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Foreword 

I H E ACS SYMPOSIUM SERIES was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz
er^) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re
view papers are included in the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

ACS BOOKS DEPARTMENT 
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Preface 

E L E M E N T A L SULFUR, "BRIMSTONE", and its basic chemistry were 
known to the ancients. The simple sulfur anion, S3~, is likely responsible 
for the blue color of the ancient gemstone Lapis lazuli (lazurite). These 
long-known features of sulfur chemistry illustrate some of the variety of 
redox and aggregation states available to sulfur, even in the absence of a 
transition metal ion. 

Transition metal sulfur compounds also have a lengthy history. 
Pyrite, the familiar fool's gold, is iron disulfide, and cinnabar, mercuric 
sulfide, has been used for more than 2,000 years as a red pigment and as a 
source of mercury. Molybdenite, molybdenum disulfide, now known to 
have a graphite-like layered structure, has long been appreciated for its 
soft and flaky texture, which makes it useful in lubrication and in writing 
implements (molybdos is the Greek word for pencil!). In more recent 
times, sulfide ores, often formed hydrothermally (as occurs presently at 
deep-sea hydrothermal vents), are used as a source of metal raw materi
als. For example, molybdenite is the source of metallic molybdenum, 
which has major uses in steels, catalysts, lubricants, and other applica
tions. 

The ubiquity of transition metal sulfur compounds in nature has been 
augmented by the synthesis of thousands of new transition metal coordi
nation and cluster compounds. The redox and reactive character of the 
sulfur, combined with that of the transition metal, leads to versatile chem
istry that has been exploited both industrially and biologically. We now 
have in our hands a dazzling array of structurally and electronically 
interesting compounds whose reactivity is just beginning to be appreci
ated. The exposition of this newly discovered chemistry, in juxtaposition 
with industrial uses and biological manifestations, constitutes the main 
theme of this volume. 

The industrial uses of transition metal sulfur compounds are of great 
current interest and economic importance. Various compounds are 
important in lubrication, semiconductor applications, and catalysis. 
Hydrotreating catalysis, that is, hydrodesulfurization, hydrodenitrogena-
tion, and hydrodemetallation, plays a major role in the processing of 
petroleum. The commercial hydrotreating catalysts contain molybdenum 
or tungsten sulfides promoted by cobalt or nickel, and much work has 
been done on the catalysts themselves and on their putative model sys
tems. 

ix 
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Of more recent apprehension is the presence of transition metal sul
fur sites at many metalloprotein active centers. These sites are involved 
with simple electron-transfer reactions and with such noteworthy chemi
cal reactions as oxygen atom transfer (on nitrogen and sulfur oxyanions 
and heterocyclic molecules); activation of small molecules such as dinitro-
gen, dihydrogen, and dioxygen; structural recognition of DNA; and impor
tant biological metal-sensing, -processing, and -detoxification systems. 

Seven of the 10 biologically essential transition metals use sulfur 
coordination in some or all of their biological manifestations. 
Iron-sulfur sites are biologically ubiquitous. All molybdenum and 
tungsten enzymes use sulfur coordination in their respective Mo and W 
cofactors. Many Cu, Ni, and Zn proteins have sulfur in their metal-
coordination spheres. Perhaps the most spectacular of the transition 
metal sulfur sites found in nature are the unusual clusters of the 
iron-molybdenum protein of the nitrogen-fixation enzyme (nitrogenase) 
and the iron-vanadium protein of the alternative nitrogenase. X-ray 
crystallography has revealed structures that were not fully expected. 
Model systems have played and will continue to play a key role in the 
development of our understanding of all of the biological systems. 

This volume presents a broad exposition of molecular transition metal 
sulfur systems in the context of their biological and industrial importance. 
These systems have inherently interesting and potentially important 
chemistry and are also of great value for the insights they provide con
cerning industrial and biological systems. 

The first chapter provides an overview of biological and industrial 
aspects of transition metal sulfur chemistry and highlights some of the key 
trends that are emerging in the study of these systems. The chapters in 
the next section deal with biological systems and their models. Here it is 
seen that the interplay of biological and model system study represents a 
powerful juxtaposition, leading both to new chemistry and to increased 
understanding of the biological systems. 

Chapters 8 through 11 involve hydrodesulfurization systems and, espe
cially, model molecular systems that react with the thiophenes and ben-
zothiophenes. The reactions studied in the molecular systems provide 
food for thought concerning the functioning and, possibly, the improve
ment of industrial hydrotreating catalysts. 

In chapters 12 through 18, the emphasis is on novel structures that, to 
an increasing extent, are being prepared in high yields by systematic 
approaches. The resultant clusters and complexes reveal intriguing struc
tural, electronic-structural, and reactivity properties and interesting 
analogies to solid-state and enzymatic structures. 

Chapters 19 through 21 show aspects of the reactivity of mononuclear 
and polynuclear transition metal sulfur compounds. The chemistry is 
diverse, involving metal-based as well as ligand-based reactions, which 
have implications for both industrial and biological systems. 
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By placing the molecular studies in the context of the enzymatic and 
industrial catalytic systems, we hope that the collected contributions will 
have a stimulatory effect on all of the areas discussed. This book should 
be useful to those entering any of these exciting fields and to those seek
ing an overview of some of the fascinating work that is in progress world
wide. 

This volume was developed from a symposium presented at the Inter
national Chemical Congress of Pacific Basin Societies in Honolulu, 
Hawaii, in December 1995. Researchers at the frontiers of transition 
metal sulfur chemistry from the Pacific Basin and from Europe have con
tributed to this book. The worldwide representation allows broad and 
up-to-date coverage of this rapidly expanding area of chemistry. 
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Chapter 1 

Transition Metal Sulfur Chemistry: Biological 
and Industrial Significance and Key Trends 

Edward I. Stiefel 

Exxon Research and Engineering Company, Clinton Township, 
Route 22 East, Annandale, NJ 08801 

Transition metal sulfur (TMS) sites in biology comprise 
mononuclear, and homo- and heteropolynuclear centers in 
metalloproteins. In industry, the use of TMS systems in 
lubrication and in hydrotreating catalysis is of great technological 
significance. Trends in the structure and reactivity of molecular 
TMS systems include: increasing nuclearity with higher d
-electronic configuration; structural overlap of molecular and solid 
state systems; redox reactivity of ligand as well as metal sites; 
internal redox reactivity; diversification of synthetic strategies; and 
versatile small molecule activation. Potential relationships 
between biological, technological, and molecular systems are 
emphasized. 

The chemistry of the transition metals is exquisitely exploited in both biology and 
industry. In many of these applications, the transition metal is coordinated by sulfur, 
either in the form of a sulfur-containing organic ligand or in the form of a variety of 
inorganic sulfur-donor groups. This book deals with the chemistry of the biological 
and industrial systems, and, in large part, with related molecular systems. This 
introductory chapter sets the background for the collected papers in this volume. 

First, the scope of transition metal sulfur systems in biology is discussed. 
From ferredoxins, plastocyanins, and zinc fingers to cytochrome P450, hydrogenase, 
nitrogenase, and cytochrome oxidase, sulfur coordination is necessary for the 
functioning of numerous biological transition metal centers. These centers 
encompass seven different transition metals and with nuclearity (number of metal 
centers) up to eight. In some cases, the role of sulfur involves the modulation of the 
activity of the transition metal, but often the sulfur ligand itself is involved in 
substrate binding, acid-base activity, or redox processes crucial to active-site 
turnover. Much work in biomimetic chemistry is directed at duplicating, or at least 
imitating, features of the metalloenzyme active-site structure, spectra, magnetism, and 
reactivity. 

The broad scope of transition metal sulfur species in industry also 
encompasses a number of different metals. The industrial interest includes catalysis, 
corrosion, lubrication, antioxidancy, and battery technology. Most, but not all, of the 
activity is associated with solid state systems and heterogeneous catalysis. Molecular 
species serve as precursors to the solid-state systems and, moreover, may have 

0097-6156/96/0653-0002S19.25/0 
© 1996 American Chemical Society 
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1. STIEFEL Transition Metal Sulfur Chemistry: Key Trends 3 

H V VI 

Β C Ν 0 

Na Mg Yl Si Ρ s Cl 

Κ Ca Co [NiJ [ZrJ Se Br 

I 

Figure 1. Bioinorganic Periodic Table highlighting those essential elements that 
use sulfur coordination for some of their biological functions. 

catalytic activity of their own or display chemical reactivity relevant to the study of 
surface active sites. 

In addition to the intrinsic interest in the novel chemistry of transition metal 
sulfur systems, the molecular systems that are the principal subject of this volume, 
clearly have relevance to our apprehension of the functioning of both the biological 
and industrial systems. This opening chapter briefly introduces the biological and 
industrial contexts of transition metal sulfur systems. Then, various trends that come 
into play (and interplay) in transition metal sulfur chemistry are discussed. We 
illustrate these trends by referring to work from our own laboratory, to review 
articles, and to particular chapters in this volume. 

Transition Metal Sulfur Systems in Biology 

The explosive growth of the field of bioinorganic chemistry is replete with the 
publication of five new "text" books (1-5). A significant component of the interest in 
transition metal sulfur chemistry stems from the use of transition metal sulfur species 
as reagents in biochemical, physiological, and pharmacological contexts and, more 
so, from the presence of a variety of transition metal sulfur sites in proteins and 
enzymes. The metal-sulfur component imparts critically important reactivity to the 
biological macromolecule by serving as a (or the) key part of its active site. 

In Figure 1, a periodic table template shows the biologically relevant elements 
that are known to have essential roles in at least one organism. Of the ten transition 
metals so involved, seven of them, highlighted in the figure, are found to have sulfur 
coordination in many of their biological occurrences. In some cases, such as 
molybdenum and tungsten enzymes, all known systems involve coordination with 
sulfur ligands. 

The transition metal sulfur sites that occur in metalloenzymes can be 
classified into two types. The first are mononuclear sites with specific protein or 
cofactor ligation. The second are polynuclear sites in which sulfur bridges bind 
together two or more metals. 

Mononuclear Sites: The simplest of the mononuclear systems are the rubredoxin 
proteins (6-9). These small proteins (M « 6,000) are involved in electron transfer and 
contain a single tetrahedrally coordinated iron site (Figure 2a). Four cysteine 
thiolates from the protein side chains provide the ligation to the iron, which can be 
either in the ferrous or ferric state. Despite the simplicity of the system, much control 
is possible over the redox properties of the site. The tetrahedral coordination of Fe in 
rubredoxin is illustrated in Figure 2a. In Chapter 2, Wedd and co-workers reveal the 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
14

1 
on

 O
ct

ob
er

 7
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

29
, 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
65

3.
ch

00
1

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



4 TRANSITION METAL SULFUR CHEMISTRY 

immense power of modem molecular biology to effect structural changes. 
Specifically, site-directed mutagenesis has been used to change the evironment of the 
metal center by altering the amino acid sequence of the host protein. Site-directed 
mutagenesis constitutes a powerful tool, which has been aimed at understanding the 
specific roles and effects of particular donor ligands. 

There are many other cases in biology where ligation for a single metal site 
comes purely from aie protein side chain. In the blue copper proteins (e.g., 
plastocyanins, azurin, stellacyanin, etc.) (10-12) one cysteine and, usually, one 
methionine, is bound to a redox-active Cu site along with two histidines to complete a 
four-coordinate Cu coordination sphere. The cuprous/cupric couple allows the 
copper proteins to participate in a variety of relatively high-potential redox reactions. 

In zinc proteins, the divalent zinc ion can have structural and/or catalytic roles 
(13-15). Since zinc has no redox ability, its catalytic role involves its acid-base or 
polarizing properties. In zinc finger proteins (16), die Z n 2 + ion plays a structural role. 
In these crucial DNA-binding and recognizing systems, tetrahedral coordination of 
zinc is usually provided by two thiolates and two imidazole ligands from, 
respectively, cysteine and histidine protein side chains. In alcohol dehydrogenase 
(17), four thiolate ligands from cysteine side chains coordinate to tetrahedral zinc, 
which serves as an organizing center for the protein. 

Proteins clearly constitute very versatile 'multidentate ligands.' An interesting 
and adaptable class of multidentate ligands, which similarly illustrates the propensity 
of sulfur donors to bind to heavy metals, is given in Chapter 18 by Lindoy et al. 

In contrast to the relative simplicity of the rubredoxin, copper, and zinc finger 
systems, are the mononuclear systems represented by the molybdenum and tungsten 
cofactors (Moco and Wco, respectively). Enzymes that use Moco play a wide variety 
of redox roles in plants, animals, and bacteria (18-24). Included in this group are 
aldehyde (including retinal) oxidoreductase, xanthine oxidase and dehydrogenase, 
sulfite oxidase, DMSO reductase, nitrate reductase, and sulfite oxidase (18-24). In the 
first two of these enzyme types, a terminal sulfido ligand is present in the Mo 
coordination sphere in the active form of the enzyme in addition to the cofactor 
ligand. To date, tungsten enzymes have been found mainly in thermophilic bacteria 
(25,26). The cofactors of these enzymes represent an example of a special non
protein ligand, elaborated by nature to bind to a particular transition metal or metals. 

The common structure of the molybdenum and tungsten cofactors shown in 
Figure 3 reveals a pterin-dithiolene unit wherein the dithiolene is the direct ligand to 
Mo or W. This mode of coordination was inferred by the chemical work of 
Rajagopalan and co-workers (27,28) and recently confirmed crystallographically in 
the structures of two Mo (29,30) and one W enzyme (57). The dithiolene 
coordination of molybdenum and tungsten have been extensively studied by 
coordination chemists (32-34), for whom it is gratifying to see that this interestinjg 
ligand has also been selected by Nature. Dithiolene complexes are known for their 
reversible redox reactivity, undoubtedly important for their biological function. 
While significant progress has been made in the synthesis of analogs of pterin-
dithiolene structures (35,36), the complete cofactor has not yet been chemically 
synthesized. A very common non-protein ligand involves the 
porphyrin family, with heme iron used extensively in electron-transfer and oxygen-
binding proteins, and in oxygen-activating enzyme systems. Of course, the rx)rphyrin 
itself is a tetranitrogen donor ligand, but, a major determinant of the specific 
functionality of hemoproteins is the ligation of iron in the non-porphyrin fifth and/or 
sixth coordination position. Here the ligands often come from one of the sulfur-
containing amino acids, cysteine and methionine. In cytochrome c (37), which 
undergoes simple electron transfer involving ferrous and ferric states, there is 
thioether ligation from a single methionine, whereas the heme (of yet unknown 
function) in bacterioferritin has bis(methionine) coordination (38). In contrast to the 
methionine coordination in these proteins, the heme in cytochrome P450 contains a 
cysteine thiolate ligand in the position trans to the dioxygen activation site of the 
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1. STIEFEL Transition Metal Sulfur Chemistry: Key Trends 5 

L 

Figure 2. The Fe-S sites found in biological systems, a. The tetrahedral 
tetrathiolate site of rubredoxins. b. The dinuclear Fe2S2 site of ferredoxins. c. The 
tetranuclear thiocubane structure of ferredoxins (including HiPIPs). d. The 
trinuclearFe3S4 site typical of enzymes such as aconitase. e. The hexanuclear 
prismane structure implicated spectroscopically in a number of proteins. 

enzyme (39,40). This thiolate coordination contributes to the ability of P450 site to 
'stabilize' forms of oxygen capable of reacting with substrate C-H bonds (41). 

Polynuclear Sites. The mononuclear metalloprotein sites discussed above owe their 
versatility to the specific protein and prosthetic group ligands that bind the metal ions; 
In multinuclear situations, added to this is the presence of varied states of 
aggregation and geometric arrangements of the metal ions. Both homopolynuclear 
and heteropolynuclear sites are known. 
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6 TRANSITION METAL SULFUR CHEMISTRY 

Figure 3. The molybdenum cofactor containing a pyranopterin-dithiolene unit. 
The same basic unit is found in the tungsten cofactor. In many bacterial enzymes 
there is a nucleotide phosphate linkage attached to the phosphate end of the 
molecule. 

Homopolynuclear Sites. In the class of homopolynuclear centers, iron sulfide 
centers are prominent and these include F e ^ , Fe3S4, Fe4S4, FegSg, and, probably, 
Fe6S6 cores (6-8). These centers, shown in Figure 2, are involved in 'simple' electron-
transfer processes, in catalytic functions, and in the detection of iron for the 
regulation of the metabolism (42,43). The Fe2S2 and Fe4S4 cores (Figure 2b and 2c) 
are the redox active structures of the ferredoxins, which are relatively small, 
metabolically ubiquitous electron-transfer proteins (6-8). The coordination about 
individual iron atoms is approximately tetrahedral, while the overall structures can be 
viewed as complete or partial thiocubane (cuboidal) units. 

In Chapter 3, Bertini and Luchinat describe their studies on the Fe4S4 
ferredoxin (HiPIP) from Ectothiorhodospira halophila. They use the powerful 
combination of N M R spectroscopy, Môssbauer spectroscopy, and theoretical 
analysis. Assignments of the N M R resonances are made and full Hamiltonian 
analysis of the spin systems are carried out. Thereby, it has proven possible to 
establish precisely the identity of the iron atom(s) involved in redox activity and the 
extent of electron derealization in the oxidized and reduced systems. 

The Fe3S4 core structure (Figure 2c) can be viewed as a thiocubane missing a 
single iron atom. In some of the proteins that have Fe3S4 cores, it is possible to add 
the missing iron atom. This iron-binding ability appears to provide a control 
mechanism for aconitase (44), the fumarate nitrate reduction protein of Escherichia 
coli (45), and for the biosyntheses of ferritin and the transferrin receptor, which are 
regulated by an Fe3S4/Fe4S4-containing iron-binding protein (iron regulatory 
element) (46,47). Recently, synthetic efforts (48,49) have succeeded in duplicating 
the structure of the Fe3S4 core by using multidentate ligands that engender site-
specific reactivity in Fe4S4 systems, thereby allowing extraction of a single iron atom 
and formation of the desired Fe3S4 core. 

Biological occurrences of both six-iron and eight-iron clusters are known. 
Although at present there is no protein crystal structure for the six-iron cluster, 
analytical data and comparison with model compounds strongly support its existence 
and implicate a prismane structure (50,51) first reported in synthetic systems (52) 
(Figure 2d). The eight-iron site is crystallographically established in the P-clusters 
of the iron-molybdenum protein of nitrogenase (53-56). As shown in Figure 4, the P-
cluster consists of two Fe4S4 units fused with a disulfide group (or possibly a single 
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8 TRANSITION METAL SULFUR CHEMISTRY 

sulfide ligand), and additionally bridged by two protein cysteine thiolate ligands. In 
addition to those clusters found in biological systems, a large array of polynuclear Fe-
S sites have been synthesized and structurally characterized (6). It remains to be seen 
if more of these will be found in biology. In any event, inorganic chemistry clearly 
provides an invaluable data base against which to compare putatively new structural 
types found in biological systems. 

In cytochrome oxidase (57-60) [and probably in N2O reductase (61)], a 
bis(cysteinate) bridged dicopper site is found. Both of the Cu atoms in the dinuclear 
CUA unit of cytochrome oxidase are tetrahedral (similar to mononuclear blue Cu) and 
the bis(thiolate) bridge and short Cu-Cu distance allow for extensive interactions 
between the individual Cu atoms. Progress is being made in developing synthetic 
analogs containing this type of metal-bridged system (62). 

Heteropolynuclear Sites. In addition to these homonuclear systems, several 
important metalloenzymes contain heteronuclear transition metal sulfide sites. In 
hydrogenase, the active site contains nickel and (probably) iron, both in sulfur 
coordination, bridged by two cysteine ligands (63,64). Hydrogenase catalyzes the 
deceptively simple reaction that is crucial to the metabolism of certain bacteria: 

H 2 F> 2 H + + 2 e-

The hydrogenase enzyme has several states that are more or less reactive in the 
uptake or evolution of dihydrogen (6,6465). These states and their model 
compounds are described in Chapter 4 by Maroney and co-workers. 

Nickel-sulfur coordination compounds have proven very useful in suggesting 
some of the chemical possibilities for the various states and reactions of the nickel 
center of hydrogenase (66-70). For example, the thiolate-bound N i sites are capable, 
through their sulfur atoms, of serving as ligands for other metals including iron (70). 
Interestingly, questions similar to those being asked about hydrogenase, for example, 
the location of the hydrogen activation sites, are also being examined for the surface 
sites on heterogeneous hydrotreating catalysts. The chapters in this volume by Curtis, 
Bianchini, Boorman, and Rakowski-DuBois (Chapters 8, 10, 11, and 16, 
respectively), and the section on small molecule activation later in this chapter, 
consider some of the ways in which hydrogen can bind at a transition metal sulfur 
site. 

Another striking heteronuclear transition metal core structure occurs in the 
nitrogenase enzyme system. This enzyme, whose overall composition is shown in 
Figure 4, contains, the unique iron-molybdenum cofactor (FeMoco), which is a major 
part of the dinitrogen activation system (53-56). The MoFeySg core structure [or 
VFe7Sg core structure in an alternative nitrogenase (6,71) found in certain organisms] 
is chemically unprecedented in synthetic systems. The overall octanuclear structure 
consists of two partial thiocubane substructures, each of which contains an open Fe3 
face. The manner in which these Fe3 faces are juxtaposed is remarkable: an eclipsed 
arrangement of the two Fe3 faces is found forming an Fe6 trigonal prism at the core of 
FeMoco. While synthetic efforts have yielded a number of interesting Fe-Mo-S and 
V-Mo-S structures that resemble portions of the respective cofactors (6,72,73), to 
date, no complete chemical analog has been synthesized. 

Much speculation has been offered as to the possible sites for dinitrogen 
activation on the FeMoco center (74-77). Specifically, the six low-coordination 
number iron atoms at the core of the structure have been suggested as possible sites 
wherein multiple binding and hence activation of dinitrogen could occur. The work 
presented by Dance in Chapter 7 adds the weight of computational chemistry to the 
discussion and suggests a four-iron binding site for the dinitrogen. It must be 
stressed, however, that to date there is no hard evidence as to the manner in which 
dinitrogen binds to the active site or on how it is activated for reduction. 
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1. STIEFEL Transition Metal Sulfur Chemistry: Key Trends 9 

In Chapter 6, Coucouvanis et al. describe some of the clusters that have been 
used as models for the iron-molybdenum cofactor of nitrogenase. While none of 
these cluster systems has the stoichiometry or the reactivity of the nitrogenase 
cofactor, they do show significant (partial) structural overlap with the nitrogenase 
FeMoco site (6,73,74 ). Moreover, as Coucouvanis et al. demonstrate, reactions with 
acetylene and hydrazine, both nitrogenase substrates, are catalyzed by the synthetic 
cluster systems (78). Interestingly, in sharp contrast to most of the speculation on the 
functioning of the enzyme, the model systems clearly suggest the ability of the 
molybdenum site in thiocubane analogs to bind and activate nitrogenase substrates. 
The work of Sellmann et al. in Chapter 5 and of Matsumoto et al. in Chapter 15 
reveal how hydrazine and diazene can bind to transition metal sulfur sites and give us 
additional food for thought about the mode in which the FeMoco of nitrogenase may 
behave. 

In addition to nitrogenase, many other bioinorganic systems contain two 
different subsites that are closely held by sulfur bridges, providing a biologically 
functional unit. For example, in sulfite reductase a siroheme is bridged to an Fe4S4 
thiocubane cluster by a thiolate ligand (79). Synthetic analogs have been reported for 
the bridged system (80). 

A great deal of activity is currently involved in learning how multinuclear 
biological centers are synthesized in various organisms (81). In addition, the work of 
Dance in Chapter 7 discusses cluster formation and others (82,83) are involved in the 
application of physical theoretical tools to the understanding of molecular and 
electronic structures and reactivity of the individual redox centers. 

In many proteins that catalyze redox reactions, there are multiple redox-active 
sites that are not simply or directly bridged by coordinated ligands (84). In these 
enzyme systems, long-distance electron transfer (>10 Â) is an important part of the 
catalytic cycle. The mode of reactivity is clearly analogous to electrochemical 
systems, with the 'anode' reaction, where oxidation occurs, clearly separated from the 
'cathode' reaction, where reduction occurs. This organizational strategy avoids 
(undesirable) direct contact between the oxidant and the reductant (85). Many such 
enzymes use sulfur-bound metals in one or more of their redox centers. In addition, 
metal centers coordinated by sulfur ligands may be primed for the activation of small 
molecules and/or for the facilitation of an electron-transfer pathway to regenerate the 
active site. Chapter 5 by Sellmann et al. and Chapter 16 by Matsumoto et al. show 
that insight can be obtained into the chemistry of the active sites in such systems by 
using combinations of metals and ligands that, while not themselves found in the 
biological system, have structural and/or electronic features that resemble biological 
systems. 

Clearly, biological systems have been able to utilize a large variety of sulfur 
ligand types, both organic and inorganic, as well as varied states of metal aggregation 
and coordination geometries. Among the tasks ahead is to appreciate the raison 
d'etre of these varied constructs in the context of the functional behavior and 
evolutionary origins of the enzyme systems. The emulation of these active sites 
constitutes a major thrust of bioinorganic chemistry. 

TMS Sites in Industry 

Metal-sulfide sites are well known in industrial and commercial contexts. For the 
purposes of this chapter and this book we focus mostly on the transition metal sulfur 
based systems that are important in catalysis. Nevertheless, it must be noted that 
transition metal sulfur systems play important roles in: lubrication (see below); 
electro- and photocatalysis (Mo-S, Re-S, Ru-S, and Cd-S systems) (86,87); corrosion 
(Fe-S systems) (88); battery technology (electrointercalation batteries containing 
MoS 2) (89); photovoltaic materials (Cd-S and Mo-S systems) (90); and magnetic 
resonance imaging (MRI) contrast enhancement agents (chromium sulfide clusters) 
(97). 
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10 TRANSITION METAL SULFUR CHEMISTRY 

Lubrication. Lubrication is one of the earliest known uses of transition metal sulfide 
materials. Solid molybdenum disulfide, which occurs naturally, is a lubricant 
comparable to graphite in many of its properties (92,93). The layered structure of 
M0S2 (94) is shown in Figure 5. The molybdenum is found in trigonal-prismatic six-
coordination between sheets of eclipsed close-packed sulfur atoms. The individual 
layers of M0S2 stack in a variety of ways to give the different polytypes of M0S2. 
The v^n der Waals gap between layers is indicative of weak binding that is not 
strongly directional. Therefore, single layers of M0S2 slide laterally with respect to 
one another with minimal resistance. This sliding is considered responsible for the 
lubrication activity. The soft flaky structure of M0S2 is obvious upon visual 
inspection or physical probing of natural M0S2 crystals. 

In motor oils and greases it is possible to use molecular molybdenum sulfur 
complexes (95,96) as precursors for M0S2. Presumably, the molecular complexes 
decompose thermally or under shear to produce coatings of M0S2 on the rubbing 
surfaces. The coated surfaces have significantly reduced friction coefficients. 

Catalysis. The commercial use of transition metal sulfur catalysis in industry is 
confined at present to heterogeneous systems. Numerous reactions are catalyzed by 
transition metal sulfur systems and some of these are summarized in Table 1 (97,98). 
While significant research attention has been given to many of these reactions, the 
major commercial use involves the set of reactions known as hydrotreating. 

Hydrotreating is a mainstay of the petroleum and petrochemical industries. 
Relatively high pressures and high temperatures are used in the hydrogénation of 
unsaturated molecules including aromatics, and, more importantly, in the removal of 
sulfur, nitrogen, oxygen, and metal atoms from the petroleum feedstocks (99-102). 
These processes are called, respectively, hydrodesulfurization (HDS), 
hydrodenitrogenation (HDN), hydrodeoxygenation (HDO) and hydrodemetallation 
(HDM). The sulfur, nitrogen, oxygen, and metals to be removed are found in organic 
molecules that are present in the crude oil. Examples of some of these components of 
crude oil are given in Figure 6. 

Greater than 50% of all refinery streams undergo catalytic hydrotreating. The 
volume of catalyst is very high (103), with estimated use for 'western' refineries at 50 
χ 103 ton of catalyst/year valued at roughly $500 χ 106 (103). In hydrotreating 
reactions, relatively high pressure of dihydrogen (from 10 to 150 atm) and relatively 
high temperature (from 320-440°C) are used to assure that applicable kinetic and 
thermodynamic limitations are overcome (100). Typical equations for 
hydroprocessing reactions are given in Table 1. 

The industrial catalysts are generally supported and 'promoted.' The support 
is usually alumina, although other supports, including carbon, titania, and magnesia, 
have also been investigated (99). The catalysts ordinarily contain combinations of the 
metals molybdenum or tungsten with nickel or cobalt (99-102). Nickel and cobalt are 
said to promote the activity of molybdenum or tungsten. Curtis et al., in Chapter 8, 
comment on aspects of the reactivity of the so-called ' C 0 M 0 S phase,' postulated as 
the active site in Co-Mo hydrotreating catalysts. 

Despite the fact that combinations of Group VI and Group VIII metals are 
used in the industrially favored catalyst, in bulk (unsupported) catalysts, analysis of 
periodic trends reveals that noble metal sulfides, such as those of ruthenium, rhodium, 
and iridium, are the most reactive binary metal-sulfide systems (100,104,105). This 
result has spawned considerable experimental work (106-108) and theoretical studies 
(109-111) attempting to understand the underlying electronic structural reason(s) for 
the observed periodic trend. 

Over the last fifteen years several groups have studied molecular transition 
metal sulfur systems of relevance to understanding reactions that may occur on 
surfaces of the heterogeneous catalysts (Chapters 8-11) (112-120). Some of these 
studies, such as those reported by Rauchfuss and co-workers in Chapter 9 and by 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
14

1 
on

 O
ct

ob
er

 7
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

29
, 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
65

3.
ch

00
1

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



1. STIEFEL Transition Metal Sulfur Chemistry: Key Trends 11 

Figure 5. A schematic representation of the layered structure of M 0 S 2 . 

Bianchini and co-workers in Chapter 10, have utilized organometallic noble metal 
systems to investigate the reactivity of model feed molecules such as thiophenes, 
benzothiophenes, and dibenzothiophenes. 

A parallel line of investigation involves reactions of dihydrogen with 
transition metal sulfur sites. These highlight the ability of the sulfur ligands to be the 
main site of dihydrogen activation and binding (121-123). (See the section in this 
chapter on small molecule activation.) Metal-bound S-H groups in the molecular 
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14 TRANSITION METAL SULFUR CHEMISTRY 

complexes are significant in view of the finding that S-H groups are present when 
dihydrogen reacts with the surface of the heterogeneous catalysts (124). 

The molecular systems serve as models for the hydrotreating catalysts and 
give us insights into potential modes in which H 2 and thiophenes can bind. 
Moreover, the model complexes are potential precursors for heterogeneous catalysts 
formed by the thermal or chemical decomposition of the molecular systems. 

Trends in TMS Chemistry 

Work on transition metal sulfur chemistry is now of sufficient scope and depth that 
we can begin to identify key trends. These trends involve: the state of aggregation 
(nuclearity) and the number of metal-metal bonds of the metal centers as a function 
on c/-electron configuration; the redox ability of ligand and metal; the facile 
occurrence of internal electron-transfer processes; the recognized relationship 
between solid-state and molecular core structures; the use of complementary 
approaches in the synthesis of new cluster systems; the use of ligand design in the 
control of affinity, geometry, and/or reactivity; and the activation of small molecules 
using both the metal and ligand centers as sites of reaction. These trends are 
discussed sequentially below. 

Metal-Metal Bonding, Nuclearity, and Electronic Configuration In this volume, 
much work is focused on Group VI compounds, especially those of molybdenum and 
tungsten, which are of importance in both biological and industrial contexts. A 
correlation can be seen among the number of metal-metal bonds, the degree of 
aggregation, and the d-electron count for the individual Mo or W atoms in the cluster 
(98). The correlation is illustrated in Figure 7, mostly with simple sulfide-ligated 
complexes of molybdenum in oxidation states II to IV. We can follow the argument 
by considering the maximum number of metal-metal bonds that can form in each of 
these oxidation states. 

Obviously, the Mo(VI), 4d°, systems cannot form any metal-metal bonds and 
the most common sulfido species is the mononuclear M0S4 2 * ion (725). 

For the Mo(V), 4dl, systems, although mononuclear compounds are common, 
and some complexes of nuclearity greater than two are known, the dominant 
molecular type is dinuclear (126,127). For example, dinuclear complexes containing 
the M o 2 S 2 core form a single metal-metal bond whose presence is indicated by the 
short metal-metal distance and the diamagnetism of the complexes. The bis(sulfido) 
bridge makes the dinuclear complex quite stable once formed. Interestingly, 
mononuclear Mo(V) is a key intermediate in the enzymic Mo systems (18-24,128) 
and protein and cofactor ligands must prevent dimer formation. Similarly, 
biomimetic attempts at producing analogs of Moco enzymes often use multidentate 
ligands, specifically designed or chosen to discourage dimerization (129). 

For Mo(IV), 4cP, systems, trinuclear centers are the most common metal-
metal bonded unit (130-132). Each Mo in the trinuclear unit can form two metal-
metal bonds, giving a total of three metal-metal bonds, utilizing all six Ad electrons in 
the triangular Μ θ 3 § 4 4 + core cluster. The open sites on the Μ θ 3 § 4 4 + core cluster can be 
filled by a wide variety of ligands (130-132). The M o 3 S 4 4 + core is a useful synthon 
(see below) for forming thiocubane complexes (Chapters 12, 13, and 19), raft 
structures (Chapter 14), and molecular Chevrel (hexanuclear) clusters (755). 

For Mo(III), 4cP, systems, tetranuclear centers are common (133,134). In 
particular, a tetrahedral arrangement of four Mo atoms allows each Mo to form three 
metal-metal bonds giving six metal-metal bonds in the Mo4S4 4 + core cluster. This 
thiocubane core is also maintained in oxidized forms that have Mo(III)3Mo(IV) or 
Mo(III) 2Mo(IV) 2 oxidation states (755). [Alternatively, to form three metal-metal 
bonds, two Mo(III) units can form a triple bond such as those found in alkoxide and 
related complexes studied by Chisholm and co-workers (136).] 
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16 TRANSITION METAL SULFUR CHEMISTRY 

Finally, for Mo(II), 4d 4, hexanuclear structure in which each Mo atom can 
form four metal-metal bonds is well known in solid state Chevrel phases (757), and, 
of late, has been prepared in hexanuclear molecular clusters (138,139). These 
Mo6S8 4 + structures have an octahedral arrangement of the six Mo atoms and a cubic 
arrangement of the eight S atoms. The twelve metal-metal bonds present in the all 
Mo(II) compound are only achievable with the observed regular octahedral structure 
of the metals. [Alternatively, the possibility of multiple metal-metal bonding leads to 
the quadruply bonded Mo(II) 2

4 + unit, which also allows full utilization of the 4d 
electrons in metal-metal bonding.] 

In summary, the maximum number of metal-metal bonds formed per metal is 
the same as the </-electron count and ranges from none for the cP complexes to four 
per metal for the d 4 compounds. While there are exceptions, the electron precise 
systems shown in Figure 7 form the maximum number of metal-metal bonds and 
hence tend to by particularly stable. The correlation helps us to understand why the 
aggregation state and/or the strength of the metal-metal bonds are often observed to 
increase with successive reduction of the complexes. 

Metal vs. Ligand Redox. Both metal-based and ligand-based redox reactions are 
common in transition metal sulfur compounds. 

Metal-Based Redox. Transition metal systems are recognized for their redox 
ability due to the viability of a given metal center in multiple ^/-electron 
configurations (140). Transition metal systems with sulfur ligation (140-143) are 
found to have considerable metal-based redox activity. Redox reactions of sulfur-
donor complexes can entail changes in the metal coordination sphere, often involving 
atom-transfer reactions. For example, the Mo(IV) complex MoOL(dmf) shown in 
Figure 8 accepts an oxo group (oxygen atom) from, for example, a sulfoxide to 
produce a sulfide and the Mo(VI) complex M o 0 2 L (144). This reaction is related to 
the oxo transfer reactions carried out by certain molybdenum enzymes (145-146). 
The sulfur-donor ligands, perhaps because of their π-donor ability, appear to facilitate 
the oxo transfer process. 

Perhaps the most dramatic and simplest examples of redox activity come in 
the complexes of dithiolene ligands (32-34,147-150). Here, multiple reversible one-
electron transfer reactions are common. However, in the dithiolene complexes, much 
discussion has focused on the question of the extent of ligand involvement in the 
electron-transfer processes (147-150). The closeness of metal and ligand orbital 
energies and their favorable overlap gives rise to the extensive derealization. The 
HOMOs and LUMOs relevant to electron transfer are clearly delocalized and, 
therefore, the redox reactions are not solely metal in character. Consonant with this 
situation is the extensive redox ability of the sulfur ligands themselves, even in the 
absence of the transition metal. 

Ligand-Bascd Redox. Sulfur compounds are conspicuous in their redox 
reactivity. The simple inorganic molecules or ions of sulfur (151-154), which include 
S2", S2

2" S 4 S g, S0 2 , S0 3 , S 2 0 3 , S 0 3

2 \ and S0 4

2 ' , contain sulfur in oxidation states 
ranging from -II to VI, and are interconverted by redox processes. Moreover, these 
inorganic sulfur species and most organosulfur compounds, are potential ligands, 
binding to transition metals by sulfur, by oxygen, or through both atoms (755,156). 
The redox ability of these ligands makes it critical that ligand redox be considered 
along with metal redox in the chemistry of sulfur-donor complexes of transition 
metals. 

An example of ligand redox occurs in the reaction of Mo2(S2)62v with thiolate 
ligands (757,158), which gives rise to complexes containing the Mo2S>4 core. 

Mo 2 (S 2 ) 6

2 - + 24 RS"-> Mo 2 S 4 (S 2 ) 2

2 - --> Mo 2 S 4 (SAr) 4

2 -
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1. STIEFEL Transition Metal Sulfur Chemistry: Key Trends 17 

Figure 8 . Metal redox accompanied by oxide transfer as seen in the 
Mo(VI)/Mo(IV) couple. The oxygen atom (oxo) transfer shown here for a model 
system (144,145) is potentially related to oxo transfer reactions seen in Mo 
enzymes. 

Here, as illustrated in Figure 9, the disulfide linkages are sequentially reduced; first 
the bridging S2 2" ligands, and then the terminal S2 2" ligands. Note that the initial 
reactant is a Mo(V)-Mo(V) dimer and the intermediate and final products are also 
binuclear complexes of pentavalent molybdenum. Therefore, the overall reaction 
involves the reduction of six disulfide ligands to twelve sulfide level (S 2 - , HS", or 
H2S) species. This is a twelve-electron redox process, in which, remarkably, the 
metal oxidation state remains unchanged. Clearly, there is a great deal of redox 
ability present in the sulfur ligands of transition metal complexes. 

Another example of ligand redox occurs in the chemistry of coordinated 
thiolate or sulfide, which can be oxidized to coordinated sulfinate or sulfonate groups 
by the addition of dioxygen, peroxide, or other oxidants. This type of reactivity is 
well established in Co(III) (159), Ni(II) (68), and Mo(V) (160) complexes and 
generally occurs without any change in the metal oxidation state. Sulfur ligand 
oxygenation is illustrated in the contribution of Maroney and co-workers in Chapter 
4. Similar sulfur- donor ligand modification is important for understanding the 
deactivation of the N i enzyme hydrogenase, which has an inactive form that may 
have an oxygen-bound sulfur ligand (65). 

Internal Redox Reactions. Because of the closeness of the redox potentials of 
transition metals and sulfur ligands, the intriguing possibility arises that definable 
internal redox processes can occur between the metal and ligand. Such processes are 
now well established and add significantly to the richness of the redox chemistry of 
sulfur-coordinated transition metal complexes. 

We illustrate the idea through the chemistry of the tetrathiomolybdate ion, 
M0S42-. This ion contains molybdenum in its highest oxidation state, VI, and sulfur 
in its lowest oxidation state, -II. Yet, M0S42" is a stable entity in solution, known for 
over 150 years (161), and has been isolated in stable salts with a variety of cations 
(725). However, in the presence of oxidants this ion readily undergoes internal redox 
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1. STIEFEL Transition Metal Sulfur Chemistry: Key Trends 19 

reactions. An example involves the reaction of M0S4 2 " with an organic disulfide 
(158,162,163): 

2 M 0 S 4 2 - + RSSR -> M o 2 S 8

2 - + 2 RS" 

This reaction involves reduction of hexavalent Mo in the M0S4 2 " ion to pentavalent 
Mo in the Mo 2 S 8 " dimer, which is identical to that shown in Figure 9 (produced by 
ligand redox). The ability of an oxidant (RSSR) to effect reduction of the metal 
involves the participation of the coordinated ligand. In this case, the coordinated 
sulfide ligands (four on two Mo centers) are oxidized to two disulfido ligands, which 
remain in the coordination spheres of the two Mo atoms. Of the four electrons that 
are made available by the oxidation of sulfide [2 (2 S 2 _ -> S 2

2 _ + 2 e-)], two electrons 
reduce the organic disulfide (RSSR) oxidant to thiolate (2 RS _), while the other two 
electrons reduce two Mo(VI) ions, each by one electron. This internal electron 
transfer is said to be induced by the external oxidant. The reaction is designated an 
induced internal electron transfer process (164,165 ). 

Induced internal electron-transfer reactions have been demonstrated in a 
number of tetrathiometallate ions including V S 4 3 - (166), M 0 S 4 2 - (167), WS 4

2 " (168), 
and ReS4_ (169,170). The latter species undergoes striking induced internal electron 
transfer reactions involving the reduction of Re(VII) to Re(IV) and Re(III) (169,170). 
In contrast, the WS42" ion seldom undergoes internal redox (167). Why is internal 
redox more facile in some tetrathiometallates than in others? 

In seeking a correlation between internal redox ability and a physical 
parameter, we were drawn to the first ligand-to-metal charge transfer (LMCT) band 
of the tetrathiometallate ions (171). The L M C T process, caused by the absorption of 
a photon, is closely related to the chemical process of moving an electron from a 
ligand-based orbital to a metal-based orbital. Indeed, the ease of internal redox 
correlates well with the position of the lowest LMCT. For example, the lowest 
L M C T for the red M 0 S 4 2 - ion occurs at 21,300 cm"1, while that for the yellow WS 4

2 " 
ion occurs at 25,300 cm - 1 . Obviously, in these isostructural compounds, it takes less 
energy to move an electron from S to Mo than from S to W. This trend correlates 
with the more facile and common induced internal electron transfer processes 
observed in M 0 S 4 2 - versus WS4 2 -. An interesting verification of this correlation 
comes from the reactivity of WSe4 2 _ , which resemble that of M 0 S 4 2 - rather that of 
WS42- (172). Interestingly, the substitution of sulfur by selenium lowers energy of 
the lowest L M C T of the red WSe42" ion to 21,600 cnr 1 , a position very close to that 
of the M 0 S 4 2 - ion. Moreover, the ReS4~ ion has a very low first L M C T at 19,800 cm" 
1, correlating nicely with the extreme reactivity of ReS4 toward internal redox. 
Clearly, the position of the L M C T band is a spectroscopic indicator of the facility 
with which internal electron transfer can occur in chemical reactions. 

The versatile redox activity of sulfur-coordinated transition metal compounds 
is clearly important in their behavior in a wide variety of circumstances of relevance 
to the action of both enzymatic and industrial catalyst systems. 

Relationship of Solid-State and Molecular Systems. Solid-state transition metal 
sulfide materials are well known and their technological importance has been 
described above. Many of these materials have historically been prepared by high-
temperature thermal techniques, although of late C V D and hydrothermal (or 
solvatothermal) processes have been added to the synthetic repertoire (173,174). 
Despite the vastly different modes of preparation of the solid-state compared to 
molecular materials, increasingly, it is being recognized that there many structural 
resemblances between the two (175,176). The similarities involve core structures as 
well as overall organizational patterns. 
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20 TRANSITION METAL SULFUR CHEMISTRY 

The relationship of the core structure in extended lattices and core structures 
in molecular species is illustrated in vanadium-sulfur chemistry. The reaction 
product of VS45- and thiuram disulfide [(R2NCS2)2] is V2(S2)(S2CNR2)4 formed by 
the internal redox reaction described above (166). The tetravalent V2(S2)4 + core of 
this molecular structure is virtually identical in dimensions to the structure of the 
V2(S2)4 + units found in the mineral patronite (177), which consists of a linear chain 
structure of V2(S2) units bridged by additional bis(disulfide) linkages. Another 
example of the congruence of core structures comes in the Chevrel phases where the 
MooSg4" cores are found in the solid state and, more recently, have also been 
synthesized in molecular complexes (138,139). Many such overlaps have been 
identified between solid-state and molecular core structures (175,176). 

Some solid-state materials can be characterized as two dimensional. Here 
again there is an interesting structural relationship with molecular materials. For 
example, in ReS2 the layered structure typical of early transition metal chalcogenides, 
is present (178). Interestingly, several Re-S complexes with high-sulfur coordination 
about Re can clearly be viewed (170) as 'layered' with quasi-close-packed planes of 
sulfur sandwiching a 'plane' of Re atoms, as in the solid state system. Interestingly, 
similar Re-S distances are found in the molecular and solid state materials. 

Other solid-state structures are three dimensional in nature. Once again a 
similarity is seen with related molecular clusters. For example, fragments of Zn or 
Cd sulfide/thiolate structures have adamantane-like arrangements resembling the 
zinc-blende structures present in ZnS and CdS (175). Indeed, some of the Cd 
structures formed are sufficiently large that quantum effects are found that are 
characteristic of the borderline region between what is considered a molecular species 
and what is considered an extended lattice (quantum size effects) (179). Chapter 7 by 
Dance discusses some of these large clusters. 

The relationship between solid-state and molecular systems is not simply of 
academic interest. It can be exploited in new syntheses. Recognition of a structural 
unit in one of these media often stimulates attempts to produce that structural unit in 
the other. Ideas of bonding in solids are helped by understanding the electronic 
structures of the core units in molecular species. Finally, in recent years synthesis of 
solids using molecular precursors, and synthesis of molecular systems by cluster 
excision reactions from solids, have both become useful and coveted methods. 
Consequently, the recognized relationship between solid-state and molecular 
materials has proven a stimulus to new synthetic strategies. 

Synthetic Strategies. For the synthesis of molecular transition metal sulfide systems 
three distinct strategies have evolved. These are often called 'spontaneous self-
assembly', 'designed (building block) synthesis,' and 'cluster excision reactions,' 
respectively. 

Spontaneous Self-Assembly. In this approach (179), the desired ingredients 
are mixed in solution, heating may be used, and the molecular material is usually 
crystallized directly from the reaction mixture. This methodology has been 
particularly fruitful in producing Fe2S2- and Fe4S4-core clusters (6-8) as well as 
heteronuclear clusters containing the MoFe3S4 unit (6,180), which resemble, in part, 
some of the features of the nitrogenase FeMoco. A key feature of the spontaneous 
self-assembly approach, in contrast to the other two approaches (below), is that the 
structures of the reactants are not necessarily preserved in the structure of the product. 

A classic example of the spontaneous self-assembly approach is the reaction 
of M0S4 2 " or WS4 2 - with FeCl3 and thiolate reagents to produce double thiocubane 
structures (180). To illustrate some points about spontaneous self-assembly we 
discuss the analogous reaction of MoSe 4

2 _ or WSe4*_ (181). In the case of the 
selenium analogs, an isostructural double selenocubane structure is formed. The 
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2 

3" 

M o 2 F e 6 S e 8 ( S R ) 9

3 

Figure 10. The reaction on MoSe 4

2 " (or WSe4

2") with thiol and FeCl 3 to yield the 
double selenocubane clusters. Note: Mo coordination changes from tetrahedral 
to distorted octahedral and only three of the four selenium atoms are directly 
coordinated to Mo in the final product. 

reaction is illustrated in Figure 10, where it is quite clear that the tetrahedral four-
coordination of the tetraselenometallate ion is not preserved in the final structure. 
The Mo (or W) is cleanly six coordinate with a distorted octahedral structure. 
Moreover, one of the selenium atoms of the starting material is no longer coordinated 
to the Mo or W, being found on the diagonally opposite corner of the cube. Clearly, 
while the MoSe4 2 - (or WSe42_) stoichiometry (1:4) is maintained in the product 
double cubane cluster, the structure of the Mo (or W) center is not preserved. 

Spontaneous self-assembly has proven exceeding fruitful for certain classes of 
compounds and it remains a useful tool for exploratory syntheses. However, it has 
the distinct disadvantage that there is no structural predictability in the outcome of the 
reaction. As synthetic inorganic chemistry seeks to approach the legendary prowess 
of synthetic organic chemistry, more predictively systematic approaches, such as 
those described below, are required. 

Building-Block Syntheses The building block strategy has often been 
labeled as 'designed synthesis' in which the individual units, sometimes referred to as 
'synthons', are used in the planned aggregation of particular structures. The 
individual building blocks can be mononuclear, dinuclear, trinuclear and of even 
higher nuclearity. Examples are given in Figure 11. 

Mononuclear Synthons. Figure 11a shows the simple reaction of a 
tetrathiomolybdate ion with cyclopentadienyl cobalt dicarbonyl. The tetrahedral 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
14

1 
on

 O
ct

ob
er

 7
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

29
, 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
65

3.
ch

00
1

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



22 TRANSITION METAL SULFUR CHEMISTRY 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
14

1 
on

 O
ct

ob
er

 7
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

29
, 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
65

3.
ch

00
1

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



M
o 3

S 4
 c

or
e 

M
0

3
M

S
4
 c

or
e 

SU
 

M
o. 

\ 
/ 

V
/

/
/ 

X 

M
o"

 

M
0

3
S

4
 c

or
e 

re
du

ct
io

n 
s^

r
—

/-
M

o 
iT

^7
 

M
o6S

8 
co

re
 

Fi
gu

re
 1

1.
 

B
ui

ld
in

g 
bl

oc
k 

ap
pr

oa
ch

es
 

to
 m

ol
ec

ul
ar

 c
lu

st
er

s:
 

a.
 

U
se

 o
f 

m
on

on
uc

le
ar

 M
oS

4

2
" 

io
n 

as
 a

 c
he

la
ti

ng
 

bi
de

nt
at

e 
li

ga
nd

; b
. 

U
se

 o
f 

M
oS

4

2
" 

as
 a

 b
ri

dg
in

g 
an

d 
do

ub
ly

 c
he

la
ti

ng
 b

id
en

ta
te

 l
ig

an
d;

 c
. 

U
se

 o
f 

th
e 

di
nu

cl
ea

r 
M

o 2
S^

 
co

re
 a

s 
a 

bu
ild

in
g 

bl
oc

k 
fo

r 
he

te
ro

nu
cl

ea
r 

th
io

cu
ba

ne
 s

tr
uc

tu
re

s;
 d

. 
U

se
 o

f 
M

o
^

4
* 

co
re

 a
s 

a 
bu

il
di

ng
 

bl
oc

k 
fo

r 
he

te
ro

nu
cl

ea
r 

th
io

cu
ba

ne
 s

tr
uc

tu
re

s;
 

e.
 

R
ed

uc
ti

ve
 d

im
er

iz
at

io
n 

of
 t

he
 M

o 3
S

4 
un

it 
to

 f
or

m
 t

he
 

M
o 6

S
8 

cl
us

te
r. 

(N
ot

e 
th

at
 t

he
 f

ig
ur

e 
of

 th
e 

M
o 6

S
8 c

lu
st

er
 i

s 
dr

aw
n 

lo
ok

in
g 

do
w

n 
a 

th
re

ef
ol

d 
ax

is
 to

 s
ho

w
 t

he
 r

el
at

io
ns

hi
p 

to
 t

he
 M

o 3
S

4 b
ui

ld
in

g 
bl

oc
k.

 N
ot

 a
ll 

bo
nd

s 
bt

w
ee

n 
M

o 
at

om
s 

ar
e 

sh
ow

n 
an

d 
th

e 
ei

gh
th

 S
 a

to
m

 i
s 

no
t 

sh
ow

n.
) 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
14

1 
on

 O
ct

ob
er

 7
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

29
, 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
65

3.
ch

00
1

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



24 TRANSITION METAL SULFUR CHEMISTRY 

anion acts in a bidentate fashion and clearly is a good enough ligand to displace other 
strong ligands such as CO and Cp. Tetrathiometallate complexes are known for a 
variety of transition metal ions (182-184). Clearly, the tetrahedral structure of the 
tetrathiometallate is preserved in these synthetic constructs. The tetrathiometallate 
'ligand' has both donor (through sulfur) and acceptor (through back-bonding to the 
metal) character (185,186). 

As shown in Figure 1 lb, the tetrathiometallate ion not only serves as a simple 
bidentate ligand, but can also act in a bridging mode. The structure of 
Ru(bipy)2WS4Ru(bipy)22+ (187) reveals that both the octahedral geometry of the 
starting Ru(II) center and the tetrahedral geometry of the WS4 2 ' doubly bidentate 
bridging ligand are preserved in the final complex. At the limit, a tetrathiometallate 
ligand could chelate six metals, one on each of the edges of the S4 tetrahedron. 
Indeed, in the work of Sécheresse, Jeannin, and co-workers (188,189) there are 
examples of five and six Cu(I) atoms bound to a single tetrathiometallate ion. The 
use of tetrathiomolybdate and tetrathiotungstate building blocks is discussed in 
Chapter 17 by Wu and co-workers . 

Binuclear Synthons. In Figure 1 lc, an example is given of the use of M o ^ 2 * core 
complexes to produce a thiocubane structure by the addition of two metal ions (190-
192). The Mo2S4 2 + unit clearly possesses six (two Mo and four S) of the eight 
vertices (two Mo, two M , and four S), which constitute the thiocubane core. 
Moreover, the positions of these six atoms in the starting material are not required to 
change significantly to form the cubane structure. Although there is a lengthening of 
the terminal Mo-S bonds of the starting complex upon forming the cubane, otherwise 
only relatively small structural changes occur. Electronic structural considerations 
[from simple electron counting to detailed theoretical calculations (193,194)] allow 
the understanding and prediction of viable electronic configurations for the formation 
of stable cubanes. These favorable electron counts maximize the degree of metal-
metal bonding present in the clusters. 

Trinuclear Synthons. The work of Shibahara (131,132), Sykes (195), Saito (755), 
and Hidai (196) and their respective co-workers beautifully illustrates the use of 
trinuclear building blocks. Aspect of this work are presented In Chapters 12, 13, 14, 
and 19. Units such as the M o 3 S 4 4 + core can cleanly add an additional metal (Figure 
l i d ) to produce thiocubane species of stoichiometry MMo3S4 ? where M can be Fe, 
Co, N i Cu, Zn, Mo, Pd, Sn, and W (131,132). In addition, the trinuclear synthons can 
formally fuse to give raft structures containing M04S6 or MooSs core units, as shown 
in Chapter 14 in die work of Saito et al. (755). 

Under highly reducing conditions, it is found that the M o 3 S 4 4 + core can be 
dimerized to form the MooSg4 - core characteristic of the Chevrel phase (197). This 
last reaction (Figure 1 le) aptly illustrates two of the previous trends discussed in this 
chapter. First, aggregation upon reduction is predicted from the general trend of 
increased nuclearity with increasing numbers of 4d electrons. While, the trinuclear 
M o 3 S 4 4 + center is favored by the Mo(IV), 4cP configuration, the MoôSs4" core is 
favored by the Mo(II) 4d* configuration. Clearly, a powerful reductant is required to 
effect the conversion. Second, both the M o 3 S 4 4 + and MoôSs4" cores are found in 
solid-state structures and the former has been prepared by cluster excision reactions 
from such structures (see below). Finally, die M03S4 structural unit, somewhat 
distorted, is seen in the final MoôSg structure. The 'Chevrel' cluster may therefore be 
viewed as a reductive dimerization product of the M o 3 S 4 4 + core, with reduction 
leading to the formation of the additional metal-metal bonds characteristic of the 
hexanuclear structure. 

Cluster-Excision Reactions. The relationship between solid-state and 
molecular systems suggests the intriguing possibility that molecular species could be 
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prepared by extraction (excision) of a cluster from a solid. In some cases, this has 
indeed been accomplished (198,199). These so-called cluster-excision reactions 
represent a powerful approach, especially when combined with modifications of 
solid- state syntheses to make the solid-state structures more amenable to cluster 
extrusion. For example, dimensional reduction approaches (205, 206) may 'soften' 
solids toward extraction by reducing three-dimensional and two-dimensional 
structures to "one-dimensional' structures that contain isolated cluster units. 

A n example of successful cluster excision comes from the chemistry of 
molybdenum. The structure of M03S7CL (200), prepared by conventional solid state 
approaches, contains trinuclear M o 3 S 7 4 + units bridged by chloride ions. The 
trinuclear clusters can be "extracted" from the lattice with aqueous polysulfide to 
produce M03S132- (130,198). In related work, reaction of W3SyBr4 with 
tetraphenylphosphonium bromide yields the molecular cluster [(CoHs^Pkfw^SyBro] 
(199). In each of these cases, the M3S74+ (M = Mo, W) cluster unit in the molecular 
species is virtually identical to that found in the solids. 

In rhenium chemistry, a variety of structures containing the 'Chevrel type' 
Re6Sg2 + cluster are known (201-203). For example, the three-dimensional structure 
of Re6SgCl2 has bridging chlorides connecting the octahedral Re6Sg cores (204). 
Dimensional reduction using added CsCl in the preparations (205) should lead 
successively to two-dimensional structures, linear chain structures, and isolated 
clusters. The latter two should be more amenable to extrusion, and indeed treatment 
of Cs 5 Re 6 SgCl 7 (205) using 1 M HC1 leads to molecular R e 6 S 8 C l 6

4 - clusters (206). 
The hexanuclear unit extruded has the same stoichiometry, shape, and dimensions as 
the cluster found in the solid (206). 

Clearly, successful cluster excision is dependent on the relatively loose 
binding of the cluster core in the solid state lattice. Solid-state structures in which the 
desired cluster is strongly covalently bound to other clusters of the same type are 
considerably more difficult to extrude. Nevertheless, cluster-excision reactions, 
combined with solid- state syntheses tailored to make core clusters more accessible, 
should prove a powerful technique that may allow preparation of molecular cluster 
types that are difficult to obtain by other methods. 

Design of Sulfur-Donor Ligands 

Ligand design has become a powerful tool in the control of affinity, geometry, 
and reactivity of transition metal ions. New sulfur ligands tailored for specific uses 
have been synthesized. For example, a bulky tridentate pyridine bis(thiolate) ligand 
has been used to provide steric hinderance, thereby assuring that oxo molybdenum 
compounds do not dimerize (144) (Figure 8). The resultant complexes are reactivity 
models for some of the oxo molybdenum enzymes that catalyzed oxo transfer 
reactions (145). Chapter 18 by Lindoy et al. shows how ligand design can affect the 
affinity of heavy metals for specific ligand systems. 

Small Molecule Activation 

The enzymes and heterogeneous catalysts that utilize transition metal sulfide 
centers as key parts of their active sites are capable of reacting with a large number of 
small molecules. These include, H 2 , N 2 , N2H4, C 2 H 2 , C2H4 (207) 0 2 (208), CO 
(209), NO (210), S 0 2 (211, 212), and H 2 S (213). The binding and activation of three 
of these species, H 2 , C 2 H 2 , and N 2H4 y are briefly discussed. The reaction of 
transition metal sulfur compounds with each of these molecules reveals that, as with 
the redox reactivity discussed above (and for similar reasons), both the metal and 
ligand are potentially reactive sites. 

Dihydrogen Binding. Dihydrogen activation is an important part of the reactivity of 
hydrogenase, nitrogenase, and industrial hydrotreating catalysts. The literature reveals 
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H ^ S H SH 

H 
M: M ^ — M. ,Μ· ΜΓ "Μ· 

H "SH 

Figure 12. Possible modes for the binding of dihydrogen at a transition metal 
sulfur site: a. Dihydride; b. Dihydrogen; c. Bis(sulfhydryl); d. Hydride sulfhydryl. 

that dihydrogen can react with transition metal centers in several different ways. 
These are illustrated in Figure 12. 

The classical way in which H 2 reacts with a metal center involves oxidative 
addition to a low-valent metal to form a dihydride complex (214). Alternatively, a 
simple dihydrogen adduct must also be considered as possible (215), although it is 
not clear that any such entity has yet been prepared in a complex containing a 
predominantly sulfur ligand donor set. At the other extreme, H 2 can react with a 
transition metal sulfide center to form coordinated SH groups (216) as described in 
Chapter 16 by Rakowski DuBois et al. Such a reaction generally involves reduction 
of the metal center coupled with protonation of the sulfur site, that is, a sort of 
coupled proton-electron transfer of the type proposed for Mo enzymes (217,218). 
Alternatively, i f a disulfide bond is present, the metal oxidation state need not change 
and the H 2 can simply cleave the S-S bond to yield the bis(SH) complex. 

An intermediate situation is also possible as indicated by the work of 
Bianchini and co-workers (722) shown in Figure 13. Here, addition of two 
equivalents of H 2 to a dinuclear rhodium complex leads to the formation of hydrido-
thiolo complex wherein H is bound both at the metal and at the sulfur. Clearly, both 
ligand- and metal-centered reactivity is possible in the reaction of H 2 with transition 
metal sulfur systems (219). 

What type of dihydrogen binding and activation is important for hydrogenase, 
nitrogenase, and for hydrotreating catalysis? There seems to be strong evidence for 
SH groups in hydrotreating catalysts, but in the enzymes there is at present no direct 
evidence to implicate either bound SH groups or metal hydrides as present during the 
catalytic cycles. The significant variety of possibilities for hydrogen activation and 
binding indicates that much spectroscopic and mechanistic work will be required to 
understand, at the atomic level, the reactivity of this simplest of reagents, the 
dihydrogen molecule. 

Acetylene Binding. Some of the possible modes of binding of acetylene to sulfur-
coordinated transition metal complexes are summarized in Figure 14 (219). The 
binding of acetylene classically occurs through its π bond(s) acting as donor(s) and 
with its π* orbital(s) acting as acceptors), thereby avoiding buildup of excess 
electron density on the metal (220-222). In the extreme, a metallacyclopropene 
construction is one manner of describing the metal acetylene binding. Such direct 
binding of acetylene to the metal in transition metal sulfur complexes has been 
established for some time (223,224). This mode of binding and activation of 
acetylene is likely occurring in the work of Hidai and Mizobe in Chapter 19, which 
shows the Mo3PdS4 cluster-catalyzed addition of alcohols and carboxylic acids to 
alkynes (225). Similarly, the work of Coucouvanis et al., described in Chapter 6, 
implicates die Mo on [MoFe3S4]n+ clusters as the site of acetylene reduction by 
protons and reducing equivalents. 
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I 
H 

/ 
I \ \ 

Figure 14. Possible modes of binding for acetylene at a transition metal sulfur 
site: a. Classic π bonding to metal; b. Formation of 1,2-dithiolene structure; c. 
Formation of trithiolene structure; d. Insertion into disulfide bond to form a vinyl 
disulfide. 

The opposite extreme in binding involves the interaction of the acetylene with 
ligand sulfur atoms to form a dithiolene type unit. Such reactivity has been seen for 
bis^-sulfido) linkages (226), tris(terminal sulfido) centers (227), and tetasulfide and 
pentasulfide ligands (228,229). Moreover, a coordinated dithiolene ligand can itself 
react with an acetylene, forming an additional sulfur-carbon bond (230). Examples of 
dithiolene-forming reactions are described in Chapter 20 by Young and co-workers 
and in Chapter 21 by Tatsumi and co-workers. Such reactions are potentially useful 
for the synthesis of dithiolenes (229), some of which resemble the pterin-ene-
dithiolene ligands of the molybdenum and tungsten cofactors (see above). 

Finally, an (activated) acetylene can insert into a metal-sulfur bond of a 
coordinated S2 2" ligand, forming a vinyl disulfide complex (231). The vinyl disulfide 
complex can rearrange to the corresponding isomeric 1,2-dithiolene complex in a 
reaction that is catalyzed by sulfur (232) and likely proceeds through a trithiolene 
intermediate. Trithiolene complexes have been independently synthesized through the 
reaction of acetylenes with transition metal tetrasulfide complexes (229). 

Clearly, as with the reactivity for H2, there are many ways in which alkynes 
can react with transition metal sulfur sites. These involve metal bonding, ligand 
bonding, and combined metal and ligand bonding. The manner in which alkynes are 
bound and reduced to olefins by nitrogenase is not yet understood, but likely involves 
one or more of these modes of coordination. 

Hydrazine and Diazene Binding Hydrazine (N2H4), diazene (diimine, N2H2), and 
other 'dinitrogen hydride' intermediates have been postulated as intermediates on 
route to ammonia in the reduction of dinitrogen by die nitrogenase enzyme system 
(233-236). Moreover, hydrazine itself has been shown to be a substrate for 
nitrogenase, reducible to ammonia (237,238). The binding and reactivity of N2H4 
and N2H2 with transition metal sulfur sites is therefore of continuing interest (239). 
Much work on the formation of related diazenido and hydrazido(2-) complexes has 
been reported and reviewed (240,241). 

In Chapter 15, Matsumoto and co-workers describe ruthenium sulfur species 
that show great structural variety and interesting reactivity. Some of the compounds 
form hydrazine complexes and one of these has been oxidized to a cw-diazene 
complex, which is the first structurally characterized example of a coordination 
complex containing the cis ligand. 

The frajw-diazene complex, discussed in Chapter 5 by Sellmann et al. was 
also prepared by the oxidation of the corresponding hydrazine complex. The 
structure reveals stabilization of the /ra>w-diazene by two transition metal complexes 
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Figure 15. Modes of binding of thiophene at a single transition metal center 
(772, 1 73). 

involving both coordinate-covalent bonds of nitrogen to iron and N-H--S hydrogen 
bonds (242). In view of the presence of sulfur-bound iron in nitrogenase, modes of 
binding related to that found by Sellmann et al. must receive serious consideration as 
specific models for diazene formation during nitrogenase turnover. 

Coucouvanis and co-workers report in Chapter 6 the catalytic reduction of 
hydrazine to ammonia by heteronuclear thiocubane clusters of [MoFe3S4]n+, which 
have been considered as partial structural models for the FeMoco of nitrogenase. 
Evidence points to the reaction occurring at the molybdenum site of the cluster. 

Binding and reaction of hydrazine are of significant interest with respect to 
nitrogenase function. Of great interest would be the binding and reduction of 
dinitrogen itself at transition metal sulfur cluster sites. The lack of success in this 
endeavor to date is a telling comment on the state of our ignorance of the nature of 
the reactivity of the nitrogenase active site and its putative model systems. 

Thiophene Binding and Activation 
Substituted thiophenes (including benzo- and dibenzothiophenes) are among the more 
recalcitrant sulfur compounds found in petroleum and must be desulfurized during the 
refining of fuels and petrochemicals. In view of the difficulty of getting direct 
information from the surfaces of heterogeneous catalysts, high vacuum experiments 
on surfaces and solution chemistry of molecular complexes have been carried out to 
ascertain the possible modes in which thiophenes may bind to a metal center. The 
structures of die thiophene complexes and the reactivity of the bound thiophenes give 
potential insights into the way in which thiophenic molecules are activated in the 
heterogeneous catalysts (see Chapters 8-11). 

Figure 15, after Angelici (772), is a compilation of the modes of thiophene 
binding at transition metal centers. Binding can occur at the sulfur or with the 
unsaturated carbon framework of the molecule. The resultant activation that occurs is 
discussed by Curtis (Chapter 8), Rauchfuss (Chapter 9), and Bianchini (Chapter 10), 
and their respective co-workers. Figure 16 shows examples from the work of 
Sweigart (775) and co-workers revealing that activation of benzothiophenes can occur 
on single or on bimetallic sites. Chapter 11 by Boorman et al. addresses C-S bond 
breaking, which is a necessary part of hydrodesulfurization reactions. 

The thiophene activation observed by Curtis (Chapter 8) is of particular 
interest since a cluster of cobalt, molybdenum and sulfur (related to the CoMoS 
catalyst of choice) is shown to be capable of thiophene desulfurization. Moreover, 
related clusters serve as precursors for supported catalysts that display good 
hydrodesulfurization activity (243-245). The work of Rauchfuss (Chapter 11) shows 
that the binding of benzothiophene leads to altered acid-base properties of the 
coordinated ligand, suggesting that acid base behavior on catalyst surfaces may be 
important in the hydrodesulfurization reaction. Bianchini and co-workers (Chapter 
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Figure 16. Reaction of thiophene complexes showing increased nucleophilicity of 
S in thiophene bound to one or two metal centers ( 120). 

12) have developed homogeneous catalytic hydrodesulfurization systems, indicating 
that, at least in principle, a heterogeneous catalyst is not a sine qua non for 
hydrodesulfurization. 

The binding and activation of thiophene will continue to provide input into the 
understanding of the mechanism of substituted thiophene activation and reaction. 
Combined with surface science data, theoretical treatments, and information on the 
catalysts themselves the mechanism of hydrodesulfiirization should increasingly 
come into focus. 

Conclusion 

In this chapter, the biological and industrial contexts in which transition metal sulfur 
chemistry plays an important role have been introduced. The chemistry of transition 
metal sulfur systems has attracted increasing attention in part due to the biological 
and industrial relevance and in part due to the inherently interesting behavior of the 
molecular systems, for which our explorations have barely scratched the surface. We 
are now beginning to see certain key trends discernible in the chemistry of the 
transition metal sulfur species. These include: the relationship of electronic 
configuration and state of aggregation (nuclearity); the ligand-based, metal-based, 
and internal redox ability of the transition metal sulfur system; die interesting 
congruences between the core structures of the molecular and solid-state systems; the 
synthetic schemes involving spontaneous self-assembly, building-block approaches, 
and cluster excision reactions; the versatile activation of small molecules including 
dihydrogen and various nitrogenase substrates; and the binding and activation of 
substituted thiophene ligands, a key step in understanding the industrially significant 
hydrodesulfurization catalysis reaction. The papers in this volume amplify these 
trends and reveal the connections that exist between the molecular, solid-state, and 
biological systems. There is much to be gained from the cross-fertilization of 
research in these teleologically independent but chemically related areas of research. 

Acknowledgments: I am grateful to Drs. J. A . McConnachie, H. H. Murray, and M . 
A . Walters for helpful comments on this manuscript. 
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Chapter 2 

Rubredoxin from Clostridium pasteurianum: 
Mutation of the Conserved Cysteine and 

Glycine Residues 

Mustafa Ayhan, Zhiguang Xiao, Megan J. Lavery, Amanda M. Hammer, 
Sergio D. B. Scrofani, and Anthony G. Wedd1 

School of Chemistry, University of Melbourne, Parkville, Victoria 3052, 
Australia 

The rubredoxin from Clostridium pasteurianum is an electron transfer 
protein featuring an Fe(S-Cys)4 active site with pseudo 2-fold 
symmetry. The effect upon its properties of substitution of the metal 
atom, the sulfur ligand atoms and conserved glycine amino acid 
residues is presented. Mutant proteins have been expressed in 
Escherichia coli in stable form. Substitution of cysteine ligand by 
serine at positions 6, 9, 39 and 42 in turn produces proteins whose 
properties reflect both the Ο for S substitution and the pseudo 
symmetry of the native site. An X-ray crystal structure of the C42S 
protein confirms the presence of an Fe(III)-Oγ-Ser link. The Oγ-atom 
is protonated in the Fe(II) and Cd(II) forms. Glycine residues at 
positions 10 and 43, related by the pseudo symmetry, have been 
mutated to alanine and valine. Physical properties of the four single 
mutant proteins, as well as two double mutants (G10V/G43A and 
G10V/G43V), are modified by steric interactions of the new β and γ 
carbon substituents with the CO functions of C9 and C42 and with 
other adjacent groups. 

The rubredoxins (Rd) are the simplest of the iron-sulfur proteins and feature a single 
Fe(S-Cys)4 in a protein of molar mass approximately 6,000 Da (1-5). Figure 1 
emphasizes the pseudo 2-fold symmetry present in the vicinity of the active site for 
Rd from the dinitrogen-fixing bacterium Clostridium pasteurianum (Cp). 

Rds are presumed to be electron transport proteins and this role has been 
demonstrated in the sulfate-reducing bacterium Desulfovibrio gigas where specific 
redox interactions occur between Rd and NADH-rubredoxin oxidoreductase and 
rubredoxin-dioxygen oxidoreductase enzymes (4,6). An electron transfer function 
has been identified in the aerobe Pseudomonas aleovorans but here the protein is 
more complex, with two iron sites in a molar mass of 15,000 Da (7). In Desulfovibrio 
bacteria, there are a number of proteins that contain at least two iron atoms (8-11). In 
addition to Rd-like sites (10), some of these contain other iron centers which feature 
less than four cysteinyl ligands (8,9). 

Thirteen Rds have been sequenced and all conserve the four Cys ligands (6, 9, 39 
and 42 in RaCp) and the three residues (G10, P40, G43) involved in the formation of 
1Corresponding author 

0097-6156/96/0653-004Q$15.00/0 
© 1996 American Chemical Society 
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the tight turns of the "chelate loops" defined by residues 5-11 and 38-44 (Scheme la) 
(4,12). In addition, each of the centers defined by X-ray crystallography (4) exhibits 
the pseudo 2-fold symmetry for both the Fe(S-Cys)4 site and the loops and features 
six NH...S interactions (Figure 2). Sulfur ligand atoms S-C9 and S-C42 are close to 
the molecular surface while S-C6 and S-C39 are buried (2,4). Using the type I-IV 
classification for hydrogen bonds (13), buried metal ligands Cys S(i) (i = 6, 39) 
interact with the peptide N H function i + 2 (type I) and i + 3 (type ΓΠ) while surface 
metal ligands Cys S(i + 3) interact with i + 5 (type Π) (Scheme lb; Figure 2). 

RdCp has been expressed in Escherichia coli (12,14,15), providing recombinant 
protein for further study (15,16). Generation of mutant forms has begun (15,17,18). 
A detailed understanding of the structure and function of the active site can be 
pursued by variation of the metal atom, the ligand atoms and the surrounding protein 
structure, including the NH...S interactions. Initial excursions into each of these 
aspects is discussed below, starting with the production of mutant proteins. 

Characterization of Recombinant and Mutant Proteins. 

The RdCp gene has been cloned previously and the recombinant protein expressed in 
E. coli as a mixture of forms containing Ζη(Π) as well as the native metal Fe(III) 
(12). In contrast to the native protein, the Ν terminus was not formylated in either 
recombinant form. The protein sequence was shown to vary from the previously 
reported sequence (19) in that asparagine is present at positions 14 and 22 and 
glutamine at position 48, rather than the corresponding acids. 

The sequence was confirmed in the present work which also reports high yield 
expression (40 mg L _ 1 of starting culture) of non-formylated recombinant protein via 
the pKK223-3/JM109 system after reconstitution of the accompanying Ζη(Π) forms 
with Fe(III) (15). The reconstitution can be carried out conveniently at the crude 
lysate stage of the isolation. Equivalent procedures lead to yields of ca. 10-20 mg L _ 1 

for the mutant proteins discussed below (15,20). Substitution of zinc for iron has been 
observed for other iron proteins expressed in E. coli, including one of the two Fe(S-
Cys)4 sites in desulforedoxin from D. gigas (11,21). 

The identity of these proteins was confirmed by N-terminal sequencing for the 
recombinant protein and those forms with mutations at positions 6,9 and 10, by metal 
analysis (Table I) and by electrospray ionisation mass spectrometry (Table Π; Figure 
3). The native protein contains a mixture of formylated and unformylated forms. The 
protein ion peaks seen to higher mass numbers are due to N a + - and/or NH4+-protein 
adducts. 

Metal Substitution 

Substitution of the native iron by other metals is useful for a comparison of the 
intrinsic properties of the tetrathiolato site as well as permitting application of a wider 
variety of physical techniques. For example, N M R methods are evolving for the 
detection of rapidly relaxing protons close to the active sites in functional 
paramagnetic iron-sulfur proteins (22-24). Meanwhile, the N H protons involved in 
the four type I and HI NH...S interactions detailed above have been detected by 1 H -
1 1 3 C d and lH-l99Ug correlation experiments in metal-substituted forms of Rd from 
Pyrococcus furiosis (25,26). These observations point to the significant covalent 
character of these NH...S "hydrogen bonds" and this, plus the detection of 1 9 9 H g 
coupling to alkyl protons of nearby residues (26), appears to be relevant both to the 
tuning of redox potential and the mechanism of electron transfer. 

Metal substitution via trichloroacetic acid precipitation followed by addition of 
the substituting metal under reducing conditions is a straightforward procedure for 
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TRANSITION METAL SULFUR CHEMISTRY 

Figure 1. Backbone diagram of RdCp, emphasizing the pseudo two fold 
symmetry in the vicinity of the iron atom. 

Figure 2. Ball-and-stick representation of NH...S interactions ( ) around 
the Fe(S-Cys)4 center and NH...OC interactions ( ) within the chelate 
loops in RaCp . The pseudo two fold axis (see text) is perpendicular to the 
page, passing though the Fe atom. (Figures generated from the coordinates 
of ref. 2: pdbSrxn.ent in the Brookhaven Protein Databank) 
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Table L Metal Content of Q?Rd a 

Protein Fe Zn 
native 0.94(1) 0.05(1) 

recombinant 1.01(1) 0.02(1) 
C9S 1.03(2) n.d b 

C42S 1.05(2) n.d b 

G10A 1.01(1) 0.03(1) 
G10V 1.12(2) 0.04(1) 
G43A 0.99(3) 0.01(1) 
G43V 1.02(1) 0.01(1) 

G10VG43A C n.db 1.3(1) 
G10VG43A d 0.89(3) n.d b 

G10,43V d 0.84(6) n.d b 

a metaliprotein molar ratio determined by ICP-MS: single standard deviations 
are quoted in brackets. 

b n.d., not detected. 
c isolated without reconstitution with Fe(III) (see text). 
d isolated with reconstitution with Fe(m) (see text). 

Table II. Molar Masses (Da) of CpRd determined by Electrospray Mass 
Spectrometry3 

Protein Calc. Found b Protein Calc. Found b 

native 6047.6c'd 6047(1)f G10V 6142.5 6143(1) 
6075.6c'e 6075(l) f 

6100.5d 6100(1) 
6128.5e 6129(1) 

recombinant 6100.5 6101(1) G43A 6114.5 6115(1) 
C6S 6084.4 6084(1) G43V 6142.5 6143(1) 
C9S 6084.4 6084(1) Zn n-G10V/G43Aë 6167.0 6167(1) 
C39S 6084.4 6084(1) G10V/G43A 6156.5 6157(1) 
C42S 6084.4 6084(1) G10,43V 6184.5 6185(1) 
G10A 6114.5 6115(1) H3cdu-recomb 6158.7 6159(1) 
Zn n-G10VS 6153.0 6152(1) H3Cd n-G10,43V 6242.7 6244(1) 

a I^termined under basic conditions in negative ion mode unless otherwise stated (see 
text) 
b Single standard deviations given in brackets. 
c Apo protein. 
d Unformylated Ν terminus. 
e Formylated Ν terminus. 
f Determined under acid conditions in positive ion mode, 
g Colorless Zn form as isolated: see text. 
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6100(1) 

(a) 

6128(1) 

6144(2) 
| / y ^ 6 1 5 9 ( ^ 

6101(1) 

(b) 

A 

6122(3) 

6084(1) I 

(c) 6100(2) 

— ι 1 1 1 1— 
«000 «100 «200 

Molar Mass (Da) 

Figure 3. Negative-ion electrospray ionization mass spectra of Q?Rds. The 
proteins (0.2-1.0 mM) suspended in distilled water or 10 mM ammonium 
acetate were infused into a mixture of MeOH:H20:NH3(aq) or Et3N 
(30:70:0.1 v:v:v). (a) native; (b) recombinant; (c) C6S. Weak peaks with 
higher molar masses appear to be due to the formation of Na+- and/or NH4+-
protein adducts. 

RdCp (15,27,28). It appears that the hydrophobic core of the protein (dominated by 
aromatic residues) remains intact upon precipitation, minimizing refolding problems. 
Intramolecular contact between the two chelate loops, 6-11 and 39-44, is weak 
(Figure 4a), a feature expected to favor local denaturation and easy access to the 
active site. 

Mutation of Cysteinyl Ligands 

The first mutant form of RdCp, C42S, has been reported: the surface cysteine at 
position 42 was substituted with serine, providing an oxygen ligand atom in place of 
sulfur (77). In the present work, each cysteine has been mutated in turn, providing 
C6S, C9S, C39S and C42S forms (20). 
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AYHAN ET AL. Rubredoxin from Clostridium pasteurianum 

Figure 4. Partial structures of RdCp. (a) native Fe(III) form. Individual 
amino acid residues are identified at H a l , except for V38 which is labelled at 
a HYatom. The C9 and C42 Ηβ 2 atoms and the V44 N H atom are identified 
by ·. The points of mutation at the G10 and G43 H a 2 atoms are indicated by 
*. The iron atom is yellow and the SY atoms are green. Other atoms have 
their usual CPK colors. 
(b) Equivalent view of the C42S mutant form (generated from coordinates 
supplied by M . Guss (20)). 
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1.80 

0, 00 
240 440 640 840 

Wavelength (nm) 

Figure 5. Electronic absorption spectra of oxidized CpRd proteins (0.15 mM 
in 50 mM Tris-HCl (pH, 7.4)): recombinant ( ); C6S ( ); C9S ( ). 
The spectra have been offset by 0.1 absorption units for clarity. 

The C42S protein has been crystallized and its structure solved by X-ray 
diffraction (20). An FeOS3 core is confirmed (Figure 4b). At the present stage of 
refinement, the three Fe-S distances are the same, 2.36(4) Â, compared to a range of 
2.23-2.34(1) Â in the native protein (4). The Fe-OY and CP-OY distances of 1.90(2) 
and 1.42(2) Â, respectively, are both 0.4 Â shorter than those involving sulfur in the 
native protein and result in the C a atom of residue 42 moving 0.43 A towards the 
interior of the molecule. This "kink" perturbs the conformation of residues 41-43 and 
causes closer packing of atoms in this local surface region (compare Figures 4a and 
4b). For example, the separation of HP 2 atoms on residues 9 and 42 (each identified 
by a · in Figure 4) is 2.29(2) Â in the native protein but only 1.95(5) Â in C42S 
(assuming r(C-H), 1.09 Â; H...H van der Waals separation is about 2.4 Â). 

The NH. . .X (X = 0,S) interactions (cf., Figure lb; Table III) provide an 
interesting pattern. The V44-NH...OY-S42 distance in the C42S mutant is 3.07(5) Â 
(assuming r(N-H), 1.03 Â). This is well outside the range consistent with an 
hydrogen bonding interaction (1.7-2.1 À) and, indeed, outside van der Waals contact 
of about 2.6 Â (compare Figures 4a and 4b). The lH resonance of the V44-NH group 
in the 113Cd(II)-substituted C42S protein shifts 1.65 ppm upfield from its position in 
the native protein. In fact, in each C -> S mutant, there is an upfield shift in the range 
1.6-1.9 ppm for every NH proton that interacts with the relevant SY atom of the native 
protein (Figure 2). It is apparent that substitution of Ο for S eliminates these 
hydrogen bonds in each mutant protein. 

The properties of the four mutant proteins reflect the pseudo 2-fold symmetry of 
the native protein. Mutation at surface cysteines 9 and 42 provides products that are 
significantly more stable than does mutation at the buried 6 and 39 positions. 
Presumably, structural changes are more easily accommodated near the surface. 
Electronic spectra of the pairs (C6S, C39S) and (C9S, C42S) differ (Figure 5) but are 
essentially superimposible within each pair. 
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2. AYHAN ET AL. Rubredoxin from Clostridium pasteurianum 47 

Table III. Hydrogen Bonds in the Chelate Loops 

residue N H donor to CO acceptor froma SY acceptor from 

C6 OC-Y11 G10-NH V8-NH 
C9-NH 

T7 OC-Q48 surface 

V8 SY-C6 surface 

C9 SY-C6 surface Y l l - N H 

G10 OC-C6 surface 

Y l l SY-C9 C6-NH 

C39 OC-V44 G43-NH L41-NH 
C42-NH 

P40 surface 

L41 SY-C39 surface 

C42 SY-C39 surface V44-NH 

G43 OC-C39 surface 

V44 SY-C42 C39-NH 

a "surface" indicates that this CO group is part of the exterior surface of Cp Rd. 
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Detailed electron transfer properties are under investigation. One interesting 
observation is that, in contrast to the native protein, the redox potentials of the 
mutant proteins are pH dependent. For example, those for the C9S and C42S 
proteins exhibit a slope of 59(3) mV/pH unit below pH7, consistent with the couple 

Fem(0-Ser) + H+ + e- = Fe 1 1 (HO-Ser) 

A new resonance, connected to S42 H a and HP protons, appears in the lH N M R 
spectrum of the Cd(H) form of the C42S protein. It appears that the S42 ΟΎ atom is 
protonated in this form. 

Mutation of the Conserved Glycine 10 and 43 Residues. 

Type H NH...S interactions exist between Cys S(9,42) and NH(11,44) (Scheme lb; 
Figure 2). It has been suggested that a β carbon on the intervening residue (10 or 43) 
would destabilize such an interaction by eclipsing the carbonyl oxygen of 9 or 42 
(13). The presence of conserved Gly residues at positions 10 and 43 following Cys 9 
and 42 is consistent with this idea. 

Gly 10 and 43 were mutated to alanine and valine, i.e., substitution of side chain 
Η by C H 3 and CH(CH3)2, in an attempt to perturb the Rd site and the pattern of 
NH...S interactions. Figure 4a shows the relative disposition of the mutation point on 
G43 H a 2 and the V44-NH...SY-C42 interaction. Besides the four single mutants, 
double mutants G10V/G43A and G10V/G43V have been generated (15). Electronic 
and resonance Raman spectra for the mutant forms vary minimally from those of the 
recombinant protein. They confirm the presence of an intact FeS4 center in each 
protein. 

Structural Aspects. The chelate loops T5-Y11 and V38-V44 each contain 7 residues 
and determine the pseudo 2-fold symmetry of the Fe(S-Cys)4 site of RdQ? (Scheme I; 
Figure 2). Besides the three NH...S interactions characteristic of a loop, one hydrogen 
bond connects the ends of each loop (C6-NH...OC-Y11; C39-NH...OC-V44) and 
another reaches across each loop (G10-NH...OC-C6 ; C43-NH...OC-C39) (Table ΙΠ; 
Figures 7 and 8). Note that C6 and C39 are each involved in four hydrogen bonds. 
Each loop defines a pocket in the surface of the molecule: the amide CO groups not 
involved in hydrogen bonding (7-10 ; 40-43) help define this pocket. 

The crystal structure of the Cd(H)-substituted form of the recombinant protein, 
Cd-rRdQ?, has been solved (29). The overall structure is similar to that of the native 
protein (2,4), but there are differences in and around the active site. These are 
outlined briefly here to assist interpretation of *H N M R spectra. The four Cd-S 
distances are the same at the present stage of refinement and, at 2.58(5) Â, are 0.29(6) 
Â longer than the Fe-S bonds in RdQ? (4). Table IV lists changes in hydrogen 
bonding distances for the chelate loops. The four NH...S distances to the buried 
ligands C6 and C39 decrease by 0.17-0.28(6) Â in response to the expansion of the 
M S 4 core. Those to surface ligands C9 and C42 contrast in their response: the 
distance Y11-NH...S-C9 decreases by 0.12 À but V44-NH...S-C42 has not changed 
significantly. The differential behaviour can be traced to the effect of non-bonded 
interactions between the H 3 C Y groups of the Pr* side chains of V44 and V8 and the S 
ligand atoms of C6 and C42. H 3 CY 1 -V44 contacts both H3CYl»2 _V8 as well as S-
C42 while H 3 C Y 2 -V44 contacts Η 3 θ £ - ν 8 , HCP-V8 and S-C6 (note the relative 
positions in Figure 4a). 

In contrast to the buried residues, the surface sidechains of V8 and V44 are able 
to adjust to the core expansion. The non-bonded interations mean that V44-NH alters 
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2. AYHAN ET AL. Rubredoxin from Clostridium pasteurianum 49 

(a) — 5 6 7 8 9 10 11 - 38 39 40 41 42 43 44 ----
T C T V C G Y V C P L C G V 

(b) H-bondtypea Donor N H Acceptor SÏ 
I 8/41 6/39 

m 9/42 6/39 
Π 11/44 9/42 

aseeref 16 

Scheme I CpRd (a) Partial sequence; (b) NH...S interactions 

Table TV. Comparison of Hydrogen Bonding Distances in F e I I L C p R d a and C d I L 

rCpRd b 

bond Δτ, (A)c 

C6-NH....OC-Y11 -0.02 
C39-NH...OC-V44 +0.04 

G10-NH...OC-C6 +0.07 
G43-NH...OC-C39 +0.14 

V8-NH...S-C6 -0.28 
C9-NH...S-C6 -0.24 
L41-NH...S-C39 -0.28 
C42V8-NH...S-C39 -0.17 

Y11-NH...S-C9 -0.12 
V44-NH...S-42 +0.06 

a ref. 4. bref. 29. cchange in H.. .X distance (X = 0,S) assuming r(NH), 1.03 Â; a 
positive value indicates an increase in the Cd protein relative to the iron protein. 
Standard deviation, 0.06 Â. 
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position and, in contrast to the other NH...S interactions, the V44-NH...S-C42 
distance is not compressed. 
Nuclear Magnetic Resonance The *H N M R spectrum of Cd-rRdQ? has been 
assigned (30). A comparison of the spectrum in the N H region with those of the 
Cd(H)-substituted G10V, G43V and G10V/G43V proteins is made in Table V . 
Structural changes induced by the mutations appear to be highly localized. The sums 
of the chemical shift changes for a given resonance in the single mutants correlate 
closely with the observed shift change in the double mutant (Table V). To first order, 
the covalently bound Cd(S-Cys)4 center does not transmit the magnetic changes 
induced by the mutations from one chelate loop to the other. The localization is also 
consistent with the weak contacts which exist between the chelate loops (Figure 4a, 
but see below). 

In the G10V mutant, large shift changes are observed for the N H protons of the 
T5-Y11 loop (Table V). This correlates with the IV sidechain of V10 occupying part 
of the surface pocket defined by the loop. The T5-Y11 N H functions line the bottom 
of the pocket (Figure 7b). The significant shift changes also observed for 112 and 
Y13 N H protons may be associated with their proximity to the Y l 1 aromatic ring. 

The observations for the V38-Y44 loop in G43V are very different. A single 
dominant shift change of -0.36 ppm is seen for the V44NH proton with small changes 
(< 0.06 ppm) for the other members of the loop (Table V). Examination of the Cd-
rRdQ? structure reveals that the sidechain of V38 may block an orientation of the 
V43 sidechain equivalent to that discussed above for V10 in the G10V mutant (Figure 
8; cf., Figure 4a). The V43 sidechain would experience non-bonded repulsions from 
both C42 OC and V38 H3CY 1 . An alternative orientation between the 42 and 43 OC 
functions would impose non-bonded repulsions with C42-CO and V44-CY 1 H3 (Figure 
8; cf., Figure 4a). These are just the residues involved in the V44-NH...S-C42 
interaction whose N H function exhibits the dominant chemical shift change and 
which, as discussed above, was structurally sensitive to the incorporation of 
cadmium. 

This difference in preferred orientation is driven by differences in the molecular 
surface presented by the two chelate loops. The orientation into the loop pocket 
observed in the G10V mutant is favoured as Τ5-ΟΎ H interacts with the C6-NH...OC-
Y l l hydrogen bond (Figure 7a,b). Such an interaction is not possible for the 
isopropyl sidechain of V38, related to T5 by the pseudo symmetry, and its C Y 1 ^ 
group protrudes into the V38-V44 chelate loop pocket (Figures 4a and 8a,b). 

Two significant shift changes are seen in the non-mutated loops: G10V: V44, 
0.29 ppm; G43V: Y l 1, 0.11 ppm (Table 5). Y l 1 and V44 are related by the pseudo-
symmetry, as are C9 and C42. These perturbations appear to be propagated via the 
close contacts between C9 and C42 HP 2 and SY atoms. A C9 HP 2...HP 2-C42 close 
contact of 2.29 Â in native RdQ? (van der Waals distance, 2.4-2.9 Â) has increased 
to 2.46 À in Cd-rRdQ?, but C9 HP2...SY-C42 has decreased significantly from 3.28 to 
3.05 Â (van der Waals distance, 3.2-3.45 Â). In the G10V mutant, the effect of the 
structural change can be communicated via the C9 HP2...C42 HP 2 and/or C9 HP 2...SY-
C42 contacts to the V44-NH...S-C42 interaction (cf, Figure 4a), leading to the 
observed chemical shift change in V44-NH. In the G43V mutant, it can be 
communicated similarly to the Y l 1-NH...S-C9 interaction. 

Electrochemistry. Square wave voltammetry (SWV) was carried out at a pyrolytic 
graphite edge electrode, surface modified with poly-L-lysine as an electron transfer 
promotor. Results are given in Table VI and Figure 6. Electron transfer between the 
electrode and RdQ? is promoted efficiently by poly-L-lysine and electrochemistry is 
reversible under all conditions: the peak potentials remain constant at different pulse 
frequencies and a plot of the peak currents versus the square root of the frequency is 
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2. AYHAN ET AL. Rubredoxin from Clostridium pasteurianum 51 

Table V. lH Chemical Shifts δ (ppm) for N H protons in 113Cd-substituted 
rubredoxinsa 

residue 

δ Change in ô b 

residue recombinant G10V G43V G10,43V predicted0 

C6 9.19 -0.76 -0.04 -0.79 -0.80 
T7 8.39 -0.66 0.00 -0.71 -0.66 
V8 9.41 0.59 0.05 0.60 0.64 
C9 9.35 0.02 0.04 0.09 0.06 

G10 (VIO) 7.82 -0.72 0.01 -0.69 -0.71 
Y l l 8.97 0.37 0.11 0.41 0.48 
112 7.38 -0.56 0.00 -0.58 -0.56 
Y13 9.45 0.22 0.01 0.22 0.23 

V38 6.43 -0.07 -0.02 -0.10 -0.09 
C39 8.84 -0.01 -0.09 -0.15 -0.10 
P40 
L41 8.91 0.04 0.05 0.09 0.09 
C42 8.74 0.11 -0.06 0.05 0.05 

G43 (V43) 7.95 0.01 -0.04 -0.06 -0.03 
V44 7.95 0.29 -0.36 -0.03 -0.07 
G45 8.19 -0.06 -0.04 -0.13 -0.10 
K46 8.39 -0.07 -0.02 -0.19 -0.09 
E50 9.18 -0.16 0.01 -0.17 -0.15 

a Chemical shifts measured in phosphate buffer (20 mM; pH 6.8), 0.2 M NaCl at 303 
K referred to at 4.73 ppm. Error ± 0.02 ppm. 
b The difference between the recombinant and mutated proteins. Positive shifts are 
downfield. Error ± 0.04 ppm. Only residues which show a shift change of at least 
0.04 ppm in one of the given proteins are listed. 
c The sum of the experimental changes in δ observed for G10V and G43V. 
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16.00 

-200 

Potential (mV) 

Figure 6. Square wave voltammograms of RdQ? proteins (0.080 mM in 30 
mM Tris-HCl (pH, 7.4) and 0.1 M NaCl). (a) recombinant; (b) G10V and (c) 
G10,43V. Conditions: Ep= 50 mV, Es = 1 mV and r 1 = 30 Hz. 

Figure 7. Structure around the chelate loop T5-Y11 of Cd-rRdQ? (generated 
from coordinates supplied by the authors of ref. 39). (a) ball-and-stick 
model (H atoms are absent); (b) space-filling model. Amino acid residues 
are identified at C a in (a) and at H a l in (b), except for T5, which is labelled 
at a W atom. The point of mutation at the G10 H**2 atom is indicated by * 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
00

2

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



2. AYHAN ET AL. Rubredoxin from Clostridium pasteurianum 53 

Figure 8. Structure around the chelate loop V38-V44 of Cd-rRdÇp . (a) 
baJl-and-stick model; (b) space-filling model. The labelling follows that in 
Figure 7. V38andV44 are labelled at a HY atom. 

Table VI. Mid-point Potentials Ε (mV) for CpRa Proteins a 

Protein Ë Predicted0 

native ^76 : 

recombinant -77 
G10A -104 -27 
G10V -119 -42 
G43A -93 -16 
G43V -123 -46 
G10V/G43A -134 -57 -58 
G10,43V -163 -86 -88 

a Determined by square wave voltammetry, vs SHE. 
^ ^mutant - Erecombinant-
c Sum of observed ΔΕ for the proteins mutated at individual single sites. 
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linear. This is a one-electron couple, FeEtyFe11, as characterized by the observed peak 
width at half-height of 127 ± 1 mV (31-32 ). 

The observed mid-point potentials of the native and recombinant RdCp are the 
same within experimental error (-76(2) mV versus SHE) and consistent with a 
previously reported value (-74 mV) also estimated by SWV (32). The values for the 
six G -> A , V mutants are more negative than that of the recombinant form (Table 
VI), i.e., the mutations stabilize the oxidized state. Substitution of glycine by valine 
has a larger effect than substitution by alanine. Interestingly, turning on four NH...S 
interactions in a model [Fe n(SR)4] 2" complex induced a positive shift of 240 mV 
while exposing similar centers to more polar environments also caused positive shifts 
(33,34). Overall, it is proposed that a combination of the detailed orientation of 
peptide amide dipoles, access to solvent water and the presence of NH...S interactions 
modulate redox potentals in iron-sulfur proteins (34-39). The specific effect of the 
present mutations upon these factors for the Fe(H) and Fe(IH) forms must await 
further work. One intriguing aspect is that the sum of the potential shifts for the 
single mutants predicts the experimental shifts of the G10V/G43V and G 10,43V 
double mutants (Table V I ). The origin of such an additivity must also await further 
structural characterization. 

Conclusions 

Mutation of the conserved cysteine and glycine residues of RdCp results in stable 
proteins. Substitution of cysteinyl ligand by serine at positions 6,9, 39 and 42 in turn 
provides proteins whose properties reflect both the Ο for S substitution and the 
pseudo 2-fold symmetry of the native site. Peptide NH...SY-Cys interactions are a 
feature of the native protein. An X-ray crystal structure of the C42S protein and *H 
N M R studies of the 113Cd(n)-substituted forms indicate that equivalent NH...OY-Ser 
hydrogen bonds are absent in each mutant. 

Mutation of conserved residues G10 and G43, related by the pseudo 2-fold 
symmetry, to alanine and valine leads to stable mutant forms of RaCp. Physical 
properties are perturbed by the steric interactions between the β and γ carbon 
substituents of the new sidechains with the CO functions of C9 and C42 and with 
other adjacent groups. 

Substitution of Fe(HI) by Cd(H) leads to significant structural change at the metal 
site and in the NH...S distances, in particular (Table IV). Such differential changes 
must temper interesting and significant conclusions concerning electron tranfer 
mechanisms for native rubredoxins from study of Cd(H)- and Hg(II)-substituted 
forms (26). The present mutations produce further perturbation of the chelate loops 5-
11 and 39-44 in the Cd(H) derivatives. *H N M R results (Table V) indicate that the 
Pr1 sidechain of V10 in the G10V mutant occupies the surface pocket defined by loop 
5-11 and thereby modifies the environment of the 5-11 N H protons. The equivalent 
sidechain of V43 in G43V is denied the same access to the 39-44 pocket. This leads 
to a specific perturbation of the V44-NH...S-C42 interaction in this mutant. These 
effects are additive in the double mutants, consistent with the different structural 
changes being localized in each loop, to a first approximation. 

Given the similar surface features of the native Fe(HI) and recombinant Ca(U) 
molecules (4,29\ similar differentiation of properties might be expected in the Fe(HI) 
mutants. This is manifest in the half-wave potentials where, again, an additivity of 
the differential effects is seen in the double mutants (Table VI). 

Interestingly, similar G -> A mutations in the 2[Fe4S4]-ferredoxin from Cp did 
not affect potentials significantly (40), nor did mutation of surface carboxylates to 
carboxamides (41). Of course, detailed effects will vary from system to system (cf., 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
00

2

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



2. AYHAN ET AL. Rubredoxin from Clostridium pasteurianum 55 

ref 42). Overall, the present report represents one approach to a systematic 
exploration of the influence of the metal atom, the ligand atoms and the surrounding 
protein structure upon the fundamental properties of rubredoxin molecules. 
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Chapter 3 

Electronic Isomerism i n Oxidized Fe4S4 

High-Potent ia l I r o n - S u l f u r Proteins 

I. Bertini1 and C. Luchinat2 

1Department of Chemistry, University of Florence, Via Gino Capponi 7, 
50121 Florence, Italy 

2Institute of Agricultural Chemistry, University of Bologna, 
Viale Berti Pichat 10, 40127 Bologna, Italy 

The experimental Mössbauer and NMR data on the oxidized HiPIP 
II from Ectothiorhodospira halophila provide the key i) to the 
understanding of its electronic structure and ii) to the rationalization 
of the data obtained on a series of other HiPIPs in terms of 
electronic isomerism between two electronic distributions. The data 
are discussed in the light of recent theoretical considerations. The 
different valence distributions in the series are then related to the 
relative magnitudes of the reduction potentials of the individual iron 
ions. 

Oxidized high potential iron-sulfur proteins (HiPIP) contain the polymetallic 
center [Fe4S4p+. Formally they contain one Fe 2 + and three Fe 3 + (7). However, 
after the first Môssbauer reports on the oxidized HiPIP from Chromatium 
vinosum it was apparent that the electronic structure was more complex. The 
isomer shifts indicate two Fe 3 + and two Fe2-5 _ f (2). The hyperfine coupling with 
the ^Fe nuclei was negative for the latter set of iron ions and positive for the 
former set. The first theoretical attempt to rationalize these data (5) followed the 
analysis presented by Girerd et al. on the [Fe3S4]0 polymetallic center (4). It was 
assumed that the antiferromagnetic coupling between the two ferric pairs (1 and 2 
in Figure 1 A) was larger than for the other five iron pairs, and a double exchange 
parameter, £34, was added in the expression for the energies (5). Such a term 
allows the iron ions 3 and 4 to share one electron. The corresponding 
Hamiltonian is: 

#=j[s;-s4+(s;+s4ysl+(s;+s4)'S2}o,+ 
j[s,. s;+(s3+s;). sx+(s3+si) · s2]. o4 + (i) 
+AJl2SrS2+B»VMTM 

0097-6156/%/0653-0057$15.00/0 
© 1996 American Chemical Society 
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58 TRANSITION METAL SULFUR CHEMISTRY 

Figure 1. Magnetic coupling schemes in [Fe4S4]3+ clusters. Double 
exchange on the 3-4 pair without (A) (3) or with (B) (77) differentiation of 
the J34 value, and in a pseudo-C3v symmetry (C) (75,77). Resonance 
between two C 2 V symmetries is shown in D (75, 19). 
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where J is the Heisenberg coupling constant experienced by all iron-iron pairs 
except the ferric pair, Δ/12 * s the departure of Jyi from J , #34 is the double 
exchange parameter operative in the mixed-valence pair, Γ34 is the transfer 
operator, F34 is an operator producing as eigenvalues S34 + 1/2 (S34 being the 
subspin quantum number of the 3-4 pair) and O3 and O4 are occupation 
operators. 

This treatment provided a semiquantitative interpretation of the experimental 
data based on a mixed valence pair with a larger subspin (S34) and a ferric pair 
with a smaller subspin (S12). Now we discuss the case of the HiPIP Π from 
Ectothiorhodospira halophila, which is the only example of an oxidized HiPIP 
contaming a species with a single electronic distribution. This system has 
provided the key for the interpretation of the behavior of the other oxidized 
HiPIPs on the basis of an equilibrium between two species with different 
electronic distributions, which we call electronic isomerism. Electronic 
isomerism is discussed on the basis of a theoretical requirement for the presence 
of mixed valence pairs. Finally, we will discuss the different valence distributions 
in the series of HiPIPs and the relative magnitudes of the reduction potentials of 
the individual iron ions. 

The Electronic Structure in the Oxidized HiPIP Π from E. halophila 

The ΪΗ NMR spectrum of the oxidized HiPIP Π from E. halophila is reported in 
Figure 2, together with the assignment of the hyperfine-shifted signals (5). It 
appears that four β-cysteine protons experience negative hyperfine shifts, and 
four experience positive shifts. This is typical behavior when there are two spins 
antiferromagnetically coupled (6,7). In the ground state, the experimental value 
of relative to the larger subspin is negative as it is in monomers, whereas 
the experimental value of <S^> relative to the smaller subspin has a reverse sign 
owing to the requirement of antiferromagnetic coupling. Each pair of β-ΟΗ2 
groups is well spread. This is due to a Karplus type relationship, which relates 
the hyperfine coupling to the Fe-S-C-H dihedral angle (8,9). The different values 
of the center of gravity for each pair of CH2 protons is presumably due to the 
lack of symmetry. 

Therefore, the *H NMR spectra indicate the presence of two subspins 
antiferromagnetically coupled. The Môssbauer spectra at 4.2 Κ can be interpreted 
(10) in a fashion similar to the analysis of the spectra of the HiPIP from C. 
vinosum (2). According to the isomer shifts there are two iron ions with oxidation 
number 3+ and two with oxidation number 2.5+. The hyperfine coupling with 
57Fe has the usual negative sign for the iron ions with oxidation number 2.5+ and 
reversed sign for the iron(III) ions. It follows that the mixed valence pair has the 
larger subspin in the ground state, which according to Figure 1A will be labelled 
1S34, and the ferric pair (S\2) has the smaller subspin. The upfield shifted signals 
in the NMR spectra belong to the ferric domain and, vice versa, the downfield 
shifted signals belong to the mixed valence domain (5). The population of excited 
levels at room temperature, where the NMR spectra are recorded, does not 
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A Hp2Cys-55 
Β Hp2Cys^2 
C Ηβ1 Cys-55 
D Ηβ1 Cys-42 

100 80 

ft 

W Ηβ2 Cys-71 
Χ Ηβ1 Cys-71 
Y H^2Cys-39 
Ζ Ηβ1 Cys-39 

60 40 20 
δ (ppm) 

-20 

δ (ppm) 

-40 

3.3 3.4 3.5 
1000/T (1/K) 

Figure 2. 600 MHz lU NMR spectrum of E. halophila oxidized HiPIP Η 
and assignment of the hyperfine shifted signals (A) together with the 
temperature dependence of their shifts (B) (Adapted from ref. 5). 

Table I. Comparison of experimental hyperfine constants and g a v values for 
the oxidized form of E. halophila HiPIP II with values calculated3 by 

d i fièrent m o d e l s (14) 

Exp. 
values 

11/2,9/2,4) 11/2,7/2,3) 0.95| 1/2,9/2,4) + 
0.31|l/2,7/2,4) 

An (MHz) 21.4 ± 1.5 26.7 20.0 21.5 
(MHz) -31.5 ± 1.0 -38.3 -31.5 -33.1 

& 2 V 2.07 2.054 2.042 2.066 
a All calculations are performed using monomer hyperfine constants ^ p e 3 + = -20 
MHz and^pe 2 + = ' 2 2 M H z 

b Average value of Λ 3 and A4. 
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change the pattern dictated by the ground state. The sequence-specific 
assignment of the cysteine P-CH2 signals permits the determination of the 
valence distribution within the protein framework. In other words, we know 
which cysteine is bound to iron with a given oxidation state. 

At this point the problem arises of describing the magnetically coupled 
system in order to reproduce the hyperfine coupling of the ^ F e in die ground 
state and the hyperfine coupling of P-CH2 protons at room temperature, which is 
averaged over the populated levels according to the Boltzmann analysis. The 
most general Hamiltonian which can be used is: 

(2) 

where each of ther six iron-iron pairs i-j is allowed to experience a difference 
Heisenberg coupling, described by the coupling constant Jy. A further double 
exchange term can in principle be added, in analogy with equation 1, to impose 
derealization between two ions with different oxidation states. The disadvantage 
of this approach is that the wavefiinctions do not provide any obvious 
information on the behavior of pairs of spins. With the same symmetry of Figure 
1A the following Hamiltonian can be written (Figure IB) (77) which has 
analytical solutions 

>r= j[s;-s4+(s;+s4ys}+(s;+s4ys2}o3 + 
j[s3.s;+(s,+s;ysl+(s3+s;ys2}o4+ (3) 
+AJX1SX · S2 + AJUS,. S4 + Β»ν»Τ» 

where A/34 * s the departure of 3̂4 from J and all other terms are as defined in 
equation 1. The hyperfine constant with any nucleus is: 

(4) 

In equation 4, Aq is the hyperfine coupling constant with 57pe in the absence of 
magnetic coupling which can be estimated from a suitable monomelic system 
like, for instance, rubredoxin (72). On the other hand, <S2j> and <SZ*> are the 
expectation values for any of the four individual spins, /, and for the total spin of 
the cluster, respectively. These can be calculated from either Hamiltonian 1 or 3 
as a function of the values of S' and of the S\2 and S34 subspins. The ground 
state would be formed by S34 = 9/2 and S\2 = 4, both antiferromagnetically 
coupled to provide 5" = 1/2. As already noted by Noodleman (3), the agreement 
with the experimental A values is approximate (Table I). It has then been noted 
that, if the ground state were 534 = 7/2 and S\2 = 3, the agreement with the 
experimental A values would be better (Table I) (73). However, this ground state 
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occurs only with a large £34 and in a narrow range of Δ/12 and A/34 parameters 
(14). 

It is in our opinion important to stress that the same ground state and similar 
patterns of excited states are obtained under a large variety of 534 and A/34 
values, if both are allowed to vary independently (Figure IB). This means that 
there is covariance between the two parameters and that fitting the experimental 
data hardly provides an independent evaluation of #34 (75). 

If we assume a geometry with pseudo-C3V symmetry (Figure 1C) described 
by the following Hamiltonian (16,17): 

jr=j[s;-s4+(s;+s4)'S2+(s2+s;+s4)-s}}o3+ 
j[si.s;Hs>+s;).s2Hs2+si+s:ysl].o4+ (s) 
+AJUS, · S4 + AJ^S2 · Su + 

the agreement with experimental results is even worse than in the previous case. 
Belinskii has recently figured out that we can lower the symmetry starting from 
either C2v or pseudo-C3v symmetry, and treat double exchange as resonance 
between the two configurations shown in Figure ID (18). We can express the 
wavefunctions as combinations of the solutions of Hamiltonian 3. Now the 
ground state, as judged from the A and g values (14), as well as the excited states, 
as judged from the fitting of the temperature dependence of the proton NMR 
spectra (79), seem more reasonable (Table I). The ground state would be: 

ψ = 0.95|4,9/2,1/2>-0.30|4,7/2,1/2> (6) 

The range of parameter values which provide this ground state is relatively large. 
Despite the covariance between £34 and A/34, a s m a U value of £34 is required 
(14,19). It is possible, however, that sets of parameters with larger £34 provide 
the same ground state, as required by independent theoretical considerations (20). 

Electronic Isomerism in Oxidized HiPIPs 

If we look at the NMR spectra of all the oxidized proteins up to now investigated 
we see that they are significantly different (Figure 3) (27). The ^H NMR spectra 
of the reduced form of several HiPIPs are reported in Figure 4 (22). The spectra 
also look somehow different in the Cys P-CH2 region but, indeed, the differences 
can be explained in terms of the different Fe-S-C-H dihedral angles (8t21). 
Otherwise the NMR spectra agree with the Môssbauer data, which show that all 
the iron ions are equivalent and at an oxidation state +2.5 (2). 

In contrast, when analyzing the ^H NMR spectra of the oxidized species 
(Figure 3) we note that the p-CH2 proton signals of one cysteine (cysteine ΙΠ) 
are typical of a cysteine bound to an iron at the oxidation state 2.5+, those of 
another cysteine (cysteine I) are typical of a cysteine bound to an iron(m), while 
the other two cysteines have an intermediate behavior. The earliest explanation 
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Figure 3. 600 MHz lH NMR spectra of the oxidized HiPIPs from E. 
halophila (iso II) (A) (5), R. globiformis (B) (22), E. vacuolata (iso II) (C) 
(25), C. vinosum (D) (77) and 71 gelatinosus (E) (77). Roman numerals 
indicate the sequence-specific assignment of cysteine P-CH2 protons. 
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I 1 1 » - | 1 1 • 1 ' » « I ' t 

*Ρ· M m M It N Ri · · 

Figure 4. 600 MHz *H NMR spectra of the reduced HiPIPs from R. 
gelatinosus (a), C. vinosum (b), £. vacuolata (iso Π) (c), Λ globiformis (d) 
and £. halophila (iso Π) (e). Lines refer to sequence-specific assignment 
of cysteine β-ΟΗ2 protons to Cys I (-.-.-), Cys Π ( ), Cys ffl (- - -) and 
Cys IV ( ). (Reproduced with permission from ref. 22. Copyright 1993 
FEBS). 
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suggested that the mixed valence character involves three iron ions (Figure 5) 
(7 7). Then, an equilibrium between two isomers as depicted in the upper part of 
Figure 6 was proposed (23). If the equilibrium is fast on the N M R time scale, 
then the protons of two cysteines wi l l experience intermediate shifts between the 
upfield and the downfield limits. If the shifts of the fully Fe 3 + and Fe 2-5+ are 
taken as the limiting shifts, the intermediate shifts provide an estimate of the 
equilibrium constant (24). 

Is There a Theoretical Requirement for the Electronic Structure? 

Let us consider an ideal (RS)4[Fe4M IS4] cluster of Td symmetry containing four 
iron(III) ions. The question can be asked as to whether a theoretical prediction is 
possible for the electronic structure of this system after addition of one electron. 
Four different scenario's are possible: 
A ) the extra electron is completely localized on one of the four iron ions, which 
then displays an oxidation number 2+. Its bond lengths and angles, as well as its 
J values with the neighboring irons, wi l l change accordingly. The resulting 
symmetry is C 3 V . The cluster has still Td symmetry in a time-averaged sense, and 
the system wi l l display four equivalent energy minima (one for each iron 
becoming iron(II)), separated by equal energy barriers (Figure 7A). 
B) The extra electron is completely delocalized on the four iron ions. Only one 
energy minimum exists, and all iron ions have oxidation number 2.75+. Td 
symmetry is retained (Figure 7B). 
C) The electron is delocalized over two iron ions, which then display an 
oxidation number of 2.5+ while the other two iron ions retain oxidation number 
3+. The resulting symmetry is C 2 V . Six of such equivalent situations exist, again 
separated by equal energy barriers (Figure 7C) and averaging Td symmetry. 
D) The electron is delocalized over three iron ions, which then display an 
oxidation number of 2.67+. As in case A , the symmetry is C^y and the time-
averaged Td symmetry is restored by equilibrium over four equivalent states 
(Figure 7D). 

The protein data discussed above clearly point to case C as the only 
experimentally observed. A reason for this could be that proteins are intrinsically 
dissymmetric, and may thus favor case C which is the one of lowest symmetry. 
However, symmetric model compounds also show spectroscopic evidence of C2v 
symmetry, provided that the time scale of the spectroscopy is short enough, and 
the temperature is low enough to prevent overcoming the energy barriers (25). 
Therefore, it appears that case C would also be favored on theoretical grounds. 

The electronic structure of the symmetric system has been theoretically 
analyzed in terms of the following driving forces (26): a) the Heisenberg 
antiferromagnetic exchange coupling between each pair of iron ions; b) the 
exchange integrals that tend to delocalize the extra electron over more than one 
iron center, favoring a ferromagnetic ordering of the spins; c) the vibronic 
coupling that tends to stabilize and "trap" each possible electronic configuration 
by instantaneously lowering the symmetry of the cluster. The result of this 
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CysS 

Figure 5. Pictorial representation of the partial involvement of the iron 
bound to cysteine II in the electron derealization over the mixed valence 
pair of iron ions ΙΠ and IV (17,23) (Reproduced from ref. 23. Copyright 
1993 ACS). 
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ΠΙ 
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Figure 6. Equilibrium between the two electronic isomers having the 
mixed valence pair on irons ΙΠ and Π (A) or on irons ΠΙ and IV (B), and 
their redox equilibria with the reduced species (R) (Reproduced from ref. 
34. Copyright 1996 ACS). 
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Figure 7. Possible electronic isomers in [Fe4S4p+ clusters. Full electron 
localization on one iron (A), full electron derealization (B), electron 
derealization over pairs (C), and electron derealization over three of the 
four irons (D). The diameters of the spheres qualitatively reflect the 
percent of the extra electron. 
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treatment suggests that, for a wide range of reasonable values of the parameters 
describing contributions a-c, derealization over pairs may be favored over either 
complete localization or more extended derealizations (26). This is a noteworthy 
result that is consistent with protein data and allows an even more detailed 
analysis of their functional implications. 

What is the Role of the Protein? 

By definition, a cluster embedded in a protein, except for the special case where 
it bridges two subunits related by a symmetry element, has only C\ symmetry 
(i.e. no symmetry at all). As a consequence, all four irons are inequivalent, as are 
all six iron pairs. The lack of symmetry is not by itself an argument in favor of a 
particular electron derealization pattern. By referring to the preceding discussion 
and to Figure 7, in case A, one particular iron out of the four would preferentially 
become ferrous; in case Β the electron derealization would be unbalanced 
(different mixing coefficients in the ground state wavefunction (27)) towards that 
particular iron; in case C one particular pair out of the six would preferentially 
bear the extra electron; in case D one particular iron out of the four would not 
share any of the extra electron. In any case, we have to ask ourselves what is the 
magnitude of the inequivalence induced in the cluster by the protein environment. 
Protein effects can be quite large: for instance, the redox potentials of heme iron 
ions differ by hundreds of millivolts depending on the nature of the axial ligands 
and electrostatic effects produced by protein atoms (28,29). Even when all metal 
ligands are maintained, as in Fe4S>4 systems, protein effects differentiate the 
reduction potentials by more than 1 V (HiPIPs vs. ferredoxins (7,30,37)) and by 
more than 300 mV within the HiPIP series (32). Recent calculations have shown 
that protein effects and differential solvation effects account for a difference of at 
least 100 mV in the individual reduction potentials of the two iron ions in Fe2S2 
ferredoxins (33). The same type of calculations performed on the Fe4S4 cluster 
of HiPIPs yield very small energy differences when the extra electron is 
delocalized over each of the six possible iron pairs (33). However, the 
calculations correctly predict which is the more reducible pair in the HiPIP II 
from E. halophila, and which are the two more reducible pairs in equilibrium in 
the HiPIP from C. vinosum. This is by itself an amazing result. The fact that the 
calculations are qualitatively able to reproduce the different experimental patterns 
in HiPIPs suggests that they are reliable; it also indicates that the inequivalence 
induced by the protein and solvent part is intrinsically smaller in these systems 
than it is, for instance, in Fe2S2 systems. What is then the reason for the 
experimentally observed marked preference for the extra electron to delocalize 
over one (or two) of the six possible pairs? In the light of the theoretical analysis 
described in the preceding section we can suggest that the cluster environment in 
Fe4S4 systems induces just a small energy preference for one (or two) pairs; this 
then "triggers" a further distortion in bond lengths and angles that deepens the 
energy well corresponding to that particular distortion. The preference for 
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pairwise delocalization is thus intrinsic, but the choice of the actual pair(s) is 
dictated by the environment. 

Can We Learn about the Microscopic Reduction Potentials? 

With the above discussion in mind, we now turn back to the experimental protein 
data, summarized in Figure 3, and interpret them on the basis of the equilibrium 
depicted in the upper part of Figure 6. In the HiPIP II from E. halophila, the 
equilibrium can be assumed to be virtually 100% to the left. Then we learn that, 
by starting from the hypothetical [Fe4S4]4+ cluster, the iron pair bound to 
cysteines sequentially numbered II and ΙΠ (Cys 42 and Cys 55 in HiPIP Π from 
E. halophila)) has the highest reduction potential, whereas the iron pair bound to 
Cys I and IV (Cys 39 and Cys 71 in HiPIP Π from E. halophila) has the lowest 
reduction potential. We have no means of (Uscriminating between the individual 
reduction potentials of Fen m ^ Fem on one side and of Fej and Feiy on the 
other. As we move to the other proteins of the series, we notice that the 
equilibrium of Figure 6 is progressively shifted (up to about 70%) to the right. 
This is illustrated in Figure 8. We then learn that the individual reduction 
potential of Fejn (the one involved in both pairwise electron derealizations A 
and Β of Figure 6) remains the highest, while that of Fen decreases and that of 
Feiy increases along the series. In all situations the reduction potential of Fej 
remains the smallest. An order of the individual reduction potentials starting from 
four Fe3+ ions is thus obtained (34). The order is: 

Fejn > Feu = Ferv > F e I 

where Fen > f<>r the HiPIPs I (24) and II (5) from E. halophila and the 
HiPIP from R. globiformis (22), and Fen < F^IV f<>r Λ β HiPIPs I (35) and II (23) 
from E. vacuolata and for the HiPIPs from C. vinosum (II), R. gelatinosus (36) 
and R. fermentans (37). 

We have recently corroborated the whole picture by mutating one of the four 
cysteine ligands of the Fe4S4 cluster to a serine (34). The idea was to selectively 
perturbing the individual reduction potential of one iron ion. We have chosen a 
HiPIP with intermediate equilibrium position (C. vinosum HiPIP) and mutated 
one of the two cysteines bearing an iron that shows a variable individual 
reduction potential along the series (Feiy). NMR studies have shown that the 
overall structure remains the same (38). The overall reduction potential decreases 
by 25 mV, the reduction potential for the A-»R and B->R processes (Figure 6) 
decrease by 40 and 10 mV, respectively, and the position of the equilibrium 
between species A and Β changes from 45%-55% to 60%-40%, as determined by 
NMR (34). This change is largely outside the experimental uncertainty, and is 
particularly meaningful as it crosses the 50%-50% situation, where the individual 
reduction potentials of Feiy and Fen cross. In other words, by a single mutation 
we have reverted the order of the individual reduction potentials of Fejv and Fen 
and caused this C. vinosum mutant to become a HiPIP of the same type as the 
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Figure 8. Correlation between average hyperfine shifts of the p-CH2 
cysteine protons (O = Cys Π, · = Cys IV) and % ferric character of the 
iron bound to Cys Π in the HiPIPs from E. halophila, iso Π (1), Ε. 
halophila, iso I (2), R. globiformis (3), E. vacuolata, iso I (4), E. 
vacuolata, iso II (5), C vinosum (6), R. gelatinosus (7) and R. fermentans 
(8) (Reproduced from ref. 24. Copyright 1995 ACS). 
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HiPIPs I and Π from E. halophila and as the HiPIP from ft globiformis (Figure 
8). 

The overall picture that clearly emerges from these experiments, again by 
referring to the addition of one electron to the hypothetical [Fe4S4]4+ cluster, is 
that in all HiPIPs Fem is the most reducible and Fej the least reducible. As these 
properties of Fej and Fem are common to all proteins of the series, they 
presumably depend on global rather than local environment features. Fej is by far 
the innermost iron of the cluster, and all four of its sulfur donors are buried inside 
the protein. Its environment is rather hydrophobic, and should thus stabilize the 
zero local charge achieved by a ferric iron and its negative sulfur ligands (-1 + -
3*2/3) rather than a mononegative charge of a ferrous iron. The other three iron 
ions are also buried, but they share a bridging sulfide ion that is partially exposed 
to the solvent. Furthermore, of their three cysteine ligands, Cys ΙΠ is partly 
exposed to the solvent: this could make Fem *he m o s t reducible. Discrimination 
between Fen m^ F eIV i s l e s s obvious, and in fact is more likely to depend on 
local features that vary from one protein to another. 

Concluding Remarks 

The combined application of Môssbauer, NMR and other physico-chemical 
techniques (25,39-44) has provided an example of deep understanding of the 
electronic isomerism in oxidized HiPIPs. There is now general agreement that 
each geometrical isomer contains two Fe^+ and two Fe2-5+ ions. The 
geometrical isomers are generally two, and the particular isomerism seems 
dictated by the electrostatic properties of the protein and solvent. The electronic 
ground state seems to result from antiferromagnetic coupling between a largely S 
= 9/2 subspin of the mixed valence pair and a largely 5 = 4 subspin of the ferric 
pair. It is possible that the asymmetry of the polymetallic center requires the 
mixing of the above subspins with other subspin levels. Covariance between the 
decrease in the antiferromagnetic coupling constant within the mixed valence pair 
and the double exchange parameter within the same pair prevents an independent 
estimate of the two parameters. The estimate through NMR of the equilibrium 
constant between the two electronic isomers, together with the overall reduction 
potential, permits the attainment of a deeper insight into the redox properties of 
the individual iron ions. 
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Chapter 4 

Redox Metalloenzymes Featur ing S-Donor 
Ligands Hydrogenase: A Case Study 

Michael J. Maroney, Christian B. Allan, Balwant S. Chohan, 
Suranjan B. Choudhury, and Zhijie Gu 

Department of Chemistry, University of Massachusetts, 
Amherst, MA 01003-4510 

Many metalloenzymes have active sites composed of metals 
coordinated to S-donor ligands. Among the examples are Ni, Fe 
hydrogenases. These enzymes catalyze the two-electron redox 
chemistry of H2 and are believed to contain a heterodinuclear active 
site composed of a Ni center bridged to an Fe center by cysteinate 
ligands. The possible roles of the thiolate ligands in constructing 
the active site, in the redox chemistry of the active site, and in the 
binding of H + are discussed in the context of an overview of the 
results of physical studies of the enzyme and dinuclear model 
compounds. 

A large number of redox metalloproteins that employ thiolate (cysteinate) and/or 
sulfide as metal ligands is known (see Chapter 1). These proteins play key roles in 
biological redox processes including respiration and photosynthesis (e.g., ferredoxins 
(7,2), blue Cu proteins (3), CUA in cytochrome oxidase(4-6)) and in the oxidation or 
reduction of substrates (e.g., nitrogenase (7), hydrogenase (8-11), sulfite reductase 
(72)). Among these metalloproteins are a group of enzymes that contain Ni (13). 
Nickel containing redox metalloenzymes include methylcoenzyme M reductase (74), 
carbon monoxide dehydrogenase (COdH) (75) and most hydrogenases (leases) 
(8,16). 

Methylcoenzyme M reductase is found in methanogenic bacteria where it 
catalyzes the last step in methanogenesis: 

CH3SCH2CH2SO3- + HS-HTP • CH4 + O3SCH2CH2S-S-HTP 
Me-coenzyme M 

It contains a unique Ni-containing tetrahydrocorphin cofactor, F430, which is 
involved in the reduction of the methyl group from methylcoenzyme M (a 
methylthioether) coupled with the formation of a disulfide involving coenzyme M 
and N-7-mercaptoheptonyl-0-phospho-L-threonine (thiols), a two-electron redox 
process. The exact role of the Ni in this enzyme is not well-known (17-19), although 
it is clear that the net redox chemistry involves thiolate oxidation. 

Carbon monoxide dehydrogenase catalyzes nature's version of water-gas shift 
chemistry-the two-electron redox chemistry of CO: 

0097-6156/96A)653-0074$16.75A) 
© 1996 American Chemicaf Society 
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4. M A R O N E Y E T A L . S-Donor Ligands Hydrogenase 75 

CO + H 2 0 ι C 0 2 + 2H+ + 2e-

The enzyme is found in bacteria in both relatively simple enzymes (e.g., 
Rhodospirillum rubrum) and more complex multicomponent enzymes (e.g., 
Clostridium thermoaceticum) that also catalyze acetate biosynthesis at a separate site 
containing N i and Fe. Vibrational spectroscopy has been used to address the role of 
the N i center in the C. thermoaceticum enzyme. These studies reveal that CO binds 
to an Fe site (20), but that the Ni site does serve to bind the methyl group in acetate 
biosynthesis (21). Both types of enzymes contain Ni ligated to S-donor ligands as 
well as Fe-S clusters. Analysis of EXAFS data obtained on the Ni site in R. rubrum 
COdH indicate that the N i is coordinated to ~2 S-donor ligands at a distance of 2.23 
Â, and to ~3 Ο,Ν-donor atoms at 2.00 Â (22). Analysis of E X A F S data obtained 
from the ct-subunit of C. thermoaceticum COdH (acetate biosynthesis) also reveals 
that the N i features S-donor ligation (23). 

Hydrogenases are redox enzymes that catalyze the two-electron redox 
chemistry of dihydrogen: 

H 2 2 H + + 2e 

These enzymes play a central role in anaerobic metabolism and may be grouped by 
the metal content of the enzyme (16). The first group are quasi-t^ases (the pure 
protein cannot activate H2) represented by enzymes from Methanobacterium and 
contain no known metals (24). In place of a metal, an organic redox cofactor, 
methylenetetrahydromethanopterin, serves as a source of hydride ion (25,26). With 
this exception, all other hydrogenases contain Fe-S clusters. A second class of 
H2ASES contains only Fe and features an Fe-S cluster that has unique spectral 
properties (the Η-cluster). This cluster is believed to constitute the active site in the 
Fe-only enzymes (77). By far the largest group of hydrogenases contain a Ni atom in 
addition to various Fe-S clusters (8). Although it is clear that N i is not a requirement 
for an active catalyst, much attention has been focused on the function of the N i in 
this enzyme. Like the other Ni-containing enzymes, EXAFS has consistently shown 
that the Ni in H2ASES is bound by S-donor ligands (27-29). In the case of the enzyme 
from Thiocapsa roseopersicina, the ligand environment is remarkably similar to that 
found for the N i site in R. rubrum COdH (~2 S @ 2.23 À + ~3 Ο,Ν @ 2.00 Â) (28). 

The use of N i in redox proteins appears to be a curious choice given the fact 
that there is only one common oxidation state (II) of Ni due to the normally extreme 
potentials of the Ni(D/ffl) and Ni(H/I) couples (30-32). This is particularly striking 
in the known N i redox enzymes, all of which catalyze two-electron processes and 
must therefore involve two relatively uncommon oxidation states, if all of the redox 
activity is attributed to Ni . Two alternatives are possible: First, the redox chemistry 
might be due in part to S redox chemistry. A l l of the Ni sites are associated with S-
donor ligands or with the catalysis of S-redox chemistry. Model studies have 
contributed to the understanding of what effect thiolate ligation has on Ni redox 
chemistry. In general, thiolate ligation stabilizes the higher oxidation states of 
transition metals and thus makes the Ni(III/II) couple more accessible to biological 
systems (10,33-38). At the same time, thiolate ligation generally makes the 
potentials associated with lower oxidation states (i.e., the Ni(II/T) couple) even more 
inaccessible. However, at least one system involving thiolate ligation is able to 
produce both stable Νΐ(ΙΠ) and Ni(I) species (39). 

The composition of COdH and H2ASE suggest a second possibility: That 
some or all of the chemistry catalyzed by these enzymes may involve Fe, a metal 
noted for facile redox chemistry that is widely distributed in redox metalloproteins. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
00

4

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



76 TRANSITION METAL SULFUR CHEMISTRY 

Structural Aspects 

Hydrogenases containing N i are typically isolated as heterodimers composed of 
subunits with molecular weights of ca. 30 and 60 kDa. The structural genes that 
code for these two subunits have been sequenced in a number of cases and reveal that 
two cys-X-X-cys sequences are conserved in the larger subunit, one near the N -
terminus and one near the C-terminus (40,41). In some enzymes (e.g., those from 
Desulfomicrobium baculatum and Methanococcus voltae) the first cysteine residue in 
the C-terminal Cys-X-X-Cys sequence is substituted by selenocysteine, which has 
been shown to be a Ni ligand by analysis of EXAFS data (42) and by the observation 
of 7 7 Se hyperfine coupling in the epr spectra of these enzymes (43,44). 

The understanding of the relationship of the cofactors to each other and the 
structure of the N i site has been greatly enhanced by the recent publication of a 
crystal structure at 2.8 Â resolution of the H2ASE from Desulfovibrio gigas (45). The 
crystal structure shows that the two subunits of the heterodimer are intimately 
associated with each other, and that the various redox cofactors are widely separated. 
The Fe-S clusters are located entirely within the small subunit, while the N i site lies 
entirely within the large subunit. The Fe-S clusters found in the D. gigas enzyme are 
comprised of 2 Fe4S4 clusters and a Fe3S4 cluster. These clusters are arranged in a 
linear fashion spaced ca. 10 Â apart with the Fe3S4 cluster in the middle. The N i 
center lies about 10 Â from the proximal Fe4S4 cluster. The Fe4S4 cluster furthest 
from the N i site (the distal cluster) is unique in that one of the Fe ligands is a 
histidine imidazole. The surface-exposed histidine plus the linear arrangement of the 
Fe-S clusters suggest an electron transfer pathway leading to or from the N i center. 

One of the most interesting aspects of the crystal structure is the revelation 
that the N i center is actually a dimetallic cluster composed of N i and Fe (Figure 1). 
The assignment of the second metal center as an Fe center was based on the metal 
analysis (only Ni and Fe were found), the strong anomalous scattering of C u - K a 

radiation (distinct from Ni) and the electron density associated with the metal center 
(appropriate for a first row transition metal) (45). This assignment is supported by 
recent data collected at other x-ray wavelengths (46). The dimetallic cluster is 
ligated by the four conserved cysteines found in the large subunit. Two of these 
cysteines are bound as terminal ligands to the N i center. The remaining two 
cysteines bridge between the N i and Fe atoms. No other protein ligands were 
identified. The structure of the Ni site can be described as a highly distorted trigonal-
pyramidal arrangement of the four cysteine residues. Three of the cysteine ligands 
have average Ni-S bond lengths of 2.25 Â with the remaining S at -2.6 Â. The Fe 
center lies -2.7 Λ from the Ni atom and appears to be five-coordinate with three 
exogenous ligands. These exogenous ligands were modeled as H 2 O molecules, but 
recent IR data identified bands in the 2000 cm' 1 region of the spectrum that belong to 
triply bonded species such as C N _ or CO (47). These features are linked to the N i 
site by the fact that their frequencies shift in response to the redox state of the 
enzyme. Further examination of the crystallographic data are consistent with 
diatomic ligands (46), but cannot differentiate between the various possibilities. 

The information obtained from the crystal structure suffers from the fact that 
the crystals employed were a mixture of at least three different redox states of the 
enzyme (50% SI, 36% A and 14% B, as defined below). This fact may have 
contributed to a large amount of disorder in the Ni-Fe site. The structure of the Ni 
site that is emerging from the crystallographic studies can be compared with 
information obtained from X A S on redox poised enzymes from a number of different 
species(27,28,42). A recent comparison involving enzymes from photosynthetic 
bacteria (T. roseopersicina. and Chromatium vinosum), sulfate reducing bacteria (D. 
gigas and D. desulfuricans), and E. coli has been performed (29). The Ni K-edge 
X A N E S data provides a useful predictor of coordination number/geometry (48). The 
data obtained from all of the enzymes lack the Is -> 4p z transition that is typical of 
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MARONEY ET AL. S-Donor Ligands Hydrogenase 

Figure 1. The structure of the hydrogenase Ni,Fe cluster. 
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planar N i complexes, and exhibits peak areas for the Is -> 3d transitions that are 
consistent with either a five-coordinate (particularly for oxidized forms) or a six-
coordinate geometry (particularly for T. roseopersicina îfease and reduced forms). 
The arrangement of the ligands in the crystal structure is not inconsistent with these 
predictions, since placing an exogenous fifth ligand (e.g., H 2 O , O 2 , CO, H") into the 
vacant axial position of die N i center in the crystal structure would likely produce a 
distorted trigonal bipyramidal site, and place the additional ligand into a bridging 
position between the N i and Fe centers. 

The E X A F S data from all of the leases is dominated by the presence of S-
scattering atoms at 2.22(1) Â. In most cases, additional long Ni-S (2.4 - 2.9 A) 
and/or Ni-Fe (2.4 - 2.9Â) interactions can also be accommodated by the data 
(29,49,50). The number of S-scatterers, as well as the presence of additional Ο,Ν 
donors appears to be variable among the enzymes from various species and is not 
well-determined by E X A F S analysis. The trend is that the oxidized enzymes 
frequently exhibit evidence for Ο,Ν ligation, but the reduced enzymes are most often 
fit best by a set of four S-donor ligands (29). One exception is the enzyme from T. 
roseopersicina., which exhibits evidence of Ο,Ν ligation at all redox levels (28). 

Although it has long been suspected that the N i center might be associated 
with an Fe atom, in all but one or two cases (e.g., D. gigas SI) there are no features in 
the Fourier-transformed E X A F S spectra beyond those attributable to the primary 
coordination sphere that demand that the Fe atom at -2.7 À must be present. 
However, if an Fe scatterer is added to the fit, it will refine to a distance of 2.4 - 2.9 
A (depending on species and redox state) and improves the overall fit significantly in 
at about half of the cases. This analysis is difficult because of the possibility of large 
Debye-Waller factors arising from disorder in the Ni-Fe distance, a problem that is 
observed in the E X A F S spectra of dinuclear N i complexes, that could obliterate the 
expected features. Further, given the signal to noise and energy range of the data sets 
on the enzymes (often limitai by trace Cu contamination), it is difficult to distinguish 
between S and Fe at the relevant distances. In addition, the presence of S and Fe at 
comparable distances would be expected to give rise to destructive interference 
between the E X A F S arising from the S and the Fe. Thus, it is difficult to confirm the 
presence (or absence) of the Fe scatterer by EXAFS analysis alone. However, given 
the presence of the Fe from the crystal structure and Môssbauer data, the E X A F S 
arising from the Ni-Fe vector, once identified, becomes a sensitive probe of structural 
changes in the dimetallic site (vide infra). 

The structure of the Ni-Fe cluster may also be compared to other M 2 S 2 units 
found in redox metalloproteins and is unique in two ways: First, it is a 
heterodimetallic cluster, and second it does not feature a flat M 2 S 2 core. The FE2S2 
centers found in ferredoxins feature planar FE2S2 units (51), though the S-donors 
involved are sulfide ions and not cysteine thiolate ligands. A planar CU2S2 unit 
involving cysteinate ligation is found in the recently characterized C U A site in 
cytochrome oxidase (4-6). The tendency of Ni(II) alkylthiolate complexes to 
polymerize via the formation of μ-dithiolato groups is well-established. (35,52 -54) In 
most of these complexes the NI2S2CORES are not flat, but bent along the vector 
containing the bridging S donor atoms. One example where polymerization was 
stopped at the dimer stage by incorporation of an N-donor ligand is shown in Figure 
2. This dimer (and others like it) have several gross structural features in common 
with the H2ASE Ni-Fe cluster (53). The dihedral angle formed between the planes 
defined by the M S 2 fragments (the fold angle) is typically -90-120° and compares 
with a fold angle of -96° calculated for the H2ASE active site. The folding places the 
Ni centers closer together at a distance of 2.68 Λ, a distance that is indistinguishable 
from the Ni-Fe distance in the H2ASE structure (-2.7 Â). The folding is in large part 
a consequence of the use of p-orbitals on the S-donor atoms, which dictate -90° bond 
angles around the S atom. Thus, the S center can choose to either position the alkyl 
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Figure 2. The oxidative chemistry of μ-dithiolato dinickel models, 
{ N i [ R N ( C 2 H 4 S ) 2 ] } 2 . A . The structure of a Ni(II,II) dimer, 
{Ni[MeSC2H4N(C2H4S)2]}2- B. The one-electron oxidation complex 
characterized by spectroscopic techniques. C. The structure of a disulfide from 
the two-electron oxidation of each Ni center. D. The O2 oxidation product of the 
Ni(I IJI ) dimers. (The structure shown for the oxidation of 
{Ni[MeN(C2H4S)2]}2). 
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80 TRANSITION METAL SULFUR CHEMISTRY 

or aryl substituent above or below the plane of a flat M 2 S 2 unit as in the case of CUA, 
or bend the M 2 S 2 unit to accommodate another orientation of the substituent. 

Placing constraints on the position of the cysteine p-methylene C atom is one 
way in which the protein can influence the structure of M 2 S 2 units with bridging 
cysteinate ligands. In the complex shown in Figure 2, the position of the S-C bond is 
constrained by being part of a five-membered chelate ring, and the only option 
available to a planar (albeit very distorted) complex is to fold the M 2 S 2 unit. 
However, other N i complexes with simple alkylthiolate donors are known where the 
complex has no such constraints but nevertheless adopts a folded conformation. One 
possible explanation is that Ni-Ni interactions occurring over distances of 2.6 - 2.9 Â 
might favor a folded configuration. However, this notion is not supported by 
qualitative M.O. calculations (55). 

The tendency of Ni thiolates to bridge to another metal extends to 
heteropolynuclear complexes as well (56,57). The Ni3Fe cluster shown in Figure 3 
contains two μ-dithiolato Ni-Fe units and one thiolato-bridged pair (57). Thus, the 
structure of the H2ase Ni-Fe site reflects chemistry that is typical of N i thiolates, and 
one might anticipate that the chemistry occurring at this cluster also reflects the 
chemistry that is typical of Ni and Fe in these ligand environments. 

Redox Chemistry 

The redox chemistry exhibited by Ni-Fe H2ASES is exceptionally rich and involves 
the Ni-Fe cluster and the various Fe-S clusters present in the enzymes. (8,58-66). 
The redox chemistry associated with the Ni-containing site has been the subject of a 
great deal of investigation since the discovery of epr signals that are observed at 
temperatures > 77 Κ and display hyperfine interactions with 6 1 Ni (67,68). The redox 
chemistry associated with the Ni site is summarized in Figure 4. Aerobic isolation 
and purification of Ni-Fe H2ases generally leads to samples containing a mixture of 
two catalytically inactive forms that exhibit distinct epr spectra (Form A : g = 2.31, 
2.23, 2.02; Form B: g = 2.33, 2.16,2.01). These two forms also differ in the kinetics 
of reductive activation. Form Β is instantaneously reduced by H 2 (it is ready or 
active) while form A requires extensive incubation with H 2 (it is unready or 
inactive). Form Β may be converted to form A in a poorly understood and 
irreversible slow process (without reducing the enzyme) that may involve a 
conformational change and/or incorporation of O2 . The presence of Ο atoms in the 
oxidized forms has been directly observed via line broadening of epr signals in the 
presence of 1 7 Θ 2 (69). 

Oxidative titrations of C. vinosum H2ase in forms A and Β reveal that forms 
A and Β are not the fully oxidized forms of the enzyme (70). At more positive 
potentials, a new S = 1/2 center is created that is coupled to the epr signals arising 
from Ni in forms A and Β and also to the epr signal arising from the oxidized Fe3S4 
cluster that exists in this enzyme. An analysis of Môssbauer spectra obtained on the 
oxidized samples indicates that one possibility for the new S = 1/2 center is a single 
Fe atom with an unusually small isomer shift (δ = 0.05 - 0.15 mm/s). The weakness 
of the coupling (6 mT) to the Ni signal and the large distance between the Ni-Fe 
cluster and the Fe3S4 cluster (-18 Â) in the structure of the D. gigas enzyme argue 
against this S = 1/2 center being the Fe atom in the Ni-Fe cluster, although it is the 
only possibility suggested by the 2.85 Â crystal structure. 

Both forms A and Β are reduced by one-electron to produce an epr-silent 
intermediate (SI) (8J8). The existence of active and inactive conformations of the 
enzyme is supported by a study of the reductive interconversion of forms A and Β 
(8). When form A is reduced at 4° to the SI level and reoxidized, only form A is 
observed as a product. However, when the reduction is carried out and the resulting 
SI state is allowed to equilibrate at 30°, form Β is also produced upon oxidation. A 
similar temperature dependence is observed for SI samples produced from form B. 
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Figure 3. The structure of a Ni3Fe cluster featuring two dithiolato Ni,Fe bridges 
and one monothiolato bridge. (Adapted from ref. 57). 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
00

4

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



82 TRANSITION METAL SULFUR CHEMISTRY 

Form Α οχ 
coupled epr 
oxidized, inactive 

+150mV 

Form A u 

g = 2.31,223,2.02 
oxidized, inactive 

Form Β o x 

coupled epr 
oxidized, inactive 

+150 mV 

Form Β r 

g = 2.33,2.16,2.01 
oxidized, inactive 

140mV 

-330 m V 

Form C y 
g = 2.19,2.14,2.02 
reduced, inactive 

Form C r 

coupled epr 
reduced, active 

' -405 mV 

FormR 
epr silent 
fully reduced 

Figure 4. A scheme describing the redox chemistry associated with the Ni,Fe 
cluster in hydrogenases. 
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The SI redox states may also be reduced by one-electron to yield another epr-
active redox state, form C (g = 2.19, 2.14, 2.02) (8,58). This state has long been 
thought to constitute a catalytic intermediate such as an enzyme/substrate complex 
(e.g., Ni-H- or N1-H2). However, recent results have indicated that this state is stable 
indefinitely in the absence of H 2 , and thus cannot be a catalytic intermediate (60). 
Form C may be further reduced to another epr inactive redox level where all of the 
metal cofactors are in their fully reduced state (R). This reduction, and the stability 
of the Form C in C. vinosum has been studied in detail under a variety of conditions 
by Coremans et al. (61). 

A l l of the redox chemistry associated with Ni occurs at potentials between 
-100 and -400 mV. This is a range that is not typical of one-electron Ni redox 
chemistry, and is unprecedented for two-electron Ni redox chemistry. Nonetheless, 
several schemes based on N i redox chemistry have been proposed, examples of 
which are shown in Table I. The chief advantage of these schemes is that they 

Table I. Redox Schemes 
Sample 77 Κ epr Signal Scheme 

A 
Scheme 

Β 
Scheme 

C 
Scheme 

D 
Form A 
Form Β 
SI 
FormC 
R 

g = 2.31,1.23,2.Ô2 
g = 2.33,2.16,2.01 
none 
g = 2.19, 2.14, 2.02 
none 

Νί(ΙΠ) 
Ni(m) 
Νι(Π) 
Ni(m) 
Ni(II) 

Νί(ΙΠ) 
Ni(m) 
Νι(Π) 
Ni(I) 
Ni(0) 

Ni(I),Fe(II) 
Ni(I),Fe(II) 
Ni(I),Fe(I) 
Ni(I), Fe(II) 
Ni(I), Fe(I) 

Ni(in),Fe(IV) 
Ni(m), Fe(IV) 
Ni(m), Fe(III) 
Ni(m), Fe(n) 
Ni(II), Fe(H) 

provide simple explanations for the sequential appearance and disappearance of 
S=l/2 epr signals that are associated with the N i site via the observation of 6 1 N i 
hyperfine couplings in labeled samples. In both schemes, the epr-active oxidized 
forms of the protein are assigned to Ni(IH) centers. Scheme A utilizes one-electron 
redox chemistry at the N i center by reducing Ni(III) to Ni(II) in SI and then 
reoxidizing it to Ni(III) in form C and reducing it again to Ni(II) in R. Scheme Β 
reduces N i through four redox states (III->II->I->0). Scheme A has the advantage 
that it utilizes only two oxidation states for Ni , and that the unusual oxidation state 
involved (III) is the one favored by thiolate ligation. However, scheme A needs a 
structural change in the N i site in order to account for the reoxidation of the Ni(II) SI 
form at a lower potential. Scheme Β implies unprecedented redox chemistry for a 
single N i center that must involve considerable structural change in order to 
compress the Ni(IH/II) and Νι(Π/Ι) couples that are normally separated by about 2 V 
into an ~ 250 mV range. A baseline for the kinds structural change that might be 
expected is provided by a model system where Ni-S bonds lengthen by 0.14 A upon 
reduction of Νί(ΠΙ) to Ni(II) (37). 

The redox activity of the Ni center has been examined by using X A S . 
Measurement of the differences in the Ni K-edge energy between the various redox 
levels provides a sensitive method for detecting changes in the charge density on the 
N i center (48). The technique has been applied to many redox enzymes and has 
proven useful in detecting redox reactions that are ligand-centered rather than metal-
centered, provided that the ligand environment of the metal is relatively constant 
(10). The edge energies determined from the Ni K-edge spectra in Figure 1 are 
shown in Table Π. For a one-electron metal-centered redox process, a shift of -2 eV 
in the edge energy is expected. In none of the cases is the edge energy shift between 
fully oxidized and fully reduced samples greater than 1.5 eV, ruling out scheme Β as 
a realistic description of the redox chemistry. This view is also supported by a N i L -
edge study of P.furiosus H2ASE (71). Scheme A cannot be ruled out entirely, but is 
overly simplistic in that the analysis of the E X A F S data reveals no significant 
changes in the Ni-S distances as a function of redox poise. Thus, the redox 
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chemistry associated with at least three electrons that are required to go from 
oxidized to reduced enzyme must either be localized elsewhere, or delocalized over 
several atomic centers in the Ni-Fe cluster. 

Table IL Ni K-edge and X A N E S Data for Ni,Fe Hydrogenases 
Sample Source Edge Energy (eV) ls->SdArea(l& eV) 

Form A C. vinosum 8340.0(2) 7.6(5) 
D. gigas 8340.5(2) 5.7(5) 
E. coli 8340.3(2) 4.4(5) 
T. roseopersicina 8340.4(2) 1.5(5) 

Form Β C. vinosum 8340.4(2) 6.3(5) 
D. desulfuricans 8340.3(2) 4.3(5) 
T. roseopersicina 8339.8(2) 1.6(5) 

SI D. gigas 8339.2(2) 2.2(5) 
T. roseopersicina 8339.8(2) 1.4(5) 

FormC C. vinosum 8339.4(2) 2.4(5) 
D. gigas 8339.6(2) 2.5(5) 
T. roseopersicina 8339.6(2) <0.1(5) 

R C. vinosum 8339.0(2) 1.1(5) 
D. desulfuricans 8339.6(2) 1.4(5) 
O. gigas 8339.0(2) 2.9(5) 
T. roseopersicina 8339.5(2) 0.7(5) 

Another possibility is that the Fe atom in the Ni-Fe center is primarily 
responsible for the redox chemistry. Iron-centered redox schemes are also 
summarized in Table I (46). These schemes feature Ni(I) (Scheme C) or Ni(III) 
(Scheme D) to account for the epr signal that is associated with the Ni site, but do not 
vary the Ni oxidation state. Instead, the S=l/2 Ni centers are antiferromagnetically 
coupled to S =1/2 Fe centers in order to produce the epr silent states. The choice of 
the favored Fe and N i oxidation states is determined by the hypothetical choice of 
CO (lower oxidation states) or CN" (higher oxidation states) as the terminal Fe 
ligands in the cluster. These mechanisms have several advantages over the Ni redox 
schemes. First, Fe has facile redox chemistry and is widely utilized as a redox center 
in biology. Second, the schemes are consistent with the X A S data in that the 
structure and the charge density of the Ni center need not change much. The 
schemes are also consistent with a role for Fe as a CO binding site (vide infra). 
However, both schemes still utilize unusual oxidation states for N i and have many of 
the problems associated with the Ni-centered schemes. In addition, a stable Ni(I) 
species is inconsistent with an oxidized protein and a thiolate-rich N i ligand 
environment. The Ni(III) center favored by the thiolate environment in the oxidized 
protein is unlikely to be stable in a reducing environment. The Fe-centered schemes 
also provide no compelling explanation for the absence of 5 7 F e hyperfine splittings 
or line broadening in the epr spectra associated with the Ni-Fe cluster in labeled 
H2ase samples (72). In essence, these schemes simply transfer the redox processes 
from Ni to Fe. 

A third possibility is that the thiolate ligands are intimately involved in the 
redox process and that the redox chemistry is a property of the cluster and not a 
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particular metal center. This possibility is supported by studies of μ-dithiolato 
dinickel(II) model complexes that also feature terminal thiolate ligation. The 
products of various oxidations of { N i [ R N ( Œ 2 C H 2 S ) 2 Î 2 dimeric complexes reveal 
evidence of S-oxidation in every case (figure 4) (10,33^3,73,74). 

One-electron electrochemical or chemical oxidations of the dimeric systems 
lead to species that exhibit rhombic S = 1/2 epr spectra that are similar to those 
characteristic of H2ASE. The potentials measured for the one-electron oxidation of 
the dimers using electrochemical methods can be low (e.g., +30 mV vs. NHE), 
indicating that the thiolate ligation has stabilized the formal Νι(Π/ΙΠ) couple, as 
expected. The Ni(II,II) dimers have no accessible reductive chemistry in 
CH2CI2/O.I1Ï1M Bu4N(C104 or PFO) solution. Although the oxidized species have 
proven to be too reactive to crystallize and structurally characterize by x-ray 
diffraction, the assignment of the oxidation product as & formal Νι(Π/ΠΙ) dimer is 
consistent with the coulometry (one-electron/dimer), with structural precedent in a 
similar system, with the quasi-reversible electrochemistry exhibited by the dimers, 
and with the analysis of epr spectra in dimers labeled with 6 1 N i where the hyperfine 
is best fit by including two Ni centers. The electronic structure of the one-electron 
oxidation product has been examined by using epr, i H - E N D O R , electronic 
absorption and theoretical techniques (10,55). The epr spectra obtained from the 
6lNi-labeled dimers with N-substitutents that do not contain donor atoms exhibit 
very small hyperfine interactions that average for the two N i centers to 10.5, 0.0, and 
4.1 G for g = 2.20, 2.14 and 2.02, respectively (for N-substituent = - C H 2 P H ) . The 
magnitude of the hyperfine couplings observed in the models is about half that found 
in teases (75), which is about half of that is observed in Ni(III) complexes with O-
or N-donor ligands (30,31). The !H-ENDOR spectrum of the S=l/2 species reveals 
hyperfine couplings to S - C H 2 - protons with a coupling constant of 12-14 MHz, 
demonstrating that substantial spin density resides on some of the S-donor atoms 
(10,55). Similar ^ - E N D O R resonances that arise from solvent nonexchangeable 
protons are observed in the ^ - E N D O R spectra of D.gigas H2ASE in forms A , Β and 
C and in form C of T. roseopersicina H2ASE (10,50,76). These nonexchangeable 
protons were assigned to cysteine β -ΟΗ2 protons, and provide evidence of substantial 
spin density on one or more S donor atoms in the enzyme. Further, the magnitude of 
the coupling to the cysteine β -ΟΗ2 protons is essentially identical in all of the H2ASE 
samples. This is strong evidence that forms A , B , and C are electronically similar 
species and are derived from the same oxidation state of the Ni-Fe cluster. This 
notion is also consistent with X A S data that show the charge density on the Ni atom 
in form A , Β and C to be essentially the same (28,29,71), and with redox state 
dependent IR results that show similar shifts in the vibrations tentatively assigned to 
the ligands of the Fe center in forms A , B, and C (47). 

It is easy to envision how spin density might find its way to the S - C H 2 
protons in these oxidized complexes, either by viewing the product as containing an 
oxidized S center or as S covalently bonded to a Νΐ(ΠΙ) center. However, it is not so 
easy to understand how spin density of this magnitude could be transmitted to an S-
donor ligand with a full valence shell from a reduced (e.g., Ni(I)) center. This 
difficulty, the stabilization of the oxidized dimers by the thiolates, plus the similarity 
of the H2ASE ENDOR spectra to those of an oxidized model compound are strong 
evidence that forms A , B, and C contain an oxidized Ni-Fe center. 

Qualitative ab initio theoretical calculations predict that the HOMO of the 
Νι(Π,Π) dimers is largely a combination of p z orbitals on the terminal thiolate ligands 
(Figure 5) (55), a situation that is predicted to be maintained in the oxidation product 
if no major structural changes accompany the oxidation. The assumption that large 
structural changes do not occur upon oxidation is supported by the structure of the 
Νΐ(ΙΙ/ΠΙ) dimeric complex {Ni[P(o-C6H4S)3]}2, which exhibits a very similar N12S2 
core to that found in the Νί(Π,ΙΙ) dimers of the R N ( C H 2 C H 2 S ) 2 2 ' ligands, and by the 
results of X A S structural comparisons between the oxidized and reduced dimers. 
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Figure 5. The HOMO calculated for {Ni[MeN(C2H4S)2L h from an HF-level ab 
initio calculation using the LANL2-DZ basis set 

Ci 
RN—Ν Ci 

I 
RN—Ni-CN 

o-*o~l-

RN—Ni-CN RN—I; u 
· ο Γ ; ο Ί · 

S 

RN—Ni-CN 

S 

RN Ni-CN 

Figure 6. A proposed mechanism for the oxidation of Ni(II) thiolato ligands by 
O 2 (Reproduced with permission from ref. 74. Copyright 1993 ACS.). 
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Thus, on the basis of this model, the oxidized Ni-Fe center might be more 
appropriately viewed as involving oxidation of one or both of the terminal N i 
cysteinate ligands. The localization of the spin density on these terminal ligands and 
the N i center provides one possible explanation for why no hyperfine coupling is 
observed in the epr spectrum of H2ASE samples labeled with 5 7 Fe . 

The fact that the g-values in the epr spectra are all greater than 2.0 might be 
interpreted as evidence that a Ni(m) center has been produced. However, electrons 
localized on S also can experience spin-orbit coupling of sufficient magnitude to lead 
to the observed g-values. Epr spectra of thiyl radicals (e.g., cysteinyl radical) taken 
in frozen MeOH solutions reveal axial spectra with gn = 2.3 and gx = 2.0 (gave = 2.1) 
(77). The deviation of the g-values from g = 2.0 in H2ASE and in the model system 
are within this range and have average values of about 2.1 (10,55). The epr spectra 
of the thiyl radicals are typically axial due to the degeneracy of the p-orbitals 
perpendicular to the S-C bond. This degeneracy could be lifted in a metal complex 
because of the additional S-M interaction, giving rise to a rhombic spectrum. Thus, 
the observed g-values and small hyperfine interactions are also consistent with 
largely S-centered oxidation. 

The involvement of the S-donor atoms in the oxidative chemistry of the N i 
alkylthiolate dimeric complexes is also apparent in the products from two- and four-
electron oxidations. When I2 is used as a two-electron chemical oxidant, the thiolate 
ligands are oxidized to disulfides (33). The stoichiometry of the reaction indicates 
that each N i center is oxidized by two-electrons and quantitaively converts all of the 
thiolates to disulfides. In the case where R = - C H 2 C H 2 S M E , the product has been 
isolated and crystallographically characterized (Figure 2) (33). It is found to be a 
five-coordinate, mononuclear high-spin Νι(Π) complex with a monodentate disulfide. 
The remaining coordination positions on N i are occupied by the tertiary amine N -
donor, the thioether, and two I" ligands. If substoichiometric I2 is used, the product 
of the reaction is a mixture of the disulfide complex and unreacted dimer. 

Nickel complexes of alkyl thiolates have also been shown to be susceptible to 
oxidation by O 2 , leading to the formation of S-bound sulflnate ligands, a four-
electron S-centered oxidation. (73,74,78-80). Reaction of the dimer leads to the 
oxidation of only the terminal thiolates, consistent with their greater nucleophilicity 
and the mechanistic proposal that the reaction involves nucleophilic attack by 
thiolate S on O 2 (74). Studies of various planar dithiolates reveal that only one of the 
thiolates is oxidized by O 2 . The second thiolate is not converted to a sulfinate, an 
observation that has been traced to changes in the electronic structure of the 
complexes that occurs upon oxidation. Qualitative ab initio calculations of planar 
cis- and trans-dithiolate complexes reveal that the filled frontier M.O.s of the 
dithiolates are dominated by S p-orbitals, as was the case in the dimeric system (81). 
Upon oxidation, the filled frontier M.O.s of the monosulfinato complexes are 
dominated by contributions from the Ο atoms of the sulflnate group. (81). 
Calculations of the electrostatic potential surfaces of the molecules show that the S 
centers in the dithiolates are nucleophilic, but that the remaining thiolate S-donor in 
the monosulfinate complexes is not (81). 

Kinetic investigations of the O 2 oxidations of planar N i thiolates indicates 
that the reaction is quite slow (ti/2 = hours - days) and is first order in [Ni] and in 
[O2] (74,78). These studies also provide no evidence for stable intermediates, 
radicals, or free 102. Cross-over experiments performed with mixtures of 1 8 Θ 2 and 
1 6 Θ 2 reveal that the reaction follows a dioxygenase-like mechanism, proceeding via 
the incorporation of both atoms of Ο from a single O 2 molecule (74,80). A 
mechanism analogous to that proposed for the oxidation of thioethers by * Θ 2 has 
been proposed (Figure 6) (74). This mechanism, which involves a 
thiadioxirane/persulfoxide intermediate, is consistent with the known features of the 
reaction mechanism. 
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A l l of the known examples of the O 2 oxidation of N i thiolate complexes 
involve planar (S = 0) complexes. Efforts to test the reaction on high-spin systems 
were stymied by the paucity of five- and six-coordinate thiolate complexes featuring 
chelating alkyl thiolate ligands. This situation was overcome when a five-coordinate, 
high-spin, Ni(H) dithiolate was synthesized by Kovacs and coworkers (82). This 
complex has been examined for reactivity with O 2 , and preliminary work indicates 
that a reaction similar to the low-spin systems occurs. As in the planar systems, the 
reaction can be followed spectrophotometrically and proceeds through isosbestic 
points, an observation that is consistent with the formation of a single product 
(Figure 7). This product has not been crystallographically characterized, but its IR 
spectrum features bands in the 1000 - 1200 cm-1 region that are characteristic of 
sulfinate groups (74). The greatest difference lies in the rate of reaction (ti/2 ~14 
min) and indicates that either the thiolates in the high-spin complex are much more 
nucleophilic, or the reaction of the planar system is inhibited by the spin-forbidden 
nature of the process (the complexes are singlets and O 2 is a triplet species). 

The ubiquitous nature of the oxidation of alkyl thiolate ligands in N i 
complexes suggests that the same chemistry should occur in the H2ASE Ni-Fe site 
unless the thiolates are specifically protected from oxidation. One possibility is that 
the loss of reactivity that is associated with the conversion of form Β to form A may 
be due to the oxidation of a thiolate ligand. The 2.85 A crystal structure provides no 
support for this hypothesis, but it would be difficult to rule it out entirely, since only 
1/3 of the sample is in form A . Another aspect of the oxidation of thiolates to 
sulfoxy species is that they are not known to be easily reversed (83), which is a 
requirment for H2ASE. One exception to the oxidative deactivation of leases by O 2 
involves enzymes that incorporate selenocysteine as a Ni ligand. The H2ASE from D. 
baculatum may be isolated aerobically in an epr silent state that requires no reductive 
activation. (16). Amino acid sequence homology with the structurally characterized 
D. gigas enzyme reveals that it is cys-530, a terminal N i thiolate ligand in the Ni-Fe 
site, that is substituted by selenocysteine (84). Studies of the oxidative chemistry of 
the Se containing analog, {Ni [MeN (CH2CH2SE ) ]h , show that it is readily oxidized 
by one-electron but is very unreactive toward O 2 (85). 

Several H^ases that do not contain N i have been characterized (77). 
Compared to the Fe-only enzymes, the Ni-Fe enzymes are typically only 1-10% as 
active (10). The Ni-Fe enzymes usually function as H 2 uptake enzymes ( H 2 
oxidation), suggesting that one possible role for N i is to produce an active site that 
favors H 2 oxidation under biological conditions. However, this is not the case for 
Pyrococcus furiosus H2ASE, which contains N i and preferentially catalyzes H 2 
production (86). The most outstanding feature associated with the Ni-containing 
enzymes is their O 2 tolerance and the reversibility of the oxidatively inactivated 
enzymes. Thus, one view of the redox role of N i that emerges from the model 
chemistry presented here is that it is involved in modifying the reactivity of thiolates 
or Fe-thiolate complexes to make them more stable to oxidation. This property 
would be even more developed by replacing key cysteinate groups with 
selenocysteinate. 

The Role of Ni as a Binding Site 

Another aspect of many hypothetical reaction mechanisms for H2ASE is the use of Ni 
as a binding site for substrate ( H 2 or H") and inhibitors (e.g., CO). Such a role is 
suggested by two properties of the enzyme: the photochemical reactivity of form C 
(87) and the observation of 1 3 C hyperfine coupling in the 77 Κ epr signal of form C 
in the presence of 1 3 C O (69). However, recent investigations of these properties 
suggest that Ni may not serve as a binding site for H 2 , or at the very least is not the 
only binding site. 
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Figure 7. Characterization of the reaction of a high-spin (S = 1) Ni(II) dithiolate 
with O2: spectral changes, activation parameters, and O2 dependence. D
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When form C is exposed to light, it is converted to another epr-active form, 
form C* (g = 2.29,2.13, 2.05) (50,87). At temperatures below -200 Κ the process is 
irreversible but it can be reversed by annealing the sample at temperatures above 
~200 K . Thus, the photochemistry has the characteristics of a ligand 
photodissociation and recombination reaction. One possible mechanism that would 
explain the photochemistry involves the photodissociation and recombination of an S 
= 1/2 Ni-H~ complex. This proposal is consistent with the observation of a large 2 H -
isotope effect on the photochemistry (88). The photodissociation of a Ni -H species 
has been examined by a combination of ENDOR and X A S studies of the reaction 
using H2ASE from T. roseopersicina (50) The ÏH-ENDOR spectrum reveals two sets 
of resonances in the enzyme corresponding to protons that were not solvent 
exchangeable with a coupling constant of 12-14 MHz (assigned to cysteine β-ΟΗ2 
protons, vide supra), and a more strongly coupled (20 MHz) proton resonance that 
exchanges with D 2 O . Exposure to light causes the resonance due to the solvent 
exchangeable proton to vanish, and annealing causes the resonance to reappear. This 
observation is consistent with the photochemical dissociation and recombination of a 
Ni -H species, but also with other mechanisms since there is no way to associate the 
photochemically active proton with the Ni center. It is unambiguously associated 
only with the spin in the Ni-Fe cluster. 

The photochemical dissociation and recombination reaction was also studied 
by using N i K-edge X A S (Figure 8) (50). These studies provided no evidence for a 
change in the Ni environment. No shift in the edge energy or the geometry sensitive 
X A N E S features of form C of the magnitude that would be expected for the loss of a 
ligand were observed upon conversion to the photoproduct. The analysis of the 
E X A F S does not reveal any changes in the primary coordination sphere of the Ni . 
However, a feature that can be attributed to the Ni-Fe or long Ni-S vectors become 
pronounced in the photoproduct, suggesting that the Ni-Fe or Ni-S distance has 
changed so that the EXAFS arising from these scattering atoms no longer cancels 
out. Similar effects are also observed for the same photochemical process in C. 
vinosum H2ASE (89). 

The lack of a change in the EXAFS due to the primary coordination sphere of 
Ni is not inconsistent with the presence and dissociation of a hydride ligand because 
the small backscattering cross-section of the H atom renders it invisible in E X A F S . 
To examine this aspect in more detail, the X A S spectrum of CO adducts of T. 
roseopersicina and C. vinosum H2ASES and their photoproducts have been examined. 
Carbon monoxide is a competitive inhibitor of H2ASE, and it is likely that this 
inhibition arises from the competition for a common metal binding site. Complexes 
of CO with form C have been reported and exhibit hyperfine interactions with 1 3 C 
when 1 3 C O is used in the reaction with form C (69). Unfortunately, extensive 
exposure of form C to CO leads to an epr silent state. Further, the epr-active CO 
adduct is formed in low yield (~25%) and is unsuitable for E X A F S studies. 
However, the epr silent species that is formed corresponds to the CO complex of the 
SI redox level, as shown by IR spectroscopy (90). The IR spectrum of this CO 
adduct displays a single vibration at 2060 cnr 1 that was assigned to a terminal N i -
CO complex based on the stretching frequency. This complex is still light-sensitive 
and was shown to reversibly photodissociate CO. 

In contrast to H% CO is a ligand that gives rise to a rich EXAFS spectrum that 
arises from a short M - C distance and a second coordination sphere Ο atom. 
Examination of the EXAFS spectrum of a crystallographically characterized Ni-CO 
complex with a ligand environment similar (with respect to EXAFS analysis) to that 
found for N i in H2ASE, Ni(NP3)CO (ave. crystallographic distances for Ni-P = 
2.215(3) Â; Ni-C = 1.74(2) À) (97), clearly shows the short Ni-C interaction and 
second coordination sphere Ο atom (Figure 9). No such features are observed in the 
N i K-edge E X A F S spectrum of H2ASE (Figure 10) (89). Further, photodissociation 
of the CO from the enzyme does not lead to significant changes in either the Ni Κ-
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Figure 8. N i K-edge EXAFS data and analysis for T.r. hydrogenase form C and 
its photoproduct. Data is shown as a solid line as Fourier transforms (right) and 
filtered data (1 - 3 Â) (left). Fits shown for Form C: IN @ 1.92 Â + 3 S @ 2.22 
Λ ( ); 1 N @1.92 Â + 3S @ 2.22 Â + 1 S-@ 2.75 Â ( ). Fits 
shown for Form C*: 1 Ν @ 1.92 Â + 4 S @ 2.22 Â ( ); 1 Ν @1.94 Â 
+ 3S @ 2.23 Â + 1 S @ 2.70 Â ( ). (Adapted from ref. 57). 
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Figure 9. N i K-edge E X A F S data and analysis of Ni(NP3)CO. Fourier 
transformed data (right) filtered E X A F S (1 - 3 A) (left). Top: fit = Filtered 
E X A F S (1 - 2.5 Â) (dots) and a fit (solid line) = 3 Ρ @ 2.19 Â. The difference 
(data - fit) is shown as a dotted line. Bottom: The EXAFS data (dots) and a fit 
(solid line) with 3 Ρ @ 2.20 À + 1 C @ 1.72 À. The difference (data - fit) is 
shown as a dotted line. The addition of the C scatterer improves the goodness of 
fit by a factor of 2. The short C scattering atom is clearly seen as giving rise the 
residual E X A F S wave in the top figure. Features at distances > 2Â in the FT 
spectrum are due to scattering from the semi-coordinated N-donor and the second 
coordination sphere CO O-atom. 
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Figure 10. N i K-edge E X A F S data (open circles) and analysis of C.v. 
hydrogenase + CO (top) and its photoproduct where CO is dissociated (bottom). 
Note the absence of features attributable to a short Ni-C bond or to a second 
coordination sphere Ο atom. Fits shown (solid lines) for the CO complex and its 
photoproduct are: 4 S @ 2.24 Â + 1 Fe @ 2.57 Â and 4 S @ 2.24 À + 1 Fe @ 
2.63 A , respectively. 
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edge energy, the geometry-sensitive X A N E S features, or the E X A F S spectrum. 
Thus, the Fe center in the Ni-Fe site is implicated as the binding site for the terminal 
CO ligand. This conclusion is consistent with recent Môssbauer studies of reduced 
C. vinosum H2ASE (form C and R), which reveal the spectrum of a diamagnetic Fe 
center {e.g., low-spin Fe(EL)) that is sensitive to the presence of CO (92). 

Because CO is a competitive inhibitor, the Fe atom is also a likely binding 
site for H 2 or H - . This suggestion is supported by the discovery that the unique IR 
features associated with the Fe site are also found in Fe-only leases (93), indicating 
that the Fe and the ligands giving rise to these unusual spectral features are part of an 
active site found in all metal-containing hydrogenases. An Fe-H2(H") complex is 
also consistent with 2 H isotope effect on the photochemical dissociation and 
recombination. However, it is unlikely that Form C is an H 2 or H - complex. When 
H 2 is carefully removed from a sample of form C, the epr signal is stable indefinitely 
(60). This is inconsistent with form C being a reactive intermediate (e.g., a hydride 
complex) or an H 2 adduct, since the hydride should convert to H 2 in the presence of 
water and the H 2 adduct should dissociate at low H 2 partial pressure. Instead of an 
enzyme/substrate complex, it is much more likely that form C is an enzyme/product 
complex. In other words, that it differs from form Β by having a proton(s) associated 
with the Ni-Fe cluster. 

Redox titrations as a function of pH show that the reduction of the Ni-Fe 
cluster is coupled to the binding of H + to the protein (8,58,59). Model studies 
suggest that the cysteinate ligands might serve as a site for protonation and yield 
compounds capable of producing H 2 (9,94-96). An example employing the dinickel 
model complexes discussed here is provided by the titration of 
{Ni[RN(CH 2 CH 2 S) 2 ]}2 with 1 equivalent of [H(OEt2)2] +[B(3,5-Me 2C 6H3)4]- (97). 
The addition of 1 equivalent of H+/dimer leads to the protonation of a terminal 
thiolate ligand, which may be deprotonated by addition of base. The 
protonation/deprotonation may be followed spectrophotometrically and proceeds 
with the formation of isosbestic points (Figure 11). The formulation of the 
protonated species as [{Ni[RN(CH2CH2S)2LHH] + [B(3,5-Me2QH3)4]- is confirmed 
by elemental analysis. The presence of a thiol in the product is detected by IR 
spectra that feature a vibration at 2690 cm*1 that shifts to 2630 cm - 1 in the analogous 
selenolate complex, and by 2 H - N M R spectra that reveal a single 2 H resonance at 
1.95 ppm when [2H(OEt2)2L+([B(3,5-Me2C6H3)4]- is used in the reaction. The 
dimeric structure of the protonated complex is confirmed by X A S . The E X A F S 
spectrum of the protonated derivative is nearly identical to that of the unprotonated 
complex, and clearly exhibits a Ni-Ni vector (Figure 12). A l l of the Ni-scatterer 
distances characteristic of the protonated derivative are slightly longer (0.01 - 0.02 
Â) than in the unprotonated dimer. The energy of the Ni K-edge shifts by 0.8(2) eV 
to higher energy, reflecting the changes in the charge density on Ni when a thiolate 
ligand is protonated and demonstrates the sensitivity of these measurements to small 
changes in charge density. 

A similar protonated complex can be envisioned for form C of H2ase. The 
thiol proton would pick up spin density by being associated with the Ni-Fe cluster, 
leading to the observation of a relatively weakly coupled proton (20 MHz) in the 
ENDOR spectrum. This proton could be lost from the ENDOR spectrum by 
photolytic cleavage of either the Ni-S bond or the S-H bond, processes that are likely 
given the dominance of the electronic absorption spectrum by S -> M L M C T 
transitions. 

Summary 

The remarkable crystal structure obtained from D.gigas H2ASE reveals a 
heterodimetallic Ni-Fe cluster that serves as the active site. The structure of this 
cluster appears to be consistent with common Ni thiolate chemistry, which is 
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Figure 11. Electronic spectral changes accompanying the reversible protonation 
of {Ni[MeN(C 2H4S) 2]}2. 
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Figure 12. N i K-edge E X A F S data (open circles) and analysis for 
{Ni[MeN(C2H4S)2]}2(top) and [{Ni[MeN(C2H4Sh]}2H]+[B(3,5-Me2Ç6H3)4]-
(bottom). Fits shown (solid lines): 3S @ 2.164(1) A + 1 Ν @ 1.896(5) A + 1 N i 
@ 2.680(3) A (top), 3 S @ 2.184(1) A + 1 Ν @ 1.901(4) A + 1 N i @ 2.690(3) A 
(bottom). 

dominated by the formation of polynuclear species via the formation of dithiolato 
bridges. The gross structural properties of the Ni site (S at 2.2 A , and the possibility 
of a Ni-Fe vector and a long Ni-S interaction) are consistent with E X A F S data, 
although a coordination number of 5 - 6 is predicted from X A N E S analysis. The 
basic structural features are similar in several H2ases obtained from a variety of 
bacteria. The largest differences involve the presence of Ο,Ν ligation in many 
enzymes that is not obvious in the published crystal structure. 

The redox chemistry of the Ni-Fe cluster has been probed by several 
techniques, none of which provide unambiguous evidence for Ni-centered redox 
chemistry. X A S studies reveal edge energy shifts that are too small to accommodate 
more than two oxidation states for N i in the enzyme. ENDOR spectroscopy reveals 
that the resonances associated with cysteinate methylene protons exhibit the same 
coupling constant in forms A , B, and C, thus demonstrating that all three of these 
forms feature the same oxidation state of the Ni-Fe cluster, in agreement with the 
X A S experiments. 

Several explanations for the redox chemistry of the cluster are possible and 
include redox activity at the Fe center and redox activity involving the thiolate 
ligands. A role for Fe in the redox chemistry is suggested by IR studies of the redox-
dependent frequencies of bands that have been associated with the Fe ligands in the 
cluster. Mechanisms involving thiolate redox chemistry are supported by the redox 
chemistry exhibited by a series of dinickel model complexes that feature μ-dithiolato 
and terminal thiolate ligation. The redox chemistry associated with these models is 
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dominated by products that reflect S-centered oxidation. No reductive chemistry is 
observed at modest potentials. The electronic structure of the thiolate complexes, as 
examined by qualitative ab initio theory, shows that S p-orbitals dominate the 
occupied frontier orbitals of the Ni alkylthiolate complexes. These results support 
the notion that the Ni center is not the primary redox center, suggest that the thiolate 
ligands are intimately involved in the redox chemistry, and confirm that higher 
oxidation states should be supported by thiolate ligation. 

Studies aimed at providing evidence for the role of Ni as a substrate and/or 
inhibitor binding site fail to provide unequivocal evidence of Ni-H or Ni-CO 
complexes, and recent studies of the CO complexes formed with H2ase clearly 
implicate Fe as a potential binding site for this competitive inhibitor. Thus, there is 
little evidence to indicate that Ni serves as a binding site. 

Given that one of the outstanding properties of the Ni-containing H2ases is 
their stability to irreversible oxidation by 0 2, it seems possible that one of the 
functions of Ni is to modify the Fe and/or S catalytic sites so that the site is not 
irreversibly inactivated by exposure to 02. This notion is supported by the fact that 
H2ases containing only Fe are much better catalysts of H 2 redox chemistry, but are 
irreversibly deactivated by 0 2. The trend in O2 stability seems to be furthered by 
the substitution of a terminal Ni-cysteinate ligand by selenocysteinate. 
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Chapter 5 

Challenges of Biocatalysts: Modeling 
the Reactivity of Nitrogenases 

and Other Metal—Sulfur Oxidoreductases 

Dieter Sellmann and Jörg Sutter 

Institut für Anorganische Chemie der Universität Erlangen-Nürnberg, 
Egerlandstrasse 1, D-91058 Erlangen, Germany 

In the quest for complexes that model the reactivity of nitrogenases, 
hydrogenases, and other oxidoreductases containing metal sulfur units 
as active centers, the coordination of transition metals by sulfur donor 
ligands is regarded as a basic and essential structural feature that 
governs the catalytic functions. Evidence for structure-function 
relationships is found a) in electronic, structural, and redox changes 
caused by protonation and alkylation of the thiolate donors in 
[Fe(CO)2('S4')] and [Fe(CO)('NHS4')], b) in the reactions of 
[Rh(H)(CO)('S4')], which catalyzes the H2/D+ exchange reaction 
typical of hydrogenases, and c) in the stabilization and reactivity of 
diazene, HN=NH, bound to [FeS] complex fragments. 

For many reasons, catalysis is a major topic of chemical research (7). One reason is 
that nature has created catalysts, the enzymes, of whose activity and efficiency 
chemists can only dream. A few of these biocatalysts catalyze reactions of molecules 
such as dinitrogen, dihydrogen, dioxygen, or carbon dioxide; molecules that represent 
the building blocks of all living matter. Some of these molecules, e.g., dinitrogen are 
very inert under standard conditions; others, e.g., dihydrogen may play a role as a 
future energy source (and carrier). The challenges for chemists are evident: It is the 
synthesis of compounds that are able to model enzymatic reactions under similarly 
mild conditions in order to yield perspectives for the synthesis of compounds which 
can ultimately serve as competitive catalysts. 

Numerous efforts have been made to model the active centers of metal 
enzymes using low molecular weight complexes. Many of the resultant 'models' have 
been criticized for being too unlike the active centers. Frequently, this criticism results 
from the misconception that a model has to reduplicate every property of the active 
center, e.g., structure, spectroscopy, magnetism, and reactivity. A (chemical) model, 
however, is per definitionem an abstraction that, even if it models only a very few 
features of the real thing, can nevertheless serve to elicit a better understanding of the 
enzyme (2). 

In search of such model compounds, another problem is encountered. Often it 
is known or it can be predicted that the active centers will be either inactive 

0097-6156/96/0653-0101S15.00/0 
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or even unstable in the absence of proteins reflecting the fact that active centers of 
enzymes need their proteins and the fulfillment of many other conditions in order to 
work properly. For instance, the FeMo cofactor isolated from FeMo nitrogenases 
does not catalyze No reduction, and, in addition, it has only a relatively short lifetime 
in aqueous media (xj/2 ~ 2h) [The properties of the native FeMoco have been 
reviewed comprehensively (5)]. Thus, even if it were possible to synthesize in vitro 
such a [FeMoS] cluster as the FeMoco, this cluster can not be expected to be the 
catalyst that is sought. Consequently, in the quest for competitive catalysts a way has 
to be chosen that is different from the attempts to rebuild in vitro the active centers of 
enzymes as precisely as possible. Nevertheless, the enzymes may show in which 
direction to proceed. 

Our approach is based on the generally accepted presumption that structure-
function relationships exist not only for the complete enzymes but also for their active 
centers. The most basic structural feature of a metal complex, however, is the type of 
donor atoms surrounding the metal center. In this context it is noted that typical 
oxidases such as methane monoxygenase or the water oxidizing complex (WOC) of 
photosystem II employ hard oxygen or nitrogen donors for coordinating the transition 
metals of their active centers. In contrast, typical reductases such as nitrogenases, 
hydrogenases or CO dehydrogenase appear to prefer soft sulfur donors for their 
metals iron, molybdenum, vanadium, or nickel (4). 

This could be one of the above mentioned structure-function relationships. 
Our general efforts aim at elucidating the characteristic features connected with the 
combination of transition metals and sulfur donors. Our particular interest focuses on 
compounds that are able to model reactions of nitrogenases, hydrogenases, and CO 
dehydrogenase. Such compounds ought to be stable in the absence of proteins, and as 
will be shown below, they must also be robust enough to withstand the attack of 
species such as protons. These requirements demand special ligands. A few of these 
ligands and their complexes are surveyed in Scheme I. 

'S 4 ' 2 " 'XS 4 ' 2 ~; X = N H , O, S 

M = Fe, Ru, Os; Cr, Mo, W; Ni, Pd, Pt; Co, Rh; L or L ' = N 2 H 2 , N 2 H 3 , 
N2H4, NH, N H 2 , N H 3 ; NO + , NO*, N H 2 0 , NH 2 OH; (H+), {H2}, H';(CH 3

+ ), CH 3 ", CO, 
{CH 3CO-SR}; Cl", N 3 \ O2"; H 2 S, S 2 ', S 2

2 \ {S2"}, S2° 

Scheme L Sulfur Ligands, Complexes and Coligands 

Starting from bidentate dithiolates such as ethane- or benzene-dithiolate, tetra- and 
pentadentate ligands of the ' S ^ 2 - and ' X S ^ " type have been synthesized that 
contain thioether and thiolate donors and in the case of ' X S ^ 2 ' additionally amine Ν 
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5. SELLMANN & SUTTER Challenges of Biocatalysts 103 

or ether Ο donors (5). These ligands coordinate to biorelevant metals such as Fe, Mo, 
W, Ni , Co or their group homologues, and the resultant complex fragments are able 
to bind a large variety of coligands L or L ' . It may be noted that L and L ' comprise 
species being relevant to N 2 fixation, the nitrate-ammonia interconversion, 
hydrogenases, and CO dehydrogenases and the biological sulfur cycle. The coligands, 
which range from soft σ-π ligands such as CO to hard ligands such as chloride or 
oxide further indicate that these metal sulfur fragments can exhibit a remarkable 
electronic flexibility. Scheme II suggests a few reasons for this flexibility and 
characteristics of [MS] fragments that potentially result from this flexibility. 

M SR 2 

o-donor-K-acceptor 

redox activity 

Scheme DL Bonding Modes of Thioether and Thiolate Ligands and Potentially 
Resultant Characteristics of [MS] Fragments 

From a biological, but also from a theoretical point of view, it can be anticipated that 
ligands with biorelevant sulfur donors, i.e., sulfide, thiolate and thioether donors, 
differ from ligands, e.g., such as phosphine or carbon ligands. For instance, thioether, 
thiolate or sulfide S atoms can be expected to act as σ-donor, as a-donor-7i-acceptor, 
or due to the remaining lone pairs, as a-donor-7i-donor ligands. The actual bonding 
mode will depend on the occupation of the metal d orbitals. The variability of the 
bonding modes also plausibly explains why metal sulfur fragments so frequently 
exhibit redox activity, Brônsted acid-base behaviour, and vacant sites of coordination. 
These three properties are essentials if a molecule A is to be activated or stabilized by 
coordination to a metal sulfur site in order to be transformed subsequently into Β by 
addition of protons and electrons according to equation 1. 

A + x H + + ye * Β (1) 

Equation 1 is the most general expression of the typical reductase reaction stressing 
the coupling of proton and electron transfer. 

In the following sections, general and, with regard to hydrogenase and 
nitrogenase reactions, specific aspects of this equation will be discussed. 

Protonation and Alkylation of Metal Sulfur Complexes: Structural, Electronic 
and Redox Effects 

Little is known of the coupling of the transfer of protons and electrons, for instance, 
the order of the transfer steps and the way in which they influence each other (6). In 
order to shed light upon the question of how primary protonation of metal sulfur sites 
may influence a) the metal sulfur cores, b) small molecules such as CO, N 2 (or 
hydride) bound to them, and c) the subsequent transfer of electrons, we have 
investigated protonation, alkylation and redox reactions of complexes such as 
[Fe(CO)2eS4')] and [FC(COX'NHS4')]. 

M - I SR 2 M - SR 2 

σ-donor c-donor-7C-donor 

— Brônsted acid-base — vacant sites 
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104 TRANSITION METAL SULFUR CHEMISTRY 

[Fe(CO)2('S4')] [FeiCOX'NHSV)] 

Stepwise addition of one and two equivalents of H B F 4 to CH9CI0 solutions of 
[Fe(CO)2('S4')] leads to a significant high-frequency shift of the v(CO) bands by 35 
to 40 cm~l per added equivalent of protons (7). This shift can be traced back to 
protonation of one and both Brônsted basic thiolate donors according to equation 2. 

2010 cm'1 2062 cm'1 2104 cm' 

v (CO) (av.) 

Protonation of the Brônsted basic thiolate donors causes a decrease of electron 
density at the iron centers and consequently a weakening of the Fe-CO π back-
bonding. Upon addition of ether, the starting complexes are regenerated showing that 
the protonations are reversible. Also for this reason, the thiol complexes could not be 
isolated. In order to more strongly implicate the thiolate as the site of attack, 
[Fe(CO)2('S4')] has been also alkylated by stepwise treatment with Et30BF4 
yielding the isoelectronic salts [Fe(CO)2('S4-Et ,)]BF4 and [Fe(CO)2('S4-Et2')]-
0^4)2, which could be characterized by X-ray structure analyses (7). 

Figure 1. Molecular structures of the cations of a) [Fe(CO)2( ,S4-Et ,)]BF4 and 
b) [Fe(CO)2('S4-Et2')](BF4)2. 

The same increase of v(CO) frequencies by some 40 cm~l per alkylation took place, 
and the molecular structures clearly confirm the thiolate donors as sites of 
electrophilic attack. 
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The increase of v(CO) frequencies is remarkably large. It compares to the 
difference observed for couples of homoleptic carbonyl metal complexes such as 
[V(CO) 6]- (1860 cm"1) and [V(CO) 6] (1976 cm"1) (8) whose oxidation states differ 
by a whole unit. We therefore expected a correlation between the v(CO) frequencies 
and the Fe-S distances. However, the data of Table I show that such a correlation 
does not exist. 

Table L v(CO) frequencies versus invariance of FeS distances of [Fe(CO)20S4')] 
and its alkyl derivatives [Fe(CO) 2( 'S 4-Et')] + and [Fe (CO) 2 ( , S 4 -E t 2

, ) ] 2 + 

ν (CO)av. cm"1 d (Fe-S) pm 
2010 228.4(2) 
2049 228.9(2) 
2091 228.1(2) è r s -

^ T ^ F e ^ C ° [ F e ( c ° ) 2 ( ' S 4 ' ) ] 
^ \ ^ C 0 [Fe(CO) 2(Et-'S 4 ')f 

[Fe(CO) 2(Et 2-'S 4 ')] 2 + 

The (averaged) Fe-S distances in the neutral starting complex and the mono- and 
dialkylated derivatives remain invariant. (In this context it is to be noted that in the 
starting complex even the Fe-S(thiolate) and Fe-S(thioether) distances are identical 
within standard deviations). 

In order to explain the invariance of Fe-S distances which strongly contrasts 
with the difference in electron density at the Fe centers as indicated by the large 
v(CO) shifts, we suggest the following bonding scheme. 

F e - S R - ^ F e - ScT + * Fe S c T K

 + 

R = H + , Me + , Et + 

The Fe-S(thiolate) bonds are assumed to have predominantly σ-donor bond 
character. Protonation, and likewise alkylation, of the thiolate donors leads to a 
weakening of the respective S—»Fe σ-bonds and an inductive withdrawal of electron 
density from the Fe centers. The thiolate donors that turned into thiol or thioether 
donors, however, gain π-acceptor properties such that partial Fe-»S π-back bonds 
form, which leads to a further decrease of electron density at the Fe centers. The Fe-S 
distances, on the other hand, remain invariant because weakening of the S->Fe 
σ-donor bond and formation of the F e ^ S π-back bond compensate each other. 

The [Fe(CO)2( ,S4')] complex and its derivatives proved electrochemically 
inactive such that conclusions on the redox consequences could not be drawn. This 
was possible for [Fe(CO)('NjjS 4')] and its derivatives. In this case, cyclic 
voltammograms of even the protonated derivatives could be obtained. 

Like [Fe(CO)2CS4')], [Fe(CO)CNHS 4 ')] can be protonated reversibly and 
stepwise, it can also be alkylated, and the v(CO) frequencies exhibit a similar shift of 
35-40 cm ' 1 per step of protonation or alkylation. Comparison of the corresponding 
distances in [Fe(CO)('NHS 4 '] and its dialkyl derivative |Te(CO)0NHS4-Me,Et')] 
( B F 4 ) 2 shows that again the Fe-S (and Fe-N) core distances remain invariant within 
standard deviations (Table II) (Sellmann, D.; Becker, T.; Knoch, F. Chemistry, 
submitted.). 
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106 TRANSITION METAL SULFUR CHEMISTRY 

Table II. Comparison of corresponding distances [pm] in the neutral parent complex 
[FeiCOX'NnS^)] and its dialkylated derivative 

[Fe(COX'NHS4-Me,Et')](BF4)2 

C 
Ο 

Ο 

2+ 

>Et n 
Me 

Fe(l)-C(l) 
Fe(l)-N(l) 
Fe(l)-S(l) 
Fe(l)-S(2) 
Fe(l)-S(3) 
Fe(l)-S(4) 

175.3(12) 
207.2(8) 
229.8(3) 
222.5(3) 
225.5(3) 
230.5(3) 

177.2(12) 
203.4(9) 
227.1(4) 
224.5(4) 
224.4(4) 
229.1(4) 

The electrochemical data of Table ΙΠ demonstrate a dramatic effect upon the redox 
potentials of corresponding redox couples. 

Table ΠΙ. Redox potentials of [Fe(CO)('NHS4')] and its protonated or alkylated 
derivatives (in [V] vs. NHE, in CH 2 Cl2 , ν = lOOmV/s, 

q = quasi reversible, i = irreversible, n.o. = not observed) 

0$ήφθ ΌζΖήφο O i W f o 
C I f ! I C R C 
ο 

C 
ο 

C 
ο 

redox couple 

Fe(II) / Fe(ni) + 0.35q 

Fe(n)/Fe(l) 
Fe(I) /Fe(0) 

n.o. 
no. 

R = Η 
R = Et 
R = Et 

0.98 q 
1.02 q 

-1.34 i 

R = H 
R = Et 
R = Et 

n.o. 

1.46 i 
n.o. 

-0.54 q 
-1.44 i 

The results can be summarized as follows. 
1. Protonation or alkylation have identical consequences. They shift the redox 

potential of corresponding redox pairs ca. 500-700 mV per step of protonation or 
alkylation. Nearly identical shifts of protonated and alkylated derivatives further 
justify consideration of the alkylated derivatives as a kind of 'frozen-in1 protonated 
species. 

2. A logical consequence of the redox potential shifts is that protonated or alkylated 
species are more difficult to oxidize and easier to reduce. This in turn allows 
species with 19 or 20 valence electrons (VE), which cannot be observed 
electrochemically in the case of the neutral parent complex, to become accessible 
when one or both thiolate donors are alkylated. 
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5. SELLMANN & SUTTER Challenges of Biocatalysts 107 

The shift of redox potentials and simultaneous invariance of Fe-S distances may also 
reveal a fundamental structure-function relationship for [MS] oxidoreductases. The 
[MS] cores can be anticipated to facilitate the uptake and the release of electrons 
because no activation barriers due to the rearrangement of atoms, distances, or angles 
impede the electron transfer steps. 

Hydrogenase Reactions 

Hydrogenases contain [NiFeS] or only [FeS] centers (9). The X-ray structure analysis 
of the hydrogenase isolated from Desulfovibrio gigas (10) shows that the active 
center contains a nickel atom in a coordination sphere of soft cysteine thiolate donors 
(Figure 2). Two of them and an as yet undefined X bridge link the nickel atom to a 
second metal atom M that probably is iron which additionally coordinates three 
diatomic Y Z molecules. These Y Z molecules, too, could not yet be identified and 
possibly are CO ligands 

• ν ,SCys 
Cys S * / 

^ N i — S Cys 

\ 
S Cys 

Figure 2. Molecular structure of the active center of hydrogenase isolated from 
Desulfovibrio gigas (10). 

Hydrogenases catalyze the H+/H2 redox equilibrium and the exchange between 
molecular hydrogen and the protons of water (equations 3 a and 3b). 

2 H + + 2 e" H 2 (3a) 

H 2 + D 2 0 HD + HDO (3b) 

From a technological point of view reaction 3 a is of interest with regard to H 2 

production from renewable sources. From the chemical point of view, however, 
reaction 3b is more interesting. It requires the heterolytic cleavage of the strong H - H 
bond (ΔΗ = -436 kJ/mole = -104 kcal/mole)) under mild conditions without 
producing any strongly exergonic products. If such a heterolytic cleavage of H? is 
catalyzed by [MS] centers, it can be expected that the resultant protons bind to sulfur 
donors while the hydride ion gives a metal hydride (7/) (equation 4). 

M M - H M - H " , A . 
I + H 2 — - I I — - I . (4) 
S S—H S—H* 

For that reason, metal sulfur hydride complexes gain considerable importance. 
However, the number of such complexes that have been fully characterized and 
catalyze the reaction of equation 3b is very small. Nickel sulfur hydride complexes 
such as [Ni(H){SRCoH4)3N}]+ (77) and [Ni(H)(S 2C 6H 4)(PMe3)]- (Sellmann, D.; 
HàuBinger, D., unpublished results.), which are of primary interest, do not catalyze 
the H 2 / D + exchange. Therefore, we have extended our research to metals other than 
nickel (or iron) and found the rhodium complex [Rh(H)(ÇO)( , D US4')]. It forms when 
[RhCl(CO) 2] 2 is treated with the neutral thioether thiol ' D U S 4 ' - H 2 . CO and hydrogen 
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108 TRANSITION METAL SULFUR CHEMISTRY 

chloride are removed, and one SH bond oxidatively adds to the rhodium center, which 
becomes formally a RJi(HI) (equation 5) (72). 

[Rh(H)(CO)( , D US4')] n a s a sulfur dominated coordination sphere, and it is interesting 
to investigate how the reactivity of this complex differs from that of common hydride 
complexes. The most significant result has been that [Rh(H)(CO)( , D US4')] exchanges 
its hydride ligand with deuterium upon reaction with molecular D 2 only in the 
presence of catalytic amounts of protons from Brônsted acids such as hydrochloric 
acid. |Tto(H)(CO)('o uS4')] further catalyzes the D?/H+ exchange according to 
equation 6, which again requires catalytic amounts of HC1/H 2 0. 

D 2 + EtOH * HD + EtOD (6) 

These reactions strongly implicate a heterolytic cleavage of H 2 (or D 2 ) by a species 
that results from the reaction of [Rh(H)(CO)('D US4')] and protons. The isolation and 
full characterization of the H and D complexes and the essential requirement of 
catalytic amounts of protic acids led us to suggest the mechanism of Scheme III. 

Scheme ΓΠ. 
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The Brônsted basic thiolate donors are protonated. Reaction between H"1" (from the 
resulting thiol) and H" (from the hydride ligand) yields a nonclassical dihydrogen 
complex (75), which releases H 2 to give the coordinatively unsaturated species 
[Rh(CO)(^ U S4 , )]" , ~. I t s vacant site is occupied by Do which gets cleaved into D + and 
D". D + is released and yields EtOD plus H+, which subsequently reacts with the D 
complex to regenerate the vacant site at the rhodium center. 

Thus, the essential key step, the heterolytic cleavage of D 2 is achieved by the 
concerted action of the Brônsted basic thiolate donor and the Lewis acidic Rh center 
upon the D 2 molecule. The vacant site of the coordinatively unsaturated species, 
which is a five coordinate 16 valence electron Rh(III) complex, is evidently long-lived 
enough in order to allow for the release of H 2 and the addition of Do. The 
stabilization of this vacant site can be traced back to the π-donor capacity of the two 
thiolate donors (and it does not need the protective wrapping by a protein!). 

In order to further substantiate the suggested mechanism of Scheme ΙΠ, 
protonation reactions of [Rh(H)(CO)( , D U S4 , )] and its phosphine derivative 
[Rh(H)(PCY3)('^ US4')] have been investigated at temperatures between +20 °C and 
-50 °C. Monitoring these reactions by IR and Ή N M R spectroscopy yielded 
conclusive evidence (v(SH) bands and 5(SH) *H N M R signals) for the formation of 
the hydride thiol complexes ^ ( H ) ( L ) ( ' B U S 4 ' - H ) ] B F 4 (L = CO, P C V 3 ) according to 
equation 7 (Sellmann, D.; Rackelmann, G., unpublished results.). 

L = CO, PCy 3 

+ H B F 4 

/ CH 2 C1 2 

- H 
(L=PCy 3) 

0 - H 2 

B F 4 -, 
+ H 2 

ci 
L = PCy 3 

B F 4 

00 

When C H 2 C 1 2 solutions of the PCy 3 derivative [Rh(H)(PCy 3 )C b u S 4

, -H)]BF 4 are 
evaporated at ambient temperature, Ho is released and the coordinatively unsaturated 
[ R h(PCy 3 )C b u S4 , )]BF 4 forms. [Rh(PCy3)( , b uS 4

,)]BF4 could be isolated in the solid 
state, and proved highly reactive toward H 2 0 , which added reversibly, and toward 
CO, which yields the stable CO complex [Rh(CO)(PCy3)Cb uS4 ,)]BF4. Most 
importantly, [Rh(PCy3)( , b uS 4

,)]BF4 ̂ so adds H 2 . The H 2 molecule is hetero-
lytically cleaved and yields the thiol hydride complex [Rh(H)(PCy3)( , b uS4'-m]BF 4. 
Upon treatment with bases such as solid NaoCOi or water, pUi(H)(PCy3)( , D US4'-
H)]BF 4 regenerates the hydride [Rh(H)(PCy-j)( , b uS4')]. These results demonstrate 
the heterolytic cleavage of Ho at a metal-sulfur site according to equation 8, firmly 
establish the reversibility of the reactions according to equation 7, and lend further 
support to the mechanism suggested in Scheme ΠΙ. 

S S — H S 

It is to be mentioned that [Rh(PCy3)( , b uS4')]BF4 also catalyzes the exchange 
reaction between EtOH protons and D 2 (equation 6). In this case, however, no 
catalytic amounts of protic acids are required, which in the case of 
[Rh(H)(CO)( , b uS4')] are necessary in order to generate a vacant coordination site at 
the rhodium center. 
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N 2 Fixation 

Biological N 2 fixation is catalyzed by Mo/Fe, V/Fe or 'Fe-only* nitrogenases and 
represents another one of the biological challenges that have not yet been met by 
chemists. The extremely different reaction conditions of the biological and the Haber-
Bosch processes of reduction, i.e., of standard temperature and pressure and 
biological redox potentials on the one hand, red-hot temperatures and high-pressures 
on the other hand, make this challenge particularly fascinating (14). 

Over the last 30 years, chemists have discovered a number of reactions of N 2 

that occur at ambient temperature and pressure. Breakthroughs comprise the 
discovery of metal N 2 complexes (75). A few reactions have been found converting 
the N 2 ligands, for example, in [Mo(N 2) 2(dppe) 2] (76), [Fe(N2)(dmpe)j] (17) and 
[CpMn(CO) 2 N 2 ] (18), into lower valent nitrogen species by electrophilic ( H + or 
CH3"1"), radical ( C H 3 ) or nucleophilic (C5H5", C H 3 * ) attack. Most recently, it was 
shown that 'simple' compounds such as the tris(amido) Mo(III) complex 
[Mo(NRR')3] (R = C ( C D 3 ) 2 C H 3 , R' = 3 , 5 - C 6 H 3 ( C H 3 ) ? ) ) are able to react with N 2 

and completely break the N 2 triple bond by forming of the molybdenum (VI) nitrido 
complex [Mo(YI)=N(NRR')3] (19). Aqueous systems, too, such as Schrauzer's (20) 
and Shilov's (27) molybdenum or vanadium based systems, have been found to reduce 
N 2 t o N 2 H 4 or N H 3 (22). 

But even the most efficient of these systems has not yet matched the 
nitrogenase challenge. Otherwise we might have cheap fertilizers nowadays. One 
major problem is that usually strong abiological reductants such as alkaline metals are 
needed, if not for the actual reduction of N 2 then in one of the preceeding steps, when 
the N 2 complexes are being synthesized. The other problem is that none of these 
systems is truly catalytic. Thus, numerous hopes focussed on the X-ray structure 
analysis of nitrogenase expecting that all these problems would become resolvable by 
elucidating the molecular structure of the FeMo cofactor (Figure 3) (23). 

Figure 3. X-ray structural model of the FeMo cofactor of FeMo nitrogenase. 

Such expectations have not yet come true. Additionally, as outlined above, even if the 
challenge can be met by synthesizing such a cluster in vitro, the cluster may very well 
prove not to be a catalyst for N 2 reduction under mild conditions. On the other hand, 
thermodynamics clearly shows that the reaction according to equation 9 needs a 

reduction potential of only -280 mV at pH 7. This is a lower potential than that 
required for the reduction of protons to dihydrogen (-410 mV at pH 7)! Hence, there 
is in principle no reason that rules out the possibility of reducing N 2 under mild 
conditions. 

'S' 

N 2 + 6 H + + 6e" 
H 2 0 

E 0 = - 280 mV (pH 7) (9) 2 N H 3 
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Iron in the coordination sphere of sulfur donors plays a major role in the 
FeMoco and certainly does so in the active centers of Te-only' nitrogenases. It has 
been shown above that protonation dramatically influences the redox potentials of 
complexes containing [MS] cores. These two facts constitute the basis of a working 
hypothesis for N 2 reduction which we want to explain by discussing the chemistry of 
diazene complexes containing [Fe-S] fragments. 

Diazene, HN=NH, can be assumed to be the first key intermediate of N 2 

fixation which presumably proceeds via 2e72H + steps (22b, 24). In the free state, 
however, diazene has such a high positive enthalpy of formation (AHf = +212 kJ/mole 
= +51 kcal/mole) that it rapidly decomposes above temperatures of ~ -180 °C (25). 
The question arises as to how this unstable molecule can be stabilized, especially in 
the coordination sphere of iron sulfur complexes, in order to avoid unsurmountably 
high energy barriers on the reaction coordinate from N 2 to NH3. 

Scheme IV shows a model cycle for the reduction of N 2 in the coordination 
sphere of [Fe-S] complexes that contain the [ F e C N j ^ ' ) ] fragment (26). 

Scheme IV. Hypothetical Cycle for N 2 Fixation Catalyzed by [FeCN^S^)] 
Fragments 

Three of the four key intermediates, i.e., the N 2 H ? , N0H4 and NH3 complexes, have 
been isolated and characterized. Significantly the cycle contains no biologically 
unusual Fe oxidation states such as Fe(0) or Fe(I), but only Fe(II). These Fe(II) 
centers, however, are high-spin in the N 2 H 4 and NH3 species and low-spin in the 
N 2 H 2 species. Thus, when going through the cycle, changes of spin-states have to be 
envisaged that influence the individual redox steps. 

The molecular structure of the diazene complex is shown in Figure 4 (27). 
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112 TRANSITION METAL SULFUR CHEMISTRY 

Figure 4. a) Molecular structure of ^ - ^ ^ { F e O N j - j S ^ ) } ^ (redrawn after ref 
(27)) and b) potential reaction coordinates for N 2 reduction m the absence and in 
the presence of metal sulfur complexes. 

Two enantiomeric [FeCNpS^)] fragments are linked by a trans diazene, and the 
N 2 H 2 ligand is stabilized oy three major effects: a) The coordination to two metal 
centers which gives rise to a conjugate Fe^N-N-Fe bond that represents a 4c-6e π-
bond between Fe d-orbitals and the N 2 H 2 π-system. b) Kinetic stabilization through 
steric shielding by the bulky [Fe('NjjS4 j fragments, c) Tricentric (bifurcated) N -
H (S) 2 hydrogen bridges between the diazene protons and thiolate donors. Such 
hydrogen bridges can not be expected in the corresponding complex [μ-
N 2 {Fe( 'NHS4')} 2 ] , which has not yet been synthesized. These H-bndges alone may 
'neutralize some estimated 70 kJ/mole (16.1 kcal/mole) of the positive AHf of free 
diazene. All three effects taken together may allow the first step of reduction from N 2 

to N 2 H 2 to become exergonic as indicated in Figure 4b. 
Thus, this diazene complex revealed some very important information. 

However, it could be synthesized only in very small amounts of some 50-100 mg, and 
it proved almost insoluble in all common solvents. This prevented systematical 
investigation of its chemistry and, in particular, of its redox reactions. 

On the other hand, [u-NoHo^FeCNj^ ' ïoJ had yielded proof that diazene 
can be stabilized in the coordination sphere of metal sulfur complexes not containing 
any abiological phosphine ligands which could act as stabilizing and thus essential 
coligands. Hence, there were no longer any objections in principle to the use of 
phosphines as auxiliary ligands to improve the solubility of metal-sulfur diazene 
complexes in (organic) solvents. This idea proved exceedingly fruitful and gave not 
only high yields of well soluble diazene complexes in one-pot syntheses, but also what 
we call our 'miracle of substituents'. 

When FeCl 2 , the dianion of the tetradentate ^ ' - l igand, a phosphine and 
excessive hydrazine are combined in THF according to equation 10, 
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5. SELLMANN & SUTTER Challenges of Biocatalysts 113 

olive-green to brown solutions form which presumably contain the very labile 
J T e i N o ^ ^ O M ^ X ^ ' ) ] complexes. When air is bubbled through these solutions, they 
instantly turn dark blue-green, and the diazene complexes |>-N 2H 2{Fe(PR3)-
C & O t e l f o r m m high yields. The 'miracle of substituents' refers to the fact that this 
procedure does not work with PMe3, PEt3 or PPI13, however, with P(wPr)3 and 
P(wBu)3, it yields up to 10 g of diazene complex in one run. The resultant diazene 
complexes feature the same characteristics as ^ - ^ H o i F e C N j ^ ' t e ] - Figure 5 
shows the molecular structure of the P(Pr)3 derivative, wnich is schematically drawn 
in equation 10 for R = Pr (28). 

Fe(l)-N(l) 190.0(9) pm 
N(l)-N(la) 128.8(15) pm 
S(l)-H(l) 281.4 pm 
S(4a)-H(l) 235.8 pm 

Figure 5. Molecular structure and selected structural parameters of 
^-N 2H 2{Fe(PPr3)eS4 ' )}2]. 

The molecular parameters and spectroscopic properties of |>-N 2H 2{Fe(PPr3)-
0$4')}2] clearly show that the same effects stabilize the diazene ligand in 
^ - N 2 H 2 { F e C N H S 4 ' } 2 ] and ^ -N 2 H 2 {Fe(PPr 3 )OS 4

, )} 2 ] : steric shielding, a 
Fe^N-N-Fe 4c-6e π-system, and N - H (S)? bridges. In contrast to [μ-
N 2 H 2 {Fe( 'NHS4' )} 2 ] , ^ - N o H ^ F e i P P r ç X ^ ' j j o J allowed cyclic voltammograms 
(CV) to be recorded (Figure o). 

Figure 6. Cyclic voltammogram of ^-N 2 H 2 {Fe(PPr 3 )( 'S4')} 2 ] (in C H 2 C 1 2 , 
20 °C, ν = 100 mV/s) and assignment of redox waves and Fe oxidation states. 

The C V of [μ-Ν 2Η 2{Ρβ(ΡΡΓ3)( ,84 ,)}?] exhibits three well resolved and nearly 
reversible redox waves a, b and c in tne anodic region. At -78 °C, even a fourth 
(irreversible) wave at 1.32V can be observed. The redox waves can be assigned to the 
formation of the corresponding mono-cation (a), di-cation (b), and tri-cation (c). As 
shown in Figure 6, assignment of formal oxidation states indicates that the neutral 
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114 TRANSITION METAL SULFUR CHEMISTRY 

diazene parent complex, the monocation, and the dication contain Fe(II)/Fe(II), 
Fe(II)/Fe(III), and Fe(III)/Fe(III) pairs, respectively. 

The formation of the dication and the reversibility of the corresponding redox 
process may have particular significance for the requirements that have to be fulfilled 
in order to reduce N 2 in the coordination sphere of metal sulfur complexes under 
likewise mild conditions as in nitrogenases. Redrawing of the relevant core atoms of 
the dication (Fe, N 2 H 2 , S(thiolate) donors) shows that the dicationic diazene complex 
Β and the diprotonated N 2 complex C are redox isomers (or valence tautomers) 
(Scheme V). 

-2e" 

+2e" M 
_ ? k L N s N 4 - e . 

2+ 

-2H + 

+ 2H+ 

s l: 
A B C D 
Scheme V. Redox Isomerism of the [μ-Ν 2 Η 2 {Ρβ(ΡΡΓ 3 ) ( , 84 , ) } 2 ] 2 + Ion 

It is stressed that species C and D are as yet hypothetical. However, it can be 
envisaged that an intramolecular electron transfer from the diazene ligand to the 
Fe(III) centers of B, cleavage of both N H and formation of two S-H bonds lead to 
the diprotonated N 2 complex C. It yields the neutral N 2 complex D upon loss of the 
two protons. The last step can be expected to take place reversibly and in a 
stereocontrolled way such that formation of S-H S hydrogen bridges may even 
stabilize the N? complex. 

Two alternatives can be discussed for the key reaction that transforms the 
species C into the neutral diazene complex A: 

An equilibrium exists between Β and C such that protonation of D is sufficient 
in order to reach the stage of Β which can be reduced to give A as shown by the re
versible redox waves b and a in Figure 6. This is considered the less likely alternative 
because the diprotonated N 2 complex C is an 18 valence electron (VE) complex. 

Complexes with 18 V E are usually difficult to reduce because the entering 
electrons are required to be in antibonding orbitals. However, in species C all atoms 
that are necessary to form the neutral diazene complex A have already assumed their 
correct position, and, as has been shown above for carbonyl complexes, protonation 
can be expected to facilitate the reduction of the N 2 complex. Thus the decisive step 
might be the reduction of C to give (directly) A. 

The distinction between these two alternatives requires unequivocal proof for 
the neutral N 2 complex D or |^-N 2{Fe(PPr3)('S4')} 2], respectively. We did obtain 
evidence for such a species when ^-N 2 H 2 {Fe(PR3)( 'S4')} 2 ] is oxidized by 
[Cp2Fe]PF5 at -78 °C. The resultant purple species, however, is extremely labile. It 
slowly releases N 2 at -78 °C, and very rapidly releases N 2 upon warming to yield a 
mixture of [Fe^Pr^hÇS^)] and other species that no longer contain nitrogen and 
that have not been characterized in detail (Sellmann, D.; Hennige, Α., unpublished 
results.). 

The importance of Brônsted basic thiolate donors and their protonation for a 
reduction of dinitrogen complexes such as D is underlined by the results of Collman 
et al. (29). The dinuclear [Ru2(DPB)(Im)2] complex (DBP = diporphyrinato-
biphenylentetraanion, Im = l-tert-butyl-5-phenylimidazol) contains two cofacial 
^υ(ΙΙ)(ροφηνπη3ΐο]-ίΐ^πΐ6ηΐ8 and can bind μ-Ν 2, μ-Ν?Η 2 , μ-Ν 2Η4 and (terminal) 
N H 3 ligands. Reversible 2e72H + redox reactions transform the N 2 H 2 , N 2 H 4 and 
N H 3 complexes into each other. The N 2 H 2 can be oxidized to give the N 2 complex 
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5. SELLMANN & SUTTER Challenges of Biocatalysts 115 

plus 2 H + , but this process is irreversible. There may be several reasons why just this 
step is irreversible (see above), but one reason could be that the ^(ροφηντ^ο)] 
fragments have no Brônsted basic centers whose protonation could facilitate the 
uptake of electrons. 

Concluding Discussion 
Realization of structural principles but not the precise reduplication of structural 
details of the active centers is the basis for the synthesis of complexes intended to 
model the reactivity of enzymes and to yield perspectives for future competitive 
catalysts. With regard to the active centers of oxidoreductases such as nitrogenases 
and hydrogenases, surrounding transition metals by sulfur donors is a key structural 
principle. Structure-function relationships have been elucidated for such metal sulfur 
centers by investigation of [Fe(CO)9(,S4')], [Fe(CO)(,NHS4')] and [Rh(H)(CO)-
('S^)] in which preferably thiolate ana thioether donors surround the metal centers. 

Protonation or alkylation of the thiolate donors in the Fe complexes has been 
shown to cause a strong decrease in electron density at the Fe centers, and a drastic 
increase of redox potentials by some 500-700 mV per step of protonation (or 
alkylation) that makes the protonated (or alkylated) derivatives easier to reduce. In 
contrast to these remarkable electronic changes, the Fe-S distances remain invariant 
in the neutral parent complexes and their derivatives. This is traced back to the 
electronic flexibility of metal thiolate bonds, which can assume σ-donor, a-donor-π-
acceptor, or a-donor-7t-donor features. 

Protonation of [Rh(H)(CO)(,BUS4')] leads to similar effects, and beyond those 
to release of H 2 . The resultant coordinatively unsaturated species [Rh(CO)('Dus4

,)]+ 

catalyzes the heterolytic cleavage of molecular dihydrogen, which is one of the two 
key hydrogenase reactions. Heterolysis of H 2 is achieved by the concerted attack of 
the Lewis acidic Rh center and the Brônsted basic thiolate donors upon the H 2 

molecule. A mechanism for the catalysis is proposed and corroborated by isolation of 
the phosphine derivative [Rh(PCy3)('BUS4')]BF4. This species is also catalytically 
active and reversibly gives, upon reaction with H 2 , [Rh(H)(PCy3)('BUS4,-H)]BF4, 
which is deprotonated by Na2CC>3 to yield [Rh(H)(PCy3)CbuS4')]. 

The relationship between primary protonation and subsequent electron transfer 
is potentially essential for the reduction of N? in the coordination sphere of metal 
sulfur complexes. Cyclic voltammetry snows that the diazene complex 
[μ-Ν2Η2{Ρβ(ΡΡΓ3)(,84,)}2] can be reversibly oxidized to give the dication 
[μ-Ν2Η2{Ρ6(ΡΡΓ3)('84

,)}2]2+, which is a redox isomer of the diprotonated 
dinitrogen complex ̂ -N2{Fe(PPr3)('S4'-H)2]2+. This dication and the influence of 
protonation upon reduction potentials point out a way in which reduction of N 2 may 
be achieved under conditions as mild as by nitrogenases and close to the theoretical 
thermodynamic limit of E 0 = -280 mV. 
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Chapter 6 

Catalytic Multielectron Reduction 
of Hydrazine to Ammonia and Acetylene 
to Ethylene with Clusters That Contain 

the MFe3S4 Cores ( M = M o , V) 
Relevance to the Function of Nitrogenase 

D. Coucouvanis, K. D. Demadis, S. M. Malinak, P. E. Mosier, 
M. A. Tyson, and L. J. Laughlin 

Department of Chemistry, University of Michigan, 
Ann Arbor, MI 48109-1055 

Clusters with the [MFe3S4]n+ core, (M = Mo, n=3; M = V, n=2). are 
used as catalysts for the reduction of substrates relevant to nitrogenase 
function. Substrates such as hydrazine and acetylene, are catalytically 
reduced by (NEt4)2[(Cl4-cat)(CH3CN)MoFe3S4Cl3], I, to ammonia and 
ethylene respectively, in the presence of added protons and reducing 
equivalents. Hydrazine also is catalytically reduced by the 
(NEt4)[(DMF)3VFe3S4Cl3] cubane under similar conditions. Catalysis 
in excess of 100 turnovers (for hydrazine reduction) and in excess of 
15 turnovers (for acetylene reduction) has been observed over a period 
of 24 hours. Kinetic studies of the acetylene reduction reaction have 
been carried out. Considerable evidence has been amassed which 
directly implicates the Mo and V atoms as the primary catalytic sites. 
The reduction of hydrazine is accelerated in the presence of 
carboxylate ligands bound to the Mo atom in I and this effect is 
interpreted in terms of a proton delivery shuttle involving the 
carboxylate group and the substrate during reduction. The possible 
role of the homocitrate ligand in the nitrogen cofactor is analyzed in 
terms of these findings. 

In recent single crystal X-ray structure determinations of the Fe-Mo protein of 
nitrogenase from Clostridium pasteurianum (7,2) and Azotobacter vinelandii (2) the 
structure of the Fe/Mo/S site has been revealed to near atomic resolution. This site 
catalyzes the biological reduction of dinitrogen (3) to ammonia under ambient 
temperature and pressure and its exact role and mechanism of action have been 
subject to intense interest. The Fe/Mo/S cluster contains two cuboidal subunits, 
Fe4S3 and MoFe^, bridged by three S2' ions. The cluster is anchored to the protein 
matrix by a cysteinyl residue coordinated to an Fe atom at one end of the cluster and 
by an imidazole group from a histidine residue that is bound to the Mo atom at the 
other end of the cluster, Fig. 1. The Mo atom also is coordinated by a homocitrate 
molecule that serves as a bidentate chelate. Unusual structural features include the 
unprecedented trigonal planar coordination geometry for the six μ-S-bridged iron 
atoms, and the unusually short Fe-Fe distances across the two subclusters (2.5-2.6Â). 

0097-6156/96/0653-O117$15.00A) 
© 1996 American Chemical Society 
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Figure 2. Molecular structures of : I, the [(cat)MoFe3S4 (Cl)3L] n - cubane 
clusters (L= a neutral, n=2 or anionic n=3 ligand, cat = a substituted catecholate 
dianion; (75, 76). Π, the structure of the {[(Cl4-cat)MoFe3S4 (Cl)3]2 (U-N2H4)}4-, 
singly -bridged double cubane (20). HI , the structure of the {[(Cl4-cat)MoFe3S4 
(α)2]2(μ-Ν 2Η 4)(μ-8)}4-(27). 
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The location of the Mo atom at the periphery of the MoFe7Ss_9 cluster and the 
apparent coordinative saturation of the Mo atom have been interpreted as indications 
that the Mo atom may not be directly involved in N 2 fixation. 

The revealed structural features of the nitrogenase Fe/Mo/S center have not led to 
a clear understanding of the mode of substrate activation and reduction and many 
questions regarding the catalytic function of nitrogenase remain unanswered. One of 
these questions concerns the role of the Mo atom (and of the V atom in alternate 
nitrogenase) in the function of the " M " centers in nitrogenase and may be explored by 
reactivity studies on appropriate Fe/M/S model complexes. Numerous models for the 
Fe/Mo/S center in nitrogenase have been proposed over the years (4,5) and in each 
case their constitution and structure was based on the spectroscopic and analytical 
information available at the time of their intellectual conception. 

Until recently the Fe/M/S synthetic analog clusters were not known to mediate 
chemistry related to dinitrogen reduction (6). Nevertheless fundamentally important 
chemistry has been developed in this area mainly with molybdenum and tungsten 
complexes of limited direct biological significance. Features of this chemistry 
include: a) the protonation-assisted reduction of dinitrogen complexes of low-valent 
molybdenum and tungsten to the hydrazido(-2) state (7); b) the catalytic reduction of 
N 2 to N H 3 with molybdocyanide catalysts (8); c) the proposed bimetallic activation of 
N - N bonds in protic environments and the reduction of N 2 to the hydrazine level (9); 
d) the catalytic reduction of hydrazine to ammonia on pentamethylcyclopentadienyl-
trimethyl tungsten hydrazine complexes (10); and e) the catalytic reduction and 
disproportionation of hydrazine on certain Mo(IV) sulfur-ligated complexes(77). 

Single metal-atom site mechanisms have been proposed for these reactions with 
pathways involving: a) the stoichiometric reduction of N 2 to ammonia with 
M=NNH 2 as intermediates (7); b) the side-on (η 2 ) metal binding of N 2 followed by 
protonation and disproportionation; (8) and c) reduction of N 2 by one-electron one-
proton steps where an intermediate with coordinated hydrazine is proposed to lie on 
the pathway to ammonia. (10) For some of the model reactions, (5,9,11,12) 
binuclear activation mechanisms also have been proposed. The latter are not as 
firmly supported as the single metal-atom mechanisms. 

The reductions of nitrogenase substrates by electrochemically reduced, synthetic 
Fe/Mo/S (4,5) and Fe/S clusters (13) {such as [Mo 2 Fe 6 S 8 (SPh) 9 ] 3 - and 
[Fe4S4(SPh)4]2-} have been reported. These reactions (14) are mostly non-catalytic, 
heterogeneous, and not well defined in terms of the actual nature of the reactant 
clusters. 

The molecules that we have chosen to examine in substrate reduction studies 
contain as a commom structural feature the MFe3S4 "cubane" unit (M = Mo, V) and 
their chemistry has been reviewed. (4,5) They are: a) the ([(L)MoFe3S 4Cl3(CH 3CN)] n-
single cubane clusters, SC, (L= Cl4-catecholate (75), n = 2, l a ; L = citrate (16,17), 
citramalate (77), methyl-iminodiacetate (77), nitrilo-triacetate (18), thio-diglycolate 
(79), n=2,3); [MoFe3S4Cl3(thiolactate)]2

4-, (79) (MoFe 3 S 4 Cl 4 )^-oxalate)r- , (77), 
Ib n); b) the singly-bridged double-cubane, (20) [(Cl4-cat)MoFe 3 S 4 Cl 3 ] 2 ^-NH 2 NH 2 )] 4 -
clusters, S B D C , II ; and c) the doubly-bridged double-cubanes, (27) , {[(CI4-
cat )MoFe 3 S 4 Cl] 2 ^-L)^-S)]} 4 - ,DBDC ΠΙ (μ-L = N H 2 N H 2 and CN"). The M F e 3 S 4 

cores in these model complexes, Fig. 2,3, structurally are quite similar to the MFe3S3 
cuboidal subunits in the nitrogenase cofactor and show nearly identical first and 
second coordination spheres around the Mo atom. 

Catalytic Reduction of Hydrazine 

Three different processes were investigated (22). a) stoichiometric reactions with 
cobaltocene as a reducing agent and 2,6-lutidine hydrochloride, Lut-HCl, as a source 
of protons; b) catalytic reductions with various N2H4/MoFe3S4 cubane ratios in the 
presence of cobaltocene and Lut-HCl, (eq.l); 
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N 2 H 4 + 2e- + 2H+ -> 2NH 3 (eq.l) 
and c) catalytic disproportionation reactions where N2H4 serves as both a reducing 
agent and a proton source (eq.2) 

It was established that ammonia did not form in appreciable amounts from N 2 H 4 
in the presence of Co(Cp)2 and Lut-HCl alone. Also, it was demonstrated that 
C H 3 C N (a poor substrate of nitrogenase (23)) used as a solvent did not undergo 
reduction under the reaction conditions. Of the Fe/Mo/S clusters studied, the doubly-
bridged double-cubane, III, (Fig.2) and the [(Cl4-cat)Mo(0)^-S)2FeCl2]2- dimer (24) 
(one possible oxidative degradation product of the [(Cl4-cat)MoFe3S4(Cl)3*CH3CN]2-
cubane) did not promote the reduction or disproportionation of hydrazine to 
ammonia. Very slow activity was detected when II (20) was used as a catalyst. By 
far the most active catalysts in these reactions were the [(L)MoFe3S4(Cl)3p single 
cubanes (75), la (76), and Ib„ (77-79). 

The use of la in all of the reactions outlined above at ambient temperature 
resulted in the catalytic disproportionation and the stoichiometric or catalytic 
reduction of N 2 H 4 to N H 3 (Tables Ι,Π). In all catalytic disproportionation reactions 
(in the absence of Co(Cp)2 or Lut-HCl ) the concentration of la after 12h of reaction 
time was found to be nearly the same as it was in the begining of the reaction (25), the 
production of ammonia was reproducible, and the yields for repetitive experiments 
fell within a relatively narrow range. 

The catalytic reduction of N 2 H 4 with Co(Cp) 2 as a source of electrons and 
Lut-HCl as a source of protons stops before all of the hydrazine is reduced to 
ammonia. This is attributed to the precipitation of the la anion by counterions that 
are generated as the reaction proceeds (26) including: LutH+, [Co(Cp)2]+ , NH4 + and 
N2H5+. The onset of precipitation within ~0.5h is not exactly predictable and, as a 
result, the yields of ammonia between successive runs show some variation. In D M F 
solution, the onset of precipitation is longer (~12h). However, the substitution of the 
D M F ligand by hydrazine in the coordination sphere of the molybdenum atom is not 
as facile as the substitution of C H 3 C N (27) and consequently the catalytic reduction is 
slower. 

Qualitative comparative studies show that the rates of ammonia formation with Π 
as a catalyst were much slower than those observed with I while III was totally 
ineffective as a catalyst. These results indicate that the hydrazine molecule is 
activated by coordination to only one MoFe$4 cubane and the addition of an 
additional equivalent of cubane (which is known (20) to give II) inhibits the 
reduction. Moreover, the results suggest that the availability of an uncoordinated 
N H 2 group (and the lone pair of electrons needed for protonation) is essential for the 
reduction of N 2 H 4 to ammonia. The lack of reactivity of III almost certainly derives 
from the robust nature of the double cubane (27) which precludes rupture of die N 2 H 4 
bridge and consequently prevents the generation of an available lone pair. The 
reactivity of II (Fig. 2) may well be attributed to I that very likely exists in small 
amounts in equilibrium with II. Indeed, addition of N2H4 to a solution of II leads to 
the formation of the [(CU-cat)MoFe3S4(Cl)3(N2H4)]2- cubane. Additional evidence 
that the interaction of hydrazine with a single cubane is necessary and sufficient for 
catalytic reduction is available in studies with phenyl hydrazine, P h H N N H 2 . The 
replacement of the C H 3 C N molecule in I by PI1HNNH2, a known substitution 
reaction (75), occurs readily. The product, IV, which for steric reasons does not 
interact further with another cubane molecule to form a bridged double cubane similar 
to II, has been structurally characterized(2#). The stoichiometric or catalytic 
reductions of the terminally coordinated PI1HNNH2 in IV proceed with the formation 
of N H 3 and aniline(22). 

3N 2H4 -> 4 N H 3 + N 2 (eq.2) 
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Table I. Production (%) of N H 3

a from the Catalytic Reduction of N H 2 N H 2 b by 
Various MoFe3-Cubanes Using Co(Cp) 2 as the Reducing Agent and Lut-HCl as the 
Proton Source. The [NH2NH2]:[Catalyst] Ratio was 100:l. c 

Cluster Catalyst" N o o f 5min 30rmn I h 12h 

[MoFe3S4Cl3(Cl4-cat)(CH3CN)]2- (la) 3 30 34 38 61 
[MoFe3S4Cl3(Cl4-cat)(im)]2- (Ibi)e 1 31 34 35 48 
[MoFe 3S 4Cl 3(mida)] 2- (Ib2) 2 55 64 70 79 
[MoFe 3S 4Cl 3(Hnta)] 2" (Ib3) 3 48 53 59 65 
[MoFe 3S 4Cl 3(tdga)] 2- (Ib4) 3 38 45 47 65 
[MoFe 3S 4Cl 3(Hcit)] 3- (Lbs) 4 83 92 96 98 
[MoFe 3 S 4 Cl 3 (H 2 cit] 2 - (Lb6) 3 80 86 94 95 
[MoFe 3S 4Cl 3(Hcmal)] 2- (lb?) 3 62 66 68 78 
[MoFe 3S 4Cl 3(tia)] 2

4- (VI) f 2 58 58 66 71 
[(MoFe 3 S 4 Cl 4 ) 2 ^-ox)]4- (VH)f 2 63 71 77 85 
[MoFe3S4Cl4(dmpe)]- (VIII) 1 12 71 77 85 
( F e ^ C U ) 2 " (IX) 2 0 0 0 7 

aThe experiments were performed at ambient temperature in C H 3 C N solution. 
Periodically, N 2 H 4 quantification with the /?-(dimethylamino)-benzaldehyde method 
(30) confirmed complete Ν atom balance. In all cases, there was a balance of 100 ± 
5%. cSampling of the reaction mixture and treatment of the samples were performed 
as described before(22). dReactions of catalyst with Co(Cp) 2 and Lut-HCl (absence 
of N 2 H 4 ) , or of N 2 H 4 with Co iCp^ and Lut-HCl (absence of catalyst) gave N H 3 

within background limits (< 3 %). abbreviations used: im = imidazolate, H^cit = 
citrate dianion, Hcmal = citramalate, mida = methyl-iminodiacetate, Hnta = nitrilo-
triacetate dianion, tdga = thio-diglycolate, tla = thio-lactate, ox = oxalate, dmpe = 
dimethylphosphinoethane), fFor clusters VI and VII two molecules of N 2 H 4 per 
double cubane (or one N 2 H 4 / Mo) were used in the experiments. 

Table Π. Catalytic disproportionation of N 2 H 4 , ( 3 N 2 H 4 --> 4 N H 3 + N 2 ) in C H 3 C N 
py[(CU-cat)MoFe 3S 4Cl 3(CH 3CN)] 2~ at ambient temperature 

N 2H 4/catalyst a Time (min) N H 3

b % reduction0 

10 30 6.2 46 
20 30 7.1 27 
40 30 11.0 21 

a) Cubane concentration 2 χ 1(H M . b) Ammonia yields reported as equivalents of 
catalyst were quantified by the indophenol method, c) Maximum yield is 4/3 
N H 3 p e r N 2 H 4 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
00

6

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



6. COUCOUVANIS ET AL. Catalytic Multielectron Reduction 123 

Importance of the Mo Atom 

With the effectiveness of I in the catalytic reduction of hydrazine to N H 3 established, 
the question regarding the identity of the metal site involved in catalysis remained to 
be answered. Toward this goal the reduction of N 2 H 4 was attempted with the [(CI4-
cat)MoFe 3S 4 (Cl) 3 (PEt 3 )] 2 -, V (29), and [(L)MoFe 3S 4(Cl) 3] 3-, L = citrate (76), 
citramalate (77), methyl-iminodiacetate (77), nitrilo-triacetate (18), thio-diglycolate 
(79), (n =2,3); [MoFe3S4Cl3(thiolactate)]2

4- (79), [(MoFe^CUh^-oxalate)] 4 - (77), 
Ibn, clusters as potential catalysts. The PEt 3 ligand in V is known (29) to be 
substitutional^ inert as are the carboxylate ligands in Ib n. The results show that 
under identical conditions the hydrazine disproportionation reactions (reactions that 
do not need the addition of external H + and are not complicated by catalyst 
precipitation) catalyzed with either V or Ib n are very much slower than the same 
reactions catalyzed with la. In the catalytic reactions, however, Table I, (with 
Lut-HCl added as a source of H+) the Ibn are better catalysts than la. The Mo-bound 
tridentate citrate ligand, in the citrate-cubane catalyst lbs, (the best of the Ibn 

catalysts) rather than blocking access of hydrazine (and inhibiting subsequent 
reduction) promotes the catalytic process. One can speculate that protonation of the 
citrate ligand causes dissociation of one of the oxygen donor atoms and allows the 
N2H4 molecule access to the Mo coordination sphere. Further the protonated 
carboxylate group can deliver the proton following substrate reduction. In general it 
appears that the availability of carboxylate ligands, which can undergo protonation, 
may facilitate the transfer of protons to the hydrazine molecule as the reduction takes 
place. The results suggest that the homocitrate ligand bound to the Mo atom in the 
nitrogenase cofactor may play a similar, proton transfer role. 

The catalytic disproportionation of N2H4, Table II, is not observed when 
substitution-inert ligands are coordinated to the Mo atom in the [(CU-cat)MoFe3S4 
Cl 3 (L)] n - cubane catalyst (L = CN", CI", CH 3 NH2) . In contrast the catalytic reduction 
by the same cubanes is significantly affected but not completely eliminated by the 
substitutionally inert ligands. 

The results show, Table III, that in the disproportionation reaction, where no 
external source of protons is added, the Mo atom is effectively blocked and the 
coordination/reduction of N 2 H 4 cannot take place to a significant extent. The 
catalytic reduction of N 2 H 4 , however, is possible with the same clusters because now 
the externally supplied acidic protons may be added to the Ο atoms of the Mo-bound 
Cl4-catecholate ligand and in the process generate a coordination site on the Mo atom, 
thus allowing the N2H4 molecule to coordinate and undergo reduction. The site of 
N2H4 reduction also is the site of H+ reduction. Indeed N2H4 is an inhibitor of H+ 
reduction, Table IV. This inhibition is less pronounced with substituted hydrazines 
that are bound to the Mo atom with the R substituted Ν atom. Steric interactions of 
the R group with the catecholate ligand promote dissociation of the R N H N H 2 ligand 
and allow for the reduction of H + , which undoubtedly hydrogen-bonds to the Mo-
bound Ο atoms of the catecholate ligand. The importance of the Mo atom, rather than 
the Fe atoms, in catalysis is supported further by the observation that the [Fe4S4Cl4]2_ 

cluster (13) is not active as a N2H4 reduction or disproportionation catalyst over a 
period of 12h. After extended periods of time (~ 36h) some hydrazine is converted to 
N H 3 . However, the electronic spectrum of the solution at this stage differs from the 
expected spectrum of the [Fe4S4CU]2" cluster and very likely the reaction is catalyzed 
by a different, as yet unidentified, species. The structural similarity of the MoFe 3S4 
clusters (Figs. 2 and 3) to the Fe/Mo/S center in nitrogenase, F ig . l , and the 
competence of the former in the catalytic reduction of N2H4, a nitrogenase substrate, 
(57) raise the possibility that the activation and reduction of dinitrogen by the 
Fe/Mo/S center in nitrogenase takes place on the Mo atom by a single metal-site 
mechanism. 
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Table ΠΙ. Catalysis of hydrazine disproportionation and reduction reactions with the 
[(Cl4-cat)MoFe3S4 Cl 3 (L)] p - cubanes 

Catalyst (L) a 

N 2 H 4 /catalyst Reductionsb>c Disproportion^0 

C H 3 C N 10 14.6(73%) 8.6(64%) 
CN- 10 8.1(40%) 1.1(8%) 

C H 3 N H 2 10 8.6(43%) 1.2(9%) 
c i - 10 7.2(36%) 2.4(18%) 

a) Concentration of catalyst was 2 χ ΙΟ"4 M . b) A l l reactions were analyzed for N H 3 
after 60 min. c) Ammonia quantified by the indophenol method. 

Table IV. Proton reduction/hydrogen evolution catalyzed by [(Cl4-cat)MoFe3S4Cl3 
( C H 3 C N ) ] 2 " (I) in C H 3 C N in the presence of Co(Cp) 2 and Lut- HC1 as sources of e-

Catalyst N H 2 N H R R N H N H 2 / 
catalyst 

N H 3

a H 2

b 

no no 0 0 1.0 (5%) 
da) no 0 0 .20 (100%) 
(la) H 10 19 (95%) 1.0(5%) 
da) C H 3

C 10 10 (50%) 10.0(50%) 

are reported as equivalents per equivalent of I and were quantified by gas 
chromatography, c) The crystal structure of the (CH3)HNNH 2-SC cluster (34) has 
been determined and shows the methyl hydrazine ligand coordinated to the Mo atom 
by the CH3-substituted (more basic) Ν atom. 

Inhibition Reactions with PEt 3 and C O . 

To further verify that the Mo site is involved in hydrazine binding and reduction we 
performed two sets of inhibition experiments, which are summarized in Table V. 
(a) Inhibition by PEt 3. Triethylphosphine is known to bind exclusively and 
irreversibly to the Mo site of the [MoFe 3 S4] 3 + cubanes.(32) Blocking the sixth 
coordination site on the Mo with PEt3 greatly reduces the N H 3 yields. The low 
(above background) levels of N H 3 production can be explained by the possible loss of 
some of the bound PEt 3 and also by the protonation and dissociation of one of the 
CU-cat ligand oxygen donors. Either of these events will generate a vacant site and 
allow coordination of hydrazine. Large excess of PEt 3 suppresses hydrazine 
reduction (see experiment with compound ID7). 
(b) Inhibition by C O . Carbon monoxide is known to inhibit nitrogenase 
reactivity(33). In addition, CO can bind to the MoFe3S4 cubanes only at their reduced 
(2+) oxidation level(52&). Nevertheless, the precise metal site of coordination (Fe, 
Mo, or both) is not clear. A hydrazine reduction experiment using cluster la as a 
catalyst was performed under a CO atmosphere. The ammonia yields, although 
slightly above background, were much lower than the corresponding yields under N 2 

atmosphere. The above result suggests that the [MoFe3S4]3 + core goes through a 
reduced (2+) oxidation level during the catalytic proccess, at which it is attacked and 
irreversibly inactivated by CO (very likely at the Mo site). The above results are 
graphically depicted in Fig 4. 
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Table V . Production (%) of N H 3 by the Catalytic Reduction of N H 2 N H 2 by Various 
MoFe3-carboxylate Cubanes3 in the Presence of Inhibitors PEt3 or CO. Experimental 
Conditions Were the Same as in Table I. The [NH 2 NH 2 ] : [Catalyst] Ratio was 100:1. 

Cluster Catalyst No. of 
Trials 

5 min 30 min I n l i h 

[MoFe 3S 4Cl 3(Cl4-cat)(CH 3CN)]2- 3 30 34 38 61 
(Ia) b 

[MoFe 3S 4Cl 3(CU-cat)(CH 3CN)] 2- 2 18 20 23 37 
(Ia)+ PEt 3 

[MoFe3S 4Cl 3(Cl4-cat)(CH 3CN)]2- 2 7 7 8 9 
(Ia) + C O c 

[MoFe 3S 4Cl 3(Hcmal)] 2- (lb?) 5 3 62 66 68 78 
[MoFe 3S 4Cl 3(Hcmal)] 2" (1*7) +PEt3 

1 54 55 57 66 
(1:10) 
[MoFe 3S 4Cl 3(Hcmal)] 2- (Ib 7) +PEt3 

1 17 18 18 19 
(1:200) 
a Experimental conditions were the same as in Table I. b For comparison N H 3 yields 
(%) from Table I using clusters l a and ID7 as catalysts have been also included. c In 
this experiment the reaction flask was evacuated and immediately refilled with CO 
(Johnson & Mathey) as soon as all the reagents were mixed. 

In parallel with the catalytic reduction of hydrazine, the [ (L)MoFe 3 S 4 Cl 3 ] n ' 
cubanes in the presence of Co(Cp)2 and Lut-HCl generate copious amounts of H2. In 
the presence of hydrazine, the production of H2 is suppressed (Table IV). The data 
show that the catalytic reduction of H + occurs at the Mo atom and is inhibited by 
hydrazine reduction. 

Possible Pathway of hydrazine reduction 

A simple proposed pathway, Fig. 5, for the catalytic reduction of N 2 H 4 to ammonia 
by the Fe 3 MoS 4 cluster is similar to a portion of the mechanism proposed previously 
for the reduction of N2 on the (MesCp)W(CH 3) 3 fragment (10). An initial 
protonation step prior to reduction of the coordinated hydrazine molecule, Fig. 5, is 
supported by the synthesis and reactivity of the N 2 H s + SC cluster. The latter has been 
isolated and characterized and upon addition of Co(Cp)2 (in the absence of Lut-HCl) 
affords ammonia. 

Catalysis of Hydrazine Reduction with the V/Fe/S clusters. 

The catalytic behavior of synthetic Fe/V/S clusters that structurally resemble the 
Fe/V/S site of the alternate V-nitrogenase (35,36) was investigated (37) with the 
[(L)(L')(L")VFe 3S 4Cl 3] n- clusters (37,38) ( L , L \ L " = DMF, X ; Fig. 6; L = PEt 3 , L \ 
L " = DMF, X I ; L , L ' = 2,2'-bipyridyl, L " = DMF, ΧΠ; η = 1). These clusters which 
contain the [ V F e 3 S 4 ] 2 + cuboidal core, also are effective catalysts in the reduction of 
hydrazine (a nitrogenase substrate) to ammonia in the presence of cobaltocene and 
2,6-lutidine hydrochloride as sources of electrons and protons, respectively, Table VI. 
The catalytic reduction of phenylhydrazine to ammonia and aniline also is effected by 
Χ, X I , and XIL 
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Table V I . Production (%) of N H 3 from the Catalytic Reduction of N 2 H 4 by the 
(L)(L')(L^VFe 3S 4(Cl) 3-Cubanes Using Co(Cp) 2 as a Reducing Agent and Lut-HCl as 
a Source of Protons. X , L=L'=L"=DMF; XI , L=L=DMF, L"=PEt3; XII , L=DMF, L , 

N H 3 (Equiv) % Conversion 
Catalyst N2HV Catalyst 0.5h 2.0h N H 3 (max) 0.5h 2.0h 

X tô 15.2(3) 20.0(3) 20 76 100 
X I 10 5.6(2) 9.4(2) 20 28 47 

X H 10 3.4(2) 20 trace 17 

The ability of hydrazine-like substrate molecules to interact directly with the V atom, 
has been demonstrated by the synthesis and characterization of the 
(Me 4N)[(PhHNNH 2)(bpy)VFe 3S 4Cl 3] single cubane (39). 

The catalytic reduction of hydrazine by Χ, XI , and ΧΠ (Table VI) shows that the 
V-coordinated terminal ligands have a profound effect on the relative rates of 
hydrazine reduction. Specifically, as the number of labile solvent molecules 
coordinated to the V atom decreases, the relative rate of hydrazine reduction 
decreases (Table VI). This behavior reaches the limit with the [(HBpz 3 )VFe 3 S 4 Cl 3 ] 2 " 
cubane (L, L \ L " = hydrotris(pyrazolyl)borate, ΧΙΠ; η = 2), where all coordination 
sites on the V atom are "blocked." The latter, for which the structure has been 
determined (37), shows no catalytic or stoichiometric hydrazine reduction. 

Unlike clusters Χ, X I and XI I that do not show significant changes in the 1-/2-
reduction potential as DMF is substituted by other ligands (Table VH), XIII shows a 
less negative 2-/3- reduction potential and this difference in reduction potential may 
indeed be the reason for its lack of catalytic activity. 

Catalysis of Acetylene Reduction 

Previous studies on the abiological reduction of C 2 H 2 (40-49) suffer from major 
drawbacks including incomplete catalyst identification, (38,39,41) the use of 
mononuclear or binuclear Mo complexes of little relevance to the nitrogenase 
problem, (42-48) and sub-stoichiometric, non-catalytic, substrate reduction (49). Our 
studies have provided substantial evidence that identifies the [MoFe 3 S 4 ] 3 + cubanes as 
catalysts in the reduction of acetylene to ethylene and implicates both the Mo and Fe 
sites in acetylene reduction (50). 

Table VII. Electrochemical data of the substituted [VFe 3S 4i 2+ cores 
Cluster Oxidation8 Reduction Ref. 
m +0.17(qr)b»c -1.20(irr) 38,37 
[XI] +0.13(qr) -1.20(irr) 37 
[ΧΠ] +0.30(qr) -1.22(qr) 37 
[ΧΠΙ] 0.00(qr) -0.68(irr) 37 
[X]-Br +0.12(qr) -1.18(irr) 37 
[X]-I +0.14(qr) -1.12(irr) 37 
a) vs Ag/AgCl in C H 3 C N solution b) qr = quasireversible process, irr = irreversibb 
process, c) Epc or Ep a is reported. 

Catalytic reductions of C 2 H 2 to C 2 H 4 and traces of C 2 H6 were carried out at 20°C 
using l a as the catalyst and cobaltocene and 2,6-lutidine hydrochloride, Lut-HCl, as 
sources of electrons and protons, respectively. The initial-rate method,(57) whereby 
[catalyst] « [substrate] was used to obtain reaction velocities, v0(M/min), at less than 
5% substrate consumption,Table VHI. The data obey saturation kinetics, as found for 
enzyme catalysis, and reaction rates remain constant for C2H2:cubane ratios < 30:1, 
indicating zero-order substrate dependence. A double reciprocal plot, ν0

Λ vs [C 2 H 2 ]" 1 , 
is linear at optimum substrate concentration from which K m = 17.9 m M and V m a x = 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
00

6

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



6. COUCOUVANIS ET AL. Catalytic Midtielectron Reduction 129 

1.1 χ 10"4 M/min are calculated. Catalyst la reduces acetylene with a turnover 
number of 0.11 mol C2H2/mol catalyst/min, which is approximately 0.08% the 
enzymatic rate of acetylene reduction by nitrogenase. 

The reaction also shows first-order dependence on proton concentration and zero-
order dependence on reductant concentration A study of the reaction at five 
temperatures indicates a moderate activation energy [E a ct = 9(1) kcalmoH ] but a 
large entropy of activation [AS* = -32(2) cal K" 1 mol"1] which extrapolates to a 
significant Gibbs free energy of activation [AG* = 19(1)]. 

The characteristic EPR spectrum of la (S = 3/2) remains quantitatively 
unchanged as the reaction progresses and indicates that the [MoFe3S4P+ cubane core 
remains structurally intact during the reaction. 

The stereochemistry of addition across the substrate triple bond was investigated 
using gaseous FT-IR spectroscopy using deuterated acetylene (C2D2) as a substrate. 
The formation of solely d$-l,2-C2D2H2 was revealed by the characteristic IR 
absorption, ηη = 842 cm - 1.(52) This result is consistent with a transition state 
intermediate in which substrate acetylene is side-on bonded to the Mo atom of la. 
Nitrogenase catalyzed reduction of acetylene also proceeds with a high degree of 
stereoselectivity resulting in cis addition across the triple bond(5i). In attempts to 
block the Mo site from catalysis, it was discovered that the Fe atoms on cubane la 
also are competent in substrate reduction albeit at a slower rate (Table VIII). 
Typically, all the Fe sites combined completed 2-3 turnovers in a 24 hr period, while 
the entire cluster, with the Mo site free for substrate binding, was capable of at least 
16 turnovers in the same time. The use of [NBu4]2[FE4S4CL4] as the catalyst effected 
no appreciable increase in reaction rate or overall yield compared to cubane la with 
the Mo atom "blocked" from substrate binding/reduction. The rate of acetylene 
reduction varies considerably depending on the reaction site, Mo vs Fe, the former 
being decidedly more competent in catalyzing the reaction. 

Table VIII. Initial Velocities (ν#) for the Reduction of Acetylene to Ethylene 
Catalysed by Various Cubanes a 

Cubane Catalyst v0 (M/min) h 

(x 105) 
v0 normalized 
to Cubane I. 

la 6.6(3) 1.0 
[(r^-citrate)MoFe3S4Cl3]3- 6.4(2) 0.97 

[Fe 4S 4Cl4] 2- 1.3(3) 0.20 
[(Cl4-cat)MoFe 3S 4Cl 3(CN)] 3- 1.6(1) 0.24 

[(CO)3MoFe 3S 4Cl3] 3- 1.5(2) 0.23 
[(CO)3MoFe 3S 4R3] 3- 1.1(3) 0.17 

R = /?-Cl-SPh 
Ia + PEt 3 (1:2) c 1.3(2) 0.20 

Blank (no catalyst)d 0.011 0.002 

a Experiments are performed in DMF at 20°C using CoCp2 and Lut.HCl as sources of 
electrons and protons, respectively. The initial substratexatalyst ratio used is 20:1. 

b Initial velocity, v 0 , is obtained as the slope from [C2H4] (M) vs t(min), which obeys 
a straight-line relationship during the initial stages of the reaction. 

cAcetylene reduction performed using cubane I as the catalyst in the presence of PEt3 
such that Mo:PEt 3 = 1:2. 
t y p i c a l acetylene reduction conditions except for the absence of catalyst. 
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The involvement of the Mo atom in acetylene reduction has been confirmed by 
modification of the coordination sphere around the heterometal. The rate of ethylene 
production varies considerably depending on the availability of Mo coordination sites. 
Replacing the bidentate 04-cat ligand in l a with rj5-citrate(7<5) effects a slight 
reduction of reaction rate. This is in contrast with the reduction of hydrazine with the 
same catalyst (vide supra). A significant decrease in the reaction rate is observed 
when CN- is used as the terminal ligand in place of C H 3 C N or D M F (Figure 6). The 
non-labile cyanide ligand precludes binding of substrate acetylene to the Mo atom 
thereby restricting substrate reduction to the Fe sites and slowing ethylene production 
to a rate comparable with [Fe4S4Cl4p- cubane. A similar result is obtained when the 
[(CO) 3MoFe 3S 4R3] 3" (R = CI, p-Cl-SPh) cubanes (54) are used as catalysts. 

Catalytic C2H2 reduction by cubane la is effectively prevented if the reaction is 
carried out under a saturating CO atmosphere and the overall yield of C 2 H 4 and C 2 H 6 
is considerably diminished to approximately that of the background level (no catalyst 
present). This suggests that CO precludes C2H2 binding to the Mo atom of la, 
probably by virtue of its own binding to the heterometal. Interestingly, a saturated 
CO atmosphere also appears to block substrate reduction at the secondary (Fe) 
catalytic sites on la. An inhibition study of the Mo and Fe substrate binding sites 
using PEt3 revealed that both centers are adversely affected by the phosphine. The 
affinity of PEt3 for the heterometal in cubane I is well documented(29) and our work 
now shows that at sufficiently high concentrations PEt3 also serves to block the Fe 
sites on I from reducing acetylene. Recently, we have reported the synthesis and 
structural characterization of the new Mo2Fe6S8(PR3)s(Cl4-cat)2 (55) and 
FE4S4CL( tBu3P)3 (56) clusters that contain PR3 ligands terminally bound to the Fe 
atoms. 

An important contrast can be made between the catalytic reduction of acetylene 
and the catalytic reduction of N2H4 by la. In the latter the [Fe4S4CU]2-cubanes were 
shown to be totally ineffective and no ammonia was found. The results imply that the 
Mo and Fe sites in the Fe/Mo/S cubanes have varying affinities for different 
nitrogenase substrates and also that both metal sites may be important at specific 
times during the step-wise reduction of a given substrate. 

Summary and Conclusions 

The results of our studies demonstrate that the molybdenum atom in a multitude of 
MoFe3 cubanes la , and the V atom in Χ, XI and XII, in environments very similar 
to those in the Fe/M/S centers of the nitrogenases, are catalytically active in the 
reduction of N 2 H 4 to ammonia. At present we have been unable to show any 
reactivity of la with N2 and, as reported earlier, the C H 3 C N ligand in la is not 
replaced by N2 although the possibility still exists that I may bind to N2 through the 
Mo atom at a different (lower) oxidation level. 

As suggested recently,(2, 57,58) for the nitrogenase cofactor, the direct 
involvement of the unique coordinatively unsaturated Fe atoms cannot be ruled out. 
Indeed, the early stages of N2 reduction on the Fe/Mo/S center of nitrogenase may 
involve binuclear (Fe-Fe or Fe-Mo) activation prior to reduction to the hydrazine 
level (Fig. 7). In support of the possible direct involvement of the Mo atom, at least 
in the reduction of hydrazine, is the observation that the Fe atoms in the [Fe4S4Cl4]2_ 

or [(L)MoFe3S4Cl3]2" cubanes do not show any affinity towards hydrazine. 
Our studies thus far have shown that the synthetic Fe/Mo/S clusters are versatile 

in the activation and reduction of nitrogenase substrates. Within these clusters 
distinct, substrate specific, reactivity sites have been identified in catalytic reductions 
ofN2H4 and C2H2. 
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Figure 6. The structure of the [(DMF) 3 VFe 3 S 4 Cl 3 ] - anion (38). 

/ ^ F e ' ^ F e : 
HO -P , ) o m o 

) c i t ra te / > F e Fe>^ \ o-Ps 
c i - F e \ - S Q e - S - F e y S - M o ^ 0 ^ g ] ( OH 

F \ S C^ ' ' ' ' s ' " F e V s "^°\°o^ 
\ a - F e JPéCsuS NH,NH, 

O ® 

2 H + 

2e" ' 

4 H + 

2e 

/ S ^ F e ' ^ F e Ç ^ v 
HO 

OH 

Figure 7. A possible multisite scheme for the activation and reduction of N 2 by 
the nitrogenase cofactor. The activation of N 2 on the Fe6 core of the cofactor has 
been suggested previously (57, 58). 
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Chapter 7 

Computational Methods for Metal Sulfide 
Clusters 

Ian Dance 

School of Chemistry, University of New South Wales, Sydney 2052, 
Australia 

The applicability of contemporary techniques in computational 
chemistry for large molecules containing metal and sulfur atoms is 
considered, with emphasis on density functional (DF) and force-field 
methods. Non-local density functional methodology has been 
evaluated for three different metal sulfide clusters and shown to yield 
accurate geometries by optimization of the total electronic energy. 
This method is then applied to calculation of the structures (and related 
reactivities) of new copper sulfide clusters [CuxSy]- for which the 
available experimental data comes from the gas phase. DF 
calculations applied to metallocarbohedrenes inspired postulation of a 
mechanism for the binding and reduction of N2 at the Fe7MoS9 cluster 
of the nitrogenase active site. The N2 is bound to an Fe4 face, and the 
N-N bond weakened by torsion of the cluster. The pathway for 
protonation of the reducing N2, and the egress of the reduction 
products, are explained in this concerted mechanism, which involves 
the surrounding protein and is supported by DF calculations. Force
-field calculations are used to model the molecular biomineral with 
composition Cd80S62{(γ-glu-cys)3gly}22 which is formed when yeasts 
are grown with a burden of Cd2+. 

The progress we make in understanding the chemistry of metal-sulfur compounds 
depends on the perspectives we take and the questions we ask. In this account, in 
which computations are the investigative tool, I adopt two perspectives on metal 
sulfide clusters. Most molecular metal sulfide clusters contain the metal and sulfur 
atoms in a core structure, surrounded by terminating ligands, which may be 
elaborated sulfur (i.e., thiolate) or heteroligands. One perspective strips away the 
terminating ligands, and asks fundamental questions about the metal-sulfur core of 
the cluster, and its existence, stability, and structure in the absence of the coating of 
ligands. The other perspective focuses on the coating and the environment, and 
enquires about the influences of the environment on the properties of the molecular 
cluster. This is the domain of supramolecular inorganic chemistry ( 1,2) 

The significance of both of these approaches is illustrated by the Fe-Mo-S cluster 
at the active site of nitrogenase (3-11). This Fe7MoS9 cluster (described further 
below) has a remarkable structure, unprecedented amongst the plethora of metal 
sulfide molecules synthesised in mimicry, and in comparison with the standard 
clusters is remarkably underligated with connections to the protein by only two amino 

0097-6156/96/0653-0135$15.00/0 
© 1996 American Chemical Society 
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136 TRANSITION METAL SULFUR CHEMISTRY 

acids at two of the eight metal atoms. Further, for this Fe7MoS9 cluster to perform 
its remarkable function of catalyzing the reduction of triply-bonded N 2 to N H 3 under 
ambient conditions there is strong dependence on the protein environment. Thus the 
core of the cluster is distinctive and the environment essential, and the two research 
perspectives are demonstrated. The mechanism of action at the active site of 
nitrogenase has been partly revealed by computational methods, as explained below. 

Questions about unligated cluster cores, and about environmental influences, are 
not so readily approached experimentally (except where the environment is a crystal 
lattice). One technique allowing experimental access to metal sulfide cores is gas 
phase synthesis in the cooling energized plume formed by laser ablation of solids. 
By coupling this synthesis with Fourier transform ion-cyclotron resonance mass 
spectrometry we have revealed the existence of many hundreds of metal sulfide 
clusters, and been able to describe the reactivities of some of them (12-18). More 
often than not the compositions of these binary metal sulfide molecules are 
unexpected and unprecedented. However, these experiments are performed under 
high vacuum conditions, and direct measurement of structure is not yet possible. 

Computational methods (i.e., theory in practice) in inorganic chemistry are now 
powerful and reliable, and can be used profitably in investigations of the questions 
just raised. Figure 1 shows the principal methods and their features and 
relationships. In compounds where the bonds and stereochemistry are well defined, 
mechanical models and force-field methods are most applicable (79-22), particularly 
where the atoms are numerous. Where the bonding is unconventional, uncertain, or 
variable, calculations of electronic structure through the molecular orbitals are most 
suitable. In compounds where the bonding has a high degree of ionic character, 
electrostatic models are useful (23). 

Calculations of electronic structure are parametrized (semi-empirical) or ab 
initio. Conventional ab initio methods are the widely used Hartree-Fock (HF) 
calculation, preferably supplemented with a procedure such as configurational 
interaction (CI) to account for electron correlation, which is significant in inorganic 
molecules. The alternative to HF-CI is the density functional (DF) method in which 
the electron exchange and correlation are built in through the use of " functional ", 
which describe exchange and correlation as functions of electron density (24-36). 
There are various functional, derived from the properties of an electron gas, and 
corrections (known as gradient corrections, or non-local density functionals) that take 
account not only of the electron density but also its curvature. 

Finally, a promising development in computational inorganic chemistry involves 
the embedded cluster methodology (see Fig. 1), in which the core structures with 
unknown bonding are treated by electronic structure calculations while the 
surroundings (such as solvent, or protein) are treated at the same time by force-field 
methods. 

While unbiased calculations of electronic structure (and geometry optimization 
by minimization of electronic energy) are clearly desirable for inorganic molecules of 
all types, there is the practical issue of computational effort and demand for resources. 
This effort is roughly proportional to the number of orbitals (basis functions) raised to 
an exponent n: 

computational effort = (number of orbitals)0 

When DF methods are compared with HF-CI methods of comparable accuracy, it 
is generally found that the exponent η for DF is at least one integer less than η for HF-
CI. Therefore with density functional methods there is a saving of computational 
time/resources by a factor that is of the order of the number of orbitals, which for 
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7. DANCE Computational Methods for Metal Sulfide Clusters 137 

typical inorganic clusters could be of order 1000. Thus, with density functional 
methods it is possible to tackle big molecules with big (i.e., inorganic) atoms, 
containing significantly correlated electrons. 

The accuracy of density functional methods for metal sulfide clusters 

Expediency must be accompanied by accuracy. What is the accuracy of DF methods 
for metal sulfide clusters? Accuracy can be assessed against various observables, 
each of which has an energy scale to be considered in the evaluation of the agreement 
between calculated and observed properties. By far the most widely available 
observable is molecular geometry, from diffraction analyses of crystals. Here the 
flatness of the geometry-energy hypersurface is a factor, which can be assessed 
experimentally by examining the variation of "equivalent" dimensions in the 
molecule, and if available, the variation of dimensions over symmetry-inequivalent 
molecules in the crystal, or molecules in different crystals. (The accuracy of 
molecular geometries from crystal structures is usually less than the quoted 
precision.) Another common observable for these clusters is spin state, which is 
often dependent on relatively small differences in the energies of orbitals that are 
neither strongly bonding or antibonding, and on energies as low as kT. In the 
following, the DF methodology is evaluated by its reproduction of observed geometry 
in selected compounds (37). Accurate reproduction of geometry is a prerequisite for 
accurate calculation of other properties. 

The implementation of DF methods in the program DMol was used (30, 38-40). 
Various local density functionals and non-local density functionals were tested, and 
the best results were obtained with Becke's 1988 version (41) of the gradient 
corrected exchange functional combined with the Lee-Yang-Parr (42) correlation 
functional which includes both local and non-local terms. This combination is 
labeled the "blyp" functional. The non-local corrections were applied after the self 
consistent field convergence. 

The basis sets are expressed numerically rather than analytically, and are 
generated by solution of the DF equations (for each element) with the same 
functionals as used for the complete cluster. The basis sets employed were double 
numerical, augmented with polarization functions (basis type DND in DMol). Core 
orbitals can be frozen without significant loss of accuracy. 

Clusters were evaluated in their even-electron charge state, with spin restricted 
calculations. The electronic state was the aufbau ground state. In molecules where 
there are closely spaced orbitals at the Fermi level or degenerate partially occupied 
orbitals, and thus the possibility of non-singlet spin states and low-lying excited 
states, the calculation of electronic structure was facilitated by a smearing of the 
occupancy of orbitals within about 0.1 eV at the Fermi level. This is equivalent to 
calculation of the average of the accessible states. The geometry optimization, by 
minimization of the total energy, was commenced with a geometry close to that 
observed. Tertiary phosphine and organo-thiolate ligands were simplified to P H 3 
and SH, respectively. 

[Fe6S6(PEt3)6]2+. A significant structure type in FeS cluster chemistry is the 
"basket" isomer of [Fe6S6(PEt3)6]2+ (43). Figure 2 shows the structure of 
[Fe6S6(PH3)6] 2 + as optimised in symmetry C2v> and defines the atom types and 
notation. The best results were obtained with the blyp functional, and are are 
compared in Table I with the observed distances in [Fe6S6(PEt3)6]2+. The calculated 
and observed structures are virtually superimposable, with agreement between the 
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MECHANICAL MODELS 
• force field methods 

1 f 

EMBEDDED CLUSTER 
METHODS 

ELECTRONIC STRUCTURE 
• molecular orbitals 
• total electronic energy 

ELECTROSTATIC MODELS 
for lattices with monatomic 

ions 

1 
AB INITIO 

first principles 
SEMI-EMPIRICAL 

parametrized 

DENSITY FUNCTIONAL (DF) 
includes exchange and correlation 

I 
HARTREE-FOCK (HF) 

includes electron exchange 
omits electron correlation 

HF with CI 
(configuration interaction) 

includes electron correlation 

Figure 1. The methodologies of computational inorganic chemistry. 

Figure 2. The optimized structure of [Fe6S6(PH3)6]2+, with the definitions 
of atom types: symmetry C2 V applies. In the notation S n , η also represents 
the coordination number of the sulfur atom. Fe-Fe bonds are not drawn, for 
clarity. 
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7. DANCE Computational Methods for Metal Sulfide Clusters 139 

calculated and observed Fe-S bond distances and Fe-Fe distances better than 0.04À 
in all cases. The F e l - S 2 distance involving the unusual doubly bridging sulfide is 
calculated exactly. The two different types of Fe-Fe bond at 2.63À are reproduced 
very well, and the longer non-bonded Fe2-Fe2 distance of 2.97Â is calculated within 
0.03Â. The terminal Fe-P bond distances are observed both slightly shorter and 
slightly longer than those calculated. 

[yFe4S6(PEt3)4(SPh)]-. The second test cluster is [VFe 4S6(PEt 3) 4(SPh)]- (44). 
The cluster core approximates threefold symmetry, although this is quite strongly 
disrupted by the thiolate substituent. The core can be regarded as a trigonal 
bipyramid of metal atoms with V axial, bridged by \i2~S between F e e c l u a t o r i a l and V 
and by between F e e 9 u a t o r i a l and Fe****1. Again the best results come with use of 
the blyp functional (see Table II). Note that the bonds involving bridging S atoms 
are all calculated to better than 0.04À, as are the V - F e e and Fe^Fe? bonds. The 
Fte-F& distance is calculated to be ca 0.1 OA longer than the observed range. The 
occurrence of this range of 0.07Â in the crystal is indicative of the relatively weak, 
perturbable nature of this bond. The calculated bond lengths to the terminal 
phosphine and thiolate ligands are in very good agreement with those observed. 

[NboSn] 4 - . The third test involves an unusual metal sulfide cluster involving a 
second transition series metal, [NboSn] 4 - , which approaches C$w symmetry and 
contains five different types of S atom (45). The structure is shown in Figure 4. A 
pentagonal pyramid of Nb atoms (Nb a axial, Nb e equatorial) is triply-bridged on its 
triangular faces by S 3 , doubly-bridged on its equatorial edges by S 2 , and sextuply-
bridged at its center by S 6 : N b a and Nb e carry terminal sulfur atoms S a and 
respectively. The geometry calculated using the blyp functional (see Table III) 
calculates N b - S 3 distances up to 0.1Â longer than observed, while the N b e - S 2 

distances are calculated longer by 0.07Â. The unique N b ^ S 6 bond is reproduced 
exactly, although the longer non-bonding Nb—Nb distances are calculated up to 0.2Â 
longer than observed. 

Other non-local density functionals can be used, with slightly different results, 
and for some metal sulfide clusters not reported here the other functionals perform 
better than blyp. Local density functionals, without the gradient corrections, 
consistently calculate tighter bonding with shorter bonds and excessive binding 
energies. While improvements in DF methods are expected and further evaluations 
are required and are in progress (37), it can be concluded that the current DF 
procedures provide reliable information about metal sulfide clusters. 

As a first application of DF methods to metal sulfide systems I describe copper 
sulfide clusters generated and investigated in the gas phase. 

Pristine copper sulfide clusters 

Laser ablation of solid copper-sulfide compounds yields a collection of clusters 
[Cu xS y]~, with the compositions plotted in Figure 5 (14,18). Using a Fourier 
transform ion cyclotron resonance (FTICR) mass spectrometer these ions can be 
collected in an ion trap. Then a particular cluster ion can be isolated in the ion trap 
by removal of all others, and the selected cluster allowed to react with gaseous 
reagents, or dissociated (17,18,46). Figure 6 summarizes some of these results, 
showing the most abundant clusters, the least reactive clusters, and the dissociation 
pathways. [Q16S4]- is abundant, unreactive, and the common product of dissociation 
of larger ions, and clearly is very stable. [CU3S3]- and [Q110S6]" are similarly stable 
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Table I. Bond distances observed in [Fe6S6(PEt3>6]2+ in comparison 
with those in [Fe6S6(PH3)6]2 + optimized ( C 2 v ) with the functional blyp. 
See Fig. 2. 

Bond Obs (Â) (ref 43) Calc (Â) 

F e l - S 2 2.15 2.15 

F e l - S 3 2.22,2.23 2.20 

F e 2 - S 3 2.19,2.20 2.20 

Fe3 - S 3 2.22 2.18 

Fe3 - S 4 2.28,2.30 2.25 

Fe2 - S 4 2.23 2.19 

F e l - F e l 2.63 2.62 

F e 2 - F e l 2.72 2.73 

Fe2-Fe2 2.97 3.00 

Fe2-Fe3 2.63,2.65 2.61 

F e l - P 2.27, 2.29 2.32 

F e 2 - P 2.28 2.31 

F e 3 - P 2.36, 2.38 2.31 

Table II. Bond distances in [VFe4S6(PEt3)4(SPh)]- in comparison with 
those optimized for structure [VFe4S6(PH3)4(SH)]- (symmetry C s , 
functional blyp): see Fig. 3 for definitions of atom types. 

Bond Obs (Â) (ref 44) Calc (À) 

Fe e - S 3 2.15-2.19 2.17 

F e a - S 3 2.19-2.22 2.17 

Fe e - S 2 2.22-2.24 2.25, 2.26 

V - S 2 2.16-2.20 2.22 

F e a - S a 2.25 2.23 

F e e - F e e 2.61-2.68 2.72, 2.77 

V - F e e 2.58-2.61 2.57, 2.61 

F e a - F e e 2.62-2.67 2.59, 2.63 

V - P a 2.48 2.53 

F e e - P e 2.26-2.29 2.29, 2.32 
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Figure 3. The structure of [VFe4S6(PR3)4(SR')]- as observed (R=Et, 
R'=Ph) and calculated (R=R'=H). Fe a , P a and S a lie on the molecular axis, 
Fe e and P 0 are equatorial, and S 3, S 2 refer to the triply- and doubly-bridging 
sulfur atoms respectively (threefold symmetry assumed in atom labelling). 
Bonds between metal atoms are not drawn, for clarity. 

Figure 4. The structure and atoms types of [NboSn] 4 - : five-fold symmetry 
is assumed in the atom labelling. 
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Table ΠΙ. Observed and calculated distances in [NbeSn]4" 

Bond Obs (Â) Cref45) Cale (A) 

N b a - S 3 2.58-2.60 2.68-2.70 

N b e - S 3 2.49-2.53 2.57-2.63 

N b e - S 2 2.40-2.42 2.48-2.49 

N b a - S 6 2.64 2.64 

N b e - S 6 2.89-3.01 3.00-3.18 

N b a - S a 2.20 2.29 

N b e - S e 2.15-2.19 2.27-2.28 

N b e - N b e 3.38-3.44 3.52-3.66 

N b a - N b e 3.61-3.65 3.75-3.80 
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Figure 5. Map of the compositions of the ions [Cu x S y ]" generated by laser 
ablation of KC114S3. 
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0 2 4 6 8 10 12 
Cu 

Figure 6. Map of the ions [Cu x S y ]- (x £ 12) showing relative abundance 
(circle size), those least reactive with thiols and H 2 S (open circle), and the 
products of collisionally induced dissociation (arrows). 
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compositions, as is [CuçSs] - even though its abundance is lower. In contrast, the 
other ions are generally less abundant and more reactive. 

These findings provoke many questions. For example, what are the geometrical 
and electronic structures of these clusters? What factors stabilize the four special 
compositions? Since these experiments are performed at 10~8 mbar there are no 
spectroscopic data (and it is not likely that such data could be interpreted 
unambiguously to yield structure), and so DF methods can be deployed. The 
following results were obtained with the progam DMol, as above, using the blyp 
functional, DND basis, spin restricted calculations of even-electron species, with 
geometry optimizations usually in symmetry lower than ideal. 

Figure 7 shows the most stable isomer for [CU3S3]", the D3h structure, and the 
next most stable geometry, [^3-S)^2-S)2Cu3], which is 47 kcal m o l - 1 higher, and 
which transforms without energy barrier to the D3h isomer. For [CU4S4] the most 
and next stable structures and their relative energies a shown in Figure 7: the 
common cubane connectivity with (μ3-5)4 bridging is less stable than square CU4 
isomers with (μ-8)4 bridging, and the planar D4h arrangement is most stable. The 
best calculated structures for [CU6S4] and [CU9S5]- are also portrayed in Figure 7. 
The best structure for [Q19S5]- is effectively a fusion of two stable Td isomers of 
[CU6S4]. 

From these results a structural principle is readily identified: stability is 
conferred by local quasi-linear S-Cu-S coordination. In all of the most stable 
isomers each Cu atom possesses this coordination: both isomers of [CuçSs] - have 
this property, and are similarly stable. Reactivity occurs where there are Cu atoms 
with non-linear coordination (18). 

These DF calculations are being extended to much larger [CuxSy] clusters. 
Ahlrichs and Fenske have used HF and HF-CI calculations to model similar copper 
sulfide and selenide clusters with terminal phosphine ligands, with good results 
(47,48). 

Nitrogenase 

Elucidation of the structure and mechanism of the enzyme nitrogenase has been a 
longstanding goal of research. The crystal structure of the protein, first reported in 
1992 (4-11), uncovered the special structure of the iron-molybdenum-sulfide cluster 
at the active site, but did not reveal (49-53) the location or mode of binding of N 2 at 
this site. Computational methods have now provided considerable insight into the 
probable location and stereochemistry of the binding of N 2 , and elucidated the 
mechanism for the weakening of the N - N bond and the pathway for proton transfer to 
the reducing N 2 (54). 

Figure 8 shows the (cysteine)Fe7S9Mo(histidine)(homocitrate) cluster at the 
active site, together with some significant surrounding protein. A central trigonal 
prism of Fe atoms is capped on the upper triangular face by ̂ 3-S)3Fe(S-cysteine) 
and on the lower triangular face by (μ3-S)3Mo(N-histidine)(0,0-homocitrate). The 
three vertical edges of the Fe6 trigonal prism each carry doubly-bridging sulfide. A 
significant feature is that the cluster is bound to the protein only at the Mo and the 
upper Fe atom: the six-coordinate Mo provides an anchor point at the base of the 
cluster, while the upper section should be free to rotate about the Fe-S-cysteine bond, 
allowing torsion in the central region of the cluster. In the center, there is trigonal 
prism of six under-coordinated Fe atoms. This trigonal prism presents three Fe4 
faces around the equator, and one of these is sufficiently unobstructed by protein as to 
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Figure 7. Isomers of [ C u x S y ] 0 - , with relative energies in kcal m o l - 1 

(symmetries in parentheses are those imposed during geometry 
optimization). 
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Figure 8. The active site of nitrogenase as determined by X-ray diffraction 
(55), showing the histidine and homocitrate ligands for six-coordinate Mo at 
the base of the cluster, the Fe6 trigonal prism in the central region, and the 
cysteine coordination of Fe at the top. The N 2 (not present in the structure 
determination) is shown at the proposed binding site, enclosed by arginine-
359, in the parallel binding conformation (see text). A hydrogen bond 
exists between arginine-96 and the μ 2 - 8 ligand in the center-front of the 
picture. 
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offer a site for binding of N2 (54). Arginine-359 provides a cover for this binding 
site. 

Clues about the geometry of binding and weakening of N 2 came from 
computations on the metallocarbohedrenes (binary metal-carbon clusters, M x C y ) (56-
59), in which C 2 2 ~ (iso-electronic with N2) binds to a quadrilateral of metal atoms 
(60-66). The two relevant conformations (labelled diagonal and parallel) are shown 
in Figure 9, for N2 over Fe4, analogous to C2 over M 4 . More stable binding occurs 
for N2 diagonal to an Fe 4 rhombus, with favourable overlap of the N2 π-bonding 
orbitals with Fe 3d. The alternative binding of N2 parallel to the edges of an Fe 4 

rectangle is less stable overall, and involves overlap of Fe 3d orbitals with N2 π-
antibonding orbitals, thus weakening the N - N bond. This parallel conformation can 
alternatively be regarded as four Fe-N σ-bonds to N 2 2 ~ in the doubly reduced state. 
The key concept is that the N2 can be initially trapped in the diagonal conformation, 
and then its N - N bond weakened by conversion to the parallel conformation. The 
interconversion of these two Fe 4 shapes could be achieved by rotation of the upper 
section of the cluster, causing torsion of the Fe6 trigonal prism. In Fig. 8 the N2 is 
shown bound in the parallel conformation. 

These hypotheses have been substantiated and quantitated by DF calculations 
(54), which also reveal another significant characteristic of the active site. Increased 
electron population during the reduction is calculated to have largest effect on atomic 
charges at the doubly-bridging sulfide ligands which flank the binding site. These 
μ2-8 ligands, unusual in polymetallic sulfide clusters (16), are thus postulated to play 
a significant role in the proton transfer components of the total reduction of N2. This 
proposal is supported by the fact that both of the flanking μ2-8 ligands accept 
hydrogen bonds from behind, as marked in Figure 10 (and portrayed in more detail in 
ref 54). Thus, during reduction of bound N2 there is also an increase in basicity of 
the flanking μ2-8 ligands, facilitating transfer of H + to them via protein. Inversion 
of the hydrogen on the resulting Fe2SH (a facile process) places it immediately 
adjacent to the reducing N2, and subsequent transfer of the proton to the increasingly 
basic nitrogen atom is stereochemically facile (see Figure 10). This proton transfer 
stage has been evaluated with DF calculations (54). While the μ2-8 ligands were 
unexpected in the Fe-Mo-S cluster, they are seen to have a mechanistic function that 
could not be achieved with \I3-S. 

Finally, another role for the obligatory homocitrate ligand is recognised. After 
reduction, the amine product must leave the active site via the opening near the 
guanidine terminus of arginine-359. The homocitrate ligand at the base of the egress 
route provides the required hydrophilic pathway. The other role of homocitrate is to 
anchor the coordinatively saturated Mo atom, as required for the torsion of the upper 
part of the cluster. It is proposed that this torsion is induced by hydrogen bonds with 
the surrounding protein. 

Thus a concerted mechanism is proposed for the function of the active site of 
nitrogenase, and supported computationally (54). This proposal emphasises and 
illustrates nicely the significance of the two questions raised in the introduction, 
concerning details of fundamental cluster core structure, and the role of the cluster 
environment. 

Biomineralization 

Plants and fungi detoxify heavy metals such as Cd2+, H g 2 + , Pb2+ by inducing the 
synthesis of cysteine-rich oligopeptides known as phytochelatins (PC), which then 
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Diagonal binding of N 2 over Fe 4 rhombus 
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Parallel binding of N 2 over Fe 4 rectangle 

Fe overlap with N 2 π-bondlng orbitale 
Fe overlap with N 2 π-antlbondlng orbitals 

Figure 9. The diagonal and parallel conformations of N 2 bonded over an 
Fe4 quadrilateral. Adapted from reference 54. 

Figure 10. Representation of the hypothesis for proton transfer from the 
hydrogen bonds behind the two μ 2 - 8 ligands which flank the binding site, 
around μ 2 - 8 by inversion, and to reducing N 2 : hydrogen atoms (open 
circles) are drawn in each of the locations along these two flanking 
pathways. Arginine-359 which covers this site has been removed for 
clarity. 
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sequester the metal ions in innocuous complexes. The phytochelatins are usually 
(γ-glutamic acid-cysteine)nglycine with η varying between 2 and 8, symbolised PC n . 

Organisms such as the yeasts Candida glabrata and Schizosaccharomyces 
pombe have increased the efficacy of this protection by further generating sulfide, S 2~ 
(presumably from glutathione), which initiates formation of a metal sulfide 
biomineral together with the metal-phytochelatin complexes. Thus, when these 
yeasts are burdened with C d 2 + they grow a crystallite of CdS, coated with 
phytochelatins. This is an unusual example of biomineralization, or biochemically-
controlled mineral formation. The dimensions of the CdS nanocrystallite are 
restricted, to ca 20 Â diameter: the thermodynamically favoured growth (Ostwald 
ripening) of nanocrystalline CdS to bulk CdS which would otherwise occur is 
controlled and restricted by a coating of phytochelatin peptides. The formation (in 
vivo and in vitro) and properties of these have been described by Dameron, Winge et 
al. (67-69). 

These biomineral materials are significant in fields other than metal 
detoxification, since CdS is a size-quantized photoresponsive semiconductor. That 
is, the band gap for absorption of radiation, and the energy separation of the reducing 
electrons in the valence band and oxidizing holes in the conduction band, are tunable 
by variation of the size of the crystallite in the nm size domain (70). Thus, control of 
nanocrystallite size and avoidance of Ostwald ripening are important objectives, and 
the yeasts provide a natural solution to a technological problem in materials science. 

Using knowledge of many smaller cadmium-sulfide-thiolate clusters with known 
structures in crystals and in solution, I have developed a computer model of a 
representative CdS bio-nanocrystallite, with composition Cd8fjS62{(Y-glu-
cys)3gly}22> chosen to fit the compositional, diffraction, and size data (71). This 
model and the modelling process were very informative about structural possibilities, 
which are in fact limited as a consequence of the unusual coordination properties of 
the phytochelatins. A chelate ring formed by the cys-y-glu-cys sequence contains 14 
atoms, which is anomalously large and conformationally demanding. 

In the absence of data interprétable at the atomic level, computational methods 
are valuable. The refinement of this model (which has a total of 1990 atoms) 
employed force-field methods, using parameters determined for Cd-S-SR clusters 
(72). The significant characteristic of this structure is the close packing of the 22 
peptides over the surface; surface packing is tight, and the core is completely covered 
by peptide. There is a preponderance of carboxylate oxygen atoms on the surface, 
with a total charge of -96 if all are deprotonated. The close packing of peptides over 
the surface provides the clue to the mechanism for size control. The diagrammatic 
representation (Fig 11) of the separation of peptides anchored with fixed spacing over 
the surface of small and large mineral cores indicates how the peptides come together 
as the core grows. At the limiting size, any addition to the core would decrease the 
general curvature of the surface, force the peptides together, prevent the ingress of 
C d 2 + and S2~, and prevent further growth. 

H2N 
OH 
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Figure 11. Diagrammatic representation of the growth of the CdS 
biomineral core, with surface coordination by phytochelatin peptides. As 
the core grows and the surface curvature decreases the peptides (which have 
fixed separations at the connection points on the core) are forced together 
and prevent further growth. 

Conclusions 
I conclude that contemporary computational techniques, especially the density 
functional calculations, enable expedient insight into key questions at the frontiers of 
metal sulfide cluster chemistry, providing information not yet accessible 
experimentally, and providing direction for experimental programs. 
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Chapter 8 

Hydrodesulfurization Catalysts 
and Catalyst Models Based on M o - C o — S 

Clusters and Exfoliated MoS2 

M. David Curtis 

Willard H. Dow Laboratory, Department of Chemistry, University 
of Michigan, Ann Arbor, MI 48109-1055 

Results from the author's laboratory on the desulfurization activity of 
Cp2Mo2Co2S3(CO)4 (1) and Cp2Mo2Co2S4(CO)2 (2) clusters, as well 
as the HDS activity of catalysts derived from exfoliated MoS2, are 
reviewed. Cluster 1 abstracts the sulfur atom from a variety of organic 
sulfides to give cluster 2 and a desulfurized organic product. With 
thiols, the mechanism involves C-S bond homolysis. Supporting these 
clusters on Al2O3 gives HDS catalysts with activity nearly identical to 
that of conventional Mo/Co/S catalysts. New HDS catalysts derived 
from exfoliated MoS2 are described. 

Hyarodesulfurization (HDS) of fossil fuels is a process important to the preservation of 
environmental quality. When combusted, sulfur in fossil fuels forms sulfur oxides that 
combine with atmospheric water and contribute to acid rain and other undesirable 
environmental contamination. Sulfur-containing organic molecules are also potent 
poisons for noble metal-based catalysts, e.g.,, those used for reforming or 
hydrocracking in fossil fuel refining. As increasingly sulfur-rich, residual crude oil 
fractions are converted to lighter MW products by hydrocracking, it becomes 
increasingly important to remove sulfur from crude oil fractions. 

The commercial catalyst most commonly used for this process is based on the 
sulfides of molybdenum and cobalt supported on a high surface area oxide, e.g., γ-
AI2O3 (1-3). Other metal combinations, e.g., Mo/Ni, W/Co, and W/Ni are also 
effective. The late transition metal, Co or Ni, is usually referred to as the "promoter" 
element although Mo can also "promote" Co-based catalysts (1). The nature of these 
complex, supported sulfided catalysts has been the subject of investigation and 
controversy for nearly 20 years. 

These supported metal sulfide catalysts are prepared by impregnating the 
refractory oxide support 127. "date and the promoter ion (the impregnation steps may 
be simultaneous or sequential). The impregnated support is then dried and calcined at 
400-500 °C. This step converts the supported metal species to various disordered 
oxide phases (4-6). These oxides are then reduced with a mixture of H2 and H2S at 
350-500 °C. This sulfiding treatment converts the oxides to sulfides. It is the structure 
of these mixed metal sulfides (and/or oxysulfides) that has engendered debate and 
controversy since the mid-1980's. Some authors claim that sulfidation is never 
complete and that up to 30% of the molybdenum remains bonded to oxygen in the 
initially prepared (most active) catalysts (7). Other workers see a continuous increase 

0097-6156/96/0653-0154$15.50/0 
© 1996 American Chemical Society 
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8. CURTIS HDS Catalysts Based on Mo-Co—S Clusters 155 

in sulfur coordination to Mo, with these molybdenum sulfides becoming more ordered 
into MoS2-like structures as the sulfiding temperature is increased (8,9). 

At this time, the most widely accepted model of the HDS catalyst structure is the 
"CoMoS phase" model proposed by Tops0e and coworkers (5,6) (Figure 1.). In this 
model, the catalyst consists of small crystallites of M 0 S 2 supported on the A I 2 O 3 
surface. The Co promoter occupies sites on the edges of the basal planes of the M 0 S 2 
crystallites; this is the "CoMoS" phase. The Co is also known to be present in other 
phases, e.g., Co in tetrahedral holes 
in the A I 2 O 3 , and as the cobalt 
sulfide, C09S8 . These latter phases 
are believed to have very low activity 
for HDS catalysis. 

Although this physical model 
is widely accepted, it does not specify 
a role for the Co as a promoter 
element. How does the presence of 
the Co increase the activity of the F i g u œ 1. Active "CoMoS" phase for 
M o S 2 , a catalyst in its own right? In HDS catalysis. Dots represent Co atoms 
fact, the argument has been put decorating the edges of the MoS 2 crystallites, 
forward that it is actually the Co that 
is the most competent catalyst and that the M0S2 is merely acting as a support to effect 
the optimum dispersion of the Co active sites (10). In order to answer these questions, 
one needs to answer even more fundamental questions. For example, what is (are) the 
mode(s) of coordination of the organosulfur substrates to the catalyst surface or active 
sites? What are the mechanistic details of the C-S bond breaking? How is H2 activated 
on metal sulfide surfaces,? Does C-S activation occur at the same site(s) as H2 
activation? What are the mobilities of the various species on the catalyst surface? 

Attempts to answer these fundamental questions pose some exceedingly thorny 
experimental problems, even over "simple" surfaces, e.g., clean metals in UHV. On 
the complex, sulfided catalyst surface, these questions may be next to impossible to 
answer. In such cases, modeling studies can often come to the rescue. The more 
faithfully the model resembles the object being modeled, the more confidence one has 
in transferring conclusions reached on the basis of model behavior to the real system of 
interest. 

Organometallic Models 

Organometallic chemistry has long been associated with catalysis. This association 
arises from the fact that organometallic compounds are often catalysts in their own 
right. Examples abound; hydrogénation, hydroformylation, olefin oligomerization and 
polymerization, olefin metathesis, hydrosUation, and cyclopropanation, are reactions 
with well-developed homogeneous catalytic processes (11,12). Furthermore, the 
elementary steps of many heterogeneously catalyzed reactions may be modeled or 
imitated by well characterized organometallic complexes. At the most fundamental 
level, organometallic structures provide models for possible surface species (13). 
Secondly, the spectroscopic properties of organometallic compounds often resemble 
those of corresponding surface species, e.g., VCH of μ3 - ethylidyne, M-NO or M-CO 
vibrational frequencies, etc. Thirdly, the reactivity of ligands in organometallic 
complexes can, and often does, mimic that of adsorbate molecules on catalyst surfaces. 
Finally, organometallics may serve as precursors to supported catalysts that show 
different activities or selectivities from those prepared by the conventional impregnation 
procedures. Even if a catalyst prepared from organometallic precursors exhibits the 
same reactivity as one prepared by the conventional impregnation route, the surface of 
the former is often "cleaner", i.e., free of extraneous phases, so that interpretation of 
spectroscopic data is often facilitated. This particular advantage of organometallic 
precursors seems to be little appreciated. 
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Until fairly recently there were no good organometallic models for reactivity 
patterns on sulfided surfaces, or for binding modes of thiophene compounds, for 
example. The latter situation has changed dramatically with the detailed and thorough 
work of Rakowski DuBois, Angelici, Rauchfuss, Jones, Adams, Bianchini, and others 
(14,15). Rakowski DuBois has made an extensive study of the reactivity of dimeric 
molybdenum sulfides, e.g., CP2M02S4 and Cp2Mo2(SR)2(S)2 (R=H, alkyl, etc.) 
(16). Of particular relevance here are her observations that the complex Cp2Mo2(^2-
S2)^2-S)2 splits H2 to form Cp2Mo2(^2-SH)2 (μ2-δ)2> i.e., the sulfide ligands may 
play an active role in homolytic scission of H2, that Cp2Mo2^2-S2CH2)(|A2-
S M e ) ^ 2 - S ) + heterolytically splits H2 and that these species are hydrogénation 
catalysts for a variety of substrates. The complex, Cp2Mo(S2CH2)(SH)(S)+ also 
catalyzes H/D exchange of the α-hydrogens on thiophene, a reaction also observed 
over C0M0S HDS catalysts (17). The significance of this body of work is that it 
demonstrates substantial sw//wr-centered reactivity. The role of the metal is nonetheless 
important, since the Mo can change oxidation states to support changes in the formal 
oxidation states of the sulfur ligands, and vacancies in the metal coordination sphere 
facilitate desulfurization reactions (18). 

Rauchfuss has made important contributions to understanding the reactivity of 
polysulfide ligands, e.g., extrusion of Sx (19), interconversion of binding modes of 
disulfide ligands (μ-η ν η 1 , μ-η^,η2) (20), their reactivity with alkynes (27), and the 
coordination chemistry of thiophene (22). In connection with the latter, these workers 
have postulated the importance of the bimetallic, multihapto coordination of thiophenes 
to the desulfurization process and have also demonstrated a remarkable reactivity of the 
coordinated thiophenes with the hydroxide ion or the hydrogen ion (23). These latter 
demonstrations are especially important since both base (MS", MO"> OH" etc.) or 
Bronsted acids (SH) are present on the surface of M0S2 catalysts and may serve as 
agents for thiophene ring opening. 

Angelici and co-workers have conducted thorough investigations of the 
coordination chemistry of thiophenes and have discovered several transformations 
relevant to desulfurization reactions over heterogeneous catalysts (14). In particular, 
their demonstration that the deuterium exchange pattern on π-bound thiophene is similar 
to that observed on heterogeneous catalysts (24), of H 7 H + addition to C=C bonds (25) 
and C-S bond cleavage in π-bound thiophene (26), the greatly increased basicity of the 
sulfur atom in η^-bound thiophene, and interconversions between r|4(C) and T|2(C,S) 
bonding modes (27) are especially noteworthy. The measurements of relative binding 
strengths of methyl substituted thiophenes in π- and S-bound coordination modes has 
also been extremely useful in the interpretation of adsorption and relative HDS rates of 
substituted thiophenes over supported HDS catalysts (28,29). Benzothiophene 
coordination chemistry and reactivity have also received attention (21,30-32). 

Most of the recent investigations of reactions of organic sulfur compounds with 
transition metal complexes have involved mononuclear derivatives, but several reports 
of C-S bond activation at dinuclear and polynuclear centers have appeared. Rauchfuss 
et al. showed that a thiaferracyclohexadiene is an intermediate in the desulfurization of 
thiophene with Fe3(CO)i2 (21). Boorman et al. studied the cleavage of a C-S bond of 
sulfides coordinated to two metal centers (33), and Rakowski DuBois recently reported 
that a dinuclear molybdenum complex can desulfurize thiirane (18). Jones et al. have 
observed cleavage of the C-S bond of thiophene in dinuclear Co and Rh complexes 
(34-37). An especially interesting result was obtained with the reaction of Cp*2lr2H6 
with thiophene. The sulfur atom was abstracted and formed a μ-S bridge while the 
C4H4 fragment was reduced to butadiene and was also incorporated as a bridging 
ligand (38). The sequence of reactions that were proposed to account for the formation 
of the final product are very similar to those we have proposed for the heterogeneously 
catalyzed HDS of thiophene (39). Bianchini et al. have shown that an Ir complex 
inserts into the C-S bond of benzothiophene or thiophene, and the ring-opened 
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complexes react with acids, e.g., PhSH, to give H 2 S , ethylphenyl thiol, or butenyl 
thiols (40-43). In fact, Bianchini and coworkers have demonstrated for the first time a 
homogeneous catalysis of HDS with (triphos)IrH2Et complex (44). 

Adams et al. have studied the reactions of organic sulfides with osmium clusters 
(45-47). In an extensive series of papers, they have isolated new clusters resulting 
from S-H, C-S, and C-H bond insertions, as well as reductive elimination of alkanes or 
arenes, dehydrogenation of the organic moiety and oligomerization of the organic 
sulfide. A l l these reaction types have been observed over heterogeneous HDS catalysts 
or clean metal surfaces. 

At this point a fair question is: Have these organometallic studies helped the 
interpretation of data obtained on the real catalyst systems? I believe the answer to this 
question is most certainly in the affirmative. The review articles in references (1) and 
(6) both refer extensively to organometallic model systems. Recent studies on clean 
and sulfided metal surfaces under ultrahigh vacuum conditions are beginning to 
uncover aspects of the reactivity of surface bound thiolates that have direct parallels 
with reaction pathways seen on organometallic centers. Thus, elimination of H-atoms 
in the β-position with respect to the thiol sulfur atom has been observed on Au (48) as 
has the extrusion of butadiene from 2,5-dihydrothiophene over Mo(l 10) (49) (similar 
reactions have been seen in organometallic reactions). Stiefel has also drawn attention 
to the correspondence of the structural features found in metal sulfido clusters and the 
M o S x species believed to exist at the edges of the basal planes of M 0 S 2 (50). Hence, 
there exist organometallic models for the structural features as well as the kinetic or 
reaction pathways postulated to be important in the catalysis of the HDS reaction. 

Model studies on well ordered surfaces (6), the E X A F S , MES, and other 
spectroscopic studies by Tops0e et al. on sulfided Co-Mo-S catalysts, and the 
organometallic studies described above have led to a greatly increased understanding of 
the nature of the catalyst and possible coordination modes of organic sulfides with 
species likely to be present on metal sulfide catalysts. However, there are many 
questions yet unanswered. The role of the promoter metals, e.g., Co or N i , in the 
catalytic cycle is still not established. Is it electronic (modifying the Mo-S bond 
strength) (48,49), physical (promoting more active sites), or kinetic (enhancing the 
quality of the active sites or acting as a center for dissociative adsorption of H2) in 
nature? Is the cobalt, as some have suggested, the real active site with the M 0 S 2 acting 
merely as a support or modifier to the Co-active site(s)? How are the C-S bonds 
activated on the catalyst surface? What are the kinetically important steps? 

It is universally accepted that the oxidation state of Mo in the active HDS 
catalysts is +4 in the M 0 S 2 phases, although very low concentrations of +3 and/or +5 
sites are detected by ESR spectroscopy (57). Harris has concluded that only very 
electron rich complexes are expected to insert into the C-S bond of thiophene (52). 
Thus, model studies with low-valent organometallics may show reaction paths that are 
not relevant on the actual HDS catalysts. 

In the remainder of this chapter, we present a summary of our work with the 
Mo/Co/S clusters 1 and 2 as models for the putative "CoMoS" phase on heterogeneous 
HDS catalysts. These clusters have the metal atoms in an average oxidation states of 
+2 and +2.5 for 1 and 2, respectively; but oxidation states of +3 to +4 for Mo are 
reasonable in these clusters. Hence, clusters 1 and 2 are in many ways, ideal models 
for the "CoMoS" phase in HDS catalysts. 

( C O ) 2 C o C Q \ ^ Ç o ( C O ) 2 ( C O ) C o ^ jCo(CO) 

(2) 
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Electronic Structure of the Clusters 

A series of bimetallic sulfido clusters of the type, Cp2Mo2M'2S n Lm (Μ' = Fe, Co, N i ; 
η = 2-4, Lm = ligands, e.g., CO, Cp) have been synthesized and structurally 
characterized in our laboratories (53-57). For the most part, these clusters obey the "18 
electron rule". When a cluster obeys the 18 electron rule, the number of valence shell 
electrons (VSE) in a four-metal cluster would be 4x18=72 VSE in the absence of metal-
metal bonding. However, each pair of electrons engaged in metal-metal bonding gets 
"counted" twice, once for each metal. Hence, the number of electrons required to reach 
the 18-electron count is 18M-2n, where M = number of metal atoms and η = number of 
metal-metal bonds. Thus, an M 4 cluster with six M - M bonds requires 72-12 = 60 
VSE. 

To arrive at the number of VSE, one adds the numbers of electrons contributed 
by each metal atom plus those contributed by the ligands. For clusters of the type 
considered here, counting is easier if all atoms are considered to be neutral. Thus, Cp 
is a five-electron donor; and CO, R3P , RNC, etc. are two electron donors. Bridging 
groups, especially, sulfur, can present some problems in electron counting. Α μ2-
sulfide, counted as a neutral, will donate two VSE; a μ3-8 will donate four VSE. A 
terminal RS or halogen is a one-electron donor as the neutral atom. As a μ2-ligand, 
these groups donate 3 VSE. 

With the above counting scheme, cluster 2 is a 60 VSE, electron precise cluster. 
But what about cluster 1? How many electrons does the μ^υ ΐή ι τ contribute? If the 

also contributes 4 electrons, then cluster 1 is also a 60 VSE cluster; but 1 has only 
five M - M bonds and thus requires 62 VSE to be electron precise. Cluster 1 is therefore 
electron deficient in the same sense as are boron hydrides. 

E H M O calculations support the idea that the μ4-8 ligand in 1 contributes the 
same number of electrons to the overall bonding as does the \L?>-S ligand (58). The 
calculated Mulliken overlap populations are: Μο-8(μ3) = 0.56, Μο-8(μ4) = 0.46, Co-
S t e ) = 0.35, and C o - S ^ ) = 0.31 e". The total overlap population for a μ3-8 atom is 
(2Mo-S + Co-S) = 1.47 while for the it is (2Mo-S + 2Co-S) = 1.54. Thus, the 

has about the same number of bonding electrons spread over four bonds as the 
μ3-8 has spread over 3 bonds. The Mo-S overlap populations are larger than the 
corresponding Co-S populations by about 50%, and the Μ-8(μ4> values are less than 
those of the Μ-8(μ3) bonds. 

Thus, the EHMO calculations are consistent with counting the bridging sulfur 
atoms as four-electron donors, and thus ascribing a 60 VSE electron count to cluster 1. 
The electronic structure of 1 may be important in relation to its desulfurization activity 
(see below). Since 1 is electron deficient, it can be viewed as possessing a latent 
vacancy in the metal coordination sphere, i.e., the cluster can accept an additional 
ligand with its two electrons. This concept helps to relate the desulfurization activity of 
cluster 1 to the requirement of vacancies (or latent vacancies!) on the surfaces of 
heterogeneous catalysts. 

Homogeneous S -Abstraction Reactions of Mo/Co/S Clusters 

The Mo/Co/S cluster, 1, reacts with a variety of S-containing organic molecules to give 
quantitative yields of cluster 2 and the corresponding desulfurized organic molecule 
(59). A summary of the reactions is given in Scheme I. Several features of these 
reactions are noteworthy. The rates of the reactions of 1 with alkane thiols are 
qualitatively similar to those of aryl thiols, in spite of the rather large differences in C-S 
bond energies between the alkyl and aryl series. This observation would suggest that 
C-S bond breaking is not the rate determining step. 
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Scheme I 

"RS" 

"RS" 

"R" 

"R" 

a) 

b) 

c) 

d) 

e) 

H 

tBuSH 

ArSH 

tBuH 

ArH 

SH 

g) 

h) 

V , 
s 

Ν / 
S 

S 
cis or trans 

Ph. CH 2 Ph 

i) R-NCS 

cis only 

R-NC 

Anothe r s t r i k i n g 
observation is the simplicity of 
the products. When conducted 
in a sealed N M R tube, the 
desulfurization of alkyl thiols 
p roduces o n l y the 
corresponding alkane and 
cluster 2 . No skeletal 
rearrangements or H + 

elimination to give isomeric 
alkanes or alkenes are observed 
(entries "a" and "b" in Scheme 
I). This suggests that the sulfur 
is not removed as the SH~ 
anion, which would produce 
carbocations. The latter are 
expected to lead to alkenes 
and/or rearranged alkanes. 

The desulfiirizations of 
cis- or t r a n s - 2 , 3 -
d ime thy l th i i r ane were 
stereospecific: only cis- or 
frans-2-butene were seen as the 
products (entries " f and "g", 
Scheme I) (59,60). The sulfur 
abstraction from thietanes was 
stereoselective, however. Both 
cis- and trans-2,4-
diphenylthietane gave cis-1,3-
diphenylpropene as the only 
observed product (60) (entry 
"h" in Scheme I). The C-S 
bond strengths are decreased in 
the strained, cyclic sulfides, and 
thiiranes are known to donate 
sulfur to a wide variety of low 

valent metal complexes, so the desulfurization of these cyclic sulfides is not particularly 
novel. 

However, even the very strong C=S double bonds in organic isothiocyanates 
and in COS are rapidly desulfurized by 1 (59). In the case of RNCS (entry " i " , 
Scheme I), the organic product is the isocyanide, a very good ligand. The released 
isocyanide displaces CO from 1, as well as from product 2, to give isonitrile-
substituted clusters, C p 2 M ο 2 C o 2 S 3 ( C O ) 4 - x ( R N C ) x (x = 1-3) and 
Cp 2 Mo 2 Co 2 S 4 (CO) 2 _ x (RNC) x (x = 1, 2) (61). 

In contrast to the desulfurization reactions of simple alkyl thiols, the reactions of 
cyclopropylmethyl thiol, and 6-mercaptohexene with cluster 1 lead to rearranged 
products: 1-butene and methylcyclopentane, respectively (entries "d" and "e", Scheme 
I) (62-63). These products are typical of rearrangements of the cyclopropylmethyl and 
l-hexene-6-yl radicals, respectively (64). 
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160 TRANSITION METAL SULFUR CHEMISTRY 

Reactions of Nucleophiles with 1 and 2 

The reactions of clusters 1 and 2 with phosphines were investigated to gain some 
insight into the mechanisms of substitution in order to help explain some of the features 
of the reactions of 1 with organic sulfides (65). With trimethylphosphine, 1 reversibly 
forms a deep red adduct that was isolated by crystallization from a solution containing 
excess Me3P. A crystal structure of the adduct showed that the phosphine was attached 
to a Co-vertex and that the Co-S(m) bond had been displaced (Figure 2). The solution 
N M R of the adduct 3 (L = Me3P, Cp' = C5H4Me, Scheme Π) was consistent with the 
solid state structure: one Cp-Me signal and one A B C D pattern for the ring protons 
show the presence of a mirror plane containing the Co-atoms and bisecting the Mo-Mo 
bond. 

Figure 2. ORTEP drawing of the inner coordination sphere of the Me3P 
adduct of cluster 1. 

The Me3P adduct, 3, readily loses the phosphine and regenerates cluster 1. 
With less basic phosphines, a carbonyl group is displaced with the re-formation of the 
Co-S^4) bond (Scheme Π) (65). Even with phosphines for which adduct 3 could not 
be directly detected, the kinetics showed pre-equilibrium behavior, i.e., plots of 1/[L] 
vs. 1/kobs were linear as required by the kinetic pathway shown in Scheme II. 
Measurement of the rates as a function of temperature allowed us to determine the 
values of the pre-equilibrium constant, Ken, and CO displacement rate, k, indicated in 
Scheme Π. For (n-Bu3)P, ΔΗ = -12.2 ± 0.2 kcal/mol, and K e q 2 9 8 = 91, and the 
activation parameters for k, were found to be ΔΗ$ = 24 ± 3 kcal/mol and AS$ = -0.5 ± 
8 eu. A typical graph of energy vs. reaction coordinate is shown in the insert to 
Scheme Π. 

These studies showed that cluster 1 does behave as an electron-deficient cluster 
in that 1 can accept two more electrons to form the 62 VSE, saturated cluster, 3. This 
adduct is sufficiently stable to be isolated at low temperatures. Cluster 2 also reacts 
with nucleophiles in an associative mechanism, but in no case have we been able to 
detect measurable concentrations of the 62 VSE intermediate, only the final, CO-
substitution product may be isolated. 
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8. CURTIS HDS Catalysts Based on Mo-Co-S Clusters 161 

Scheme 

(CO)2Co, 

s " M o 
C p C p 1 

- t - Λ Λ " 20 kcal/mol 

1 » ' J 

3 

4 

CP 

(CO) 2 Co^J\ 

kl 

;co(CO)L 

S C M ô - . 
C ? P C P 4 

Desulfurization of ArSH: Kinetics 

The kinetics of the desulfurization reactions shown in equation 1 were measured for a 
variety of substituents, X . The reaction followed the 2nd-order rate law, rate = 
k[ArSH][ l ] , and the presence of 1 atm of CO had no effect on the rate of the 
desulfurization reaction. The entropy of activation, AS$ ranged from -5 eu (X = H) to 
-22 eu (Χ = MeO), and ΔΗ$ ranged from +27 kcal/mol to +19 kcal/mol, respectively. 
Electron releasing substituents led to faster S-atom abstraction. 

These results were interpreted to mean that the rate-deterrnining step (rds) of the 
desulfurization reaction was the attachment of the thiol to the cluster (adduct formation, 
3, L = ArSH). The subsequent desulfurization was rapid and no detectable 
concentrations of intermediate products were observed (62). 

( C O ) 2 C o i Q \ ^ Ç o ( C O ) 2 ( C O ) C o ^ - f ^ Ç o ( C O ) 

χ - * Î ^ S B • <•> 
I Cp -2CO I Cp 

Cp (i) Cp P (2) 
Regardless of the exact mechanism of C-S bond cleavage, the ΔΗί of the 

desulfurization reaction puts an upper bound on the C-S bond dissociation energy 
(BDE) of the aryl thiol. In aromatic thiols, the C-S BDE is near 80 kcal/mol (66). 
Hence, the C-S BDE is reduced by coordination to cluster 1 by a factor of 3-4! One 
need search no further to find the source of C-S bond activation on Mo/Co/S catalysts. 
However, we would still like to know the intimate mechanism whereby the C-S BDE is 
drastically reduced. 

Desulfurization of Thiolate Anions, ArS" 

To find the intimate details of the C-S bond activation, we investigated the reactions of 
thiolate anions. Our reasoning was that, if the rate determining step for the 
desulfurization of thiols was the initial adduct formation, then the thiolate anion would, 
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162 TRANSITION METAL SULFUR CHEMISTRY 

by virtue of its increased nucleophilicity, move the rate determining step to a later stage 
in the reaction, thus enabling us to view the C-S bond cleavage directly. 

These expectations were borne out. Cluster 1 reacted with the p-tolylthiolate 
anion in acetonitrile at < -40°C to form a deep red adduct (62). This adduct had one 
A B C D multiplet for the Cp'-protons and one Cp'-Me signal, and the spectrum appeared 
very similar to that of the structurally characterized Me3P-adduct (see cluster 5, Scheme 
ΙΠ). As the solution of the thiolate adduct, 5, was allowed to warm, the color changed 
from red to olive green and the NMR spectrum at -24°C showed two A B C D patterns 
and 2Cp-Me resonances. This green compound thus has only C\ symmetry. Cooling 
the solution to -40°C did not restore the original spectrum. 

There are two likely candidates for the green material with C i symmetry. One 
corresponds to a cluster with one of the four carbonyl groups displaced by the thiolate 
(cf: compound 7, Scheme ΙΠ). The other likely product corresponds to a Μ2-Λίοΐ3ίβ, 
Μ2-8υ1Γ^ο tetracarbonyl, cluster 6, Scheme ΓΠ. The latter assignment was shown to be 
correct by the fact that the addition of acid to a solution of 6 regenerated cluster 1 and 
the thiol in quantitative yield. The CO-substituted cluster could give 1 in a maximum 
yield of only 75% if 1 were formed at all. We were also successful in isolating and 
structurally characterizing the CO-substitution product 7 and showing that this 
compound does not have the spectroscopic signature of the green adduct 6. 

As the green solution was allowed to warm to -10 °C, the Cp'-H signals 
broadened and the Cp'-Me signals began to coalesce. The N M R spectra were 
simulated with the program DNMR5, and it was apparent that the fluxional process 
responsible for the observed spectral changes could be accounted for by a concerted 
movement of the Μ2-8υ1Μο and Μ2-ΐηίοΐ3Κ) through the plane containing the Co 
vertices. This fluxional, wind-shield wiper motion establishes an effective mirror plane 
that bisects the Mo-Mo bond, makes the two Cp'-rings equivalent, and results in one 
A B C D pattern for the Cp'-H resonances (step "a", Scheme ΙΠ). 

Increasing the temperature further to +22 °C results in continued evolution of 
the Cp'-H signals and the complete coalescence of the Cp'-Me signals. Detailed 
simulation was consistent with die A B C D pattern evolving to a single A 2 B 2 pattern, 
i.e., toward the spectrum that would be associated with a species with Cp symmetry. 
We therefore suggest that in the higher energy fluxional process the Μ2-ύιΐοΐ3ΐο and μ 2 -
sulfido ligands traverse the Mo-Mo bond (step "b", Scheme ΙΠ). The combined 
fluxional motions of steps "a" and "b" impart effective Civ symmetry to the adduct, and 
the μι-S and Μ2-8Ατ ligands are mobile over the "surface" of the cluster. 

The high-temperature, limiting spectrum expected for the C2V-symmetry cluster 
was not observed because at temperatures > 35 °C, the decomposition of the thiolate 
adduct became rapid. The products of the "decomposition" reaction were found to be 
the anion of the cubane cluster, 2, and the arene, ArH. When the "decomposition" was 
conducted in CD3CN solvent, the organic product was the monodeuterio arene, ArD. 
Similarly, desulfurization of the cyclopropylmethylthiolate anion in C D 3 C N gave 1-
butene-di as the sole organic product. Thus, the thiolate-cluster adducts react by C-S 
bond homolysis (eq. 2). The identity of the anionic, paramagnetic cluster 8 was 
established unambiguously by preparing it from the one-electron reduction of cubane 2 
and structurally characterizing the anion (62). Adams et al. have previously observed 
homolytic C-S bond scission in the reactions of thiols and thietanes with OS3 clusters 
(45,47,67). In these reactions, multi-point bonding of the thiolate to the cluster is also 
observed, so that the mechanism of C-S bond activation proposed here applies to the 
OS3 cluster-mediated reactions as well. 
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8. CURTIS HDS Catalysts Based on Mo—Co—S Clusters 163 

Proposed Desulfurization Mechanism 

These results allow us to piece together a self-consistent mechanism for the 
desulfurization of thiols by cluster 1. The rate-determining step is the nucleophilic 
attack of the thiol to give an intermediate, 9 (Scheme IV). The terminal thiol can then 
bend over and bind to the Mo-atom in an μ2-νηοά& (intermediate 10). Intermediate 10 
has a quaternary sulfur that should render its attached Η-atom acidic. Transfer of this 
proton to the μ2-8υ1Γ^ο ligand gives intermediate 11. Now the thiolate sulfur can bind 
in a μ3-fashion. We believe it is this μ3-ι!ιΐο^6 binding mode that activates the C-S 
bond to homolytic cleavage. C-S bond homolysis, followed by Η-atom abstraction 
leads to intermediate 14. Loss of CO and "folding up" of the cluster gives the ultimate 
cubane cluster, 2. 

A comment about the C-S bond homolysis is perhaps useful. A bond energy is 
the difference between two thermodynamic states. Thus, if we compare the C-S bond 
energy in the two reactions depicted in eqs. 3 and 4, the respective C-S bond energies 
will depend on the relative energies of 
HS» radical and the M 3 S fragment 
(formally oxidized with respect to the Ar-SH Ατ· + «SH (3) 
ArSM3 cluster). Since the S-atom in M 3 S 
is in a stable bonding mode as compared to 
the unstable SH radical, the apparent Ar-S bond energy is greatly decreased in cluster-
bound thiolate and C-S homolysis is thermally accessible. 
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164 TRANSITION METAL SULFUR CHEMISTRY 

M 
A r - S ^ M 

M 

M 
Ar . 

M 
(4) 

A slight variation on the 
mechanism shown in Scheme 
IV can account for the 
desulfurization of thietanes 
(entry "h", Scheme I). 
Coordination of the thietane can lead to ring opening via C-S bond homolysis. The S-
tethered radical can bond to a metal atom, thus effecting an "insertion" reaction into the 
C-S bond. β-Elimination could then form a coordinated propenylthiolato cluster 
(Scheme IV, compound 11 with R = propenyl), after which the desulfurization follows 
the path shown in Scheme IV. 

Scheme IV 

(M=MoCp') RSH + 1 ^ 

H 

11 

H 

/ Ço(CO) 2 

12 

(CO)Co^H=^Ço(CO) 

I Cp , 
Cp H 2 

r . d . ^ ( C O ) 2 C o ^ W 

/ \ / N 

( C O ) 2 C o ^ A ^ l ^ C o ( C O ) 2 ^ 
(CO)2Co, 

H 

( C O ) 2 C o ^ M r / - ^ . Co(CO) 2 

13 

-RH 

-2CO / 
(CO) 2 C 0 ;^^MA^CO(CO) 2 

S - ^ 14 

Desulfurization Reactions with Electron Deficient Clusters 

In the course of the study of the desulfurization reactions with cluster 1, we observed 
that cluster 2 reacted with good sulfur atom donors, e.g., thiiranes or thietanes, to form 
a black, insoluble powder that contained no carbonyl groups. This solid analyzed well 
for Cp'2Mo2Co2S5 and the far-IR spectrum of the black solid showed a prominent 
absorption at 388 cm' 1 , a peak characteristic of all the Mo2M2'S4 cubane clusters that 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
00

8

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



8. CUims HDS Catalysts Based on Mo-Co-S Clusters 165 

we have examined. We therefore proposed that the structure of the black solid is a 
chain of cubane clusters linked by sulfide bridges as shown in equation 5 (68). 

Ph. Ph^ CH 2 Ph X X (5) 

The cluster cores in structure 15 have been oxidized by two electrons relative to 
the core in cubane 2. These 58 VSE clusters have been modeled by oxidizing 2* with 
halogens and disulfides (2* = cluster 2 with C5Me4Et as the Cp' ligand). It was also 
found that benzene thiol oxidized 2* to give the same product as obtained from the 
reaction of 2* with diphenyldisulfide (Scheme V). The thiolato cluster, 16, is 
paramagnetic with S = 1. The iodide, 19, is a spin-ladder with an S = 1 ground state 
and thermally accessible S = 2 and S = 3 excited states. The Co.. .Co distances reflect 
these different magnetic properties. In 16, the Co.. .Co distance is 2.74 Â, whereas in 
the halides, 17 and 19, the corresponding lengths are 2.95 and 2.93 Â, respectively 
(*«)· 

Scheme V 

PhS. 

( C O ) C o ^ p ^ Ç o ( C O ) 

I Cp* v 

Cp* P \ x 2 

v C o ^ T I ^ C o 

S s M o ^ 
I Cp* 

Cp* v 

17, X=C1 
18, X=Br 
19, X=I 

These modeling studies lend some support to the supposition that the insoluble 
sulfides obtained in the reaction depicted by eq. 5 are indeed cubane clusters linked by 
sulfide bridges. Some additional evidence was sought by attempting to convert the 
insoluble material back to a characterizable species. The thiolato cluster, 16, was 
selected as a model for such reactions. Treatment of 16 with CO (400-1000 psi) 
regenerates 2 and produces PhSSPh (eq. 6). 

Cp* = C 5 Me 4 Et 

P h S - C o ^ C 6 

5 M o - r ^ 
I Cp* 

Cp* H 

Ph 
(CO)CoÎ JCo(CO) 

CO, 500 psi 
S - M O ^ + PhSSPh ( 6) 

I Cp* 
Cp* F 

When the insoluble polysulfide was subjected to these conditions, a 40% yield of 2* 
was obtained and COS was detected in the head gases by GC/MS. This transformation 
can be summarized by eq. 7. Yields higher than ca. 40% in eq. 7 have not been 
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166 TRANSITION METAL SULFUR CHEMISTRY 

realized, possibly because some of the material has a structure that blocks access to the 
reagents. 

S ^ J ; ^ S CO,500psi w l\ *KJ m 
I Cp ¥ ° r T / + COS 

\ Cp H In A C P 
15 C P 
1 3 2(40%) 

The conversion of 16 to 2* (eq. 6), combined with the formation of 16 from 
PhSH (Scheme V), suggests the possibility of a catalytic cycle for the conversion of 
PhSH into PhSSPh and H 2 . This conversion, shown in Scheme VI , was attempted 
with a 162-fold excess of PhSH under 1000 psi of CO at 150 °C. The products were 
PhSSPh (171%, based on 2*) and PhC(0)SPh (161%). A 56% yield of 16 was also 
recovered along with some of the black, insoluble polymer 16. The PhSSPh was the 
expected product. The phenyl thiobenzoate was an unexpected product that must arise 
from a catalytic desulfurization of PhSH, and its formation also suggests that metal-
carbon bonds are formed during the desulfurization reaction. We propose that under 
the high CO pressure, CO inserts into a M-Ph bond to give an acyl intermediate. This 
intermediate reacts with excess PhSH to form the thiobenzoate ester (Scheme VI). The 
mechanism of the initial desulfurization step shown in the right-hand loop in Scheme VI 
is at present unknown. 

NET: 2PhSH — • H 2 + PhSSPh NET: 2PhSH+CO PhS(CO)Ph + H 2 S 

HDS Catalysts from Supported Clusters 

Clusters 1 and 2 have been supported on γ-Α1 2θ3 and used as CO hydrogénation and 
HDS catalysts (39). EXAFS spectra clearly showed that the clusters reacted with the 
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8. CURTIS HDS Catalysts Based on Mo-Co-S Clusters 167 

surface at temperatures < 100 °C to form oxo-surface ensembles (39,69). It appeared 
that the surface decompositions of 1 or 2 in either H2 or He atmospheres led to the 
same surface oxo-ensembles. At least, there were no significant differences in the 
E X A F S spectra of these different preparations. Curve fitting showed that, after 
reaction with the surface, the Co-atoms were surrounded by six oxygen atoms at a 
distance of 2.06 Â. The Mo-XAS exhibited a pre-edge feature characteristic of 
molybdate, and curve fitting gave a coordination number of ca. 4 oxygen atoms at 1.77 
Â. 

Upon sulfidation with 15% H2S in H2 at 400 °C, the Mo-EXAFS changed to 
resemble that of disordered M0S2, i.e., the EXAFS showed that the Mo atoms were 
sulfided and that they had coalesced into small M0S2 crystallites. The curve fitting was 
consistent with 6 sulfur atoms as nearest neighbors at 2.46 Â and 3 M o next nearest 
neighbors at 3.23 Â (for highly crystalline M0S2, these numbers are, respectively, 6S 
at 2.42 Â and 6 M 0 at 3.16 A). The Fourier transform of the E X A F S is shown in 
Figure 3. 

3.0000 I ' 1 « 1 « 1 

2.4013 k θ S φ R χ 2.46 À 

3MO0R = 3 .23À 

XT AL • 2.42 À 

XTAL s 3.10 A 
C f i « 0 

1.8027 I -

1.2040 Λ -

0.6053 

0.0067 vL. -

» 

0.0000 1.5000 3.0000 4.5000 

R + α (A) 

6.0000 7.5000 

Figure 3. Phase shifted Fourier transform of the Mo EXAFS 
from sufided clusters supported on alumina. 

The Co-EXAFS spectra show very little change during the sulfidation step (69). 
Curve fitting of the difference EXAFS for cluster 1 showed that, on average, the cobalt 
coordination changed by the addition of <1 S atom at R = 2.23 Â and a loss of <1 
oxygen atom. Since EXAFS gives the average coordination environment, this result 
may mean that only about 1 in 6 Co-atoms are completely sulfided or that the Co is only 
partially sulfided and oxygen remains in the coordination sphere. A similar fitting 
procedure for the Co spectra from adsorbed cluster 2 showed that the cobalt picked, up 
ca. 1.6 atoms of sulfur and lost 1.5 atoms of oxygen, i.e., slightly higher level of 
sulfidation was achieved with cluster 2 as the precursor, possibly reflecting the fact that 
the precursor cluster 2 has four S atoms as compared to the three S atoms in cluster 1. 
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For comparison, a sample of 1% Co on AI2O3 was prepared by conventional 
impregnation with Co(NU3)2 solution, followed by calcination and sulfiding at 400 °C. 
This sample showed complete conversion of the Co to a sulfide, in contrast to the 
incomplete conversion with the cluster precursors. We attribute this difference to 
different Co species on the surface as a function of the deposition technique. The 
clusters are deposited onto the alumina surface from a non-aqueous medium (CH2CI2). 
IR spectroscopy, as well as EXAFS data, show that the cluster is adsorbed intact 
initially. Upon heating, the cluster reacts with surface hydroxy 1 groups and is oxidized 
by them (even under H2 atmosphere!). In this case, the Co is entrapped in the 
octahedral holes of the alumina lattice and, in this state, is not appreciably sulfided. 
The cobalt that is deposited from an aqueous solution, in contrast, apparently remains 
on the surface, first as an aquated complex and then as a surface oxide after calcination. 
This surface oxide is completely sulfided by the H2S/H2 mixture. These different 
behaviors are diagrammed in Scheme VH. 

Scheme VH 

O H 2 

A) Aqueous Impregnation H20>^ \ ^ O H 2 

C o ( H 2 o ) 6

+ 2 + A I 2 O 3 o b 9 V u*!2* J C o q S R 

Π 1111111111111111111111111 iv 11111111Τ1111111111111111111 ! 

A1 2 0 3

 M2°3 

B) Non-Aqueous (Cluster) Impregnation 

Co 7A1 2 0 3 

Table I shows the rates (turnover frequency or TOF) and product distributions 
for the HDS of thiophene at 300 °C catalyzed by 1% 1 on AI2O3, 1% 2 on AI2O3, and 
a commercial catalysts that contains ca. 14% M 0 O 3 and 4% CoO on AI2O3. The TOF 
is defined as moles of thiophene converted per second per mol of Mo. In addition to 
the butènes listed, small amounts of ethene, propane, propene, and butane were 
observed. The product distribution is essentially identical for all three catalysts. The 
equilibrium ratio of 1-butene: cis-2-butene: irans-2-butene at 300 °C is 1.0:1.9:2.8. 
The observed ratios are about 1.0:1.4:2.0. When extrapolated back to 0% conversion, 
the ratios are about 1.0:0.5:0.5. Therefore, the initially formed product slate is about 
equal parts 1- and 2-butenes, and there is no selectivity between the cis- and trans-2-
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butènes. The initially formed butènes are then isomerized to a mixture that tends 
toward the equilibrium ratio with increasing conversion. Separate experiments showed 
that 1-butene was isomerized in a H2-atmosphere over the HDS catalysts, but that 
under an atmosphere of He the rate of isomerization was very slow. 

Table I. Product Distribution (% of Total) for HDS of Thiophene (2.7 
mol% in 1 atm H i ) at 300°C 

Catalyse TOP* BuH 1-butene c-2-butene t-2-butene 
1%1/A1203 26 4 22 30 43 
1%2/A1 20 3 3 4 22 28 38 

Katalcoc 14 3 22 27 37 
!%CoMoS d 12 5 23 28 41 
a) A l l catalysts calcined and presulfided @ 400°C. b) mol thiophene 
converted/s/mol Mo. c) 14% M 0 O 3 , 4 % CoO on A12U3. d) Low loading 
conventional catalyst on Al 2 03 with 1:1 Mo:Co. 

The activity of the cluster-derived catalyst was about twice that of the 
commercial catalyst on a per mole of Mo basis. This may be due to a greater dispersion 
of the cluster-derived catalyst. Surprisingly, the activity of the catalyst derived from the 
cubane cluster, 2, was nearly an order of magnitude less than that of the cluster 1 -
derived catalyst. This decrease in activity correlates with the higher degree of Co-
sulfidation, as observed by EXAFS spectroscopy, in the catalyst made from cluster 2. 
Since the catalyst prepared from cluster 1 showed very little sulfidation of the cobalt by 
E X A F S , it may be that sulfidation of the cobalt is actually inimical to good catalyst 
performance. Such a conclusion is not in accord with the Tops0e "CoMoS" phase 
model, wherein all the active cobalt is presumably bound to sulfur at the edges of the 
basal planes of the MoS 2 crystallites. 

M0S2 Intercalation Catalysts 

The results discussed above show that under HDS conditions, Mo/Co/S 
clusters adsorbed onto AI2O3 aggregate into MoS2-like structures. The placement of 
the cobalt atoms remains problematic in that EXAFS showed that the Co atoms retained 
most of their oxygen coordination shell. We have begun a study of nanocomposites 
formed from the intercalation of Co species between the layers of M 0 S 2 in order to 
observe the behavior of the promoter/MoS2 interface. 

The layer structure of M0S2 can be separated or exfoliated into a suspension of 
individual M0S2 sheets. Typically, bulk M0S2 is reacted with BuLi in hexane to form 
L1M0S2. This compound, with Li+ intercalated between the M0S2 layers, is allowed to 
react with water under sonication. The L1M0S2 reduces the water, giving H2 and OH" 
(equation 8). The hydrogen gas apparently blows the layers apart so that a suspension 
of single M0S2 sheets, MoS2(E), is obtained (70). 

Decreasing the pH of the suspension by the addition of strong mineral acid 
leads to flocculation and restacking of the M0S2. Similarly, the addition of cations also 
leads to flocculation, but in this case the cations are sandwiched between the M 0 S 2 
layers. The conditions (concentration and charge of the cation, etc.) determines the 
degree of intercalation. Only a single layer of metal ions, possibly with their hydration 
shells and hydroxide ions to impart electroneutrality, is incorporated between the M0S2 
sheets. The incorporation of molecules or ions between the M 0 S 2 sheets causes an 

H 2 0 
(8) 

sonicate 
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expansion of the layer to layer distance, i.e., an expansion in the M0S2 unit cell c-axis. 
This expansion, determined from the X-ray powder partem, may be used to assess the 
presence and purity of the intercalated material. 

In this way we have prepared the Co-intercalates shown listed in Table Π (77). 
The sample labeled C0A/M0S2 was prepared by adding 1M Co(N03)2 solution (pH = 
6.6) to the suspension of exfoliated M0S2. C0C/M0S2 was prepared from a solution 
of Co(NH3)6Cl3, and CP2C0/M0S2 was made by adding aqueous cobaltocenium 
chloride to the M 0 S 2 suspension. Table Π lists the % Co in the isolated intercalate, the 
c-axis expansion, Ac, the crystallite size (lc) in the c-direction as determined from the 
width of the 001 reflection, the BET surface area, and the turn-over frequency (mol 
thiophene/m2-s) for the HDS of thiophene under 1 arm of H2. 

Table II. 
Catalyst % Co Ac(A) WA) BET (m2/g) ΤΟΡ>χ109 

C0A/M0S2 16.4 5.06 56 20 4.25 
C0C/M0S2 26.8 5.20 157 34 3.71 
CP2C0/M0S2 4.35 5.16 173 11 1.55 
M 0 S 2 - 557 9 0.56 
M0S2Œ) - 200 52 1.19 
a) mol thiophene converted/s/m2(surface area). 

The Co(HI) hexammine complex ion is well known to be substitutionally inert, 
so we expected that C0C/M0S2 would contain the Co(NH3)6 + 3 ion between the M 0 S 2 
layers. However, when subjected to sonication in mildly acidic HNO3 solution, the 
cobalt was extracted from between the layers to give a solution of Co(H20)6 + 2 , 
identified spectroscopically. From the concentration and volume of the resulting Co(II) 
solution, the amount of Co originally present in the intercalate was calculated, and this 
result agreed with the % Co determined by elemental analysis. Thus, it appears that the 
Co(EQ) was reduced by some residual charge in the M0S2 sheets, and that C 0 A / M 0 S 2 
and C0C/M0S2 contain essentially the same Co species. 

The magnetic susceptibilities of the samples were determined using a SQUID 
magnetometer (77). C0A/M0S2 and C0C/M0S2 are paramagnetic and the linear plots 
of l/χ vs. Τ were essentially superimposable with slopes corresponding to \ieff = 4.89 
B . M . per Co, a value in the range observed for high-spin Co(II) octahedral complexes. 
The CP2C0/M0S2 was diamagnetic as expected if the intercalated species is C p 2 C o + 

and the charge is neutralized by hydroxide (the other possibility, a solid with negatively 
charged, reduced M0S2 layers, Cp2Co+/MoS2", should be paramagnetic). 

TPDE (temperature-programmed decomposition) studies on the intercalates 
show loss of water in two peaks, one at ca. 210 0 and the second at 320 °C, for 
C0A/M0S2. These results are similar to published observations on restacked M0S2 that 
contained a bilayer of water (72). The CD2C0/M0S2 showed two peaks (210 °, 380 
°C), plus one near 100 °C corresponding to loss of surface water. In addition, the 
CP2C0/M0S2 sample shows loss of CpH coincident with the water loss peak at 210 0 

and a second Cp-loss peak near 320 °C. 
The thiophene HDS activity of these intercalated and restacked M 0 S 2 

nanocomposites was determined in a differential flow reactor under 1 atm of H2. The 
results show that the restacked M0S2 had an activity ca. 12 times that of the "native" 
M 0 S 2 . However, the BET surface area of the restacked M 0 S 2 was almost six times 
that of the starting M 0 S 2 , so that, when normalized for surface area, the exfoliated 
M 0 S 2 was about twice as active as the native M0S2. This difference in reactivity is 
probably caused by a difference in the proportion of edge sites to rim sites as a function 
of crystallite size (1,73). 
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The Co-promoted catalysts derived from the intercalates all show slightly 
enhanced HDS activity, but no clear correlations are apparent. Activity seems to 
increase with Co-loading up to around 15-20% Co, but then stays constant or actually 
decreases somewhat. Increased disorder or decreased crystallinity, as judged by the l c 

value, seems to promote activity. Part of the problem of attempting to make 
correlations with the structures or compositions of the intercalates is that these materials 
all decompose under HDS conditions, and the structures of the resultant materials are 
currently unknown. Very recently, EXAFS data have been collected for the intercalates 
before and after use as HDS catalysts. These results, when analyzed, should shed 
some new light on the structures of the intercalates and on their transformations under 
catalytic conditions (74). 

Relevance of Homogeneous Cluster Reactivity to Heterogeneous HDS 
Catalysis 

Our discovery that μ3-ΰοοΓ(ϋ^ιιοη of thiols or thiolates to cluster 1 causes a 
dramatic decrease in the C-S BDE (80 -> 20 kcal/mol) suggests that C-S bond 
homolysis should be seriously considered as a possible mechanism in heterogeneous 
HDS catalysis. This conclusion, reached on the basis of homogeneous models, was 
recently confirmed for the desulfurization of the two "radical clock" thiols (64), 
cyclopropylmethyl thiol and 6-mercaptohexene, over a conventional Co/Mo/S catalyst 
supported on AI2O3. The only organic products detected were those expected from 
rearrangements of the radicals arising from C-S bond homolysis, viz. 1-butene and 
methylcyclopentane, respectively (75). The ease with which the C-S bond is cleaved 
once the sulfur atom is coordinated to a \L?>-ûte is remarkable. This type of 
coordination is most likely to occur with thiolato or sulfido groups and the difficulty of 
desulfurizing thiophenes and benzothiophenes undoubtedly arises from their poor 
basicity and relatively low binding affinity to metals. Therefore, catalysts that are more 
effective at hydrogenating the double bonds in thiophenes and benzothiophenes will 
also be more active in HDS. This emphasizes the importance of the hydrogénation 
activity of HDS catalysts and points out a possible role of the promoter element, 
namely, to provide a higher hydrogénation activity. The latter may be achieved either 
by acting as a catalyst for the H2-reduction of Mo(TV) (and thereby spilling over H + for 
removal of S~2 as H2S) or by acting as a separate hydrogénation site for the thiophenic 
compounds. These proposais have been made many times previously, but the results 
obtained from model organometallic reactions now provide a factual basis for their 
importance. Another conclusion that follows from the drastic decrease in the C-S BDE 
upon coordination of the sulfur atom is that C-S bond breaking may not be the rate 
determining step in HDS catalysis. This conclusion is also suggested by some kinetic 
results (10,76,77) and by a recent theoretical paper (78). 

The mechanism proposed in Scheme IV also introduces the question of whether 
the catalytic chemistry of sulfide catalysts is metal-centered or sulfur-centered. In 
sulfur-centered chemistry, the metal activates the sulfur as a leaving group, either by C-
S bond homolysis, by an E 2 - elimination to form a surface sulfhydryl group and an 
alkene (eq. 8), or by increasing the rate of displacement of the sulfur atom by an 
external nucleophile. In the metal-centered mode, oxidative addition reactions with C-
S, C-H, and S-H bonds lead to M - H and M-R bonds that can then undergo reductive 
elimination to the alkane or β-elimination to the alkene (eq. 9). Both types of 
reactivity have now been observed in model organometallic systems and on surfaces 
under U H V conditions (79-82). 
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M I M R 

H 

(eq. 8) 

M—M—M-M 
/ \ 
S 

The C-S bond homolysis mechanism proposed here points to the importance of 
the "quality" of the S-vacancies as well as their number. The role of μ3-8-αχ)Γ(ϋη3ύοη 
in activating the C-S bond now seems well established. Hence, any structural 
organization of the surface that promotes three-fold vacancies rather than two-fold or 
terminal vacancies will result in a catalyst more active toward C-S bond scission. 
However, such a catalyst may not be more active overall, since now the sulfur is bound 
more tightly to the metal surface, making its removal for the next turnover more 
difficult. Clearly, an optimized catalyst is one that can activate the C-S bond and whose 
surface can be easily cleaned by hydrogénation. As is often the case in catalysis, these 
two optimization goals are diametrically opposed to one another. 

The mechanism shown in Scheme IV has other features that may be applied 
directly to heterogeneous catalysts. The fluxional "walking" of the bridging thiolate 
and sulfide ligands on the "surface" of the cluster has a direct analogy with the mobility 
of adsorbate molecules on the surfaces of heterogeneous catalysts. Also, we see in the 
displacement of the Co-^4)S bond by an entering nucleophile (Schemes Π and IV) 
another possible role for the Co promoter, namely, the creation of "latent vacancy" 
sites. A latent vacancy is defined as a structure that appears to have a complete 
coordination shell, but one that can accept a new bond to an adsorbate molecule by 
virtue of the latter displacing some other bond within the site structure. Since Co-S 
bonds are not as strong as Mo-S bonds, Co atoms located at the edges of the M 0 S 2 
basal planes are attractive sites for latent vacancies and initial substrate binding. It is 
instructive to recall that an early, but now largely discarded, hypothesis for the catalytic 
action of Mo/Co/S HDS catalysts had M 0 S 2 merely acting as a support for the active 
Co-sulfide phase (10,77,83). The latent vacancy concept also explains the well-known 
difficulty of titrating the number of active sites on sulfide catalysts, since the number of 
sites determined by chemisorption will depend on the ability of the adsorbed species to 
displace a bond in the latent site. Both NO and O2 have been used to determine the 
active site density of Co/Mo/S catalysts (84), and either of these species would be 
capable of displacing Co-S bonds. Hence, the apparent number of active sites will 
depend strongly on the conditions of the chemisorption experiment. 

Summary 

The structure and reactions of a class of Mo/Co/S clusters have revealed interesting 
clues to the mechanism of C-S bond cleavage over heterogeneous sulfide catalysts. In 
particular, a homolytic mechanism was suggested for the C-S bond breaking step in the 
cluster mediated desulfurization of radical clock reagents. It has now been shown that 
the same radical-derived products are obtained over the conventional heterogeneous 
catalyst. Hence, radical reactions must be seriously considered in any HDS 
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mechanistic scheme. These homogeneous reactions have also suggested roles for the 
Co promoter element, namely as a hydrogénation enhancer and as an initial site for 
substrate bonding. High hydrogénation activity can convert aromatic derivatives of 
thiophenes and benzothiophenes to the more basic sulfides and thiols. The latter can 
then bond to three-fold site vacancies on the metal surface. It is the three-fold site 
vacancies that are expected to be most active in activating the C-S bond homolysis. 
Finally, these insights may aid the search for means to modify these catalysts for 
greater activity or selectivity. 
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Chapter 9 

Acid—Base Chemistry 
of Transition-Metal—π-Thiophene Complexes 

Karen M. Koczaja-Dailey, Shifang Luo, and Thomas B. Rauchfuss1 

School of Chemical Sciences, University of Illinois, 
Urbana, IL 61801-3080 

Studies on the acid-base properties of (arene)Ru(C4R4S) complexes 
are summarized. The reactivity of π-thiophene complexes towards 
H+ and OH- depends on the oxidation state of the complex which in 
turn determines the hapticity of the thiophene ligand. Weak acids 
protonate (C6Me6)Ru(η4-C4R4S) to give monocationic η4-2-C4R4HS 
complexes. The S-C(sp3) bond in the C4H5S complex spontaneously 
cleaves in the solid state as well as in solution to give a 1-thia-
pentadienyl derivative. For other R groups the protonated thiophene 
complexes do not undergo C-S bond scission. The thiophene ring in 
other (C6Me6)Ru(η4-C4R4S) complexes can be cleaved using sources 
of (C5R'5)Ru+ (R' = H, Me) to give products containing the Ru2-
(µ-η3:η4-SC4R4) group. This demonstrates the superior ability of 
two metals to effect C-S bond activation. In the case of Ru(II) 
complexes, such as (arene)Ru(η5-C4R'4S)2+, their C-S bonds are 
easily cleaved using aqueous base to give acylthiolato complexes of 
the type (arene)Ru(η4-SC3R'3COR'). One of the curiosities of this 
chemistry is that the nucleophile, OH-, initially attacks at sulfur. 
Amines and ammonia react with the dicationic complexes to give the 
iminium salts (arene)Ru(η4-SC3R'3C(NHR)R')+. 

The study of the transition metal complexes of thiophenes has uncovered a rich 
chemistry of a common class of heterocycles whose coordination chemistry had been 
examined ony lightiy prior to 1990 (/). Research in this area has also provided 
insights into the hydrodesulfurization (HDS) reaction, an important industrial process 
with significant implications for the environment (2,5, see Chapter 1). While the 
underlying connection of organometallic chemistry to thiophene desulfurization was 
recognized in the 1960's (4), efforts over the last several years have dramatically 
advanced our understanding of HDS mechanisms. 

The striking feature of thiophene as a ligand is the extremely low nucleophilicity 
of the sulfur. This is manifested in the reluctance of thiophene to form S-bound metal 
complexes and the difficulty in effecting S-alkylation and S-oxidation. Sulfur in 
thiophene has sulfonium character. Compensating for the low sigma basicity of the 
1Corresponding author 

0097-6156/96/0653-0176$15.00/0 
© 1996 American Chemical Society 
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9. KOCZAJA-DAILEY ET AL. Transition-Metal-n-Thiophene Complexes 177 

thiophene sulfur, the pi-system is relatively nucleophilic as reflected by the fact that 
electrophilic substitution for thiophene is > 103 faster than for benzene (5). We have 
capitalized on this reactivity to prepare families of r|5-thiophene complexes starting 
from organometallic electrophiles (ring)M(OTf)2» where M = Rh, Ir, ring = CsMes, 
or where M = Ru, Os; ring = arènes such as cymene (4-isopropyltoluene) and Ο^Λ^β 

Protonation and Metalation of Reduced Thiophene Complexes 

The dicationic thiophene complex (C6Me6)Ru(T| 5 -C4Me4S) 2 + , prepared from 
(C6Me6)Ru(OTf)2 and Q M e ^ , is easily reduced chemically as well as electro-
chemically to give the zero-valent species (C6Me6)Ru(rj4-C4Me4S). With less 
substituted thiophenes, one can isolate the reduced products, although they are 
thermally unstable (7). It is even possible to prepare (n5-C4Me4S)Ru(Ti4-C4Me4S) 
where the two thiophenes adopt different and rapidly interconverting coordination 
modes (5). These reduced thiophene complexes allow us to examine the path by 
which heterolytically activated hydrogen leads to the hydrogenolysis of thiophene. In 
heterolytic hydrogen activation, protons and reducing equivalents (electrons) are 
delivered to the substrate separately. Because of the high electron mobility in semi
conductors such as M 0 S 2 and RuS2 (9), these reducing equivalents can be readily 
transferred to substrates bound to the same particle of catalyst. If this is a valid 
description of thiophene HDS, then it should be possible to cleave thiophene C-S 
bonds by reduction followed by protonation. 

Protonation of Reduced Thiophene Complexes. The reduced thiophene 
complexes (C6Me6)Ru(r)4-C4R4S) (R = Me or H) are readily protonated by the weak 
acid NH4 + (7). In contrast, the protonation of tetramethylthiophene (10), one of the 
more basic thiophenes, requires strong acids (pK a <-10). Thus, complexation as an 
T|4-ligand increases the basicity of thiophene by about 20 orders of magnitude. 
Protonation of (C6Me6)Ru(T|4-C4R4S) causes a change in the coordination of the 
heterocycle such that the sulfur becomes bound and the tetrahedral carbon detaches 
from the metal (equation 1). The stereochemistry of the protonation is endo which 

Rj — R2 — R3 = R4 — H 
R i = R 4 = Me; R 2 = R 3 = H 
Rj = R 2 = R 3 = R 4 = Me 

suggests that it may occur initially at Ru followed by migration to carbon. The 
C(sp 3VS distance in [(C6Me6)Ru(2,5-C4Me2H3S)]PF6 is quite long at 1.91 Â, vs. 
1.71 A in free thiophene. The unusual p K a of (C^Me6)Ru(Tj4-2-HC4R4S)+ vs. 2-
H C 4 M e 4 H C 4 M e 4 S + is not due to a change in the site of protonation since 
tetramethylthiophene itself is also protonated at the α-carbon (77). 
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178 TRANSITION METAL SULFUR CHEMISTRY 

The protonated complex of thiophene (C6Me6)Ru0l 4-C4H5S) + slowly and 
reversibly undergoes C-S scission to give a thiapentadienyl derivative (equation 2) 
(72). It is possible to separate the ring opened isomer from the starting material by 
fractional crystallization (ring opened thiophenic ligands are referred to as SQRn and 
ring closed forms as QRnS). With these purified samples we were able to examine 
the approach to equilibrium from both directions. These measurements give Keq (300 
K) = 4.38. The rates of isomerization (ki, k-i) were both first order, as expected for 
simple unimolecular processes. Related thiapentadienyl complexes such as (C5R5)-
Ru(SC4H5) are formed in the reaction of (CsR5)Ru(C4H4S)+ with hydride reagents 
(13). 

The ring opening/closing processes are stereospecific as determined through 
studies on (C6Me6)Ru(C4H4S-2-D)+. Decoupling and nOe measurements estab
lished the position of the deuterium shown in equation 2 (labeled H*). This 
transformation does not involve simple oxidative addition of the S-C bond since the 

k ^ U x l o V 

ΔΗ* = 93.8 (4) U/mol 

AS* = -41.4 (13)J/K-mol 

k 4 = 3.9x10-* s"1 

AH* = 103.1(4)kJ/mol 

AS* = -24(8)J/K-mol 

ruthenium remains divalent Micro;Tystalline samples of [(C6Me6)Ru(C4H5S)]BF4 
were found to give the ring-opened product when heated for a few hours at 55 °C. 
The fact that the C-S scission also occurs in the solid state highlights the relevance of 
these results to heterogeneous catalysis. The reaction was conveniently monitored by 
solid state 1 3 C NMR spectroscopy, where we observed the steady conversion of the 
ring-closed complex to the ring opened derivative (Figure 1). Overall, our findings 
show that thiophene can be easily cleaved by the sequence of complexation, reduc
tion, and protonation. 

Ring Opening of Substituted Thiophenes Complexes. The ring opening 
discussed above is limited to the thiophene derivative (C6Me6)Ru(C4HsS)+. Related 
protonated complexes derived from 2,5-dimethylthiophene and 2,3,4,5-tetramethyl-
thiophene do not undergo ring opening (74). Since these substituted thiophenes are 
more representative of the kinds of substrates found in petroleum (75), we were 
interested in more general C-S scission processes. Successful experiments on this 
theme evolved from our attempts to prepare the triple decker complex (QMeôte-
Ru2(n5:Tl5-C4Me4S)2+. We were intrigued by the observation that (C6Me6)Ru(Ti4-
QMe4S) reacted with H2 to give ((^Me6)2Ru2(Tl4:TlLC4Me4S)H2 (76), a complex 
that is close in stoichiometry and structure to the desired triple decker (equation 3). 
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120 100 80 60 40 ppm 

Figure 1. CP-MAS 75 MHz 1 3 C N M R spectra for the conversion of the ring 
closed isomer of (CôMe^RuCQHsS)"*" to the ring opened isomer (C6Me6)Ru-
(SQHs)*. The sample was maintained at 55 °C, the spectra were recorded at 
ambient temperature. Spectra A and G are solution * 3 C N M R spectra (100 
MHz , acetone-ufe soin) for the ring-closed and ring-opened isomers, respec
tively. Spectra Β through Ε were recorded after the indicated reaction times. 
Spectrum F is for a purified sample of the ring-opened isomer. The asterisks 
mark spinning side bands. 
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(3) 

Experiments designed to produce a triple decker sandwich did not proceed as 
planned: treatment of ((^e6)Ruft 4 -GiMe4S) with (<^Me6)Ru(OTf)2 produced 
(C6Me6)Ru^5-C4Me4S)](OTf)2. Reasoning that this product results from electron 
transfer from the Ru(0) species to the highly electrophilic bis(triflato) complex, we 

The ambient temperature reaction of (C6Me6)Ru(n4-C4Me4S) and [(C5H5)Ru-
(MeCN) 3 ]PF 6 afforded [(C5H5)(C6Me6)Ru2(SC4Me4)]PF6 (17). While the stoichi-
ometry of this product is consistent with a 32 e* triple decker sandwich compound, 
N M R data indicated a low symmetry species. The structure of [(C5H5)(C6Me6)Ru2-
(SC4Me4)]+ was determined crystallographically (as well as spectroscopically) to 
have a ring-cleaved thiophene bridging the two Ru centers. The Ru atoms are mu
tually bonded (2.82 Â) and the thiapentadienediyl group is coordinated in η 4 - and η 3 -
modes to Ru(CsH5) and Ru(CôMe6), respectively. The species is structurally related 
to the thiaferroles Fe2(SC4R4)(CO)6 (4), except that there is no free olefin and the 
sulfur atom is strongly twisted out of the C4 plane, whilst remaining bound to both 
metals. The remaining C-S bond length is 1.77 Â (vs. 1.71 Â in thiophene (7)). The 
ruptured thiophene serves as a 8 e~ fragment (6 π electrons, 2 σ electrons), vs. the 
6e" T I 5 - C 4 R 4 S ligand (equation 4). We propose that [(C5H5)(C6Me6)Ru2 
(SC4Me4)] + 

Rj = R 2 = Me; 
R ! = M e , R 2 = H; 
R 1 = H , R 2 = Me 

arises via an initial attack of the unsaturated electrophile, (C5R5)Ru(MeCN)2+, on the 
sulfur atom in (C6Me6)RuCn4-C4Me4S). Similar reactivity has been seen for other 
metal electrophiles. Subsequent loss of two other MeCN ligands is compensated by 
C-S cleavage and Ru-Ru bond formation. Conceivably, the reaction proceeds via a 
triple decker species, although we detected no intermediates. T | 4-Thiophene 
complexes are known to react with unsaturated low valent metal complexes 
(Fe(CO)4, Mo(CO)5) resulting in eventual desulfurization, but in these cases the 
added metal center serves as an S acceptor (18,19). 

The generality of the new C-S cleavage reaction was tested by variations in the 
metal electrophile and the thiophene. For example, in place of [(C5H5)Ru(MeCN)3]+ 
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one can use [(C5Me5)Ru(MeCN)3]+. We also showed that 2,3,4-trimethylthiophene 
and 2,5-dimethylthiophene complexes underwent C-S scission. The trimethylthio-
phene case is interesting because it afforded only a single regioisomer. The 1 3 C NMR 
and crystallographic analyses showed that the CH-Sbond was cleaved (Figure 2). 

It is noteworthy that the C-S oxidative addition is promoted by the attachment of 
a redox inactive electrophile. The ability of electrophiles to control the redox state of 
sulfur ligands is well known (e.g., the induced redox reaction (20)) and may be 
related to the catalytic activity of metal-sulfido ensembles. These results parallel and 
extend the proton-induced C-S cleavage (see equation 2) (72), with the advantage that 
the metal electrophile activates a more encumbered substrate. 

On the basis of the aforementioned results, we propose that thiophenes can be 
cleaved by the combination of thiophene π-complexation, reduction, and electrophilic 
attack. An unusual aspect of this reaction is the implied coexistence of the electro
phile and a reductant We tested the feasibility of a three component reaction using a 
solution of both (C5H5)Ru(MeCN)3+, the oxidized thiophene complex ( Q M e ^ R u -
(C4Me4S) 2 + , and cobaltocene. This affords a 60% yield of (C6Me6)(CsH5)Ru2-
(SC4Me4)+, irrespective of the order in which these species were mixed. The cobalt
ocene employed in these experiments simulates the effect of the reducing equivalents 
provided by H2 in HDS catalysis. 

Relevant to our Ru2(Tl3Tl4-SC4R4)+ complex are the cations [(triphos)M]2-
( η 3 : η 4 - 8 0 4 Η 4 ) 2 + , where M = Rh, Ir and triphos = C H 3 C ( C H 2 P P h 2 ) 3 . These 
species are formed by the reaction of thiophene with (triphos)Rh(C2H4)Cl/TlPF6 and 
(triphos)Ir^ 4-C6H6)+, respectively. The pathway by which these species arise was 
not established (27). 

Base Hydrolysis and Ammonolysis of Thiophene Complexes 

Early work on reduced thiophene complexes led to the finding that the reduced 
thiophene complex (C5Me5)Rh(T]4-C4Me4S) reacted with O2 to give the sulfoxide 
(C5Me5)RhCn4-C4Me4SO) (22). In view of the stoichiometry of the product, it 
appeared likely that the addition of hydroxide to the dication ( C s M e 5 ) R h ^ 5 -
C4Me4S) 2 + would produce the same species. This investigation led us to expand our 
study of the acid-base chemistry of coordinated thiophene ligands. 

Base Hydrolysis. The base hydrolysis of dicationic thiophene complexes is best 
developed for derivatives of (arene)Ru(C4R4S)2+, which are easily prepared for a 
wide range of substituents, R (6). At high [OH-], these dications convert to S-oxides 
(Scheme 1), whose structures are analogous to those initially obtained by oxy
genation of reduced thiophene complexes. This transformation provides rare cases 
where divalent sulfur undergoes nucleophilic attack. On the basis of in situ N M R 
measurements we hypothesize that the S-oxides arise via T]4-C4Me4S-OH ligands 
(23). In all cases S-oxides isomerize to the acylthiolates, often upon standing in 
solution, although chromatography on silica gel accelerates the process. For very 
stable S-oxides, such as (C5Me5)Ir(T]4-C4Me4SO) and (cymene)Os(T]4-C4Me4SO), 
the isomerization requires a two step procedure beginning with protonation by NH4 + . 
This generates the 2-hydroxy derivatives such as (CsMe5)Rh^ 4-2-HOC4Me4S) +. 
The structure of one such derivative was confirmed crystallographically (24); it is 
very similar to the aforementioned complexes prepared by protonation of T|4-C4R4S 
complexes. It is not, however, clear if other M2-hydroxyM compounds adopt similar 
structures with two intact C-S bonds or, like the ring-opened form of (CeMce)-
Ru(SC4H5)+, they have only one C-S bond (see below). Deprotonation of the 2-hy-
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Figure 2. Structure of [(C6Me6)(C5H5)Ru2(SC4Me3H)]+ ( B F 4 - salt) derived 
from the reaction of [(C5H5)Ru(MeCN>3]+ with the 2,3,4-trimethylthiophene 
complex ((^e6)Rufa 4-2,3,4-G04e3HS). 
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droxy compound cleanly gives the acylthiolates. It is noteworthy that virtually all 
base hydrolyses can be cleanly reversed with HOTf. 

The acylthiolates exist in two diastereomeric forms, depending on the 
orientation of the acyl side. For (C5Me5)Rh(SC4Me40), the rate of isomerization is 
fast on the NMR time scale down to -60 °C where we observed two isomers. The rate 
of isomerization is slower for other acyl thiolates, and the equilibrium favors the 
second-formed, or thermodynamic, isomers. These thermodynamic isomers do not 
revert to the dicationic thiophene complexes upon treatment with acids, protonation 
occurs at carbon (27). Acylthiolato complexes derived from tetramethylthiophene 
thermally decompose to give tetramethylfuran and organometallic sulfido clusters 
(25). 

(2-hydroxy) (acylthiolato) 

Amination of Thiophene Complexes. Dicationic π-thiophene complexes react 
efficiently with ammonia and amines to give monocations resulting from the net 
addition of NRH* (26). The tetramethylthiophene complexes (CsMe5)Rh(GiMe4S)2 + 

and (arene)Ru(C4Me4S)2+ are the exception: they give ring adducts resulting from 
the addition of NHR- without C-S scission, i.e., the products are (ring)M(2-H2~ 
NC4Me4S)+. Spectroscopic measurements confirm that these products adopt struc
tures analogous to that of (C5Me5)Rh(2-HOC4Me4S)+ (equation 5). 
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In contrast, ammonia reacts with complexes of thiophene, 2-methylthiophene, and 
2,5-dimethylthiophene give deep red compounds that exist in the ring-opened form. 
The differing structures of the NH2-derivatives of tetramethylthiophene and other 
thiophenes suggests that some species of the type (ring)M(2-HOC4R4S)+ might also 
adopt ring-opened geometries. 

Amination of other thiophene complexes results in C-S scission. The case of 
(ring)Ru(2,5-Me2C4H2S)2+ (ring = CôMeô, cymene) is illustrative. A single isomer 
of (ring)Ru(SC3H2MeCMeNH2) + forms first, followed by conversion to the 
thermodynamically favored exo isomer. The rate of the isomerization is faster for the 
aniline derivatives than the ammonia derivatives, presumably due to the steric 
repulsion between the PhNH substituent and the sulfur. The kinetic isomers of the 
N H 2 " adducts could easily be obtained by exposure of the solid thiophene complexes 
to gaseous ammonia. The overall pattern is analogous to the base hydrolysis 
reactions (equation 6). 

Crystallographic analyses were conducted on both thermodynamic and kinetic 
isomers. The distance between Ru and the iminium carbon in the kinetic isomer of 
(C6Me6)Ru(SC3H2MeCMeNH2)+ is 2.627 À, which is only 0.3 Â longer than other 
Ru-C distances in this complex. Two thermodvnamic isomers are observed for the 
PhNH" adduct of (cymene)Ru(2,5-C4Me2H2S)*+; we attribute these isomers to cis-
trans arrangements about the PhHN+=CRMe unit The crystallographic studies 
indicate conjugation via a π-bonding network with the rest of the allylthiolato ligand; 
this may explain their deep red colors. 

Like the base hydrolysis reactions, most amination products can be converted 
back to the parent thiophene complexes with acid; the exceptions to this rule are the 
thermodynamic isomers. In these ring-closure processes it is highly unlikely that 
protonation occurs at the iminium nitrogen. We therefore suggest that acid-induced 
ring closure proceeds via an initial nucleophilic attack of the thiolate sulfur on the 
iminium carbon followed by protonation of the exocyclic amino group, as seen in 
(C5Me5)Rh(2-NH 2C4Me 4S)+. 

The iminium centers in the ring-opened species are also reactive toward nu
cleophiles. Ammonia converts the PhNH2-derived iminium compounds to the amino 
analogs. Aqueous base converts the kinetic iminium derivative of 2,5-dimethylthio
phene to the kinetic isomer of the acyl thiolato complex. 

We have applied the amination reaction to the optical resolution of π-thiophene 
complexes. Addition of (-)-S-2-aminoethylbenzene to (cymene)Ru(2-MeC4H3S)2+ 

gives a 1:1 mixture of two diastereomeric iminium salts that can be separated by 
chromatography on silica gel. Treatment of the individual diastereomers with HOTf 
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gives a single enantiomer of (cymene)Ru(2-MeC4H3S)2+. The optically active 
thiophene complexes are configurationally stable in solution for many days (27). 

Summary 

Coordinated thiophenes exhibit rich reactivity towards simple reagents. The protona
tion of reduced thiophene ligands provides a plausible model for thiophene HDS. 
Our studies suggest that C-S cleavage is facilitated by reduction of a metal-thiophene 
ensemble followed by the addition of an electrophile. The base hydrolysis of cationic 
thiophene complexes is a particularly rich theme that has been fruitfully extended to 
the use of amines. The nucleophilic additions uncovered in this work merit further 
attention since the requisite (arene)Ru(C4R4S)2+ salts are easily prepared at moderate 
cost and the transformations are efficient 
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Chapter 10 

Catalytic Hydrogenolysis of Thiophenic 
Molecules to Thiols by Soluble Metal 

Complexes 

C. Bianchini1, A. Meli1, and R. A. Sánchez-Delgado2 

1Istituto per lo Studio della Stereochimica ed Energetica dei Composti 
di Coordinazione, CNR, Via J. Nardi 39, 50132 Firenze, Italy 

2Instituto Venezolano de Investigaciones Cientificas, Caracas 1020—A, 
Venezuela 

The thermally generated 16-electron fragments [(triphos)RhH] and 
[(triphos)IrH] react with benzo[b]thiophene (BT) and 
dibenzo[b,d]thiophene (DBT) by C-S bond scission to give 
(triphos)Rh[η3-S(C6H4)CH=CH2] and (triphos)IrH(η2-C,S-DBT), 
respectively [triphos = MeC(CH2PPh2)3]. The Rh complex is an 
efficient catalyst precursor for the homogeneous hydrogenation of BT, 
forming 2-ethylthiophenol and, to a lesser extent, 
dihydrobenzo[b]thiophene. The Ir complex is a catalyst precursor for 
the homogeneous hydrogenation and hydrodesulfurization of DBT to 
2-phenylthiophenol, biphenyl and H2S. The mechanisms of these 
catalytic transformations have been elucidated by the isolation and 
characterization of key species related to catalysis combined with high 
pressure NMR spectroscopic studies. 

The development of efficient catalysts for the simple hydrogenolysis of thiophenic 
molecules to thiols remains an attractive goal in hydrodesulfurization (HDS) catalysis. 
The thiol products can then be desulfurized over solid catalysts under milder reaction 
conditions than those required to accomplish the overall HDS of the thiophene 
precursors. This aspect is particularly important for the dibenzothiophenes since the 
conventional catalysts can desulfurize the corresponding aromatic thiols without 
affecting the benzene rings, necessary to preserve a high octane rating. 

Some homogeneous modeling studies devoted to understanding the mechanisms 
through which thiophenes are degraded to thiols by transition metal complexes have 
recently been reported (1-10). Among these, only two examples have been described 
in which the hydrogenolysis reactions occur in catalytic fashion (9,10). 

The present article is concerned with these two homogeneous hydrogenolysis 
reactions, which involve benzo[£]thiophene (BT) and dibenzo[6,iflthiophene (DBT) 
as model compounds. 
Rh-Catalyzed Conversion of Benzo[£]thiophene into 2-Ethylthiophenol 
The most widely accepted mechanisms for HDS of BT over solid catalysts are shown 
in Scheme 1. Path a begins with hydrogénation to form dihydrobenzo[&]thiophene 

0097-6156/96/0653-0187$15.00/0 
© 1996 American Chemical Society 
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188 TRANSITION METAL SULFUR CHEMISTRY 

(DHBT) prior to C-S bond scission and desulfurization. The second pathway (b) 
involves initial C-S bond scission, followed by desulfurization of the 2-
vinylthiophenol product, and hydrogénation of the vinyl group. 

The results obtained with the homogeneous metal system described below show 
that the hydrogenolysis of BT to 2-ethylthiophenol (ETSH) can occur only after 
insertion has occurred into the C-S bond and that path b may be redirected (dotted line 
in Scheme 1) so as to contain the hydrogénation of 2-vinylthiophenol to E T S H prior 
to the desulfurization step. 

The thermally generated 16-electron fragment [(triphos)RhH] reacts with BT by 
C-S bond scission to give (triphos)Rh[rp-S(C6H4)CH=CH2], (1) [triphos = 
MeC(CH2PPh2)3] (11). The 2-vinylthiophenolate complex, 1, forms by reductive 
coupling of a terminal hydride with the vinyl moiety of a metallabenzothiabenzene 
intermediate (Scheme 2) (7). 

The 2-vinylthiophenolate complex, 1, is an active catalyst precursor for the 
homogeneous transformation of BT into E T S H . At 160°C and 30 arm H2 in either 
THF or acetone, BT is converted to E T S H with an average rate of 13 (mol per mol 
of catalyst per hour) in the first two hours. The reaction is not fully selective as 
D H B T is also formed (relative rate of 0.6 ) in an independent catalysis cycle (vide 
infra). Catalytic runs performed under different conditions show that the rate of 
formation of E T S H increases significantly with the concentration of BT , while it is 
only slightly affected by the H2 pressure (Table I). Below 15 arm H 2 and 100°C, no 
appreciable transformation of Β Τ is observed. The catalytic system is truly 
homogeneous up to 180°C. Above 200°C, appreciable decomposition of the catalyst 
occurs with formation of Rh metal particles which are responsible for the observed 
heterogeneous HDS of BT to ethylbenzene and H2S (entries 6,14 of Table I). 

The catalytic mechanism has been probed by high-pressure N M R (HPNMR) 
spectroscopy combined with the isolation and characterization of key species of the 
catalytic cycle. Under catalytic conditions, ^ P ^ H ) NMR spectroscopy shows that 
all rhodium is incorporated into (triphos)Rh(H)2[o-S(C6H4)C2H5], (2) and [ (η 2 -
triphos)Rh{|i-o-S(C6H4)C2H5}]2, (3). Below 100°C, only the dihydride complex, 
2, is present in solution. After quenching the catalytic reactions with dinitrogen, all 
rhodium is recovered as the bis-thiolate complex (triphos)RhH[0-S(C6H4)C2Hs]2 
(4). 

The nature of the chemical processes that connect compounds 1, 2, 3 and 4 
has been elucidated by independently carrying out a variety of reactions using isolated 
compounds, some of which are summarized in Scheme 3. The 2-vinylthiophenolate 
complex, 1, reacts in THF with H2 (>15 atm) at 60°C, quantitatively converting to the 
dihydride, 2. This reaction has been mimicked by the sequential addition to 1 of H+, 
H", and H2. From this experiment, it has been concluded that the conversion of 1 to 2 
is a stepwise process in which the higher activation energy step is the first H2 uptake 
to give the (alkyl)hydride (triphos)RhH^ 2-S(C6H4)CH(CH 3)], (5). This step may 
involve a heterolytic splitting of H 2 . The dihydride, 2, and the dimer, 3, are in 
equilibrium in THF by reductive ehmination/oxidative addition of H2, while the dimer 
3 reacts with E T S H yielding the bis-thiolate complex, 4. 

Incorporation of all of the experimental evidence leads to the mechanism shown 
in Scheme 4 for the reaction between BT and H2 (15-60 atm) catalyzed by 1 in the 
temperature range from 120 to 180°C where the system is homogeneous. 

Initially, the 2-vinylthiophenolate ligand in 1 is hydrogenated to 2-
ethylthiophenolate (steps a-b). The unsaturated 16-electron fragment [(triphos)Rh{0-
S(C6H4)C2H5}] either picks up further H2 to give the dihydride 2 (step d) or 
dimerizes to 3 (step c), the latter path being favored at high temperature and low H 2 
pressure. It is the dihydride complex that, upon interaction with B T , eliminates 
E T S H and forms an r^-S-BT adduct (step e). In the r\l-S bonding mode, B T is 
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H2S 

H2S 

Scheme 1. Proposed heterogeneous mechanisms for HDS of BT. 
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activated in such a way that C-S insertion is followed by attack by the electron-rich 
Rh(I) metal on the adjacent carbon atom (via electron donation into the C-S 
antibonding orbital). As a result of the C-S bond scission, the rhodabenzothiabenzene 
hydride intermediate is formed (step f)» which regenerates the 2-vinylthiophenolate 
precursor 1 (step g) via hydride migration, thus closing the catalytic cycle A . 

The observed catalytic production of DHBT is explained by taking into account 
a parallel catalysis cycle, quite similar to those previously described by Fish (12-14) 
and Sânchez-Delgado (15-17) for the chemoselective hydrogénation of B T to D H B T 
(DHBT is stable under the actual reaction conditions). 

The occurrence of cycle Β requires that the T^-S-BT intermediate is in 
equilibrium with its η 2-2,3-ΒΤ isomer (step h), in which the C 2 - C 3 double bond is 
activated for accepting a migrating hydrogen. As a result, an alkyl intermediate (step i) 
is formed, which can oxidatively add H2 and later eliminates D H B T (steps j-k). 

In the proposed mechanistic picture, the real catalyst for both transformations of 
BT is the 16-electron fragment [(triphos)RhH] generated from the dihydride 2 by 
reductive elimination of E T S H . This process is apparently the rate determining step 
in light of the HPNMR evidence as well as the dependence on both hydrogen pressure 
and substrate concentration (Table I). 

The prevalence of hydrogenolysis of B T to E T S H over hydrogénation to 
D H B T is most likely driven by steric effects: although the Rh center is sufficiently 
electron-rich to bind the C 2 - C 3 double bond of B T , the large steric hindrance 
provided by the six phenyl substituents of triphos favors the η *-S coordination mode 
of BT, and ultimately controls the chemoselectivity of the reaction with H2. 

I r id ium-Ca ta lyzed Convers ion of Dibenzo[6,rf]thiophene to 2-
Phenylthiophenol, Biphenyl and H 2 S 

There are two principal reaction pathways that have been proposed to account for the 
HDS of DBT over conventional heterogeneous catalysts (Scheme 5). Path a involves 
the hydrogénation of one of the arene rings of D B T to give 
tetrahydrodibenzothiophene, which, after C-S bond scission, is hydrogenated to 2-
cyclohexylthiophenol. Path b is quite similar to one of the mechanisms suggested for 
HDS of BT (see Scheme 1) as it involves the opening and hydrogénation of the 
substrate to give 2-phenylthiophenol prior to desulfurization. 

The homogeneous modeling study described below shows that the HDS of 
DBT can proceed via ring opening to 2-phenylthiophenol prior to desulfurization and 
hydrogénation and thus provides evidence that the desulfurization does not necessarily 
require the preliminary hydrogénation of one benzene ring of DBT. 

The 16-electron fragment [(triphos)IrH], generated in situ by thermolysis of the 
(ethyl)dihydride complex (triphos)Ir(H)2(C2H5) is capable of selectively cleaving 
DBT in THF at 160°C to give the C-S insertion product (triphos)IrH(Ti2-C,S-DBT) 
(6) (10) (Scheme 6). At lower temperature, kinetic C-H insertion compounds are also 
(< 160°C) or exclusively (< 120°C) produced (10). 

Complex 6 in THF is hydrogenated (100°C, 5 atm of H2) to the 2-
phenylthiophenolate dihydride (triphos)Ir(H)2(SCi2H8) (7), which gives biphenyl, 
H2S, and 2-phenylthiophenol upon treatment with 30 atm of H2 at 170°C (Scheme 7). 
In the presence of an excess of DBT this reaction is catalytic, although the rate of 
transformation of the thiophenic molecule is quite slow as only 10 mol of DBT per 
mol of catalyst precursor are converted in 24 h to either open (rate 0.25) or 
desulfurized (rate 0.16) products. Most importantly, the reaction is homogenous 
(mercury test). 

Based on the results of several independent reactions with isolated compounds, 
some of which are summarized in Scheme 8, as well as the fact that, at the end of the 
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Table I. Catalytic Hydrogénation Experiments* 

reaction mixture composition (%)b 

run solvent T ( ° Q PH2 t(h) ETB ETSH BT DHBT other ETSH 
(atm) 

t(h) 
rate0 

1 acetone 160 30 2 0.2 25.5 73.2 1.1 — 12.7 
2 acetone 160 30 4 0.2 39.8 57.4 2.6 — 9.9 
3 acetone 160 30 8 0.3 45.1 51.8 2.8 — 5.6 
4 acetone 160 30 12 0.4 51.0 44.6 4.0 — 4.2 
5 acetone 160 30 16 0.4 57.4 37.6 4.6 — 3.6 
6d acetone 160 30 16 — 57.6 37.9 4.5 - 3.6 
7 THF 160 30 16 0.2 52.8 41.3 5.7 — 3.3 
8 acetone 160 15 16 0.3 55.3 40.2 4.2 — 3.5 
9 acetone 160 60 16 0.4 60.2 34.3 5.1 — 3.8 

10 THF 120 30 4 — 2.0 97.6 0.4 — 0.5 
11 acetone 100 30 16 — 1.4 98.1 0.5 — <0.1 
12 acetone 180 30 16 0.9 64.2 29.0 5.9 — 4.0 
13 THF 220 30 16 3.5 43.3 45.8 6.9 0.5 2.7 
14d THF 220 30 16 — 42.6 51.1 6.0 0.3 2.7 
15e acetone 160 30 16 0.3 61.2 34.0 4.5 — 1.9 

aReaction conditions: Parr reactor, 1 (0.12 g, 0.139 mmol), BT (1.86 g, 13.9 
mmol), solvent (30 mL). b Key: ethylbenzene (ETB), 2-ethylthiophenol (ETSH), 
benzo[6]thiophene (BT), dihydrobenzo[^]thiophene (DHBT). cRate expressed as 
mol of ETSH per mol of catalyst per hour. dReactions carried out in the presence 
of excess elemental Hg. eReaction conditions: Parr reactor, 1 (0.12 g, 0.139 
mmol), BT (0.93 g, 6.95 mmol), solvent (30 mL). 

Scheme 5. Proposed heterogeneous mechanisms for HDS of DBT. 
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C 2 H 6 

THF, 160 °C 

Scheme 6 

H 2 (5 atm) 

100 °C P ' l H 

CO 

H 2 (30 atm) 

170 °C, 14 h 

Η 

8 (36%) 

< 

HzS 

(41%) 

(57%) 

SH 

Ο^β (2%) 

Scheme 7 
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8 (20%) 

Scheme 8 

catalytic reaction, all iridium is incorporated into two complexes, namely the 
dihydride, 7, and the trihydride (triphos)IrH3 (8) in a 12:88 ratio, a mechanism is 
proposed in Scheme 9 for both the hydrogenolysis of DBT to 2-phenylthiophenol 
and its desulfurization to biphenyl. 

After DBT has been cleaved, the C-S insertion product 6 reacts with H2 to give 
the 2-phenylthiophenolate dihydride complex 7. This complex has two reaction 
options: the reductive elimination of 2-phenylthiophenol promoted by interaction with 
DBT and the further hydrogénation to give 2-phenylthiophenol and biphenyl + H2S. 
In the former case, the precursor 6 is regenerated via an r^-S-DBT intermediate (the 
existence of an equilibrium between (mphosJIrHCr^-S-DBT) and 6 in the catalysis 
conditions is experimentally proven). In the second case, the trihydride 8 forms and 
the reaction would stop since the trihydride does not react with DBT. This, however, 
does not occur as the 2-phenylthiophenol is capable of converting 8 to 7, which thus 
can reenter the catalysis cycle. The low tof of the catalytic reaction is attributed to the 
slowness of the latter reaction which is disfavored at the experimental high pressure of 
H 2 . 

The (thiolate)dihydride complex 7 is the key compound also in the 
desulfurization step as it independently reacts with H 2 (30 atm) at 170°C to produce 
H2S and biphenyl, and the trihydride 8 (Scheme 7). 

The mechanism by which the C-S bond of the 5-bonded thiolate is cleaved by 
H2 still needs to be addressed. The relevant literature contains convincing evidence 
that the C-S bond cleavage in metal thiolates occurs via migration of a hydride to the 
sulfur-bound carbon atom. If this occurs in the case of 7, the M-S moiety, which 
forms after the elimination of biphenyl, might convert to an M(SH)(H) species upon 
reaction with H2. Although not detected along the transformation of the thiolate 7 into 
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SH 

Scheme 9. Proposed mechanism for the hydrogenolysis and 
hydrodesulfurization of DBT catalyzed by [(triphos)IrH]. 

the trihydride 8, biphenyl and H 2 S , a hydrosulfide complex of the formula 
(triphos)Ir(H)2(SH), independently synthesized, does react in THF with 30 atm of H2 
at 170°C to form the trihydride 8 and H2S (Scheme 8c). On the other hand, a 
hydride(hydrosulfide) complex has been recently intercepted in the stoichiometric 
desulfurization of DBT to biphenyl + H2S promoted by Pt(PEt3)3 (8). 

Conclusions 

The results presented here demonstrate that homogeneous metal catalysts are viable 
models for several steps in the heterogeneously catalyzed HDS reaction. However, 
although homogeneous modeling studies may continue to provide valuable 
mechanistic information, it is unrealistic to think of the use of a homogeneous catalyst 
in an HDS petrochemical plant. In contrast, liquid biphase catalysis could be used for 
the purification of distillates from residual sulfur contaminants up to the limit of 
commercial fuels (where international regulations will soon require reducing the sulfur 
content to less than 100 ppm). 

The activity shown by the Rh and Ir complexes stabilized by the tripodal ligand 
triphos in the homogeneous hydrogenolysis of thiophenic molecules suggests the 
design and synthesis of triphos-like ligands capable of coordinating HDS-active 
metals with formation of complexes which, being soluble in water but not in 
hydrocarbons, may be used in liquid biphase catalysis. 
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Chapter 11 

C—S Bond-Breaking and B o n d - M a k i n g 
Reactions in Molybdenum and Tungsten 

Complexes 

P. Michael Boorman, Xiaoliang Gao, Heinz-Bernhard Kraatz, 
Vivian Mozol, and Meiping Wang 

Department of Chemistry, University of Calgary, Calgary, 
Alberta T2N 1N4, Canada 

Selected C-S bond-breaking and bond-making reactions from our 
work are discussed that have implications to the modeling of both 
industrial and biological processes. The complexes WCl5(SR) were 
found to be subject to elimination of RCl, with concomitant formation 
of WCl4S via a carbonium ion mechanism. Attempts to emulate the 
C-S bond cleavage step of hydrodesulfurization by introduction of 
hydride into the coordination sphere, or by reaction with a second 
transition metal hydride, resulted in the synthesis of a variety of 
homonuclear and heteronuclear complexes, with elimination of the 
appropriate alkane. The synthesis of complexes of the type 
Cl3W(µ-R2S)3WCl3 led to the discovery of the reactivity of the C-S 
bonds toward nucleophiles, including hydride. A computational study 
provides an explanation for this lability. Reactions of the [MoS4]2-
and [WS4]2- ions with organic halides, have been reinvestigated. 
[PPh4][WS3(SR)] (R = Et, iPr, tBu) and [PPh4][MoS3(StBu)] have 
been characterized crystallographically. These complexes undergo 
reductive elimination reactions forming polynuclear sulfidometalates 
such as W3S92-. The synthetic potential and possible biological 
significance of these reactions is discussed. 

The rich chemistry of molybdenum and tungsten with sulfide and organosulfur 
ligands has been recognized for more than two decades. It is punctuated by 
complicated redox behavior of both metal and ligands, and also by unexpected 
reactions of the coordinated ligands. In this regard the metal-assisted cleavage of 
C-S bonds has been of particular interest, since this process is believed to be 
involved in the catalytic hydrodesulfurization of fossil fuels. The reverse process, 
namely the formation of C-S bonds has attracted less attention, but it is interesting 
to speculate as to the possible importance of this process in the biosynthesis of 
metalloenzymes. 

0097-6156/96/0653-0197S15.00/0 
© 1996 American Chemical Society 
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198 TRANSITION METAL SULFUR CHEMISTRY 

Our interest in this area arose from the observation that when reacted with 
W C 1 6 , dimethyl sulfide yielded [Me 3S] 2[WCl 6] thereby implying both cleavage 
and formation of C-S bonds (/). A proposed mechanism is shown in Scheme 1, 
and a number of experiments were performed that supported such a sequence. 

Scheme 1 

W C 1 6 + Me 2S -> WCl 6 (Me 2 S) 2 > WCU(SMe) 2 + 2 M e C l 
(excess) (S-dealkylation) 

WCl 4(SMe) 2 -> [WC1 4] + Me 2 S 2 > WCU(Me 2S) 2 

(excess Me2S) 

WCl4(Me 2 S) 2 + 2 M e C l > [Me 3S] 2[WCl 6] 
(S-alkylation) 

Part I: A Series of C-S Bond-Breakine Studies 
S-Dealkylation of W(VI) Thiolates: Evidence for Carbocation Formation 
One of the key steps in Scheme 1 is the reductive elimination of M e 2 S 2 from the 
proposed W(VI) bis(thiolate) intermediate, and we thus embarked on a study of the 
chemistry of W(VI) thiolates. By systematically replacing chloride by thiolate in 
W C 1 6 it was established that the products were, in general, unstable (2). For 1:1 
reactions the following pattern was observed: 

W C 1 6 + Me 3Si(SR) -> { WC1 5(SR)} -» WC1 4 S + RC1 

1 

Only for the cases of R = Me or Ph could the complexes 1 be isolated as pure 
materials. This observation made us suspect that the mechanism of the 
decomposition involved carbocation formation, a suspicion that was confirmed by 
utilizing R groups known to rearrange when converted to carbonium ions. The 
following reaction illustrates this: 

W C 1 6 + MeaSKSteu) -> WC1 4 S + l BuCl 

Similarly, when R = cyclohexyl, the predicted rearrangement product, Ι ,Γ-
chloro(methyl)cyclopentane was formed. The reversibility of this reaction was 
shown by reacting 'BuCl with WCI4S under reflux. Although no tungsten thiolate 
product was observed, the presence of l BuCl in the products suggested that the 
reaction is reversible, but thermodynamically the system strongly favors WCI4S + 
RC1. Even in 1:1 reactions as described, there is always some dialkyldisulfide 
present in the decomposition products formed from WCls(SR), and reductive 
elimination becomes the preferred pathway for 1:2 or higher ratios of 
WCl 6:Me 3Si(SR). Hence, by replacing CI by RS ligands in a high oxidation state 
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11. BOORMAN ET AL. C-S Bond-Breaking and Bond-Making Reactions 199 

Mo or W complex, reductive elimination of R 2 S 2 will leave coordinatively 
unsaturated metal centers in intermediate oxidation states, which are ideal 
precursors for cluster formation. This procedure proved to be a fruitful method for 
synthesizing binuclear complexes of W(IV), and, in some cases, mixed valent 
W(IV)/W(III) products were isolated (3-6). Even in these reactions the 
dealkylation of thiolate ligands to give sulfido complexes is frequently observed, 
and the products from such reactions are extremely unpredictable. In general, 
however, aryl thiolates, in which the C-S bonds are stronger than in their alkyl 
analogs, are less prone to C-S bond cleavage, and more likely to undergo reductive 
elimination reactions. 

Possible S-Dealkylation with Hydride as the Leaving Ligand 
The tungsten oxidation state was found to be critical in determining the stability of 
thiolates toward S-C bond cleavage via the carbocation mechanism. Only in the 
case of W(VT) described above was there any evidence for this pathway. However, 
in synthetic reactions starting with W(IV) or W(V), we saw sufficient examples of 
dealkylation of thiolate ligands to prompt us to consider i f hydride could be 
introduced into the coordination sphere, and induced to participate as the departing 
ligand as shown in Scheme 2. 

Scheme 2 

Possible Extension to S-dealkylation with Hydride Ligands 

• N i — Q + η Γ\ Chloride as the ^M—S + R CI l e a v i n g 

' Hydride as the 
leaving group 

\ I / H . ι 
^ ¥ \ C / R — * > i - s v + R - H 

R 

The most obvious strategy to test this hypothesis was to attempt the reaction: 

WC1 6 + Me 3Si(SR) -» WC15(SR) • WC14H(SR) -> R H + WSC1 4 

Et3SiH 
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This type of reaction is not feasible, and leads to a variety of reductive elimination 
products. Indeed, stable hydrido-thiolates of Mo and W were only isolated many 
years later, as a result of oxidative addition of thiols to zerovalent complexes, by 
Richards and Morris and their co-workers (7,8). The use of sterically hindered 
thiols was a major factor in these successful preparations, and it is of interest to 
note that some of these complexes are five coordinate, (e.g. 
MoH(SC 6 H 2 R 3 ) 3 (PR'Ph 2 ) , (R = Me or *Pr; R'= Me or Et), and highly reactive. Of 
particular interest was the observation that two molecules of these complexes can 
undergo C-S bond cleavage under mild conditions in THF/MeOH solution, 
eliminating the appropriate arene, and yielding 
[{Mo(SC 6H 2R 3-2,4,6)(OMe)(PRTh 2)} 2(μ-S) 2]. The possible mechanism for this 
reaction will be referred to later. Since we were interested primarily in systems 
without stabilizing phosphine ligands, we probed the possibility of hydride transfer 
to a coordinated thioether molecule. The reactions attempted were as follows: 

(i) MoCl 4 (Me 2 S) 2 + Et 3 SiH (excess) -> products 

(ii) WCl 4 (Me 2 S) 2 + Et 3SiH (excess) -> products 

Reaction (i) gave rise to reduction of Mo, and two isomers (C s and C 2 v symmetry) 
of the binuclèar complexes Mo 2 Cl 6 (Me 2 S) 3 , but no evidence for C-S bond 
cleavage (9). Reaction (ii), however, yielded a detectable amount of methane, and 
the major tungsten-containing product [Cl 3 W^-Me 2 S) 2 ^-H)WCl 2 (Me2S)] 2. The 
terminal thioether in 2 was readily replaced by CI" to give the stable anion 
[Cl 3 W^-Me 2 S) 2 ^-H)WCl 3 ]~ 3, whose structure was determined as the [Pr^P]* 
salt (10) (Figure 1). 

The position of the hydride was determined crystallographically, but it could 
not be refined. The neutral compound 2 exists as two geometric isomers, based on 
the position of the terminal thioether with respect to the hydride ligand. Of 
particular note here was the stability of the W ^ - M e 2 S ) 2 W core, which has a very 
short W-W bond, based on the structure of 3. In all the reactions we undertook 
(//), it showed no tendency to cleave a C-S bond of the μ-5Μβ2 ligands. The 
hydridic nature of the μ-Η was shown in reactions with benzyl halides: 

[Cl 3 W^-Me 2 S) 2 ^-H)WCl 2 (Me 2 S)] + C 6 H 5 C H 2 X 
[(C6H5CH 2)(CH 3) 2S] +[Cl 3W(μ-Me 2S) 2(μ-X)WCl 3]- + C 6 H 5 C H 3 (X = Cl ,Br) 

The metal-assisted alkylation of a terminal thioether provides another example of 
C-S bond-making. 

Intermolecular Reactions between Hydride and Thiolate Ligands 
The transfer of hydride to carbon need not be restricted to one metal center. 
Indeed, as a model for catalytic reactions the use of homobimetallic, or even 
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heterobimetallic complexes, in light of the role of promoters in hydrotreating 
catalysts, would seem to be a reasonable strategy. Two approaches were 
considered: 
a) Attempt to make binuclear complexes in which H and the organosulfur ligands 
are on adjacent atoms: 

M(H) M'(SR) 

Thermal elimination of R-H would likely result in Μ(μ-8)Μ'. The system could 
be synthesized with or without other supporting bridging ligands. 
b) React separate complexes in an intermolecular reaction: 

M(H) + M'(SR) -> Μ(μ-8)Μ' + R-H 

After a number of unsuccessful attempts to execute the first type of reaction, we 
focussed on (b) with some significant success. The requirements for such a 
reaction would be that the M-H moiety must be as hydridic as possible, which 
suggested the use of a metallocene hydride, or possibly a Group 13 hydrido 
complex. The choice of a suitable M'-SR system was based on the need to have 
sufficient activation of the C-S bond by the metal but not to the extent that 
reductive elimination of a disulfide would be the preferred pathway. This 
suggested an intermediate oxidation state of Mo or W, which of course would also 
be consistent with the +4 oxidation in an M S 2 phase. This limited the choice 
somewhat, and led to successful reactions between Cp 2 ZrH 2 and Mo(S lBu) 4, and 
Cp 2 NbH 3 and Mo(S lBu) 4 respectively. The initial reaction was carried out with 
Cp 2 ZrH 2 , and Mo(S lBu) 4 with benzene as solvent (72). The insoluble hydride 
reacted rapidly to yield isobutane and an insoluble metal-containing product. The 
source of H in the M e 3 C H was confirmed by using Cp 2 ZrD 2 and identifying the 
labeled product using 2 H NMR. A cleaner reaction was observed with Cp 2 NbH 3 , 
which again gave isobutane, and an eventual metal-containing product that proved 
to be Cp 2 Nb^-S) 2 Mo^-S) 2 NbCp 2 4. The reaction was followed using lH N M R 
and the intermediacy of an unstable compound believed to be 
Cp 2Nb^-S)_ 3MoS tBu. The structure of 4 is shown in Figure 2 (72). 

The mechanism proposed for the initial reaction, but for which there is only 
circumstantial support, involved a four-center interaction between -S-R and M ' - H , 
from which the Mo-S-Nb bridge arises. It seems reasonable to assume an 
associative pathway, since the analogous reaction between Mo(SCy) 4 (Cy -
cyclohexyl) and Cp 2 ZrH 2 gave rise to cyclohexane, and no trace of isomerized 
product (methylcyclopentane) that would arise i f a completely dissociative reaction 
occurs (75). The earlier observations of Boorman and O'Dell (2) set a precedent 
for this conclusion. However, it will be noted that, as predicted above, the 
polarization of both the C-S and M - H bonds will be required to facilitate this 
reaction. The involvement of the second, hydride-bearing, metal (Μ') in the 
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202 TRANSITION METAL SULFUR CHEMISTRY 

Figure 1 ORTEP plot of the anion [Cl3W^-Me2S)2(u-H)WCl3]" 3 
(Reproduced with permission from ref. 10. Copyright 1985 American 
Chemical Society.) 
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formation of a new M'-S bond appears to be important. A similar suggestion, 
namely that an associative reaction is likely involved, was recently made by Morris 
and co-workers to decribe the elimination of arene from the hydrido-thiolate 
complexes mentioned earlier (7). Our studies indicated that late transition metal 
(electron-rich) hydrides were ineffective in analogous reactions with Mo(SlBu)4 
(13), adding further support for the suggested mechanism. 

As noted earlier, it is known that S-C bonds in aromatic thiolates are 
stronger, and therefore more difficult to cleave, than their aliphatic counterparts. It 
was of interest to probe this reactivity in a system analogous to the above. A 
suitable thiolate was found to be Mo(S-tipt)4(MeCN) (tipt = 
2,4,6-triisopropylphenyl). This compound had been reported by Dilworth and co
workers (14). Although there was no reaction with Cp2ZrH 2 , Cp 2 NbH 3 was shown 
to bring about S-C bond cleavage, as evidenced by the detection of 
1,3,5-triisopropylbenzene in the organic reaction products (13). 

The reactions between a metallocene hydride and a late transition metal 
thiolate gave completely different results from those with early transition metal 
thiolates. No C-S bond cleavage was observed but reduction, with the elimination 
of H 2 , dominated these reactions. An example is the reaction between Cp 2 ZrH 2 

and [{Pd(SCH2CH2S)(PPh3)}2] (15). The product, [(Cp 2Zr) 2((μ-SCH 2CH 2S)) 2Pd] 
5 is of particular interest, containing a Pd(0) center, (presumed on the basis of Td 
symmetry) coordinated exclusively by thiolates (Figure 3). 

This complex is structurally similar to the cationic complex 
[{Cp 2 Zr^-SCH 2 CH 2 S) 2 ZrCp 2 }Ag] + 6 reported by Stephan (16), but the synthetic 
methodologies employed were completely different. To prepare 6, Stephan first 
synthesized the metalloligand [Cp 2 Zr^-SCH 2 CH 2 S) 2 ZrCp 2 ] then encapsulated a 
silver cation within it. These d 0 d , 0 d° systems display relatively short metal-metal 
interactions,which was ascribed to dative d1()—»d° bonding (17). The Pd-Zr 
distances and bond angle information suggest that the metal-metal interaction is 
stronger in 5 than in 6, as might have been anticipated based on the formal 
oxidation states of Ag(+1) and Pd(0). Indeed this adds further support to this 
assignment for Pd. 

The results described so far illustrate that there is a potentially rich chemistry 
in the reactions between thiolate complexes and hydride sources. The possible 
involvement of reactions of this type in the heterogeneous catalytic HDS process 
is, of course, a matter of conjecture, but the process has at least been shown to be 
feasible in model systems. The variety of sulfur-containing compounds 
established to be present in Alberta heavy oils and bitumen suggests that although 
the thiophenic species are undoubtedly the most important, thiols and thioethers 
are also candidates for HDS (18). We will now consider some systems which 
illustrate the reactivity of simple thioethers. 

Synthesis and Reactivity of Thioether-Bridged Mo(III) and W(III) Face-
Sharing Bioctahedral Complexes 
Thioether-bridged complexes of Mo(III), W(III) and also Nb(III),Ta(III), have 
some unusual structural features, the most notable of which is the shortness of the 
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Μ-(μ-8) bonds. In attempting to extend the series of known complexes that 
contain M - ^ - S R 2 ) - M entities, we carried out reductions of M C U in the presence 
of excess thioether. Three isomeric forms of M 2 C1 6 (R 2 S) 3 , were obtained, as 
shown in Figure 4. 
The examples of these structures are: 
C 2 v geometry, found only for Mo (S = Me 2 S 7; S = THT 10) (7 7, 19, 20) 
C s geometry, found only for Mo (S = Me 2 S 8; S = THT 11) (17, 19, 20) 
D 3 h geometry found only for W (S = Et 2S 9; S = THT 13) (16) 

Structural parameters for three representative complexes are given in Table I. 
The Et 2S complex of W is given rather that its THT analog, since the latter 
complex exhibited disorder in the carbon positions of the THT rings. Surprisingly, 
we were unable to obtain the Me 2 S analog of 9 but could only isolate 
Na[Cl 3W(μ-Me 2S) 2(μ-Cl)WCl 3] 12. 

Of particular note is the effect of exchanging bridging ligands on the Mo-Mo 
bond length. Analogous complexes of Nb and Ta with C 2 v geometry also display 
strong metal-metal interactions. In terms of magnetic properties, whereas the C 2 v 

and D 3 h complexes are diamagnetic, the C s analogs display antiferromagnetic 
behavior. The unexplained structural features of these compounds were addressed 
by a computational study using Density Functional Theory (27). 

Table I Structural Data for Three Isomers of M2C16(SR2)3 

Complex -» C l 3 W ^ - E t 2 S ) 3 W C l 3 

9(16) 
α 2 (ΤΗΤ)Μο(μ-α) 2 

(μ-ΤΉΤ)Μοα2(ΤΗΤ) 
10(77) 

Cl(THT) 2 Mo^-Cl) 3 

MoCl 2(THT) 
11(77) Parameter (Â) 

i 

C l 3 W ^ - E t 2 S ) 3 W C l 3 

9(16) 
α 2 (ΤΗΤ)Μο(μ-α) 2 

(μ-ΤΉΤ)Μοα2(ΤΗΤ) 
10(77) 

Cl(THT) 2 Mo^-Cl) 3 

MoCl 2(THT) 
11(77) 

M — M 
M—S(bridging) 
(average value) 
M—S(terminal) 
(average value) 

M—Cl (trans to μ-S) 
(average value) 

D3h C 2 v 
M — M 

M—S(bridging) 
(average value) 
M—S(terminal) 
(average value) 

M—Cl (trans to μ-S) 
(average value) 

2.499 
2.40 

2.388 

2.470 
2.409 

2.563 

2.690 

2.518 

Density Functional Theory Studies Using the Hoffmann fragment approach the 
partial orbital manifold for M 2 L 6 was computed, then the bridging fragment L 3 

was allowed to interact with this enabling a sensitive analysis of the bonding of the 
bridging ligands to be accomplished. The qualitative results of this study were as 
follows. The interaction between filled orbitals of π symmetry on the part of 
bridging chloride with the occupied metal-metal bonding orbitals of the M 2 L 6 

fragment is repulsive in nature and will have the effect of destabilizing the metal-
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11. BOORMAN ET AL. C-S Bond-Breaking and Bond-Making Reactions 205 

metal bonding orbitals. Substitution of Cl bridges by thioether in the simplified 
models [Mo 2 Cl 9 _ n (SH 2 ) n p- n )- is shown in the DFT calculations to result in 
stronger Mo-Mo bonding. This is due, in part, to a reduction in the unfavorable 
chlorine ρ-π interactions with metal-metal bonding orbitals, since the thioether has 
one less lone pair. In addition, however, there is an interaction between a filled 
metal-metal bonding orbital of b 2 symmetry with a σ* (H-S) orbital from the ligand 
(27). This is shown in Figure 5. 

The σ* orbitals in phosphines have, of course, become recognized as the 
likely acceptors of π back-donated electrons from metals, and so this result might 
have been anticipated (22). The DFT study was extended to both bridging and 
terminal complexes of R 2 E (E = chalcogen; R = C H 3 , H, F) and the bonding model 
was found to apply here too. Hence the π-acceptor orbitals of thioethers are better 
described in terms of σ-antibonding orbitals, rather than 3d orbitals. These results 
are of broad significance, but in the context of thioether-bridged face-sharing 
bioctahedral complexes the immediate result is to explain the shortness of the M-S 
bonds. The results also provide a reason for the lability of C-S bonds in these 
complexes, some examples of which will now be described. 

Having prepared the binuclear tungsten complexes with strongly bonded 
W ^ - S R 2 ) 3 W cores, it was of interest to attempt to do substitution reactions on 
these neutral molecules, with a view to building completely sulfur-ligated systems. 
We therefore reacted solutions of 9 with thiolate anion, anticipating that stepwise 
replacement of chloride might be possible (24). Instead, the nucleophile was found 
to attack at an α-carbon atom of thioether e.g. 

C l 3 W ^ - E t 2 S ) 3 W C l 3 + (CH 3 )C 6 H 4 S-
( C H 3 ) C 6 H 4 S C 2 H 5 + [Cl 3 W( M -Et 2 S) 2 (^SEt)WCl 3 ]-

This unexpected result led us to examine a wide range of other nucleophiles, 
including hydride. In addition to the S-deakylation reactions of Et 2S, we have 
been able to demonstrate ring opening reactions of THT in 13. (Scheme 3.) 

Scheme 3: Ring opening reaction of anionic nucleophiles (Nu_) with 13 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
01

1

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



206 TRANSITION METAL SULFUR CHEMISTRY 

« V s ^ s a V y ï %<a->ê 

D '3h 

Cl 

-2v 

Cl 

Figure 4 Three isomers of M 2 C1 6 (R 2 S) 3 (R 2S is abbreviated as S) 

MM 

Figure 5 π-bonding interaction between a filled metal-metal bonding orbital 
and an empty H-S σ* orbital of a bridging thioether (adapted from ref. 21) 
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Spectroscopic evidence supports the ring-opened structures of several such 
derivatives, including that in which Nu _ is hydride. Confirmation was provided by 
the successful structure determination of the [PPh 4] + salt of the anion 14 derived 
from attack by CI" (Figure 6). 

It can be seen that the core of the binuclear structure is retained and that the 
4- chlorobutylthiolate ligand still occupies a bridging position. The W-S bond 
lengths (2.444(4) and 2.434(4) À) for the thiolate ligand are longer than those of 
the thioether ligands (average = 2.373(4) Â). The characterization of this complex 
has enabled extensive studies of related compounds to be carried out using 1 8 3 W 
N M R (25). The application of 1 8 3 W NMR is of some interest, since it can probe 
the effect of changes in the bridging region of the face-sharing bioctahedral 
ditungsten(III) complexes. It was observed that 1 8 3 W shielding increased in the 
order μ-Cl" < μ-SR- < μ-SR2. For complexes of the structural form of 14, in which 
only the terminal nucleophile on the butyl chain is varied (SePh, SPh, SH) the 
chemical shift was unchanged at δ 3046 as compared to 2850 ppm for the parent 
compound 13. 

The derivatization of a stable binuclear complex using the reaction of 
nucleophiles with 13, provides a possible route to the preparation of potential 
metalloligands. The redox chemistry of the anion 14 suggested that it might be a 
useful probe for the presence of a metal ion coordinated by the functionalized 
butylthiolate chain, hence we have studied a variety of anionic nucleophiles with 
this aim in mind. The simplest of these is the thiolate anion, and a very recent 
determination of the crystal structure of the complex [ΡΡΝ][Π 3\ν(μ-ΤΗΤ) 2(μ-
S(CH 2) 4(S-ptol)WCl 3]- 15 (ptol = para-to\y\) has confirmed its identity. More 
complex anionic nucleophiles, which would result in a chelating thiolate side chain 
(e.g. Nu- = [S(CH 2) 2S(CH 2) 2S] 2") are also under investigation (26). 

The possibility of multiple S-C bond cleavages in the complexes 9 and 13 is 
an obvious question to be answered, especially in the context of the modeling of 
HDS reactions, in which the ultimate goal is the conversion of any organosulfur 
ligands to sulfide. This has been studied largely in the context of THT ring 
opening reactions of 13. Stepwise reaction with different stoichiometrics of 
nucleophile have shown that in the case of Nu - = thiolate or selenolate, a second 
ring opening can be achieved (26). This happens in preference to cleaving the 
second C-S bond from the same THT ring. To this point we have been unable to 
achieve a clean second C-S bond cleavage with hydride as the nucleophile (using 
any of the usual Group 13 hydride reagents). Third and subsequent C-S cleavage 
has not been unambiguously achieved with any nucleophiles. 

Realkylation of the [Cl 3 W^-Et 2 S) 2 ^-SEt)WCl 3 ] - anion, and related 
systems, has not been achieved, suggesting that the thiolate sulfur carries very little 
charge in these species. Another example of the synthetic potential of 
5- dealkylation reactions is the synthesis of a unique face-sharing bioctahedral 
complex with three different bridging ligands. This was achieved by reacting the 
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208 TRANSITION METAL SULFUR CHEMISTRY 

Figure 6 ORTEP plot of the anion [α 3νν(μ-ΤΗΤ) 2(μ-8(ΟΗ 2)4€1)\νθ1 3]-14 
(Reproduced with permission from ref. 23. Copyright 1991 American 
Chemical Society.) 
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anion [Cl 3 W^-Et 2 S) 2 ^-Cl )WCl 3 ] - with a thiolate anion, resulting in the 
formation of [Cl 3 W^-Et 2 S)^-SEt)^-Cl)WCl 3 ] 2 "16 (27). 

The results described above need to be put into a more general context. The 
first example of dealkylation of a coordinated thioether by a nucleophile, of which 
we are aware, was reported by Roundhill and co-workers (28). Displacement of 
alkyl groups from the ligand o-Ph 2 PC 6 H 4 SR coordinated to Pd(II) or Pt(II) can be 
accomplished with an amine. It was proposed that the mechanism involved a 
nucleophilic substitution at the electrophilic α-carbon atom of the thioether. The 
alternative situation, that the metal is as electrophilic as the carbon atom, provides 
a competing reaction in many systems. We found this to be the case for the Μο(ΠΙ) 
complex 10, which shows reactivity of the C-S bonds of the THT bridge, but in 
addition it undergoes ligand substitution. Finally in this section we refer to the 
elegant studies of the Rakowski DuBois group, who have observed some 
remarkable examples of both C-S bond-making and bond-breaking in 
[(CpMo) 2 (S 2 CH 2 )^-SMe 2 )^-SMe)] + and related systems (29). In addition, and 
uniquely different from our systems, is the lability of the bridging thioether, and its 
easy replacement by other ligands. 

Part II: Recent Studies Involving C-S Bond-Making Reactions 
During our early investigations of the reactions of nucleophiles with the 
tris(thioether)-bridged ditungsten(III) complexes, 9 and 13, we undertook reactions 
between [PPh4][MS4] (M = Mo, W) and these species, anticipating that they could 
conceivably become incorporated into the binuclear structures to yield extended 
clusters. After finding that the major organosulfur product from the reaction with 
9 was Et 2 S 2 it became clear that 9 was essentially behaving as an exotic alkylating 
agent. The isolation of [PPh 4] 2[W 3S 9(DMF)] from a DMF extract of the solid 
residues from this reaction (proven by an X-ray structure determination (30)) 
alerted us to the earlier literature reports of the use of M S 4

2 _ to convert organic 
halides into disulfides (31). It was claimed that the major metal-containing by
product, with minimal published substantiation, was M 3 S 9

2 _ . The parallel of this 
chemistry to protonation reactions, which have been the focus of innumerable 
investigations, suggested that a mechanistic study of the condensation of M S 4

2 _ 

into higher aggregates might be feasible with simple alkyl labels. There is no 
universally accepted mechanism for the acid catalyzed reaction, although there 
seems to be general agreement that it is initiated by protonation, and Muller et al. 
prepared and characterized the [WS3(SH)]_ ion (32). Earlier work by Stiefel and 
co-workers had examined reactions of W S 4

2 _ with disulfides, alkynes and also 
provided a theoretical depiction of the tetrathiometalate ions (33,34). We found 
that by reacting organic bromides with W S 4

2 _ at 0°C in MeCN we could slow 
down the subsequent decomposition of the product and isolate and characterize the 
compounds [PPh4][WS3(SR)] (R = Et, >Pr, lBu) (30). The structure of the anion 
[WS3(SEt)] 17 is shown in Figure 7. 
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Figure 7 Structure of the anions [WS3(SEt)]_ 17 (Reproduced with permission 
from ref. 35. Copyright 1995 Royal Society of Chemistry.) 
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The reaction takes a different course when the more oxidizable iodide anion 
is present. Thus by reacting EtI with WS 4

2 " under the same conditions, I 3

_ was 
found to be a major product. A kinetic study of the EtBr / W S 4

2 _ reaction was 
undertaken, and it proved that it was cleanly first order in EtBr, with no sign of a 
second alkylation occurring. Solutions of [PPh4][WS3(SEt)] in MeCN decompose 
at room temperauture to yield Et 2 S 2 , without addition of further EtBr, i f the 
concentration is > 0.01 M. The production of Et 2 S 2 and W 3 S 9

2 _ has been 
confirmed, but as is usually observed, an insoluble WS X phase is slowly 
precipitated as well. This of course complicates any attempts to follow the kinetics 
of the reaction at this stage. To date, attempts to demonstrate the intermolecular 
nature of the decomposition of [WS3(SR)]~ by mixing [WS3(SEt)]_ and 
[WS^S^u)] - have been unsuccessful, since the l Bu species is considerably more 
stable than its ethyl analog. Hence only Et 2 S 2 , and no EtSS lBu or l Bu 2 S 2 , is 
observed. It is interesting to note that Dhar and Chandrasekaran (37) had suggested 
that tertiary alkyl halides were unreactive toward [WS 4] 2". The greater stability of 
[WS3(S tBu)]_ prompted us to attempt to isolate and characterize its molybdenum 
analog, a target that we had previously considered unlikely based on the lability of 
the [MoS3(SEt)]- ion. [PPh^fMoS^StBu)] is isostructural with its W analog (30). 
The possibility of using the two compounds as precursors to mixed Mo/W sulfido 
clusters is under investigation. Although the action of a second mole of RBr fails 
to induce a second alkylation, more potent alkylating agents are being studied to 
attempt this. A potentially significant observation is the rapid reaction of [WS 4] 2" 
with Me 3 SiCl in MeCN (36). 

We draw the reader's attention to the ongoing work of Tatsumi and co
workers, who have recently reported on a number of reactions of CpWS 3

_ with 
alkylating agents, and also with alkynes (37). There are clearly a number of 
parallels with our work on the simple thiometallates. In both cases the highly 
unusual thiolate complexes of M(VI) result, species which have been regarded as 
very unstable. 

The synthetic potential of the [WS3(SR)]_ salts has yet to be realized, but our 
early studies suggest that these ions react with other metal species to give 
completely different products from those obtained with [WS 4 ] 2 _ . Transient 
alkylated mixed metal species are certainly formed, leading us to speculate on the 
possibility of biosynthetic pathways to sulfido clusters adopting this kind of 
chemistry. 

Part III: An Example of C-S Bond-Breaking and Bond-Makins Without Metal 
Mediation 
There have been many reports in the literature on the use of ethanedithiolate (edt) 
as a chelating ligand. In addition to its expected behavior as a chelating dianion it 
has been shown to undergo C-S bond cleavage quite readily (37, 38), and in at 
least one case a new C-S bond has been reported (39). This latter paper, by 
Tatsumi and co-workers (39), prompted us to conclude this review of our 
contributions to metal-promoted C-S bond reactivity by describing a serendipitous 
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Η(1)· 

« υ · 

Figure 8 ORTEP plot of the S-H—S hydrogen bonded arrangement of anion 
pairs in the structure of [Ph4P][ HSCH 2 CH 2 SCH 2 CH2S] (Reproduced with 
permission from ref. 40. Copyright 1992 Royal Society of Chemistry.) 

discovery. In attempting to extend the range of phosphonium thiolates available 
for synthesis and mechanistic studies, we successfully prepared 
[Ph 4P] 2[SCH 2CH 2S] and then attempted to prepare the salt of the monoanion, viz 
[Ph 4P][SCH 2CH 2SH]. The synthesis involves the deprotonation of edt by 
Na+[ iPrO]- followed by exchange of the cations with [PPh 4]Cl. An orange 
crystalline salt was obtained on which an X-ray structure was determined. The 
identity of the anion proved to be [HSCH 2 CH 2 SCH 2 CH 2 S]- which packs as 
hydrogen bonded dimers in the crystal (Figure 8). 

It is, incidentally, a uniquely well defined example of a H-S--H hydrogen 
bond (40). Of more interest in the present context is the origin of this ion. 
Evidence was obtained to support the following mechanism: 
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HSCH 2CH 2SH + iPrO -> [SCH2CH2SH]-

[SCH2CH2SH]- + [SCH2CH2SH]- -> [SCH2CH2SCH2CH2SH]- + HS" 

[PPh4]+ + HS- -» Ph3PS + C 6 H 6 

The unexpected displacement of HS% generally considered a poor leaving group, is 
apparently facilitated by the immediate reaction of the hydrosulflde anion with the 
PPh 4

+ cation to form triphenylphosphine sulfide and benzene, both of which were 
conclusively identified. This example clearly illustrates the dangers of assuming 
that all reactions of organosulfur ligands, in which C-S bond are formed or broken, 
require the presence of a metal ion. 
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Chapter 12 

Heterometallic Cuboida l Complexes 
as Derivatives of [Mo3S4(H2O)9]4+ 

Interconversion of Single and Double 
Cubes and Related Studies 

D. M. Saysell1, M. N. Sokolov, and A. G. Sykes2 

Department of Chemistry, University of Newcastle, Newcastle upon Tyne, 
NE1 7RU, United Kingdom 

Heterometals can be incorporated into the MoIV3 
trinuclear ion [Mo3S4(H2O)9]4+ to give cuboidal 
complexes of the kind Mo3MS4, or related edge-linked 
species { M o 3 M S 4 } 2 or corner-shared Mo3S4MS4Mo3 

double cubes, depending on the heteroatom and 
conditions used. All the products are present as aqua 
ions in acidic solutions. Specific topics included in this 
overview are the interconversion of single and double 
cubes with, e.g,. M = Pd and Sn. The tendency of 
cubes with Μ = Τl and In to react with H + with the 
formation of H2 is discussed. The formation and 
properties of chalcogenide-rich clusters Mo3X7

4+ (X = S, 
Se, Te) is also considered. 

The relevance of Fe4S4 clusters in biology ( /), and the synthesis of an 
extensive series of analogue complexes (2), has helped target the 
area of metal-sulfur clusters as one meriting increased attention. 
Whereas the Fe atoms in Fe4S4 are tetrahedral and labile/highly 
reactive in aqueous solution, the octahedral Mo atoms in clusters 
[Mo4S4(H20)12]n+ η = 4,5,6, (3) are much more stable. It has also 
been noted that whereas the Fe3S4 incomplete cube occurs in 
numerous proteins, it has until recently (4) proved difficult to 
synthesize, due to the readiness with which the linear FeU/-S)2FeU/-
S)2Fe structure forms. The [Mo3S4(H20)9]4+ incomplete cube on the 
other hand is unusually stable (years!) if stored in acidic solution, and 
it has been possible to explore its rich and varied solution chemistry 
(5). 
1Current address: Department of Chemistry, University of La Laguna, Tenerife, 
Canary Islands, Spain

2Corresponding author 

0097-6156/96/0653-0216$15.00/0 
© 1996 American Chemical Society 
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12. SAYSELL ET AL. Heterometallic Cuboidal Complexes 217 

Of particular interest in the studies described are the clusters formed 
by incorporating a heterometal atom into the trinuclear ion 
[Mo 3 S 4 (H 2 0) 9 ] 4 + to give cuboidal complexes M o 3 M S 4 containing a 
heterometal M subsite, or related edge-linked {Mo 3 MS 4 } 2 , or corner-
shared Mo 3 S4MS 4 Mo 3 double cubes (6). A subject not previously 
addressed in an overview of this kind is the ease of interconverting 
single and double cubes. More widely, double cubes are relevant 
with the occurrence of Fe 7 MoS 9 as well as F e 7 V S 9 (composition to be 
confirmed) clusters in nitrogenase (7-10). 

There are currently 16 different heterometal atoms which can be 
incorporated into the [Mo 3 S 4 (H 2 0) 9 ] 4 + cluster, where examples range 

Cr Fe Co Ni Cu 

Mo Rh Pd In Sn Sb 

Pt Hg Tl Pb Bi 

from Cr in Group 6 to Bi in Group 15. Preparative methods and 
procedures for characterization are also considered. The preparation 
of chalcogenide rich M o 3 X 7 clusters X = S, Se, Te is also seen as a 
route into this chemistry to be further explored. 

Preparation of [Mo 3 S 4 (H 2 0) 9 ] 4 + 

The most widely used procedure to date is to reduce with BH 4 "the 
cysteinato-Mo v

2 complex [(cys)OMo(//-S) 2MoO(cys)] 2", whereupon 
the cube [Mo 4 S 4 (H 2 0) 1 2 ] 5 + ( ~ 20% yields) can be separated by Dowex 
50W-X2 cation-exchange chromatography. Subsequently, this tetra-
nuclear complex is air-oxidised to the trinuclear [Mo 3 S 4 (H 2 0 ) 9 ] 4 + 

product by heating for up to 10h on a steam bath ( ~ 9 0 ° C ) . The 
latter is characterized by its UV-Vis peaks Λ/nm (6 /M~ 1 cm~ 1 per Mo 3) 
at 366(5550) and 603(362). An alternative method makes use of the 
polymeric compound {Mo 3S 7Br 4} x obtained by heating Mo, S and Br 2 

together in a sealed vessel (7 7). This compound can be solubilized 
as [Mo 3 S 7 Br e ] 2 " . On treating with 4M Hpts (Hpts = p-toluenesulfonic 
acid), and then a phosphine PR 3, first [Mo 3 S 7 (H 2 0) e ] 4 + and then 
[Mo 3 S 4 (H 2 0) 9 ] 4 + can be obtained (72), in what is a relatively simple 
and rapid conversion (see below). 

Preparation of Heterometal Clusters 

Four methods have been used to date: 
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218 TRANSITION METAL SULFUR CHEMISTRY 

Reaction with Metals: The exposed triangular face on [Mo 3 S 4 

(H 2 0) 9 ] 4 + consisting of three /y 2-S core ligands, can interact directly 
with metals. Shibahara and colleagues ( 13) were the first to identify 
this method in their preparation of [Mo 3 FeS 4 (H 2 O) 1 0 ] 4 + , (1). 

M o 3 S 4

4 + + Fe -+ M o 3 F e S 4

4 + (1) 

So far it has been used for M = Fe, Co, Pd, Cu, Hg, In, Sn, Pb, Sb; 
see also Table I (13,19,14,20,17,21). Some of these reactions occur 
rapidly on addition of [Mo 3 S 4 (H 2 0) 9 ] 4 + to the metal e.g. Hg (instant), 
Pb (~ 10 min), Sn (~ 1h). In the case of Ni, a number of days are 
required, and other metals (e.g., Cr, Mo) are inert. With Pd it is 
necessary to use freshly prepared Pd black (14). Heterometallic 
incorporation is also observed on electrochemical reduction of 
solutions containing [Mo 3 S 4 (H 2 0) 9 ] 4 + . 

Reaction with Salts/Complexes + B H 4 " . The method was used first 
for Ni" incorporation (15). It has also been applied in the case of 
[Mo(H 2 0) e ] 3 + , [PtCI4]2", ln(CI0 4) 3, TICI, and bismuth citrate. Solutions 
of the latter are made up with [Mo 3 S 4 (H 2 0) 9 ] 4 + and then syphoned 
onto a solution of B H 4 " (typically 100-fold excess), under air-free 
conditions, (2). 

M o 3 S 4

4 + + N i 2 + + 2e" M o 3 N i S 4

4 + (2) 

Dowex cation-exchange chromatography is required for purification. 
This is in contrast to direct reaction with the metals, which are 
cleaner, so that it is often possible to proceed directly without 
chromatographic purification. It is not always clear whether B H 4 ~ 
reduces M o 3 S 4

4 + to transient M o 3 S 4

2 + or the heterometal ion (or both) 
in situ thereby making reaction possible. 

Direct Addition of Ionic Salts. There are two well established 
examples with C u + (a slurry of insoluble CuCI can be used) (16), and 
S n 2 + (17), as in (3) and (4). 

M o 3 S 4

4 + + C u + -* M o 3 C u S 4

5 + (3) 

M o 3 S 4

4 + + S n 2 + -* M o 3 S n S 4

e + (4) 

Use of Strong Reductants. The only example at present is with C r 2 + 

(-0.41 V) (18), which presumably is able to serve as a reductant 
instead of B H 4 " (5). 
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Table I. X-ray Crystallographic Structures 

A . Single cubes 

Cluster Compound References 

[Mo 3FeS 4(NH 3) 9(H 20)]CI 4 13 

[Mo 3NiS 4(H 2O) 1 0](pts) 4 .7H 20 19 

[Mo3(PdCI)S4(9-aneN3)3]Cl3.4H20 ' 14 

[Mo 3(lnpts 2)S 4(H 20) 1 0](pts) 3.13H 2O 20 

(Me 2NH 2) e[Mo 3(SnCI 3)S 4(NCS) 9]10.5H 2O 17 

[Mo 4 S 4 (NH 3 ) 1 2 ]CI 4 .7H 2 0 21 

• 9-aneN 3 is the 1,4,7-triazacyclonononane ligand. 

B. Double cubes (edge-linked) 

Cluster Compound References 

[{Mo 3S 4Cu(H 2O) 9} 2](pts) 8.20H 2O 22 

[{Mo 3S 4Co(H 20) 9} 2](pts) 8.18H 20 23 

[{Mo 3S 4Pd(H 20) 9} 2](pts) 8.24H 20 14 

C. Double cubes (corner-shared i.e. sandwich type) 

Cluster Compound References 

[(H 2 0) 9 Mo 3 S 4 HgS 4 Mo 3 (H 2 O) 9 ] (pts) 8 .20H 2 0 23 

[(H 2 O) 9 Mo 3 S 3 Oln0S 3 Mo 3 (H 2 0) 9 ] (pts) 8 .30H 2 O 24 

[(H 2 0) 9 Mo 3 S 4 SnS 4 Mo 3 (H 2 0) 9 ] (pts) 8 .26H 2 0 25 

[ (H 2 0) 9 MoS 4 SbS 4 Mo 3 (H 2 0) 9 ] 8 + 26 

[ (H 2 0) 9 Mo 3 S 4 MoS 4 Mo 3 (H 2 0) 9 ] (pts) 8 .18H 2 0 27 
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M o 3 S 4

4 + + 3 C r 2 + -* M o 3 C r S 4

4 + + 2 C r 3 + (5) 

The same procedure has been attempted with E u 2 + (-0.36V), so far 
without success (6). 

Characterization of Heterometal Containing Products 

X-ray crystallography has been used widely to establish the different 
structure types. The use of p-toluenesulfonic acid (H +pts~) at 4M 
levels to elute 8+ double cubes, as well as to obtain crystalline 
samples, has proved to be a major break-through. An important 
factor as far as crystallisation of the aqua species is concerned 
appears to be the ability of pts" to participate in Η-bonding. Many of 
the crystal structures summarized in Table I are from Shibahara's 
laboratory. Some of the reported structures have proved difficult to 
refine. 

Chromatography. Elution behavior, often with [Mo 3 S 4 (H 2 0) 9 ] 4 + as a 
marker, enables a fairly accurate estimate of the charge to be made. 
While 8+ double cube structures will elute in 2 - 3 M HCI, when the 
net charge is reduced by complexing of the CI", 4M levels of Hpts are 
required. Little or no elution of 8+ cations is observed with 
perchloric acid as high as 4M. 

Metal Analysis. Inductively Coupled Plasma - Atomic Emission 
Spectroscopy (ICP-AES) is widely used, and can also provide 
information regarding the S (and Se) content, although not in the 
presence of pts". 

Redox Titrations. Stoichiometries observed for redox processes with 
[Fe(H 2 0) e ] 3 + or [Co(dipic)2]" (dipic = 2,6-dicarboxylatopyridine) 
provide essential information. Spectrophotometric monitoring of the 
decay of the heterometallic cluster on titration with Fe1" or Co"1 (small 
volumes from a micro-syringe), or colorimetric determination of the 
Fe" produced, are procedures that can be used (15-18). Examples are 
as follows (6)-(9). 

M o 3 N i S 4

4 + + 2Fe'" - M o 3 S 4

4 + + Ni" + 2Fe" (6) 

M o 3 C u S 4

B + + Fe"1 - M o 3 S 4

4 + + Cu" + Fe" (7) 

M o 3 S n S 4

e + + 2Fe"' - M o 3 S 4

4 + + S n , v + 2Fe" (8) 

M o 3 C r S 4

4 + + 3Fe'" - M o 3 S 4

4 + + Cr1" + 3Fe" (9) 

The amount of [Mo 3 S 4 (H 2 0) 9 ] 4 + can also be determined spectro-
photometrically, hence the charge on the heterometal cube deduced. 
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12. SAYSELL ET AL. Heterometallic Cuboidal Complexes 221 

An unusual feature in the case of the double cubes is that all the 
examples to date have 8+ charges. The only single cubes so far 
identified with more than one oxidation level are M o 3 C u S 4

n + (n = 4, 
5), and M o 4 S 4

n + (n = 4, 5 and 6). The clusters are in many cases 
air-sensitive (N 2 used), exceptions being M = Ni, Pd, Rh, Pt. Even 
with the latter, the clusters are best stored air-free as a precaution. 

Interconversion of Single and Double Cubes Type A 

The kinetics of conversion of the edge-linked (Type A) double cube 
[{Mo 3 PdS 4 (H 2 0) 9 } 2 ] 8 + ( P d - S on one cube linked to S - P d on the 
other), to the corresponding single cube [Mo 3 (PdX)S 4 (H 2 0) 9 ] 4 + does 
not require air-free conditions (28). This system has therefore been 
the subject of recent attention. The reaction is induced by any of the 
six reagents X = CO, two water soluble phosphines [P(C e H 4 S0 3 ) 3 ] 3 " 
and 1,3,5-triaza-7-phosphaadamantane (PTA), CI", Br" or N C S " , 
(10). 

(10) 

The first stage of reaction is fast and accompanied by color changes 
e.g. purple to dark blue in the case of CI", which is assigned to the 
conversion of double to single cube. With X = CO or phosphine, 
absorbance changes are intense enough for stopped-flow monitoring 
with reactants at less than mM levels, when rate constants (25°C) in 
the range 1 0 5 - 1 0 e M " 1 s " 1 are obtained. The reactions are 
independent of [H +] , 0 . 3 0 - 2 . 0 0 M , and no substitution at Mo is 
observed. The first stages with reagents X = CI", Br", N C S " are too 
fast to follow and only equilibrium constants K / M " 1 (25°C) were 
obtained CI" (490), Br" (8040), and NCS" (630). Kinetic studies on 
the slower substitution processes occurring at Mo could be monitored 
in these cases. All the reagents show a high affinity for and react 
rapidly at the Pd to give single cube structures, whereas H 2 0 
coordinated to the Pd is not able to retain the single-cube structure. 
Conversion of the single cube [Mo 3 (PdX)S 4 (H 2 0) 9 ] 4 + back to the 
double cube can be achieved by chromatographic or chemical removal 
of X. 

Interconversion of Single and Double Cubes Type Β 

This reaction involves the Type Β corner-shared double cube. Air-free 
(N2) conditions are required for these studies. Two-electron 
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oxidations of the red-purple double cube [Mo e SnS 8 (H 2 0 ) 1 8 ] 8 + with 
[Fe(H 2 0) e ] 3 + or [Co(dipic)2]" yields first the yellow single cube 
[Mo 3 SnS 4 (H 2 0 ) 1 2 ] e + , and finally (with excess oxidant) green 
[Mo 3 S 4 (H 2 0) e ] 4 + (and Sn , v ) , (17). The overall stoichiometry of the 
conversion is 4:1. With 2:1 amounts it is possible to recover by 
cation-exchange chromatography - 7 0 % of the single cube 
[Mo 3 SnS 4 (H 2 0 ) 1 2 ] e + , (11). 

The reverse reaction can be achieved by mixing 1:1 amounts of 
[Mo 3 SnS 4 (H 2 0 ) 1 2 ] e + and [Mo 3 S 4 (H 2 0) 9 ] 4 + in the presence of 100-fold 
excess of B H 4 " . Column chromatography is again required with 
- 5 0 % yields of the double cube [Mo e SnS 8 (H 2 0) 1 8 ] 8 + . The same 
interconversions can be achieved with the In-containing hetero-
metallic cubes [Mo 3 lnS 4 (H 2 0) 1 2 ] 5 + and [Mo e lnS 8 (H 2 0) 8 ] 8 + . 

Reaction of Heterometal Cubes with H + . 

The first example to be identified was with [Mo e TIS 8 (H 2 0) 1 8 ] 8 + (21). 
With HCI in the range 0.5 - 2.0M, small bubbles of gas were observed 
consistent with (12). 

2 M o e T I S 8

8 + + 2H+ 4 M o 3 S 4

4 + + 2TI + + H 2 (12) 

The rate law (13) has been confirmed, 

-dfMo gTIS 9l 8+ = k H [Mo e TIS 8

8 + ] [H +] (13) 
dt 

with k„ (25°C) = 2.5 χ 1 0 " 4 M _ 1 s " 1 . The In single cube also reacts 
with H + but with a smaller rate constant (25°C) ~ 1 0 ~ 5 M _ 1 s " 1 . 
The behavior of the In cluster is of particular interest because it is 
known that the aqua l n + ion reacts with H + , (14). 

In + + 2 H + l n 3 + + H 2 (14) 

For this reaction k„ (25°C) = 11.2 χ K > - 3 M - V \ I = 0.70M 
(LiCI04), (30). 
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Chalcogenide Rich Clusters 

On melting the polymeric material {Mo3S7Br4}x (//) with Ph4PBr, 
[Mo3S7Bre]2" is obtained in 70-80% yields. On treating with 4M Hpts 
lemon-yellow colored [Mo3S7(H20)e]4+ is produced, and can be 
purified by column chromatography (12). A similar procedure holds 
for the Se analogue, which yields orange-brown [Mo3Se7(H20)6]4+. 
On reacting with a water soluble phosphine or a slurry of 
triphenylphosphine, [Mo3S4(H20)9]4+ and [Mo3Se4(H20)9]4+, are 
obtained respectively. The rate law in the former case is (15) 

Rate = k[Mo3S7

4+][PR3] (15) 

where k = 3.9 χ 104 M ' V 1 in 2.0M Hpts. 
A tellurium analogue has been prepared and the crystal structure of 

Cs3[Mo3Te7(CN)e]l.3H20 reported (31). Here, no route through to 
Mo3Te4

4+ has yet been identified, and no reaction is observed with 
the phosphines. The Se clusters, [Mo3Se4(H20)9]4+ and [Mo4Se4 

(H20)12]5+, have been fully characterised (32). Heterometallic 
complexes are obtained from [Mo3Se4(H20)9]4+, but remain to be fully 
characterized. 
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Chapter 13 

Characterization of Incomplete Cubane-Type 
and Cubane-Type Sulfur-Bridged Clusters 

Genta Sakane and Takashi Shibahara 

Department of Chemistry, Okayama University of Science, 
1-1 Ridai-cho, Okayama 700, Japan 

Incomplete cubane-type clusters with M3S4 cores and 
cubane-type clusters with M3M'S4 cores are characterized (M3 
= Mo3, Mo2W, MoW2, W3; M'= metal). The clusters 
[M3NiS4(H2O)10]4+ take up ethylene to give 
[Μ3ΝiS4(C2Η4)(Η2O)9]4+: an increase in the number of 
tungsten atoms results in the upfield chemical shift of 
ethylene-signal in the 1H-NMR spectra. The molybdenum-iron 
cluster [Mo3FeS4(H2O)10]4+ (Mo3Fe) does not react with 
ethylene. The formal oxidation states of metals in Mo3Fe and 
[Mo3NiS4(H2O)10]4+ (Mo3Ni) are assigned as 
MoIVMoIII2M'II (Μ' = Fe, Ni). The oxygen/sulfur-bridged 
clusters [Mo3S4(H2O)9]4+ (Mo3) and [Mo3OS3(H2O)9]4+ 

(Mo3OS) react with acetylene to give clusters with carbon-sulfur 
bonds. The reactivities of Mo3Ni and Mo3 are interpreted by 
the electronic structures calculated by the Discrete Variational 
(DV)-Xα method. EPR studies of the mixed-metal cluster with 
Mo3CuS44+ core are also described. 

Sulfide (S2~), disulfide (S22"), and thiolate (SR") ligands combine metal ions to give 
varied types of metal clusters. Much attention has been paid not only to 
metal-centered chemistry but also to ligand-centered chemistry, which is interesting 
inherently and of potential use in catalysis. Especially, molybdenum sulfur 
compounds have attracted much attention, and a large number of sulfur-bridged 
molybdenum compounds have appeared (/). 

In this article, some of our recent results on incomplete cubane-type clusters with 
M3S4 cores and cubane-type clusters with M3M'S4 cores (M3 = Mo3, Mo2W, 
MoW2, W3; M' = metal) will be summarized. 

Comparison of Molybdenum-Iron and Molybdenum-Nickel Clusters, 
[Mo3FeS4(H2O)10]4+ (Mo3Fe) and [Mo3NÎS4(H2O)10]4+ (M03N1) 

The report (2) that the incomplete cubane-type sulfur-bridged molybdenum aqua 
cluster [Mo3S4(H20)9]4+ (Mo3) reacts with iron metal to give the molybdenum-

0097-6156/96/0653-0225$15.00A) 
© 1996 American Chemical Society 
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iron mixed-metal cluster [Mo3FeS4 (H20)io] 4 + (Mo3Fe; Scheme 1) engendered 
much research on this type of metal incorporation reaction. This reaction is the first 
example where the missing corner of the incomplete cubane-type core is filled with 
another metal atom. Many metal incorporation reactions of the aqua cluster have 
been reported by us (3) and by other groups (4) to give mixed-metal clusters with 
M o 3 M ' S 4 cores (M' = metal). We can think of two kinds of driving force for the 
formation of the cubane-type mixed-metal clusters from the incomplete cubane-type 
aqua cluster M 0 3 and metals. One factor is the affinity of the metal for the bridging 
sulfur atoms, and another is the reducing ability of the metal (2, 3b). In addition to 
direct reaction of M 0 3 , with metals or metal ions (e. g., Sn 2 + ) , NaBIfy reduction of 
M 0 3 in the presence of M 2 + has also been used (4b, 4c). The reaction of M 0 3 with 
[Cr(H20)6] 2 + to give [Mo3CrS4 (H20) i2] 4 + (4d), and other routes to clusters with 
M o 3 M ' S 4 cores (M' = Cu (5a, 5c, 5d)y M ' = Sb (5b, 5c), M ' = W (6), M ' = Co (7)) 
have also been reported. Metal atom replacement of the incorporated metal atom M 
in the cubane-type M o 3 M ' S 4 core with C u 2 + to give the cluster with M03Q1S44"4" 

core has been reported (8), and the existence of a new oxidation state of M03CUS45+ 

is known (9). The strong coloration on the reaction of the cluster M 0 3 with 
mercury can be used for the analysis of mercury (JO). The reactivity of clusters with 
the Mo3PdS4 (77) or M03N1S4 (12) core toward small molecules such as CO, 
alkenes, and alkynes has been reported. 

The clusters [ Μ θ 3 Ρ β 8 4 ( Η 2 Ο ) 1 0 ] 4 + (Mo 3Fe) and [McpNiS4 (H 2 O) 1 0 ] 4 + 

(M03N1) are obtainable through the reaction of [M03 §/β\2®)9\ ( M o 3 ) with * r o n 

and nickel, respectively, and are crystallized from 4 M Hpts solution to give 
[Mo3M'S4(H 2O) 1 0](pts)4 7 H 2 0 (M' = Fe (Mo3Fepts), Ni (Mo 3Nipts); Hpts = 
/Moluenesulfonic acid). X-ray structural analyses of Mo3Fepts and Mo3Nipts 

revealed that the clusters, M o 3 F e and M03N1, have an approximate symmetry of C3 v , 

with the iron and nickel atoms having fairly regular tetrahedral geometry in both 
clusters (2, 3h). 

The ^Fe-Môssbauer spectroscopy showed that the oxidation state of the iron 
atom in the mixed metal cluster Mo3Fepts was assignable as +2.39 (75), which 
indicates that the reaction is reductive addition of iron to the M o 3 S 4 core in the 
molybdenum aqua cluster M03. 

Figure 1 shows cyclic voltammograms of M03, Mo3Fe, and M03N1. The 
cyclic voltammogram of M 0 3 shows three consecutive one-electron reduction 
processes (the cathodic peak potentials, EpC, are -0.45, -1.01, and -1.74 V, 
respectively), similar to those observed in [M3S4(Hnta)3]2" obtained from 
[ M 3 S 4 ( H 2 0 ) 9 ] 4 + and H 3nta ( M 3 = M03, Mo 2 W, MoW 2 , W 3 ) (14) and 
[Mo3S4(ida)3]2~ (75). These processes correspond to the change of oxidation 
states of the three metal atoms in each cluster: 

M I V 3 _ M I V 2 M n i -* M l V M i n 2 - M % 

The cyclic voltammogram of Mo3Fe also shows three reduction peaks with Ep C = 
-0.91, -1.47, and -1.81 V. The cathodic peak currents are close to each other and 
almost the same as those of M 0 3 after being normalized by concentration, indicating 
that Mo3Fe undergoes consecutive one-electron reduction processes. Four 
combinations of the oxidation states of the metals in M o 3 F e before reduction are 
possible: M o ^ F e 0 , M o I ^ 2 M o l n F e I , M o ^ M o ^ F e 1 1 , M o m 3 F e m . Of these 
oxidation states, M o ^ M o ^ 2 F e ^ *s m o s t appropriate, because the oxidation state 
of the iron atom in Mo3Fe has been determined to be +2.39 by 5 7Fe-Môssbauer 
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\/ 
i4+ 

Mo S 
S < ± / I 

4 + 

s— 
-Mo 

-Mo 
/ I " 

+ Fe° 

Mo S 

— M o S I 

Scheme 1. Formation of mixed metal cluster [Mo3FeS4(H20)io] 4 + 

(Mo3Fe). Coordinated r ^ O ' s are omitted for clarity. 

-2.0 -1.5 -1.0 -0.5 0 
E/V vs. Ag/Ag + 

Figure 1. Cyclic voltammograms of a) [Mo3S4(H20)9] 4 + ( M 0 3 , 1 mM), 
b)[Mo3FeS4(H20)in]4+ (Mo 3 Fe, 0.3 mM), and c) 
[Mo3NiS4(H20)iol 4

 (M03N1, 0.3 mM) at a glassy carbon electrode in 
0.1 M tetrabuthylammonium hexafluorophosphate/acetonitrile with a scan 
rate of 100 mV/s. Reproduced with permission from reference 3h. 
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spectroscopy. After the complete reduction of Mo3Fe, involving three electrons, 
the oxidation state of the metals is M o ^ 3 Fe°. The cyclic voltammogram of M03N1 

also shows three chemically irreversible consecutive one-electron reduction peaks at 
Ep C = -0.91, -1.48, -1.72 V; the second peak being unclear due to the overlap of 
second and third peaks (16). The corresponding cathodic peak potentials of M o 3 F e 

and M03N1 are very close to each other. The standard potentials of Fe 2 *® (-0.44 
V) and N i 2 + / 0 (-0.257 V) are also close to each other, and nickel metal should 
therefore reduce the cluster M 0 3 nearly to the same extent as iron metal. In 
conformity with the view "the reductive addition of iron- or nickel-metal to M 0 3 " , the 
orders of the binding energies of Mo 3d3/2 and Mo 3d5/2 are observed from the XPS 
measurements: Ε(Μθ3; 2 3 3 7 230.7 eV, respectively) > E(Mo3Fe; 233.1 and 
230.0 eV) and E(Mo3; 233.7 and 230.7 eV) > Ε (Mo3Ni; 233.3 and 230.3 eV). 
The formal oxidation states of metals in Mo3Fe and M03N1 are more adequately 
expressed as M o I V M o n i 2 M ' n (M' = Fe, Ni) than M o ^ M ' 0 , if we take the 
experimental results of Mossbauer spectroscopy, electrochemistry, and XPS into 
consideration. Similarly to the reduced state of the cluster Mo3Fe, the oxidation 
state of the metals in M03N1 after three-electron reduction is expressed as 
M o m

3 N i ° . 
Magnetic susceptibilities of Mo3Fepts and Mo3Nipts have been measured at 

temperatures from ca. 2 Κ through 270 Κ and analyzed on the basis of the vector 
model formalism (77). Both the clusters Mo3Fepts and Mo3Nipts show 
antiferromagnetic behavior, and the effective magnetic moments are as follows: 2.78 
B.M. at 2.16 Κ and 3.26 B.M. at 269.95 Κ for Mo3Fepts; 0.11 B .M. at 2.00 Κ and 
1.26 B.M. at 260.70 Κ for Mo3Nipts Using the models of M o I V M o m 2 F e 1 1 and 
Μο^ΜοΠΙ^Νί^, t n e following exchange integrals are obtained: J l (Mo-Mo/* = ~2^ 
K> J2(Mo-Fe/* = " 7 5 K f o r Mo3Fepts; J i(Mo-Mo/* = " 3 5 K » *2(Μο-Νί/* = " 6 0 K 

for Mo3Nipts The incomplete cubane-type trinuclear cluster of molybdenum (IV) 
Cai.5[Mo3S4(Hnta)(nta)2] 12H20 is diamagnetic (75); therefore, the introduction of 
an iron atom into the incomplete cubane-type Mo 3 S4 core induced paramagnetism. 

EPR Studies of the Mixed-Metal Cluster with M o 3 C u S 4 4 + Core 

Shibahara et al. reported that the reaction of [Mo 3S4(H20)9] 4 + (M03) with copper 
in diluted HC1 gives a molybdenum-copper mixed-metal cluster with a single 
M o 3 C u S 4 4 + core (M03C11), which crystallizes from 4M Hpts solution as a double-
cubane-type cluster, [(H 20)9Mo 3 S4CuCuS4Mo3(H20)9](pts)g 2OH2O (5c). 
They examined the cluster by X-ray crystallographic analysis, XPS analysis, electronic 
absorption spectroscopy, and magnetic susceptibility measurement: the XPS analysis 
indicated the oxidation state of copper in M 0 3 C U as Cu(I) rather than Cu(II). 

Sykes and coworkers measured EPR spectra for M 0 3 C U in 2M HC1 or 2M Hpts, 
and reported that in the ground state, the unpaired electron is delocalized over the 
cube rather than localized on the copper, either as copper(I), which would be EPR 
silent, or as copper(n) (9). 

Iwaizumi and his group, and our group carried out a joint research on the EPR 
behavior of the molybdenum-copper mixed-metal cluster M03C11 in 1M HC1 (79). 
Using Mo enriched and unenriched (i.e., natural abundance) clusters, we arrived at 
the following conclusions: 
l)The observation of the spectrum with g-value at about 2 indicates that the 
M03C11S4 is a paramagnetic species of S = 1/2. 
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2) The four line splitting attributable to the hyperfine interaction with copper having a 
nuclear spin of I = 3/2 indicates that the interaction with copper nucleus is very small. 
3) The spectral patterns at both high-field and low-field edges in the EPR spectrum of 
the 9^Μο enriched cluster are very similar to those of the satellite signals which arise 
from the hyperfine interaction with 95,97^0 nuclei of natural abundance. This 
indicates that the molybdenum hyperfine splitting comes from hyperfine coupling with 
a single molybdenum nucleus; the unpaired electron is not distributed over the three 
molybdenum nuclei but mainly localized on a single molybdenum atom. The line 
broadening effect suggests that the spin center on the molybdenum ion is jumping 
among the three molybdenum ions. The following average spin densities were 
obtained: Mo(5s) = 0.061, Mo(4d) = 0.85, Cu(4s) = 0.011, Cu(3d) = 0.037. 
EHMO calculation indicates distortion of the N ^ C u S ^ * core from C 3 V to C s 

symmetry 

Sulfur-Bridged Incomplete Cubane-Type Molybdenum/Tungsten Clusters with 
M 3 S 4 Cores and Cubane-Type Molybdenum/Tungsten-Nickel Clusters with 
M3N1S4 Cores ( M 3 = M 0 3 , Mo 2W, MoW 2, W3) 

A series of incomplete cubane-type sulfur-bridged molybdenum/tungsten clusters, 
[ M 3 S 4 ( H 2 ° ) 9 ] 4 + (M3 = M03, Mo 2 W, MoW 2 , W3) have been synthesized. From 
solutions of these aqua clusters, crystals of [Mo3S4(H 20)9](pts)4'9H 20 (Mo3pts), 

[Mo 2 WS 4 (H 2 0)9](pts) 4-9H 2 0 (Mo2Wpts), [Mo\V 2S 4(H 20) 9](pts)4 9 H 2 0 
(MoW2pts), and [W3S4(H 20)9] (pts>4 9 H 2 0 (W3pts) have been isolated, and their 
X-ray structures have been reported (14, 15, 20). Corresponding derivatives 
[M 3S 4(Hnta) 3] 2- [ M 3 = M03 (Mo3nta), M o 2 W (Mo2Wnta), M o W 2 (MoW2nta), 
W3 (M3nta); H3nta = nitrilotriacetic acid] have also been obtained (14,20). 

Binding energies of molybdenum (3d3/2 and 3d5/2) and tungsten (4f5/2 and 
4f7/2) are obtained from XPS spectra of the clusters with M3S4 cores (M3 = M03, 

Mo 2 W, MoW 2 , W3). The binding energies of Mo in M 0 3 and Mo3nta change little 
on the replacement of Mo with W, and those of W in W 3 and \V3nta change little on 
the replacement of W with Mo, also: these phenomena can be explained by the 
softness of the bridging sulfurs which act as a buffer for the electron density changes 
on the Mo and W atoms. 

Table I summarizes the data on current-sampled dc-polarograms and cyclic 
voltammograms of Mo3nta, Mo2Wnta, MoW2nta, and \V3nta, each of which 
shows three consecutive one-electron reductive steps in alkaline solution (14). 
These steps correspond to the change of oxidation states of the three metals in each 
cluster: (IV, IV, IV) -» (IV, IV, ΠΙ) -> (IV, ΙΠ, III) -> (III, III, III). Electronic 
spectra of one-electron reduction products, the oxidation state being (IV, IV, III), 
obtained by bulk electrolysis of MoW2nta and Mo2Wnta have been reported for the 
first time. The half-wave potentials, E j / 2 , are significantly dependent on the cluster 
metals. In all the reduction processes the [M3S4(Hnta)3]2~ clusters (M3 = M03, 
Mo 2 W, MoW 2 , W3) are more easily reduced as the numbers of Mo atoms in the 
cluster increase. The site of reduction of the molybdenum-tungsten mixed-metal 
clusters is mainly the Mo atom(s) rather than W atom(s). 

The reaction of the incomplete cubane-type molybdenum/tungsten clusters 
[M3S 4 ( H 2 0)9] 4 + ( M 3 = M03, Mo 2 W, MoW 2 , W 3 ) with nickel metal gave 
corresponding cubane-type molybdenum/tungsten-nickel clusters 
[ M 3 N i S 4 ( H 2 0 ) 9 ] 4 + , respectively ( M 3 = M03 (M03N1), M o 2 W (Mo2WNi), M o W 2 

(MoW2Ni), W3(W"3Ni)). X-ray analyses of the clusters revealed that if pts" was 
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230 TRANSITION METAL SULFUR CHEMISTRY 

Table I. Comparison of Ε\/2 for the Reduction of the Molybdenum-Tungsten 
Mixed-Metal Clusters, Mo3nta, Mo2Wnta, MoW2nta, and W3ntaa> b> c 

Compounds 

Mo3nta 

Mo2\Vnta 
M o W 2 n t a 

\V3nta 

E ^ / V v s . Ag/AgCl 

ιν,ιν,ιν/ 
ιν,ιν,ιπ 
-0.64(70) 
-0.73(66) 
-0.84(59) 
-1.12(59) 

ιν,ιν,ιπ/ 
ιν,ιπ,πι 
-1.08(63) 
-1.22(69) 
-1.40(63) 
-1.41(55) 

ιν,ιπ,πι/ 
ΙΠ,ΠΙ,ΠΙ 
-1.39<* 
-1.66<* 
-1.78<* 
-1.88d 

Note 
a Obtained from sampled dc polarogram. 
b Wave slopes (mV) are in parentheses, 
c Mo3nta, K2[Mo3S4(Hnta)3] 9H 2 0; 

Mo2Wnta, Na2[Mo2WS4(Hnta)3]-5H20; 
MoW2nta, Na2[MoW2S4(Hnta)3] 5H 2 0; 
W3nta, K2[W3S4(Hnta)3]10H2O. 

d Accompanied by the catalytic hydrogen wave. 

used as counter anions, the clusters, M03N1 and M02WN1, crystallized out as of 
single cubane-type, [Mo3NiS4(H20)io](pts)4-7H20 (Mo3Nipts) (3b), and 
[Mo2WNiS4(H2O)10](pts)4 7H 2 O (Mo2WNipts) (27), respectively, and the 
clusters, M0W2N1 and W3N1 crystallized out as of double cubane-type, 
[{MoW2NiS4(H20)9}2](pts)8 20H 2O (MoW2Nipts) (22) and 
[{W3NiS4(H20)9}9](pts)8 20H 2O (W3Nipts) (23), respectively. The clusters 
[M3NiS4(H 20)ior + ( M 3 = M 0 3 , Mo 2 W, M 0 W 2 , W 3 ) can be regarded as 
mononuclear nickel complexes with ligands "M3 8 4 ( ^ 0 ) 9 " and H 2 O . 

Contrary to the high reactivity of M 0 3 towards metals, very little is known about 
the reactivity of the corresponding tungsten aqua cluster W 3 (20). Only the reaction 
of the aqua ion W 3 with Sn (or Sn 2 _ f ) has been reported so far (24). Other routes to 
the clusters with W 3 M S 4 cores (M = metal) are also limited and only clusters with 
W 3 C U S 4 cores have been reported (25). 

Uptake of Ethylene by Sulfur-Bridged Cubane-Type Mixed-Metal Clusters 
with Molybdenum/Tungsten-Nickel Cores M3N1S4 (M3 = M 0 3 , M 0 2 W , M 0 W 2 , 

W3): Syntheses, Structures, and *H NMR spectra 

Despite the large number of investigations of nickel olefin π-complexes, there has not 
been any study of mixed-metal clusters containing nickel atom(s). The π-complexes 
so far reported were, to our knowledge, mononuclear or polynuclear ones containing 
only nickel atom(s) (26). 

The sulfur-bridged molybdenum/tungsten-nickel mixed-metal cubane-type 
clusters [M 3 NiS4(H 2 0) io] 4 + ( M 3 = M 0 3 , M 0 2 W , M o W 2 , W 3 ) take up 
ethylene in aqueous or organic solutions to give olefin π-complexes 
[M3NiS4(C2H4)(H20)9]4 +. Passing ethylene into the solution of M02WN1, 

MoW2Ni, and W3N1 in 4M Hpts gave clusters [Mo 2WNiS4(C2H4)(H 20)9] 4+ 
(Mo2WNiC2), [MoW 2NiS4(C2H4)-(H 20)9] 4+ (MoW2NiC2), or 
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13. SAKANE & SHIBAHARA Cubane-Type Sulfur-Bridged Clusters 231 

[W3NiS4(C 2H 4)(H20)9] 4 + (W3NiC2), respectively. Cooling the solutions gave 
|>102WNiS4(C2H4)(H20)9](pts)4(Hpts)1/2-6H20 (Mo2WNiC2pts), 
[MoW2NiS4(C2H4)(H20)9](pts)4(Hpts)1/2 6H20 (MoW2NiC2pts), and 
[W3NiS4(C2H4)(H20)9](pts)4 (Hpts)i/ 2-6H 20 (W3NiC2pts), respectively (27). 
The reactivity of M03N1 with ethylene is not as high as the tungsten containing 
clusters, Mo2WNi, MoW2Ni, and W3N1, and the reaction does not go to 
completion in aqueous solution. However, in organic solvents such as CH 2 C1 2 , the 
reaction is complete. 

X-ray structural analyses of Mo2WNiC2pts, MoW2NiC2pts, and W3NiC 2 pts 
revealed coordination of ethylene to the nickel site in each cluster. The three 
clusters are isomorphous to each other, and a schematic drawing of the complex 
cation W 3 N i C 2 is shown in Figure 2. The ethylene molecule on the three-fold axis 
is disordered, and molybdenum and tungsten atoms (in Mo 2WNiC 2 and 
MoW 2NiC 2) are statistically disordered. 

Peak positions of ^H-NMR spectra of Mo 2WNiC 2, MoW 2NiC 2, and 
W 3 N i C 2 in D 2 0 containing 0.1 M methanesulfonic acid are shown in Figure 3 
(standard: dimethylsilapentanesulphonic acid, Na salt). ^H-NMR spectra of M03N1 

with C 2 H4 under pressure (ca. 2 atm; M o 3 N i C 2 ) is also included in the Figure 3. 
The signals marked b l , c l , and d l are assigned to protons of free ethylene 

molecules dissociated from the clusters (the signal a l is also assignable to protons of 
free ethylene molecule), while those of a2, b2, c2, and d2, can be assigned to protons 
of ethylene molecules coordinated to the nickel atoms. An increase in the number of 
tungsten atoms in the clusters results in an increase in the upfield chemical shift of the 
^H-NMR signal due to the coordinated ethylene. This tendency can be explained by 
the fact that tungsten withdraws electron less than molybdenum, which causes the 
higher electron density at the hydrogen atoms of ethylene in the tungsten-containing 
clusters. 

While the nickel complexes so far reported that are reactive toward ethylene 
contain zero-valent nickel, the formal oxidation states of the nickel atoms in the 
clusters M03N1, Mo2WNi, MoW2Ni, and W3N1 are two as discussed above. 
Binding energies of Ni(2p3/2), Mo(3d3/2, 3d5/2), and W(4f5/2, 4f// 2) are measured 
by XPS of nickel metal and the molybdenum/tungsten-nickel clusters. These data 
also support Νί(Π) rather than Ni(0). The binding energies of nickel in the clusters 
are similar to each other and distinctly larger than that of nickel metal (Ni 2p3/2: Ni 
metal, 852.7 eV; M03N1, 854.7; Mo2WNi, 854.6 eV; W3N1, 854.5 eV). Binding 
energies of Mo and W decrease slightly but appreciably on the introduction of Ni into 
the incomplete cubane-type clusters, which indicates that Mo and W in the incomplete 
cubane-type clusters are reduced by Ni metal. 

Carbon-Sulfur Bond Formation through the Reaction of Sulfur-Bridged 
Incomplete Cubane-Type Molybdenum Clusters with Acetylene. 

Incomplete cubane-type molybdenum aqua clusters, [Μθ3(μ3-8)(μ-0)(μ-8) 2-
( H 2 0 ) 9 ] 4 + (M03OS) and [Mo 3 ^3-S)(p-S) 3 (H 2 0)9] 4 + (M03), react with acetylene 
to produce clusters with alkenedithiolate ligands [Mo3(P3-S)(p-0)(pvS 2C 2H 2)-
( H 2 0 ) 9 ] 4 + (M03OSAC) and [M03(μ3-S)(μ-S)(μ3-S 2 C 2 H 2 )(H 2 0)9] 4 ^ (M03AC), 
respectively, with carbon-sulfur bond formation as shown in Scheme 2. (28). On 
the other hand, the oxygen-bridged cluster [Μθ3θ4(Η 2 0 )9 ] 4 + (M03O4) does not 
react either with metals or acetylenes. Acetylene addition was confirmed by the 
X-ray structure analysis of [Mo3^3-S)^-0)^3-S 2C 2H 2)(H 20)9](pts)4 7 H 2 0 
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H" 

Figure 2. Schematic drawing of [W 3NiS4(C2H 4)(H20)9] 4 +(W3NiC2). 
Coordinated H20's are omitted for clarity. 

d l d2 

c l c2 

b l b2 

a l 

1 
a2 

W 3 N i E t 

M o W 2 N i E t 

M o 2 W N i E t 

M o 3 N i E t 

δ/ppm 

Figure 3. Peak positions of *H-NMR spectra of 
[Mo3NiS4(C2H4)(H20)9]4+(Mo3NiC2), 
[Mo2WNiS4(C2H4)(H20)9]4+(Mo2WNiC2), 
[MoW2NiS4(C 2H4)(H 20)o]4+ (MoW 2NiC 2), and 
[W3NiS4(C 2 H 4 ) (H 2 0)9 ] 4 * (W3NiC2) in D2O containing 0.1 M 
methanesulfonic acid, (standard: dimethylsilapentanesulphonic acid, Na 
salt). See text. 

H - C = C - H 

I I 
(X=0,S) 

Scheme 2. Reaction of [Μθ3(μ 3-8)(μ-Χ)(μ-8)2(Η2θ)9] 4+ (X = O, S) with 
acetylene. Aqua ligands and Mo-Mo bonds are omitted for clarity. 
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(Mo30SAcpts) (28). The carbon-carbon distance in the cluster is 1.321(11)A, 
which is closer to that of ethylene (1.339 Â) than to that of acetylene (1.203 Â). 
The cis geometry of the two hydrogen atoms attached to the carbon atoms was 
demonstrated by the X-ray analysis. The bond angles about two carbon atoms of the 
acetylene are close to 120°, which also indicates the sp 2 character of the orbitals of 
the two carbon atoms. 

Examples of carbon-bridging-sulfur bond formation through the reaction of 
sulfur-bridged metal compounds with acetylene and acetylene derivatives are rather 
limited. Rakowski DuBois and coworkers developed the chemistry of the reaction 
of dinuclear molybdenum compounds, for example [{(C5H5)Mo^-S)(p-SH)}2], 
with acetylene (29). Similar chemistry of dinuclear sulfur-bridged iron (30) and 
vanadium (31) compounds has also been reported. No report has appeared on the 
reaction of trinuclear metal clusters with acetylene or acetylenederivatives to form 
carbon-bridging-sulfur bonds. Several other types of carbon-sulfur bond formation 
have been reported. Stiefel and coworkers (32), and Coucouvanis and coworkers 
(33) reported addition of activated acetylenes to coordinated polysulfide ligands of 
molybdenum compounds to form new C-S bonds. Similar reactions have been 
reported with iron (34) and tungsten (35) compounds. 

The electronic spectra of M 0 3 O S A C and M03AC have intense bands in the near 
infrared region, which are shown in Figure 4 together with those of M 0 3 O S and M03. 

The appearance of characteristic absorption in near infrared region indicates that 
derivatives of the aqua clusters M 0 3 O S and M 0 3 also react with acetylene and 
acetylene derivatives not only in aqueous solution but also in organic solvents. 

The carbon-sulfur bond formation may lead to new synthetic routes to 
sulfur-containing organic compounds and the use of unsymmetrical acetylene 
derivatives could possibly give optically active clusters. 

Elucidation of the Reactivity Differences between [ M o 3 N i S 4 ( H 2 0 ) i o l 4 + 

(M03NÎ) and [ M o 3 F e S 4 ( H 2 O ) 1 0 ] 4 + (Mo 3Fe), and between [ M o 3 S 4 ( H 2 0 ) 9 ] 4 + 

(M03) and [ Μ 0 3 θ 4 ( Η 2 Ο ) 9 ] 4 + (M03O4) by Discrete Variational (DV)-Xa 
Calculation 

Differences between [ M o 3 N i S 4 ( H 2 O ) 1 0 l 4 + (M03N1) and [ M o 3 F e S 4 ( H 2 0 ) i o l 4 + 

(Mo3Fe). Although the structures of M03Fe and M03N1 are very similar to 
each other (Mo3Fepts is isomorphous with Mo3Nipts), the reactivities toward small 
molecules such as carbon monoxide, ethylene and acetylene are very different from 
each other: M o 3 F e does not react and M03N1 does. This difference can be 
explained by Discrete Variational (DV)-Xa Calculation (3h). 

Atomic orbital components constituting HOMO's (a, M o 3 F e (93a'); b, M03N1 

(94a')) are shown in Figure 5 (those of sulfur are not shown). Figure 6 shows 
LUMO's of the small molecules calculated by EHMO. The atomic orbital 
component of iron (3dz2, 27%) is smaller than that of nickel (Id^ 46%), and, 
moreover, the iron orbital does not match the LUMO of the small molecules, and can 
not back-donate electrons to the small molecules. 

The calculated electronic structures near the HOMO and LUMO seems fairly 
reasonable as judged by the experimental results such as electronic spectra of M o 3 F e 

and M03N1 (3h). 

Difference between [ M o 3 S 4 ( H 2 0 ) 9 ] 4 + ( M o 3> a n d [ M o 3 0 4 ( H 2 0 ) 9 ] 4 + (M03O4). 

While the sulfur-bridged cluster M 0 3 reacts with acetylene, the oxygen-bridged 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
01

3

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



234 TRANSITION METAL SULFUR CHEMISTRY 

400 500 600 700 800 900 1000 1100 
Wavelength/nm 

Figure 4. Electronic spectra: 
, [Μθ3(μ 3 .8)(μ.θΧμ-8)2(Η9θ)9]4+ ( M 0 3 O S ) in 1 M HC1; 
, [ M o 3 t o - S ) ^ - S ) 3 ( H 2 0 ) 9 f + (Mo 3 ) in 1 M HC1; 
, [Μθ3(μ3.8)(μ.Ο)(μ3-82α 2Η2)(Η2θ)9]4+ ( M o 3 O S A c ) 

obtained by passing acetylene through M 0 3 O S in 1 M HC1; 
— · , [Μθ3(μ3-8)(μ-8)(μ3-82α 2Η2)(Η 20)9]4+ ( M o 3 A c ) 
obtained by passing acetylene through M o 3 in 1 M HC1. 

Figure 5. Atomic orbital components constituting HOMO's : a, 
[Mo3FeS4(H2O)i0] 4 + (Mo 3 Fe); b, [Mo3NiS4(H20)io] 4 + (Mo 3 Ni) . 
Reproduced with permission from reference 3h. 
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C 2 H 2 

Figure 6. L U M O ' s for CO, C2H2, and C2H4. Reproduced with 
permission from reference 3h. 

cluster M 0 3 O 4 does not react with acetylene. This difference can be understood in 
terms of the DV-Χα calculations of M 0 3 and M 0 3 O 4 (36). 

Reports have appeared on the calculation of clusters with Mo3S4 4 + or 
Μ θ 3 θ 4 4 + cores. Several calculation methods having been employed: 1) bare cores, 
M o 3 S 4

4 + (37a, 37b, 37d, 37e), M o 3 0 4

4 + (37a, 37e, 37f), and M o 3 S 4 _ n O n

4 + 
(n=0-4) (38). 2) full clusters, [Mo 3S 4Cl 6(PH3)3] 2- (37c\ [Mo 3 0 4 (OH) 6 -
(H 20)3] 2" (37c, 37f) However, no reports on the full aqua clusters, M 0 3 and 
M03O4, have appeared to the best of our knowledge. 

Fairly large mixing of Mo 4d and S 3 ρ (or Ο 2p) atomic orbitals has been 
observed in some of the orbitals, regardless of the method of calculation. As for the 
HOMO of the bare cores of Mo3S4 4 + and Μθ3θ4 4 +, however, the CNDO/2 
calculation (37a, 37b) indicates no contribution of bridging-sulfur (or -oxygen) 
orbitals, while SCCC-EHMO (37e\ Fenske-Hall (57/), and ab initio (38) methods 
indicate contribution of both molybdenum and sulfur (or oxygen). Our results on the 
bare cores, Mo3S4 4 + and Μ θ 3 θ 4 4 + , as well as the full clusters, M 0 3 and M03O4, 

indicate the mixing of Mo 4d and S 3p (or Ο 2p) orbitals in each HOMO. 
If the HOMO (45e, X-Z plane; Figure 7a) of M 0 3 and the HOMO (40e, X-Z 

plane; Figure 7b) of M 0 3 O 4 are compared, it is found that the orbital lobe of μ-S 
expands toward the Z-axis, which is favorable to the overlapping of the μ-S orbital 
lobe with the π-orbital of acetylene. On the other hand, the orbital lobe of μ-O does 
not expand toward Z-axis; furthermore, the magnitude of expansion of the lobe is 
much less than that in M03. Therefore, the possibility of the orbital lobe of μ-0 
overlapping with the π-orbital of acetylene is much less than the case of M03. 
Another factor for the reactivity difference in M 0 3 and M 0 3 O 4 clusters is the 
difference in energy levels. However, the energy differences in HOMO's (0.84 eV) 
and in LUMO's (0.67 eV) are not so large, and the different shapes seem to be the 
larger factor for the C-S bond formation. 

Calculated transition energies are in fairly good agreement with experimental 
ones for both clusters. 
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a 

b 

Figure 7. Contour maps: a) HOMO (x-z plane) for [Mo3S4(H20)9]4+ 

( M 0 3 ) . The x-z plane contains one Mo, one μ-S, one μ3-8, one Ο 
(water), and two Η atoms (water), b) HOMO (x-z plane) for 
[ Μ θ 3 θ 4 ( Η 2 θ ) 9 ] 4 +

 ( M 0 3 O 4 ) . The x-z plane contains one Mo, one μ-Ο, 

one μ3-0 , one Ο (water), and two Η atoms (water). Solid, dotted, and 
dashed lines indicate positive, negative, and zero contour lines, 
respectively. Reproduced with permission from reference 36. 
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Chapter 14 

Synthesis and Structure of Raft-Type 
Molybdenum Chalcogenide Clusters 

T. Saito, H. Imoto, K. Tsuge, S. Mita, J. Mizutani, S. Yamada, 
and H. Fujita 

Department of Chemistry, School of Science, University of Tokyo, Hongo, 
Tokyo 113, Japan 

Tetranuclear molybdenum cluster complexes [Mo4S6X2(PMe3)6] (X = 
SH, Cl, Br, I, NCS) and [Mo4S6(dtc)2(PMe3)4] have been 
synthesized. They have rhombic metal cores of molybdenum atoms 
in +3.5 oxidation state with 10 cluster valence electrons. 
Hexanuclear molybdenum cluster complexes [Mo6E8Cl6(PEt3)6] (E = 
S, Se) with 14 cluster valence electrons form by reduction of the 
trinuclear cluster complexes with six cluster valence electrons. An 
intermediate seven-electron cluster complex [Mo3S4Cl3(dppe)2(PEt3)] 
has been isolated. The X-ray structures of these cluster complexes are 
described. 

Chemistry of molybdenum chalcogenide cluster complexes has made a remarkable 
progress in the last decade with the discoveries of cluster compounds of various types 
(7-7). A number of compounds with triangular and cuboidal cluster cores are now 
known but relatively few cluster compounds with raft-type frameworks have been 
reported. Hie raft structures are built from triangular cores by fusion of the edges. The 
simplest one is a tetranuclear rhombus and a pentanuclear trapezoid and a hexanuclear 
parallelogram are also found. Although there have been several examples of such 
tetranuclear clusters of other metals, there are still a very limited number of molybdenum 
chalcogenide clusters. The present article is concerned with synthesis and structural 
characterization of a few tetranuclear and hexanuclear cluster complexes coordinated by 
trialkylphosphines. Apart of the results have been published previously (28, 29, 35). 

Tetranuclear Cluster Complexes 

Synthesis. The reaction of (NH4)2Mo3Si3 (8) dissolved in butylamine and a THF 

0097-6156/96/0653-0240$15.00/0 
© 1996 American Chemical Society 
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solution of trimethylphosphine at room temperature for 2 days gave [Mo4S6(SH)2-
(PMe3>6] 1 in 69% yield. The niixture of 1 and SnCl2 in THF was refluxed for 1.5 h 
to give [Mo4S6Cl2(PMe3)6] 2 in 74 % yield. Similar reactions with SnBr2 or Snl2 
formed [Mo4S6Br2(PMe3)6] 3 and [Mo4S6l2(PMe3)6] 4, and [Mo 4 S 6 (NCS) 2 -
(PMe3)6] 5 was prepared from 2. The reaction of 3 with dtc (= diethyldithio-
carbamate) afforded [Mo4S6(dtc)2(PMe3)4] 6. Al l of these are crystalline compounds 
and fairly stable in the solid states but decompose gradually in solutions. 
Structure. Hie structures of 1, 2, 3, and 6 have been determined by single crystal 
X-ray crystallography at room temperature using Rigaku four-circle diffractometers with 
Mo Κ α radiation. The interatomic distances between molybdenum atoms are compared 
in Table I. The molecular structures of 2 and 6 are shown in Figure 1 and Figure 2 
respectively. 

Table I. Interatomic Distances (av. A) 

Compound Mo-Mo Mo-/*3-S Mo-^ 2 -S 

[Mo 4S 6(SH) 2(PMe 3) 6] 2.829 2.369 2.435 

[Mo 4S 6a 2(PMe3)6] 2.821 2.363 2.433 

[Mo4S6Br2(PMe3)6] 2.824 2.367 2.430 

[Mo 4S 6(dtc) 2(PMe 3) 4] 2.819 2.374 2.441 

[W 4S 6(SH) 2(PMe 2Ph) 6] a 2.817 2.377 2.356 

Ref. (9) 

The cluster cores of the tetranuclear cluster complexes consist of flat arrays of four 
molybdenum atoms capped by two sulfur atoms above and below the M03 planes. 
Each Mo-Mo edge is bridged by a sulfur atom. The cluster structure is a rhombus of 
four molybdenum atoms but can also be regarded as a fusion of two incomplete cubanes 
when the Mo-Mo bonds are neglected and only Mo-S bonds are taken into account. The 
cluster can be viewed as a flat butterfly structure with a two-fold axis passing through 
the hinge molybdenum atoms and relating the two wing-tip atoms. Each hinge 
molybdenum atom is coordinated by two trimethyl-phosphine ligands. Each wing-tip 
molybdenum atom is coordinated by a trimethylphosphine ligand and an SH group in the 
cluster 1, a trimethylphosphine and a halogen in the clusters 2 and 3, and a dtc ligand in 
6. If Mo-Mo bonds are neglected, the hinge molybdenum atoms are hexacoordinated 
and the wing-tip molybdenum atoms pentacoordinated. The S Η groups in 1 show an 
SH stretching frequency in the infrared spectrum at 2516 cm"1. 

The formal oxidation states of two molybenum atoms are Μο(ΙΠ) and the other two 
Mo(IV). The average oxidation state is +3.5 and there are 10 cluster valence electrons. 
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The Mo-Mo interatomic distances range from 2.813 to 2.845 Â and a pair of cluster 
valence electrons can be assigned to five Mo-Mo single bonds. The differences in the 
Mo-Mo interatomic distances in 1 ,2 , 3, and 6 are very small indicating that the change 
of the terminal ligands has little effect on the geometry of the cluster cores. The 
tungsten analogue of 1 has W-W distances that are ca. 0.01 Â shorter than those for 1 
(9). The dtc ligands in 6 are coordinated in a bidentate fashion perpendicular to the M 0 4 
plane. No trimethylphospliine is coordinated to the wing-tip molybdenum atoms. 

Similar arrangements of four metals with two capping atoms are seen in molecular 
compounds; [Ti 4(OEt)i 6] (10), ( N H 4 ) 2 [ V 4 S 2 ( S C H 2 C H 2 S ) 6 ] (11), [Nb4Clio(PMe3)6] 
(12), [Mo 4 S 2 O 4 (H 2 O) 1 0 ](pts) 4 (13), [W 4(OEt) 1 6] (14), [ M n ^ O A c ^ i b i p y ^ ] (15), 
and [Mn4(L)202(OAc)2] (16). Rhombic tetranuclear metal cores also exist in some 
solid compounds; C s ^ b 4 C l n (17), N a M o 2 0 4 (18), MMo2S 4 (19), and ReS 2 (20). 
These solid state compounds contain discrete M 4 cluster units linked together by 
intercluster M - M bonds or by bridging atoms depending on the number of cluster 
valence electrons. For example, CoMo2S 4 (= Co 2Mo 4Ss) has 12 cluster valence 
electrons and the rhombic M o 4 cluster units are linked together by another Mo-Mo bond. 
Molecular Orbitals. Molecular orbitals on model compounds [Mo4S6X2(PH3)6] (X 
= S H , CI, Br) have been calculated by the DV-Χα method (21 - 23) and the electronic 
levels for the S H case are shown in Figure 3. Other derivatives give very similar energy 
levels. A characteristic feature of the energy levels is a larger HOMO-LUMO gap than 
those for other molybdenum sulfide cluster complexes such as [Mo 4 S 4 {(C 2 HsO) 2 -
PS 2 } 6 ] (24), [Mo 6 S 8 (PH 3 ) 6 ] (25), or [Mo3S5(PH3)6] (26). The gaps are 1.74 eV for 
S H , 1.55 eV for CI, and 1.52 eV for Br complexes. The large HOMO-LUMO gaps 
indicate that the overall energy schemes are not changed significantly by metal-ligand 
orbital mixing in the series [Mo 4S6X 2(PH 3)6]. The similarity of the level diagrams of 
the [Mo 4S5X 2(PH 3)6] complexes is consistent with the fact that the change of the 
terminal ligands has little effect on the Mo-Mo distances seen in Table I. The tentative 
assignments of the peaks in the UV-vis spectrum of the real compound [ M O 4 S G ( S H ) 2 -

(PMe3)6] have been made by using the results of the calculations of the model com
pound (Figure 4). The nature of these transitions is from Mo-Mo bonding to 
anti-bonding orbitals. 
Electrochemistry. The cyclic voltammetry of [Mo4S6Br2(PMe3)6] in CH 2 C1 2 has 
indicated two oxidation waves at -0.10 and 0.50 V vs. SCE. This suggests that nine-
electron and eight-electron cluster complexes are attainable, but the reduction to form a 
cluster with more than ten electrons is difficult reflecting the fairly large energy gap 
between HOMO and LUMO. 

Hexanuclear Cluster Complexes 

Synthesis. M o ^ C L i (27) was treated with PEt 3 in THF at room temperature for 24 
h. The homogeneous solution was stirred with magnesium at -20 °C for 3 h. When the 
color changed to purple, volatile materials were removed under reduced pressure. After 
washing with hexane, the residue was extracted by benzene to give [Mo6SsCl6(PEt3)6] 
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14. SAITO ET AL. Rafi-Type Molybdenum Chalcogenide Clusters 243 

Figure 1. Structure of [Mo 4S 6Cl2(PMe3) 6] 2. 
Methyl groups are omitted for clarity. 

Figure 2. Structure of [Mo4S6(dtc)2(PMe3)4] 6. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
01

4

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



244 TRANSITION METAL SULFUR CHEMISTRY 

-n.o H 

-12.0 - 1 

Figure 3. Electronic levels of [Mo4S6(SH)2(PH3)6]. 
Mo (black); yU3-S (hatched); // 2-S (dotted); SH (white); P H 3 (cross-hatched). 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
01

4

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



14. S A I T O E T A K Raft-Type Molybdenum Chalcogenide Clusters 245 

7 in 26% yield. TTie selenium analogue [Mo6Se8Cl6(PEt3)6] 8 was prepared similarly 
starting from Mo3Se7Cl4. 
Structure. The molecular structure of 7 is shown in Figure 5 and the Mo-Mo 
interatomic distances of 7 and 8 are compared in Table II. The cluster core is 

Table II. Interatomic Distances (av. A) 

Compound Mo-Mo Μο-μ 3-Ε Μθ-μ 2-Ε Mo-/* 2-Cl Μο1-Μο2' 

[Mo6S8Cl6(PEt3)6] 2.809 2.373 2.282 2.497 3.548 

[Mo 6Se 8Cl 6(PEt 3)6] 2.887 2.501 2.409 2.504 3.683 

[Mo6S1 0(SH)2(PEt3)6] 2.838 2.393 2.339 3.057 

composed of six molybdenum atoms in a parallelogram arrangement. The structure 
can be regarded as the linking of two incomplete cubanes Mo 3S4. There is a crystal
lographic inversion center at the middle of Mol-ΜοΓ and the molecule has 1 (Ci) point 
group symmetry. The sulfur atoms cap the M o 3 faces from above and below the Μθ£ 
plane and bridge the Mo-Mo edges. The two M o 3 S 4 units are bridged by chlorine atoms 
and there are four terminal chlorine atoms. One triethylphosphine ligand coordinates to 
each molybdenum atom. The M o l and Mo2 atoms have pseudo-octa-hedral coordina
tion and Mo3 has pseudo-trigonalbipyramidal coordination. The Mo-Mo interatomic 
distances range from 2.69 to 3.54Â and the seven distances shorter than 3 Â are 
assigned to Mo-Mo bonds. Ibère are two Mo(III) and four Mo(IV) and the average 
oxidation state is +3.67. The number of the Mo-Mo bonds corresponds to 14 cluster 
valence electrons. The distance 3.55 Â between M o l and Mo2' is too long to invoke a 
Mo-Mo bond. This distance is longer than the corresponding 3.06 Â in the isoelectronic 
cluster [Mo6Sio(SH)2(PEt3)6] (28) and has been explained by the difference of the 
coordination number of Mo2' (29). 

The selenium analogue 8 has a very similar structure with somewhat longer Mo-Mo 
distances (Table II). 
Dimerization of reduced clusters. The hexanuclear molybdenum cluster 
complexes 7 and 8 have been obtained by reduction of [Mo3E404(PEt3)n(thf)5.n] (E = 
S, Se) with magnesium metal. These trinuclear complexes were generated by the 
treatment of the solid-state compounds Μ ο 3 ( μ 3 - Ε ) ( μ 2 - Ε 2 ) 3 θ 2 θ 4 / 2 with triethyl
phosphine in THF and have six cluster valence electrons. The reaction with magnesium 
at a low temperature abstracts one chlorine atom and the trinuclear complexes 
[Mo 3E 4a 3(PEt 3) n(thf)6- n] with seven cluster valence electrons are likely to form. This 
oxidation state is not very stable and washing with a non-coordinating solvent removes 
thf ligands and dimerization occurs to form a 14-electron hexanuclear cluster complex. 
However, it has been found that further reduction of the trinuclear complexes at higher 
temperatures to remove four chlorine atoms leads to dimerization to form the 20-electron 
octahedral complexes [Mo6E 8(PEt 3)6J (30). Therefore, the treatment with magnesium 
metal must be stopped at the one-electron reduction stage to obtain the raft-type clusters. 
The metastable seven-electron cluster has been stabilized by dppe (= 
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Figure 5. Structure of [Mo 6S 8a6(PEt3) 6] 7. 
Ethyl groups are omitted for clarity. 
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1,2-bisdiphenylphosphinoethane) (vide infra). These results indicate that the 
dimerization of the trinuclear clusters by the conversion of μ2-Ε into μ^,-Έ accompanied 
by formation of new M - M bonds can take place both in face-to-face or side-by-side 
modes depending on the reduction stage. Further reaction of 7 or 8 with magnesium at 
refluxing temperatures did not form the octahedral clusters suggesting that these raft-type 
dimers are not the intermediates to the octahedral cluster complexes. 
Electrochemistry. The cyclic valtammetry of [Mo6SsCl6(PEt3)6] in CH2CI2 has 
indicated two oxidation steps at 0.33 and 0.85 V and two reduction steps at -0.75 
and -1.16 V vs. SCE. The structures of the 12-electron stage corresponding to a dimer 
of six-electron clusters and the 16-electron stage corresponding to a cluster complex with 
one more Mo-Mo bond, would be interesting if these clusters can be isolated. 

Trinuclear Seven-Electron Cluster 

Synthesis. M03S7CI4 was treated with triethylphosphine in THF at room temperature 
for 24 h. Volatile materials were removed from the solution under reduced pressure and 
the residue was washed with hexane and redissolved in THF. The solution was stirred 
with magnesium at -20 °C for 5 h and the resulting purple solution was added to a THF 
solution of dppe and left standing at room temperature for two weeks to form the 
crystalline product [Mo3S4Cl3(dppe)2(PEt3)] 9. The color of this cluster complex is red 
in contrast with the green of the six-electron clusters. 
Structure. The molecular structure of 9 is shown in Figure 6. The interatomic 
Mo-Mo distances are compared with those of six-electron clusters in Table III. The 

Table HI. Interatomic Distances (av. Â) 

Compound Mo-Mo M0-yU3-S Mo-/*2-S 

[M03S4Cl3(dppe)2(PEt3)] 2.806 2.367 2.342 

[Mo3S4Cl3(dmpe)2]Cl 2.771 2.347 2.302 

[Mo3S4Cl4(PEt3)3(MeOH)2] 2.766 2.355 2.288 

cluster has a nearly equilateral triangle core with the Mo-Mo distances ranging from 
2.804 to 2.809 Â. The cluster framework is capped by a sulfur atom and bridged by 
three sulfur atoms. A dppe coordinates to M o l and a PEt3 to Mo2. Each molybdenum 
atom has a terminal chlorine ligand in the direction trans to the atom. The cluster 9 
has seven cluster valence electrons and the interatomic Mo-Mo distances are ca. 0.04 Â 
longer than the six-electron cluster complex [Mo3S4Cl3(dmpe)3]X (X = CI or PFs) 
(31). 

The change of the triangular cluster cores of molybdenum by the addition of 
electrons has been a subject of considerable interest (32). Eight-electron (33) and 
nine-electron (34) cluster complexes have been isolated and structurally characterized, 
but the present cluster is the first example of the triangular cluster with seven electrons 
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Figure 6. Structure of [Mo3S4a3(dppe)2(PEt3)] 9. 
Ethyl and phenyl groups are omitted for clarity. 

(35), although it has been known for some time that electrochemical reduction leads to 
seven-electron clusters (36 - 39). In the triangular cluster complexes with Q v 

symmetry, the seventh electron should occupy either 2ai or 2e orbital after l a i and le 
orbitals are occupied by six electrons (40). Hie occupation of the nondegenerate 2ai 
orbital by a single electron would not distort the cluster framework nor elongate the 
Mo-Mo bonds because this orbital is Mo-Mo non-bonding or weakly bonding. If the 
level order is la χ < le < 2e < 2ai (41,42), the seventh electron should occupy the 
degenerate 2e orbital resulting in Jahn-Teller distortion. The equilateral triangular 
geometry and slight elongation of cluster 9 can be explained by neither scheme. It has 
been suggested that the Mo-Mo bond distance of a cluster with seven electrons would be 
essentially unchanged (32) and the isolation of 9 has shown that this is the case. 

The isolation of seven-electron cluster complex is interesting not only from the point 
of the structural argument but also as a key compound in the dimerization path to either 
octahedral or raft-type hexanuclear cluster complexes. 

Electronic Relationship to Fused Ring Hydrocarbons 

The concept of quasi-aromaticity of the M03S4 cluster compounds has been developed 
by the group of Lu (43, 44). In a recent article Zhang refers to our hexanuclear 
complex 7 as an equivalent of biphenylene C ^ H g (45). However we have a different 
theory of the equivalence of the fused incomplete cubane complexes and aromatic 
hydrocarbons. We consider that these cluster compounds are equivalents of fused ring 
hydrocarbons and the number of CVE (cluster valence electron) is equal to the number 
of π electrons in the fused hydrocarbons. Thus, the tetranuclear cluster complexes 1-6 
with 10 CVE are equivalents of naphthalene (CioHs) , the hexanuclear cluster complex 
7 and 8 with 14 CVE are equivalents of tetrahydrotetracene (CigH^) . 
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Chapter 15 

Synthesis and Reactions i n the V o i d Created 
in Sulfur-Bridged Dinuc lear R u t h e n i u m 

Complexes 

Kazuko Matsumoto, T. Koyama, and T. Furuhashi 

Department of Chemistry, Waseda University, Tokyo 169, Japan 

Several sulfur-bridged dinuclear ruthenium compounds have been 
synthesized and their reactions, especially those of their bridging 
sulfur-ligands, have been examined. Polysulfide complexes [Ru2(µ-
Sn)(µ-S2CNMe2)(S2CNMe2)(CO)2PPh3)2] (1, n = 5; 2, n = 6) 
undergo cleavage of the chelating and bridging polysulfide ligand 
when reacted with NH3. The disulfide-bridged dinuclear ruthenium 
complex [{Ru(CH3CN)3(P(OMe)3)2}2(µ-S2)]4+ (7) is highly reactive 
and its trans-RuSSRu core easily closes to sandwich small molecules 
between the two metals, while retaining its core structure. 
Compound 7 reacts with N2H4 to give [{Ru(CH3CN)2-
(P(OMe)3)2}2(µ-N2H4)2(µ-S2)](CF3SO3)3 (9), while reaction with 
acetone leads to [{Ru(CH3CN)2(P(OMe)3)2}(μ-CH3COCH2S2)-
{Ru(CH3CN)3(P(OMe)3)2}]3+, in which a novel C-S bond is formed. 
Reaction of [{RuCl(P(OMe)3)2}2(μ-Cl)(μ-N2H4)(μ-S2)] (13) with O2 
in CH2C l 2 gives a diazene-coordinated compound 
[{RuCl(P(OMe)3)2}2(μ-Cl)(μ-N2H2)(μ-S2)] (17). The O2 oxidation 
of 13 in CH3CN gave a novel S2O52- bridged complex. 

Transition-metal complexes with S2- ligand are widely distributed in nature in ores 
and in redox active centers of metalloproteins such as ferredoxins and nitrogenases 
(1-4). Polysulfides (Sx

2% x>2) are known to act as chelating or bridging ligands to 
metals (4), and above all, sulfide (S2) and disulfide (S22) are remarkably versatile 
ligands. Disulfide has also recently been proposed as a possible ligand in the P-
cluster of the nitrogenase enzyme system (5, 6). We have attempted to synthesize 
sulfide-bridged dinuclear ruthenium compounds, whose RuSxRu core structures are 
robust with respect to ligand substitution. We hoped to construct a stable but 
reactive space between two Ru atoms; the stability of the space is provided by the 
RuSxRu cone, while the reactivity is provided by other labile ligands on the Ru 
atoms. In our RuSSRu core system, small molecules are sandwiched between the 
two metal centers, thereby acting as another bridging ligands, and undergoing redox 
reactions. We have unexpectedly discovered that the disulfide ligand is highly 

0097-6156/96/0653-0251$15.00/0 
© 1996 American Chemical Society 
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252 TRANSITION METAL SULFUR CHEMISTRY 

susceptible to nucleophilic attack, and even stable molecules such as acetone or O2 
reacts with the disulfide ligand to form a stable C-S or O-S covalent bond on the 
disulfide bridge. The RuSSRu core has also been found to stabilize hydrazine by 
coordination to the two Ru atoms, and this bridged hydrazine can be oxidized by O2 
while its bridging structure is retained. These reactions suggest that the void created 
between the two Ru atoms in the RuSSRu core is a suitable space, in which a very 
unstable molecule can be stabilized, and novel redox reaction can occur owing to the 
extensive electron delocalization in the core. 

Syntheses and Reactions of Polysulfide-Bridged Diruthenium Complexes 

There aie several means by which polysulfide ligands (S n

2- (n>l)) coordinate to a 
metal. The source of the sulfide can be an alkali metal sulfide such as L i 2 S n and 
Na2S n , or simply elemental sulfur. In our effort to synthesize polysulfide complexes, 
the following reaction was attempted. Although we expected to prepare a disulfide-
bridged complex, pentasulfide- and hexasulfide-bridged complexes were obtained 
instead (7). 

RuH(MeNCS2)(CO)(PPh3)2 + S 8 > 

benzene 

[Ru2(μ-S5)(μ-S2CNMe2)(S2CNMe2)(CO)2(PPh3)2] (1) + 

[Ru2(μ-S 6)(μ-S2CNMe2)(S2CNMe2)(CO)2(PPh3)2] (2) 
X-ray structural analysis of a single crystal of the product showed the presence of 1 
and 2 at 78.5 % and 21.5 %, respectively. In the crystal lattice, the μ-Ss and μ-Sô 
ligands aie disordered, whereas the remainder of the two molecules are not 
disordered. Both compounds can be obtained in pure form by recrystallization of the 
mixture from benzene. The ORTEP drawing of the twligandso molecules are shown 
separately in Figures I and 2. Both the S5 2- and the Se2' ligands act as bridging as 
well as chelating ligands. The average S-S distance of the S5 chain is 2.06 A, which 
is slightly shorter than that in [Os2(|I-S5)^-S3CNEt2)(S2CNEt2)3] (8), in which the 
value is 2.09 Â. The average S-S distance of the S6 chain in 2 is 2.03 Â, which is 
slightly shorter than that of the S 5 chain in 1. Compound (PPh4)[Ru(NO)(NH3XS4)2] 
(9) is the first example reported for a polysulfide ligand coordinated to a ruthenium 
atom, but the S4 ligands only chelate to a ruthenium atom. The present compounds 1 
and 2 are the first examples having poly sulfides that are both chelating and bridging. 

Although 1 is orange, it turns to yellow when it is dissolved in CH2CI2 and 
excess pyridine (py) is added. Quite interestingly, the yellow crystals obtained from 
the solution turns to orange again when they aie dissolved in CH2CI2. The 3 1 P NMR 
spectra show that the starting compound 1 is recovered on dissolution in CH2CI2. In 
the CH2C12 solution of 1 with excess py, the chelation of the S5 ligand is ruptured to 
give a py-coordinated compound 3, in which the S5 ligand acts only as a bridging 
ligand (10). The reaction is schematically shown in Figure 3. Although the structure 
of 3 could not be confirmed by X-ray analysis, similar reaction occurs to 2 with other 
bases such as N H 3 or NH2NH2 in place of py, and the X-ray structures of the 
products corresponding to 3 have been solved. The ORTEP drawings of the two 
products [{Ru(S2CNMe2XCO)(PPh3)(NH3)}2(μ-S6)] (4) and [{Ru(S 2CNMe 2)-
^0)(ΡΡη3)}2(μ-84Χμ-ΝΗ2ΝΗ2)] (5) are shown in Figures 4 and 5, respectively. In 
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256 TRANSITION METAL SULFUR CHEMISTRY 

Figure 5. Molecular structure of [{Ru(S2CNMe2)(CO)(PPh3)}2^-S4)fa-
N H 2 N H 2 ) ] (5). 
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15. MATSUMOTO ET AL. Sulfur-Bridged Dinuclear Ruthenium Complexes 257 

compound 5, the 2% ligand in the starting compound 2 has lost two sulfur atoms and 
is now a S 4 ligand, whereas in 4, the S6 ligand is retained. All the amine-coordinated 
complexes are stable in CH2CI2 with excess amine, however without excess amine in 
the solution, the complexes revert to 2. These reactions reveal that chelates of 
polysulfide ligands are thermodynamically not as stable as other common chelating 
ligands. This is perhaps caused by the strain due to the zigzag S-S bonds of the 
polysulfide ligands. 

Syntheses and Reactions of Disulfide-Bridged Diruthenium Complexes 

Formation of trans-DisuIfide-Bridged Complexes and Their reactions. Complex 
[{RuCl(P(OMe)3)2}2(M-Cl)2^-S2)] (6) with a disulfide bridging ligand shown in 
Figure 6 has been prepared by the following reaction (11). 

iraw5-RuCl2(P(OMe)3)4 + excess S 8 J 
CH2CI2 

[{RuCl(P(OMe) 3) 2(^Cl)2^-S 2)] (6) 

Although compound 6 is fairly stable in air, it becomes very reactive when it loses its 
bridging and terminal chloride ligands as shown in Figure 7. Compound 7 with a 
trans-di sulfide bridge reacts with acetone to give [{Ru(CH3CN>2(P(OMe)3)20A-
S 2CH 2COCH 3){Ru(CH 3CN) 2(P(OMe) 3)2}] 3 + (8), in which a novel C H 3 C O C H 2 S 2 

ligand bridges the two ruthenium atoms (12). This reaction shows the highly 
electrophilic nature of the bridging disulfide ligand in 7. In another reaction in 
Figure 7, 7 easily closes its rraws-RuSSRu core by forming a new bridge in addition 
to the disulfide. Specifically, 7 reacts with anhydrous NH2NH2 to give 
[{Ru(CH3CN)(P(OMe)3)2}2at-N2H4)2ai-S2)] (9) (13). The structures of 8 and 9 are 
shown in Figures 8 and 9, respectively. Compound 10 in Figure 7 corresponds to a 
one-electron reduced form of 7, and is obtained from C H 3 C N solution of 7 (14). 
Reductive Coupling Reaction. Compound 6 and its derivatives undergo reductive 
coupling to form cluster compounds with higher nuclearity. For instance, 
[{Ru(CH 3CN)(P(OMe) 3) 2} 20t-Cl)2^-S2)]2 + (11), which was prepared by addition of 
2 equiv of A g C F 3 S 0 3 to 6 in C H 3 C N , forms the tetranuclear compound [Ru4(p2-
H)2(^2-S)2(U4-S)2(P(OMe)3)g] (12) in the reaction with Mg powder as shown in 
Figure 10 (15). The ORTEP drawing of 12 is shown in Figure 11. Compound 12 is 
a mixed-valent complex having two Ru 1 1 and two Ru 1 1 1 . This reaction occurs via 
initial reduction of Ru 1 1 1 in 11 to a mixed-valent state accompanied by 90° rotation of 
the disulfide bridge to effect octahedral coordination around each Ru atom, which 
has lost the chloride bridges in 11 as M g C h precipitates in the initial Ru reduction. 
The disulfide is rotated by 90° and is reduced to two sulfides which coordinate to the 
vacant sites formeriy occupied by chloride ligands, providing octahedral environment 
to both Ru atoms. The two independent Ru-H distances are different, one being a 
normal Ru-H distance (1.65(6) Â), whereas the other is significantly longer (1.95(6) 
A). The 18 dectron rule is satisfied for a Ru(III) atom, whereas the total number is 
more than 18 for a Ru(II) atom, which might be the cause of the unusually long Ru l -
H distance in 12. 
Oxidation of a Hydrazine-Bridged Complex by O 2 . Oxidation of a hydrazine-
bridged complex by O2 was attempted in the hope of obtaining a diazene-coordinated 
complex. Such an experiment is especially interesting, since hydrazine and diazene 
are the intermediates redox states between dinitrogen and ammonia. The recently 
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258 TRANSITION METAL SULFUR CHEMISTRY 

Figure 6. Molecular structure of [{RuCl(P(OMe)3)2}20*-Cl)2^-S2)] (6) 
(Reproduced with permission from reference 11. Copyright 1992 Japan Chemical 
Society). 
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Figure 9. Molecular structure of [{Ru(CH3CN)(P(OMe)3)2}2(R-N2H4)2^-S2)] 
(9). 
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AN 

ρ S — S ρ 

AN 

(11) 

2+ excess Mg 
in MeOH * 

at r.t. for 30min 
at50*Cfor12h 
(under N2) 

V / N ; / 

/ · 
> Ρ 

(12) 

Ru(3+) Ru(2.5+) 

Figure 10. Reaction of [{Ru(CH3CN)(P(OMe)3)2}2(μ-Cl)2(μ-S2)]2+ (11). 

Figure 11. Molecular structure of [Ru4^2-H)2^2-S)2^4-S)2(P(OMe)3)8] (12). 
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revealed X-ray structure of nitrogenase cofactor (16) shows a possible reaction site 
for dinitrogen reduction on the iron molybdenum cofactor, which contains a 
symmetrical cavity surrounded by six Fe atoms and three S atoms. This geometry 
suggests that N2 molecule may be surrounded by the six Fe atoms in the cavity. If 
this is the actual situation for the enzyme, this interaction mode of N2 molecule with 
metals is quite beyond what researchers had imagined. The X-ray structural work on 
the nitrogenase enzyme has highlighted the importance of a multi-metal center. Our 
diruthenium system, although much simpler than the natural system, should stabilize 
diazene between the two metals with cis-coordination. This mode of diazene 
bonding is totally different from that reported for other diazene complexes, and is 
expected to show redox behavior different from that of previously reported synthetic 
compounds (17, 18). 

Our first attempt to oxidize coordinated hydrazine by O2 was performed on 
[{Κηα(Ρ(ΟΜβ)3)2}2(μ^1)(μ-82)(μ-Ν2Η4)] (13) (19) in C H 3 C N . Although several 
compounds were isolated as crystals from the reaction solution, none of them 
contains an oxidized from of hydrazine (Figure 12). Al l the compounds in Figure 12 
have been confirmed structurally by X-ray crystallography. Compound 16 is 
noteworthy, as an unprecedented S2O52- anion is produced by O2 oxidation of the 
disulfide ligand in 13 (20). In our second attempt, the same reaction was carried out 
in C H 2 C 1 2 and the diazene-bridged complex [{RuCl(P(OMe) 3) 2}2^-Cl)^-S 2)(u-
N2H2)] (17) was isolated together with 16 (20). The ORTEP drawing of 17 shown in 
Figure 13, clearly shows that Rul-Nl-N2-Ru2 and the two hydrogen atoms HI and 
H2 are almost coplanar. TheN-N distance of 1.33(2) Â is relatively long compared 
with that of trans-diazene (1.301 Â) in the previously reported diruthenium complex 
(21), but is distinctly shorter than those of hydrazine (1.43-1.46 À) (19, 22, 23) or 
hydrazide N 2 H 2

2 " (1.410(9) and 1.391(15) À) complexes (23, 24). These structural 
features are definitive evidence that the N2H2 ligand in 17 is diazene. Compound 17 
deserves special attention, since it is the first reported example of cis diazene 
coordination. Free diazene is cis, trans or iso, and so far only a few diazene 
complexes are known. All of these contain trans diazene, either as a bridge between 
two metal centers (25) or as a terminal ligand (20). 

Spectroscopic Characterization of the Mixed-Valence Ru(II)SSRu(HI) Core (27) 

UV-Vis and Resonance Raman Spectra. A l l the compounds with a RuSSRu core 
described above have a strong absorption band in the region 600-800 nm, while 
compound 16 with a S 2 0 5

2 - bridge is coloriess. Compound 10 has a Ru(II)SSRu(IIl) 
mixed-valence core, while all others have a Ru(III)SSRu(III) core. The UV-vis 
spectra of compounds 6 and 10 are shown in Figure 14. None of the compounds 
absorbs in the near-IR up to 2000 nm. Compound 6 shows a strong absorption band 
at 737 nm, and exhibits resonance Raman bands at 385 cm-1 (v(Ru-S), strong), 456 
cm;1 (v(S-S), very weak), and 769 cm-1 ( double harmonic of 385 cm 1 ) . The 
assignment was made based on the reported values for analogous compounds (4, 28-
31). The 385 cm 1 (v(Ru-S)) and 456 cm-1 (v(S-S)) bands of 6 can be compared to 
the reported values: 384 and 372 cm-1 (v(Ru-S)) and 536 and 525 cm"1 (v(S-S)) in the 
two isomers of [(μ-S2){Ru(III)(PPh3),S4,}2], where 'S^ is l,2-bis[(2-
morcaptophenyl)thio]ethane(2-) (29), 415 c m 1 (v(Ru-S)) and 519 c m 1 (v(S-S)) in 
[{Ru(III)(NH3)5}20i-S2)]Br4 (30), and 409 cnr 1 (v(Ru-S)) and 530 cm-1 (v(S-S)) in 
[{CpRu(III)(PPh3)2}2^-S2)](BF4)2 (31). These compounds are the only trans-
Ru(III)SS(III) cores, for which UV-vis and resonance Raman spectra have been 
reported; no Raman spectra data are available for c*w-RuSSRu compounds other than 
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13 Ru(ll)Ru(lll) 
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Reaction Solution 
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,Ru Ru „ 
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Figure 12. Reaction of [{^€1(Ρ(ΟΜ6)ι)ο}2(μ-α)(μ-82)(μ-Ν 2Η4)] (13) with 0 2 

in C H 3 C N . 

Figure 13. Molecular structure of [{RuCl(P(OMe)3)2}2^-Cl)^-S2)^-N 2H 2)] 
(17). 
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ο 

300 600 900 1200 
Wavelength (nm) 

Figure 14. UV-Vis spectra of 6 ( — 1.44 χ Ι Ο 4 M), and 10 ( 1.33 χ 
Ι Ο 4 M) i n C H 3 C N . 

Figure 15. The π-ΜΟ scheme for a Ru(III)SSRu(III) core. 
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6. The v(S-S) frequencies in disulfide complexes generally range from 480 to 600 
c m 1 (4), which should be compared to free S 2 (725 cm 1 ) (32), S 2" (589 cm"1) (33, 
34) and S 2

2 _ (446 cnr 1) (4). The emission band of 6 at 385 c m 1 is more strongly 
enhanced by 647.1 nm radiation than by 568.2 nm. Therefore, the UV-vis absorption 
at 737 nmis assigned to an electronic transition within the Ru 2 S 2 core. Compound 
10 exhibits strong visible absorption at 646 nm, which is assigned analogously. The 
resonance Raman spectrum of 10 shows a strong v(S-S) band at 561 c m 1 . A v(Ru-S) 
band could not be observed for 10 in in C H 3 C N , while a strong v(S-S) band was 
observed at 561 c m 1 . The v(Ru-S) band should be in the range 370-400 c m 1 , which 
is obscured by the Raman band of the C H 3 C N solvent. Even if the v(Ru-S) band is 
present in the area, its intensity may be very weak. Acetonitorile has to be used as 
the solvent, in order to avoid the release of the coordinated C H 3 C N . 

It should be noted that for complex 6 with a cw-RuSSRu core, v(Ru-S) is 
strongly enhanced, whereas v(S-S) is only very weakly observed. This is in 
remarkable contrast with complex 10 with a ira/w-RuSSRu core, which exhibits only 
a strong v(S-S) in C H 3 C N ; v(Ru-S) is very weak or is not enhanced. The resonance 
Raman spectrum of [(H 3 N) 5 RuSSRu(NH3)5] 4 + with a planar ira/w-Ru(III)SSRu(III) 
core (30) exhibits strong v(Ru-S) but no v(S-S) when excited at 647.1 nm. This 
excitation wavelength is close to the visible absorption maximum of the complex at 
715 nm. The v(S-S) at 514 cnr 1 is observed only when it is excited by the shorter 
wavelength i.e., by 568.2 nm or less (30). The resonance Raman and electronic 
bands can be reasonably explained by a qualitative MO description of the Ru SSRu 
core (27). The electronic transitions in the visible region correspond to a L M C T 
(ligand to metal charge transfer) from S 2

2- to Ru(III). A resonance Raman band with 
significant magnitude should be observable only for symmetric v(Ru-S) when the 
solution is irradiated in the visible band. The theory also predicts that the intensity 
of v(S-S) band is zero (30). A basically similar but simpler explanation can be given 
for the electronic absorption bands of [{Ru(PPh 3)'S 4

,}2^-S 2)]*CS 2 (29). In order to 
obtain a clear image of the electronic states and to explain the Raman and ESR 
spectra (see later section) of the present compounds, the π-ΜΟ scheme for a RuSSRu 
core is given in Figure 15, which is basically similar to what is described in Ref. 29. 
The strong visible absorptions of compounds 6 and 10, and all other compounds with 
RuSSRu cores, are the transitions from to π 4 , which is LMCT. Compound 6 is 
diamagnetic, since the two unpaired electrons of the two low-spin Ru(III) ions are 
paired as shown in Figure 15. Compound 10 with a Ru(II)SSRu(III) core is 
paramagnetic, since its one unpaired electron is in the π 4 orbital. It is noteworthy 
that, for the three compounds with a /rarts-Ru(III)SSRu(III) core, 
[{CpRu(III)(PPh3)2}2ai-S2)](BF4)2 (31), [{Ru(III)(NH3)5}2(μ-S2)]Cl 4·2H 20 (30), 
and [{Ru(PPh3)'S4'}2^-S2)]<:S2 (29), the v(S-S) Raman bands are very weak and 
the v(Ru-S) are strong. This relative intensity relation is completely reversed in 
compound 10 having a mixed-valent frart.s-Ru(II)SSRu(IIl) core. Only a strong v(S-
S) band is observed for 10. Kim et al. explains that the strong v(Ru-S) band in trans-
Ru(IIl)SSRu(III) is enhanced by a transition associated with a symmetric Ru-S 
stretch, and thus only the v(Ru-S) band is enhanced by the visible band to a 
significant extent (30). The stretching of the S-S bond does not contribute to the 
dipole moment responsible for the visible electronic absorption. If, however, the 
core is reduced to trans Ru(II)SSRu(III), a dipole moment, raised by the electronic 
transition between the two mixed-valent metals, would operate along the S-S bond 
(29). In addition, the compound would experience less intense L M C T , since the 
metal is reduced by one electron. Both of these two factors would in effect enhance 
the v(S-S) strongly and weaken the v(Ru-S). The intensity of v(S^S) relative to v(Ru-
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S) is large for [{Ru(PPh 3) ,S4 ,}^-S 2)]*CS2, compared to that of 
[(H 3N) 5RuSSRu(NH 3) 5] 4 + since the trans RuSSRu core of the former complex 
deviates significantly from a planar structure, caused by steric demands of the 'SV 
and PPh 3 ligands. Although the frequencies of ν (S-S) for 6 (456 cm*1) are 
considerably lower than those of trans cores, the additional CI" bridges in 6 might 
cause significant differences in the electronic structures of the cores, lowering the 
v(S-S) frequencies. 
ESR Spectra of 10. Complex 10 is the first well-characterized mixed-valent 
complex with a rrans-Ru(II)SSRu(III) core, which is ESR active due to the Ru(III) 
atom. All other Ru(III)SSRu(III) complexes in the present study and those 
previously reported are diamagnetic. 

The powder spectrum of 10 at 288 Κ shows a rhombic signal with g\ = 2.12, g 2 

= 2.05, and g 3 = 1.995. Although several ESR spectra of mononuclear and dinuclear 
paramagnetic Ru(IH) complexes have been analyzed using the matrix of a spin-orbit 
coupling Hamiltonian, most of them have axial symmetry with only g± and g// 
parameters (32). Rhombic spectral analysis o f g x , g y , and g z , using spin-orbit 
coupling constant λ, axial splitting parameter Δ, and rhombic splitting parameter V , 
is reported only for monomelic Ru(III) complexes (35, 36) with phosphine and other 
nitrogen-donor ligands. The anisotropy of 10 is remarkably small, compared to those 
of the reported monomeric and dimeric Ru(III) complexes with axial or rhombic 
symmetries (36, 37). Low spin Ru(IlI) species exhibit ESR spectra that are usually 
highly anisotropic with axial or rhombic symmetry (35,38-40). 

The powder spectral pattern was analyzed according to the matrix calculation 
described in Refs 4143. The final best fit was obtained when λ = 100 c m 1 , V = 
1680 c m 1 , Δ = -2690 cnr 1, k = 0.92, and the corresponding calculated g values were 
gx = 2.110, gy = 2.050, and gz = 1.994. These g values are in excellent agreement 
with the experimental values. The best fit λ value of 100 cm - 1 is extraordinarily low, 
compared to the pieviously reported values for monomeric Ru(III) complexes; λ 
values are 884 cm*1 for RuCl3(P(n-Bu)2Ph)3 (35), 1007 cnr 1 for [Ru(H 20) 6] 3 +(44), 
and 1150 cm*1 for low -spin Ru(III) complexes (45). The low λ values of the present 
complex is, however, not extraordinary, since the extensive electron delocalization of 
the metal-ligand bond results in the transfer of some of the unpaired electron density 
onto the ligand. As a result, the orbital angular momentum is decreased, i.e., the 
orbital contribution is reduced, and thus the magnetic parameters became closer to 
the spin-only value of g = 2 (45), as observed in the present complex 10. The orbital 
reduction factor k of 0.92 is normal, compared to the literature values; 0.865 for 
[Ru(H 20) 6P+ (44), 0.959 for [Ru(NH3)6]3+ (44), 0.932 for [Ru(bipy)3](PF6)3 (bipy is 
2, 2'-bipyridyl) (46), 0.912 for [Ru(phen)3](PF6)3 (phen is phenanthroline) (46), 0.95 
for RuCl 3(PMe 2Ph) 3 (35), and 0.99 for RuCl 3 (AsPr 3 ) 3 (35). The reduced spin-
orbital interaction in 10 does not contradict the π-ΜΟ scheme in Figure 15, since the 
distinct π-ΜΟ, composed of the π-orbitals of two Ru and two S atoms, corresponds 
to a delocalized electronic state between the metal and the sulfur atoms. The lack of 
near-IR absorption of 10 is not inconsistent with the π-ΜΟ scheme, but suggest that 
the electronic state of 10 is actually beyond what the ligand field theory covers, and 
that a MO treatment is a more realistic way to deal with the compound. The ESR 
spectrum of 10 with such small anisotropy is not common to Ru(III) complexes, and 
means that the parameters, Δ and V, are small. Actually the results of the present 
calculation shows relatively small splitting parameters, which should be compared to 
larger values of Δ = 5600 c m 1 for RuCl 3(P(n-Bu) 2Ph) 3 (35). 
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Conclusion 
The present study has revealed that a RuSSRu core is remarkably highly 

reactive, as indicated by the C-S bond formation of 7 in the reaction with acetone and 
by the formation of S2O52- ligand by O2 oxidation of 13. These reactions suggest 
that the disulfide ligands undergo nucleophilic attack, and the resultant new bridging 
ligand, that is usually very unstable, can be stably coordinated in the RuSSRu core. 
These reactions together with the formation of the diazene complex 17 may give 
insight into the mechanism of the reaction chemistry of transition metal sulfide such 
as hydrodesulfurization (HDS) and the redox chemistry of hydrazine and diazene, if 
the reaction mechanism of the RuSSRu core system is more extensively and 
systematically investigated and understood. 

Literature Cited 
1. Müller, Α.; Krebs, Β. eds. Sulfur: Its Significance for Chemistry, for the Geo-, 

Bio- and Cosmosphere and Technology, Elsevier, New York, 1984. 
2. Holm, R. H. Chem. Soc. Rev. 1981, 10, 455. 
3. Coucouvanis, D. Acc. Chem. Rev. 1981, 14, 201. 
4. Müller, Α.; Jaegermann, W.; Enemark, J. H. Coord. Chem. Rev. 1982, 46, 245. 
5. Kim, J. C.; Rees, D. C. Science 1992, 257, 1677. 
6. Christiansen, J.; Tittsworth, R. C.; Hales, B. J.; Cramer, S. P. J. Am. Chem. Soc. 

1995, 117, 10017. 
7. Uemura, H.; Kawano, M.; Watanabe, T.; Matsumoto, T.; Matsumoto, K. Inorg. 

Chem. 1992, 31, 5137. 
8. Maheu, L. F.; Pignolet, L. H. J. Am. Chem. Soc. 1980, 102, 6346. 
9. Müller, Α.; Ishaque Khan, M.; Krickemmeyer, E.; Bogge, H. Inorg. Chem. 1991, 

30. 2040. 
10. Matsumoto, K.;Furuhashi, T. manuscript in preparation. 
11. Matsumoto, T.; Matsumoto, K. Chem. Lett. 1992, 559. 
12. Matsumoto, K.; Uemura, H.; Kawano, M. Inorg. Chem. 1995, 34, 658. 
13. Matsumoto, K.; Uemura, H.; Kawano, M. Chem. Lett. 1994, 1215. 
14. Matsumoto, T.; Matsumoto, K. Chem. Lett. 1992, 1539. 
15. Matsumoto, K.; Ohnuki, H.; Kawano, M. Inorg. Chem. 1995, 34, 3838. 
16. Kim, J.; Rees. D. C. Nature 1992, 360, 553. 
17. Henderson, R. Α.; Leigh, G. J.; Pickett, C. J. Adv. Inorg. Chem. Radiochem. 

1983, 27, 197. 
18. Pelikam, P.; Boca, R. Coord. Chem. Rev. 1984, 55, 55. 
19. Kawano, M.; Hoshino, C.; Matsumoto, K. Inorg. Chem. 1992, 31, 5158. 
20. Matsumoto, K.; Koyama, T. manuscript in preparation. 
21. Selimann, D.; Böhlen, E.; Waeber, M.; Huttner, G.; Zsolnai, L. Angew. Chem. 

Int. Ed. Engl. 1985, 24, 981. 
22. Collin, R. L.; Lipscomb, W. Acta Cryst. 1951, 4, 10. 
23. Blum, L.; Williams, I. D.; Schrock, R. R. J.Am. Chem. Soc. 1984, 106, 8316. 
24. Churchill, M. R.; Li, Y.-J.; Blum, L.; Schrock, R. R. Organometallics 1984, 3, 

109. 
25. Sellmann, D.; Soglowek, W.; Knoch, F.; Moll, M. Angew. Chem. Int. Ed. Engl. 

1989, 28, 1271. 
26. Smith III, M. R.; Cheng, T.-Y.; Hillhouse, G. L. J. Am. Chem. Soc. 1993, 115, 

8638. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
01

5

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



268 TRANSITION METAL SULFUR CHEMISTRY 

27. Matsumoto, K.; Matsumoto, T.; Kawano, M.; Ohnuki, H.; Shichi, Y.; Nishide, 
T.; Sato, T. J. Am. Chem. Soc. 1996, 118, 3597. 

28. Kato, M.; Kawano, M.; Taniguchi, H.; Funaki, M.; Moriyama, H.; Sato, T.; 
Matsumoto, K. Inorg. Chem. 1992, 31, 26. 

29. Sellmann, D.; Lechner, P.; Knoch, F.; Moll, M. J. Am. Chem. Soc. 1992, 114, 
922. 

30. Kim, S.; Otterbein, E. S.; Rava, R. P.; Isied, S. S.; San Filippo, J. Jr.; Waszcyak, 
J. V. J. Am. Chem. Soc. 1983, 105, 336. 

31. Amarasekera, J.; Rauchfuss, T. B.; Wilson, R. S. Inorg. Chem. 1987, 26, 3328. 
32. Bunker, B. C.; Drago, R. S.; Hendrickson, D. N.; Richman, R. M.; Kessell, S. L. 

J. Am. Chem. Soc. 1978, 100, 3805. 
33. Holzer, W.; Murphy, W. F.; Bernstein, H. J. J. Mol. Spectrosc. 1969, 32, 13. 
34. Clark, R. J. H.; Cobbold, D. G. Inorg. Chem. 1978, 17, 3169. 
35. Hudson, Α.; Kennedy, M. J. J. Chem. Soc. (A) 1969, 116. 
36. Lahiri, G. K.; Bhattacharya, S.; Ghosh, Β. K.; Chakravorty, A. Inorg. Chem. 

1987, 26, 4324. 
37. Cotton, F. Α.; Torralba, R. C. Inorg. Chem. 1991, 30, 4392. 
38. DeSimone, R. E. J. Am. Chem. Soc. 1973, 95, 6238. 
39. Sakai, S.; Hagiwara, N.; Yanase, Y.; Ohyoshi, A. J. Phys. Chem. 1978, 82, 

1917. 
40. Raynor, J. B.; Jeliazkowa, B. G. J. Chem. Soc. Dalton Trans. 1982, 1185. 
41. Bleaney, B.; O'Brien, M. C. M. Proc. Phys. Soc. 1956, 69, 1216. 
42. Stevens, K. Proc. R. Soc. London, Ser. A, 1953, 219, 542. 
43. Kamimura, H. J. Phys. Soc. Jpn. 1956, 11, 1171. 
44. Daul, C.; Goursot, A. Inorg. Chem. 1985, 24, 3554. 
45. Goodman, Β. Α.; Raynor, J. B. Adv. Inorg. Chem. Radiochem. 1970, 13, 136. 
46. DeSimone, R. E.; Drago, R. S. J. Am. Chem. Soc. 1970, 92, 2343. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
01

5

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



Chapter 16 

Syntheses, Structures, and Reactions 
of Cyclopentadienyl Metal Complexes 

with Bridging Sulfur Ligands 

M. Rakowski DuBois, B. Jagirdar1, B. Noll, and S. Dietz2 

Department of Chemistry and Biochemistry, University of Colorado, 
Boulder, CO 80309-0215 

Homogeneous cyclopentadienyl complexes of molybdenum and 
rhenium that contain sulfido and/or disulfido ligands have been 
synthesized. The structures and reactivities of the complexes are 
compared, and reactions which are relevant to those of heterogeneous 
metal sulfide catalysts are discussed. 

An intriguing feature of the heterogeneous transition metal sufides is their ability to 
participate in organometallic chemistry by virtue of their reactivity with hydrogen and 
with organic substrates. The most prominent class of reactions catalyzed by metal 
sulfide surfaces is the commercially important hydrotreating process, in which the 
hydrogenolysis of C-S and C-N bonds in aromatic heterocycles is effected (1-8). 
While a molybdenum sufide based system is the catalyst used most widely in 
industry, other metal sulfides have been shown to be more active than the 
molybdenum system in this process (9). Additional reactions for metal sulfides have 
also been characterized, either as a part of the hydrotreating sequence or in 
independent studies (1,2). These include hydrogen activation and 
hydrogen/deuterium exchange, the hydrogénation and isomerization of olefins, and 
the dehydrogenation of alkanes. Reactions with carbon monoxide have been 
identified for molybdenum sulfide surfaces, including the reduction of CO to methane 
or to alcohols (10-13), and its conversion to C0 2 in the water gas shift reaction (14). 
Despite this extensive range of reactivity, examples of homogeneous metal complexes 
with sulfido ligands that react with dihydrogen and with organic molecules are still 
relatively rare (75). In this paper we focus on two of the metal sulfides, those of 
molybdenum and rhenium. We briefly compare characteristics of M0S2 and ReS2 

that contribute to their catalytic chemistry, and we describe molecular derivatives of 
molybdenum and rhenium that permit us to probe reactions related to those of the 
heterogeneous systems. 

Heterogeneous Molybdenum and Rhenium Sulfides 

Both M0S2 and ReS2 crystallize as layered sulfides, but there are significant 
1Current address: Indian Institute of Science, Bangalore 560 012, India
2Current address: TDA Research, 12345 West 52 Avenue, Wheatridge, CO 80033 

0097-6156/96/0653-0269$15.00/0 
© 1996 American Chemical Society 
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differences between their structures. For example, the molybdenum ions are 
coordinated in a trigonal prismatic geometry, while the rhenium ions occupy 
octahedral holes. In M0S2, the sulfide ions occupy distorted tetrahedral sites created 
by the metal lattice, while in ReS2 the sulfides occur in a trigonal pyramidal geometry 
bridging three rhenium ions. More detailed descriptions of the structures are provided 
elsewhere (16,17). 

Comparisons of the activity of molybdenum sulfide and rhenium sulfide catalysts 
have established that the rhenium system is more active in catalyzing hydrogénations 
(18) as well as the hydrodesulfurization and hydrodenitrogenation reactions (19-21). 
Relative activities of metal sulfides have been correlated with their electronic 
properties, including the metal d character of the HOMO and the degree of covalency 
and strength of the metal sulfur bond (22,23). For example, the weaker Μ-S bond and 
the resulting lower AHf value for ReS2 (42.7 ± 3Kcal/mol) compared to that of M0S2 
(65.8 ± 1 Kcal/mol) may contribute to the catalytic activity of the rhenium system by 
allowing easier formation of anion vacancies during the catalytic cycle. The study of 
homogeneous molybdenum and rhenium sulfide complexes may provide insights into 
the questions of how the structural and electronic differences between the two metal 
sulfides contribute to their different activities. 

An important fundamental reaction of metal sulfides, which is poorly understood, 
is the dissociative addition of dihydrogen. Inelastic neutron scattering data suggest 
that the sulfide atoms are the site of hydrogen addition and SH groups on the surface 
have been identified. However, the involvement of the metal ion in this process has 
not been ruled out, and pathways have been suggested in the literature that do or do 
not involve metal hydride formation (24-27), e.g., equations 1-2. These have been 
referred to as homolytic and heterolytic cleavage of hydrogen, respectively. Metal -
hydrides and/or sulfhydryls are proposed to be involved in hydrogen transfer 
reactions to the substrates during hydrogénation and hydrogenolysis reactions. 
Further reaction of the SH sites under thermal conditions leads to the elimination of 
H2S and the generation of anion vacancies on the catalyst surface. 

Reactions of Molecular Molybdenum Sulfide Complexes with Dihydrogen 

In recent years we have studied the reactions of dihydrogen with selected dinuclear 
cyclopentadienyl-molybdenum complexes with bridging sulfido ligands. The 
reactions, which proceed under mild conditions (1-3 atm, 25-50°C), are characterized 
by formation of hydrosulfido products. For example, in some of our earliest work we 
found that the complex (MeCpMo)2^-S)2^-S2) reacted quantitatively with hydrogen 
to form the hydrosulfido derivative, equation 3 (28). The isomeric dimer with 

S-S2" + H 2 2HS- (1) 

M-S + H 2 M(H)-SH (2) 

terminal sulfido ligands [(MeCpMoS^-S)]2 was also converted under hydrogen to 
the same product, but at a much slower rate (29). Photoisomerization of the 
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analogous permethylcyclopentadienyl derivatives has been found to occur readily 
(30), and similar interconversions between isomers appear to take place in solution, 
although less cleanly, for the MeCp complexes. For this reason, the reaction rates of 
individual isomers with H 2 have not been quantitatively compared. 

The dihydrogen addition reaction shown in equation 3 does not appear to be 
reversible; nor has the elimination of hydrogen sulfide been observed in this system at 
elevated temperatures. However, H 2 elimination can be promoted by reduction of the 
dimer to a formal Μο(ΙΠ) derivative (28), and a rationale for this elimination reaction 
has been developed on the basis of molecular orbital calculations (31). The 
hydrosulfido complex has been found to function as a hydrogénation catalyst for 
certain unsaturated molecules (32), and this work has been reviewed previously(15). 

Reactions of Cationic Molybednum Complexes with Dihydrogen. A second facile 
hydrogen addition reaction has been observed for the one-electron oxidation product 
of the Mo(IV)/(IV) methanedithiolate bridged complex, which exists as a dimer of 
dimers linked by a bond at the μ-sulfido ligands (Structure A, Cp' = MeCp) (33). 
Addition of hydrogen proceeds rapidly at room temperature to form the hydrosulfido 
cation, equation 4. The tetranuclear product has also been found to function as a 

hydrogen atom acceptor in reactions with other hydrogen donors such as thiophenol. 
The ease of reactivity is attributed in part to the relatively weak and strained nature of 
the suliur-sulfur bond between dimeric units. The S-S bond distance was found to be 
2.147 (4) Â. 

More recently we have studied the addition of hydrogen to cationic sulfido 
bridged derivatives of the formula [(CpMo)2^-S2CH2)(p-S)^-SR)]+. The reactions 
proceed in the presence of base to form the neutral hydrosulfido complex and one 
proton equivalent, equation 5 (34). The formation of a hydrosulfido product is a 
common feature of the reactions of the molybdenum dimers with hydrogen, but this 
hydrogen addition appears to differ mechanistically from those in equations 3 and 4 
because of the heterolytic nature of the reaction. Although formal hydride addition to 
a sulfido ligand is an unusual reaction, the electrophilic nature of this ligand in the 
cations has been demonstrated previously in reactions with alkyl lithium reagents. 
The latter reactions result in nucleophilic additions to the sulfido ligand to form 
neutral bis(thiolate) complexes (35). 

Mechanistic Studies. Kinetic studies of equation 5 have been carried out for the 
derivatives where R = thienyl or C H 2 C U 2 M e (34). The reactions have been found to 
be first order in hydrogen and first order in dimer with second order rate constants for 
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both systems at 20°C of approx. 1.5 χ 10 - 3 M - 1 sec - 1. A deuterium isotope effect, 
kn/ko, of 2.5 was determined at 50°C for the reaction for the derivative where R = 

C p M o ^ ^ M o C p + + H 2 Base , 

Λ 

C p M o ^ ^ M o C p + HBase+ (5) 

Λ 
C H 2 C O 2 M C For the same system, reaction rates were monitored over a temperature 
range of 2 0 - 6 0 ° C to obtain activation parameters; the values were found to be Δ γ £ = 
81 KJ/mole and ΔΞ± = -23 J/mole-K (34, 36). Although relatively little data have 
been collected that relates activation parameters to mechanisms of dihydrogen 
activation, comparisons of our data to those determined for several Group 8 metal 
complexes (37) indicate that the values are higher than those generally observed for 
oxidative addition to a single metal center and are consistent with values obtained for 
other proposed heterolytic cleavage mechanisms. 

The mechanistic studies do not establish the nature of the initial interaction 
between hydrogen and the molybdenum complex. The intermediates proposed below 
in equations 6 and 8 represent two possible modes of dihydrogen addition which have 
been suggested by model studies in our laboratories. Dihydrogen addition to the 
sulfur ligands, equation 6, is similar to the characterized interaction of alkenes with 
the same cationic structure, equation 7 (38). Alternatively, the addition of dihydrogen 

R " " 

* > ^ • 
C p M d ^ - M o C p + H 2 C p M o t l ^ M o C p (6) 

. α 
Ι ί ^ Η 

CpMo^T ^ M o C p + C 2 H 4 — ^ CpMotC .yMoCp ( / > 
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R \ , H 

s. s s. S H 

C p M o ^ ^ ^ M o C p + H 2 C p M o ^ ^ ^ M o C p (8) 

Λ H 
S ^ S H 

+ -70°C 7 + m 
C p M o ^ ^ M o C p + H + C p M o Ç ' ^ M b C p w 

r c 

across a metal sulfide bond may be feasible, equation 8, because protonation of 
Μο(ΙΠ)/(ΠΙ) bis(thiolate) complexes at low temperature appears to form similar metal 
hydride structures of low stability, equation 9 (39). 

Further Reactions under Hydrogen 

The ability of the cationic complexes to activate hydrogen has led to the development 
of carbon-heteroatom bond cleavage reactions under a hydrogen atmosphere. For 
example, under 2-3 atm. of dihydrogen at room temperature, the reaction of the 
hydrosulfido cation with nitriles proceeds to form ammonia and a molybdenum 
structure which incorporates the hydrocarbon fragment of the nitrile (40). The first 
step in the reaction is proposed to involve the formation of an iminothiolate cation as 
shown in Scheme 1. This intermediate, although it is not detected spectroscopically, 
has been trapped in the presence of excess acid, and the resulting N-protonated 
dication (not shown) has been characterized spectroscopically. The reaction of the 
iminothiolate intermediate with hydrogen is proposed to form a neutral hydrosulfido 
intermediate and an equivalent of protic acid by analogy to reactions of other thiolate 
cations. Intramolecular insertion of the C=N bond into the adjacent S-H bond leads to 
an amino-substituted 1,1-dithiolate complex. Analogous intramolecular insertions of 
vinylthiolate ligands into the hydrosulfido ligand have been observed in related 
systems (41). Protonolysis of the C-N single bond in the 1,1-dithiolate ligand by the 
protic acid results in the release of N H 3 and the formation of the final observed 
product. Similar steps have been proposed in the reductive cleavage of isonitriles 
(40) and of the carbon oxygen multiple bonds of acyl derivatives under a hydrogen 
atmosphere (42). 

Comparisons to Metal Sulfide Surfaces. This mechanism demonstrates several 
elementary reaction steps which may be relevant to reactions of metal sulfide surfaces 
with hydrogen. For example, the formation of hydrosulfido sites by hydrogen 
addition has been well established for the molecular systems, and the above 
mechanism demonstrates a specific role of hydrosulfido ligands in reducing the bond 
order of the unsaturated substrate. In contrast, insertion reactions into metal-hydride 
bonds are not identified in these systems. Protonolysis of the carbon-heteroatom 
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single bond is the proposed mechanism of bond cleavage, and this is made possible 
by proton production in the heterolytic dihydrogen activation. 

Important differences between the C-X bond cleavage reactions identified for the 
molecular dimers and those proposed to proceed on metal sulfide surfaces are that the 
former are limited to stoichiometric conversions at sulfur centers under the mild 
conditions studied. In contrast, in the hydrotreating process the activation of substrate 
by interaction with metal centers is commonly proposed, and the continuation of the 
catalytic cycle depends on the generation of anion vacancies by ligand 
hydrogenolysis. For example, in HDS, the conversion of the coordinated sulfide 
atoms to labile hydrogen sulfide creates reactive sites at the metal centers (3-8). 
Methods have been explored in our laboratory to generate vacant coordination sites in 
the dinuclear molybdenum complexes (43-44). While some success in this project 
has been achieved, the elimination of H 2 S from the dimers under hydrogen pressure 
has not been observed. Comparisons of the heterogeneous molybdenum and rhenium 
sulfide properties, described above, have suggested that the weaker Re-S bond 
strength may be correlated with the higher activity of rhenium disulfide in reductive 
processes. These observations have prompted us to explore the synthesis of dinuclear 
sulfido bridged complexes containing rhenium, and to compare their reactivity with 
the related molybdenum derivatives. 

Syntheses of Dinuclear Rhenium Complexes 

The reaction of Cp'ReCU (Cp* = Me4EtCp) (45) with one equivalent of 
bis(trimethylsilyl)sulfide results in a dinuclear complex that has been isolated and 
found to have the formulation [Cp'ReS(Cl)2]2> confirmed by mass spectrometry and 
elemental analyses. An X-ray diffraction study of this product has not been 
completed, but the dimer is presumed to be bridged by two sulfido or one disulfido 
ligand. Cp'ReCU reacted with two equivalents of bis(trimethylsilyl)sulfide to form a 
new complex of formulation [Cp 'ReS2Cl]2,1, in 80% yield, equation 10. In the 
infrared spectrum of the product a relatively weak band at 460 cm - 1 suggested the 
presence of a sulfur-sulfur bond (46), but no strong absorptions were observed in the 

Cp'ReCl 4 + 2 (Me 3Si) 2S • [Cp'ReS 2Cl] 2 (10) 
1 

region 480-530 cm - 1 , associated with terminal Re=S bonds (47). The mass spectrum 
showed only a very weak parent ion and the base peak corresponded to the fragment 
P-Cl at m/e 835. An X-ray diffraction study was carried out in order to obtain more 
information about the coordination geometry about each rhenium ion. 

Structural Characterization of 1. Complex 1 crystallized from dichloromethane-
pentane in space group P2i /n with cell dimensions a = 8.596(2) Â, b = 9.804(2) Â, c 
= 15.726(3) Â, and β = 90.64°. A perspective drawing and numbering scheme for the 
complex are shown in Figure 1. The structure shows discrete dinuclear dications of 
Re(IV) with two μ-η 2-82 ligands. The chloride counterions do not interact with the 
Re centers, but the anions lie between disulfide ligands and show close contacts of 
2.65 Â and 2.78 Â with SI' and S2, respectively. A crystallographically imposed 
inversion center midway along the Re-Re vector relates the disulfide, chloride, and 
parallel Cp' ligands. During refinement of the structure, it became apparent that a 
disorder of the sulfur ligands was present. A model that used two pairs of bridging 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
01

6

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



DuBOIS ET AL. Cyclopentadienyl Metal Complexes & Sulfur Ligands 

, N H 
H R - C ' 

Ns S s s 

HSÎ Η" Ή 

• N H , N H 
R-c ' R - C Η 

C p M o ^ ^ M o C p * - ^ » - C p M o Ç ^ .MoCp + H + 

H' C % H H' Ή 

C p M o r " ^ M o C p +NH 3 C p M o ^ ^ M o C p 

HSI H 

Scheme 1 

Figure 1. Perspective drawing of [Cp'Re(p-S2)]2Cl2,1. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
01

6

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



276 TRANSITION METAL SULFUR CHEMISTRY 

disulfide ligands with the second pair rotated 22° in the plane bisecting the metal ions 
provided the best fit to the data. The two pairs were refined such that total sulfur site 
occupancy equaled four sulfur atoms with final occupancies of 0.62 for the major 
orientation and 0.38 for the minor position. Only the major orientation of disulfide 
pairs is shown in Figure 1. 

There are many cyclopentadienyl metal dimers which contain four sulfur atoms 
of the formula [ C p M S 2 k , (e.g., M = V , Cr, Mo, W, Mn, Fe, Ru, and Co). Many of 
these have been characterized by X-ray diffraction, and the coordination modes of the 
sulfur ligands vary to include combinations of terminal S, μ-S, μ - η 1 ^ , μ-η 2 -82 and 
μ_ηΐ, t|2-s2 ligands (48-49). [Cp*ReS2k has been mentioned briefly, but has not 
been structurally characterized (50). A related composition [Cp*RuS2Cl]2 has been 
reported, but the structure of the latter is suggested to contain coordinated chloride 
ligands (57). Within the class of [CpMS2]2 compounds, the structure of [Cp*Fe^-
T | 2 - S 2 h 2 + is very similar to that of 1, although no metal-metal bond is assigned to the 
iron derivative (52,53). 

The structure of 1 is also related to that of (Cp*Mo)2^-S)2^-T| 2-S2), in which 
the four sulfur atoms are also planar (54). The similarity in crystal radii for Mo(IV) 
and Re(IV) (55) permit a comparison of bond distances and angles for these two 
derivatives. The Re-Re distance in 1 is 2.613 Â; this value is slightly longer that 
observed for the neutral molybdenum complex, 2.599 (2) Â, but it agrees closely with 
M - M distances in previously characterized cationic quadruply bridged molybdenum 
dimers and is consistent with some degree of M - M bonding. The S-S distance in the 
S2 ligand is significantly lengthened in the rhenium derivative to 2.228 (10) Â, 
compared to the S-S distance of 2.095 (7) À in the above μ-η2^Ϊ8ΐύΎ^β molybdenum 
complex. The average Re-S distance of 2.36 Â in the dication is shorter than the Mo-
S (μ-Si) distance of 2.45 Â. 

The Μ2(μ-η 2-82)2 structural unit has been characterized in a number of dimers 
with other types of terminal ligands (56-60). For example, the complexes [Μ2(μ-η 2 -
S2)2(S2CNR2)4] + 2 , where M = Mo and W, have been synthesized recently and 
characterized structurally (60). The S-S distances in the disulfide ligands in these 
dications are very close to 2.00 Â. The distances around the metal ions are 
significantly longer than those observed for related Cp derivatives discussed above. 
For example, the M - M distances are 2.808(1) Â for Mo and 2.792 Â for W, and the 
average Μ-μ-S distance in the dithiocarbamate complexes of 2.44 Â is also longer 
than that in 1. The longer distances are consistent with the higher coordination 
numbers of the Mo and W ions in the dithiocarbamate complexes. 

Reactions of the Rhenium Sulfide Complex 

The reactivity of 1 has been compared to that of related molybdenum dimers. A 
reaction characteristic of the active sulfur ligands in the molybdenum complexes is 
the rapid addition of alkenes and alkynes to form products with alkane- and 
alkenedithiolate ligands, respectively, e.g., equation 11 (29). The addition of 
acetylene to sulfur sites in 1 has also been characterized, as shown in equation 12. 
Spectroscopic data and microanalyses indicate that the product contains only one 
alkenedithiolate ligand. In contrast this intermediate monoadduct has never been 
successfully detected in the molybdenum systems. Strong IR absorptions for 
terminal Re=S ligands are not observed in the product, but a weak band at 522 cm - 1 

might be attributed to a S-S stretch in a R e ^ i M ^ ) linkage, as suggested in equation 
12. However facile intramolecular electron transfer between Re and sulfur ligands 
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CpMol 

Cp'Rel 

MoCp 

ReCp' 
+2 

+ C 2 H 2 
Cp'Rel 

CpMol 

ReCp' 

MoCp (11) 

, +2 
(12) 

has been well established in other systems (61), and the formation of a ReV2(p-S)2 
structure cannot be ruled out at this stage. More definitive characterization of the 
structure and the resulting electron distribution in the product will be important in 
understanding the extent of the reaction. 

Reactions of 1 with Dihydrogen and Other Hydrogen Donors. The reactions of 
the molybdenum sulfide dimers with dihydrogen formed the basis for much of the 
chemistry that related these systems to the heterogeneous metal sulfides. The 
rhenium disulfide derivative 1 also reacted with dihydrogen under exceptionally mild 
conditions (1 atm and 25 °C). The products of this reaction include hydrogen sulfide 
and a trinuclear rhenium cluster with the tentative formulation shown in equation 13. 

The hydrogenolysis of bridging sulfur ligands to liberate hydrogen sulfide is an 
unusual reaction for dinuclear complexes (29). The reaction represents an important 
difference in the chemistry of the Re2S4 and M 0 2 S 4 structures, and the difference 
appears to reflect the trend in metal sulfur bond strengths observed for the 
molybdenum and rhenium sulfides. These preliminary studies suggest that the 
rhenium complexes may permit us to explore mechanistic models for the formation of 
anion vacancies and their role in substrate activation in simple homogeneous systems. 

The nature of the rhenium cluster formed in equation 13 is not yet completely 
defined. Mass spectral data confirm the trinuclear nature of the product. The 
presence of hydrosulfido ligands is suggested by the infrared spectrum which shows a 
weak band at 2375 cm - 1 . The lH N M R spectrum of the major product shows the 
characteristic pair of methyl singlets for the Cp' ligands at 2.32 and 2.30 ppm and the 
Cp' triplet at 1.24 ppm. Resonances for SH ligands have not been definitively 
assigned. The cluster shows limited stability under nitrogen and slowly rearranges to 
a product with different spectroscopic features. Attempts to crystallize a derivative of 
the trinuclear cluster product are in progress. 

The addition of dihydrogen to the molybdenum complex (MeCpMo)(p-S)2^-S2) 
proceeded to from a bis (hydrosulfido) product (see equation 3 above), and we wished 
to determine whether a similar product was formed in the initial interaction of 1 with 
dihydrogen. If an intermediate dihydrogen activation product could be detected, it 
might be possible to obtain mechanistic information on its further reaction to form 
H 2 S . Because an intermediate was not detected in the reaction of 1 with excess 

[Cp'Re(p-S)2]2CL 2+ H 2 
[(Cp'Re^S^x]** + H 2 S (13) 
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molecular hydrogen, reactions of 1 with other hydrogen donors were explored. For 
example, one equivalent of the bis(hydrosulfido) molybdenum complex was found to 
serve as a hydrogen donor to 1, as shown in equation 14. The formation of the known 
(μ-§2) product of molybdenum was confirmed by N M R spectroscopy. The rhenium 
product of this reaction showed two new resonances at 0.074 and 0.15 ppm. The two 
resonances initially appear in equal intensities, but the relative intensities change with 
time to a 2:1 ratio; the peaks are therefore tentatively assigned to SH resonances of 

H , , H 

2 + X > \ 25°C 
Cp'Re^T ^ R e C p ' + M e C p M d ^ . jMoCpMe — 

s ^ l r s ^ s 

Cp'Re^l ^ R e C p ' + MeCpMo^T ^ M o C p M e (14) 
! ^ S S^S 

two isomers of a rhenium-bis(hydrosulfido) complex. Individual S-H and S-S bond 
dissociation energies in these metal complexes are not known, but we believe a 
driving force for the hydrogen transfer reaction may be the formation of a stronger S-
S bond in the molybdenum dimer relative to the one broken in the rhenium complex. 
This is suggested by the significantly longer S-S distances observed for the r\2-S2 
ligands in the X-ray structure of 1. 

Summary and Conclusions 

Dinuclear cyclopentadienyl complexes of molybdenum and of rhenium with four 
bridging sulfur atoms have been prepared and characterized. Extensive reactions of 
the molybdenum systems have been identified under hydrogen pressure, including the 
cleavage of C-S, Ç-N and C-O bonds. Features of these reactions include either 
homolytic or heterolytic hydrogen activation and the formation of SH ligands, and the 
reactions of S-H ligands either by hydrogen atom transfer or by S-H addition to 
unsaturated substrates. Cleavage of C-heteroatom single bonds which occur within 
the substituents of the bridging sulfur ligands in the dimer has been found to be 
induced by the protic acid which is generated in the heterolytic hydrogen cleavage. 
Throughout these reactions under hydrogen the M 0 2 S 4 core of the complexes remains 
intact. 

The recently synthesized rhenium derivative [Cp'Re(p-S2)]2 2 +is structurally 
similar to the quadruply bridged molybdenum systems, and it undergoes facile 
reactions with molecular hydrogen and with hydrogen atom donors. Although further 
work will be necessary to develop the chemistry of the rhenium complexes, some 
important differences have been observed in our preliminary studies of the rhenium 
reactions. These include the apparently weaker nature of the M-S bonds and of S-S 
bonds relative to those in the molybdenum structures which result in a tendency for 
dimer fragmentation and reformation into larger clusters. The lower bond energies 
open the way for synthesizing new clusters as well as for exploring new types of 
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reactions that may be relevant to those involving substrate activation on 
heterogeneous metal sulfide surfaces. 
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Chapter 17 

New Aspects of Heterometallic Copper 
(Silver) Cluster Compounds Involving Sulfido 

Ligands 

Xiantao Wu, Qun Huang, Quanming Wang, Tianlu Sheng, and Jiaxi Lu 

State Key Laboratory of Structural Chemistry, Fujian Institute 
of Research on the Structure of Matter, Chinese Academy of Sciences, 

Fuzhou, Fujian 350002, China 

The reactivity of sulfido ligands with different coordination configurations 
are systematically introduced leading to "unit construction", as a convenient 
method for designed synthesis of some heterometallic copper(silver)-sulfur 
cluster compounds. Heterometallic copper(silver)-sulfur cluster crystals 
with acentric space groups as potential precursors of crystal materials with 
non-linear physical properties are discussed. Discussions of synthetic 
methods and crystal structures for larger M-Cu-S cluster derivatives 
containing a square-type unit {M4Cu4S12} (M = Mo, W) are also 
provided. Additionally, polymeric M-Ag-S cluster complexes and the 
coexistence of polymeric cluster anions and hydrogen-bond supramolecular 
structure cations are rudimentarily explored. 

In recent years, the synthetic and structural chemistry of heterometallic copper 
(silver)-sulfur cluster compounds has developed rapidly (7). There are at least three 
factors stimulating this rapid development; i) the biological Mo-Cu antagonism (2-5) 
and the desire to produce analogues of active sites of metal enzymes (4); ii) the rich 
structural variety of complexes of this kind (1-4); iii) the nonlinear optical properties 
of transition metal sulfido cluster compounds (5-8). 

"Unit Construction": Designed Synthesis of Some Heterometallic 
Copper(SUver)-Sulfur Cluster Compounds (9) 

The Coordination Configuration of the Sulfido Ligand and Constructive 
Reactivity. "Unit construction" is a convenient method for the rational synthesis of 
transition metal clusters using reactive fragments as building blocks. It has been 
shown that the "unit", which contains sulfido ligand(s) with lone-pair electrons and 
unsaturated coordination, may add to another metal complex that has unsaturated 
coordination positions or easily displaceable ligand(s). In table I, the relationship 
between the six coordination configurations for the sulfido ligands is concisely 
described. Their constructive reactivity is summarized below. 

0097-6156/96/0653-0282$15.00/0 
© 1996 American Chemical Society 
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17. WU ET AL. Heterometallic Copper (Stiver) Cluster Compounds 283 

1) . Terminal sulfido ligand (term-S). A typical example is MoS4 2~. The bond 
between the Mo atom and the sulfido ligand is a double bond. The terminal sulfido 
ligand has potent constructive value, because it is only coordinated by one metal 
atom and it contains two lone-pairs of electrons. 

2) . P2-Bridging sulfido ligand (p2-S). This type of coordination configuration can 
be classified into three subtypes [(a), (b), (c) below]. 

Table I. The relationship between coordination configuration of the sulfido ligands 
and constructive reactivity. (Reproduced with permission from reference 9. Copyright 1994 
Plenum.) 

No. Type of 
coordination 

Coordination 
configuration 

No. of lone-
pair electrons 

C. N . of 
S atoms 

Assembly 
activity Example Ref. 

1 term-S M=S 4 1 M o S 4

2 " 20 

(a) / \ 
M — M <4 2 Pt 2S(PPh3)4 21 

2 (b) M — M <4 2 / \ [ M o 2 0 2 S 2 ( S 2 ) 

(S4)] 2" 
22 

(c) M I M 2-3 3 F e 2 S 2 ( C O ) 6 12 

S 
(a) M / M 2 3 [Mo 3 S 4 ]4+ 13 

Λ 
(b) M / M 

\v 
2 3 Co3S 2(C5H5)3 15 

3 .S M 

(°) I M 1 S 
S M ' 

2 3 [ M o 3 C u S 4 ] 5 + 16 

2 3 increase 
M o 6 S 8 ( P E t 3 ) 6 17 

2 4 Co4S2(CO)lO 23 

4 M 

(b) J 5 k Μώ M 0 4 No 
Fe4S(CO) i2 

(SR) 2 

24 

5 

M 
1 

0 5 
activity 

O s 5 ( C O ) 1 5 ( M 5 -

S)[W(CO)4PPh3] 
18 

• μό-S M / . - S M 
M M 

0 6 
[^6-S)Cu6S6 

( S 2 ) 6 M o 6 0 6 ] 2 -
.. . . . . . 

19 
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2a). μ2-8(8). The sulfido ligand bridges two metal atoms that have metal-metal 
bonding to form M2S triangular configuration (the so-called M2S island), which is 
the fundamental structural fragment of a cluster. Because of d-p bonding involving 
the metal atoms and the sulfido atom, the number of lone-pair electrons on the sulfido 
atom is equal to or less than four. Several complexes have this type of M2S island 
fragment, but there is no bond between the metal atoms, such as [Mo2Û2S(S2)4]^" 
(10). 

2b)- l̂ 2"S(b). Two sulfido ligands bridge two metal atoms to form a M2S2 
configuration. This configuration is common, as in Roussins Red salt (11). It can also 
be regarded as two M2S triangles sharing a M - M edge. Because the d-p conjugation 
may exist, the number of lone pair electrons is equal to or less than four. 

2c). μ ^ ί ά ^ Ι η ^ Ι β ) . In this ligand there is a bond between the two sulfur atoms 
(12). Each sulfur atom is similar to a μ3-bridging sulfido ligand. It can have two or 
three lone-pair electrons. The S-S bond is easily broken and its reactivity is very 
similar to the μχ-^ Hgand(b). 

3) . μ3-Bridging sulfido ligand. This sulfido ligand contributes four electrons to the 
three M o ^ - S covalent bonds, and reduces its reactivity. The remaining one pair of 
lone-pair electrons completes the tetrahedral geometry of the sulfido-ligand. Because 
of the stability of this structural unit, it exists widely in nature. The μ3-8η1τκ1ο atom 
can be classified into four subtypes [(a), (b), (c), (d) below]. 

3a). μ3-8(8): Typical examples are the two well-known clusters Mo3S4^+ (13) 
and W3S44+ (14), both of which contain three μ2-bridging sulfido atoms and one μ3 
-bridging sulfido atom 

3b). μ3-8φ): In the cluster core C03S2 (15), the two μ3-8 atoms cap the C03 
triangle which has strong interaction among the three Co atoms. This type of cluster 
system is very stable and easily obtained. 

3c). μ3-8(ο): This type of ligand caps a triangular group of four metal atoms and 
is commonly found in cubane-like clusters. In these clusters the four metal atoms and 
the four sulfido ligands arrange in an advantageous cubane-like geometry. Each 
sulfido ligand simultaneously bonds to three metal atoms, and each metal atom also 
simultaneously bonds to three sulfido ligands. 

3d). μ3-8^): The eight sulfido ligands cap the triangular plane of the octahedral 
skeleton formed by six metal atoms. This configuration permits each sulfido ligand to 
bond to three metal atoms simultaneously. Furthermore, there exists strong metal-
metal interactions. It is apparent that this type of clusters is very stable. For example, 
the recently reported cluster [Mo6Sg(PEt3)6] (17), contains the core structural unit 
of superconductive Chevrel phases. 

4) . μ4-bridging sulfido ligands. This ligand serves as a bridge across four metal 
atoms. It can be divided into two different subtypes according to the coordination 
geometry. 

4a). μ4-8(8). This ligand acts as a four-electron donor and is located above the 
plane of four metal atoms. This type of sulfido atom has some reactivity because it 
contains one lone-pair electrons. 

4b). μ4-8φ). This type of sulfido ligand has a tetrahedral coordination by four 
metal atoms. Al l six electrons are used in the metal-sulfur bonding. 
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5) . μ5-ΒΓΐά^§ sulfido ligand: This type of sulfido ligand serves as a six electron 
donor. The cluster contains the M5S structural unit. Up to now only two examples 
(18\ Ru4(CO)7(μ-CO)2(PMe2Ph)2(μ4-SXμ5-S)[W(CO)4PMe2Ph] and O s 5 ( C O ) 1 5 

-^5-S)[W(CO)4PPh3], have been reported. The μ5-8υ1ηΜο ligand has a tetragonal-
pyramidal coordination. 

6) . μ6-Bridging sulfido ligand: This type of sulfido ligand also acts as a six 
electron donor. The cluster contains a M 5 S structural unit. The unique example of 
this cluster is [^6-S)Cu<>S()(S2)6Mo60()]2- (19) which was recently synthesized by 
our group. The cluster has the core [^6-S)Cu£], in which the sulfido ligand is 
located in the center of the six copper atoms. Obviously, all six electrons of the 
sulfido ligand are used in forming the six metal-sulfur bonds. 

In summary, sulfido ligands that contain lone pair of electrons are coordinatrvely 
"unsaturated" and have the potential to react with other complexes to form new and 
larger clusters. This constructive reactivity decreases with the decreasing number of 
lone pair electrons and increases with decreasing coordination number. That is, the 
reactivity tends to decrease in the order, t e r m - S ^ 2 - S ^ 3 - S ^ 4 - S . 

Application of "Unit Construction" in the Designed Synthesis of Some 
Heterometallic Copper(Silver)-Sulfur Cluster Compounds. A transition metal 
complex that contains an unsaturated sulfido ligands can be expected to have 
constructive reactivity. It may react with other metal complexes that have the 
following three conditions: i) sulfidophilicity, ii) appropriate steric configuration, and 
in) appropriate oxidation state, usually a low oxidation state. 

In the past several years, using this methodology, our group have successfully 
synthesized a series of heterometallic copper( silver)-sulfur cluster compounds. 

1. Cubane-like cores { M 3 C u S 4 } 5 + (M=Mo, W) (16, 25-27): 

{M 3 S 4 }(dtp) 3 (RCOOXL) + Cul > {M 3 CuS 4 }(IXdtp) 3 (RCOOXL) 

where dtp = S 2 P(OEt) 2 -; R = C H 3 , C 2 H 5 and CCI3; L = H 2 0 , CH3CN, PhCN, 
C5H5N, DMF and DMSO. 

2. [2+1] and [3+1] additions: 

[{M 2 S 4 }(edt) 2 ] 2 - + CuPPh 3 l+ >{M 2CuS4}(edt) 2(PPh 3) 1- (28) 

{M 2 CuS 4 }(edt) 2 (PPh 3 )l- + C u P P h 3 l + >{M 2Cu2S 4}(edt) 2(PPh3) 2 (29) 

where edt = (SCH2CH2S)2-. . 
3. Linear heterotrimetallic clusters: 

[Et 4N][(CN){CuS 2MS 2Ag}(PPh3)] (M = Mo, W) (30): 

[MS 4 Cu(CN)] 2 - + AgPPh 3+ > [(CN){CuS 2 MS 2 Ag}(PPh 3 )] + 

[Et4N][Cl 2{FeS2MS 2M ,}(PPh3)] (M = Mo, W; M ' = Ag, Cu) (57-52): 

[ M S 4 F e C l 2 ] 2 - + !VrPPh3+ > [Cl 2 {FeS 2 MS 2 M}(PPh3)] + 
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286 TRANSITION METAL SULFUR CHEMISTRY 

4. Chiral heterotrimetallic clusters: Two butterfly type heterotrimetallic clusters 
[Et 4N][{OMS 3AgCu}(PPh 3) 2(CN)] (M=Mo, W) (33-34) were obtained by reacting 
the "active unit" [OMS 3 CuCN] 2 - (M=Mo, W) with AgPPh 3+. 

Observing the anion cluster in Figure 1 from the p 2 -S site, we find that the four 
atoms μ 3 -8 , Mo, Cu and Ag form a distorted tetrahedron (see Figure 2). 

P P h 3 x A ο 
Ag Mo-^ç 

p p . . / V / 
Cu 

N c 
\ 
Ν 

Figure 1. Chemical diagram of [{OMS 3AgCu}(PPh 3) 2(CN)] 

Figure 2. The asymmetry MoCuAg(p 3-S) tetrahedron framework 

,P 
S - C u 
/ / 

0=M-S 
\ \ 
S - C u 

Pi R 
S - C u I 
ι X \ A 

+ 
CuSR 

CuS2COEt 

^Cu-S 
y \ 

0=M—S^Cir s\Cus—M=0 
S ^ C u ^ bu^S7 

Ρ I 
P Ρ 

S-Cu 

0=M-S Cu-SR(S2COEt) 

Figure 3. Possible pathways of [{MCu2S 3}(OXPPh 3) 3] reacting with CuSR or 
CuS2COEt. (1) with monothiolato ligand; (2) with 1,1-dithiolato ligand. 

5. Double-cubane-like complexes {M 2Cu6S6(SCME 3)2}(0) 2(PPh 3)4 (M=Mo, 
W) (35-36) and single-cubane-like complexes [{MCu 3 S 3 (S 2 COEt)}(0)(PPh 3 ) 3 

(M=Mo, W). Two possible routes to formation are shown in Figure 3. 
6. A novel dodecanuclear cluster [ΕΧ4Ν]2[(μβ"^)^ηφ^2)6^06^6ΐ n a s o e e n 

obtained (19) containing a rare ligand. Its configuration is shown in Figure 4. 
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17. WU ET AL. Heterometallic Copper (Silver) Cluster Compounds 287 

Most of the "unit construction" examples given above start from stable units 
with sulfido ligands, which are important in the unit construction of transition metal 
clusters with bridgmg-sulfido ligands. 

Figure 4. Diagram of anion [(μβ'^)^6^6(^2)6^06^6\^'· 

Larger Heterometallic M-Cu-S Clusters Containing a Square-Type Unit 
{ M 4 C u 4 S 1 2 } ( M = Mo, W) 

It is known that M-Cu-S complexes can show rich structural variety. So far, many 
M-Cu-S complexes with various structures have been obtained, such as: 
[(PPh3)2CuS2MS2Cu(PPh3)] (linear) (37), [Et 4N][(PPh3) 2AgS 3MOCu(CN)] 
(butterfly-type) (33-34), [Et 4N][M2CuS4(PPh3XSCH 2CH 2S)2] (incomplete 
cubane-like) (28), [MCu 3 S 4 Cl] (cubane-like) (38), {M 3 CuS 4 } (cubane-like) (16, 25-
27), [M 2Cu 2S 4(PPh3)2(SCH2CH 2S) 2](cubane-like) (29), [ M 2 C u 4 S 6 0 2 ] 4 - (cage) 
(39), [MS 4 (CuL) 4 ] 2 " (chain) (L = Br, SCN) (40-41), [ (H 2 0 ) 9 Mo 3 S 4 CuCuS 4 Mo3-
( H 2 0 ) 9 ] 8 + (double-cubane-like) (42), [ (CuCl ) 5 Cl 2 MS 4 ] 4 - (double-cubane-like) 
(43), [ M C u 3 S 4 C l 3 ] 2 - (44), [Cu6S6M2(SCMe3)2(0)2(PPh3)4](double-cubane-like) 
(35-36), [ E t 4 N ] 2 [ ^ 6 - S ) C u 6 S 6 ( S 2 ) 6 M o 6 0 6 ] (19), and [ M 2 C u 5 S 8 ( S 2 C N M e 2 ) 3 ] 2 -
(45) (M = Mo, W). These complexes are interesting from the structural point of 
view. Of these complexes, only some contain Cu atoms only coordinated by inorganic 
sidfur atoms from M O n S 4 _ n

2 " (η = 0, 1, 2), e.g., [Bu 4 N] 4 [Cui 2 MogS3 2 ] (46). 
Below, we concisely discuss six recently obtained complexes of this kind with a 
square-type unit { M 4 C u 4 S j 2 } . 

Octanuclear Clusters [ E t 4 N ] 4 [ M 4 C u 4 S i 2 0 4 ] ( M = Mo, 1; W , 2). These two 
novel compounds were synthesized by reaction of [E t 4 N] 2 [MS 4 ] , [ E t 4 N ] 2 [ M S 2 0 2 ] , 
Cu(N03) 2 -3H 2 0, and KBU4 (or E t 4 N B H 4 ) (47). C u + ions were introduced into the 
reaction in a special way using KBrfy (or E t 4 N B H 4 ) to reduce C u 2 + ; thus, without 
using other copper-philic ligands, new novel M-Cu-S structures may be obtained. 
According to the sequence of addition of reaction materials, the syntheses of 1 and 2 
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possibly derive from an initially formed [MS4] 2 ' /Cu^ + cluster and the [MO2S2]2" 
anion; however, this initial M-Cu cluster compound has not yet been characterized in 
our laboratory. The cluster anion can be considered to consist of two butterfly-type 
[CUOMS3Q1] fragments bridged by two bidentate [MOS3]2" groups. The two 
cluster compounds are only slightly soluble in DMF. 

Both clusters are isomorphous. The structure of [W4Cu4Si204]^" is shown in 
Figure 5. Each metal atom has a distorted tetrahedral geometry. The configuration of 
eight metal atoms can be described as approximately square, and these metal atoms 
together with sulfur atoms form a ring structure that is rare in cluster chemistry. It is 
noted that there exist eight P2-S atoms and four P3-S atoms in the anion. According 
to our past experiments, P2-S atoms are still quite reactive; that is to say, the eight 
p 2 -S atoms can in principle react further with metal atoms to form a larger cluster. 

Figure 5. ORTEP drawing of [W4CU4S12O4]4-

Dodecanuclear Clusters [M 4Cu4S 1 204(CuTMEN) 4] (M = Mo, 3; W, 4; TMEN 
= Ν, Ν, N', N'-Tetramethylethylenediamine). These two dodecanuclear 
compounds were produced by reaction of [Et4N]2[WOS3], Cu(N03)2 3H2O and 
TMEN, and by reaction of [Me4N]2[Mo202Sg], Cu(N03>2 3H 20, and T M E N , 
respectively (47). Both compounds crystallize in the trigonal space group Fl^\. It is 
unexpected that the structure of the octanuclear clusters (1 and 2) and that of the 
dodecanuclear clusters (3 and 4) are closely related. It seems that Compounds 3 and 
4 might, in principle, be synthesized from Compounds 1 and 2 by using the unit-
construction method. However, because of poor solubility of 1 and 2, this route was 
not successful. Compounds 3 and 4 are slightly soluble in CH 2 C1 2 and DMF. 

Clusters 3 and 4 are isomorphous. The structure of 3 is shown in Figure 6. Each 
W atom has slightly distorted tetrahedral coordination, Cul and Cu2 atoms are each 
coordinated by four p3-S atoms to give a distorted tetrahedral geometry. Cu3 and 
Cu4 atoms both display highly distorted tetrahedral coordination, with two nitrogen 
atoms of T M E N and two P3»S atoms. The molecule can be considered to consist of 
one [\V4CudS12O4]4" (the anion of 1) unit and four Cu(TMEN) 1 4 " groups. These 
Cu(TMEN)I + groups are bound to eight P2~S atoms of [W4CU4S12O4]4" as 
capping units on W atoms. 
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Figure 6. ORTEP drawing of |W 4 Cu 4 Si20 4 (CuTTvffiN) 4 ]. C atoms 
are omitted for clarity. 

Eicosanuclear Clusters [ E t 4 N ] 4 [ M 8 C u i 2 S 2 8 0 4 l D M F ( M = Mo, 5; W , 6). The 
clusters were obtained from reaction of Cu(N03)2*3H20, KBH4, ( N H ^ M o S ^ 
( N H 4 ) 2 M o 0 2 S 2 , and E t 4 NBr in DMF solvent (Huang, Q.; Wu, X.-T. ; Sheng, T.-L.; 
Wang, Q.-M. Polyhedron, in press). MOS3 2' in the molecule can be thought to 
derive from the interaction of M 0 2 S 2

2 " and M S 4

2 " . In this reaction system, different 
sequences of addition and different ratios of M S 4

2 " to MO2S22" can result in 
different products; for example, the 1:2 molar ratio of M S 4

2 " to MO2S22" and the 
sequence of addition of M S 4

2 " followed by M 0 2 S 2 2 " can be employed to synthesize 
the octanuclear clusters 1 and 2 . 

The Eicosanuclear Clusters are the largest of M-Cu-S compounds. Another 
Eicosanuclear Cluster [Bu 4 N] 4 [Cui 2 MogS32] was obtained via solid-state synthesis 
at low-heating temperature (about 95°). 

The configuration of [MogCui2S280 4 ] 4 ' is shown in Figure 7. The structure 
consists of Mo atoms in an approximate cubane array and Cu atoms nearly lying 
along the edges of the cubane between the Mo atoms. As shown in Figure 7, each 
face of this cubane is composed of a M o 4 C u 4 octanuclear moiety, similar to the 
configuration of the square-type cluster [ E t 4 N ] 4 [ M o 4 C u 4 S i 2 Û 4 ] . The X-ray single-
crystal analysis shows that sulfur atoms in the anion are in three different 
environments, namely, μ2-&, V>3-&, atoms. 

The electronic spectra of C S 2 M 0 O S 3 , (NH 4 )2MoS 4 , [ E t 4 N ] 4 [ M o 4 C u 4 S i 2 0 4 ] , 
1; [Mo 4 Cu 4 Si20 4 (CuTMEN) 4 ] , 3; and [E t 4 N] 4 [MogCui 2 S280 4 ]DMF, 5; are 
listed in Table Π. Except for the absorptions in the range 334 - 420 nm, these spectra 
exhibit similar absorption bands to those of [ M 0 O S 3 ] 2 " in the same regions; 

additionally, complex 5 also displays similar bands to those of [MoS 4 ] 2 " . Thus, the 
principal feature of complexes 1 and 3 can be attributed to the charge-transfer 
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transitions within the [ M o O S 3 ] 2 " moiety, and that of complex 5 to the charge-

transfer transitions within [ M o O S 3 ] 2 ' m & [ M 0 S 4 ] 2 " moieties. As C u ^ + cations are 

bound to [M04CU4S12O4] 4 " units, the absorptions at 450 nm are scarcely shifted, 
but the absorption band at 420 nm in 1 disappears in the spectra of complexes 3 and 
5. 

Figure 7. Configuration of [MogCu^S^OJ 4-. (Reproduced with permission from 
Polyhedron, volume 30, number 19, page 3405. Copyright 1996 Elsevier Science.) 

Table II. Electronic Spectral Data in D M F 
Compd λ nm ( 10'^ε/dm^mol" ̂  cm" * ) 

( N H 4 ) 2 M o S 4

a 483,413,315,214 

C s 2 M o O S 3

a 441,385, 320, 255,215 

[ E t 4 N ] 4 [ M o 4 C u 4 S 1 2 0 4 ] 450(11), 420(10), 312(27), 268(23) 
[ M 0 4 C U 4 S 1 2 0 4 ( C u T M E N ) 4 ] 450(11), 320(28), 265(27) 

[ E t 4 N ] 4 [ M o 8 C u i 2 S 2 8 0 4 ] . D M F 500(17), 450(24), 330(65), 290(94), 270(83 
aData from ref 2. 

One-Dimensional Heterometallic W-Ag-S Polymeric Cluster Complexes 

Low-dimensional transition metal chalcogenides have attracted much attention due to 
their useful properties that arise directly from their structural peculiarity (48-50). 
Although many discrete M-Ag-S cluster complexes have been obtained, such as: 
[(PPh 3)2AgS 2MS 2Ag(PPh3).0.8CH 2Cl 2] (linear) (51), [ A g 6 S 6 M 2 ( S C M e 3 ) 2 ( 0 ) 2 -
(PPh 3) 4] (double-cubane-like) (52), [(PPh3) 4Ag4VV 2S 8] (53), [Et 4N][(PPh 3) 2Ag-
S3MOCu(CN)] (butterfly-type) (33-34), only three reports concerned the M-Ag-S 
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polymeric complex. Moreover, they all reported only one polymeric configuration 
(linear chain [WS4Ag] n). In this section, two new polymeric configurations will be 
described. 

Synthesis of polymeric complexes involving heterometals is still a challenge. In the 
exploration of polymeric M-Ag-S complexes, the reaction system of (NH4)2WS4 
and AgNC>3 has been employed in our laboratory. The selection of this system is 
mainly based on two considerations: (1) Self-assembly reactions of [WS4Ag] 1 - units 
are flexible without addition of other soft bases; appropriate small molecules 
containing Ν and Ο atoms or ions added into the reaction can induce self-assembly of 
[WS4Ag]l" units and prompt the formation of new polymeric configurations, (2) 
Assembly reactions are conducive to the combination of metal-sulfur cluster 
chemistry and supramolecular chemistry. As complementary small molecules contain 
Ν and Ο atoms, and complementary cations are oxygen- and nitrogen-philic, the 
synergy between polymeric cluster anion, these complementary small molecules (or 
cations) and solvent not only may urge the formation of new polymeric 
configurations, but also makes it possible that hydrogen-bonded supramolecular 
structures form around the polymeric cluster anion. The selection of proper small 
molecules is worth careful consideration. So far, we have successfully selected some 
small molecules and ions, and obtained two new M-Ag-S polymeric configurations 
with complexes simultaneously involving polymeric cluster anions and cationic 
hydrogen-bonded supramolecular structures. 

The Single-Chain Polymeric Cluster Compounds [MS 4AgL-HHistidineDMF| n 

(M=Mo, W) with Hydrogen-Bond Chain Supramolecular Structure. The 
polymeric complexes [MS4AgL-HHistidineDMF] n (M=Mo, 7; W, 8) were obtained 
by reaction of [NH4] 2MS4 (M=Mo, W) with AgNC>3 and L-Histidine in D M F / H 2 0 
solvent (Wang, Q.-M.; Wu, X.-T. ; Huang, Q.; Sheng, T.-L. unpublished results). 
Both compounds crystallize in the triclinic space group PI . The structure of a portion 
of compound 8 is shown in Figure 8. The anion [WS4Ag]" extends to form a 

N 1 3 

Figure 8. ORTEP drawing of a portion of [WS4AgL-HHistidineDMF] n 

polymeric linear chain. Such linear chain structure in (PPh4)Ag(MoS4) was first 
identified by A. Muller from its resonance-Raman spectra in 1985 (54-55), and in 
1993 the crystal structure of this linear chain anion in complexes [AgMoS4-ct-PyH]n, 
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[AgMoS47-MePyH] n and [AgWS4-y-MePyH]n was reported (56\ however, their 
cations are discrete. 

As shown in Figure 8, [L-HHis]"1" cations (formed by the protonation of L-His) 
interact with each other as well as DMF molecules through hydrogen bonds to form 
an infinite one-dimensional chain supramolecular structure. These hydrogen-bond 
supramolecular cation chains run parallel to the linear [MS4Ag]l~ anion chain. To 
some extent, the formation of these hydrogen-bond supramolecular cation chains is 
based on the template function of the linear anion chains; of course, the hydrogen-
bond cation chains are also conducive to the stability of the complex. 

The Single-Chain and Double-Chain Polymeric Cluster Complexes [WS 4 Ag 
N H 3 C ( C H 2 O H ) 3 2 D M F ] n (Single-Chain) and [\VS4Ag N H 3 C ( C H 2 O H ) 3 

H 2 ° l n (Double-Chain). The single-chain complex [WS4AgNH 3 C(CH20H) 3 -
2DMF] n , 9, was prepared from reaction of ammonium tetrathiotungstate, silver 
nitrate and tris(hyâVoxy-memyl)-arnmo-methane in 1:2:1 molar ratio in DMF 
solution. However, the double-chain polymeric complex [WS4AgNH 3 C(CH20H) 3 -
Η 2 θ ] η , 10, was obtained from addition of a little amount of water into the 
recrystallization solution of the single-chain complex in ethanol (57). It is guessed 
that water plays a crucial role in the transformation of the single-chain polymeric 
complex into the double-chain polymeric complex; in the presence of water, the 
single-chain complex in ethanol solution is probably decomposed into [S2WS2Ag] 
fragments, which self-assemble into the double-chain polymeric complex. 

The structure determination shows that the single-chain complex 9 is composed of 
a polymeric single-chain of [S2WS2Ag]l" anions, similar to the polymeric configura
tion of the anion of 8. 

As in the case of 8 and 9, the [S 2 WS2Ag] 1 _ anions also act as cyclic units of the 
double-chain complex 10, but their linking is different from that in complexes 8 and 
9. The anion structure of 10 can be viewed as two zigzag -SWSAg- chains linked by 
μ2-8 atoms. The ORTEP diagram of a portion of the polymeric complex 10 is shown 
in Figure 9. 

*S2 

Figure 9. ORTEP drawing of a portion of the double-chain anion. 

A supramolecular hydrogen-bond network structure exits in the complex. 
Consistent with the synthetic requirement, water molecules play a crucial role in the 
network hydrogen-bond structure. Through hydrogen bonds, H 2 O groups bridge 
three neighboring N H 3 C ( C H 2 O H ) 3 + cations. Similarly, a N H 3 C ( C H 2 O H ) 3 + cation, 
as a μ 2 bridge, bridges two neighboring N H 3 C ( C H 2 0 H ) 3

+ cations. This kind of 
hydrogen bond structure is conducive to the stability of the complex 10, and may be 
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one of the main factors in transformation of complex 9 into complex 10. The 
polymeric double-chain cluster anions are arrayed between two cation hydrogen-bond 
"walls". 

One-Dimensional Polymeric Ousters [W 4 Ag5Si6-M(DMF)8] n ( M = Nd and 
La) with Nonanuclear Fragments as Cyclic Units. These complexes were 
produced from reaction of ammonium tetrathiotungstate, silver nitrate, lanthanoid 
nitrate, and p-nitro-aniline (2:4:1:2) in DMF and CH3CN (58). In the reaction, 
trivalent cations Nd(m) and La(m) acted induce the formation of [(W4Ag5Si6)3"]„ 
with trivalent anion cluster fragments as cyclic units. 

The configuration of a portion of the anion of [W4Ag5Si6-Nd(DMF)pJn, 11, is 
shown in Figure 10. This one-dimensional polymeric anion is propagated by cell 
translation along the crystallographic C axis, and can be viewed as octanuclear 
square-type cyclic cluster fragments [W4Ag4Si6]4~ linked through Ag+ cations. A 
similar [W4CU4S12O4]4" square-type configuration has been shown in the cluster 
[Et4N]4[W4Cu4Si204] (47). In a [W4Ag4Si6]4" fragment, W atoms are arrayed in 
an approximate square; and the Ag atoms nearly lie along the edges of the square 
between the W atoms. There exists three kinds of sulfur atoms in the anion, namely, 
terrninal sulfur atoms, P2-S atoms, and P3-S atoms. 

Figure 10. Configuration of a portion of the anion of [W4Ag5Si6-Nd(DMF)g| n 

(Reproduced with permission from reference 58. Copyright 1996 VCH.) 
Conclusion 

We and others have recognized the importance of the sulfido ligand with lone-pair 
electrons and unsaturated coordination numbers in the synthesis of transition metal 
bridging-sulfido clusters. Novel clusters may be obtained by using appropriate active 
units and appropriate metal complexes. Therefore, the unit construction method can 
be used to design the synthesis of new clusters. This method has already been 
successful in some designed rational syntheses of transition metal clusters with 
bridging sulfido ligands and should be an important method for future use. 

There are many main group elements that can act as bridging ligands in transition 
metal clusters, including Se, Te, Ρ, As, C, Ν, Ο, F, Cl etc. Because of the similarity of 
Se, Te, and S; the discussion about S-bridging clusters should be extendible to the 
rational syntheses of transition metal Se- or Te-bridging clusters, but the synthetic 
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294 TRANSITION METAL SULFUR CHEMISTRY 

rules for transition metal clusters containing bridging P, As, C, N, O, F, CI atom have 
not yet been denned. It is important to identify the relationship between coordination 
configuration and electronic factors of these bridging atoms and then to recognize the 
relationship between properties of the bridging atom and the constructive reactivity. 
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Chapter 18 

Sulfur-Containing Macrocyclic Ligands 
as Reagents for Metal-Ion Discriminaton 

A. M. Groth1, L. F. Lindoy1,3, G. V. Meehan1, G. F. Swiegers2, 
and S. B. Wild2 

1School of Molecular Sciences, James Cook University, Townsville, 
4811 Queensland, Australia 

2Research School of Chemistry, Australian National University, 
Canberra, 2601 Australian Central Territories, Australia 

As part of an overall investigation of heavy metal-ion discrimination, the 
interaction of a selection of transition and post transition metal ions with 
mixed donor macrocyclic ligands incorporating thioether sulfur donors 
has been investigated; the ligands incorporate various macrocyclic ring 
sizes and donor atom combinations as well as exhibiting both single ring 
and linked ring topologies. In these studies emphasis has been placed on 
investigating the factors influencing metal ion discrimination, with 
particular attention being given to achieving selectivity for silver(I) over 
lead(II). 

It is now around a century since Alfred Werner laid the foundations for our modern 
understanding of metal coordination chemistry. Despite this, it is still often difficult to 
predict the metal ion preferences of a given ligand - especially when the ligand contains 
a mixed donor atom set This is perhaps surprising when it is considered that metal ion 
recognition is a fundamental attribute of many processes in nature. 

For several years the macrocyclic group at James Cook has been involved in an 
investigation of metal ion recognition involving an extended range of mixed donor 
macrocyclic ligands (7-2). An aim of these studies has been to achieve metal ion 
recognition for particular heavy metal ions and to understand the reasons for such 
recognition when it is observed. The above ligand category was chosen for two reasons. 
First, macrocyclic ligands tend to yield metal complexation behavior in solution that is 
less complicated than that of their open chain analogs. In part, this is a reflection of the 
usual restricted flexibility inherent in cyclic systems, often leading to a reduction in the 
number of coordination modes that can be adopted (3). As a result, there is a tendency 
to yield 1:1 metahligand complexes having coordination geometries that are often more 
readily defined. Secondly, macrocyclic ligands provide a central cavity, which can 
sometimes be "tuned" for a given metal ion (3). This provides an additional ligand-
design parameter relative to open-chain systems that is available for use in achieving 
metal ion discrimination. 
3Corresponding author 

0097-6156/96/0653-0297S15.00/0 
© 1996 American Chemical Society 
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Strategy for Achieving Metal Ion Discrimination 

In prior studies (7), we have employed a straight forward strategy for investigating 
metal ion recognition (or discrimination if two or more metals are present) by mixed 
donor macrocycles. In the initial step, a macrocyclic ring system is designed that might 
be expected to exhibit some degree of metal-ion recognition of the type desired - the 
design is usually based on analogy with the known behavior of related ligand systems 
although a measure of intuition is also often involved. Ligand synthesis and 
characterization is then undertaken. Typically this is followed by an investigation of 
complexation behavior in solution towards the metals of interest (in particular cases, 
this has included complementary kinetic and thermodynamic studies). Often, 
characterization of key complexes in the solid state has also been undertaken at this 
stage, using both spectroscopic and X-ray diffraction techniques. 

A common feature of the solution studies has been the determination of the 
respective stabilities (log Κ values) of the individual metal complexes using 
potentiometric means. Where a degree of metal ion discrimination is observed then the 
factors that appear to promote this discrimination are assessed. The results of this 
assessment are then fed back to the synthetic program so that a modified ligand 
structure is produced that might be expected to enhance the desired discrimination 
behaviour. The entire sequence is then repeated until an optimum level of 
discrimination is achieved. 

As part of the above strategy, we have sometimes employed molecular 
mechanics to help evaluate the effects of the proposed ligand modifications on the 
complexation behavior, more recently, we have also used semi-empirical and ab initio 
(DFT) molecular orbital methods predictively for this purpose [Adam, K. R.; Atkinson, 
I. M. ; Lindoy, L . F. unpublished work]. In this manner it has sometimes been possible 
to obtain a guide to the likely usefulness of a proposed ligand derivative before 
embarking on its synthesis. Such studies thus serve as an additional 'control' for the 
synthetic program. 

Overall, it has been our experience that the iterative procedure just described 
gives rise to a more complete understanding of the origins of any discrimination 
observed than when a less systematic, more piecemeal, approach is employed. Further, 
the collective results frequently provide a background against which the design of new 
metal-ion reagents can be undertaken. 

What are the ligand parameters available for variation in a strategy of the type 
described above? There are three: (i) donor set (the mix of donor type and their 
respective numbers), (ii) macrocycle ring size, and (iii) the type and degree of ligand 
backbone substitution present. In this chapter, modifications of the first type in which 
thioether sulfur donors feature in the donor set will be given emphasis. However, 
before looking at representative studies of this type, it is instructive to look more widely 
at the large effect that donor-set variation within a given ligand framework may have 
on thermodynamic stability. 

Donor Set Variation and Copper(II) Complex Stabilities 

The effect of donor set variation on copper(II) complex stability is dramatically 
illustrated for the complexes of ligands of type (1) in Figure 1 (4). Along this series a 
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stability difference spanning ten orders of magnitude is achieved solely by variation of 
the donor atom type at three of the five donor sites. 

A l l the members of this ligand series were synthesized via sodium borohyride 
reduction of their corresponding diimine precursors. The latter were obtained by Schiff 
base condensation between the appropriate dialdehyde and diamine precursors (5-7) and 
the reduction step was carried out in situ. A variety of purification procedures, 
frequently involving an acid extraction step, were used to obtain the individual 
macrocycles (as solids). 

Sulfur-Containing Macrocyclic Systems for Silver(I)/Lead(II) Discrimination 

Although our studies have ranged more widely (1,8-11), the remainder of this chapter 
will focus on the development and use of sulfur-containing macrocyclic ligands as 
reagents for achieving discrimination between silver(I) and lead(II) - two metals which 
occur together in nature. Although isolated examples of macrocyclic ligands displaying 
significant discrimination for silver(I) over lead(II) have been reported (12-14), in 
general, less attention has been given so far to the factors influencing such 
discrirriination. 

Case Study Involving a Pentadentate Macrocyde Series. The interaction of silver(I) 
and lead(H) with the ligand series given by (1) provides an illustration of the use of the 
previously mentioned strategy to yield a system showing high discrimination for the 
first of these ions (15,16). 

The initial investigation involved the interaction of the parent 02N3-donor 
macrocycle (1; X = O, Y = NH) with each of the above ions. In this case discrimination 
was minimal, with the silver complex being less than an order of magnitude more, stable 
than that of lead. On moving to the analogous 17-membered ring incorporating a 
N6-donor set (1; X - NH, Y = NH), both metals were observed to form more stable 
complexes but the discrimination is not enhanced - the stability difference between the 
respective complexes was again less than an order of magnitude. The third macrocycle 
to be produced contained oxygen donors in positions X and Y , that is (1; X = Ο, Y = 
Ο). This modification led to a drop in stability for each metal complex, reflecting the 
expected poorer donor properties of ether oxygen relative to secondary nitrogen. 
Nevertheless, the discriniination for silver(I) was somewhat enhanced compared to the 
previous systems. Clearly, lead(II) is less tolerant of the replacement of N H in position 
Y of (1) than is silver(I). At this stage, the effect of introducing thioether sulfur into the 
donor set was investigated. It was anticipated that, since silver(I) is 'b' class and much 
'softer' than lead(II) (17,18), enhanced discrimination for the former ion should occur. 
In fact, the literature contains many reports of thioether-containing macrocycles 
showing significant affinity for silver© (19-35). The expected enhanced discrimination 
was observed - a difference in log Κ of 4.1 between the silver and lead complexes of 
(1; X = O, Y = S) was observed. 

The introduction of sulfur donors in the X positions to yield (1; X = S, Y = NH) 
resulted in the expected increase in the absolute value of the stability of the silver(I) 
complex. However, in this case the restoration on the N3-donor string results in a 
substantial increase in the stability of the lead(II) complex relative to that of (1; X = O, 
Y = S) such that the resulting discrimination of (1; X = S, Y = NH) for silver(I) now 
shows no significant enhancement over the previous system. 
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Finally, the remaining two ligands in the series have sulfur donors in the X 
positions and either an oxygen (1; X = S, Υ = Ο) or a sulfur (1; X = S, Y = S) in the Y 
position. In accordance with the trends observed so far, both ligands show a substantial 
enhancement of their affinity for silver(I) relative to lead(II), with the N2S3-donor 
macrocycle giving an approximate selectively of 109 for silver over lead! 

While caution needs to be exercised in extrapolating solution results to the solid 
state, it was nevertheless of interest to compare the X-ray structures of particular silver 
and lead complexes in the above series. By this means it has proved possible to probe 
the structure/function relationships that appear to underlie the above observed 
discrimination behaviour. 

The X-ray diffraction structures of the 1:1 silver complexes of (1; X = S, Y = 
Ο) (16), (1; Χ = S, Y = NH) (36) and (1; X = S, Y = S) (37), have been reported 
(Figures 2a - c). In each structure, the silver ion is surrounded by the macrocycle in an 
irregular 5-coordinate geometry with all the macrocyclic donor atoms coordinated. In 
each case, the macrocycle Svraps' around the metal such that a 'tight' complex is formed; 
there are no long metal-donor bonds present This result is in keeping with the presence 
of a strong affinity between metal and ligand in each of this these complexes. In 
contrast, the X-ray structure of the lead(H) complex of (1; X = S, Y = NH) shows that 
the metal is 7-coordinate with the macrocycle thus providing only part of the 
coordination shell of the lead(H) (75). The coordination sphere is composed of the five 
macrocyclic donors and two oxygens from perchlorate anions, with the latter occupying 
axial sites (Figure 3 ). In this complex, the macrocycle adopts a flatter, more open, 
configuration with the metal situated below the macrocyclic cavity. The adoption of 
the 7-coordinate geometry together with evidence for specific metal to donor distances 
being long (in particular, the Pb-S distances of 3.14 and 3.18 Â are very long) - both 
suggest that the binding of (1; X = S, Y = NH) by lead(H) is reduced relative to that for 
silver(I). 

In further experiments, an investigation of the role of macrocyclic ring size on 
the extraordinary discrimination shown by the 17-membered system (1; X = S, Y = S) 
for silver(I) over lead(II) was undertaken (76). The aim was to investigate how the 
variation of macrocyclic ring size might affect the discrimination observed for the 17-
membered ring. Accordingly, the corresponding 16-membered ring (2) and 18-
membered ring (3) were synthesised and the necessary stability determinations 
undertaken. For (2), log Κ values for the silver(I) and lead(II) complexes of 11.0 and 
-3.1 (Δ log Κ = -7.9), respectively, were obtained while for (3) the corresponding 
values were 10.9 and -3.5 (Δ log Κ = -7.2). Hence, while both rings yield a large 
degree of discrimination for silver, it nevertheless falls short in each case of that 
exhibited by the corresponding 17-membered ring (1; X = S, Y = S). 

Calorimetric and N M R Studies. The interaction of silver nitrate with a range 
of the above 17-membered, macrocyclic ligands has been investigated in acetonitrile 
(38). The nature of the equilibrium present and the enthalpies of formation for the 
respective complexes in this solvent were determined using complimentary calorimetric 
and NMR studies. For all systems, the formation of a 1:1 species was observed, with 
a 1:2 species also occurring in the presence of excess ligand in most cases. The strong 
affinity of silver® for thioether sulfur is clearly evident from the enthalpic data (Table 
I). The ΔΗ values for the 1:1 complexes of ligands with X equal to thioether sulfur in 
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Figure 2. X-ray structures of the silver(I) complexes of (1; X = X = S, Y = O) 
(76), (1; X = S = S, Y = NH) (36) and (1; X = S, Y = S) (37). 
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Table I. Calorimetric data for the interaction of silver nitrate with selected ligands 
of type 1 in acetonitrile* 

Ligand -Δ,Η°,° 

1 ; X = 0 , Y = N 49 
1; X = 0 , Y = S 51 
1; Χ = S, Y = Ν 69 
1; Χ = S, Y = S 72 

* - Δ Γ / Λ is for the reaction Ag + L ^ [AgL] + ( U mol 1 , Ag +). 

the N-X-N sequence are in each case comparable to those for the analogous complexes 
incorporating secondary amines in this position; that is, for the present systems, both 
donors appear to show comparable affinity for silver(I). 

Smaller Ring, Mixed-Donor Systems. When the coordination chemistry of silver(I) 
is considered, then a further characteristic seems amenable to exploitation in cyclic 
ligand design. This is the tendency of silver(I) to assume linear diarrimine coordination, 
as occurs in [Ag(NH3)2]+. In view of this, the coordination behavior of the 14- and 
16-membered rings (4) and (5) towards silver(I) and lead(II) were investigated. In each 
of these rings, two amine donors are located in 'opposing' (trans) positions, with sulfur 
donors positioned between them so that two N-S-N donor strings of the type found 
favorable for silver(I) coordination [but less satisfactory for lead(II)] are present. 

The procedure used to obtain (4) and (5) is interesting since it involves the initial 
manipulation of equilibria involving the corresponding small-ring monoimines, the 
(required) traiis-a^mine (39) and, in the case of the larger ring system, also the 
corresponding tri-(24-membered)imine and tetra-(32-membered)imine species (40). 
Reduction of the respective 14-membered and 16-membered diimine precursors with 
lithium aluminium hydride in tetrahydrofuran then yielded (4) and (5), respectively. 

Stability data for the 1:1 complexes of silver(I) and lead(II) are summarized in 
Table Π (40). Both ligands yield very respectable discrimination (of approximately 105) 
for silver under the conditions of measurement Clearly, ring size has little influence 
on the degree of discrimination exhibited by these systems; however, the absolute log 
Κ values are marginally higher for the complexes of the 16-membered ring (5). 

Table II. Stability constants for the MLn+ complexes of Silver(l) and 
Lead(ll) with the macrocycles (4) and (5)' 
Ligand Ring size Donor set Ag(l) Pb(ll) 

(4) 14 trans-S2ti2 
8.6 -3.5 

(5) 16 trans-S2Nz 9.3 4.5 

" In 95% methanol; /= 0.1, Et 4N(CI0 4), at 25 °C. 
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PhCH 2N(CH 2CH2CH 2OH)2 

CI3CCH2OCOCI 

K 2 C0 3 
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A Tri-Linked N2S2-Donor Macrocyclic Ring System 

The linking of mixed-donor macrocyclic rings to form di-linked (3,41-47) and, much 
less commonly, tri-linked mixed-donor (46,48-50) systems has been a trend in recent 
research in macrocyclic chemistry; a large majority of these systems incorporate rings 
containing combinations of nitrogen and oxygen heteroatoms. 

The novel protecting group strategy shown in Scheme 1 has enabled the 
synthesis of the new tri-linked N2S2-donor macrocycle (7) containing three 16-
membered rings, each of which is attached by spacer groups to a central phloroglucinol 
core (Groth, A. M.; lindoy, L. F.; Meehan, G. V., unpublished work). 

The procedure involves the initial construction of the required single 16-
membered ring incorporating complementary protecting groups on the two nitrogen 
heteroatoms. This can then be manipulated to provide appropriate mono-N-protected 
macrocycles suitable for incorporation into more structurally developed systems. In the 
present case, the N-tert-butoxycarbonyl-N-2,2,2-trichloroethoxy macrocycle (6) is an 
important intermediate in this process. 

Scheme 1 outlines a procedure for obtaining one category of linked macrocycles. 
However, the general protecting group approach described should be readily adapted 
to the synthesis of a variety of other linked systems, using a range of synthetic 
protocols; studies of this type are at present in progress. 

Initial metal-ion binding studies involving the tri-linked species (7) confirm its 
expected affinity for 'soft' silver(I). In an NMR titration experiment, (7) was 
demonstrated to undergo stepwise complexation of this ion in DMSO-cyCDC^ to yield 
a final product with a silver(I)-bgand stoichiometry of 3:1.(Groth, A. M, Lindoy, L. F., 
Meehan, G. V. unpublished work.) 

Finally, solvent extraction (water/chloroform) and related bulk membrane 
transport (water/chloroform/water) experiments have been performed in which the 
respective aqueous source phases, buffered at pH 5, contained an equimolar mixture of 
cobalt(II), nickel(II), copper(II), zinc(II), cadmium(II), silver(I) and lead(II) nitrates, 
each at ΙΟ"2 M (initial) concentration. The chloroform phase in both experiments 
contained (7) at 3.3 χ ΙΟ̂ Μ. For membrane transport, the 'concentric cylinder' cell 
employed has been described elsewhere (51); the aqueous receiving phase was buffered 
at pH 3 and the experiment was terminated after 24 hours. With all seven metal ions 
present, both the solvent extraction and the membrane transport experiments yielded 
results indicating sole discrimination for silver(I) in each case. 

Acknowledgments. We thank the Australian Research Council and the Australian 
Institute of Nuclear Science and Engineering for support. 
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Chapter 19 

Toward Novel Organic Synthesis 
on Multimetallic Centers: Synthesis 

and Reactivities of Polynuclear 
Transition-Metal—Sulfur Complexes 

Masanobu Hidai and Yasushi Mizobe 

Department of Chemistry and Biotechnology, Graduate School 
of Engineering, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, 

Japan 

Thiolato-bridged diruthenium complexes [Cp*Ru(µ-SPri)2RuCp*], 
[Cp*Ru(µ-SPri)3RuCp*], and [Cp*RuCl(µ-SPri)2RuCp*][OTf| (Cp* 
= η5-C5Me5, Tf = CF3SO2) have been shown to provide unique 
bimetallic reaction sites for activation and transformation of various 
substrates. Novel reactions observed for a series of alkynes are 
particularly noteworthy, in which the products remarkably depend upon 
the nature of both the alkyne substituents and the diruthenium sites. 
On the other hand, the mixed-metal cubane-type cluster complex 
[PdMo3S4(tacn)3Cl]3+ (tacn = 1,4,7-triazacyclononane) exhibits a 
remarkable catalytic activity for the highly regio- and stereoselective 
addition of alcohols and carboxylic acids to certain alkynes. 

The chemistry of multimetallic complexes is currently attracting much attention. The 
substrate molecules bound to the multimetallic site may be subjected to cooperative 
activation by two or more adjacent transition metals and become highly reactive. This 
possibly leads to the participation of the coordinated substrates in the new chemical 
transformations, which are not attainable on the monometallic center. In this context, 
reactivities of a wide variety of transition metal clusters have been studied recently. 
However, in contrast to the significant advances in the reactions associated with 
carbonyl clusters, the chemistry of transition metal-sulfur clusters inorganic synthesis 
and catalysis is still poorly explored. Owing to the tendency to make a strong bond 
with metals and block the reactive site, sulfur has long been recognized as a poison for 
metal catalysts, and this might be responsible for the limited progress in the chemistry 
of transition metal-sulfur complexes, especially for those containing noble metals. It 
is noteworthy, however, that the high affinity for transition metals as well as the multi-
electron donating ability implicate sulfur as an excellent bridging ligand for aggregating 
robust cluster cores. The presence of sulfur in the cluster framework therefore has 
the advantage of avoiding degradative fragmentation of the cluster under forcing 
reaction conditions, which often emerges as a serious problem in the reactions of 
carbonyl clusters containing core structures supported primarily by the metal-metal 
bonds. 

0097-6156/96/0653-0310$15.00/0 
© 1996 American Chemical Society 
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19. HIDAI & MIZOBE Novel Organic Synthesis on Multimetallic Centers 

Our reçoit studies in this area have been focused on the exploitation of the novel 
reactivities displayed by the thiolato-bridged diruthenium complexes (7), which have 
demonstrated that a series of terminal alkynes undergo the diversified transformations 
on the bimetallic centers in the complexes such as [Cp^u^-SPr^RuCp*] (la) (2), 
[CpSRu^-SPr^RuCp*] (2a) (3), and [Cp*RuCl^-SPr^2RuCp*][OTf] (3a) (Cp* = 
η -CsMes, Tf = CF3SO2) (4). More recently, we have shown {hat the cubane-type 
sulfido cluster containing a noble metal [PdMosS^tacn^Cl] + (tacn = 1,4,7-
triazacyclononane) (5) catalyzes the regio- and stereoselective addition of alcohols (5b) 
or carboxylic acids (6) to certain alkynes with a remarkably high efficiency. It is to be 
noted that despite extensive studies on the transition metal-sulfur cubane clusters 
stimulated by their relevance to metalloproteins and heterogeneous 
hydrodesulfurization catalysts, little has been reported about their catalytic functions. 
We wish to summarize herein our recent studies aimed at novel organic synthesis using 
polynuclear noble metal-sulfur complexes. Emphasis is mainly put upon the 
transformations of alkynes. Other intriguing reactions using alkyl halides (2a, 7) and 
hydrazines (8) as substrates will be discussed elsewhere. 

Reactions of Thiolato-Bridged Diruthenium Complexes. 

The discovery of a convenient method for synthesizing the half-sandwich Ru complex 
[Cp*RuCl^-Cl) 2RuCp*Cl] (9) prompted us to investigate its reactions with various 
thiolate compounds, which has resulted in the isolation of four types of thiolato-
bridged diruthenium complexes depending on the nature of the thiolate and the reaction 
conditions. These include the Ru(II)/Ru(II) complexes [Cp*Ru^-SR) 2RuCp*] (1) 
(2), the formal Ru(II)/Ru(III) complexes [Cp*Ru^-SR) 3RuCp*] (2) (3), and the 
Ru(III)/Ru(III) complexes [Cp*Ru^-SR) 3RuCp*]Cl (R = aryl) and [Cp*RuCl^-
SR)2RuCp*Cl] (4; R = alkyl) (10). Another cationic Ru(III)/Ru(III) complex 3a 
containing a coordinatively unsaturated Ru center is readily available from 4a (R = Pr1) 
by treatment with AgOTf (4). The structures of these new diruthenium complexes are 
depicted in Figure 1. 

Reactions of l a with Terminal Alkynes. Treatment of l a with excess terminal 
alkynes HC»CR resulted in the incorporation of two or three alkynes on the 
diruthenium center. As shown in Scheme 1, the products markedly depend upon the 
alkyne substituent Thus the reactions afford either the μ-mthenacyclopentenyl 
complexes 5 — 7 (77) or a μ,π-alkyne complex 8 (72). The five-membered 
ruthenacycles in 5 and 6 arise from the coupling of two alkynes on the Ru site, while 
that in 7 results from an ene-yne moiety in the alkyne bound to the Ru atom. No 
intermediate stages are isolable in these reactions except for that with HCaCCOOMe, 
for which a thiaruthenacyclobutene complex 9 was obtained from the reaction of l a 
with the equimolar alkyne and fully characterized. Complex 9 reacted further with 
H C ^ C R (R = COOMe, Toi; Toi = ^ M e Q H ^ or HC-CSiMea to give 
ruthenacyclopentenyl complexes or a μ,π-alkyne complex, respectively (Scheme 2). In 
related work, the reaction of [Cp*Ru^-SBu )2RuCp*] with HCaCCOOMe has been 
reported quite recently. This affords a mixture of four diruthenium complexes in 
which one, two, three, or five alkyne molecules are incorporated on the diruthenium 
center, respectively, indicating that the reaction course is also affected significantly by 
the thiolate substituent (13). 

Reactions of 2a and 3a with Terminal Alkynes. Complex 2a reacts with 
terminal alkynes to generate bis(alkynyl) complexes [Cp*Ru(GaCR)^-
SPr)2RuCp*(C=CR)] (10) (eq 1) (3,14). The X-ray analysis of 10a has 
unequivocally demonstrated its unique structure containing two terminal alkynyl 
ligands bound to each Ru atom in mutually cis configuration. 
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R u ^ ^ R u ^ 

R R 

l a i R r r P r 1 ) 

R 

/ \ 

C p * — ^ R u ^ - ^ R u — cp* 

2 

2a (R = Pr1) 

^ R U ^ _ R u ^ j 

OTf 

3a 4 , 
4a (R = Pr1) 

Figure 1. The structures of thiolato-bridged diruthenium complexes. 

Scheme 1" 

C f C COOMe 
Ru ' 

COOMe 

R u ^ — : R u 

M e 3 S i / / ^ J W ^ H 

4/ SiMe 3 

a Reagents: (i) HC-CTol; (ii) HC-CCOOMe; (Hi) H C - C -

C=CH2(CH2)3CH2; (iv) HC«CSiMe 3 
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When 10a (R = Toi) and 10b (R = Ph) were allowed to react with a slight 
excess of I 2, l,4-disubstituted-l,3-<iiynes were obtained in high yields together with 
[Cp*RuI^-SPr) 2RuCp*I] (eq 2). Halogens are well known to add to the β-carbon 
atom in certain alkynyl ligands to form the corresponding vinylidenes without cleavage 
of the Ru-Cgp bond as demonstrated in the formation of 
[CpRu(=C=CXPh)(PPPh 3) 2]X 3 (X = Cl , Br, I) from [CpRu(CaCPh)(PPh3)2] and X 2 

(15). However, the Ru-Csp bonds in diruthenium bis(alkynyl) complexes 10a and 
10b were readily cleaved to give the coupling products of the two alkynyl ligands. 
This I2-induced reaction is quite interesting since it provides a rare example of the 
coupling of two organic moieties on two neighboring metal atoms connected by a 
metal-metal bond. It should be noted that the intramolecular dinuclear elimination 
from L4(R)M-M(R)L4 yielding R-R together with LjM=ML4 is believed to be a 
symmetry-forbidden process which requires a large activation energy to follow a C 2 V 

concerted least-motion pathway (16). The reaction of the dialkyl complex 
[Cp*Ru(CH 2CH 2Ph)(μ-SPΓ 1) 2RuCp*(CH 2CH 2Ph)] with I 2 has also been investigated 
similarly for comparison. However, PhCH 2 CH 2 I was the predominant product and 
the yield of the coupling product Ph(CH2)4Ph was much lower than in the alkynyl 
complexes (17). 

Quite interestingly, treatment of 10a and 10b with H B F 4 led to the 
unprecedented coupling of these two terminal alkynyl ligands to give the 
diruthenacyclopentadienoindane complexes 11. The possible mechanism for the 
formation of 11 may involve the initial attack of the proton at the β-carbon in one 
alkynyl ligand to give a vinylidene-alkynyl intermediate, which undergoes the 
intramolecular vinylidene-alkynyl coupling, forming a dinuclear μ-η^η -butenynyl 
intermediate. Subsequent nucleophilic attack of the aromatic group on the activated 
C b C moiety in the butenynyl ligand produces the diruthenacyclopentadienoindene 
complexes 12, which are further converted to the final products 11 upon protonolvsis 
(Scheme 3). This mechanism may be supported by the formation of 12a in 40% 
yield from the reaction of 10a with acatalytic amount of H B F 4 , which was readily 
converted into 11a when treated with H B F 4 . Complexes 12, fully characterized by 
X-ray crystallography for 12a, were also available quantitatively upon treatment of 11 
with LiBHEt 3 or NEt 3 (Scheme 3). 

As for the neutral Ru(III)/Ru(III) complex 4a, reactions with terminal alkynes 
did not take place. However, the canonic complex 3a did react with HC«CR (R = 
Toi, Ph) to give directly the diruthenacyclopentadienoindane complexes 13, the OTf 
analogues of 11, in high yields (4). Extremely high reactivity of 3 a towards terminal 
alkynes was also manifested by its reaction with HC*CG=CH(CH 2 ) 3 CH 2 , rapidly 
forming the diruthenacyclopentadiene complex 14, which was not available from the 
protonation of the corresponding dialkynyl complex 10c (R = C=CH(CH 2 ) 3 CH 2 ) 
(Scheme 4). These unique transformations of terminal alkynes may proceed via 
vinylidene-alkynyl intermediates like 15 generated directly from 3a and two alkyne 
molecules. 

Importantly, further extention of these reaction systems to that of 3 a and 
HCsCFc (Fc = ferrocenyl) has led to the isolation of a dinuclear butenynyl complex 
[Cp*Ru{μ-C(=CHFc)C-CFc}(μ-SPr1)2RuCp*][σΓf] (16) in high yield (18) (eq 3). 
This finding strongly supports the above mechanism, which involves vinylidene-
alkynyl coupling to give the butenynyl ligand as a key step. To our knowledge, 16 
may represent the first well-defined example of the dinuclear μ-τρη -butenynyl 
complex, although the formation of the η 1 or T|3-butenynyl ligand via the 
intramolecular migration of the alkynyl ligand to the vinylidene ligand is reported in 
mononuclear complexes such as \Ru{r\ -MesSiCCC^HiSiMes)}-
{P(CH 2 CH 2 PPh 2 ) 3 }] + (19) and [ R u C K V - C i C - C B u V C H B u K C O X P P h ^ ] (20). 
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1a 

COOMe 

Scheme 2* 

III 

Cp* 
\ COOMe 
Ru 

R' = COOMe, Toi 

Pr1 

Ru$-—TRU 
r.t. 

9 _.r^ N ^ - S P H 

MeOOC 

a Reagents: (i) HC-CCOOMe; (ii) HCaCR'; (iii) HC-CSiMe 3 
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R u ^ ^ R i T 
HC-CR Q^ 1 ï ^ S , 

P? G Ç Pr1 

C 
R 

C 
R 

10a: R = Toi 
10b:R = Ph 
10c:R = - £ ) 

(1) 

10a 

or 10b 
RC-COCR 

(R = Tol, Ph) 

(2) 

3a 
HC-C-C(OH)R2 

(R = Tol, Ph) 

(4) 
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Another remarkable feature observed for 16 is that it can catalyze the linear di- and 
trimerizationof HCaCFe, which will be discussed later. 

Propargyl alcohols HC»CC(OH)R2 (R = Toi, Ph) react with 3a in a different 
manner, yielding the dinuclear terminal allenylidene complexes 17 (eq 4). The 
allenylidene ligands in 17 presumably result from the initial formation of the 
vinylidene ligand Ru=C=CH{C(OH)R2} followed by dehydration (4). Particularly 
noteworthy is the reaction of these propargyl alcohols with 2a, which produced the 
quite unusual complexes 18 having a diruthenacyclopentanone framework substituted 
with diarylmethylene and diarylvinylidene groups. This may arise from the coupling 
of the two alkyne molecules accompanied by a pseudo- 1,3-shift of an oxygen atom 
(27). This reaction sharply contrasts with the formation of bis(alkynyl) complexes in 
the reactions of 2a with HCaCR (R = aryl) shown in eq 1. Furthermore, similar 
treatment of 2a with HCaCC(OH)Me2 did not give the methyl analogue of 18 but 
afforded a diruthenacyclopentenone complex 19, showing that another type of 
coupling of two HC»CC(OH)Me2 molecules proceeded for this propargyl alcohol 
(Scheme 5). Although we must await further investigation to elucidate the detailed 
mechanisms operating in these reactions, one plausible pathway leading to 17 and 18 
might involve intramolecular C-C bond formation between either allenylidene and 
alkynyl or vinylvinylidene and alkynyl ligands in intermediates 20 and 21, 
respectively. 

Catalytic Oligomerization of H C a C F e Promoted by 16. The μ-butenynyl 
complex 16 shown above has proved to be an efficient catalyst for linear di- and 
trimerization of HCaCFe under mild conditions (78). The reaction is highly regio-
and stereoselective. In a typical run carried out in C1CH2CH2C1 at 60 °C for 30 h 
using the alkyne/catalyst ratio of 20, the head-to-head dimer 22 and the linear trimer 
23 were produced in 62 and 32% yields, respectively (eq 5). Compounds 22 and 
23 have unambiguously been characterized spectroscopically and 23 by the X-ray 
crystallography. The formation of the linear trimer 23 is particularly interesting, 
since it has never been observed in the oligomerization with mononuclear complexes. 
For example, the [Ni(CO)2(PPh3)2]-catalyzed reaction gives 22, the acyclic branched 
trimer FcCH=CHC(C»CFc)=CHFc, and the cyclic trimer 1,2,4-triferrocenylbenzene 
(22). No byproducts such as cyclic oligomers were detected in the above reaction, 
and 16 was recovered from the reaction mixture after catalysis in high yield. These 
results strongly suggest that the diruthenium center participates in this reaction with its 
bimetallic core intact throughout the catalysis. Highly selective linear trimerization of 
HC«CPh using a triangular cluster [Co^-HXp^-COMPMe^] has been reported 
recently (23). However, it is not certain whether the active catalyst is the tricobalt 
species or the monocobalt complex generated from the tricobalt precuror. 
Furthermore, it should be noted that the linear trimer produced from this Co system, 
PhC*CC(Ph)=CHCH=CHPh, has an EyE configuration, which is essentially different 
from 23 with a Z ,Z configuration. 

A possible mechanism for the formation of 22 and 23 is shown in Scheme 6. 
The butenynyl complex 16 first reacts with two HC=CFc molecules to form a 
monoalkynyl-alkyne intermediate 24, concurrent with liberation of the dimer 22. 
The intermediate 24 is then converted into a vinylidene-alkynyl complex which 
regenerates the starting complex 16 by migration of the alkynyl group to the α-carbon 
of the vinylidene group. If the trans migratory insertion of two HC»CFc molecules 
into the Ru-alkynyl bond in 24 occurs as shown in Scheme 6, the linear trimer 23 may 
be formed. Of relevance to this mechanism, we have recently found that the trans 
insertion of an alkyne into the Ru-H bond does proceed in the reaction of the 
diruthenium complex [Cp*Ru^-H)^-SF^ 2 RuCp*][OTf| with MeOCOCaCCOOMe 
(eq 6). Further studies are now in progress to address the detailed mechanism in this 
interesting catalytic reaction. 
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Scheme 5 

HOCC(OH)R2 HCCCiOH)Me2 

« 2a • Pi 

Me 

18a: R = Toi 
18b:R = Ph 19 

15(R = Tol, Ρη,-(Γ>) 

Ru _Ru 

20 (R=Tol, Ph) 

C p * x O p * 
^ R u ^ ^ R j ^ 

21 
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Scheme 7 a 

tacn 
_ ς ~ 1 χ 3 

, - p , d - r -CI 

J x s - | -Mo N 

tacn 

(OTs)8 

mu ι 

I V V ι I >y°< I N 

1 \ ^ ^Mof 

a Reagents: (i) Pd black/HCI aq. (ii)1,4,7-triazacyclononane (tacn ) then 

anion metathesis by Χ" (X = CI0 4, PF e , BF4) (iii) TsOH 
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Heterometallic Cubane Clusters with Bridging Sulfide Ligands. 

Transition metal-sulfur cubane clusters, containing the unique M4S4 core characterized 
by two interpenetrating M4 and S 4 tetrahedra, have been the subject of intensive study, 
since they may serve as the excellent synthetic models for the protein-bound metal-
sulfur clusters occurring in e.g. ferredoxins and nitrogenases and also for the active 
sites of industrial hydrodesulfurization catalysts. Now a variety of cubane-type 
homo- and heterometallic clusters are known which contain the metals extended far 
beyond those present in the biological and industrialsystems. However, the number 
of the clusters containing noble metals is still limited and clusters that show catalytic 
activity in a well-defined manner are quite rare, regardless of the metals incorporated. 

Synthesis of the PdMo 3S 4 Clusters and Reactivity at the Unique Pd Site. 
Recent studies have shown that the reaction of an incomplete cubane-type aqua cluster 
[Mo3S4(H20)9] (25) with metals provides a very convenient and versatile route to 
prepare the mixed-metal MMo3S 4 cubane clusters (M = Fe, Ni , Co, Cu, Sn, Hg, Sb, 
etc.) (24). We have now found that treatment of 25 with excess Pd black in aqueous 
HC1 affords [PdMo3S 4(H 20) 9Cl]Cl 3 (26) in ca. 90% yield, which demonstrates the 
first mixed-metal cubane cluster of this type containing a noble metal (5). The 
metrical parameters in the P d M o ^ core have been determined for both single and 
double cubane clusters, [PdMo3S4(tacn)3Cl]Cl3 and [Pd2Mo6S8(H20)18][OTs]8 (Ts = 
^ M e Q R i S C ^ ) , derived readily from 26 (Scheme 7). An attractive feature in these 
clusters is the presence of the tetrahedral Pd site not commonly observed in Pd(II) 
compounds. Reactivity displayed by this unique Pd site is therefore of particular 
interest. 

Facile coordination of a series of substrates to the PdMo3S4 core has been 
demonstrated when the clusters [PdMo3S4(tacn)3Cl]X3 (27, X = B F 4 , PF 6 , C104) 
were used. Replacement of the CI anions of 26 in the outer coordination sphere by 
the poorly coordinating anion X is ^parently requisite for isolating the two-electron 
donor adducts [PdMo3S4(tacn)3(L)] , where L = CO (28), alkenes (29), and 
isocyanides (30) (5). The X-ray analyses have been undertaken for the clusters 
[PdMo3S4(tacn)3(CO)]ClX3 (28 a, X = C104) and 29 (L = cis-
HOCH 2 CH=CHCH 2 OH), which have clearly shown that the coordination of these 
substrates takes place at the tetrahedral Pd site in the terminal end-on manner for the 
former and in the side-on fashion for the latter. The IR spectra of 28 show 
characteristic v(CO) bands at 2085 for 28a and 2087 cm"1 for 28b (X = PF 6 ). These 
values are significantly lower than those of terminal CO ligands in precedented Pd(II) 
complexes which commonly appear over 2100 cm"1, but still much higher than those 
of terminal CO ligands in Pd(0) complexes. This feature can be accounted for by the 
significant π-donating ability of the Pd atom surrounded by three sulfide ligands. 
The coordination of isocyanides also occurs at the Pd atom in a terminal end-on 
manner. The linear Pd-C-N-R linkage in the isocyanide ligand has been confirmed 
by the preliminary X-ray study of 3 0 (L = 2,4,6-Me 3C6H 2NC). 

Regio- and Stereoselective Addition of Alcohols and Carboxylic Acids to 
Alkynes Catalyzed by Clusters 27. Interestingly, 27a (X = PF 6) catalyzes the 
reaction of alkynic acid esters with alcohols to give the trans addition products under 
mild conditions with retention of the cluster core (eq 7). The reactions are highly 
selective, and the cis addition product (£)-R 3OCR ̂ C H C O O R 1 and 
(R 0) 2 CR CH 2 COOR were produced in only negligible amounts, if any (<3% yield) 
(5b). Reactions of the alkynic acid esters of the type R CssCCOOR1 were 
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Table I. Conversion of R ^ a C C O O R 1 into (Z)-(R 30)CR 2=CHCOOR 1 

Catalyzed by 27aa 

R 1 R 2 R 3 Temp/°C Time/h Conv/% 

Me H Me 40 6 100 
Me H Me 40 24 98 
Ph H Me 40 6 100 
Me COOMe Me 50 24 100 
Me Me Me 30 30 95 
Me H Et reflux 20 100 
Me H PhCH 2 reflux 8 96 

Yield/%D 

82(97) 
89(95)c 

94 
76 
82 
83 
70" 

d,e 

Reaction conditions: alkynic acid ester, 3.0 mmol; 27a, 8.8 umol (0.3 mol%); 
JrfeOH, 2 mL. Isolated yield; the GLC yields in parentheses. d 27a, 0.06 mol%. 

Acetone (2 mL) was used as solvent e EtOH, 15.0 mmol. f PhCH 2 OH, 9.0 
mmol. 

considerably slower than those of HCsCCOOR 1 . Reactions of alcohols other than 
MeQH such as EtOH and PhCH 2 OH were performed by adding acetoneas a solvent 
because of the low solubility of 27a in these alcohols. Typical results of these 
reactions are listed in Table I. 

Conversion of the alkynic acid esters into the alcohol adducts presumably 
proceeds at the unique Pd site in the PdMo3S4 core. This conclusion is supported by 
the fact that the reaction of HC=CCOOMe with MeOH did not take place in the 
presence of the M o ^ cluster 25. Furthermore, it is noteworthy that mononuclear 
Pd(II) complexes such as [PdCl 2(PhCN) 2], Na2[PdCU], Pd(OAc)2, and 
[PdCl2(PPh3)2] did not work as effective catalysts. 

More recently we have found that 27 a also catalyzes the stereoselective addition 
of carboxylic acids to alkynic acid esters to give vinyl esters (eq 8) (6). In a typical 
run, when HCaCCOOMe dissolved in MeCN was reacted with MeCOOH at 40 °C for 
8 h in the presence of 27a and NEt 3, MeCOOCH=CHCOOMe was obtained in 65% 
yield with a ZIE isomer ratio of 98/2. Although certain Pd, Ru, Rh, and Ag 
compounds are known to catalyze the addition of carboxylic acids to alkynes, 
examples of stereoselective intermolecular additions are limited and no effective 
catalysts are reported for the reaction of carboxylic acids with terminal electron 
deficient alkynes to give the Ζ vinyl esters. Selected results obtained in the reactions 
using 27a are shown in Table II. 

The proposed mechanism for these highly selective trans addition reactions of 
alcohols and carboxylic acids to alkynic acid esters involves the initial coordination of 
the alkynic acid esters to the Pd site in the cubane cluster and the successive 
nucleophilic attack of the alcohols or carboxylate anions on the coordinated alkynes 
from the outer coordination sphere. Following protonolysis of the Pd-C bond the 
trans addition products are formed. The mechanism for the reactions of alkynic acid 
esters with alcohols is shown in Scheme 8. Since the Pd site in 27a is surrounded 
by three firmly bonded sulfide ligands and provides only a single vacant site, side 
reactions such as oligomerization may be suppressed. It should be emphasized that 
the present reactions offer one of the rare examples in which the well-characterized 
cluster compounds catalyze organic reactions quite efficiently with retention of the 
cluster structure. 
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16(5 mol%) 
HC=CFc • 

Fc-C=C-C 

22 

C-H 

F4 

H 

C - C 

F4 H 
23 

(5) 

pt oPr1 OTf 
/ > \ \ Cp*-Ru Ru- C D * 
\ / 

H 

MeOCOC=CCOOMe ^Ru 

MeOOC C—C x 

H OMe 

R2CsCCOOR1 R3OH 
27a R30 

W 
,COOR1 

D2/ 
(7) 

HC*CCOOR1 + R2COOH 
27a 
NEto 

R2COO V COOR1 

H 
(8) 

Table II. Conversion of H C s C C O O R 1 into ( Z ) - R 2 O C O C H = C H C O O R 1 

Catalyzed by 27a* 

R 1 R 2 Time/h Conv/% Yield/% c 

Me Me 8 90 
Me Me 72 97 66 b 

Me Ph 5 92 76 
Et Me 11 97 58 
Bu 1 Me 12 95 71 

Reaction conditions: alkynic acid ester, 3.0 mmol; carboxylic acid, 9.0 mmol; NEt 3, 
0.15 mmol; MeCN, 2 mL; 27a, 9.0 μιηοΐ; 40 °C. b No NEt 3 added. 
0 Isolated yield. 
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Scheme 8 

3+ 

Mo 

Pd 
s / | \ 
bù<t 

R3OH 

R^^CCOOR 

R2C^CCOOR^1 
I I 

Pd 
s / i \ 
ι W i 

R30N 

32/ ,c=c 
/COOR1 

,COOR1 

R ÊECCOOR1, H+ 
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Chapter 20 

Thio-Tungsten Chemistry 

Aston A. Eagle, Simon Thomas, and Charles G. Young1 

School of Chemistry, University of Melbourne, Parkville, Victoria 3052, 
Australia 

The synthesis and characterization of a variety of thio-tungsten 
complexes containing the hydrotris(3,5-dimethylpyrazol-1-yl)borate 
ligand (L) are described. High-valent syntheses featuring oxo/thio 
ligand exchange and atom transfer reactions yield a variety of 
LWVIOSX, L W V I S 2 X , LWVSX2, and LWIVSX complexes (X = 
monodentate or ambidentate anion). These and other thio-tungsten 
complexes may be prepared using a low-valent approach involving 
successive oxidation of [LW0(CO)3]-, LWIIX(CO) 2 or LWIIX (η2-
MeCN)(CO), and LWIVEX(CO) (E = O, S). In this approach, oxygen 
atom transfer or sulfur atom transfer reagents generate the terminal oxo 
or thio ligands, respectively. The spectroscopic, structural and chemical 
properties of these thio-tungsten complexes are presented and discussed. 

Important biological and industrial processes are catalysed at metal-sulfur centers ( i , 
Chapter 1, this volume). The group 6 elements molybdenum and tungsten, in 
combination with a variety of sulfur-donor ligands, are vital components of the active 
sites of nitrogenase (2) and the various molybdopterin enzymes (vide infra) (3). As 
well, alumina supported molybdenum- and tungsten-sulfide catalysts are extensively 
employed in commercial hydrotreating processes such as hydrodesulfurization, 
hydrogénation, isomerization and hydrocracking (4). While the biological importance 
of molybdenum has been recognized for many decades, the role of tungsten in 
biological systems has become apparent only in recent years (3a). Specifically, a 
number of thermally stable tungsten oxido-reductases have been isolated from 
hyperthermophilic organisms (5). The extreme oxygen sensitivity of these enzymes, 
the presence of oxo ligands in the inactive forms of the enzymes, and the enhancement 
of activity in the presence of added sulfide, provide indirect support for thio-tungsten 
centers in some enzymes (3a). Accordingly, we have been exploring thio-tungsten 
chemistry with a view to ultimately assessing its relevance to biological systems. As 
well, we have sought to develop strategies for the selective synthesis and stabilization 
of thio-tungsten complexes, so that this area of chemistry, in its own right, can be 
further developed. Over recent years we have designed complementary high-valent and 
low-valent approaches for the synthesis of mononuclear oxo-thio- and bis(thio)-
tungsten(VI) complexes and a variety of related or intermediate thio-tungsten(IV) and 
thio-tungsten(V) complexes. This paper summarizes the synthesis and characterization 

1Corresponding author 

0097-6156/96/0653-0324$15.00/0 
© 1996 American Chemical Society 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
02

0

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 
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of thio-tungsten complexes containing the hydrotris(3,5-dimethylpyrazol-l-yl)borate 
ligand (L), designed to maintain the mononuclearity of the metal center and restrict the 
potential thio-ligand chemistry to three mutually cis coordination sites. We begin by 
describing the synthetic approaches adopted and the spectroscopic and structural 
attributes of the complexes prepared to date. This is followed by a comparison of the 
electrochemical properties of the complexes (and their oxo analogues) and a brief 
survey of their reactivity. The synthesis of an enzyme active site model by a novel 
reaction generating an ene-l,2-dithiolate is an interesting outcome of the reactivity 
survey. [Note: Thio is the recommended and preferred name for the formally S*" 
ligand. In Chemical Abstracts Service index nomenclature, this name is modified to 
thioxo when a terminal ligand is specified (px-thio specifies bridging ligands). Sulfido 
is a commonly used alternative name for the S 2 _ ligand. In this article we use the term 
thio to refer to the ligand in M=S units (6)]. 

Synthetic Approaches and Characterization Data 

Mononuclear, high-valent thio-tungsten complexes are more numerous and more stable 
than related thio-molybdenum species, although they are still much rarer than oxo-
tungsten and polyoxotungstate complexes (7-9). Thio-tungsten complexes have been 
prepared by two principal methods: 1) Oxo/thio ligand exchange effected by 
sulfidation of oxo complexes, e.g., the synthesis of [W04_ nS n] 2 _ (10), WSE(R2NO)2 
(E = O, S throughout) (77), Cp*WOSR (72) and WS 3 (CH 2 CMe 3 ) (13) from their oxo 
analogues; and 2) Ligand exchange involving thio-halide complexes, e.g., the 
synthesis of WS(OR) 4 (14) and [WS(S 2 CNR 2 ) 3 ] + (15) complexes from WSCI4. 
Oxygen or sulfur atom transfer, effectively two-electron oxidations, have not been 
widely applied to the synthesis of such species. Oxo/thio ligand exchange and atom 
transfer reactions feature in the high-valent and low-valent approaches detailed below. 

High-Valent Approach. Reaction of W 0 2 C 1 2 with K L in M^V-dimethylformamide 
results in the formation of LW0 2 C1, obtained as a pure, white crystalline compound by 
Soxhlet extraction of the crude precipitated product of the reaction (16, 17). Reaction 
of LW0 2 C1 with B 2 S 3 (16) or P4S10 in refluxing benzene results in the formation of 
pink LWOSC1 and green LWS 2C1. Significant reduction to W(V) occurs when this 
reaction is performed 1,2-dichloroethane, and large amounts of blue L W O C l 2 and 
orange LWSC1 2 are generated. Methathesis of the LWE 2 C1 complexes with various 
alkali metal salts in toluene or tetrahydrofuran is assisted by the presence of 18-crown-
6, and produces L W E 2 X (X = OPh, SPh, SePh, mentholate) complexes. Reaction of 
L W 0 2 ( S 2 P P h 2 ) with B 2 S 3 (but not P4S10) forms L W S 2 ( S 2 P P h 2 ) [the complex 
LWOS(S 2PPh 2) can be prepared by a low-valent route (vide infra)]. In contrast to the 
pale yellow/white dioxo complexes, the thio complexes are intensely colored; the 
stability and solubilities of these crystalline solids depend on X . 

The oxo-thio-W(VI) complexes exhibit strong infrared bands at ca. 940 and 480 
cm - 1 , which are assigned to v(W=0) and v(W=S) vibrational modes, respectively, as 
well as bands due to L . The ! H N M R spectra are consistent with the presence of 
molecules with C\ symmetry. Two diastereomers of LWOS(mentholate) are produced 
upon methathesis of LWOSC1 with sodium (17?,2S,57?)-(-)-mentholate in toluene 
[these are chiral at tungsten and are assigned (R)- and (S)- configurations by taking the 
W Β vector as the imaginary, single binding point of the L ligand, which is assigned 
lowest priority]. The X-ray crystal structure of (R,S)-LWOS(mentholate) has been 
determined (Figure 1) (18); the six-coordinate molecules exhibit distorted octahedral 
geometries with average W-O(l), W-S(l), and W-0(2) distances of 1.734(9) À, 
2.118(6) Â and 1.850(7) Â, respectively. The 0(1)-W-S(1) angles average 102.9(5)°. 
Only one other octahedral cw-oxo-thio-tungsten complex, viz., [WOS(NCS)4]2 _, has 
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been structurally characterized (79). The incorporation of the chiral ligand was 
important for the crystallographic distinction of the oxo- and thio- ligands. 

The L W S 2 X complexes exhibit v s (WS 2 ) and Vas(WS2) infrared bands at ca. 495 
and 475 cm - 1 , respectively, and *H N M R spectra consistent with molecular C s 

symmetry. The structures of LWS 2(OPh) (18) and L W S 2 ( S 2 P P h 2 ) have been 
determined by X-ray diffraction. In the structure of LWS 2 (S 2 PPh 2 ) (Figure 2), two 
equivalent W=S bond distances (av. 2.140 À) are observed. The S(l)-W-S(2) angle 
(102.3°) and S(l)-S(2) separation (3.33 Â) confirm the presence of a cw-bis(thio)-
W(VI) moiety. Structurally characterized cis-bis(thio)-metal complexes are extremely 
rare (77,72,20,27) and LWS 2(OPh) and LWS 2 (S 2 PPh 2 ) are the only two which 
possess biologically relevant two-electron nitrogen donor atoms and an octahedral 
geometry. 

The Low-Valent Approach. In principle, successive two-electron oxidative atom 
transfer reactions beginning at the W(II) level should be capable of selectively 
generating oxo- and thio-W(IV) and oxo-thio- and bis(thio)-W(VI) complexes. Our 
work in this area was initiated to improve synthetic control, especially in the generation 
of oxo-thio complexes. As well, we were intrigued by the prospect of generating 
complexes with unusual combinations of π-acid and π-base ligands, especially 
(carbonyl)thio- and (carbonyl)oxo-W(IV) complexes. The sequence of reactions 
begins with yellow NEt4[LW(CO) 3], first prepared by Trofimenko in 1967 (22). 
Halogen oxidation leads to the formation of carbonyl-halide complexes of the type 
L W X ( C O ) 3 (23-25). The reactions are carried out in acetonitrile using elemental 
halogen or PhICl 2 (in the case of unreported chloro complexes). The tricarbonyl 
complexes may be thermally decarbonylated to the corresponding dicarbonyl 
complexes, LWX(CO) 2 , which are brown, paramagnetic complexes (23-25). We 
have optimized the syntheses for the full series of carbonyl-halides LWXiCO)* (x = 2, 
3) and prepared a number of derivatives, including the dithio-acid complexes 
L W ( S 2 P R 2 ) ( C O ) 2 by methathesis reactions. Reaction of these complexes with 
dioxygen (halides only) or one equivalent of the oxygen atom donor pyridine N-oxide 
results in clean conversion to the (carbonyl)oxo-W(IV) complexes LWOX(CO) 
(24,26). The corresponding reaction with the sulfur atom donor propylene sulfide 
results in the formation of the dinuclear μ-thio complex [LW(CO)2]2(ji-S) (25). For 
this complex, the W-S distances of 2.181 Â and W-S-W angle of 171.6° are consistent 
with considerable π-bonding in the trinuclear core. There is no evidence for the 
formation of (carbonyl)thio-W(IV) complexes, LWSX(CO), in these reactions. In 
order to effect the oxidation of the tungsten center by a sulfur atom donor, it is 
necessary to employ a monocarbonyl complex as precursor. Prolonged thermal 
decarbonylation of the LWX(CO) 2 complexes yields novel ̂ -acetorritrile complexes, 
LWX(T | 2MeCN)(CO) (26). These complexes are ideal starting materials for forming 
thio-W(IV) complexes and their reaction with propylene sulfide results in 
(carbonyl)thio-W(IV) complexes, LWSX(CO). The low-valent approach converges 
with the high-valent approach at the W(IV) level, as W(IV) complexes can also be 
accessed from the L W E 2 X complexes by oxygen or sulfur atom abstraction reactions 
(vide infra). Further, selective atom transfer reactions involving the W(IV) complexes 
are capable of generating the L W E 2 X complexes previously described. The 
development of optimal syntheses at each stage of the sequence beginning with 
NEt4[LW(CO)3] was important to the eventual success of this approach. A number of 
other dicarbonyltungsten complexes undergo similar reactions, e.g., 
LW(CO) 2 (S 2 CNEt 2 ) reacts with pyridine ΛΓ-oxide and sulfur or episulfides to give 
LWE(S 2 CNEt 2 ) , Ε = Ο or S, respectively (27). 

We now provide a description of the spectroscopic and structural properties of the 
novel T|2-acetonitrile and (carbonyl)thio complexes accessed in the low-valent approach. 
The nitrile complexes exhibit a strong v(CO) band at ca. 1910 cm - 1 , a weak v(CsN) 
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Figure 1. Molecular structure of (/?)-LWOS{(-)-mentholate}. Selected bond 
lengths (Â) and angles (deg) include the following: W(2)-0(lb) 1.71(2), W(2)-
S(lb) 2.132(8), W(2)-0(2b) 1.86(1), W(2)-N(llb) 2.26(2), W(2)-N(21b) 
2.31(2), W(2)-N(31b) 2.18(1), 0(2b)-C(lb) 1.40(2); 0(lb)-W-S(lb) 102.0(6). 

Figure 2. Molecular structure of LWS2(S2PPh2).. Selected bond lengths (Â) and 
angles (deg) include the following: W-S(l) 2.139(2), W-S(2) 2.138(2), W-S(3) 
2.418(2), W - N ( l l ) 2.151(6), W-N(21) 2.301(6), W-N(31) 2.330(7), P-S(3) 
2.085(3), P-S(4) 1.954(3); S(l)-W-S(2) 102.37(9). 
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band at ca. 1695 cm"1 and *Η and 1 3 C NMR spectra consistent with C\ symmetry. The 
acetonitrile methyl protons resonate around δ 3.9 in lrl N M R spectra. Carbon-13 
resonances at ca. δ 202 (lJ wc - 26 Hz) and δ 226 (lJ wc ~ 155 Hz) are assigned to 
the nitrile and carbonyl carbon atoms, respectively. To circumvent disorder and permit 
a definitive structural characterization of the Tj2-acetonitrile ligand, a new chiral 
dialkyldithiophosphate ligand was introduced at the tungsten center by methathesis of 
LWI(Ti2-MeCN)(CO) with NH4[S 2PR* 2] [R* = (-)-mentholate]. The structure of 
(/?)-LW(S2PR*2)^2-MeCN)(CO) (Figure 3) was detennined by X-ray crystallography 
(26). The seven-coordinate complex contains a facially tridentate L ligand, carbonyl 
and monodentate dithiophosphate ligands, and a side-on C,N-bound acetonitrile ligand. 
Considering the small-bite-angle of 34.9(3) À, the T|2-acetonitrile ligand may be 
considered monodentate, and a distorted octahedral geometry assigned. The W(T|2-
MeCN) fragment is characterized by the following structural parameters: W-N(l) 
2.033(6) À, W-C(2) 2.051(7) Â, C(2)-N(l) 1.225(9) À, C(2)-W-N(l) 34.9(3)°, W-
C(2)-C(3) 150.0(7)°, and N(l)-C(2)-C(3) 138.1(8)°. The C(2)-N(l) bond in the 
complex is lengthened by 0.066 Â compared to that of the free ligand (28) consistent 
with a reduction in the C-N bond order as a result of π-interactions with the tungsten. 
The non-hydrogen atoms of the W(T|2-MeCN)(CO) framework are very nearly planar 
with a syn relationship for the methyl and carbonyl groups. The syn orientation is 
sterically preferred but an electronic structure akin to that of four-electron donor alkyne 
complexes such as LWI(RO=CR)(CO) dictates the observed orientation of the carbonyl 
and acetonitrile ligands. Structurally and spectroscopically, the W(T|2-MeCN) moieties 
of LWX(MeCN)(CO) are closely related to those of [WCl(Ti 2 -MeCN)(bpy)-
(PMe 3 ) 2 ]PF 6 (29a) and WCl 2 (Ti 2 -MeCN)(PMe 3 ) 3 (29b) the only other known four-
electron-donor ^-acetonitrile complexes. AU other ^-acetonitrile complexes exhibit 
structures and spectroscopic properties consistent with a two-electron donor description 
(30). The activation of nitriles by metal centers has many potential synthetic 
applications and attracts considerable attention (37). 

The (carbonyl)thio complexes exhibit a strong v(CO) band at ca. 1960 cm - 1 , a 
weak v(W=S) band at ca. 511 cnr 1 and lH and 1 3 C N M R spectra consistent with C\ 
symmetry. A 1 3 C resonance at ca. δ 273 (lJ wc -164 Hz) is assigned to the carbonyl 
carbon atom. The crystal structure of LWS(S 2PPh 2)(CO) confirmed the presence of 
the (carbonyl)thiotungsten moiety (Figure 4). There was no evidence of disorder in this 
structure, the first available for any monomelic (carbonyl)thio-metal complex. The 
molecule exhibits a distorted octahedral geometry comprised of a facially tridentate L 
ligand, and mutually cis thio, carbonyl and monodentate ditMophospmnate ligands. 
The W-S(l) distance of 2.132(4) Â is typical of thio-tungsten complexes (32). The W-
C(l)-0(1) angle of 168(1)° reflects a steric interaction between the carbonyl ligand and 
uncoordinated sulfur S(3). An enhancement of the π-interaction in the (carbonyl)thio 
complexes relative to that in the (carbonyl)oxo complexes is reflected in the lower 
energy of the v(CO) band of the thio complexes. The cis disposition of the carbonyl 
and thio ligands is nicely rationalized in terms of orbital overlap (33). 

Electrochemistry. The dioxo-W(VI) complexes L W 0 2 X (X = CI, NCS, OMe, 
OPh, SPh, SePh, S 2PPh 2) undergo generally irreversible, one-electron reductions in 
the range = -1.05 (X = S 2PPh 2) to Em = -1.71 V (X = OMe, reversible) vs SCE 
in acetonitrile. These reduction potentials are typically 450 - 690 mV more negative 
than the Mo(VI)/Mo(V) potentials of analogous Mo complexes (34). The oxo-thio 
complex LWOSC1 exhibits a reversible, one-electron reduction at E\a = -0.84 V , ca. 
400 mV more positive than the corresponding dioxo complex. A slightly more positive 
(irreversible) reduction potential is observed for LWS 2 C1 (Epc = -0.82 V). The 
complexes L W S 2 X (X = OPh, SPh, SePh) exhibit reversible electrochemistry with 
reduction potentials E\a in the range -0.99 to -0.86 V . Reduction potentials for the 
thio-W complexes are in the range of those established for related [Mo0 2 ] 2 + complexes 
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Figure 3. Molecular structure of (fl)-LW(S 2PR*2)^ 2-MeCN)(CO). Selected 
bond lengths (Â) include the following: W-C(l) 1.940(8), W-N(l) 2.033(6), 
W-C(2) 2.051(7), W-S(l) 2.435(2), W-N( l l ) 2.241(6), W-N(21) 2.262(6), W-
N(31) 2.183(6), N(l)-C(2) 1.225(9). 

Figure 4. Molecular structure of LWS(S 2PPh 2)(CO). Selected bond lengths (Â) 
include the following: W-S(l) 2.132(4), W-S(2) 2.446(3), W-C(l) 2.01(1), W-
N ( l l ) 2.29(1), W-N(21) 2.18(1), W-N(31) 2.19(1), C(l)-0(1) 1.11(2). 
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(34). Terminal thio ligation at W(VI) clearly facilitates reduction and enhances 
reversibility on the cyclic voltammetric timescale. Moreover, these studies demonstrate 
that the oxothio- and dithio-W(VI) complexes are reducible at biologically accessible 
potentials, whereas most of the dioxo-W(VI) complexes are not. A summary of the 
above electrochemical results is provided in Figure 5. Interestingly, the W(V)AV(TV) 
couples for LWEC1 2 , LWE(S 2 CNEt 2 ) and LWE(S 2PPh 2) complexes have Em values 
in the range -0.907 V (for LWOCl 2 ) to +0.012 V (for LWO(S 2PPh 2)) and there is a 
much less dramatic difference in redox potential upon oxo/thio ligand exchange, e.g., 
for LWSC1 2 and LWS(S 2PPh 2), Em values are -0.851 V and -0.066 V, respectively. 

The Reactivity of Selected Thio-Tungsten Complexes 

Reactions with Nucleophiles. Oxo and thio complexes undergo chalcogen atom 
transfer reactions with nucleophiles such as PPI13 and CN". Indeed, cyanide is known 
to deactivate xanthine oxidase and related enzymes containing a [MoOS] 2 + center; 
under oxidizing conditions, desulfo enzymes containing a [ M o 0 2 ] 2 + center and S C N -

are formed (3). The reaction of LMoOS(S 2 PR 2 ) complexes with cyanide to form 
L M o 0 2 ( S 2 P R 2 ) and SCN" under oxidizing conditions is the only available model for 
this reaction (35). Under anaerobic conditions, abstraction of sulfur from the Mo 
complexes, by CN" or PPh3, results in the oxo-Mo(IV) complexes LMoO(S 2 PR 2 ) . 
The reaction of oxo and thio complexes with PPTI3 proceeds with the formation of 
OPPh3 or SPPH3, respectively. The relative reactivity of oxo and thio ligands in oxo-
thio complexes has not been extensively probed. In a few cases, the reaction does not 
result in removal of the chalcogen and phosphine adducts are formed, e.g., the 
formation of W(PPh 3)(SPPh 3)X4 results from the reaction of PPh 3 and W S X 4 (X = 
Br, CI) complexes (36). 

Using atom transfer reactions, we have been able to interconvert oxo-W(IV), oxo-
thio-W(VT), thio-W(IV), and bis(thio)-W(VI) complexes. In a reaction paralleling that 
observed for the related L M o O S ( S 2 P R 2 ) complexes, reaction of PPh3 with 
LWOS(S 2 PR 2 ) complexes results in the formation of LWO(S 2 PR 2 ) and SPPh 3. The 
reaction of LWO(S 2 PR 2 ) with elemental sulfur or the sulfur atom donor propylene 
sulfide results in the regeneration of the starting material in high yield. The reactions 
are sunimarized by the equation below: 

O P P h 3 S P P h 3 Ο R 

livi^s R ν j H i v e / 

S 

Reaction of L W S 2 ( S 2 P R 2 ) with PPh 3 leads to high yields of red, crystalline 
LWS(S2PPh2), according to the following equation: 

S P P h 3 S P P r ^ S R 
I | V U S R V J HIV ο / 

ν ς — p - ^ \ 
s \ r - R R 

S 

Unexpectedly, reaction of LWS(S2PR2> with pyridine N-oxide results in only low 
yields of LWOS(S2PR2), whereas reaction with sulfur results in a brown, as yet 
unidentified complex. 
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We have already noted that the reaction of cyanide with the [MoOS] 2 + center of 
xanthine oxidase and LMoOS(S2PR2) results in the abstraction of sulfur from the metal 
center. In contrast, it has been observed that several tungsten enzymes are not 
deactivated by cyanide, and this may be interpreted to indicate the absence of thio-
tungsten centers in the enzymes. However, we have established that there is no 
reaction between L W S 2 C I and N E u C N in refluxing benzene over 24 hours. The 
stability of this thio-tungsten complex toward cyanolysis indicates that it is dangerous 
to dismiss the possible presence of thio-tungsten centers in enzymes on the basis of 
their failure to react with cyanide. 

Reactions Leading to Ene-l,2-dithiolate Complexes. E X A F S of the 
selenocysteine-containing formate dehydrogenase from Clostridium thermoaceticum 
(CT-FDH) is consistent with an active site devoid of terminal chalcogen ligands, but 
containing mplybdopterin and selenocysteine moieties (I) (37). We have sought to 
model this center by incorporating an L ligand in place of the three facial O- or N-donor 
ligands, and have sought to develop strategies for the generation of the ene-1,2-
dithiolate ligand in particular. We were intrigued by the possibility of converting a cis-
bis(thio) moiety into an ene-l,2-dithiolate and investigated the reactions of bis(thio) 
complexes with alkynes. 

/ 
Se 

— N / Q ^ I ^ - S ^ - ^ P t e r i n 

N/O 

(I) 

Indeed, solutions of L W S 2 X react with alkynes to form the desired (ene-1,2-
dithiolato)tungsten(IV) complexes, e.g., LWC1(S 2 C 2 H 2 ) , LWX{S 2 C2(C0 2 Me)2} (X 
= CI, OPh), LWX{S2C2(Ph)(2-quinoxalinyl)} (X = SPh, SePh), in a new strategy for 
the synthesis of ene-l,2-dithiolate complexes, viz: 

R 

These remarkably facile reactions are very rapid at room temperature even with 
unactivated alkynes. The structure of orange LW(OPh){S2C2(C02Me)2} (Figure 6) 
confirms the formation of the ene-l,2-dithiolate ligand. The W-S(l) and W-S(2) bond 
lengths of 2.267(4) and 2.279(4) Â, respectively, are considerably shorter (by 0.07 Â) 
than any previously reported for a tungsten enedithiolate; the average W-S distance for 
such compounds is 2.40 Â. The W - S a v distance for CT-FDH is virtually identical to 
this average at 2.39 Â (37). The short W-S distances in LW(OPh){S2C 2 (C0 2 Me) 2 } 
are indicative of considerable dTC-ρπ bonding between the W and S atoms. The ene-
1,2-dithiolate S2C4-framework is planar with a mean atom deviation of 0.035 Â and a 
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OPh C l , SPh, SePh NCS 
I 1 1 LW0 2 X 

mentholate OPh CI 
LWOSX I I I 

OPh SPh α 
LWS2X I L i 

-1.6 -1.4 -1.2 -1.0 -0.8 

Volts (vs SCE) 

Figure 5. Selected electrochemical data for LW0 2 X, LWOSX and LWS2X 
complexes. The vertical markers indicate the potential of the W(VI)/W(V) couple 
for specific complexes (within each series, X is indicated above the markers). 
Reversible couples are indicated by solid markers and irreversible couples are 
indicated by dashed markers. 

C25 

Figure 6. Molecular structure of LW(OPh){S 2C 2(C0 2Me)2}. Selected bond 
lengths (Â) include the following: W-S(l) 2.267 (4), W-S(2) 2.279 (4), W-0(5) 
1.850 (8), W - N ( l l ) 2.19 (1), W-N(21) 2.18 (1), W-N(31) 2.19 (1), S(l)-C(l) 
1.77 (2), S(2)-C(2) 1.74 (2), C(l)-C(2) 1.33 (2), 0(5)-C(51) 1.34 (2). 
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C(l)-C(2) distance consistent with a double bond. The dihedral angle between this 
plane and the W-S(l)-S(2) plane is 8.7°. The W-0(5) distance of 1.850(8) À and W-
0(5)-C(51) angle of 146(1)° are consistent with dît-pK bonding between the W and 
0(5) atoms. Very few mono(enedithiolate) complexes have been reported to date 
(21,38). Similar chemistry was recently reported for the complex [Cp*WS3]- which 
reacts with alkynes to give [Cp*WS(S 2 C 2 R2)]~ (21). The complex 
LW(SePh){S2C2^h)(2-quinoxalinyl)} provides a close model and potential structural 
and spectroscopic benchmark for the active site of CT-FDH. Interestingly, in 
methanolic solutions it decomposes rapidly in air to give L W 0 2 ( O M e ) , 
diphenyldiselenide and (Π) (characterized by spectral comparison with an authentic 

(ID 

sample) (39). Burgmayer et al. (39) reported that (H) is formed in the oxidative 
decomposition of [Mo{S2C2(Ph)(2-quinoxalinyl)}3]2- and related this reaction to the 
formation of urothione upon degradation of the molybdopterm-containing molybdenum 
cofactor. On the basis of our isolation of (Π) upon oxidation of LW(SePh)-
{S2C2(Ph)(2-quinoxalinyl)}, the degradation of molybdopterin-containing tungsten 
enzymes might also be expected to produce urothione. 

Conclusion 

This paper describes significant developments in thio-tungsten chemistry. High-valent 
and low-valent strategies exploiting oxo/thio ligand exchange reactions and oxidative 
and reductive oxygen and sulfur atom transfer reactions have permitted the controlled 
synthesis of oxo-thio-W(VI), bis(thio)-W(VI), and thio-W(IV) and -W(V) complexes. 
These have been fully characterized by a plethora of physical and spectroscopic 
techniques and by X-ray crystallography. The synthesis of derivatives designed 
especially to avoid lattice disorder has permitted the determination of precise structures. 
As well, a number of novel tungsten complexes combining electronically disparate 
carbonyl and chalcogenido ligands, and complexes featuring rare four-electron-donor 
nitrile ligands have been prepared and characterized. The structures of the complexes 
are consistent with the mutual electronic requirements of the π-acid and π-base ligands 
involved in each case. The reactivity of the thio-tungsten complexes has provided 
further avenues for synthetic manipulations and has provided insights into the behavior 
of various tungsten enzymes. Our work in this area continues. 
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Chapter 21 

Carbon—Sulfur B o n d Cleavage of Thiolates 
on Electron-Deficient Trans i t ion Meta l s 

Kazuyuki Tatsumi and Hiroyuki Kawaguchi 

Department of Chemistry, Faculty of Science, Nagoya University, 
Furo-cho, Chikusa-ku, Nagoya 464-01, Japan 

Reactions of Cp*MCl4 (M=Ta, Mo, W) with aliphatic thiolates were 
examined, shedding light on C-S bond activation by electron-deficient 
early transition metals. From the reactions of Cp*TaCl4 with varying 
amounts of LiStBu, Cp*Ta(StBu)2Cl2 (1), Cp*Ta(StBu)3Cl (2), and 
Cp*Ta(S)(StBu)2 (3) were isolated, and C-S bond rupture was found 
to occur specifically in the reaction between 2 and LiStBu. Upon 
warming a toluene solution of Cp*Ta(SCH2CH2S)2 at 100°C, we 
isolated Cp*Ta(SCH2CH2S){SCH2CH2SCH(CH3)S} (9), while 
similar treatment of Cp*Ta{SC(CH3)2CH2S}2 gave rise to Cp*Ta-
{SC(CH3)2CH2S}{SSC(CH3)2CH2S} (12). The reactions of 
Cp*MoCl4 with LiStBu, Li 2 (SCH2CH2S), and Li2(SCH2CH2CH2S) 
yielded the Mo(IV) complexes, Cp*Mo(StBu)3 (13), (PPh4)[Cp*Mo-
(SCH2CH2S)2] (14), and (PPh4)[{Cp*Mo(SCH2CH2CH2S)2}3-
Li3Cl] (15), respectively. On the other hand, the analogous reactions 
of Cp*WCl4 with LiStBu and Li2(SCH2CH2S) lead to W(VI) sulfide 
complexes, Cp*W(S)2(StBu) (19)and Cp*W(S)3 (20). 

Aliphatic thiolate complexes of early transition metals occasionally undergo C-S bond 
cleavage reactions (1-3), resulting in formation of sulfide and sulfide/thiolate mixed 
ligand complexes. Christou et al. and Coucouvanis et al. have independently reported 
that the reaction of NbCls with NaSlBu generates a variety of anionic complexes, 
[Nb(S)Cl4h [Nb(S)2(StBu)2]-, and [Nb(S)(StBu)4]- (4). On the other hand, the 
reaction between Zr(CH2Ph)4 and 4 equiv of HStBu was found to produce a trinuclear 
sulfide/tbiolate cluster, Zr3(S)(StBu)io (5). In these intriguing reactions, C-S bond 
activation occurs concurrently with substitution of chloride or the benzyl group with t-
butyl thiolate. For these d0 transition metal systems, the C-S bond cannot be activated 
via reductive fission processes. Questions regarding mechanism revolve about which 
stage of these multi-step reactions the C-S bond is actually broken. Insight into the 
factors that influence the activation of C-S bonds is of fundamental importance in 

0097-6156/96/0653-0336$15.00/0 
© 1996 American Chemical Society 
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21. TATSUMI & KAWAGUCHI Carbon-Sulfur Bond Cleavage ofThiolates 337 

sulfur-based coordination chemistry and it is germane also to understanding the 
mechanism of the industrially important hydrodesulfurization processes (6). In this 
context, it is necessary to find systems with which one can trace individual steps of 
thiolate substitution and C-S bond cleavage. This paper summarizes our recent studies 
on C-S bond cleavage found in the reactions of Cp*MCU (Cp*^n5-C5Mes; M=Ta, 
Mo, W) with aliphatic thiolates. 

Reactions of Cp*TaCl 4 with LiS*Bu 

We have previously reported syntheses of pentamethylcyclopentadienyl tantalum 
dithiolate complexes , Cp*Ta(SCH 2 CH 2 S)2, Cp*Ta(SCH=CHS)2, and Cp*Ta(ndt)2 

(ndt = norbornane-exo-2,3-dithiolate) from the reactions of Cp*TaCU with lithium 
salts of the corresponding dithiolales (7). Only bis-(dithiolate) complexes were 
isolated even from the reactions between Cp*TaCU and U2(mthiolate) in 1:1 molar 
ratios, and formation of mono-dithiolate complexes, e.g., C p * T a C l 2 ( S C H 2 C H 2 S ) , 
was not discernible (Scheme 1). 

Scheme 1 

Scheme 2 El Mass Fragmentation 

S and 

The EI mass spectrum of C p * T a ( S C H 2 C H 2 S ) 2 shows signals derived from 
Cp*Ta(S2)(SCH2CH 2 S)+ and Cp*Ta(S2)2 + in addition to the parent ion isotopic 
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338 TRANSITION METAL SULFUR CHEMISTRY 

cluster. No other signals were observed in this mass region. Likewise, the EI 
fragmentation of Cp*Ta(ndt)2 consists of Cp*Ta(S2)(ndt)+ and Cp*Ta(S2)2+. The 
stepwise liberation of the alkane portions in the spectra suggest that C-S bonds of these 
alkanedithiolates are broken cleanly in the EI mass condition (Scheme 2). 

In contrast to the synthesis of dithiolate complexes, the reaction of Cp*TaCU with 
LiStBu resulted in stepwise replacement of chloride in Cp*TaCU (8). When 1 equiv 
of LiStBu in THF was added at OKI to a THF solution of Cp*TaCU, the color of the 
solution turned immediately from orange to red-brown and a yellow powder gradually 
precipitated. The IR spectra of a red-brown powder, which was obtained by quick 
evaporation of the solvent, indicated the presence of Cp* and the t-butyl group. 
However, attempts to isolate the mono-thiolate complex Cp*Ta(S lBu)Cl3 were 
unsuccessful, because of instability of the red-brown powder, which decomposes in 
solution to give an insoluble yellow powder. On the other hand, we were able to 
isolate the bis-(thiolate) complex, cis-Cp*Ta(StBu)2Cl2 (1) as red needles in 81% 
yield from a similar treatment of 2 equiv of LiStBu with Cp*TaCU in THF followed 
by a standard workup and subsequent recrystallization from hexane. Analogously, the 
tris-(thiolate) complex Cp*Ta(StBu)3Cl (2) was synthesized as dark-red plates in 50% 
yield from the reaction between 3 equiv of LiStBu and CpTaCL*. When the amount 
of LiStBu was increased to 4 equiv, the expected tetrakis-(thiolate) complex was not 
obtained. Instead, a C-S bond rupture of the thiolate occurred to give rise to 
Cp*TaS(StBu)2 (3), which was isolated as yellow needles in 54% yield. These 
reactions are summarized in Scheme 3. The complexes 1-3 were fully characterized. 
The relatively low yield of 2 as crystals is partly due to its high solubility in hexane, 
and partly due to the formation of 3 as a side product (9% yield) in the (1:3) 
Cp*TaCU/LiStBu reaction system 

Scheme 3 

cry* S; ci 
ci CI 

lBuSLI 

3 'BuSLi 

CI S*Bu 

c r / " S ^ S ' B U 

Ta-S 2.376(2) A 
2.390(3) 

l BuSU 

Ta-S 2.425(3) A 
2.381(2) 

S'Bu 2.422(2) 

4 OuSU 

Ta«S 2.166(2) A 
Ta.. Ta-S 2.366(3) 

S^"S !Bu 2.365(3) 
S ' B U 3 

'BuSLI 

By monitoring the UV-visible spectra, we found that the complex 1 was converted 
cleanly to 2 when 1 was treated with 1 equiv of LiStBu. Transformation of 2 into 3 
occurred, again cleanly, upon addition of 1 equiv of LiStBu to 2. Thus, the C-S bond 
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21. TATSUMI & KAWAGUCHI Carbon-Sulfur Bond Cleavage ofThiolates 339 

was cleaved specifically in the process where the last chloride of C p T a C U was 
replaced by t-butylthiolate. Isobutane, tBuS*Bu, and tBuSS*Bu were detected by a 
GC-MS study of the byproducts of the latter reaction. 

The complex 3 can also be synthesized by treating 1 with L12S. On the other hand, 
the reaction of Cp*Ta(StBu) 2Cl 2 (1) with 1 equiv of L i 2 ( S C H 2 C H 2 S ) in THF gave 
Cp*Ta(StBu) 2(SCH 2CH 2S) (4) in 80% yield. In the case of a similar reaction of 1 
with 2 equiv of LiSPh, the major product was Cp*TaS(StBu)(SPh) (5), and a small 
amount of trans-Cp*Ta(StBu)2(SPh)2 (6) was also isolated (Scheme 4). The GC-MS 
analysis showed that the organic byproducts were tBuSPh and tBuSS^Bu. It seems 
likely that the tetrakis-thiolate complex 6 is the precursor, which, in turn, is converted 
into 5 and liberates tBuSPh. 

Scheme 4 

1 

S !Bu 
3 

u2s .Ta,. # 

cry S^-s^u 
CI S'Bu 

1 

LiSPh 

U2<SCH2CH2S) 

0 S ^ \ * - S ! B u 
S S*Bu 

P h S ^ S^-S !Bu 
'BuS SPh 

3 ^ S ; - S * B U 
SPh 

The mechanism of transformation from Cp*Ta(StBu)3Cl (2) to Cp*TaS(StBu)2 (3) 
is not yet certain. Addition of LiStBu to 2 could first lead to Cp*Ta(SlBu)4 if the 
Cp*Ta fragment accommodates four sizable t-butylthiolate ligands, or LiStBu could 
attack a thiolate ligand of 2 instead of chloride. 

Upon warming a toluene solution of 3 at lOO'C, the color turned from yellow to 
dark reddish purple, and a diamagnetic trinuclear cluster Cp*3Ta3(S3)(S)4 (7) was 
isolated as black crystals in 31% yield. Under these conditions, all the C-S bonds of 3 
were broken, and Ta atoms were partially reduced resulting in a formal mixed-valence 
state of 2Ta(IV) + Ta(V). The two d-electrons reside in the low-lying "ai" symmetry 
molecular orbital which is bonding between Ta atoms. The structure of 7 consists of a 
triangular Ta3 skeleton with the Ta-Ta distances of 3.092(l)-3.154(1)Â, and a Cp ring 
caps Ta at each corner. Three sulfur atoms bridge Ta centers below the edges of the 
Ta3 triangular plane, and a μ-S and a doubly-bridging S3 unit coordinate from the other 
side of the plane (Figure 1). 
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340 TRANSITION METAL SULFUR CHEMISTRY 

A 

Figure 1. Structure of 7 and the low-lying "ai" orbital. 

C-S Bond Cleavage Reactions of C p * T a { S C ( R ) 2 C H 2 S } 2 (R=H, Me) 

We reported that the homoleptic ethanedithiolate complexes of Nb and Ta, 
(A)[M(SCH 2 CH 2 S) 3 ] (A=NEt4, PPI14; M=Nb, Ta) underwent an unusual 
isomerization in DMF at 70-100^ via C-S bond cleavage and recombination processes 
to give (A)[MS(SCH 2 CH 2 S)(SCH 2 CH 2 SCH 2 CH 2 S)] in 70% yield (9). In its 
structure, six sulfur atoms surround an Nb atom forming a nearly octahedral 
coordination geometry. This complex is unique in that it carries three distinctive types 
of sulfur donors at a single metal center; namely the tenninal sulfide, the thiolate type, 
and the thioether type. 

The facile C-S bond cleavage found for (A)[M(SCH 2 CH 2 S) 3 ] lead us to examine 
reactivity of ethanedithiolate in Cp*Ta(SCH 2 CH 2 S) 2 (8). The complex 8 is highly 
moisture sensitive in a solution, but remains intact under argon at room temperature. 
However, as a toluene solution of 8 was warmed at 100°C for 6 hours, the color 
turned from red to brownish red, from which we have isolated Cp*Ta(SCH 2CH 2S) 
{SCH 2 CH 2 SCH(CH 3 )S} (9) as yellow crystals in 60% yield (10). The four thiolate 
type sulfurs are bound to Ta from lateral sites of the Cp*Ta fragment, while the 
thioether-type sulfur of 1 -methyl-3-thiabutane-1,4-dithiolate coordinates from the 
bottom. Also obtained was an intriguing tetranuclear sulfide/oxide cluster, 
Cp* 4 Ta4^4-0)^3-S)^-S) 6 (10), as reddish brown crystals in 5% yield (Scheme 5). 
The oxygen atom sits at the center of the molecule, and binds four tantalum atoms with 
a tetrahedral geometry. One sulfur caps a triangle face of the tetrahedral Ta4 skeleton, 
so that the molecule has an pseudo-3-fold axis. 

The conversion of 8 to 9 obviously involves a C-S bond cleavage of 
ethanedithiolate and then a recombination process. However, in contrast to the 
isomerization reaction of (A)[M(SCH 2 CH 2 S) 3 ] into (A)[MS(SCH 2 CH 2 S) 
( S C H 2 C H 2 S C H 2 C H 2 S ) ] , 1,2-hydride shift must take place before the C-S bond 
recombination step. A plausible mechanism for the transformation of 8 to 9 is shown 
in Scheme 6. The occurrence of the 1,2-hydride shift suggests formation of a 
carbocation through heterolytic C-S bond cleavage. The steric congestion caused by 
the Cp* ligand might prevent an attack of a thiolate sulfur at the cation center, thus 
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21. TATSUMI & KAWAGUCHI Carbon-Sulfur Bond Cleavage of Thiolates 341 

Scheme 5 

providing a vicinal hydrogen with sufficient time for 1,2-migration. The subsequent 
disproportion process, leading to 9 and 10, seems to proceed relatively cleanly, 
because an NMR experiment on this reaction gives nearly exclusively Cp* proton 
signals associated with these complexes. Although we used pre-dried solvents for the 
synthesis, perhaps a trace amount of water trapped a very reactive sulfide intermediate 
to give the sulfide/oxide cluster 10. 

Scheme 6 

It should be noted here that while Cp*Ta(SCH2CH2S)2 (8) is moisture sensitive, 
and undergoes isomerization to 9 at 100°C in dry toluene, the propanedithiolate 
analogue Cp*Ta(SCH2CH2CH2S)2 (11) is very stable. The complex 11 survives in 
wet solvents for days, and does not show a sign of C-S bond rupture in hot toluene. 
In spite of the clear difference in stability between 8 and 11, their crystal structures are 
very much alike. The average Ta-S-C bond angle and the S-Ta-S bite angle are both 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
29

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

65
3.

ch
02

1

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



342 TRANSITION METAL SULFUR CHEMISTRY 

smaller for 8 (Ta-S-C; 104.5° (8), 107.8° (11): S-Ta-S; 82.3° (8), 85.4° (11)), but the 
differences are small. 

Considering the possible formation of a carbocation intermediate in the process of 
C-S bond rupture, we attempted to put methyl substituents at a thiolate carbon. We 
synthesized Cp*Ta{SC(CH3) 2 CH 2 S} 2 by the reaction of CpTaCL* with 
L i 2 (SC(CH 3 ) 2 CH 2 S) . Heating a toluene solution of Cp*Ta{SC(CH 3 ) 2 CH 2 S} 2 again 
induced a C-S bond cleavage. However, in contrast to the way in which a C-S bond is 
activated for 8, the reaction of Cp*Ta{SC(CH 3 ) 2 CH 2 S} 2 leads to the perthiolate 
complex, Cp*Ta{SC(CH 3 ) 2 CH 2 S}{SSC(CH 3 ) 2 CH 2 S} (12). The two sulfur atoms 
of the perthiolate portion coordinate at Ta in an η2 manner, and the inner sulfur is 
bound to the metal from the bottom. According to the 1H NMR, there are two 
geometrical isomers of 12 arising from the relative orientation of S C ( C H 3 ) 2 C H 2 S and 
SSC(CH 3 ) 2 CH 2 S as shown in Scheme 7. 

Scheme 7 

12 

In addition to the two isomers of 12, the Ta4 cluster 10 was isolated as a side 
product. Formation of the persulfide ligand points to liberation of isobutene so that the 
two C-S bonds of 1,1-dimethyl ethanedithiolate are cleaved. 

Reactions of Cp*MoCl 4 with Aliphatic Thiolates 

Addition of a THF solution of 4 equiv of LiStBu to a suspension of Cp*MoCl4 in 
THF resulted in a homogeneous red solution. Evaporation of the solvent and 
recrystallization of the residual solid from hexane gave Cp*Mo(StBu)3 (13) as dark 
red plates in 85% yield. The reaction of Cp*MoCU with 2.5 equiv of 
L i 2 ( S C H 2 C H 2 S ) in THF followed by cation exchange with PPlnBr in C H 3 C N 
generated (PPI14) [Cp*Mo(SCH 2 CH 2 S) 2 ] (14) as dark red crystals in 66% yield. 
From the analogous Cp*MoCl4/Li 2 (SCH 2 CH 2 CH 2 S) reaction system in THF, a dark 
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21. TATSUMI & KAWAGUCHI Carbon-Sulfur Bond Cleavage of Thiolates 343 

red crystalline solid formulated as LU(thf) n {Cp*Mo(SCH 2 CH 2 CH 2 S) 2 }3Cl was 
isolated. Interestingly, only one lithium cation was replaced by cation exchange with 
PPfuBr in C H 3 C N giving rise to (PPh4)[{Cp*Mo(SCH 2CH 2CH 2S) 2}3Li3Cl] (15). 
The structure of the anion part of 15 consists of three Cp*Mo(SCH 2 CH2CH2S)2 units 
linked by three lithium cations at sulfurs of the thiolates, and the lithium cations are 
bound to the CI anion which sits at the center of the cluster molecule (Scheme 8). 

Scheme 8 

In the above reactions, the molybdenum is reduced from Mo(V) to Mo(IV), and no 
C-S bond activation was observed. However, Cp*Mo(S*Bu)3 (13) was found to react 
with H 2 (1 atm) cleanly in hexane generating (Cp*Mo(StBu) 2}^-S) (16) in 92% 
yield (Scheme 9). Under H 2 atmosphere, the oxidation state of molybdenum remains 
Mo(TV) even though a C-S bond was cleaved. The Mo-S-Mo bond is linear indicating 
the presence of π interactions between Mo and S. On the other hand, treatment of 13 
with P h H N N H 2 or N ( C H 3 ) 2 N H 2 yielded a mononuclear Mo(VI) sulfide complex, 
Cp*Mo(S)2(S*Bu) (17) again in high yield. Also, the complex 13 reacts cleanly with 
0 2 to give Cp*Mo(0)2(StBu) (18). 

Reactions of Cp*WCl4 with Aliphatic Thiolates 

The reactions of Cp*WCl4 with LiStBu and L i 2 ( S C H 2 C H 2 S ) are very different from 
those of Cp*MoCl4. Addition of a THF solution of LiStBu (4 equiv) to an orange 
suspension of Cp*WCl4 in THF at room temperature gave a red solution. Removal of 
the solvent and extraction of the resulting residue by toluene gave Ορ*\ν(8) 2(8 ιΒυ) 
(19) as red crystals in 68% yield. During this reaction, tungsten was oxidized from 
W(V) to W(VI), and the oxidation was induced by the C-S bond cleavage of t-
butylthiolate. Treatment of Cp*WCl4 with 2 equiv of L i 2 ( S C H 2 C H 2 S ) in THF at (fC 
gave at first a red suspension, which dissolved to produce an orange-red homogeneous 
solution in seconds. The UV-visible spectrum of this solution indicated formation of 
[Cp*W(S)3]~. In fact, subsequent cation exchange with PPr^Br in CH3CN followed 
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Scheme 9 

by a standard workup generated (PPh4)[Cp*W(S)3] (20) as moderately moisture-
sensitive orange crystals in 82% yield (11). Again C-S bonds were cleaved and the 
W(V)-to-W(VI) oxidation took place. In the case of the reaction with 
Li2(SCH 2 CH2CH 2 S) in THF followed by a cation exchange with Ph 4PBr, the 
situation is similar to that of Cp*MoCU. The product is (PPh4)[Cp*W 
(SCH 2 CH 2 CH 2 S) 2 ] (21), where the metal center is reduced to W(IV). This complex 
is the tungsten analog of 15, but LiCl is not incorporated. These reactions are 
summarized in Scheme 10. 

Scheme 10 

20 21 

The X-ray structure of the anion of 20 is practically the same as that of 
(Et3NH)[Cp*W(S)3] reported by G. U Geoffroy et al (12). The latter complex was 
isolated in low yield from the Cp*WCl4/H 2S/Et3N reaction system, which also 
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produced a niixture of Cp* 2 W 2 (S ) 2 ^-S) 2 , Cp* 2 W 2 (S ) 2 ^-S 2 ) , and (Et 3NH) 
[Cp*W(S) 20]. The difference in reactivity between Cp*MoCl4 and Cp*WCl 4 may 
arise from the tendency of tungsten to favor higher oxidation states than molybdenum. 
The unexpected formation of 20 turned out to be a novel, convenient route to the 
trithio tungsten complex. 

The facile high-yield synthesis of 20 allowed us to examine the reactivity of the 
terminal sulfides on W(VI), as summarized in Scheme 11. The reactions of 20 with 1 
equiv of PhCH 2 Br, *BuBr, or CH3I in C H 3 C N are straightforward, generating the 
neutral dithio/thiolato W(VI) complexes Cp*W(S)2(SR) (R = CH 2 Ph (22), tBu (19), 
C H 3 (23)) as red crystals in 91% and 83% yield, respectively. The remaining two 
W=S bonds do not react with excess alkyl halide. The complex 22 assumes a normal 
three-legged piano-stool geometry in which the thiolate S-C bond orients parallel to the 
Cp*(centroid)-W vector, thus allowing the occupied sulfur ρ orbital (py) to interact 
with the vacant W dXy-py hybrid. The W=S bond distances (2.149(3)A) are shorter 
by 0.043Â than the mean W=S distance of 20 (2.192Â), which is theoretically 
understandable. The IR bands of 22 arising from the W=S stretching vibrations 
appear at 480cm-1 and 493cm-1 (481 cnr 1 and 494cm-1 for 19), and they are clearly 
shifted to higher energies relative to the corresponding IR bands of 20 (437cm-1 and 
466cm-1). 

Scheme 11 

PhH 2CS ^ s

 S 

W 
lBuBr 

R = t Bu (19) 
R = C H 3 (23) 

22 

, ^ ^ S s 

20 
1 -

w 

R 
24 

CIH2CS R =Ph (26a) 
R=H (26b) 

25 

1,2-dibromoethane also reacts cleanly with 20 in CH3CN to give Cp*W(S) 2-
(SCH 2 CH 2 Br) (24). The trithio tungsten complex (20) is capable of activating even 
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CH2CI2. Upon standing, a CH2CI2 solution of 20 slowly formed Cp*W(S) 2-
(SCH2CI) (25). Successful introduction of haloalkyl groups at a terminal sulfide of 
20 will allow us to modify thiolate substituents extensively. 

The most intriguing reaction that we have found for 20 is formation of thio/1,2-
enedithiolate complexes upon treating 20 with 5 equiv of PhC^CPh or PhC=CH in 
CH3CN. The reaction with PhCsCPh is complete at room temperature in 1 day, and 
(PPh4)[Cp*W(S)(S2C2Ph2)] (26a) was isolated as yellow-green crystals in 76% 
yield. The reaction with PhCaCH is faster, and is complete in several hours, giving 
(PPh4)[Cp*W(S)(S2C2PhH)] (26b) in 80% yield. In the structure of the anion of 
26a, coordination of the 1, 2-enedithiolate ligand occurs with a nearly planar WS2C2 
framework. The W-S distances of 2.318(2) and 2.334(2)Â fall in the normal range for 
W(IV)-S bond lengths, and are comparable to the W-S length of 22. The W=S 
distance (2.186(2)A) of 26a, on the other hand, is longer by 0.037Â than those of 22, 
and this lengthening is consistent with the lower W=S stretching frequency (465 cm-1) 
observe^ for 26a relative to 22. The difference in oxidation state between these thio 
complexes, W(IV) vs. W(VI), is probably one reason behind the trend. 

Reaction of alkynes with polysulfides has occasionally been observed, though 
activated alkynes such as MeO(0)CC=CC(0)OMe (DMAC) and CF3C2CCF3 are used 
in most cases (13). The direct addition of an alkyne to bridging monothio ligands is 
more unusual. The μ-S ligands in ( C 5 H 5 ) 2 M o 2 ^ - S ) 2 ^ - S H ) 2 (14) and 
(C5H4Me)2V2^-S)2(n-S2) (15) were reported to react with HCsCH and 
CF3C=CCF3, respectively, and recentiy various alkynes were found to add to the μ-
bridging thio ligands in [Μθ3(μ3-8)(μ-0)(μ-8)2(Η2θ)9]*+ (16). Even more scarce is 
the reaction of terminal monothio ligands, and the single example reported so far is the 
formation of a 1,2-enedithiolate by addition of DMAC to {HB(Me2pz)3}WS2X (X = 
OPh, SPh, SePh) (17). Our finding shows that terminal thio ligands on W(VI) are 
capable of reacting even with non-activated alkynes. 

The differing reaction patterns between [Cp*W(S)3]~ and its oxo analogue 
[Cp*W(0)3]" deserves comment. DMAC (2 equiv) and [(Ph 3P) 2N][Cp*W(0) 3] has 
been found to undergo a [2+2+2] cycloaddition leading to [(Ph3P)2N] 
[Cp*(0)2WOC(R)=C(R)-C(R)=CR] (R = C(O)OMe), where the W(VI) oxidation state 
is retained (12). In the case of the trithio complex, a facile [2+3] cycloaddition takes 
place with concomitant reduction of W(VI) to W(IV). Thus, terrmnal thio ligands at 
W(VI) seem to facilitate reduction of the metal center and thereby allow non-activated 
alkynes to form 1,2-enedithiolates. 
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iridium-catalyzed conversion 

of dibenzo[Z?,i/]thiophene, 191-195 
rhodium-catalyzed conversion 

of benzo[Z?]thiophene, 187-192 
Catalytic multielectron reduction 

of hydrazine to ammonia and acetylene 
to ethylene with clusters that contain 
MFe 3 S 4 cores 

catalysis of acetylene reduction, 128-130 
inhibition reactions, 124-126 
molecular structures of cores, 118/119 
molybdenum atom, effectiveness, 

121,123-124 
multisite scheme, 130-131 
pathway, 126,127/ 

Catalytic multielectron reduction 
of hydrazine to ammonia and acetylene 
to ethylene with clusters that contain 
MFe 3 S 4 cores—Continued 

processes, 119,121,122f 
schematic structures of cores, 119,120/ 
with V-Fe-S clusters, 126,128,131/ 

Cationic molybdenum complexes, reactions 
with dihydrogen, 271-273 

Chalcogenide-rich clusters, synthesis and 
properties, 222-223 

Chiral heterotrimetallic clusters, unit 
construction, 286 

Clostridium pasteurianum, rubredoxin, 40-54 
Cluster compounds involving sulfido 

ligands, See Heterometallic copper and 
silver cluster compounds involving 
sulfido ligands 

Co-Mo-S phase model of 
hydrodesulfurization catalyst structure, 155 

Computational methods for metal sulfide 
clusters 

accuracy of density-functional methods, 
137-142 

biomineralization, 147,149-150 
computational effort, 136-137 
features, 16,18/ 
nitrogenase, 144,146-147,148/ 
pristine copper sulfide clusters, 

139,142-145 
Configurational interaction, 136,138/ 
Copper cluster compounds involving 

sulfido ligands, See Heterometallic 
copper and silver cluster compounds 
involving sulfido ligands 

Copper proteins, mononuclear sites, 4 
Copper sulfide clusters, computational 

methods, 139,142-145 
Cubane-like cores, unit construction 

of cluster compounds, 285 
Cubane-type clusters, See Incomplete 

cubane-type clusters 
Cubes, interconversion, 216-223 
Cuboidal complexes as derivatives 

of molybdenum trinuclear ion, See 
Heterometallic cuboidal complexes as 
derivatives of molybdenum trinuclear ion 
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INDEX 351 

Cyclopentadienyl metal complexes with 
bridging sulfur ligands 

carbon-heteroatom bond cleavage 
reactions, 273,275 

dinuclear rhenium complex syntheses, 
274-276 

experimental description, 269 
heterogeneous molybdenum and rhenium 

sulfides, 269-270 
reactions of molecular molybdenum 

sulfide complexes with dihydrogen, 
270-273 

rhenium sulfide complex reactions, 
276-278 

Cysteinyl ligands, mutation, 44,46-48 

D 
Density-functional method 
accuracy for metal sulfide clusters, 

137-142 
description, 136,138/ 

Diazene binding, small-molecule 
activation, 28-29 

Dibenzo[&,i/]thiophene, iridium-catalyzed 
conversion to 2-phenylthiophenol, 
biphenyl, andH 2S, 191-195 

Dihydrogen 
dissociative addition, 270 
reactions 

with cationic molybdenum complexes, 
271-273 

with molecular molybdenum sulfide 
complexes, 270-271 

Dihydrogen binding, small molecule 
activation, 25-27 

Dinuclear rhenium complexes, synthesis, 
274-276 

Dinuclear ruthenium complexes, See Void 
created in sulfur-bridged dinuclear 
ruthenium complexes 

Diruthenium complexes, See Disulfide-
bridged diruthenium complexes, 
Polysulfide-bridged diruthenium 
complexes 

Dissociative addition, dihydrogen, 270 
Disulfide(s), use as ligands, 251 

Disulfide-bridged diruthenium complexes 
oxidation of hydrazine-bridged complex 

by 0 2 , 257,262,263/ 
reductive coupling reaction, 257,261/ 
syntheses, 257-260/ 

Disulfido ligands, complexes with 
cyclopentadienyl metal complexes, 
276-278 

Dodecanuclear clusters, 286-289 
Double-chain polymeric cluster compounds, 

synthesis, 292-293 
Double cubane-like complexes, unit 

construction, 286 

Ε 

Eicosanuclear clusters, synthesis, 289-290 
Electrochemistry, raft-type molybdenum 

chalcogenide clusters, 243,246-247 
Electron(s), role in protonation and 

alkylation of metal-sulfur complexes, 
103-107 

Electron-deficient clusters, 
desulfurization reactions, 164-166 

Electron-deficient transition metals, 
carbon-sulfur bond cleavage 
of thiolates, 336-346 

Electron spin resonance spectroscopy, 
void created in sulfur-bridged 
dinuclear ruthenium complexes, 266 

Electronic configuration, transition-
metal-sulfur systems, 14-15 

Electronic isomerism, oxidized Fe 4S 4 

high-potential iron-sulfur proteins, 
57-71 

Electronic structure, oxidized Fe^S, 
4 4 

high-potential iron-sulfur proteins, 
59-62 

Embedded cluster methodology, 136,138/ 
Ene-l,2-dithiolate complexes, reactions 

with thio-tungsten complexes, 331-333 
2-Ethylthiophenol, rhodium-catalyzed 

conversion of benzo[&]thiophene, 
187-192 

Exfoliated MoS 2 , hydrodesulfurization 
catalysts, 154-172 
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352 TRANSITION M E T A L SULFUR CHEMISTRY 

F 

Force-field methods, metal sulfide 
clusters, 135-150 

Fused ring hydrocarbons, electronic 
relationship to raft-type molybdenum 
chalcogenide clusters, 248 

G 

Gas-phase synthesis, analysis of metal 
sulfide cores, 136 

Glycine residues, mutation, 48-54 
Gradient corrections, 136,138/ 

H 

Hartree-Fock calculation, 136,138/ 
H O C F e , catalytic oligomerization, 

316,318,321 
Heterogeneous molybdenum and rhenium 

sulfides, 269-270 
Heterogeneous transition-metal sulfides, 

participation in organometallic 
chemistry, 269 

Heterometal clusters, synthesis, 218-220 
Heterometallic copper and silver cluster 

compounds involving sulfido ligands 
heterometallic M-Cu-S clusters 

containing square-type unit, 287-290 
unit construction, 285 

Heterometallic cubane clusters with 
bridging sulfide ligands, reactions, 
319-322 

Heterometallic cuboidal complexes as 
derivatives of molybdenum 
trinuclear ion 

chalcogenide-rich clusters, 222-223 
characterization of heterometal-

containing products, 219f-221 
heterometal atoms, 217 
interconversion of single and double 

cubes, 221-222 
reaction of heterometal cubes with 

H*, 222 
synthesis, 217-220 

Heterometallic M-Cu-S clusters containing 
square-type unit, synthesis, 287-290 

Heterometallic W-Ag-S polymeric 
cluster complexes, synthesis, 290-291 

Heteronuclear sites, transition-metal-
sulfur systems in biology, 8-9 

Hexanuclear cluster complexes, synthesis 
and structure, 243,245-247 

High-potential iron-sulfur proteins, 
electronic isomerism, 57-71 

High-valent synthetic approach, 
thio-tungsten complexes, 325-326,327/ 

Homopolynuclear sites, transition-
metal-sulfur systems in biology, 6-8 

Hydrazine, catalytic multielectron 
reduction to ammonia and acetylene to 
ethylene with clusters that contain 
MFe 3 S 4 cores, 117-131 

Hydrazine binding, small molecule 
activation, 28-29 

Hydride, intermolecular reactions with 
thiolate ligands, 200-203,206/ 

Hydrodesulfurization of fossil fuels, 
154-155 

Hydrodesulfurization catalysts based on 
Mo-Co-S clusters and exfoliated MoS 2 

catalysts from supported clusters, 
166-169 

CoMoS phase model, 155 
desulfurization, 161-163 
desulfurization reactions with electron-

deficient clusters, 164-166 
electronic structure of clusters, 158 
homogeneous cluster reactivity vs. 

heterogeneous catalysis studies, 
171-172 

homogeneous S-abstraction reactions 
of Mo-Co-S clusters, 158-159 

MoS 2 intercalation catalysts, 169-171 
organometallic models, 155-157 
reactions of nucleophiles with clusters, 

160-161 
Hydrogen-bond chain supramolecular 

structure in single-chain polymeric 
cluster compounds, synthesis, 291-292 

Hydrogen-cluster hydrogenases, 75 
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INDEX 353 

Hydrogen, reactions with metal sulfide 
surfaces, 273-274 

Hydrogen sulfide, iridium-catalyzed 
conversion to dibenzo[fc,d]thiophene, 
191-195 

Hydrogenases, redox metalloenzymes 
featuring S-donor ligands, 74-96 

Hydrogenolysis of thiophenic molecules 
to thiols by soluble metal complexes, 
See Catalytic hydrogenolysis 
of thiophenic molecules to thiols by 
soluble metal complexes 

Hydrotreating process, catalysis by metal 
sulfide surfaces, 269 

Incomplete cubane-type clusters 
carbon-sulfur bond formation, 232-234 
electron spin resonance of mixed-metal 

cluster with Mo 3 CuS 4 core, 228-229 
elucidation of reactivity differences, 

234/-236/ 
ethylene uptake, 231,232/ 
experimental description, 225 
molybdenum-iron and -nickel cluster 

characteristics, 226-228 
Mo-W clusters with cores, 229-231 
M o - W - N i clusters with M 3 N i S 4 cores, 

229-231 
Internal redox reactions, transition-

metal-sulfur systems, 17,19 
Iron, use in redox proteins, 75 
Iron-molybdenum clusters, 226-228 
Iron-molybdenum-sulfur site 
role in chemistry of dinitrogen 

reduction, 119 
structure, 117,118/ 

Iron-nickel hydrogenases, See Redox 
metalloenzymes featuring S-donor 
ligands 

Iron-sulfur complexes, role in reactivity 
of nitrogenases and metal-sulfur 
oxidoreductases, 101-115 

Iron sulfide centers, functions, 6 
Iron sulfide incomplete cube, 

stability, 216 

Iron sulfide oxidized high-potential 
iron-sulfur proteins, See Oxidized 
Fe4S4 high-potential iron-sulfur proteins 

Iron sulfide clusters, accuracy of 
density-functional methods, 
137-139,140f 

Lead(H) discrimination by sulfur-
containing macrocyclic systems, 
See Silver(I)-tead(II) discrimination 
by sulfur-containing macrocyclic 
systems 

Ligand-based redox reactions, transition-
metal-sulfur systems, 16-18 

Linear heterotrimetallic clusters, unit 
construction, 285 

Low-valent synthetic approach, 
thio-tungsten complexes, 
326,328,329/ 

Lubrication, transition-metal-sulfur 
systems in biology, 10,11/ 

M 

Macrocyclic ligands as reagents for 
metal-ion discrimination, See Sulfur-
containing macrocyclic ligands as 
reagents for metal-ion discrimination 

Metal(s), role in carbon-sulfur bond 
activation, 176-185 

Metal-assisted cleavage of carbon-sulfur 
bonds, 197 

Metal-based redox reactions, transition-
metal-sulfur systems, 16,17/ 

Metal-copper-sulfur clusters containing 
square-type unit, synthesis, 287-290 

Metal enzymes, modeling of active centers, 
101-102 

Metal ion, prediction of preferences of 
ligand, 297 

Metal-ion discrimination, sulfur-
containing macrocyclic ligands as 
reagents, 297-305 
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354 TRANSITION M E T A L SULFUR CHEMISTRY 

Metal-iron sulfide core containing 
clusters, catalytic multielectron reduction 
of hydrazine to ammonia and acetylene 
to ethylene, 117-131 

Metal-metal bonding, transition-
metal-sulfur systems, 14-15 

Metal sulfide(s), reactions, 269 
Metal sulfide clusters, computational 

methods, 135-150 
Metal sulfide surfaces, reactions with 

hydrogen, 273-274 
Metal-sulfur centers, catalysis of 

biological and industrial processes, 324 
Metal-sulfur complexes, role in reactivity 

of nitrogenases and metal-sulfur 
oxidoreductases, 101-115 

Metal-sulfur oxidoreductases, modeling 
of reactivity, 101-115 

Methylcoenzyme M reductase, reaction, 74 
Microscopic reduction potentials, Fe 4S 4 

oxidized high-potential iron-sulfur 
proteins, 69-71 

Mixed-valence Ru(II)SSRu(III) core, 
synthesis and reactions, 251-266 

Molybdenum-cobalt-sulfur clusters, 
hyarodesulfurization catalysts, 154-213 

Molybdenum aqua clusters, reaction with 
acetylene, 233-237 

Molybdenum trinuclear ion, heterometallic 
cuboidal complexes as derivatives, 
216-223 

Modeling of reactivity of nitrogenases 
and metal-sulfur oxidoreductases 

alkylation, 104-107,115 
bonding modes of thioether and thiolate 

ligands, 103 
compounds, 102-103 
hydrogenase reactions, 107-109 
N 2 fixation, 110-115 
protonation, 103-107,115 
reductase reaction, 103 

Molecular molybdenum sulfide complexes, 
reactions with dihydrogen, 270-273 

Molybdenum 
biological importance, 324 
carbon-sulfur bond cleavage 

of thiolates, 336-346 

Molybdenum atoms, catalytic 
multielectron reduction of hydrazine to 
ammonia and acetylene to ethylene 
with clusters that contain MFe 3 S 4 

cores, 117-131 
Molybdenum chalcogenide clusters 
chemistry, 240 
See also Raft-type molybdenum 

chalcogenide clusters 
Molybdenum cofactors, pterin-dithiolene 

unit, 4-5,6/ 
Molybdenum complexes, C-S bond 

reactions, 197-213 
Molybdenum-iron and -nickel clusters, 

226-228 
Molybdenum sulfides, See Heterogeneous 

molybdenum and rhenium sulfides 
Mononuclear sites, transition-metal-sulfur 

systems in biology, 3-6 
Mononuclear synthons, synthesis 

of transition-metal-sulfur systems in 
biology, 21-22,24 

Môssbauer technique, electronic isomerism 
of Fe 4S 4 oxidized high-potential 
iron-sulfur proteins, 57-71 

Multielectron reduction of hydrazine to 
ammonia and acetylene to ethylene, See 
Catalytic multielectron reduction 
of hydrazine to ammonia and acetylene 
to ethylene with clusters that contain 
M F e ^ cores 

3 4 

Multimetallic centers, organic synthesis, 
310-322 

Multimetallic complexes, 310 

Ν 

N 2 S 2 donor macrocyclic ring system, See 
Trilinked N 2 S 2 donor macrocyclic ring 
system 

Nickel, use in redox proteins, 75 
Nickel-containing hydrogenases, 75 
Nickel-containing redox 

metalloenzymes, 74 
Nickel-iron hydrogenases, See Redox 

metalloenzymes featuring S-donor 
ligands 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
14

1 
on

 O
ct

ob
er

 7
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

29
, 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
65

3.
ix

00
2

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



INDEX 355 

Nickel-molybdenum clusters, 226-228 
Nickel-sulfur clusters, 216 
Niobium complex, accuracy of density-

functional methods, 139,140f,141/,142i 
Nitrogenase 
computational methods, 144,146-147,148/ 
heteropolynuclear sites, 8-9 
modeling of reactivity, 101-115 
role of MFe 3 S 4 core containing clusters 

in catalytic activity, 117-131 
NMR, electronic isomerism of Fe^S, 

4 4 

oxidized high-potential iron-sulfur 
proteins, 57-71 

Nonanuclear fragments as cyclic units, 
synthesis of one-dimensional polymeric 
clusters, 293 

Nonlocal density-functional, 136,138/ 
Nuclearity, transition-metal-sulfur 

systems, 14-15 
Nucleophile reactions 

with Mo-Co-S clusters, 160-161 
with thio-tungsten complexes, 330-331 

Ο 

Octanuclear clusters, synthesis, 287-288 
One-dimensional heterometallic W-Ag-S 

polymeric cluster complexes 
single- and double-chain polymeric 

cluster complexes, 292-293 
single-chain polymeric cluster compounds 

with hydrogen-bond chain 
supramolecular structure, 291-292 

synthetic challenges, 291 
with nonanuclear fragments as cyclic 

units, 293 
Organic synthesis on multimetallic centers 
heterometallic cubane clusters with 

bridging sulfide ligand reactions, 
319-322 

thiolato-bridged diruthenium complex 
reactions, 311-318,321 

Organometallic models, 
hydrodesulfurization catalysts based on 
Mo-Co-S clusters and exfoliated 
MoS 2 , 155-157 

Oxidized Fe 4S 4 high-potential 
iron-sulfur proteins 

electronic isomerism, 62-66 
electronic structure, 59-62 
experimental description, 59 
microscopic reduction potentials, 69-71 
role of protein in electronic isomerism, 

68-69 
theoretical requirement for electronic 

structure, 65,67-68 
Oxidized high potential iron-sulfur 

proteins, polymetallic center, 57-59 

Ρ 

Palladium-molybdenum-sulfur clusters, 
synthesis and reactivity, 318-319 

Pentadentate macrocycle series, 
silver(I)-lead(II) discrimination, 
299-300,302 

2-Phenylthiophenol, iridium-catalyzed 
conversion to dibenzo[&,d]thiophene, 
191-195 

Physicochemical techniques, electronic 
isomerism of Fe 4S 4 oxidized high-
potential iron-sulfur proteins, 57-71 

Polymeric cluster compounds with 
hydrogen-bond chain supramolecular 
structure, synthesis, 291-292 

Polynuclear sites, transition-metal-sulfur 
systems in biology, 6-9 

Polynuclear transition-metal-sulfur 
complexes, 310-322 

Polysulfide(s), use as ligands, 251 
Polysulfide-bridged diruthenium 

complexes, 252-257 
Pristine copper sulfide clusters, 

computational methods, 139,142-145 
Promoter, description, 154 
Protecting group strategy, 305 
Protonation of reduced thiophene 

complexes, 177-178,179/ 

Q 

Quasi-hydrogenases, description, 75 
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Raft-type cluster frameworks, 240 
Raft-type molybdenum chalcogenide 

clusters 
electronic relationship to fused ring 

hydrocarbons, 248 
experimental description, 240 
hexanuclear cluster complexes, 

243,245-247 
tetranuclear cluster complexes, 

241-244/,246/ 
trinuclear seven-electron cluster, 247-248 

Raman spectroscopy, void created in 
sulfur-bridged dinuclear ruthenium 
complexes, 262,264-266 

Reactivity 
nitrogenases and metal-sulfur 

oxidoreductases, modeling, 101-115 
polynuclear transition-metal-sulfur 

complexes, 310-322 
thio-tungsten complexes, 330-333 

Redox chemistry 
redox metalloenzymes featuring 

S-donor ligands, 80,82-89 
role in protonation and alkylation 

of metal-sulfur complexes, 103-107 
Redox metalloenzymes featuring 

S-donor ligands 
functions, 74 
reaction, 75 
redox chemistry, 80,82-89 
role of N i as binding site, 88,90-96 
structure of Ni-Fe cluster, 76-81 

Rhenium sulfide(s), See Heterogeneous 
molybdenum and rhenium sulfides 

Rhenium sulfide complexes, 276-278 
Rhodium-catalyzed conversion, benzo[fc]-

thiophene to 2-ethylthiophenol, 187-192 
Ring opening of substituted thiophene 

complexes, 178,180-182 
Rubredoxin from Clostridium 

pasteurianum 
backbone diagram, 40,42/ 
characterization of recombinant and 

mutant proteins, 41,43^44 
metal substitution, 41,44,45/ 

Rubredoxin from Clostridium 
pasteurianum—Continued 

mutation 
of cysteinyl ligands, 44,46-48 
of glycine-10 and -43 residues 
electrochemistry, 50,52/53-54 
interactions, 48 
NMR spectroscopy, 50-53 
structural aspects, 48-50 

role in electron transport, 40 
sequence, 40-41,42/ 

Rubredoxin proteins, iron site, 3-4,5/ 
Ruthenium complexes, See Void created in 

sulfur-bridged dinuclear ruthenium 
complexes 

Ruthenium-sulfur complexes, role in 
reactivity of nitrogenases and 
metal-sulfur oxidoreductases, 101-115 

S 

Silver cluster compounds involving sulfido 
ligands, See Heterometallic copper and 
silver cluster compounds involving 
sulfido ligands 

Silver(I)-lead(II) discrimination by 
sulfur-containing macrocyclic systems 

case study involving pentadentate 
macrocycle series, 300-303 

smaller ring, mixed donor system, 
302-303 

Single-chain polymeric cluster compounds, 
synthesis, 291-293 

Small-molecule activation 
acetylene binding, 26,28 
diazene binding, 28-29 
dihydrogen binding, 25-27 
hydrazine binding, 28-29 

Soluble metal complexes, catalytic 
hydrogenolysis of thiophenic molecules 
to thiols, 187-195 

Spontaneous self-assembly, synthesis 
of transition-metal-sulfur systems in 
biology, 20-21 

Structure-function relationship, 
reactivity of nitrogenases and 
metal-sulfur oxidoreductases, 101-115 
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Sulfido ligands 
complexes with cyclopentadienyl metal 

complexes, 276-278 
reactions with heterometallic copper and 

silver cluster compounds, 282-293 
Sulfite reductase, heteropolynuclear 

sites, 9 
Sulfur abstraction reactions, Mo-Co-S 

clusters, 158-159 
Sulfur alkylation, carbon-sulfur bond-

breaking reactions, 198-209 
Sulfur-bridged clusters, 225-237 
Sulfur-bridged cubane-type mixed-metal 

clusters with Mo-W-Ni cores, uptake 
of ethylene, 231,232/ 

Sulfur-bridged dinuclear ruthenium 
complexes 

synthesis and reactions in void, 251-266 
See also Void created in sulfur-bridged 

dinuclear ruthenium complexes 
Sulfur-bridged incomplete cubane-type 

Mo clusters with acetylene, carbon-
sulfur bond formation, 232-234 

Sulfur-bridged incomplete cubane-type 
M o - W clusters with M 3 S 4 cores, 
synthesis, 229-231 

Sulfur-bridged incomplete cubane-type 
M o - W - N i clusters with M 2 N i S 4 cores, 
synthesis, 229-231 

Sulfur-carbon bond cleavage of thiolates 
on electron-deficient transition 
metals, See Carbon-sulfur bond cleavage 
of thiolates on electron-deficient 
transition metals 

Sulfur-containing macrocyclic ligands as 
reagents for metal-ion discrimination 

donor set variation vs. Cu(II) complex 
strategies, 298-299,301/ 

silver(I)-lead(II) discrimination, 
299-303 

trilinked N2S2-donor macrocyclic ring 
system, 304-305 

Sulfur-donor ligands 
design, 25 
role in redox metalloenzymes, 74-96 

Sulfur-metal complexes, See Metal-
sulfur complexes 

Sulfur-transition-metal complexes, See 
Polynuclear transition-metal-sulfur 
complexes 

Sulfur-transition-metal systems in 
biology, See Transition-metal-sulfur 
systems in biology 

Supported clusters, catalysts, 166-169 
Supported metal sulfide catalyst, 154-155 
Synthesis 
cyclopentadienyl metal complexes with 

bridging sulfur ligands, 269-278 
polynuclear transition-metal-sulfur 

complexes, 310-322 
polysulfide-bridged diruthenium 

complexes, 252-254/ 
raft-type molybdenum chalcogenide 

clusters, 240-248 
thio-tungsten complexes, 325-329 
transition-metal-sulfur systems in 

biology, 20-24 
void created in sulfur-bridged dinuclear 

ruthenium complexes, 251-266 

Tantalum, carbon-sulfur bond cleavage 
of thiolates, 336-346 

Terminal alkynes, reactions with 
thiolato-bridged diruthenium complexes, 
311-317 

Tetranuclear cluster complexes, synthesis 
and structure, 241-244,246 

Thio-tungsten complexes 
characterization using electrochemistry, 

328,330,332/ 
development, 324 
experimental description, 324-325 
reactivity reactions, 330-333 
synthetic approaches, 325-329/ 

Thioether-bridged Mo(HI) and W(III) 
face-sharing bioctahedral complexes, 
synthesis and reactivity, 203-209 

Thiolate(s), carbon-sulfur bond cleavage 
on electron-deficient transition metals, 
336-346 

Thiolate ligands, intermolecular reactions 
with thiolate ligands, 200-203,206/ 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
14

1 
on

 O
ct

ob
er

 7
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

29
, 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
65

3.
ix

00
2

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



358 TRANSITION M E T A L SULFUR CHEMISTRY 

Thiolato-bridged diruthenium complexes, 
reactions, 311-318,321 

Thiophene(s) 
binding and activation, 29-30 
low nucleophilicity of sulfur, 176 
transition-metal complexes, 176 

π-Thiophene-transition-metal 
complexes, acid-base chemistry, 
176-185 

Thiophenic molecules, catalytic 
hydrogenolysis to thiols by soluble 
metal complexes, 187-195 

Transition metal(s), carbon-sulfur 
bond cleavage of thiolates, 336-346 

Transition-metal complexes 
of thiophenes, 176 
withS 2 ligand, 251 

Transition-metal-sulfur complexes, See 
Polynuclear transition-metal-sulfur 
complexes 

Transition-metal-sulfur systems in biology 
catalysis, 10-14 
cluster-excision reactions, 24-25 
design of sulfur-donor ligands, 25 
electronic configuration, 14-15 
elements, 3 
internal redox reactions, 17,19 
lubrication, 10,11/ 
metal-metal bonding, 14-15 
metal vs. ligand redox, 16-18 
mononuclear sites, 306 
nuclearity, 14-15 
polynuclear sites, 6-9 
relationship of solid-state and molecular 

systems, 19-20 
small-molecule activation, 25-29 
synthetic strategies, 20-24 
thiophene binding and activation, 29-30 

Transition-metal-K-thiophene complexes, 
acid-base chemistry, 176-185 

Trilinked N 2 S 2 donor macrocyclic ring 
system, 304-305 

Trinuclear seven-electron clusters, 
synthesis and structure, 247-248 

Trinuclear synthons, synthesis 
of transition-metal-sulfur systems in 
biology, 24 

Tungsten 
biological importance, 324 
carbon-sulfur bond cleavage 

of thiolates, 336-346 
Tungsten cofactors, pterin-dithiolene 

unit, 4-5,6/ 
Tungsten complexes, C-S bond reactions, 

197-213 
Tungsten-silver-sulfur polymeric 

cluster complexes, 290-291 

U 

Unit construction 
constructive reactivity, 282-285 
coordination configuration of sulfide 

ligand, 282 
use in designed synthesis of 

heterometallic copper- and silver-sulfur 
cluster compounds, 285-287 

UV-vis spectroscopy, void created in 
sulfur-bridged dinuclear ruthenium 
complexes, 262,264/ 

V 

Vanadium atoms, catalytic multielectron 
reduction of hydrazine to ammonia and 
acetylene to ethylene with clusters that 
contain MFe a S. cores, 117-131 

3 4 ' 

Vanadium complex, accuracy of density-
functional methods, 139,140r,141/ 

Void created in sulfur-bridged dinuclear 
ruthenium complexes 

disulfide-bridged diruthenium complexes, 
257-262,263/ 

experimental description, 251-252 
mixed-valence Ru(II)SSRu(III) core 
electron spin resonance spectroscopy, 266 
Raman spectroscopy, 262,264-266 
UV-vis spectroscopy, 262,264/ 

polysulfide-bridged diruthenium 
complexes, 252-257 

Ζ 

Zinc proteins, mononuclear sites, 4 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
14

1 
on

 O
ct

ob
er

 7
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

29
, 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
65

3.
ix

00
2

In Transition Metal Sulfur Chemistry; Stiefel, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 


	bk-1996-0653_cover
	bk-1996-0653.fw001
	Title Page 
	Copyright
	Advisory Board
	Foreword

	bk-1996-0653.pr001
	Preface
	Acknowledgments


	bk-1996-0653.ch001
	Chapter 1 Transition Metal Sulfur Chemistry: Biological and Industrial Significance and Key Trends
	Transition Metal Sulfur Systems in Biology
	TMS Sites in Industry
	Trends in TMS Chemistry
	Design of Sulfur-Donor Ligands
	Small Molecule Activation
	Thiophene Binding and Activation
	Conclusion
	Literature Cited


	bk-1996-0653.ch002
	Chapter 2 Rubredoxin from Clostridium pasteurianum: Mutation of the Conserved Cysteine and Glycine Residues
	Characterization of Recombinant and Mutant Proteins.
	Metal Substitution
	Mutation of Cysteinyl Ligands
	Mutation of the Conserved Glycine 10 and 43 Residues.
	Conclusions
	Acknowledgements
	References


	bk-1996-0653.ch003
	Chapter 3 Electronic Isomerism in Oxidized Fe4S4 High-Potential Iron-Sulfur Proteins
	The Electronic Structure in the Oxidized HiPIP II from E. halophila
	Electronic Isomerism in Oxidized HiPIPs
	Is There a Theoretical Requirement for the Electronic Structure?
	What is the Role of the Protein?
	Can We Learn about the Microscopic Reduction Potentials?
	Concluding Remarks
	Literature Cited


	bk-1996-0653.ch004
	Chapter 4 Redox Metalloenzymes Featuring S-Donor Ligands Hydrogenase: A Case Study
	Structural Aspects
	Redox Chemistry
	The Role of Ni as a Binding Site
	Summary
	Acknowledgments
	Literature Cited


	bk-1996-0653.ch005
	Chapter 5 Challenges of Biocatalysts: Modeling the Reactivity of Nitrogenases and Other Metal−Sulfur Oxidoreductases
	Protonation and Alkylation of Metal Sulfur Complexes: Structural, Electronic and Redox Effects
	Hydrogenase Reactions
	N2 Fixation
	Concluding Discussion
	Acknowledgment
	Literature Cited


	bk-1996-0653.ch006
	Chapter 6 Catalytic Multielectron Reduction of Hydrazine to Ammonia and Acetylene to Ethylene with Clusters That Contain the MFe3S4 Cores (M = Mo, V) Relevance to the Function of Nitrogenase
	Catalytic Reduction of Hydrazine
	Importance of the Mo Atom
	Inhibition Reactions with PEt3 and CO.
	Possible Pathway of hydrazine reduction
	Catalysis of Hydrazine Reduction with the V/Fe/S clusters.
	Catalysis of Acetylene Reduction
	Summary and Conclusions
	References


	bk-1996-0653.ch007
	Chapter 7 Computational Methods for Metal Sulfide Clusters
	The accuracy of density functional methods for metal sulfide clusters
	Pristine copper sulfide clusters
	Nitrogenase
	Biomineralization
	Conclusions
	References


	bk-1996-0653.ch008
	Chapter 8 Hydrodesulfurization Catalysts and Catalyst Models Based on Mo-Co−S Clusters and Exfoliated MoS2
	Organometallic Models
	Electronic Structure of the Clusters
	Homogeneous S -Abstraction Reactions of Mo/Co/S Clusters
	Reactions of Nucleophiles with 1 and 2
	Desulfurization of ArSH: Kinetics
	Desulfurization of Thiolate Anions, ArS-
	Proposed Desulfurization Mechanism
	Desulfurization Reactions with Electron Deficient Clusters
	HDS Catalysts from Supported Clusters
	MoS2 Intercalation Catalysts
	Relevance of Homogeneous Cluster Reactivity to Heterogeneous HDS Catalysis
	Summary
	Literature Cited


	bk-1996-0653.ch009
	Chapter 9 Acid−Base Chemistry of Transition-Metal−π-Thiophene Complexes
	Protonation and Metalation of Reduced Thiophene Complexes
	Base Hydrolysis and Ammonolysis of Thiophene Complexes
	Summary
	Acknowledgment
	Literature Cited


	bk-1996-0653.ch010
	Chapter 10 Catalytic Hydrogenolysis of Thiophenic Molecules to Thiols by Soluble Metal Complexes
	Rh-Catalyzed Conversion of Benzo[b]thiophene into 2-Ethylthiophenol
	Iridium-Catalyzed Conversion of Dibenzo[b,d]thiophene to 2-Phenylthiophenol, Biphenyl and H2S
	Conclusions
	Literature Cited


	bk-1996-0653.ch011
	Chapter 11 C−S Bond-Breaking and Bond-Making Reactions in Molybdenum and Tungsten Complexes
	Part I: A Series of C-S Bond-Breaking Studies
	S-Dealkylation of W(VI) Thiolates: Evidence for Carbocation Formation
	Possible S-Dealkylation with Hydride as the Leaving Ligand
	Intermolecular Reactions between Hydride and Thiolate Ligands
	Synthesis and Reactivity of Thioether-Bridged Mo(III) and W(III) Face-Sharing Bioctahedral Complexes

	Part II: Recent Studies Involving C-S Bond-Making Reactions
	Part III: An Example of C-S Bond-Breaking and Bond-Making Without Metal Mediation
	Acknowledgments
	Literature Cited


	bk-1996-0653.ch012
	Chapter 12 Heterometallic Cuboidal Complexes as Derivatives of [Mo3S4(H2O)9]4+ Interconversion of Single and Double Cubes and Related Studies
	Preparation of [Mo3S4(H2O)9]4+
	Preparation of Heterometal Clusters
	Characterization of Heterometal Containing Products
	Interconversion of Single and Double Cubes Type A
	Interconversion of Single and Double Cubes Type Β
	Reaction of Heterometal Cubes with H+.
	Chalcogenide Rich Clusters
	Literature Cited


	bk-1996-0653.ch013
	Chapter 13 Characterization of Incomplete Cubane-Type and Cubane-Type Sulfur-Bridged Clusters
	Comparison of Molybdenum-Iron and Molybdenum-Nickel Clusters, [Mo3FeS4(H2O)10]4+ (Mo3Fe) and [Mo3NiS4(H2O)10]4+ (Mo3Ni)
	EPR Studies of the Mixed-Metal Cluster with Mo3CuS44+ Core
	Sulfur-Bridged Incomplete Cubane-Type Molybdenum/Tungsten Clusters with M3S4 Cores and Cubane-Type Molybdenum/Tungsten-Nickel Clusters with M3NiS4 Cores (M3 = Mo3, Mo2W, MoW2, W3)
	Uptake of Ethylene by Sulfur-Bridged Cubane-Type Mixed-Metal Clusters with Molybdenum/Tungsten-Nickel Cores M3NiS4 (M3 = Mo3, Mo2W, MoW2, W3): Syntheses, Structures, and 1H NMR spectra
	Carbon-Sulfur Bond Formation through the Reaction of Sulfur-Bridged Incomplete Cubane-Type Molybdenum Clusters with Acetylene.
	Elucidation of the Reactivity Differences between [Mo3NiS4(H2O)10]4+ (Mo3Ni) and [Mo3FeS4(H2O)10]4+ (Mo3Fe), and between [Mo3S4(H2O)9]4+(Mo3) and [Μo3O4(Η2Ο)9]4+ (Mo3O4) by Discrete Variational (DV)-Xα Calculation
	Acknowledgments
	Literature Cited


	bk-1996-0653.ch014
	Chapter 14 Synthesis and Structure of Raft-Type Molybdenum Chalcogenide Clusters
	Tetranuclear Cluster Complexes
	Hexanuclear Cluster Complexes
	Trinuclear Seven-Electron Cluster
	Electronic Relationship to Fused Ring Hydrocarbons
	Literature Cited


	bk-1996-0653.ch015
	Chapter 15 Synthesis and Reactions in the Void Created in Sulfur-Bridged Dinuclear Ruthenium Complexes
	Syntheses and Reactions of Polysulfide-Bridged Diruthenium Complexes
	Syntheses and Reactions of Disulfide-Bridged Diruthenium Complexes
	Spectroscopic Characterization of the Mixed-Valence Ru(II)SSRu(III) Core (27)
	Conclusion
	Literature Cited


	bk-1996-0653.ch016
	Chapter 16 Syntheses, Structures, and Reactions of Cyclopentadienyl Metal Complexes with Bridging Sulfur Ligands
	Heterogeneous Molybdenum and Rhenium Sulfides
	Reactions of Molecular Molybdenum Sulfide Complexes with Dihydrogen
	Further Reactions under Hydrogen
	Syntheses of Dinuclear Rhenium Complexes
	Reactions of the Rhenium Sulfide Complex
	Summary and Conclusions
	Literature Cited


	bk-1996-0653.ch017
	Chapter 17 New Aspects of Heterometallic Copper (Silver) Cluster Compounds Involving Sulfido Ligands
	"Unit Construction": Designed Synthesis of Some Heterometallic Copper(Silver)-Sulfur Cluster Compounds (9)
	Larger Heterometallic M-Cu-S Clusters Containing a Square-Type Unit {M4Cu4S12} (M = Mo, W)
	One-Dimensional Heterometallic W-Ag-S Polymeric Cluster Complexes
	Conclusion
	Literature Cited


	bk-1996-0653.ch018
	Chapter 18 Sulfur-Containing Macrocyclic Ligands as Reagents for Metal-Ion Discriminaton
	Strategy for Achieving Metal Ion Discrimination
	Donor Set Variation and Copper(II) Complex Stabilities
	Sulfur-Containing Macrocyclic Systems for Silver(I)/Lead(II) Discrimination
	A Tri-Linked N2S2-Donor Macrocyclic Ring System
	Literature Cited


	bk-1996-0653.ch019
	Chapter 19 Toward Novel Organic Synthesis on Multimetallic Centers: Synthesis and Reactivities of Polynuclear Transition-Metal−Sulfur Complexes
	Reactions of Thiolato-Bridged Diruthenium Complexes.
	Heterometallic Cubane Clusters with Bridging Sulfide Ligands.
	References


	bk-1996-0653.ch020
	Chapter 20 Thio-Tungsten Chemistry
	Synthetic Approaches and Characterization Data
	The Reactivity of Selected Thio-Tungsten Complexes
	Conclusion
	Acknowledgments
	Literature Cited


	bk-1996-0653.ch021
	Chapter 21 Carbon−Sulfur Bond Cleavage of Thiolates on Electron-Deficient Transition Metals
	Reactions of Cp*TaCl4 with LiStBu
	C-S Bond Cleavage Reactions of Cp*Ta{SC(R)2CH2S}2 (R=H, Me)
	Reactions of Cp*MoCl4 with Aliphatic Thiolates
	Reactions of Cp*WCl4 with Aliphatic Thiolates
	References


	bk-1996-0653.ix001
	Author Index
	Affiliation Index

	bk-1996-0653.ix002
	Subject Index
	A
	Β
	C
	D
	Ε
	F
	G
	H
	I
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	Z





