two metal
centers is that these compounds may serve as models for metal sﬁrfaces,.thereby leading to
an improved understanding of man); important heterogeneous reactions. Fof example, the
strong metal support interaction (SMSI), in which a late transition metal film displays
enhanced catalytic activity when combined with an early transiﬁon metal support,! has
generated é significant amount of work on the synthesis of early-late heterobimetallic
complexes which might display the same effect in solution.2 Bergman has recently
provided detailed studies of the reactivity of some early-late heterobimetallic complexes,3
and a proposéd mechanism for the hydrogenation of ethylene by the tantalumn-iridium
complex 1 is shown in Scheme 1.1. Aécording to this meéhanism, thé role of the tantalum
center is to allow the reductive elimination of one of the bridging methylene groups so that
catalysis occurs without dissociation of the iridium carbonyls.

Another reason for the significant amount of interest in heterobimetallic compounds’
is the possibility that these compounds will display cooperative interactions between the
metal centers.* Such synergistic effects could give rise to novel reactivity compared to

monorhetallic analogs. Garland has explored this concept in heterometallic clusters by
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comparing the catalyst precursors CoRh(CO)-, and Co,Rh,(CO);, with the homometallic
clusters Rh4(CO),, and Rhg(CO);¢ in the hydroformylation of 3,3-dimethylbut-1-ene.’ In
-this case, it was found that the heterometallic clusters showed significantly shorter
inducton periods, but this effect was attributed to the facile ﬁagﬁientation of these
compounds rather than any cooperative interactions between the different metals. Each
compound gave rise to the same active catalyst, whif:h Was a mononuclear rhodium
- species. Garland's work illustrates a common problem encountered with heterobimetallic
clusters, as these compounds frequently undergo fragmentation reactions to give

mononuclear species.6

Scheme 1.1
H
o, O +H, ey, | 0 it 20
Cp,Ta e === Cp,Ta g === Cp,Tatfr
N N i N 2\@3 l\H
1 < co

In order to circumvent the problem of cluster fragmentation, a wide variety of
bridging ligands have been employed as a means of linking the metal centers, and some
recent examples of these types of compounds are shown in Figure 1.1.7 There is
considerable evidence that heterobimetallic species with bridging ligands can ‘display.
enhanced or novel reactivity. For example, the catalytic hydrogenation of cyclohexene by
the ruthenium-iridium heterobimetallic complexes 8 and 9 has been examined by Oro.78
Synergism which produced enhanced catalytic activity compared to mononuclear analogs

was observed, and the ruthenium center in each case was postulated to serve as a center of
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Figure'1.1. Heterobimetallic compkxes with bridging ligands: (2) alkenediy}?2 (3) butadiynediy}’?
(4) akanediyl’¢ (5) arenedimethykilyt?d (6) 1,1°-bis(V,N-dimethylaminomethy])ferrocenyl’
(7) 1,1°-bis(8-cyclopentadieny} 1-naphthyDferrocenylf (8) 2,2°-biimidazokte; 8 (9) pyrazolte.’s
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variable electron density which helped to activate the iridium center. Thus, the origin of
the synergism was ascribed to an indirect cooperative interaction between the metal
centers via electronic communication through the bridging ligands.

There are a number of points to be considered when using bridging ligands. First,
the metal-ligand bonds should be sufficiently strong to ensure that dissociation to
mononuclear fragments does not occur. Second, the bridging ligand should allow .
~ electronic cofnmunication. between the metal centers, as was observed by Oro.
Additionally, the ligand should hold the meta]‘cente:rs in close proximity to allow for direct
metal-metal interactions, and finally, the ligand must allow for the selective introduction of

the metals so that heterobimetallic compounds can be prepared efficiently.

Scheme 1.2

*_’(‘

10 . 1 by, ot
_<P_ -w)

12

There are very few ligand systems which satisfy all of the above concerns. For
example, bidentate phosphines suffer from the limitation of relatively weak metal-
phosphorus bonds, which are typically on the order of 30-40 kcal/mol®8 A variety of
bridging ligands have been developed which employ linked cyclopentadienyl (Cp) n'ngs,‘
which are particularly attractive due to the strong Cp-metal bonds (90-118 kcal/mol)? and
the fact that Cp complexes are known for all the transition metals. However, most of

these systems suffer from other limitations. The doubly-bridged cyclopentadienyl system
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10,10 for example, affords the possibﬂity of electronic communication mediated by the
Si(CH3), units'! but gives mixtures of cis and trans products when treated with metal
reagents (Scheme 1.2). Furthermore, the system is not amenable to the synthesis of
heterobimetallic compounds in that in does not allow selective complexation of the Cp
rings. _ | _
An elegant approach to heterobimetallic compounds, in which palladium-mediated
- coupling is utilized (Scheme 1.3), has been provided by Stille.12 In this case, the acetylene
bridge can allow electronic communication between the metals as well as serve as a site of
further reactivity, and the synthetic route allows the preparation of numerous compléxes.

Scheme 1.3
Re(CO)s

e D Do

 W(CO)CH; Re(CO)y W(CORCH;
13 - 14 15

Unfortunately, the rigid acetylene bridge also caused the distance between the metal
centers to be too large to allow for intramolecular metal-metal interactions. In an effort to
circumvent this problem, an additional ethylene bridge was introduced to bend the linkage
and bring the metal centers closer together to give compounds such as 16.13 However,
this approach gave viscous oils which were difficult to purify and characterize, and no

crystallographic information was obtained to indicate the distance between the metal

centers.

Mn(CO),
16
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In contrast to the foregoing examples, the fulvalene ligand provides an ideal
template on which to bind metal centers. This ligand offers the advantage of strong Cp-
metal bonds, but the direct linkage of the rings forces the metal centers to be in close
proximity, allowing the formation of metal-metal bonds. The relatively short distance
between the metals also affords the possibility of cooperative interactions even in the
absence of a metal-metal bond, as was illustrated in the study of the double C-H acﬁvaﬁon ,
* chemistry of the diiridium complex 17 (Scheme 1.4).1% The delocalized system of -
electrons in the fulvalene ligand permits electronic communication between the metals in
the; absence of a metal-metal bond, an aspect which has been investigated and confirmed
by Astruc,!5 Hendrickson,16 and Mueller-Westerhoff.17 Additionally, the fulvalene ligand

has proven to be extremely versatile in the preparation of heterobimetallic complexes.

Scheme 1.4

I(CO), _
T hv (>
I benzene \ [{
I(CO), | OO".,...Ir o
: T Y

18

Although there have been nun;erous reports of homobimetallic fulvalene
compounds,18 the synthesis of heterobimetallic derivatives presented the much more
difficult challenge of finding a means of selectively complexing one ring while the other
remained uncﬁanged. This problem was solved by the development of a synthetic route
utilizing a cyclopentenone moiety as a masked Cp unit (Scheme 1.5).19 In this sequencc,l
3-ethoxy-2-cyclopentenone is added to a solution of sodium cyclopentadienide io give
enone 20 by a conjugate addition-elimination reaction. The resulting enone is then treated

with a metal reagent to introduce the first metal center selectively. Elaboration of the



-Scheme 1.5

J 1. M(CO)5(CH;CN),

| - |2cHg
<L > 1. LIAIH, | @—d)
D
2. p-TsOH
M(COXCH; ' ' M(CO);CH,
23, M= Mo 21,M=Mo
24,M=W 22,M=W

cyclopentenone unit to give the second Cp ring is accomplished by reduction with lithium
aluminum hydride followed by catalytic dehydration with p-toluenesulfonic acid (p-
TsOH), giving the precursors 23 and 24. The versatility of 24 was illustrated by the

preparation of a variety of heterobimetallic complexes, both with and without metal-metal

bonds (Scheme 1.6).19P _
. ML,
Scheme 1.6 : l
(CO)WCH,
y MLyJX MLy

‘ [RR(CO),CI], RR(CO), 25
2 MipJX I(CO),Cl ICO), 26
[Mn(CO),Brl, Mn(CO); 27

[Re(CO):(THF)Br}; Re(CO); 28

(CO),WCH, Cp*Z:Cl, Cp*ziCl, 29
[M(CO)x - .

[M(CO)y] = Fe{CO)s, Rus(CO),,

<c0>3\w M(CO),

30,M=Fe
31,M=Ru
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In an effort to expand the available routes to heterobimetallic fulvalene complexes,
the extension of Stlle's palladium-mediated coupling reaction to the preparation of
fulvalene compounds was investigated.2® This method was found to give an efficient
route to the precursor 24 (Scheme 1.7). Although Stille had found this type of reaction to
Be applicable with several different metals, there were limitations in the fulvalene case.
The reaction worked well to produce the molybdenum and tungsten precursors 23 and 24,
- but the extension to other metals proved unsuccessful. As a result, this épproach was
deemed to be inferior to the previous route and was not pursued further for the

preparation of fulvalene complexes.

Scheme 1.7
> Bu,SnCp, 35°C
| T RACLCH,CN), "
W(CO),CH, - W(CO)CH,
32 ' 24

The utility of the palladium-mediated coupling methodology for the preparétion of
heterotrimetallic tercyclopentadienyl compounds was also studied, but in this case a
surprising result was obtained.?? Instead of the expected tercyclopentadienyl isomers, a
low yield of the tetrametallic complex 33 was produced, resulting from the addition of
three CpW(CO)3(CHj;) units to the starting material. Subsequent development of this
reaction led to an optimized yield of 60% for the two isomers 33 and 34 (Scheme 1.8).
The failure to add a fourth CpW(CO);(CH,) unit. was attributed to the severe steric
" crowding around the central Cp ring, and an x-ray structure of isc_)mer 34 supported this’
hypothesis. Unfortunately, the steric problem also seemed to prevent further reactions of
33 and 34, such as the metallation of the central ring. This coupling reaction showed

some generality, as the analogous manganese and iron complexes could be prepared,
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although the yield with iron was low (6%). Additionally, mixed coupling reactions could
be achieved by varying the iodocyclopentadienylmetal reagent in Scheme 1.8.21

Scheme 1.8
' W! (OO CH,
\ ) W(Q0);CH;
LI>——LD s
| (C°)3VLCH3
o ’ W(Q0),CH,
L > , 5 &> 3mol % Pd(OAC), 33
‘L | (@)EN, PrCH)B,NG
(QO)WCH, Q)W :
24 32

W(C0),CH,

With the emphasis placed on devéloping methodology for the preparation of
heterobimetallic fulvalene complekes, the reaction chemistry of this class of compounds
remains largely unexplored. In cases where reaction chemistry has been studied, however,
fascinating results have been obtained. The most significant example occurrcd.with the
molybdenﬁmfmihenium complex 35.22 This compound was found to undergo substitution
with diphenylacetylene selectively at the molybdenum center, and oxidation with oxygen
gave thé molybdenum-oxo species 37, which could then be convcrtéd back to the starting
material ‘under moderate pressures of carbon monoxide (Scheme 1.9). Overall, the
sequence represeﬁts a model for the catalytic oxidation of carbon monoxide by oxygen 1o
give carbon dioxide, and it confirms the hypothesis that synergistic effects can be observcd

i

in heterobimetallic fulvalene compounds.

In order to expand the understanding of the reactwny of heterobimetallic fulvalene

complexes, some representative examples were chosen for further study. Chapter 2 will
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describe the exploration of the redox behavior of some of these compounds, and Chapter

3 will detail the extension of the redox chemistry to metal-specific ligand substitution.

Chaptcr 4 will present efforts to apply the knowledge gained in the synthesis of fulvalene

compounds to the preparation of quatercyclopentadienyl systems.

Schéme 1.9

<D

(CO),Ru Mo(CO),
35

[ >—<TION

(CO)}Ru Mo(CO),

35

- Q0, 80psi, 105°C

(S o>—< DD
(00)2\Rn 0(CO)
PhC2=CPh
36
Q,
-(DZ .

|

O
&

PhC=CPh
37

(CO),Ru
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Chapter Two

Redox Properties of Heterobimetallic Fulvalene Complexes with Metal-Metal Bonds

2.1 Background
- This chapter will describe the investigation of the electrochemical behavior of the

heterobimetallic fulvalene wﬁplexes 30 and 31. One of the most extensively studi.ed ‘
aspects of bimetallic compounds is their redox properties, pérticularly in the area of
intramolecular electron transfer.22 As such, a general treatment of this subject is beyond -
the scope of this text, but several reviews are available.24 Instead, this introduction will
focus on the electrochemistry of bimetallic cyclopentadienyl-metal complexes containing
metal-metal bonds, as these compounds provide a good basis of comparison for the

fulvalene analogs. Previous examinations of electron transfer in fulvalene complexes will

also be emphasized.

(CO)AV

Some of the earliest investigations of the redox properties of Cp compounds were

Fe(CO), | (CO)AV —Ruy(CO),
30 31

performed by Dessy, who published a series of papers on organometallic
electrochemistry.Z> The behavior of metal-metal bonds upon reduction was emphasized,
and an extensive list of compounds was examined.?® This work led to several
gencraliiations about this class of compounds. \Dessy proposed that the reduction of
metal-metal bonded complexes could lead to cleavage of the metal-metal bond by two
routes, which are illustrated in Scheme 2.1 for a general Cp-metal dimer. The first route
involves transfer of two electrons to the dimer to give the dianion, which then undergoes
cleavage of the metal-metal bond to give two mononuclear aniohs, thereby representing an

 EC process. The second path assumes transfer of only one electron to- give a radical
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| Scheme 2.1
2 CpM(CO),

[CPM(CO)X12 -
P

CPM(CO); + OCpM(CO);, —I&— 2 CpM(CO);

anion. Scission of the metal-metal bond then gives a mononuclear anion and a -

mononuclear radical, with the radical undergoing rapid reduction to the corresponding
anion to give an overall ECE sequence. Dessy went on to state that homobimetallic
systems underwent reduction exclusively by the first pathway, while heterobimetallic
compounds could be reduced by either route. Fui'thermor_e, when a heterobimetallic
compound was reduced by the second path, the resulting anionic fragment could be
predicted based on a knowledge of the reduction potenﬁal§ of the two analogous
homobimetallic complexes. For example, compound 38 gave a manganese‘anion and an

iron radical upon one-electron reduction because Mny(CO); is more easily reduced than

[CpFe(CO),], (Scheme 2.2).

Scheme 2.2
(CO)sMn—Fe(CO),Cp —1&»  Mn(CO)s + CpFe(CO);
38
[CpFe(CO)21n
39

Recently, some of Dessy's generalizations have been questioned, particularly his

contention that homobimetallic compounds are always reduced by an EC mechanism.
Since Dessy did not provide any detailed mechanistic studies in his survey of bimetallic
compounds, several systems have been reinvestigated. Kadish has exémined both the
reduction and oxidation of the dimers [CpM(CO)3], (M = Mo, W),26 and both reactions

followed an ECE mechanism (Scheme 2.3). The rate determining step was the first

-
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electron transfer in each case, as the rcsulﬁhg_radicals were fapidly reduced (or oxidized)
to the corresponding anions (or cations). Evidence for the intermediate 17-electron
radicals was obtained by ESR spectroscopy.

Scheme 2.3 | |

Reduction

[CPM(CO)sl, + & =—= ' [CPM(CO)sly
[CPM(CO)sl —fASLw  [CPpM(COMl + CpM(CO);

CPM(CO);  + & === [CpM(CO);]-

Oxidation

[CPM(COMl, ==  [CpM(COMl* + e
[CPM(CO)sly+  —SL>  [CPM(CONI*  + CPMCO);

CPM(COY; ===  [CPM(CO;]* + e

In a further test of Dessy's hypothesis, Davies and Parker studied the reduction of
[CpFe(CO),15,?7 and an ECE fnechanisr’n was proposed on the basis of data obtained by
derivative cyclic volta_mmetry (Scheme 2.4). In this case, however, the rate determining
step was proposed to be the cleavage of thé metal-metal bond in the radical anion. The
activation energy for this process was 15.7 kcal mol-1, while the entropy of activation was
11 cal (X mol)l. The positive entropy of activation was reasoned to be the driving force
for this facile reaction, which had a rate constaht of 1060 s! at 273 K.

Scheme 2.4 | |

prFg(gCO)z]z 4+ e === [CpFe(CO)l;.

[CPFe(COkl; ~ SO%»  [CPR(CORI  +  [CpFe(CONl-

[CpFe(CO)]" +  [CpFe(COy;  —foste [CPFe(CO%l-  + [CPFeggo)zh
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The results obtained by Parker were confirmed by Murray,2® who examined the
reduction of [CpM(CO),], (M = Fe, Ru) and [Cp*Fe(CO)2]2 (Cp* = nm>-pentamethyl-
cyclopentadiene). By utilizing cyclic voltammetry at low temperature, Murray was able to
observe a one-electron transfer reaction to give the dimer radical anions for both iron
compounds, and these radical anions were found to be stable on the voltammetric time
- scale. Additional kinetic studies indicated that the two-electron reduction proceeded
- through the radical anion, which dissociated to give a mononuclear anion and a radical.
The radical was then reduced by electron transfer from another dimer radiéal anion. The
rate constant for the Cp compound was found to be two orders of magnitude greater than
that for the Cp* complex, while the rate constant for the ruthenium analog was estimated
to be at least four orders of magnitude greater than that for the Cp* compound. In fact,
the ruthenium reaction proved to be too fast to allow observation of a mono-reduced
species, even at low temperature, but the assumption of an ECE path was made in analogy
to the iron compounds. Furthermore, neither electron transfer step was rate-determining,
although the exact nature of the rate determining chemical reaction step could not be
ascertained. Nevertheless, the large differences in the rate constaats for the three
compounds indicated substantial differences in the reactivities of the three radical anions.

One of the more exten'sively studied series of bimetallic complexes is a group of
structurally similar dicobalt compounds. Bergman 4showed that the reduction of
CpCo(CO), with Na/Hg amalgam led to the formation of the dimer 41,2% which existed as
a radical anion (Scheme 2.5). ESR studies showed that both cobalt centers were
equivaleht, indicating the delocalization of the unpaired electron over the cobalt atoms.
X-ray .crystallography revealed a Co-Co distance of 2.36 A, which was somewhat shorter
than reported Co-Co single bonds, and this result was reasoned to support the formulation
of 41 as having a Co-Co bond order of 1.5. Compound 41 underwent a one-¢lectron
oxidation to the corresponding neutral complex (Scheme 2.5), but further reduction gave

NaCp as the only identifiable product. Later, Bergman reported that the thodium analog
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of 41 could be reduced by Na/K alloy to the dianion, which was characterized by x-ray

crystaliography.30
Scheme 2.5

CpCo(CO), -NaHz Cp_—CV/?Kp—Cp D Cp—Cs /K&’ Cp

41 . 42

In complementary investigations, other researchers discovered that nitrosylation of
CpCo(CO), could produce the analogous mononitrosyl- (43)3! and dinitrosyl-bridged
(44)32 dimers, both of which were characterized by x-ray crystallography.33 Complex 43,
which is isoelectronic with 41, was found to undergo a reversible one-electron reduction,
while compound\ 44 underwent a reversible on_é—electron oxidation. Structural data for the
oxidation product were not provided, but the crystal structure was later-presented by
Brintzinger,>* who obtained the cation of 44 by treating CpCo(CO), with NOPFg¢ and
illustrated its redox properties. The reduction of 44 was irreversible, and it was postulated
that the resulting anion would undergo metal-metal bond cleavage, as in [CpFe(CO),]l,
and [CpMo(CO)3],. Although the electrochemistry of these conﬁpounds seemed to be
straightforward, the structural details were perplexing. In order to obtain an 18-electron
configuration at each cobalt center in 44, 41, and 42, the metal-metal bond orders should
be 1, 1.5, and 2, respectively. However, the crystallographic data for the metal-metal
bond lengths showed them to be invariant in 41 and 44; while such information was not
available for 42. | |

In an effort to explain the inconsistenéy between bond length and bond order for thc;,_
cobalt complexes, Hoffmann undertook a molecular orbital examination of these species,3>
but his calculations predicted a significant lengthening of the Co-Co bond upon reduction
of the -bond order, and no explanation for the discrepancy was offered. Later, Schore

investigated a series of dimeric cobalt carbonyl monoanions with substituted
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cyclopentadienyl ligands.36 The ESR studies were inconclusive, however, because the
unpaired electron could not be assigned to a specific molecular orbital, thus rendering
uncertain the effect this electron would have on the metal-metal bond. Dahl studied the
Cp* analog of 41 and the corresponding neutral compound,3? and x-réy crystallography
indicated a decrease in the Co-Co bond length upon removal of an electron from the
monoanion, which was consistent with an increase in bond order. The change was
~ significantly smaller than predicted by Hoffmann's calculations, but this discrepancy was
eiplained by the fact that the Co-CO bonds lengthened upon oxidation of the anion,
thereby opposing the change in metal-metal bond length. Dahl was also able to assign the
unpaired electron in the monoanion to a ©*,, molecular orbital, which was strongly
antibonding between the metal atoms. This series of investigations indicates the significant
structural, in addition to electronic, effects that bridging ligands can exert in dinuclear
complexes. | " |
While the preceding example illustrated how bridging groups cause structural
changes in bimetallic compounds, these ligands are more commonly employed as a means
of maintaining the molecular framework of dinuclear complexes in the event of scission of
the metal-metal bond. Since metal-metal bond cleavage is a common reaction of
bimetallic species upon reduction, bridging ligands have played an important role in
examining the redox behavior of these compounds. This apprdach can provide
information about structural reorganization upon electron transfer which would not be
available if the starting complex fragmented into mononuclear species. Dessy provided
some of the earliest electrochemical investigations of these bridged bimetallic complexes,38
and his studies again led to some generalizations. Dessy found that there was a good.v
correlation between the presence of a metal-metal bond and the ability of a compound to
undergo reduction to a stable radical anion. For example, the nickel complex 45 was

found to undergo two one-electron reductions, the first of which produced a radical anion

which could be examined by ESR spectroscopy (Scheme 2.6).
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Scheme 2.6
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The utility of bridging ligands in the redox chemistry of metal-metal bonded
bimetallic compounds has recently been illustrated for the molybdenum complex 47.3 In
this case, the bidentate diphenylphosphinomethane ligand served to hold both metal
centers in place after cleavage of the metal-metal bond by reduction with Na/Hg amalgam
{Scheme 2.7). The reactivity of the resﬁlu'ng dimolybdenum dianion was then explored, |
-allowing the production of the dihydride by protonation as well as providing access to
trinuclear species upon treaimcnt with (CICuPPhs),. .However, the basicify'of the anionic
molybdenum centers, which was enhanced by the bridging phosphine ligand, frustrated

attempts to prepare other trimetallic compounds, as electron transfer from the dianion was

observed exclusively.
Scheme 2.7
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48
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49

Bridging ligands have also found widespread application with heterobimetallic

complexes. Bergman has investigated the Ta-Co compound 50,40 which is structurally
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similar to the dicobalt complexes which were previously studied in his group. Complex 50
could be readily oxidized to the corresponding cation by [Cp,Fe][BF,] (Scheme 2.8),
although reduction to the anion was not reported. Perhaps the most interesting aspect of
50 was its electronic structure. The neutral species is a radical, and in this case it was
found that the unpaired electron was localized on one metal center. Based on the EPR
data, it was concluded tﬁat the complex existed as a Co(II)/Ta(V) species, thereby placing
- the unpaired electron on the cobalt center.

Scheme 2.8

chfag + CpCo(CHY, — cp,n</\c°cp %}?& ':chTaO&(l:ch;l ;p;
50 51
An intriguing example of the redox behavior of heterobiméiallic complexes has been
provided by Talarmin,*! who studied the W-Mo compounds 52 and 53. Bc;th complexes
showed two successive one-electron reductions, and the reduction was proposed to occur
by an EC-disp.-type mechanism,4? signifying that the second electron transfer was
homogeneous. These results were interpreted as evidence that the metal-metal bond in
each compound was a donor-acceptor W—Mo bond. Thus, both electron transfer stéps
occurred at the molybdenum center, representing the reduction from Mo(II) to Mo(0)
while the oxidation state of tungsten remained unchanged. Furthcrmoré, the substitution
of P(OMe); for CO was found to have a dramatic effect on the redox behavior, as the
electronic influence was transmitted through the polar metal-metal bond. The phosphite-
substituted complex 53 was more difficult to reduce, and both the mono- and dianion were
more stable than for the parent compound 52. These electronic effects provide a good
illustration of how redox properties can be modified by ligand substitution.
One of the more unusual choices of a bridging ligand has been provided by Heck,*3

who complexed two metal centers on the same face of a cyclooctatetraene ring to give
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53, L = P(OMe);
compounds with‘met.al-rnetal multiple bonds. In addition, linked cyclopentadienyl rings
were utilized to providev another bridge between the metals (Figure 2.1). Both the homo- |
- and heterobimetallic compounds showed similar redox behavior, as all the complexes
except 54 showed two electrochemically reversible redox pairs (-1/0;0/+1) corresponding
to one-electron transfers. The dichromium compounds also provided access to the
| (+1/+2) redox couple, making this system one of the most flexible known in terms of
redox properties. For the homobimetallic species, the radical ions containing 29 or 31
valence electrons were sufﬁdenﬂy stable to be studied. by ESR spectroscopy, and again
the unpaired electron was found to be delocalized over both metal centers. While this
delocalization provided good evidence of lelectronic communication between the metals,
the results were different for the heterobimetallic example 62, as the unpaired electron was
localized on the vanadium center. This result was interpreted as signifying that there was
only a weak & interaction of the metal-metal bond.

This introduction has provided examples of the redok behavior of bimetallic
complexes containing metal-metal bonds, illustrating the wide vériety of compounds which
have been studied by clcch‘ochemical methods as well as some of the primary concerns in
these electrochcmiéal studies. For this class of compounds, one of the most important
considerations is electronic communication between the metal centers, which can lead to"
delocalization of unpaired electrons. These compounds have also raised interesting
questions about molecular s&ucturc, ahd bridging ligands have been employed extensively

as a means of maintaining the integrity of the molecular framework in the event of metal-
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metal bond cleavage. The next section will describe the electrochemical studies of

fulvalene complexes.

M M M
54 M=V X
S5,M=Cr CH, 'SiMe, GeMe,
\% 56 57 58
Cr 59 60 61

Figure 2.1. Bimetallic complexes utilizing a single cyclooctatetraene ring. For the
divanadium species, the metal-metal bond order is 3, while it is 2 for the dichromium
analogs. _
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2.2. Redox Properties of Fulvalene Complexes

One of the most widely studied aspects of dinuclear fulvalene compounds is their
electrochemical behavior. As noted in Chapter 1., the fulvalene ligand allows electronic
communication between the metal centers, and this property has led to extensive
investigations of the mixed-valence nature of these compounds. Most of these studies
have utilized bis(fulvalene) or bimetallocene complexcs'because of their relative ease of
preparation. This section will summarize the findings for a variety of homobimetallic as
well as the few known heterobimetallic fulvalene compounds.

One of the earliest reports on the redox properties of bimetallic fulvalene complexes
was provided by Davison,# who prepared the bis(fulvalene)dicobalt dication 63 by
oxidation of the neutral complex 64 with HCI and oxygen. It was found that both 63 and
the bimetallocene analog 65 were more easily reduced than the corresponding
mononuclear species [Cp,Co][PFg]. Additionally, both fulvalene compoundé showed two
reversible one-electron reduction waves, indicating that the metal centers could be reduced
selectively to generate mixed-valence species. Later, Smart prepared the analogous
bis(fulvalene)divanadium dication, which was isolated as the bis(acetonitrile) adduct, by

oxidation of the neutral compound with ferrocenium hexafluorophosphate.43

r.@ > T2+ [ TN LT 2+
T T T [oem|
0 o |2PFs cren _V—V | 2PF
! | L i
63 . 66

The remarkable redox flexibility exhibited by dinuclear fulvalene compounds was
also illustrated by Smart in the preparation of bis(fulvalene)dinickel in three oxidation
states.*6 The neutral.parent complex 67 was obtained by treating a solution of fulvalene
dianion with nickel acetylacetonate (Scheme 2.9). Compound 67 could then be oxidized
to the radical cation 68 by treatment with one eciuiva.lent of [Cp,Fel[PF¢). This behavior
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contrasts with that shown by the divanadium complex, which would not undergo a one-
electron oxidation. By using ferric chloride as the oxidizing agent, the dication 69 could
be obtained. It was also possible to reduce 69 by one electron to 68 by warming the
compound in acetonitrile, indicating that 69 was unstable in the absence of an oxidant. By
examining the magnetic susceptibility data for the diiron (vide infra), dicobalt, and dinickél
complexes, Smart concluded that complete magnetic coupling existed for
bis(fulvalene)dimetal systems containing 34 to 40 valence electrons, although it was not
determined whether this coupling resulted from direct metal-metal exchange or through
the bridging ligands.

Scheme 2.9
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An interesting variaton on bis(fulvalene)dimetal compounds has recently been
provided by Obendorf,47 who examined the redox chemistry of the Co-Fe (70) and Co-Ru
(71) heterobimetallic complexes by cyclic voltammetry. Compound 70 displayed a rich
redox chemistry, as it showed two reversible one-electron reduction waves and a
reversibie one-electron oxidation, thereby giving access to four oxidation states (Equation

2.1). The waves were assigned to a specific metal center based on comparison with the
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known potentials for the diiron and dicobalt analogs, ferrocene, and cobaltocene. Unlike
70, the oxidation wave for compound 71 was irreversible, but two reversible one-electron
reduction waves were again observed (Equation 2.2). It was concluded that the oxidation
was a one-electron process leading to a Ru(Ill) center. This behavior contrasts with thaf
shown by ruthenocene, which undergoes a two-electron oxidation td give a Ru(IV)
species.#8 Finally, Obendorf reinvestigated the redox activity of the bis(fulvalene)dicobalt
dication and found that this compound undergoes four successive one-electron reductions
(Equation 2.3). This result provided the first example in which either a bis(fulvalene)-
dimetal complex or bimetallocene was reduced to the dianion, while the analogous

reduction to the monoanion is actually common for the mononuclear metallocenes.

fFemCoIII]2+' é [FellColl]+ === [FellColl] =f== [FelCol]- | 2.1
‘ 70
[RulCoM}+ <&= [RulColl] =&£= [RulColJ- 22)
71 - :
[Col2+ <f= [Coj]+ == [%32] == [Coj- === [Co,J> 23)
63

Some intn'guihg electrochemistry has been provided by several (fulvalene)dirhodium
complexes. McKinney reported that the oxidation of CpRh(PPh;), with AgBF, resulted
/in coupling of the Cp rings to give a fulvalene product,*® which was isolated as the
dication} 73 (Scheme 2.10). The fact that the oxidation product contained a fulvalene
ligand was confirmed by the preparation of the same complex starting from the fulvalene
dianion, but the presence of a Rh-Rh bond was not conclusively shown. Later, Connelly
showed that the same coupling reaction occurred with CpRh(CO)(PPh;),30 and the crystal |
vstructure for this dication proved the existence of a metal-metal bond. The t@o—electron
reduction to the neﬁtral complex 74 resulted in cleavage of the metal-metal bond, which
was again confirmed by x-ray crystallography. Recently, Bitterwolf and Rausch have
described _the oxidation of (fulvalene)dirhodiumtetracarbbnyl to the dicaton with
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[Cp,Fe][PFg).°! Interestingly, oxidation of the mononuclear analog, CpRh(CO),, results
in unidentifiable products. This difference in redox behavior was attributed to the rapid

formation of the metal-metal bond for the fulvalene complex, which then prevented any

radical decomposition pathway.
Scheme 2.10
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.Rh. AgBFRy, \Rh—R{ 2BF,
YT A N "y 4
Ph3P/ \PPh3 PhgP f \|"PPhs
| PnpP PPhy |
72 73

Although the majority of the electrochemical studies of fulvalene compounds have
focused on the lﬁte transition metals, some investigations have becn devoted to the early
metals. The oxidation of the diniobium complexes 75 and 76 has beeﬁ reported by
Lemenovskii, and the crystal structures for both 77 and 78 were obtained.52 The
oxidation with AgBF, was a one-electron process, producing a radical cation (Scheme
2.11). The ESR spectrum of 77 indicated that the unpaired electron was delocalized over
the two metal centers, which would be expected for a homobimetallic compound with
both bridging ligands and a metal-metal bond. The crystal structures revealed that the
molecular framework remained virtually intact upon oxidation, although the metal-metal
bond in 78 was elongated by 0.1 A. Additionally, the Nb,N, moiety was nonplanar in the
cation, but it was unclear whether this result was due to electronic or steric effects.

While the redox properties for a variety of dinuclear bis(fulvalene) and fulvalene
complexes have been exarnined, the most intensively studied compounds are the diiron
species, and the emphasis has been placed on the mixed-valence behavior. It was found
that bis(fulvalene)diiron (biferrocenylene) 79 could be oxidized selectively to the

monocation 80 or to the dication 81, which decomposed in solution in the absence of an
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Scheme 2.11
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oxidizing agent.53 The radical cation was originally thought to be a class 1% mixed-
valence compound,3 indicating that the two iron centers were in different oxidation
states, but later studies showed that the system. was fully delocalized so that the metal
centers were equivalent.17¢ Interestingly, molecular orbital calculations showed that the
one-electron oxidation removed an electron from the metal d orbitéls rather than the
highest occupied molecular orbital (HOMO).56 This finding was attributed to stabilization
resulting from d-electron relaxation effects; however, the dication was found to result
from the removal of two electrons from the delocalized 1 HOMO. The electronic
properties of 79 have led recently to the use of this material in electrode films.37

In contrast to bis(fulvalene)diiron, biferrocene has been shown to exhibit mixed-
valence behavior upon one-electron oxidation.16-8 This behavior has led to extensive
investigations of these complexes, and numerous derivatives have been prepared with
substituents on the cyclopentadienyl rings'® and even on the fulvalene ligand itself.>9
Several complexes which employ a bridge between the 2,2°-positions of the fulvalene
ligand have been synthesized,%0 but only one has given rise to a mixed-valence salt upoﬁ
oxidation.6% It has been shown that the tilt of the cyclopentadienyl rings can have a
significant effect on the rate of intramolecular electron transfer, as larger tilt angles gave
rise to faster electron transfer.! The mixed-valence properties of this group of

compounds have also been reviewed.16
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The electrochemical behavior of another series of fulvalene diiron complexes has
been studied extensively by Astruc.l> The (fulvalene)diiron sandwich complexes 82-86
proved to be readily accessible electron reservoirs, affording species with 36 to 40 valence
electrons (Scheme 2.12). Analogous complexes with different arene rings (benzene,
toluene, ethylbenzene, and mesitylene) were also prepared and found to display similar
electrochemistry, although the reversibility of the reduction waves did increase with the
" number of methyl groups on the arene.!® The radical cation 83 was found to be a
delocalized, or class III, mixed-valence compound, which contrasts with the behavior
usually observed for biferrocenes. Localized, or class I, mixed-valence species were
‘obtained by preparing mixed biferrocénes containing one ancillary Cp ring and one
hexamethylbenzene ligand.62 For these compounds, both the FelFe™ and FelFel
complexes exhibited localized mixed-valence behavior. The analogous decamethyl-
biferrocene series®3 showed localized behavior for the FelFell state and was classified as
a class II mixed-valence species. Interestingly, the permethylation of the ancillary ligands.
was found to increase the delocalization in the hexamethylbenzene compounds (FelFel)
while having the opposite effect in the Cp* domplex.“ This behavior was attributed to
the fact that different molecular orbitals are involved in the different oxidation states, as -
the Fel species involves an orbital with more ligand character which facilitates the
superexchange mechanism invoked to account for the delocalization in these compounds.

Astruc also repbrted on the effects which a salt can have on the nature of electron
transfer in fulvalene complexes.5> The fulvalene compound 87, which possesses two 19-
electron iron centers, was found to undergo facile mﬁcﬁoné with external ligands such as
CO and PMe; (Scheme 2.13). When CO was used, initial displacement of one arene ring
was observed, and in the absence of NaPFg, this species would undergo further
substitution to yield the hexaéarbonyl complex 88. In the presence of NaPFg, however,

7

intramolecular electron transfer occurred, eventually leading to decomplexaton of one of
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the fulvalene rings and isoiation of the Fe(Il) species 89. In contrast to this reactivity, the
mononuclear CpFe(C¢gHg) was found to undergo benzene displacement td give
[CpFe(CO),l, regardless of whether NaPF, was present.% With PMe,; compound 87
showed the same reactivity as for CO in the absence of NaPF,. When NaPF was present,
intermolecular electron transfer occurred between 87 and the intermediate
trimethylphosphine complex to produce 91, in which both iron centers have béen oxidized
to Fe(Il). These reactions again emphasize the remarkablé versatility of fulvalene
complexés, as well as showing how their electronic properties can be modulated.

As the preceding discussion‘indicates, the vast majority of the fulvalene complexes
which have been subjected to elecn'ochexmcal investigations have been sandwich-type
compounds, pnman]y because of the relative éase of preparation of these species.
However, a detailed study of the redox properties of several (fulvalene)dimetal carbonyl
- complexes (Figure 2.2) has recently been provided.67 Cyclic voltammetry revealed that all
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five compounds showed similar behavior, as all underwent an imreversible two-electron
oxidation around 1.0 V vs. NHE. The irreversibility of the oxidation wave was attributed
to a reaction between the resulting dications and the solvent. The fact that complexes
with very different metal centers were oxidized at virtually the same potential was taken as

evidence that the electrons were removed from a ligand-based orbital.
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These compounds also behaved similarly upon reduction, as all five showed a
reversible two-electron wave, but the potentials did vary significantly with the metal
centers. The data were consistent with an ECE mechanism, where the chemical reaction
- was taken to be elongation of the metal-metal bond resulting from the addition of one
clectrc')_n. to a metal-metal antibonding orbital. This molecular relaxation was postulated to
facilitate the éccond electron transfér so that the radical anion was more easily reduced
- than the starting material, giving the dianion with cleavage of ihe metal-metal bond.
Surprisingly, the heterobimetallic complex 35 showed only a single reduction wave despite
the large potential difference for the reduction of the homobimetallic analogs 93 and 95.
It was also sho§vn that dihalide products could be prepared by treatment of 92, 93, or 95
with Br, or I,, and the reduction of thésc dihalides resulted in the liberation of halogen and

reformation of the starting complexes when the metal-halide bond was weak, as for

(fulvalene)Cr,(CO)¢l, and (fulvalene)Ru,(CO)4Br,.

(o>—<N
(CO)M———M(CO)s ' (CO)Re———Ru(CO), (CO)sMo———Rn(CO),
' 92, M=Cr 95 35
93, M = Mo
94 M=W
Compound M, —= M;2+ .M, — M2

92 1.02 - -0.43

93 1.08 -0.77

94 1.02 -0.82 4

95 - 1.05 -1.65

35 1.03 -1.25

Figure 2.2, Bimétallic fulvalene carbonyl complexes studied by cyclic voltammetry. The
table gives the oxidation and reduction potentials in volts vs. NHE.

~ The electrochemical investigations of dinuclear fulvalene compounds have illustrated
the remarkable redox flexibility available in these systems and that the fulvalene ligand

maintains the molecular framework upon oxidation and reduction. This property, coupled
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with the electronic communication between the metal centers, makes fulvalene compounds
attractive subjects for further electrochemical studies. The remainder of this chapter will

describe the redox behavior of two heterobimetallic fulvalene complexes.
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2.3 Electrochemistry of (Fulvalene)WFe(CO)s 30

The findings of Bard for the redox properties of bimetallic fulvalene complexes
failed to show any distinctions between the two metal centers. As all the compounds were
reduced or oxidized in two-electron processes, their behavior was not very different from |
that of the analogous cyclopentadienylmetal dimers. In particular, the unexceptional
- reactivity of the heterobimetallic complex 35 was surprising, since it would have been
expected that the two different metal centers woﬁld have exhibited selective metal
reduction or oxidation. Despite these early results, the potential of hetérodinuclear’
fulvalene compounds to display metal-specific redox reactivity remained an attractive goal,
and the W-Fe complex 30 was selected for further study.

Cyclic voltammetry revealed that 30 showed two oxidation waves (Epa), the first at
0.965 V vs SCE and the second at 1.255 V at a scan rate (v) of 0.4 V/s. A pi'ewave to the
oxidation was observed on the first scan but was absent on successive scans. A similar
result was reported by Bard and was attributed to the formation of an adsorption product
of the oxidized species on the electrode.6?7 However, the presence of two oxidation waves
contrasts with the previous results, and the proposal that the oxidation removes electrons
from an orbital that is primarily ligand based®’ is inconsistent with their observance. In
this case, it is more likely that the electrons are removed from metal-based orbitals, as
oxidation of the first metal center renders the second oxidation more difficult, thereby
giving rise to the two waves. The oxidation processes were irreversible, a finding ascribed
to reactions of the oxidized species with the solvent. Unfortunately, electrode passivation
proved to be a problem, so the oxidation studies were not pursued further.

Reducton of compound 30 proved to be more interesting, as the cyclic
voltammogram (CV) showed two well-spaced one-electron reduction waves (E,) at
potentials of -1.130 and -1.710 V vs SCE at a scan rate of 0.4 V/s (Figure 2.3). The fact

that each wave represented the transfer of only one electron was confirmed by comparison

-
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Figure 2.3. Cyclic voltammogram of 30. (a) Scan between 0.3 and -2.0 V showing two
waves. (b) Switching potential applied between the two waves at-1.5 V.
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Figure 2.4. Cyclic voltammogram of 30 showing the evolution of the oxidation wave
with time.
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with the CV for complex 31 and by chemical studies (vide infra). Thus, compound 30
provided the first example in which the two metal centers of a heterobimetallic fulvalene
complex displayed distinct redox behavior. Table 2.1 shows the electrochemical data

collected at scan rates from 20 to 800 mVY/s.

Table 2.1. Electrochemical data for 30, showing the peak currents (zp) and potentials for |
both reduction and reoxidation waves. -

v (V/s) | ipey (HA) | ipr (A Jipg (A) TEL (V) VEo (V) VE (V) | i

20 145 | 126 | 025 | -1070 | -1670 | -0070 | 0.17
4 | 19 | 165 | 090 | -1080 | -1670 | -0035 | 047
60 | 225 | 195 | 115 | -1.09 | -1680 | 0000 | 045
80 255 | 221 | 140 | -1005 | -1700 | o010 | o055

200 405 | 352 230 | -1.110 | -1.700 | 0.045 | 0.57
400 570 | 490 | 240 | -1.130 | -1710 | 0050 | 054
600 6.70 5.80 250 | -1.150 | -1700 | 0040 | o0.65
800 7.90 6.87 2.80 | -1.165 | -1700 | 0.055 | 0.64

The reoxidation wave displayed in the CV's of compound 30 was examined closely,
and a shoulder, indicated by the arrows in Figures 2.3 and 2.4, was observed on its right
side. This shbulder was absent when a switching potential was applied before the second
reduction wave or when the CV was recorded at -30 °C. Furthermore, the small oxidation
wave at -145V appeared' when the entire region from 0 to -2.0 V was scanned but not
when the secohd reduction wave was isolated by limiting the scan region from -1.3 to -2.0
V. Both reduction processes were shown to be electrochemically irreversible by the
application of several criteria. | |

f_I’he data in Table 2.1 indicated that the first feduction potential (Ey;) and the

associated oxidation (E,,;) varied systematically with the scan rate. Thus, plots of peak
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potentials vs log v were linear for values of v from 20 to 800 mV/s, and good correlation
coefficients were obtained (Figure 2.5). It has been shown that the slopes of these plots
can be used to determine the relative rates of heterogeneous electron transfers,68 and the
magnitude of these slopes provide the basis for one of the primary tests fér
electrochemical reversibility.6? Slopes between 0 and 30 mV at 298 K indicate reversible
electron transfer while values greater than 30 mV are characteristic of irreversible waves |
based on Equation 2.4:

E,=23RTlogv/2anF + constant (Eqn. 2.4)
where « is the electron transfer coefficient, n, is the number of electrons transferred in the
rate-limiting step, and F is the faraday. Equation 2.4 was derived by Delahay’® and
Nicholson and Shain®92 and later extended by Savéant’! to linear sweep voltammetry, and
it also- applies for the half-peak potential Ep. Thus, the first reduction wave is
electrochemically irreversible, as the plot of E.; vs log v gives a slope of 56.9 mV. The
situation is more complicated for the second reduction wave, E,. The slope of 22.2 mV
is indicative of fast heterogeneous. electron transfer followed by a fast and irreversible
chemical step. Other phcnomena-probably occur as well, since no oxidation wave was
observed when E, was isolated (vide supra). |

The constancy of the electron transfer coefficient o was also examined. According
to Equation 2.4, a plot of Ep vs log v will have a slope of (2.3 RT)/(2an,F). This method
gave a value for o of 0.53 for E; and 0.63 for Ep. Furthermore, it has been shown
that for an irreversible wave, the width depends only on « as indicated by Equation 2.5:692

E, - E,p, = 1.857 (RT/on,F) | (Eqn. 2.5)

In addition, the relationship between peak potential and peak current for an irreversible.
wave is described by Equation 2.6:

| E,=2.3 (RT/axnF) log i, + constant (Eqn. 2.6)
which was originally derived by Gokhshtein?2 and later by Nicholson and Shain.59a The
values of o obtained by these four methods are shown in Table 2.2, and they display
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Figure 2.5. Plots of peak potenﬁals vs log v for 30, with respective slopes and correlation

coefficients.

Table 2.2. Charge transfer coefficients for 30 determined by various methods.

Method o (E) 1-a (Ep,)
Ejvslogv 0.53 0.42
EP’2 vslogv . 0.63 0.64
E,- EPQ 0.56 0.55
E'P vslog i -0.48 0.55
Average 0.55 (£ 0.08) 0.55 (% 0.12)
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good internal consistency. Thus, the electron transfer coefficients provide additional
evidence that E Tepresents an irreversible electron transfer step.

»The fact that the CV of compound 30 showed two reduction waves suggested that
one metal center could be selectively reduced by lising a reducing agent with a potential
between -1.130 and -1.710 V. Of the two metal centers in 30, it was felt that the tungsten
would be more easily reduced than iron, which is in agreement with Bard's results for the
- analogous ditungsten complex 94 and the diruthenium compound 95. The reduction’
potential for (fulvalene)tetracarbonyldiiron has not been reported, but the trend illustrated

by Bard for the Group 6 metals was assumed to hold for the Group 8 metals as well, in
‘which case the iron center would be significantly more difficult to reduce than the tungsten
one. The one-electron reduction of 30 held the promise of leading to novel reactivity
through cleavage of the tungsten-iron bond, as illustrated in Scheme 2.14. In order to test

this hypothesis, chemical studies were undertaken.

Scheme 2.14
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2.4 Reduction Chemistry of (Fulvalene)WFe(CO)s 30
Although the CV studies of compound 30 provided good evidence for thé selective -
reduction of the two metal centers, synthetic investigations were necessary to corroborate
these results. The most important consideration was finding an appropriate reducing
agent which would allow reduction of only one metal center. The first choice was the 19-
electron species CpFe(CGMeg) 97, which has been shown to be a very effective
- reducant.’® The reduction potential, -1.55 V vs. SCE, is ideally situated between the two
reduction waves for 30, thereby ensuring that only one electron would be transferred.
This compound was parﬁcularly appealing because it is readily generated by reduction of
the 18-electron [CpFe(CgMeg)][PFg] with Na/Hg amalgam in dimethoxyethane (DME).
The application of 97 in the anticipated manner proved to be straightforward. A
solution of 30 in tetrahydrofuran (THF) was treated with one equivalent of 97 in DME.
The reduction was presumed to yieid the dianion 96, which was quenched.'with CH;I to
give the corresponding dimethyl complex (Scheme 2.15). After removal‘ of the solvent,
the crude mixture Was. dissolved in a minimal amount of THF and filtered through a plug

of silica gel to remove [CpFe(C¢Meg)]*, and the red powder obtained upon removal of

solvent was analytically pure.

Scheme 2.15
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The structure and empirical formula of 98 were readily confirmed by spectroscopic
methods and elemental analysis, respectively. The tetranuclear structure was indicated by

the mass spectrum, which showed diagnostic peaks at 878 (M* - 6CO), 834 M* - 7CO -
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CH,), 806 (M* - 8CO - CHy), 762 (M* - 9CO - 2CH,), and 523 (M*/2). Unfortunately,
the peak for the molecular ion was not detected. Further support for the tetranuclear
structure was provided by the infrared spectrum, which showed a band at 1740 cm-1. This
band was in the region typical for bridging carbonyl groups, and the presence of these
ﬁaoieties is consistent with the formulation of 98 as a tetranuclear analog of the well-
known [CpFe(CO),l,. The 'H NMR spectrum showed four triplets in the fulvalene
| region, which is typical for symmetrical heterobimetallic fulvalene compounds.
Additionally, a singlet at & 0.26 ppm was indicative of the methyl groups on tungsten, and
satellites due to coupling to the 183W nucleus confirmed that the methyl gfoups were not
bonded to the iron center. The 13C NMR spectrum provided further evidence for the W-
CHj; groups, as a peak was observed at 6 -29.2 ppm. Efforts to confirm the structure of
98 by x-ray crystallography were unsuccessful, as attempted fecrysta]]ization gave the
starting complex 30 instead. "

The formation of 98 is entirely consistent with the electrochemistry of 30. The
transfer of only one electron. would lead to a radical anion, a species which could then
readily undergo cleavage of the W-Fe bond. Scission of the metal-metal linkage would
result in the formation of an anionic metal center and a metal radical. In accordance with
Dessy's findings for heterodinuclear complexes, reduction (anion formation) occurs at the

' metal center which is more easily reduced in the corfesponding homobimetallic analogs.
In this case, the studies by Bard indicate that the tungsten center should be easier to
" reduce, and the presence of the W-CHj, groups in 98 confirms tixat the tungsten center
exists as an anion in the intermediate 96 (Scheme 2.14). The formation of the tetranuclear
species is consistent with the dimerization of an iron;ccntered radical. Thus, the
combination of CV studies and synthetic chemistry provides the first example of selective
reduction of one metal center in a heterobimetallic fulvalene complex.

'The problems encountered in the attempted recrystallization of 98 merit further

discussion. The remarkable solubility of 98 made recrystallization difficult, and time
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periods of several days were necessary for crystal formétion._ The fact that the resulting

crystals were of 30 instead of 98 indicates that solutions of 98 are unstable over time.

Although the recrystallization was carried out in a glovebbx, trace amounts of oxygen

could have catalyzed the decomposition of 98 to 30 by an electron transfer chain

4vxnechanism. Loss of the methyl groups as methane or éthane would provid¢ a driving'
force for the reaction, as would the grystallization of the relatively insoluble 30. However,

" no efforts were made to study this decotﬁposition pathway. A

After the one-electron reduction of 30 was achiéved, the two—electfon process to the

dianion was investigated. Although the reduction potentials of 97 and 30 suggést that the

' secondv electron transfer would be endergonic, this is actually not the case due to the

coulombic factor.” Th‘us,»' addl_'ﬁon of two equivalents of 97 to a solution of 30 generated

the desired dianion. In pfacu’ce, it was found that the strongef reducing agent Na/K
alloyS provided more convenient acéess to this species. Thus, treatment of a THF

* solution of 30 with an excess of Na/K alloy yielded clean solutions of the product after

removal of the rernainingv.alloy by filtration. The dianion was con'}erted tb the dimethyl

éomplex 99 by addition of CH3I (Scheme 2.16). Compound 99 was readily purified by

filtration through silica gel and isolated as a yellow powder. The c'olor,change from the

reddish-bléck 30 to the yello§v 99 is.typical for reactions of fulvalene compbunds which

involve metal-metal bond cleavage.

Scheme 2.16
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The elemental composition of 99 was confirmed by combustion analysis, and the

spectroscopic data were entirely consistent with the proposed structure. The mass
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spectrum showed a peak at 538 for the molecular ion. The !H NMR spectrum showed
four triplets for the fulvalene ligand, as well as two singlets~ for the methyl groups, one of
which displayed the expected coupling to the !83W nucleus. The 13C NMR spectrum also
exhibited peaks for the two methyl groups at 8 -18.49 (Fe-CH;) and -28.93 ppm (W-
CH;). The IR spectrum contained only bands for terminal carbonyl groups. The extreme
| solubility of 99 prevented crystallization of the material.

Thus, all of hypotheses based on the CV studies of 30 were confirmed by
preparativé scale experiments. The novel reduction chemistry of 30 suggested that further
_ synthetic chemistry would be possible, and the results of 'those investigations are presented
in Chapter 3. Additionally, the redox properties of 30 provided an impetus for the

investigation of the ruthenium analog 31.
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2.5 Electrochemistry of (Fulvalene)WRu(CO); 31

Because the redox chemistry of compound 30 proved to be novel, similar studies
were conducted for the ruthenium analog 31. Unlike 30, compound 31 showed only one
oxidation wave, which is analogous to the results of Bard. Once again, however, the
~ oxidation behavior was not amenable to detailed study, so attention was focused on the
reduction of 31. In this case, unique behavior was again observed, as indicated by the
cyclic voltammogram (Figure 2.6). The CV of 31 indicates a two-electron reduction
process at a potential of -1.565 V vs SCE at a scan rate of 0.4 V/s, which is similar to
Bard's findings for the molybdenum-ruthenium complex 35. However, the oxidation of
the reduced species shows two one-electron waves at -0.66 and -0.01 V vs SCE. The
fact that the two anodic waves were connected to the reduced species was confirmed by
the application of a switching potential at -1.2 V, in which case 10 anodic processes were
observed (Figure 2.6). The peak current for the reduction wave (ipg was lérger than the
sum of the anodic peak currents (ipy; + ipe)s and this difference was attributed to the
diffusion of the reduced species away from the electrode surfaéc during scanning of the

region between E and Eéaz- The data for 31 are summarized in Table 2.3.

Table 2.3. Electrochemical data for 31. Units are the same as those in Table 2.1.

v i Inal i | Ex | En | Epp | Exp | i fine | ingling |
20 | 38 | 000 | 000 |-1482 [ -- — |-1395 | 000 [ 000

40 5.10 0.40 0.40 |-1.495 |-0.060 | 0.730 | -1.405 | 0.08 0.08

60 6.20 1.20 1.10 | -1.505 | -0.050 | -0.710 | -1410 | 0.16 0.18

80 7.20 1.40 1.50 ] -1.515 | -0.045 | -0.705 | -1.415 | 0.19 0.21 |
200 11.40 2.50 3.00 | -1.545 }-0.030 } -0.680 |-1.435 | 0.20 0.26
400 15.60 3.20 4.60 |-1.565 |-0.010 | -0.660 [-1.455 | 0.22 0.30
600 | 19.40 4.20 590 | -1.585 | 0.000 | -0.655 |-1.470 | 0.22 0.30

800 23.00 4.90 7.00 |-1.610 | 0.020 | -0.650 | -1.490 | 0.22 0.30
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Figure 2.6. Cyclic voltammogram of 31. (a) Switching potential applied at 1.2V,
before the reduction wave. (b) Switching potential applied at -2.0 V, beyond the
reduction wave. (c) Continuous scan with switching potential applied at-1.8 V.

The tests for electrochemicai ﬁreversibﬂity detailed for 30 were applied to 31. The
plot of E. vs Jog v gave a slope of 77 mV, while the plots for E,; and E,,; gave slopes
of 56 and 60 mV, respectively (Figure 2.7). The electron-transfer coefficient for E . was
found to be 0.42 for the average of the four methods of determination (T able 2.4). All of
these results are consistent with slow heterogeneous electron tmnsf:er (electrochemical
irreversibility) for each wave. The reduction was postulated to be an ECE process in-
- analogy with the results of Bard, while the two reoxidations were EC processes in which -
the electron transfer was rate limiting.

The results for 31 were quite different from those for 30, but a distinction bétwcen
the metal centers was observed in each case. It was felt that one metal center in 31 could

be selectively oxidized after initial reduction to the dianion. On the basis of Bard's findings,
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Figure 2.7. Plots of peak potentials vs log v for 31, with respective slopes and correlation

- coefficients.

Table 2.4. Charge transfer coefficients for 31 determined by various methods.

Method o (E,) 1-a(En) 1-a(E»)
E,vslogv 0.38 053 0.50
EP’Z. vslogv 0.48 0.55 0.62
Ep-Epn 045 0.60 0.59
Ep vslogi 0.38 0.56 0.75
Average 0.42 (£ 0.06) 0.56 (£ 0.04) 0.60 (£ 0.08)




it was felt that the ruthenium center would be more easily oxidized than the tungsten one.
Thus, the two-electron reduction of 31 followed by a one-electron reoxidation offered the
possibility of the formation of the tetranuclear species 101 (Scheme 2.17). In order to test

this hypothesis, chemical studies were conducted on 31.

~ Scheme 2.17
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2.6 Redox Chemistry of (Fulvalene)WRu(CO); 31

The _ﬁrst test of the electrochemistry of 31 was the two-electron reduction to
confirm that the dianion was indeed formed. Since Na/K alloy had proven to be an
excellent reducing agent for 30, it was the first choice for use with 31. In this casé,
however, substantial decomposition occurred upon stirring a solution of 31 with excess
Na/K, even when the alloy was removed after only a few minutes. Two other common _
- reducing agents, Na/Hg amalgam and K/benzophenone, were also tried, but only
decomposition of 31 was observed. These results were somewhat surprising, as Na/Hg
amalgam had been used for the reduction of the analogous ditungsten compound 94,76
while K/benzophenone ketyl had been successfully employed with diruthenium systems.”?

Because the reduction potential of 31 was less negative than that of 30, it was felt
that CpFe(CgMeg) could be utilized as an alternative reducing agent. Thus, treatment of
an orange THF solution of 31 with two equivalents of CpFe(C¢Mey) in DMﬁ rapidly gave
a yellow solution, and the dimethyl complex 102 was isolated after addition of CH,I
(Scheme 2.18). The observed color changes provided a convenient means of following
the progreSs of the reduction. .Since the desired product was yellow and the solution of
CpFe(CgMeg) was dark green, complete reduction was ensured by the addition of the
CpFe(C¢Mey) solution until a pale green color persisted, indicating a slight excess ‘of the
reducing agent. Thus, it was éssem:ially possible to titrate a solution of 31 with
CpFe(CgMeg), and good 'yields of the corresponding dimethyl complex were obtained.
Addition of only one equivalent of CpFe(C¢Me¢) followed by quenching with CHsl
resulted in the isolation of approximately equal amounts of 102 and 31, as expected for a
two-electron reduction process. |

The physical properties of 102 were very similar to those of 99, and égain the
spectroscopic characterization readily revealed the structure. The mass spectrum showed
a peak' for the molecular ion at 584. The presence of two singlets at 8 0.30 and 0.25 ppm

in the TH NMR spectrum was indicative of the two methyl groups, and the 13C NMR
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Scheme 2.18
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spectrum also showed two peaks at -24.79 (Ru-CH3) and ;28.55 ppm (W-CHj3). As was
- the case for 99, the IR spectrum showed absorbances only for terminal carbonyl groups.
Once an efficient preparation of the dianion 100 was establishéd, attempts were
- made to achieve the selgctive reoxidation of the ruthenium center. Unfortunately, this
process was not straightforward. Treatment of a solution of 100 with one equivalent of
[szFe][PF6] followed by quenching with CH3I gave a mixture of products (Scheme
2.19). Two of the compounds were identified as 31 and 102 by comparison of the 1H
NMR data, while the third compound was formulated as the desired tetranuclear complex
103. It was not possible to separate the components of the mixture by chromatography or
crystallization, making it impossible to obtain all the necessary data for 103. However, the
TH NMR spectrum was very similar to that for 98, as it showed four fulvalene triplets and
a singlef at 8 0.26 ppm with the satellites expected for a W-CHj group. The IR spectrum
indicated the presence of bridging carbonyl groups, and the mass spectrum showed a peak
for the molecular ion at 1136. Thus, it appeared that the desired compound 103 was
formed in the reaction, but it was only a minor product. In an effort to improve the yield
of 103, several variations of the oxidation step were tried. Addition of the oxidant at -45 |
°C did not significantly affect the product distribution, but oxidation at -78 °C gave 103 as
approximately 20% of the product mixture as estimated by integration of the 1H NMR
spectrum. Substitution of acetone for THF as the solvent had no effect on the reaction. |
Since the formation of the dianion had already been firmly established, it was
thought that 31 was being formed in th§ reaction due to the oxidation of both metal

centers. The redox potential of ferrocenium is 0.4 V vs SCE in dimethylformamide,
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indicating that oxidation of the tungsten center could be achieved. As a result, an oxidant
with a potential between the two reoxidation waves was tried, in analogy w1th the
selective reduction of 30. ' Since the dication {Fc(C5Me5_)2][PF5]2 has a first reduction
potential of -0.55 V vs SCE, it was felt that it would be ideal for this situation. However,
use of this oxidant at room temper;arure_ gave none of the desired compound. Instead, a
mixture of 31 and the dihydﬁdc 104 was isolated (Scheme 2.20). The identity of the
dihydride was established by its independent preparation by treatment of the dianion 100
with acetic acid. The formation of the dihydride was not surprising, as the methyl groups
in [Fe(CgMeg),l[PFgl, are relatively acidic. This reaction could be prevented by
performing the oxidation at low temperature, in which case the same product mixture was
obtained as when ferrocenium was used as the oxidant. Thus, it proved to be impossible

to find reaction conditions which gave a significant yield of 103.

Scheme 2.20 N
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The inability to prepare 103 efficiently was disappointing, and the failure of the
reoxidation reaction may be attributed to competing electron transfer reactions. For
example, it is possible that 103 is formed in substantial amounts in the reaction but then

decomposes to 31 by an electrocatalytic pathway in which the oxidant serves as the

catalyst. This explanation is analogous to that proposed for the decomposition of 98 to 30

- during attempted crystallization, but in this case the reaction is much more rapid due to
the presence of a high concentration of oxidant. - Consumption of the oxidant in this
decomposition reaction would also account for the presence of the dimethyl complex 102

in the reaction mixture. However, no direct evidence for this reaction was obtained.

The chemistry of the tungsten-ruthenium system, then, proved to be more

complicated than for the tungsten-iron complex. Although the dianions could be
generated efficiently in each case, the reoxidation of 100 failed to give an effective
preparation of the tetranucfear species '103, apparently due to competing reactions. Thus,
specific metal recognition was possible for both 30 and 31, as indicated by cyclic
voltamxhetry, but the distinction between the two metal centers was exploited synthetically

only for 30.

(7]
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Chapter Three

Electrocatalytic Ligand Substitution in Fulvalene Complexes

3.1 Introduction

The success of the eIcctrochemical investigations of complex 30 prompted further
studies of the reactivvityv of this compound. Since it had been clearly established that the
tﬁngsten center could be selectively reduced in 30, it was felt that this distinction between
_vthe metals could be exploited synthetically through metal-specific ligand substitution. This
hypothesis led to the investigation of electron-transferchain (ETC) catalysis of CO
substitution in 30, and this chépter will describe the results obtained for 30 as well as the
~ extension of electroéataiysis to other bimetallic fulvalene compounds. The subject of ETC
catalysis in transition metal complexes has been reviewed,’8 so this introduction will
simply provide some background information on ETC processés. '

The first example of an electrocataljzed reaction was reported by Rich and Taube,”
who observed chloride exchange in [AuCly]- ipiﬁated by the reducing agent [Fé(CN)6]4’.
Feldberg and coworkers later applied electrochemistry to establish the mechanism of this
type of reaction,80 which caﬁ be described as an ECE process. The first E denotes the
initiation by electron transfer, Cis the che@icﬂ p_ropagation sfep, and the second E is the
back electron transfer propagation step. This type of reaction has found widespread
applications in transition metal chemistry,’82 but most of the focus has been on promoting
ligénd' substitution reactions. -

The primary reason for the interest in ETC reactions is the fact that drainatic rate
increases can be achieved by this method. These rate increases are attributed to .thc_:
‘intermediacy of odd-electron species due to elcctrdn transfer. For example, an 18-
electron complex which is relatively inert can be oxidized to a 17-electron radical, ahd the
- greatly enhanced reactiQity of such species is well known.8! In fact, the chemistry of 17-
electron radjcéls has become a subject of intense interest, as these species have been found

to play important roles in numerous stoichiometric and catalytic reactions.8!. 82
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Although ‘it was understood that 17-electron species were the key to greatly
accelerated substitution rates, it remained unclear whether these intermediates reacted by a
- dissociative mechanism td give 15-electron species or through associative processes to
give 19-clectron species. The primary argument against the associative pathway wés
based on the assumption that 19-electron species were inherently unstable. However,
confirmation of the associative mechanism was provided by Po& and coworkers,83 who
conducted kinetic studies on the competition between chlorine atom abstraction from CCl,
and ligand substitution by tertiary phosphines in Re(CO)s. Further evidence for an
associative pathway for substitution in Mn(CO)s was reported by Herrinton and Brown,34
and Basolo and coworkers provided findings consistent with the associative mechanism
for substitution in V(CO).85 |

-The stability of 19-electron species, as well as the enhanced reactivity of the
corresponding 17-electron species;, can be understood on the basis of a simﬁle qualitative
molecular orbital diagram, which is illustrated in Figure 3.1 for the Mn(CO)s fragment.86
Assuming that the unpaired electron in Mn(CO)s is in a pure d2 orbital, which is
antibonding with respect to the apical CO ligand, the bond order for M-CO along the z-
axis is 1/2. Interaction of this fragment with a two-electron ligand L then results in a
bonding-antibonding pair of orbitals with the odd electron in the higher-energy
antibonding orbital. Thus, the overall bond order along the z-axis is still only 1/2, but the
competition for the d,2 orbital between the apical CO and L results in a formal order of 1/4
for each bond. This reduction in bond order explains why substitution is zhuch more rapid
in 17-electron complexes. The assumption that the singly occupied orbital in Mn(CO)s is
purely d2 in character is an oversimplification, as this orbital also has some p, and s
components.8? The mixing of these higher-energy orbitals with the antibonding orbital in
the 19-electron species results in an overall stabilization, and the bond order along the z
axis is "actually greater than 1/2. This stabilization is the driving force for the formation of

the 19-electron complex. The degree of stabilization varies with both the metal and the
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entering ligand, and pi backbonding to the other ligands further lowers the energy of the
19-electron species.
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Figure 3.1. Molecular orbital scheme showing the interaction between an Mn(CO)s
fragment with a two-electron ligand L.

Although the preceding discussion shows that odd-electron species should be more

reactive toward substitution, this rule is not without exception. Poli ez al. have reported

’

ETC catalyzed substitution of iodide by chloride in CpMol,(PMej), to give
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CpMoCl,(PMe,),.88 The starting complex is a 17-electron species, and the substitution

was catalyzed by oxidation to give the 16-electron cation. The rate acceleration observed

for the latter was attributed to the fact that the steric crowding precluded an associative

mechanism to give a 19-electron intermediate from the starting 17-electron complex. The

high energy HOMO in the starting compound also disfavored associative substitution and

facilitated the oxidation to give the stable 16-electron species.89

The fact that virmally all electrocatalytic reactions proceed through odd-electron

species points to an important consideration in the design of the catalytic cycle.

Ofganomctallic radicals, whether 17- or 19-electron, are highly reactive species which are

prone to a variety of side reactions, such as dimerization, atom abstraction, and

disproportionation. In order to minimize these side reactions in an electrocatalytic

process, both of the propagation steps should be very fast. Since the chefnical reaction

which is the first propagation step will usually be fast in thé absence of steﬁé constraints,
| the primary conéem is the second propagation step, or back electron transfer. Thus, an

exergonic electron transfer will usually providc'the driving force for the propagation,

although an irreversible chemical propagation step can accomplish the same.”82

Since the reversibility of the first propagation step is usually not known in advance,

it is better to rely on the back electron transfer to provide efficient catalysis. This

consideration will determine the type of initiation, either oxidative or reductive, to be

used. For a substitution reaction, then, the primary concern is the electron donating ability

of the entering ligand vs. that of the departing ligand. If the entering ligand is more
electron rich, the final product will be more difficult to reduce than the starting material,

so a favorable back electron transfer can be obtained through the use of reductivc,.
initiation. Similarly, oxidative initiation will provide a favorable electron uansfer when the
entering ﬁgand is less_eleéu‘on rich than the displaced ligand, as the product will be more

difficult to oxidize than the starting material.
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Although the favorable nature of. the back electron transfer step is important, it
should be noted that this condition alone does not guarantee an efﬁcient electrocatalytic
cycle, as side reactions can still pose a problem. For example, electrocatalysis of CO
substitution in mononuclear species has rarely been reported, as dimerization of the 17-
electron species usually predominates. Rieger et aI showed that only-small amounts of
substituted products were obtained in treating Fe(CO)s with phosphines or phosphites

under reducing conditions,% and this difficulty can be attributed to the rapid dimerization

" of the 17-electron radical anion Fe(CO)y4. Sxmﬂar problems are encountered with

dinuclear compounds which lack bridging ligands, as cleavage of the metal-metal bonds

produces mononuclear radicals which are subject to rapid dimerization (see Chapter 2).

Thus, most of the successful cases of ETC catalyzed CO substitution have been reported

for clusters or dinuclear complexes with one or more bridging ligands.”82

While catalytic processes are usually evaluated in terms of the numbef of turnovers
achie\;ed, the effectiveness of an clccuocatélytic reaction is measured by the coulombic
efficiency. This criterion is determined by the nufnber of molecules of product obtained
per electron transferred by the initiator. For example, if an electrocatalytic process
requires ten mole percent of ferrocenium to give a yield of 90%, there are nine molecules
of product formed per electron, so the coulombic e?}ciency is nine. Much higher numbers
are often obtained; Kochi and coworkers reported coulombic efficiencies greater than

1000 for the ligand exchange reaction illustrated in Scheme 3.1.91

Scheme 3.1
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The sucéessﬁﬂ application to a variety of ofganometaIIiC, inorganic, and organic
reactions has illustrated the remarkable versatility of this process. It is particularly useful
in transition metal chemistry, since transition metals undergo facile changes in oxidation
states and the reactivity of odd-electron (17- or 19-electron) species is greatly enhanced
compared to the éorresponding 18-electron cbmpicxes. Additionally, 'the fact that
~ electrocatalytic reactions are usually complete in a few minutes at room temperature
makes this process an attractive alternative to thermal reactions. The remainder of this
chapter will describe the application of electrocatalysis to CO substitution in bimetallic

fulvalene compounds.
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32 Electroéatalysis of Ligand Substitution in (Fulvalene)WFe(CO)s 30

| The electrochemical investigations of compound 30 indicated that it was possible to
reduce the tungsten cénter selectivély, leaving the iron nucleus as a 17-electron radical.
This result suggested the possibility of performing ligand substitution exclusively at the
iron center by taking advantage of its enhanced reacu'vity (vide supra). Thus, it was felt
that electrocatalysis could provide complexes of the type 106, where L is a two-electron

~ ligand such as a phosphine. This section will present the results of these ligand

substitution studies.
|
(CO)A»’ [ .

F'&*Q"co
L

106

Since the one-electron reducﬁon of 30 gave good isolated yields of-the dimer 98
(Section 2.4), it seemed unlikely that the intermediate 17-e1e§tron species was prone to |
significant side reactions. As a result, the only reaction expected to compete with the
desired CO substitution was this dimer_izaﬁon. However, the fact that only catalytic
amounts of the reducing agent were to be used ensured that the concentration of the 17-
electron radical would always be low, thereby minimizing the chance of dimerization. In
order to favor formation of the desired products, then, it was necessary to use a reducing
agent whose concentration could be carefully controlled. Once again, the ideal choice was
CpFe(CgMeg) (97). The first ligand chosen to test was trimethylphosphite, P(OMe)s,
since its small cone angle (107°)92 gnaranteed that steric problems would be minimal.

Although electrocatalysis was achieved with this system, the product was not that
expected. When a THF solution containing 30 and excess P(OMe); was treated with a
catalytic amount (0.10 eq.) of CpFe(CsMeg) in DME, a precipitate began to form after a
few minutes. Analysis of the reaction mixture by thin layer chromatography (TLC) after

15 minutes indicated that 30 was no longer present. Curiously, there was no compound
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which moved above the baseline. The TLC behavior and insolubility of the product
seemed inconsistent with a complex of the type 106, which would be expected to be more
soluble than 30. |

Although the product was found to be insoluble in ethereal solvents, it was slightly
soluble in acetone and quite so in acetonitrile (CH3CN). Thus, the product was purified
simply by removal of the reaction solvents, dissolution in CH3CN, and filtration through a
- short column of Celite. Crystallization from CH;CN at low température resulted in deep
red crystals which gave an elemental analysis consistent with a fulvalene tungsten-iron
complex containing four CO and two P(OMe), ligands. In support of this assignment, the
mass spectrum showed a molecular ion of 632. The 'H NMR spectrum displayed the four
triplets expected for a symmetrical fulvalene ligand as well as a pseudotriplet (arising from
virtual coupling with the two phosphorus atoms) integrating for 18 hydrogens, which is-
consistent with two P(OMe); ligands bound to the same metal center. The 31P NMR
spectrum showed only one singlet, indicating that the two P atoms were equivaleht. Since
no coupling to the 183W nucleus was observed, it was concluded that both phosphite
ligands were on the iron center.

The spectral data, as well as the solubility properties, were consistent with the
formulation of the product as a zwitterion in which one of the CO ligands of 30 had been
replaced by two P(OMe); ligands. In order to confirm this hypothesis, an x-ray diffraction
study was undertaken. Suitable crystals were grown by slow cooling of a saturated
CH,CN solution, and the ORTEP drawing is shown in Figure 3.2. The x-ray structure
confirmed the proposed formulation of the product and showed a trans orientation of the
metgl centers with respect to the fulvalene ligand, an arrangement which is always_‘
observed in complexes lacking a metal-metal bond.

This electrocatalytic reaction, depicted in Scheme 3.2, resulted in the displacement
of one CO group from the iron center and addition of two phosphite ligands. The

presence of three two-electron ligands on iron requires that this center have a positive



_ Figure 3.2. ORTEP drawing of the zwitterion 107.
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Table 3.1. Bond angles (°) for 107.

C(1l)=-W=-C(2) 82.5(2) C(1)-W-C(3) €0.0(2)
C(2)=-W-C(3) 89.5(2) C(1)-W-C(4) $e.28(2)
C(2)-W-C(4) 120.9(2) C(3)-W-C(4) 147.5(2)
C(l)-w-C(3) 126.1(2) C(2)-w-C(3) €5.3(2)
C(3)-W-C(3) ' 143.4(2) C(4)-%~C(5) 34.7(2)
C(1)-W-C{(5) 158.0(2) C(2)-W-C(6) .102.0(3)
C(3)-W-C(8) 1 108.5(2) C(4)-W-C(5) 58.2(2)
C(5)-w-C(5) 35.1(1) C(1)-w-C(7) 135.9(2)
C(2)-w-C(7) 134.4(2) C(3)-W-C(7) 23.3(2)
C(4)-W-C(7) 58.4(1) C(5)-W-C(7) 58.0(2)
C(2)=W-C(7) 34.7(2) C(1)-W-C(8) 104.1(2)
C(2)-W-C(8) 153.8(2) C(3)-w-C(8) 112.0(2)
- C{4)-W-C(8) 33.6(1) C(5)-w-C(8) 58.5(2)
C(8)-W-C(E) 58.5(2) C(7)-w-C(8) 25.2(2)
P(1)-Te-P(2) ©3.1(1) P(1)-F2-C(S) 140.0(1)
D(2)-Fe~-C(%) €0.4(1) P(1)-Fe-C(10) 153.2(1)
2(2)-Fe-C(10) 1312.8(1) C($)-Te-C(10) 38.4(2)
D(i)=-Fe-C(il) 114.1(2) P(2)-Fe-C(1i) 152.2(1)
C(S)-FTe-C(i1) 53.2(2) C(10)-FTe-C(11) 35.8(2)
P(1)-F=~C{12) 8¢.2(1 P(2)-FT2-C(12) 141.5(2)
T C(3)-Te-C(12) 64.8(2 ' C(10)=Ta-C(12) £8.2(2)
C(ii)-Te-C(12) 40.3(3) , P{1)-F2-C(13) 101.8(1)
P(Zj-Ta=~C(13) 103.0(1) C(S)-F2-C(13) 33.0(1)
C(.0)~Fe-C(23) 85.3(2) C(11)-F2-C(13) £7.1(2)
C{l2)~Ta~-C(13) 35.3(2) P(1)-Ta2-C(20 BS.S (1)
D(Z}-T2-C(29) $2.0(2) C(9)-F2-C(20) 129.7(2)
C(:3)-Te-C(20) S5.3(2) C(11)-Te-C(20) €3.7(3)
C(i2)~T2-C(20) i22.4(2) C(i13)-Te-C(20)" 160.3(2)
Te-2(1)-0(4%) 112.0(2) Fe-2(1)=-0(3) 122.5(3)
O(4)=-2(1)=-0(5) 113.7(3) Fe-D(1)=-0(33) 109.4(2)
O{%4)-P(1)-O(3A) S0.8(3) Fe-2(1)-0(8) 107.5(4)
0(4)~-F(1)-0(8) 78.3(53) 0(53)-2(1)=-0(5) €7.2(3)
O(32)=-2(1)-0(8) 142.8(53) Te-?(1)-0(%2) 124.3(2)
O(4)~2(1)-0(8a) 113.6(3) O(53)=P(1)-0(6A) $7.3(3)
Fe-2(2)-0(7) . 111.6(1) Fe~P(2)~-0(8) 112.8(1)
0(7)-2(2)-0(8) 108.2(2) " Fe-=-P(2)-0(%) 112.2¢(1)
O(7)-2(2)-0(9) 103.6(2) .0(8)=-P(2)-0(2) 100.7(2)
P(1)-0(4)~C(14) 125.6(5) P(1)-0O(5)-C(15) 120.1(58)
P(l)-0O(3A)-C(15) 122.0(5) P(1)-0(58)~-C(16) 115.1(8)
P(1)-O(6A)-C(16) 118.2(5) D(2)-0(7)=-C(17) 124.5(3) -
P(2)-0(8)-C(18) 1256.8(4) P(2)-0(9)-C(19) 120.7(3)
W-C(1)-0(1) 175.2(4) W-C(2)=-0(2) . 178.8(3) °
W-C(3)-0(3) 176.4(5) W-C(4)=-C(5) 71.8(2)
W-C(4)—-C(8) 72.3(2) C(5)-C(4)-C(8) 107-7(3)
W-C(4)-C(%) 122.9(2) C(5)-C(4)-C(9) 127.4%(3)
C(2)-C(4)-C(9) 124.8(4) W-C(5)-C(4) 73.3(2)
W-C(3)-C(8§) 72.3(2) C(4)-C(3)-C(5) 109.0(4)
W-C(5)-C(5) 72.4(3) W-C(6)-C(7) 72.2(3)



Table 3.1. Bond angles (°) for 107.

.C(5)-C(6)-C(7)
W=C(7)-C(8)
W-C(8)-C(4)
C(4)-C(8)-C(7)
Fe-C(S)-C(10)
Te-C(9)-C(13)
C(1l0)-C(9)-C(13)
Te-~C(10)~-C(1l1)
Fre-C(11)-C(20)
C{10)-C(11)~-C(12)
Te-C(12)-C(13)
Fe~-C(13)-C(%)
C(2)-C(13)-C(12)

107.6(53).

73.7(2)
72.1(2)

©106.0(4)

68.8(2)
67.8(2)
108.7(3)
68.7(3)
71.7(3)
107.1(6)
71.4(2)

73.2(2)

106.7(5)

Table 3.2. Bond lengths (A) for 107.

W-C(1) 1.928
W-C(3) 1.236
W-C(3) 2.347
W-C(7) 2.337
Fe-P(1) 2.139
Fe~C(¢%) 2.187
Fe-C(11) 2.093
Fe-C(13) 2.1186
D(1)-0(4) 1.537
P(1)-0(5A) 1.8680
P(1)-0(6a) 1.512
P(2)-0(8) 1.593
0(1)-C(1) 1.160
C(3)-C(3) 1.158
0(5)-C(15) 1.573
0(5)-C(16) 1.487
Q(7)~-C(17) 1.422
0(2)-C(19) 1.433
C(4)-C(3) 1.403
C({4)-C(9) 1.454
C(8)-C(7) 1.398
C(9)~C(10) 1.420
C(10)-C(11) 1.433
C(12)-C(13) 1.419

(3)
(%)
(4)
(4)
(1)
(3)

(8)

(4)
(4)
(6)
(7)
(%)
(8)
(7)
(31)
(18)
(5)
(8)

A7)

(5)
(9)
(7)
(7)
(7)

W-C(7)-C(6)
C(6)-C(7)-C(8)
wW—-C(8)-C(7)
Fe-C($)~C(4)
C(4)-C(9)-C(10)
C(4)-C(9)-C(13)
Te-C(10)-C(S)
C(9)-C(10)~-C(11)
Fe-C(1l1)-C(12)
Fe-C(12)-C(11)
C(11)-C(12)-C(13)
Fe-C(13)-C(12)
Fe-C(20)-0(10)

W-C(2) 1.927
W-C(4) 2.369
W=C (&) 2.348
W~-C(8) 2.370
Fe-2(2) 2.154
Te-C(10) 2.134-
Te-C(12) 2.087
Fe-C(20) 1.762
P(1)-0(5) 1.553
P(1)~-0(6) 1.662
P(2)-0(7) 1.586
P(2)-0(9) 1.590
0(2)-C(2) 1.173
O(4)-C(14) 1.416
0O(5a)-C(15) 1.414
O(6A)-C(16) 1.604
O(8)-C(18) 1.442
0(10)-C(20)  1.131
Cc(4)-C(8) 1.449
C(5)-C(6) 1.414
C(7)-C(8) 1.424
C(9)-C(13) 1.438
C{11)-C(12) 1.432
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73.1(3)
103.7(4)
71.1(3)
130.8(2)
126.2(3)
123.0(4)
72.8(3)
108.0(5)
65.7(3)
70.2(3)
109.3(4)
63.2(3)
178.7(4)

(3)
(3)
(3)
(4)
L)
(3)-
(¢)
(5)
(7)
(11)
(3)
(3)
(7)
(7)
(9)
(11)
(8)
(7)

(3)

(&)
(7)
(3)

(1)
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charge, while the tungsten center retains the negative charge imparted by the initial
reduction. Since no monosubstituted product was obtained, it was felt that the
disubsti;ution may have resulted from the excess of P(OMe); in the reaction mixture.
However, when only one equivalent of P(OMe); was used, the disubstituted complex 107

was still the only product, and unreacted 30 was recovered.

Scheme 3.2
s.\P(OMc);;
N\ L POMe);

D F
: 0.1 eq. CpFe(CeMey) I
(CO)B

Fe(CO), excess P(OMe);,