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ABSTRACT

{[(TMS)NCH,CH,],N(TMS)},V,(n-Cl), was prepared by reaction of VCL,(THF),
with the corresponding amide, and then reacted with sulfur to yield what it is thought to
be {[(TMS)NCH,CH,],N(TMS)},V,(u-S),- X-ray crystallographic analysis was not
possible due to the poor quality of the crystals. However reaction of
[(Me,Si),N],VCI(THF) with S, yielded crystals of {[(Me,Si,N],V},(u-S),}. On the other
hand reaction of VCL(TMEDA), with S; led to the formation of VCI;(TMEDA)(THF)
and V,S,C(TMEDA), which precipitated as a black powder. Reaction of
V,S,CI(TMEDA), with mercaptopyridine led to the formation of [V;(u;-Cl)-(u-
S,);](PyS);Li(THF), meanwhile the reaction of Me,Si,NLi yielded a high valent
tetrameric structure {[(TMS),N]VS,Li(THF),Li}, complex.

Alternative sources of sulfur atoms such as diphenyl disulfide was also used. In
that particular case the reaction yielded a dimer which the X-ray structure confirmed as

(TMEDA),V,CL(1t-SPh),(1-Cl).

Ab initio and extended Huckel calculations were carried out on several clusters in
order to understand the electronic structures of the complexes and the interactions

between the metal centers. Calculations on a vanadium-sulfur cubane cluster revealed the



presence of an intricate “web* of molecular orbitals showing electronic communication

between all four metallic centers.
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CHAPTER 1

Introduction

The high stability of dinitrogen is very well known and reflected in its
physical-chemical characteristics. The presence of a N-N triple bond is
responsible for a very high bond dissociation energy (225 kcal/mol), high
ionization potential (15.058 eV) and negative value of electron affinity (-1.8 eV).
The proton affinity, though positive (5.12 eV), is smaller than, for example,
methane (5.3 eV). Therefore, dinitrogen acts as a very weak base and does not
interact even with the strongest acids. The strength of the triple bond does not by
itself explain the inertness of dinitrogen. The triple bond dissociation energy in
acetylene (230 kcal/mol) is approximately the same as that for dinitrogen, while in
carbon monoxide the bond energy is even higher (256 kcal/mol). In contrast to N,
however, CO and acetylene display a wide spectrum of reactivity unknown for
dinitrogen.

Important conclusions about the reasons for dinitrogen’s inertness, as well
as clues to overcoming it, may be drawn by considering the energies required for
consecutive cleavage of the three bonds in the molecule. Dissociation of the first
of the three bonds (requiring more than 100 kcal/mol) corresponds to about half of
the total triple bond energy. This distinguishes this molecule from others with

multiple bonds [e.g. acetylene whose first splitting bond energy is the weakest (53



kcal/mol)]. This is a peculiar characteristic of N, and is not affected by the nature
of the species reacting with it. The strength of the first of the three N-N bonds has
a correspondence in the values of redox potentials £, *.

In the first step of reduction, diazene is formed via transfer of one and two
electrons with simultaneous addition of protons. This process requires strongly
negative values of E, (-3.2 V) thus requiring the use of a reducing agent stronger
than dihydrogen. In aprotic media, strong reductants such as metallic lithium are
capable of reacting with dinitrogen to form nitrides. These reactions are very
unlikely to occur in protic media since the conditions favour dihydrogen

formation :

2H + 2¢¢ =—= H,
Dinitrogen reduction in aprotic media

- Stoichiometric systems:

In 1965, the discovery by Allen and Senoff * of the first dinitrogen
complex [Ru(NH,);(N,)]*" marked a milestone in the chemistry of dinitrogen
fixation. This result prompted further the research into this field and synthesis and
reactivity of dinitrogen complexes of various transition metals were actively
pursued by several groups around the world.

In the early experiments transition metal chlorides (CrCl; MoCl;, WCl,,

FeCl;, TiCl,) were reduced with strong reducing agents, such as LiAlH,, EtMgBr

or i-Bu;Al. Ammonia was detected in variable amounts in the hydrolysis of the



reaction products. Appreciable yields of the reaction product (up to 25% of
ammonia relative to the amount of transition metal employed) were observed at
comparatively high dinitrogen pressure (100-150 atm.). Later, Vol'pin and his co-
workers succeeded in obtaining more active systems. Thus, in the reaction of N,
with the products of the reaction of Cp,TiCl, with EtMgBr in ether, the yield of
ammonia (after hydrolysis) was 67% per mol of titanium compound employed,
even at atmospheric pressure **. On increasing the pressure, the yield of ammonia
became nearly quantitative.

The activity of the systems towards dinitrogen varies widely, depending
on the nature of the transition metal and reaction conditions. However, some
generalizations can be made. Firstly, the number of transition metal compounds
capable of taking part in the nitrogen-fixing systems is very large. The strongest

N> reducing capacity is displayed by transition metals of Groups 4, 5 and 6 of the

periodic table, e.g, Ti, V, Cr, Mo and W. Particularly active are titanium and
zirconium compounds. With first row transition metals, the yields of ammonia
generally decrease while moving in the periodic table from left to right as a
possible result of a decreased stability of nitrides. However, it must be observed
that iron compounds are in general, more efficient than manganese compounds.
Cobalt and nickel derivatives usually possess low or no activity. Palladium,
copper and platinum complexes apparently demonstrate no activity in any of the

tested systems.



Yields of ammonia strongly depend on the reducing agent. The reductants

include organometallic compounds (RMgX, RLi, R3AI), metal hydrides (L1AIH,,

LiH), free metals (alkali, alkaline earth, rare earth), aromatic radical anions and
dianions and dihydrogen (in combination with other reductants). The role of the
reducing agent is to produce a low-valent transition metal complex activating

dinitrogen.

- Catalytic systems:

Attempts have been made to design systems for the catalytic
hydrogenation of N,. However, excess dihydrogen usually inhibits the reaction,
thus decreasing the yield of NH,; even in systems that normally catalyze
hydrogenation of unsaturated compounds. In some cases however, the
concentration of H, does not affect the yield of NH;, and in a few cases, for
example Ti(OEt), +(i-Bu);Al + N,, an appreciable increase in the yield of
ammonia (after hydrolysis) was observed following the introduction of H,.
However, with increase of dihydrogen pressure, the yield of ammonia passes
through a maximum, which is still less than 100%, before decreasing.
Nevertheless, these systems demonstrate the possibility of the participation of
dihydrogen in the N, reduction process (perhaps forming hydrides and
subsequently some NH containing compounds in the process of reduction).

Vol'pin and co-workers achieved the catalytic reduction of dinitrogen by



using a potent reducing agent. For example, aluminum metal reduces dinitrogen at
130 °C and a pressure of 100 atm in the presence of titanium tetrachloride and
aluminum bromide. Lithium aluminum hydride can be used as a reducing agent
instead of aluminum in catalytic systems. In the case of the catalytic system TiCl,
+ LiAIH, + AlBr;, more than 100 mol of ammonia (after hydrolysis) per mole of
initial titanium tetrachloride were obtained at relatively low temperatures (60-70
°C) when the reaction was performed in a molten mixture of aluminum chloride
and bromide. When the ternary mixture AIBr;-AICl,-C¢Hg was used as a solvent,
some catalytic reduction to ammonia was observed [INH;:T1 is approx. 5] even at
30°C.

Although catalytic hydrogenation of dinitrogen has not been observed in
aprotic solutions, Japanese workers have shown that the introduction of alkali
metal strongly activates the heterogeneous catalyst employed for the large scale
synthesis of ammonia from dinitrogen and dihydrogen °. Thus, Tamaru et al.
observed that the reaction of iron, cobalt, titanium and molybdenum
phthalocyanine complexes with metallic sodium resuited in the formation of a
donor acceptor complex which can catalyze the synthesis of ammonia from
dinitrogen and dihydrogen starting from temperatures as low as 110 °C. Ozaki,
Aika and Hori showed that alkali metals sharply increase the catalytic activity of
ruthenium, osmium, iron, molybdenum and other metals in the synthesis of

ammonia. Ruthenium activated by potassium is capable of catalyzing the reaction



at 146 °C and atmospheric pressure °.

Dinitrogen reduction in protic media

- Stoichiometric systems:

In protic media, V(II) hydroxide turned out to be most active, and remains
one of the simplest, dinitrogen reducing systems. The reduction of N, occurs in
aqueous or alcohol suspensions of freshly prepared hydroxide formed by adding
excess alkali to a solution of a mixture of VCl, and MgCl,. Apparently, VI) (d°)
in the mixed hydroxide combines the ability to both activate and reduce
dinitrogen. The reaction produces hydrazine and ammonia at high rates at ambient
conditions. Dinitrogen fixation takes place even from air, as dioxygen diminishes
the yield only to a minor extant °.

At high concentrations of alkali and high dinitrogen pressures the reaction

forms hydrazine according to the stoichiometry

Mg(OH),
4V(OH), + N, + 4H,0 =  4V(0H); + N,H,

The hydrazine formed in this process competes for electrons of V(II), with
dinitrogen, particularly at low N, pressures, and ammonia can be the final product.
The highest vields of hydrazine and ammonia reach approximately 65% .

As already mentioned, at low alkali concentrations (pH 8~ 12), ammonia



is directly produced from dinitrogen without intermediate formation of free

hydrazine. The overall reaction is the following:

Mg(CH),
6V(OH), + N, + 6H,0 > 6V(OH); +2 NH;

The role of excess Mg(OH), was never completely elucidated. However, there is a
general agreement that Mg(OH), prevents the formation of a rigid cluster structure
of V(OH), which is inactive towards N,. In the absence of Mg(OH),, vanadium(IT)
hydroxide is active only in the first few seconds after its formation and quickly

loses its activity.

- Catalytic systems:

A catalytic system for dinitrogen reduction requires the presence of a
sufficiently strong reducing agent that would reduce dinitrogen coordinated on the
catalyst. The catalyst may participate in the reduction, by increasing its oxidation
state. The role of the reductant is to restore the initial state of the catalyst. To
perform successive catalytic cycles, the catalyst with coordinated N, should react
with new molecules of the reducing agent. Another possibility is to construct a
system able to transfer both electrons and protons to the coordinated N, from the
reductant. Thus, the catalyst must posses electroconductivity to ensure the
electron flow. Another alternative would be a catalyst adsorbed at a cathode of an

electrochemical cell.



Mo (III) activates dinitrogen in a bi- or polynuclear complex, forming an
intermediate e.g. of the type (Mo=N=N=Mo) which is unable to produce
hydrazine or ammonia at the expense of Mo oxidation. In no instance does
reduction take place with Mo (IIT) complexes alone in protic media. The reaction
may become thermodynamically favorable if a stronger reducing agent, situated
nearby, can simultaneously reduce Mo to its initial trivalent state.

The first catalytic system for dinitrogen reduction in protic media was
realized with Mo (III) as a catalyst and titanium(IIl) hydroxide as a reductant.
With pure Ti(OH),, the yield of the products of N, reduction, in the presence of
Mo (IIT) formed in the process of coprecipitation of both metal hydroxides by
addition of alkali, only reaches, at best, equimolar amounts with respect to Mo,

even at elevated temperatures and pressures of dinitrogen. In the presence of salts

of some other metals in solution before the addition of alkali, e.g. Mg® > Ca*™ or
Sr**, the yields increase and the system becomes catalytic. The effect of
magnesium salts turned out to be particularly pronounced. The yields of hydrazine
and ammonia greatly increase and, at high temperatures and at pressures can reach
several hundred turnovers per Mo present. The highest yields are obtained when
the ratio of Mg®: Ti*" is 1:2. At this ratio, a compound of formula MgTi,0, is
produced that forms fine crystals. The catalytic effect of Mo (III) is observed
when the complex is adsorbed at the surface of MgTi,0,.

Experimental results show that the mechanism of catalytic action involves



a cooperative reductive action of the titanium ions surrounding the Mo catalyst
and oxidation of these ions to titanium (IV). During this process, coordinated
dinitrogen is reduced to hydrazine. Subsequent electron transfer from the remote
titanium ions to the catalytic center, cleave the N-N bond forming possibly an
amide and ammonia. The magnesium titanium compound, MgTi,O,, possesses
semiconducting properties, and evidently the Mo-dinitrogen complex on its
surface forms an electron trap. Accordingly dihydrogen is evolved in a fast
reaction in the absence of dinitrogen, particularly at high temperatures. The
introduction of the Mo catalyst, even in a very small amount compared with

titanium, strongly inhibits Hy evolution in the presence of dinitrogen. This may be

explained by a mechanism in which the Mo complexes are adsorbed at the active
sites of MgTi,0,; dinitrogen forms intermediate complexes with Mo (III),
preventing the electron flow to the hydrogen evolution centers. Coordinated
dinitrogen can then be reduced to hydrazine or to ammonia with the participation
of the solvent protons.

The mechanism proposed for the catalytic N reduction by an

electroconductive reductant has prompted the use of amalgams, particularly
sodium amalgam, as reducing agents. Sodium amalgam is a strong reductant
(redox potential for Na/Hg = Na'/Hg" + e is -1.84 V). However in contact with
alcohol it is reasonably stable. Further, the amalgam can be prepared

electrochemically using a mercury cathode and passing electric current through a
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solution containing sodium ions. Therefore, it can be conveniently used in the
electrochemical reduction of dinitrogen.

Introduction of the sodium amalgam in the catalytic system based on Mo
(III) and MgTi,0, described above, increased the yield of hydrazine and
ammonia. Apparently, amalgam transfers its electrons through the magnesium-
titanium mixed oxide to the Mo catalytic center. Obviously the electron-
transferring material is unnecessary, and the amalgam can serve, in principle, as
the only reducing agent. Accordingly, if one shakes the Mo (V) compound formed
by dissolving MoCl, in methanol (without titanium-magnesium reductant), under

100 atm N5 with sodium amalgam, formation of hydrazine can be observed in

solution. However, the yields are extremely small and poorly reproducible.
Nevertheless, the system was subsequently developed and transformed into the
most active among the known non-biological catalytic systems for the reduction
of dinitrogen at ambient temperature and pressure.

The first improvement of the system was achieved when the magnesium
salt was added to the solution of MoCl; in methanol before reducing the latter by
sodium amalgam "®. The yields, albeit still low, became reproducible and the
reaction kinetics could be measured to draw conclusions about the nature of the
rate determining step. Apparently, magnesium ions which are involved in the
formation of polynuclear structures (vide infra) stabilize the complexes and may

make them more suitable for the activation of dinitrogen. The system's low
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activity was most probably due to insufficient contact of the complexes with the
surface of the amalgam. Therefore, it was necessary to find a means to bind the
complex to the amalgam to improve the electron transfer from the reductant to the
catalytic complex. After a long search, and following the example of living
nature, a phospholipid (phosphatidylcholine) was proven to strongly increase the
reaction rate and the product yield. It became possible to study the reaction at
atmospheric pressure and room temperature. This further facilitated the search for
system improvement.

Hydrazine and ammonia are produced in parallel reactions. Their ratio
depends mainly on the nature of the catalytic complex and also on the length of
phosphatidylcholine aliphatic chains. In the case of a specially prepared
polynuclear Mo complex (vide infra), hydrazine is the main product and the yield
of ammonia amounts to only approximately 10% of total dinitrogen reduction.

After all the improvements, the specific activity of the catalytic system in
dinitrogen reduction (per catalytic complex) reached or exceeded that of
nitrogenase. Up to 1000 turnovers can be observed with respect to Mo catalytic
complex at atmospheric pressure, and more than 10000 turnovers at elevated
pressure. It is believed that the role of the phospholipid is to form a thin film on
the surface of the amalgam with the catalyst incorporated and thus bound to the
electron donor (Figure 1). The film is kept at the surface, presumably because of

the attachment of the phosphatidylcholine positive heads to the negatively
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charged surface. Electrons move from the amalgam to the complex to perform the
reduction. Proton containing molecules (water and alcohol) diffuse through the
hydrophobic part of the film to protonate the activated dinitrogen and to form the
final products. The hydrophobic film helps to keep the amalgam droplets
separated and prevents their fast agglutination. This leads to an increase in the
surface to volume ratio, and thus to an increase in catalytic activity. Presumably,
the hydrophobic film also helps to control the proton flow to the catalyst from the
solution. Indeed, the dihydrogen evolution is also catalyzed by the Mo complexes
and facilitated by the presence of the phospholipid, but its rate increase is much
less pronounced than that of dinitrogen reduction.

Apparently, the chemical nature of the polar heads of the phospholipid is
important for the incorporation of the catalyst, since many other surface-active
materials, including other phospholipids, proved to be inactive; e.g.
tetraalkylammonium salts with long aliphatic chains. Although they form a film
on the surface of the amalgam, they failed to make a catalytic system with the Mo
complexes.

- Biological dinitrogen fixation:

In striking contrast to the synthetic systems, biological N2-fixing systems
can reduce Ny gas into NH3 under very mild conditions (1 atm, aqueous medium,
pH ~ neutral, RT). The ability of some bacteria to efficiently perform nitrogen

fixation, established in the last century, has served as a continuous source of
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inspiration to search for synthetic chemical systems capable of catalytically fixing
dinitrogen under mild conditions. Until the 1960’s, all efforts to react dinitrogen
reactions at low temperature and pressures were unsuccessful and the reaction
with lithium to form nitrides remained the only example. Also attempts to isolate
enzymes able to interact with N, and to observe an in vitro reaction with N, failed.

In 1960, reduction of dinitrogen was observed in supernatant solution
produced from cells in the presence of an ATP generating system. This work
marked a milestone in the field and stimulated investigations on nitrogenase
chemistry. The nitrogen fixing enzyme consists of two proteins, an Fe-protein and
an MoFe-protein. While in combination, these two proteins perform dinitrogen
reduction to ammonia under ambient conditions.

Fe-proteins from nitrogenase of different microorganisms, as well as from
Mo-containing and alternative nitrogenases, have been isolated, purified and
thoroughly studied. Fe-proteins have much in common in terms of size, structure
and properties. The proteins are dimers of identical subunits with the total
molecular mass about 60 kDa. They contain one [4Fe-4S]-cluster that, as shown
by recent X- ray structural analysis ® of single crystals of Fe-protein, binds its
subunits using sulfur atoms of cysteines from both subunits as ligands. The cluster
is located virtually on the surface of the protein globules and is easily accessible
to solvent. This is likely to be the reason for the strong sensitivity of protein to

oxidation, and seems to be necessary for its catalytic activity.
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The large protein components of nitrogenase have a molecular mass of
about 220 kDa. The MoFe-protein is a tetramer of two types of subunits
0,3, Each protein molecule contains two Mo atoms, 32 Fe atoms, and 32 S atoms
in the form of inorganic sulfides. All the transition metal atoms in MoFe-proteins
are organized into two types of redox centers. About half of the Fe is in the

composition of four [ FeqS4 ]-clusters, named P-clusters, and the rest, together

with Mo (or V), is in M-centers, also named FeMo-cofactors. The FeMo-cofactor

consists of two cubane fragments [Fe,S,] and [Fe3MoS3] bound by three bridging

ligands which are most likely all S (S* ), although one of them was originally
considered as a different ligand and was designated as Y atom'® (Figure 2).

Conditions for the performance of the nitrogenase reaction cycle include the
presence of MoFe-protein, Fe-protein, MgATP, and the absence of air or oxygen.
Under these conditions dihydrogen evolution occurs with simultaneous hydrolysis
of ATP to ADP and phosphate. The introduction of dinitrogen causes a decrease
in the amount of dihydrogen produced and formation of ammonia, whereas the
rates of the ATP hydrolysis and the reductant oxidation do not change. Under
optimum conditions the main nitrogenase reaction can be presented by the

equation:

N, + 8H" + 8¢ + 16MgATP — 2NH; + H, + 16MgADP + 16PO,>
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In addition to dinitrogen reduction, nitrogenase catalyzes the reduction of many
other substrates of small size, mostly triple bonds "'

During the catalytic cycle of dinitrogen reduction performed by
nitrogenase, several reactions proceed consecutively and/or in parallel: formation
of the MgATP complex with Fe-protein, reduction of MoFe-protein by this
complex, ATP hydrolysis releasing ADP and phosphate, coordination and
reduction of a substrate, reduction of Fe-protein, and release of product molecules.
The dinitrogen transformation to ammonia is the result of a series of electron and
proton transfers. The agents responsible for the sequence of electron transfer are
well established: an external reducing agent, flavodoxine or ferredoxine in vivo,
or dithionite in vitro, transfers electrons to the Fe-protein, then, one by one, from
the latter to the MoFe-protein where N,, is reduced to NH,. Presumably, electrons
go to the P-cluster in the first stage , then to FeMoco and finally to the substrate.
The detailed mechanism of the electron transfer and coupled ATP hydrolysis
process remains unclear: such problems as the interaction of the proteins, the
electron and protons paths through the proteins, the exact nature of intermediates.
etc., remain unknown.

A full schematic description of the reactions in the nitrogenase cycle,
based on the experimental kinetic results, was proposed by Thorneley and Lowe.
The mechanism involves two reaction cycles, shown in Figures 3 and 4 '*. Figure

3 describes the Fe-protein redox cycle of nitrogenase and shows the reactions
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which proceed on transfer of electrons from the reduced Fe-protein to the MoFe-
protein.

The rate determining step is proposed to be dissociation of the complex of the
oxidized Fe-protein and the reduced MoFe-protein.

Figure 4 presents the changes in the MoFe-protein in the process of
electron accumulation in its active center. Here E is MoFe-protein, and the
associated subscript corresponds to the number of electrons transferred to it; each
step of Figure 4 is the result of the total cycle of Figure 3.

To be able to coordinate and activate dinitrogen, the FeMo-cofactor of the
MoFe-protein must be sufficiently reduced: according to Figure 4 this
corresponds to the transfer of three electrons to the MoFe-protein from the Fe-
protein. At step E,, FeMoco can already reversibly coordinate N,. Recently, it was
experimentally confirmed '* that the tramsition from the E, state (the reversible

binding of Ny ) to the E, state is connected with the oxidation of the P-centers.

This is a critical point of the catalytic cycle of the MoFe-protein: dinitrogen
becomes irreversibly reduced to the intermediate state, and corresponds to the
hydrazine derivative producing hydrazine when decomposed by acid or alkali.
Consecutive addition of two more electrons and two protons leads to the
liberation of two molecules of ammonia.

A valid chemical mechanism for the interaction of dinitrogen with

FeMoco is central to understanding the catalytic action of nitrogenase. Before the



17

molecular model of the M-centers was reported, almost all the mechanistic
hypothesis of N, substrate reduction was based on the participation of the Mo
atom: the differences in opinion concerning the mechanism were usually dealing
with the number of Mo atoms (one or two), and with the possible participation of
Fe in the intermediate complex with dinitrogen formed in the process of the
reduction (a binuclear MoFe-complex was often proposed ).

The discovery of alternative Mo-independent nitrogenases has already questioned
the participation of Mo as an essential prerequisite. The catalytic properties and
physical characteristics of the M-centers in the nitrogenases are very similar to
each other and to the Mo-containing nitrogenase. Therefore, if dinitrogen can be
reduced on the Fe center of the FeFe-cofactor, why should the Fe center not
function in Mo- and V-nitrogenases?

On the basis of the current knowledge, an answer cannot be provided to
this question since the problem of the detailed mechanism and the site of
dinitrogen activation and reduction has not been conclusively resolved. However,
there is a general agreement that the molecular structure of the cofactor is more
suitable for the dinitrogen coordination on the central coordinatively unsaturated
Fe atoms than on the coordinately saturated Mo, rather than forming a
mononuclear complex with Mo or a binuclear complex involving both Mo and Fe.
The role of Mo (or of V in the corresponding V-nitrogenase) might be that of

stabilizing the cluster, as is suggested by the shortening of the Fe- Fe distance at
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the side close to Mo. The atom of Mo in the tetravalent state (d2 ), decreases the
number of electrons in the cluster without causing a serious change of its reducing
ability. One might suggest that in an Fe-only containing cluster the larger number
of electrons (if all the Fe atoms are in the +2 oxidation state there are four
electrons more) is a destabilizing factor, perhaps via population of antibonding
molecular orbitals. Therefore, there seem to be more similarities between Mo- and
V-nitrogenases (presumably V is in the V(III) state with the same number of
electrons) than between these nitrogenases and the Fe-only nitrogenase. The
difference between Mo- and V-nitrogenases is due to somewhat different reducing
properties: the reduced VFe-cofactor is probably a reductant stronger than its Mo
analog, and, therefore, a small amount of hydrazine is formed in parallel with
ammonia in the case of V-nitrogenase; in the case of Mo-containing enzyme,
hydrazine is observed only upon the addition of acid or alkali '*, when there is
proton or OH coaction. The final product is ammonia only at neutral pH.

If dinitrogen activation does occur at the central Fe atoms then the
intermediate complex might involve four Fe atoms, and a diagonal arrangement of
dinitrogen may be suggested: it will be then coordinated side-on to two Fe atoms
and end-on to the other two (Figure 5). Other possibilities for dinitrogen
coordinating to the cofactor have been proposed from X-ray structural data "',

including N, coordination with one and two Fe atoms. They are not necessarily

alternatives for a single step of dinitrogen activation on the cofactor, since the
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number of contacts may increase with time if the coordination is actually a
multistep process, e.g. N, might start to coordinate first to one Fe atom and then
include other atoms of the reaction center. The diagonal four coordinated N, for
activation is preferred because both end-on and side-on binuclear dinitrogen
complexes are known. There are few examples of trinuclear complexes, and some
indirect evidence indicates the existence of tetranuclear ones (vide infra). Four
contacts will strongly activate dinitrogen and facilitate the subsequent formation
of a hydrazine derivative. At the same time, the involvement of all six central Fe
atoms of the cofactor in the activation suggested by Kim and Rees ° seem less
probable: firstly, the Fe-N distances inside the Feg trigonal prism are too short '¢;
secondly there are some evidence that a hydrazine derivative is formed as an
intermediate in enzymatic N, reduction, and even some free N,H, is produced in
parallel with NH, on V-nitrogenase. The involvement of six atoms would
probably have produced only ammonia. However the remaining two Fe atoms
may take part in the process in the later stages e.g. in cleavage of the N-N bond.
Since the X-ray structure of nitrogenase gives very strong support to the
hypothesis that the mechanism of dinitrogen activation on the enzyme involves Fe
atoms of the FeMo-cofactor, more attention was paid to Fe complexes
coordinating and reducing dinitrogen. An Fe catalyst for the conventional
ammonia synthesis from dinitrogen involves a polynuclear Fe cluster. Although

the catalytic cycle requires high temperature, dihydrogen can be used as a
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reducing agent in spite of being the weakest reducing agents among those reacting
with dinitrogen. There is no doubt that dinitrogen is activated in a side-on fashion
and the structure of a surface dinitrogen complex forming a bridge between two
Fe atoms has been proposed '. From what is known about nitrogen fixing
systems, the conventional catalyst for ammonia synthesis still seems to be the
closest analog of the nitrogenase active center, at least as far as the nature of metal
atoms involved in dinitrogen activation and reduction is concerned.

Fe complexes are known to reduce dinitrogen in aprotic media. They
reduce dinitrogen to nitrides with moderate yields in the presence of reducing
agents such as RMgX and with almost 100% yield with lithium naphthalene.
Fe(0), formed in the LiAr reduction of FeCl,, activates dinitrogen and reduces it
upon protonation. The structures of Fe complexes active towards N, were eluci-
dated '®. Dinitrogen Fe complexes have been known for many years since Sacco
and Aresta published their paper ' on mononuclear dinitrogen iron(Il) hydride
phosphine complexes. These and many similar complexes were found to be
inactive in N, protonation and reduction, but later conditions were found to
protonate a dinitrogen Fe(0) phosphine complex with at least partial reduction to
ammonia *°. The tetraphenyliron complex [FePh,J[Li(OEt,)], is also active
towards N, producing a complex which yields N,H,, NH; and N, upon protonation
*!. Another Fe complex that may be considered analogous with the FeMo-cofactor

of nitrogenase is formed in the reaction of tetraphenyliron(Il) dihydride in
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tetrahydrofuran * . A binuclear Fe(Il) complex is formed which includes three .-
H and three p,-Li bridges; the Fe-Fe distance in the complex (2.4 A) is very close
to that in Fe metal and in the Fe Mo-cofactor.
Dinitrogen is coordinated by the complex (v(N,) = 1660 cm™) and is weakly
bound. Spontaneous release of N, is observed during the crystallization process.
At the same time, dinitrogen can be reduced and upon protonation, produces
hydrazine. It is interesting to observe that the electrons to produce N,H, are taken
from Fe (and not from LiPh ligand as in the case of a similar nickel complex)
since the amount of hydrazine formed corresponds to the Fe(ll), Fe((I)
transformation.

Since it became known that FeS clusters are involved in nitrogenase, many
Fe-S complexes have been synthesized in attempts to prepare models for the
active center of the enzyme. Entry to the field of synthetic analogs of Fe-S protein
sites was afforded by the discovery in 1972 that the reaction system
FeCl,/NaHS/3NaSCH,Ph in methanol yielded the cluster [Fe,S,(SCH2Ph),]*,
which was readily isolated and purified as its Et,N" salt. Very soon thereafter the
procedure was shown to be general for a variety of thiolate salts NaSR *,
producing many of the existing [Fe,S,(SR),]*> clusters. The proposed reaction

scheme consisted of the formation of a polymeric Fe(IIl) thiolate in the reaction:

4FeCly; + 12RS” — 4Fe(SR); + 12CF
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followed by cluster formation:

4Fe(SR); + 4HS + 4MeO” — [Fe,S4(SR),]> + RSSR + 6RS™ + 4MeOH

The overall process has the limiting stoichiometry of the following reaction:

4FeCl; + 4HS™ +6RS™ + 4MeO™ —— [Fe,S,(SR),]* + RSSR + 12CI' + 4MeOH

The method remained unchanged until it was shown in 1979 * that elemental
sulfur in the presence of sufficient amount of thiolate reductant could be

substituted for sulfide, as shown in these reactions:

4FeCly + 14RS™ + 48 —— [Fe,S4(SR),]* + 5RSSR +12CI’

4FeCl, + 10RS™ + 48 ——> [Fe,S4(SR),]> + 3RSSR +8CI

Both preparative methods were extended to [Fe,S,(SR),J* clusters . While it has
been clear for some time that cluster formation is thermodynamically controlled,
the nature of the thermodynamic product could not have been uniquely predicted.
This situation is indigenous to most initial cluster syntheses and, in the present
case, the term "spontaneous self-assembly" has been applied as a reminder of the

thermodynamic origin of cluster formation. The presence of trinuclear cluster,
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whose cuboidal structure has been widely verified by protein crystallography ¢,
had not yet yielded to synthesis in stable isolable form ¥. The finding that
unfolding of inactive oxidised aconitase causes isomerization of the
[Fe,S.] cluster core to linear [Fe,(i,-S,)]” *°, which has otherwise been isolated in
the form of the stable clusters [Fe,S,(SR),]* *', implies that the cuboidal geometry
is probably sustained by protein structure. However, Fe,S, has been obtained as a

32 However the

constituent of many heterometal MFe,S, cubane type cores
activity of the tetranuclear and trinuclear cubane clusters towards dinitrogen
remains unknown. In an recent attempt to mimic the M cluster of nitrogenase,
Coucouvanis ** studied the reaction of (Et,N),[(Cl,-cat)(CH,NH,) MoFe,S,Cl;]
with cis-1,2-dimethyldiazene in acetonitrile. The reduction products were
expected to be ammonia and methane but once the experiments were carried out
methylamine was found to be the major product. Other data indicated that the
substrate was exclusively activated and reduced by the [MoFe;S,]*" core, while
methylamine was obtained only from reduction of cis-1,2-dimethyldiazene and
that the Mo atom is the active site the substrate reduction.

The fact that ammonia was not produced in this type of system is not a surprise,
mainly because the substructure of catalyst used, is different from the nitrogenase

M cluster, where dinitrogen fixation takes place in the iron cage and not on the

Mo centre. Even though ammonia was a major product in this reaction, this is still
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far from achieving the ultimate goal, (catalytic dinitrogen fixation) since the
substract was methyldiazene, and not N,.

Nevertheless this experiment shows that at least the cubane cluster
possesses a catalytic activity towards N=N system which is a first step in the long

quest for dinitrogen fixation by cubane clusters under mild conditions.
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CHAPTER I

The high reactivity of low-valent early transition metals and their strong
reducing power is the key to the ability of these species to react with exceptionally
stable molecules, such as dinitrogen. Recently, there has been a considerable
growth of interest for the synthesis of V(II) complexes to explore its chemistry
and in particular the reactivity with N,. The d’ electronic configuration of V(II)
was regarded as particularly promising since a dinuclear V(II) system potentially
has the ability to transfer the 6 electrons necessary for the cleavage of the N-N
triple bond. Conversely, the d* or d' electronic configuration of V(III) and V(IV)
respectively may be regarded as promising for the reduction of N, and formation
of reactive intermediates (nitride, hydrazido, etc...)

The first example of fixation of dinifrogen on vanadium center was

observed when VCIp(TMEDA), ' was reacted with two equivalents of [o-

CH,CH,N(CH,),]Li followed by addition of one equivalent of pyridine to give
(1-N2) {[( 0-C,H,CH,N(CH,),],V(py)}(THF), as product (Figure 1). The reaction
initially formed an unidentified intermediate, which upon treatment with pyridine
reacted with dinitrogen to form the final complex. The magnetic moment (U=
3.47y,) is slightly lower than expected for a d’ electronic configuration, thus

indicating that only a minimal reduction of dinitrogen occurred. Nevertheless, the
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coordination of dinitrogen appears to be rather robust, since exposure to vacuum
did not remove nitrogen. However, simple treatrnent with Lewis bases such as

CO, alkynes or pyridine, released Ny to form a monomeric vanadium(I)

complexes. In the case of pyridine the mononuclear [0-C.H,CH,N(CH,),],V(py).
was isolated and fully characterized.

It is well known that the formation and the structures of dinitrogen
complexes are very sensitive to the nature of the ligands. Among the ligands
successfully used for the stabilization of dinitrogen complexes with other metals
were organophosphines 2, alkyls/aryls and cyclopentadienyl groups. In contrast to

the catalytic transformation of Ny promoted by in situ generated V(II) hydroxide,

there is no report of dinitrogen complex of V(II) or V(III) using Cp or Cp* as the
supporting ligand. Even in the case of titanium, another versatile substrate for
dinitrogen activation, most of the complexes were characterized on the basis of
microanalytical data. Since the isolation of the first dinitrogen complex on
titanium, a few dinitrogen complexes having titanium in different oxidation states
with different bonding modes (Figure 2) of dinitrogen have been isolated and

reported.
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Bonding Mode

M —NnN N End-on

M N N M Bridging end-on

M H’ Side-on

M . ”l _M Bridging side-on
Figure 2

Transition metal alkyl/aryl complexes constitute a very important class of
compounds because of the pivotal role played by these species in both synthesis
and catalysis *. In the case of vanadium in +2 and +3 oxidation states, the carbon -
donor based ligands have promoted the coordination of dinitrogen. The very first

* was isolated and characterized only in 1989

vanadium dinitrogen complex
(Figurel) as mentioned above. The formation of this complex proved the high
reactivity of divalent vanadium towards dinitrogen. Following this, two
organometallic dinitrogen complexes of V(II) * and V(III) * were obtained (Figure

3). The reduction of V(mes),(THF) [mes = 2,4,6-Me,CH,] by sodium metal in the

presence of nitrogen in diglyme, produces the dinuclear complex (p-
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N,)N[(mes),Me,C4H,] [Na(diglyme),]" (Figure 4) °

mes mes

mes " __N N v mes

mes / mes

Np" Np
Np __V —N N— V—- Np
v N\
Figure 3

The V-N distance of 1.763(15) A is very short and suggests multiple bond
character, while the N-N bond length of 1.280(21) A is longer than the bond
distance in the free dinitrogen molecule (1.098 A). These two bond distances
suggest that dinitrogen was reduced to some extent in this species. The magnetic
moment of 1.69 ug per metal center is significantly lower than expected for a d&*-d*
system. The lowering of the magnetic moment can either be a consequence of a
strong electronic coupling of the two vanadium atoms through the dinitrogen
bridge, or may reflect a change in the oxidation state of the metal atom. The

coordination of dinitrogen to V(III) is quite interesting due to the occurrence of



32

this oxidation state in some metalloenzymes. In addition, the studies on V-
nitrogenases predict the involvement of medium-valent vanadium as the active
species responsible for the activation of dinitrogen in biological systems.
Although di- and tri-valent vanadium organometallic complexes have been proved
to be able to interact with dinitrogen, yet the reversibility of dinitrogen
coordination, the high reactivity and thermal unstability render these complexes

unsuitable for further activation studies.

Alkoxides / Aryloxides:

Interest in the chemistry of low- and medium-valent transition metal
alkoxides has been steadily increasing in recent years ’. Ligands with oxygen
based donors atom seem to be the most promising for the vanadium and titanium
promoted activation of dinitrogen. Other interesting characteristics of these
ligands are: (i) the electronic configuration of the oxygen donor atom which
allows different molecular complexity by adopting different bonding modes, (ii)
the unlimited choice of organic substituents which allows to adjust the steric
hindrance, (iii) the possibility of introducing optical activity by using optically
active alkoxides / aryloxides. The interest in V(III) aryloxides was mainly
stimulated due to the similarity with the V(OH), system which is able to perform

catalytic reduction of N,. However the only two anionic V(II) aryloxides s
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reported in the literature, were found to be unreactive with N,. Even ligand
replacement on preformed N, complexes by alkoxide systematically released N,
thus indicating a scarce ability of this particular ligand system to support this type

of reactivity.

Macrocyclic Ligands:

The employment of a macrocyclic ligand and nitrogen-donor based
ligands enhanced the ability of vanadium to interact with dinitrogen. The reaction
of VCL(TMEDA), with the tetralithium salt of octaethylporphyrinogen (OEPG)
under nitrogen, yielded the paramagnetic ({.s=2.85uy per dimer) nitrido-bridged
dinuclear complex [{(OEPG)V}2(u-N)( p-Li),J[Li(TMEDA),] (Figure 5) °. The
structure is formed by two parallel planar V(OEPG) units linked by a nitride
function. The magnetic moment lower than expected for a d2 electronic
configuration, can be explained by the presence of a magnetic coupling between
the two vanadium centers. The formation of the nitrido-bridged complex arises
from a complicated series of reactions. The first complex formed from the
reaction between (OEPG)Li, and VC1,(TMEDA), is the divalent vanadium species
[(OEPG)VLi,CL,(THF),]. In an attempt to remove LiCl the complex was treated
with excess of TMEDA. The reaction gave [(OEPG)V(THF),][Li(TMEDA),]

which was isolated and characterized. The formation of this species was
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accompanied by formation of a nitrido-bridged complex. This species probably
arises from the cleavage of dinitrogen by the low-valent OEPG-vanadium

complex [(OEPG) VI, CL(THF),].

Li

Figure S

Amides:

The employment of ligands with nitrogen based donor atoms for the
preparation of low- and medium- valent titanium and vanadium complexes was
advised by some unique characteristics of these ligands. (i) The overlap of
nitrogen lone pair with an appropriate empty d orbital of the metal atom, may give
partial m-bond character to the M-N bond ' and introduce some electronic

flexibility. (i) The ability to act as a bridging ligand between two or more metal
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centers may promote formation of polynuclear species. The electron deficiency of
the early transition metal atoms and the consequent tendency to achieve a partial
saturation (Figure 6) by sharing the amido ligands may be regarded as the driving
force behind this behavior. (iii) The steric bulk may be considerably varied by
selecting the appropriate organic substituents on the nitrogen atom. (iv) The

strong reducing power stabilizes a wide range of oxidation states.

Figure 6

The chemistry of amido vanadium complexes is poorly developed. Early
studies !' mainly focused on the synthesis of amido vanadium(IV) complexes. In
1957 the synthesis of what was formulated as VCL,N(Me,), was achieved "* from
VCl, and gaseous HNMe,. Even though the nature of the final product was never
conclusively demonstrated, this methodology can be extended to other primary
amines “. Substitution of more than two chlorides is commonly achieved by using
the amide lithium salt . The majority of vanadium amide derivatives
characterized so far was prepared by using the salt method 3 or by reduction of

amido vanadium(IV) compounds *°.
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As discussed earlier, the reduction of Ny to form two nitride moieties

requires six electrons. Therefore, the dinitrogen complex of a dinuclear d* V(II)
moiety should be the ideal system, since each of the two d* V(II) atoms can easily
undergo a 3 electron reduction to d° V(V) centers. This was recently observed in
the case of a & Mo(IIl) complex, which upon reaction with N, gave preliminary
formation of an end-on dinitrogen complex which further evolved into a terminal

17

Mo-N species ''. The formation of a dinuclear end-on dinitrogen complex by
reaction of Mo(NRAr), complex with N, was followed by N-N cleavage and
subsequent formation of a nitrido complex NMO(NRAr)3 [R = C(CD;),CH;, Ar=
3,5-CH;Me,] (Figure 7).

This observation encouraged further attempts to synthesize low- or
medium valent amides of vanadium, which, however, displayed a remarkably
different behavior. For example, the reaction of trans-VCL(TMEDA), with
Cy,NLi, prepared in situ from Cy,NH and n-BuLi in THF, formed an
unprecedented complex [(Cy,N),V],Li(1t;-O)( to,n,: n,-CMe) (Figure 8). The p;-
O and p,,m,: N,-CMe moieties are probably obtained via fragmentation of the
THF solvent. Treatment of VC1,(TMEDA), with Ph,NNa in THF gave the olive
green ionic complex [V;C1(TMEDA);][V(NPh,),]. The cationic unit is composed
by a triangular cluster of trivanadium with three bridging chlorine coplanar with

theV, unit and the other two symmetrically placed above and below the molecular

plane. The mononuclear anionic unit features a vanadium atom
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Figure 8

placed in the center of a tetrahedron bound by four nitrogen atoms of four amido
ligands. Attempts to form amidinate V(II) derivatives yielded either multiple V-V
bonded complexes or extremely labile N, end-on complex depending on the
nature of the amidinate substituents.

Rather unexpected results were obtained from the reaction of V(III)
dinitrogen complexes with amides as supporting ligands. Similar to the case of
closely related d” titanium systems it was possible to isolate very robust dinitrogen
complexes. Reaction of VC1,(THF), with (i-Pr),NLi provided end-on bonded
dinitrogen complex ([(i-Pr),N];V},(N,) ' whose cyclic voltammograms did not
show reduction or oxidation in a wide range of potentials (Figure 9). In addition
these complexes were unreactive towards several reagents (PR;, py, C), RNC,
RCN, azide, diazo). This observation contrasts with the nature of the dinitrogen
organometallic complexes of vanadium in the +2 and +3 oxidation states where

dinitrogen is always liberated upon treatment with Lewis base. This result
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suggests that the d2 electronic configuration, in combination with N-donor based

ligands, can provide exceptionally stable dinitrogen complexes.

iPr iPr iPr
\ AN / iPr
. N
iPr—N /
— N
VCL(THF); + 3iPLNLi ok pr—N—Y N N N ipr
N N—iPr
iPr /N .
ipr iPr iPr
Figure 9

The reaction of VCI,(THF), with LDA gave a surprisingly different result
when 1:6 molar ratio was used, thus giving some insight into possible reaction
pathways alternative to N, activation process. Rather than giving the dinitrogen
complex, a dimeric {[(i-Pr),N,V[p - CH,C(=CH,)N(i-Pr)]Li}, ' was formed. The
metallacycle was originated by one amido group which chelates the vanadium
atom by using both the nitrogen and one deprotonated methyl group, thus forming
a four-membered vanadacyclobutane ring (Figure 10). The second carbon atom
and the methylene carbon of same isopropyl group engaged in the formation of
metallacycle have also been dehydrogenated to form an exocyclic C=CH, double

bond.
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VCI;(THF); +  6iPrpNLi —_— \ iPr :

Figure 10

These observations showed that organic amides are able to transfer H,
from the alkylamide to a substrate and to form in the process metallacyclobutane
rings and olefinic functions. Even though the fate of the hydrogen atoms was not
elucidated in this case, the possibility that H, might be transferred directly from
the ligand side chain to several substrates opens interesting perspectives in terms
of dinitrogen reduction. Formation of metallocycle occurred also in the reaction of
VCL,(THF), with 2 equivalents of LIN(SiMe;), in THF which gave the monomeric
[(SiMe,),N],VCI(THF). Instead of forming the corresponding homoleptic
derivative, addition of a third equivalent of LiN(SiMe,), formed the dimeric
{[(MeSi),N]V[u-CH,SiMe,N(SiMe;)]}, (Figure 11) via C-H bond metathesis of
one methyl group . This dimer can be cleaved by Py or PMe, forming very
reactive {[(MeSi),N]JV[CH,SiMe,N(SiMe,)]JL. ** (L = Py or PMe,) where the

vanadaazacyclobutane ring was preserved.
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Figure 11

In the case of the phosphine derivative, the V-C bond can be hydrolyzed
under pressure and at room: temperature forming an unusual mixed valence
ionic complex ' {[(PMe),V], (u-H),)"7{([(Me,Si),N],V),(u-N,)}~. The presence
of hydrides was supported by the formation of three equivalents of H, during a
degradation experiment with seven equivalents of HCL. The two nitrides were
identified by the formation of NH, during hydrolysis.

On the basis of this literature survey it seems rather legitimate to conclude
that anionic organic amides are the most promising ligand system of the

vanadium-promoted activation of N,
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Scope of the thesis

The scope of this thesis was to study the synthesis, characterization and
reactivity of novel low- and medium valent vanadium complexes. The long term
goal of this research was to find a new and easier synthetic route for the
vanadium-sulfur cubane clusters, to verify their reactivity towards N, and to
understand the steps through which dinitrogen is reduced to ammonia or
hydrazine. The aim was to carry out a preliminary exploratory work to test a few
synthetic strategies. For this purpose sulfur and nitrogen donor-based compounds
were used as ligand systems.

We also carried out molecular orbital calculation on the compounds obtained
during this work, and on other related systems. Several levels of theory were used
in order to evaluate the magnetic and chemical properties of the newly prepared
compounds and correlate these results with the V-S cubane clusters.

Results and discussion

As mentioned above, dinitrogen reduction in synthetic systems requires
strong reducing agents such as RLi in aprotic media and OH or Na/Hg in protic
media. By contrast, biological dinitrogen fixation does not require such harsh
reducing agents, but uses ferrodoxin as an electron source, since FeMo-cofactor is

a very well organised molecular system. Therefore in order to find milder
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conditions for reduction, more sophisticated fixing agents must be developed. The

system should possess the following characteristics:

1- a structure as similar as possible to the M cluster of nitrogenase,

2- the metal used should be an element belonging to the first row transition
series 1.e. vanadium, iron, ..., in medium oxidation state

3- oxidation-reduction voltage barrier must be small,

4- resistance to water or other protic solvents.

Since the cuboid Fe,S, clusters available in literature do not react with
dinitrogen, it will be tempting to try to synthesize cubane clusters with other
metallic elements such as vanadium in the +3 oxidation state which, conversely,
have been proven versatile for this purpose. As a matter of fact several V,S,
cluster were built but the synthesis involved several steps, unusual starting
material and suffered from relatively low yield. In 1982 T.B. Rauchfuss *
prepared [CpV1,(1s-S) n*:uS,* using CpV(CO), * as a starting material. The final
cuboid structure was obtained by abstracting a sulfur atom by tributylphospine to
yield [CpV](1.-S) n*:uS,> ** . Subsequent addition of two more equivalents of
PBu, yielded the vanadium cubane sulfur cluster *. Unfortunately this complex

proved to be generally stable and unreactive towards N,
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Our ultimate target was to build alternate and more reactive V,S, cuboid
structures supported by anionic organic amides which may act as a reduction
catalyst for dinitrogen activation. As a possible synthetic strategy towards the
preparation of cuboidal cluster, we decided to preliminarily test the reactivity of
low valent vanadium complexes with S,. In this chapter we describe the results of
our attempts to prepare a (amide)V=S compound, possibly tetrameric with a
cuboid V,S, core.

The ligands used in the experiments were selected in the view of the
special requirement of dinitrogen fixation. Alkoxides and aryloxides were
dismissed, since these ligands lead to the formation of complexes incapable of
fixing free dinitrogen °. Conversely, nitrogen donor based ligands have shown a
marked tendency to stabilize dinitrogen complexes. The denticity may be another
important factor. One might think that choosing monodentate amides might
provide the simplest solution to start with. However, monodentate amides are very
dynamic. They may be occasionally unstable and sometimes lead to complicated
reactions which might include disproportionation pathways. At the opposite
extreme, tridentate ligands are stable and occupy three coordination sites, not to
mention the steric hindrance factor which prevent ligand scrambling. Given this
rationale, tridentate ligands complexes were chosen as models at this preliminary

stage of research to explore the chemistry of vanadium with elemental sulfur.



As summarized in Figure 12, reaction of VCI,(THF); with one
equivalent of [(TMS)NLiCH,CH,],NTMS, led to the formation of the
corresponding {[(TMS)NCH,CH,],N(TMS)},V,(u-Cl), (4) which was isolated in
good yield as a crystalline complex. The magnetic moment of 4 was determined
with a Gouy balance at room temperature, which indicated a value in agreement
with the d* electronic configuration expected for V(III). The molecular structure
was elucidated by an X-ray diffraction analysis (Figure 12-a). The dimer consists
of a distorted trigonal bipyramidal vanadium atom [N2-V1-N3=82.73°, N1-V1-
N2=83.98°, N3-V1-Cl1=98.37°, N1-V1-N3=117.44°, N1-V1-Cl1a=114.80°, N3-
V1-Cl1a=126.52°] surrounded by a tridentate ligand. The V-N distances are rather
short [VI-N1=1.910(6) A, V1-N3=1.909(6) A] and suggest the presence of a
significant extent of t-donation. The value of the magnetic moment as well as the
V-V distance [V-V=3.631(5) A] indicate the absence of significant metal-metal
interaction. Unlike vanadium complexes of monodentate silazanates, which
decompose spontaneously upon heating to yield a [N(TMS)SiCH,]V metalocycle,
complex 4 was found to be thermally stable in coordinating and non-coordinating
solvents.

Reaction of 4 with sulfur under nitrogen atmosphere gave a brown
amorphous powder (6) and all attempts to isolate crystalline solid failed.
Nevertheless the complex is diamagnetic and the "H NMR spectrum clearly shows

the silazanate ligand peak as a singlet at 0.51 (s 3H TMS). Elemental analysis data



1 231y

mz,b mza
mze
10
\ /> z
/5\ N\
SINL
,r mzb
A
Do 0 duexay (g
‘L JHL (1
SWL SL SIL O
‘ 10 \
N N + I />\\oh \
"IN N N 1T P
5 - 0odgvda

Ing-u

/OQ mwtz

SWL SWL SWL
_ _ | (sauei) 10-SL (¢

NH - YN HN  CHN
, \, /009va/00d () \ \z/ /




Y (O)I€9°€=A-A Y (9)606' T=EN-TA Y (9)016 T=IN-TA ‘2TS'9Z1=11D-TA-EN ‘c08'¥1 [=B1ID
“TA-IN ‘obt LIT=EN-TA-IN ‘oLE'86=TID-1A-EN *086'€8=TN-1A-IN ‘©€L T8=EN-TA-TN : b J0 101d JHLYO *e-7Y N3y

(92)0
(STID e )
Y, QNS
y aN D
X))
aﬁ
1

\
(LIS

1S
(Y
(€10
ens

N

(NS



45

were consistent with the formulation {[(TMS)NCH,CH,],N(TMS)},V}S probably
dimeric. The absence of chlorine was indicated by both qualitative tests and XRF
data. Unfortunately, poor crystal quality prevented structural crystallographic
investigations. Thus in order to gain insight, reaction was carried out by reacting
[(Me,Si),N],VCI(THF) with sulfur yielding the diamagnetic {{(Me,Si,N],V},(u-
S), (7) complex which was isolated from ether in a crystalline form. The NMR
spectra showed the characteristic absorptions of the ligand. Combustion analysis
data consistent with the proposed formulation were obtained (Figure 13).

The molecular connectivity were elucidated by single- crystal X-ray
analysis. The structure is formed by two almost identical {(Me;Si),N],V units,
bridged by two sulfur atoms. The coordination geometry around each vanadium
atom is distorted tetrahedral [N1-V1-S1 =108.8(1)°. N1-V1 -82 = 111.7(1)°. N1-
V1-N2 = 114.8(2)°. N2-V1-Si = 111.2(1)°, N2-V1-S2 = 108.0(1)°] and 1s defined
by two nitrogens [V1-N1 = 1.878(4) A, V1-N2 = 1.874(4) A] of the two amide
groups and the two bridging sulfur atoms. The distortion around vanadium is
probably caused by the steric bulk of the two large trimethylsilyl groups [N1-V1-
N2 = 114.8(1)°, N3-V2-N4 = 115.3(2)°]. The coordination geometry around each
nitrogen atom is trigonal planar [V1-N1-Sil = 130.4(2)°, VI-NI-Si2 = 113.8(2)°,
S1-N1-Si2 = 115.7(2)°] with rather short V-N distances. The V,S7 core is nearly
planar [SI-VI-S2-V2 = 3.4(1)° torsion angle] with rather short V-S distances [V1-

S1 =2.211(1) &, V1-S2 = 2.206(1) A,V2-S1 =2.216(1) A, V2-S2 = 2.206(2) A]
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possibly indicative of some V-S multiple bond character. This new compound, in
spite of having a longer intermetallic distance, is diamagnetic compared to the
isostructural oxo compound synthesized by Verkade et al *. The long V-V
distance [V1-V2 = 2.857(1) A] compared to the shorter [V1-V2 = 2.612(3) A] in
the oxo compound, and the diamagnetism of the complex raises questions about
the nature of the intermetallic interaction and the possible mechanism for the
magnetic coupling between the two d' metal centers. A database search on
dinuclear tetravalent vanadium complexes yielded 31 crystal structures *°. In all of
these d' species the M,X, cores featured intermetallic separations ranging from
2.459 to 3.033 A depending on the nature of the bridging ligands. In the case of
complex 7, the longer intermetallic distance with respect to {[(Me;Si),N],V },(u-
0), (0.25 A) is not surprising given the larger atomic dimensions of the bridging
atom (S versus O) and the consequent longer V-S distances with respect to V-O.
However, the fact that in the identical ligand system the elongation of the
intermetallic distance led to a more efficient coupling of the d' electrons seems to
indicate that a significant V-V bond is unlikely to exist in the sulfido complex.
The nature of these interactions will be discussed in further details in chapter III.
The angles subtended at the bridging sulfur atoms, significantly narrower than
90°, are possibly the result of the tetrahedral coordination geometry of vanadium
which dictates relatively large S-V-S angles. In addition, angles as narrow as 71°

are rather common among sulfide and persulfide-bridged divanadium complexes,
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which are almost invariably diamagnetic regardless of the size of intermetallic
separation (typically in the range 2.5-2.87 A) . The angles subtended at the
bridging sulfur atoms in complex 7 are rather small [V1-S1-V2 = 81.70(5)°, V1-
S2-V2 = 82.04(5)°] but compare well with others of similar M,S, frameworks®.

Complex 4 was then reacted with methyllithium. In order to enhance
crystallinity, one equivalent of pyridine was added. This reaction led to the
formation of {[(TMS)NCH,CH,],N(TMS)}VCH,Py (5) which was isolated in
crystalline form from hexane as intensely purple paramagnetic crystals (Figure
14). Due to the extremely high air-sensitivity of this species, single crystal X-ray
analysis was the only possibility to elucidate the structure. The molecule features
a trigonal bipyramidal vanadium atom connected to a methyl group and to a
molecule of pyridine while the other three coordination sites are occupied by the
ligand N atoms [C19-V-N1 = 116.65(6)°, C19-V-N3 = 113.85(7)°, C19-V-N4 =
92.62(5)°, C19-V-N2 = 100.94(5)°] (Figure 14-a). The coordination geometry
around the terminal nitrogens is trigonal planar, suggesting a considerable extent
of V-N n-donation. In agreement, the V-N distances are noticeably short [V-NI1 =
1.972(1) A, V-N3 =1.925(2) A] in spite of the considerable steric bulk.

Treatment of § with elemental sulfur in a THF solution gave an immediate
color change to dark brown. Unfortunately attempts to isolate crystalline products

suitable for X-ray analysis failed.
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Given that the reaction of vanadium (III) with sulfur resulted in the
formation of stable vanadium (IV) dimers, our efforts were focused on reactions
of vanadium (I} with sulfur or with sulfur providing molecules. This was advised
by several reasons : Firstly, the reactivity of divalent vanadium with sulfur is not
well developed, secondly VCIL(TMEDA), (TMEDA = NNN’'N’-
tetramethylethylenediamine) used in these reactions is closer from an oxidation
point of view to the starting material used in literature to synthesize the vanadium-
sulfur cubane cluster. Thirdly, by reacting V(II) with S; it was hoped that V(III)
will be the final product, thus sparing a subsequent reduction step.

For this purpose VCL(TMEDA), was reacted with a few sulfurizing
agents. Elemental sulfur S; was used in the first instance. As summarized in
Figure 15, the reaction led to the formation of a mixture of two compounds. The
first was identified as VCL(TMEDA)(THF) by IR and X-ray analysis. The
second compound was a black precipitate, and unfortunately all attempts to
crystallize this black compound failed due to its low solubility in the most
common solvents. Reaction with nitric acid produced elemental sulfur thus
suggesting possible presence of persulfido S,* units. Elemental analysis on all
elements and XRF tests were carried out. The results of these tests were consistent
and indicated the formula V,S,CI(TMEDA), (7¢). The presence of chloride was
confirmed by the precipitation of silver chloride after the addition of silver nitrate

to an acidic solution of the black powder.
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In order to shed some light on the molecular structure attempts were made
to grow better quality crystals. One of these methods consists of layering a THF
solution of sulfur over a THF solution of VCL(TMEDA),. After standing for a
few days, black needle shaped crystals separated. Unfortunately the quality was
unsuitable for X-ray analysis. Repeated attempts by changing concentrations also
failed in producing sufficient quality crystals. Since growing crystals of 7¢ seems
to be an extremely difficult task, a series of experiments were performed, to
derivatize 7c¢ with ligands which will hopefully produce better quality crystals
allowing us to elucidate the structure via X-ray analysis and, indirectly that of 7c.
For this purpose compound 7¢ was reacted with a variety of ligands, such as
alkoxides, amides, and hydrogen. This compound proved to be unreactive towards
alkoxides. Reaction of 7c¢ with phenyl, substituted phenoxide and silanates were
unsuccessful, and unreacted starting material was always recovered after several
days of reflux (Figure 16). Reactions with amides and sulfides were more
promising. Among the several attempts which were conducted (Figure 17),
reaction of 7¢ with (C;H,N)SLi yielded crystalline material. The formulation
[V,(15-CD)-(u-S,);](PyS),Li(THF), (9) yielded by combustion analysis data and
were in agreement with XRF and single crystal X-ray data. The structure of 9
consists of a triangulo-[V,(u,-Cl)] unit with three edge-bridging n*m*pS,”
groups. One pyridinemercaptate ligand is attached to each V of the complex

structure. The bridging S,” units are slightly asymmetric having one shorter [V1-
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S4=2.381(3) A, V1-86=2.380(3) A, V2-S8=2.369(3) A, V2-S4=2.375(3) A, V3-
S8=2.366(3) A, V3-S6=2.371(3) A, (ave. 2.37 A)] and one longer [VI1-
S5=2.453(3) A, V1-S7=2.459(3) A, V2-S5=2.440(3) A, V2-S9=2.454(3) A, V3-
S7=2.450(3) A, V3-89=2.466(3) A, (ave. 2.45 A)] bound to each vanadium atom.
Each vanadium atom is located on the vertices of almost an equilateral triangle
[V2-V1-V3=60.92(6)°, V1-V2-V3=59.84(6)°, V1-V3-V2=59.23(5)°, VI-
V2=2.7102) A, V1-V3=2.727(2) A, V(2)-V(3)=2.757(2) A] with average V-V
distance and angles of 2.74 A and 60°. As for the ligand, the rather long V-S
distance (ave. 2.5 A) suggests a single bond. One interesting feature to point out is
that the sulfurs S1 and S2 of the ligand are above the plane formed by the three
vanadium atoms, while S3 is below it (Figure 17-a). On the basis of these findings

it is suggested that the structure of 7c may be a persulfido trivanadium cluster.
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In order to support this idea, we have also reacted complex 7¢ with
[(TMS),N]Li. The reaction gave the new diamagnetic complex 7d in which the
metal has an oxidation state of +5. The structure of 7d was determined by X-ray
analysis. The complex is tetrameric, and consists of four
[(TMS),N]VS,Li(THF),Li units linked together by four Li-S-Li bridges, thus
forming an eight member macrocycle (Figure 17b). The geometry around the
vanadium atom is slightly distorted tetrahedral [S1-V-S2=107.54(12)°, S1-V-
S3=108.63(11)°, S1-V-N1=110.3(2)°, S2-V-N1=111.0(3)°, S2-V-
S3=107.46(11)°], and is defined by one nitrogen atom of one umit [V-
N1=1.886(7) A] and three sulfur atoms [V-S1=2.139(3) A, V-S2 =2.125(3) A,
V-S3 = 2.137(3) A]. The coordination geometry around the nitrogen is trigonal
planar [Si2-N1-Si1=123.2(4)°, Si2-N1-V=117.9(4)°, Sil-N1-V=118.0(4)°] with
rather short V-N distances. The VS, core could be regarded as occupying the
comner of a cube with each of the atoms on one of the vertices. The rather short V-
S distances may be indicative of some multiple bond character. Both carbon
atoms of THF and TMS showed signs of thermal activity.

Gathering and putting all the evidence in perspective, we notice that the
reaction of V(II) with sulfur led to the oxidation of the latter from +2 to +3
oxidation state, thus yielding a sulfur-rich complex possessing the formula
V,S,CI(TMEDA),. The reaction can be summarized by the following equation:

THF
8VCL(TMEDA), + 7S ——> V3S,CI(TMEDA); + SVCL(TMEDA)(THF)
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The 8 electrons necessary for the transfoermation of 7 S atoms into one sulfide, S*
and three persulfide S,” are provided by the one electron oxidation of eight
vanadium(II) atom.

Reaction of V,S,CI{TMEDA), with (C;H,N)SLi led to the replacement of
the TMEDA with the ligand and the elimination of one molecule of lithium
sulfide via the following reaction:

V,S,CTMEDA); + 3PySLi* ——— V3S¢CI(PyS); + Li,S +3TMEDA

The transformation of 7¢ into complex 9 is not a redox process, since the
oxidation state +3 is preserved. The reaction arises from the formal replacement
of S$* by two molecules of mercaptopyridinate anions with elimination of LiS, and
the addition of a third molecule thus forming the final anionic species.

Conversely, reaction of [(TMS),N]Li with V,S,CI(TMEDA), led to
molecular rearrangement in which the original cluster broke in two fragments.
The first one is [(TMS),N]VS,Li(THF),L1 which clustered to form the tetramer
and the other ome is thought to be {[(TMS),N]V}, (Mm*n*pS,>), (7e).

Unfortunately, attempts to isolate or identify 7¢ failed so far.

MS. _TMS
N s
V.S,CATMEDA), + 3[(TMS),N]Li* s’Y‘s + TMS‘N vlé\v N'TMS
+ 1 - —N_
357CI( )3 [((TMS),N] |/S\\. s \s7 IMS
Li %‘*THF S

/(\THF 4
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In spite of efforts to control the stoichiometry of this transformation, the
reaction led to sulfur rich V-S cluster. In order to prevent formation of persulfido
containing structures other sulfur donating agents were taken into consideration.

The reaction of vanadium(II) with one equivalent of hydrogen sulfide led
to the formation of a green precipitate and a brown solution. However no effort
was made to identify the structure of the green precipitate since XRF analysis
showed that the latter was rich in vanadium and chlorine, and depleted in sulfur.
Although SH bands were detected in the LR. spectrum at 2566 (cm™), 2458
(cm™), they may also be produced by impurities. Layering the brown mother
liquor with hexane led to the formation of a crystalline mass containing two
different types of crystals. Due to the poor quality of the crystals, and the numbers
of products formed, no other efforts were made in this reaction. As a possible
alternative, propylene sulfide was used as sulfur source instead of H,S since with
this type of compound, the sulfur transfer reactivity should be milder and more
controllable. However the reaction of VCI,(TMEDA), with one equivalent of
CH,CH,CH,(u-S) led to the formation of a purple solution from which brown
microcrystalline powder separated. Unfortunately, attempts to obtain suitable
crystals for X-ray analysis failed. However XRF and combustion elemental
analysis suggest the formula V,CI,S(TMEDA),. In an attempt to obtain better
quality crystals, the product was redissolved in pyridine and the solution was

allowed to stand at room temperature. After a few days , a small amount of solid



54

separated from which a single crystal was analyzed by X-ray diffraction. To our
surprise the final structure of the product revealed no sulfur but rather the
presence of an oxygen atom possessing a linear geometry bridging two vanadiums
(Figure 18). The vanadium-oxygen linear complex is probably generated by an
epoxy impurity (CH,CH,-pO), which cannot be easily removed. This fact led us
to consider alternative sulfurising reagents such as organic persulfides. The
reaction of VCL(TMEDA), with one equivalent of diphenyldisulfide led to a
color change of the solution from blue to purple, via transient formation of a
green intermediate. After few days, purple crystals of (TMEDA),V,CL(u-
SPh),(u-Cl) (7b) separated. The structure of 7b was determined by X-ray analysis.
The structure consists of two vanadiums linked together by one bridging chlorine,
and two bridging phenylsulfido groups (Figure 19). The coordination geometry
around each vanadium is distorted octahedral [N(1)-V(1)-N(2)=79.55(4) °, N(1)-
V(1)-C1(1)=90.74(3) °, N(2)-V(1)-C1(1)=90.71(3) °, N(1)-V(1)-S(1)=168.96(4) °,
N(2)-V(1)-S(1)=91.83(3) °, CL(1)-V(1)-S(1)=96.29(2) °, N(1)-V(1)-
S(1)=88.07(3) °, N(2)-V(1)-S(1)=162.74(4) °, CI(1)-V(1)-S(1)=101.51(2) °, S(1)-
V(1)-S(1)=98.798(14) °, N(1)-V(1)-C1(2)=96.15(3) °, N(2)-V(1)-C1(2)=92.60(3)
°  CI(1)-V(1)-Cl(2)=172.80(2) °, S(1)-V(1)-Cl(2)=77.220(11) °, S(1)-V(1)-
Cl(2)=76.692(11) °], with rather long vanadium sulfido bonds [V(1)-
S(1)#1=2.4344(4) A, V(1)-S(1)=2.4635(4) A]. Complex 7b is a V(II)/V(II)

mixed valence species, and therefore its formation requires only one electron
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being removed from the two metal centers. By contrast, the tranformation of
RSSR in two RS units is typically a two electron process. However the reaction is
accompanied by the formation of VCL(TMEDA)(THF) complex. The one
electron oxidation of a third vanadium center provides the second electron
necessary to the cleavage. We speculate that the reaction may proceed via the
intermediate formation of a triangular cluster as described below. The oxidative
addition of RSSR to one dinuclear moiety results in the detachment of complex

7b and the formation of VCL,(TMEDA)(THF).

V) —» 2V(D) + VD) + 2¢

RSSR + 2¢° —» 2RS

Ph
cn\Ph & /CI ol
AN cl<
3VCl,(TMEDA), D \ / +THF VQ
Cl

-TMEDA -

o Y‘\\(}i\Cl ©8—8©

. Cl -

Q ~TMEDA
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CHAPTERIII

Introduction

One of the most important concepts in chemistry, and perhaps the greatest
one in inorganic chemistry, is the concept of the coordination complex, which was
developed by Alfred Werner at the turn of this century. This concept enabled
Werner to rationalize an enormous amount of experimental data that could not be
otherwise explained in the structural and bonding theory existing at that time.

The basic idea of the coordination theory of Werner is that a metal ion
surrounds itself with ligands and that the nature of the ligands, the character of the
metal-ligand bonds. and the geometrical arrangement of the ligands around the
metal atom determine the physical and chemical properties of the compound.
Although this simple theory must be considered as a milestone of the modemn
coordination chemistry, it should be observed that there is no place in the
Wemerian scheme for direct bonding between metal atoms.

Werner recognized the existence of polynuclear complexes and devoted
considerable effort towards the elucidation of their properties. However, these
species were regarded as a simple combination of two or more mononuclear
complexes sharing some ligand atoms. The properties of these complexes were
still attributed to the metal-ligand interactions, and direct metal-to-metal (M-M)
interactions were never taken into consideration.

The first compounds containing direct metal-metal bonds and the
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recognition of the existence of clusters was achieved only about 60 years ago.
Although these compounds were known by Wemer and his contemporaries, the
existence of a direct metal-metal bond was not understood. It was only with the
application of X-ray crystallographic techniques during the late 1930s and 1940s
that Brosset elucidated the existence of metal-metal bonds (e.g.. in WzClg{3 and
MoO,) and metal atom clusters (of the MogClg™ type).

Today the chemistry of the M-M bond is well established. A metal atom
cluster may be defined as a core of two or more metals in which there are
substantial and direct bonds between the metal atoms. Thus a cluster complex is
more than just an ordinary polynuclear complex. There are, of course, borderline
cases, i.e. compounds in which the metal-to-metal distances and other properties
are such that one cannot say unequivocally whether M-M boending is "chemically
significant." That does not negate the value of recognizing the existence of an
enormous number of true, unambiguous metal atom cluster compounds in which
the M-M bonds are as important as any other bonds in determining the chemistry
and properties of the substance.

Unlike main group chemistry, where atomic orbitals can interact in a ¢ or
7t fashion, with the highest possible bond order of 3, (a combination of one ©
bond and two 7 bonds) when two transition metal atoms interact, the most
important interactions are realized via the direct overlap of their outermost d
orbitals. These d orbitals can combine to form ¢ , = and & orbitals as shown in

Figure 1. If the z axis is chosen as the internuclear axis, the strongest interaction
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(involving greatest overlap) is the sigma interaction between the 4 orbitals. Next
in effectiveness of overlap are the d; and d,; orbitals, which form = orbital . The
last, and weakest, of these interactions are originated by the dy, and d;”., orbitals;
these orbitals interact in four regions forming & molecular orbitals.

The relative energies of the resulting molecular orbitals are shown in
Figurel. In the absence of ligands, an M, fragment would have five bonding
orbitals resulting from d-d interactions, with molecular orbitals increasing in
energy in the order o, =, 9, 8*, n*, o*.

The unique reactivity of M-M bonds suggests that they may function as an
electron reservoir. Several cases of addition of organic functionalities to M-M
multiple bonds are established in the literature. Therefore, the unique cuboidal
structure of the FeMo cofactor of nitrogenase suggests that M-M interactions
may be responsible for the unique ability of this cluster to reduce extremely stable
molecules such as Ns.

In order to reduce dinitrogen to NHj3, the vanadium sulfur cubane cluster
must be able to provide at least 4 of the 6 electrons necessary for the cleavage. In
order to accomplish this, the system must be able to store the electrons without
undergoing dramatic changes of geometry. This means that (i) the incoming
electron(s) should preferably not populate an MO with an antibonding character
and (ii) an intricate “web” of electron density delocalized over the whole structure
should be present.

In this chapter our efforts will be focused on clarifying the electronic



63

aspects of several metal-sulfido clusters. We will also investigate the molecular
orbitals (shape, energy distribution, degeneracy) that are responsible for metal-

metal bonding and the effect of the ligand on this interaction.

Results and discussion

Extended Hiickel calculations were performed on a cubane cluster, with
the atomic coordinates of the non-hydrogen atoms obtained from the X-ray crystal
structure of CpVS. The Cp ligand was replaced by the hypothetical NH, group.
The calculation correctly predicted a multiplicity of 3 for the system, due to the
near degeneracy of HOMO and HOMO-1 (gap 0.01 V). The bond order between
the vanadium atoms (bo=1/3) is rather low. The HOMO (-10.77 eV) (Figure 2)
consists of a delocalized lobe over the faces of the cuboidal structure, thus
bridging the sulfur to the vanadium atoms. The next MO of interest are HOMO-1
(-10.78 eV) and HOMO-2 (-10.79 eV) (Figure 3) whose shapes clearly show the
possibility that the vanadium atoms electronically communicate with all of their
sulfur neighbors. Another MO featuring similar characteristics is HOMO-3 (-
11.87 eV) (Figure 4) which shows a large lobe over the three V-S-V centers, thus
generating o type bonds between the two vanadium atoms and the sulfur. The
next MOs are HOMO-5 (-12.04 eV), HOMO-6 (-12.11 ¢V) and HOMO-7 (-12.22
eV) (Figure 5). These orbitals have a strong M-M c-bond character. However, the
direct overlap between the vanadium orbitals seems to be rather weak, while the

contribution of the sulfur atomic orbitals is dominant. HOMO-11 (-13.08 eV)
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(Figure 6) consists of an electronic density covering four faces of the cuboidal
structure. This type of overlap ensures electronic communication between all the
sulfur and vanadium atoms. A similar situation is found in HOMO-15 (-13.56eV)
(Figure 7), although in this case the overlap of vanadium and sulfur atomic
orbitals form a unique centrosymmetric orbital located in the center of the
cuboidal frame. The only MO featuring a direct M-M interaction without the
participation of sulfur AOs is HOMO-24 (-15.088 eV) (Figure 8). This MO
consists mainly of a V-N ¢ bond with significant electronic density inside the
cavity of the cube, allowing electronic communication between all four metal
centers.

Although the cubane cluster features remarkable MO shapes, it is difficult
to clearly define the AO responsible for their formation due to the high level of
hybridization. Therefore, in order to better understand the electronic configuration
of the cuboidal structure, simpler systems such as M>Xj cores were studied. These
systems have the advantage of being less complicated, but are still the building
block of the cuboidal structure.

For this reason ab initio and extended Hiickel calculations were carried on
M,X; cores. Several aspects such as the metal, the bridging ligand and the steric
hindrance were changed in order to understand the effect on the MO and the
paramagnetism of the system and the conditions that favor metal-metal bonding.

The absence of a straightforward correlation between magnetic behavior

and intermetallic separation is striking in the particular case of dinuclear
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vanadium(IV) complexes. Diamagnetic complexes have been obtained with V-V
distances up to 2.97 A ! while paramagnetic species have been found with V-V
distances as short as 2.514 A 2. Even more striking, two divanadium complexes
with the same bridging persulfide group have been reported, one being
diamagnetic and the other paramagnetic, with long and short intermetallic
distances, respectively 2. An other example of this contradictory behavior is seen
in the magnetic behavior of the following two isostructural complexes:
{[(Me3S1):N]2V}2(1-O)2 and {[(Me3Si)2N]2V}a(p-S).

Recently, Verkade et al. have described the preparation and

characterization of the {[(Me3;Si)N]2V}2(u-G), (Figure 9) dimer featuring a V-V

distance of 2.612 A °.
™S
™S \N\ /\ " ~Tus
TMS—N \
lMs lMS
Figure 9

The paramagnetism of this species was nicely explained by eHMO
calculations with the presence of a pair of nearly degenerate HOMO's primarily
metal centered and with V-V bonding character (o and =). By using a different

synthetic approach, we have now obtained and characterized an essentially



66

isostructural compound, {[(Me3Si);N]>V}2(u-S),;, where the bridging oxides were

replaced with sulfide (Figure 10).

TMS TMS\

/\N N—1ms
METN N
TMS———N/ s \N/TMS

lMS lMS
Figure 10

As mentioned in chapter II, this new compound, in spite of having a longer
intermetallic distance, is diamagnetic. Thus to clarify the nature of the V-V
interaction in these two complexes we have carried out ab initio HF/STO-3G
calculations using {[(H3Si)2N]2V}2(p-S); as a model. The intermetallic vector was
selected as the z axis, while the x axis was perpendicular to the plane of the V,X,
core (X=S, O). The geometrical parameters of the non-hydrogen atoms were those
obtained from the X-ray crystal structure. The HOMO-LUMO gap is not
particularly large (0.334 eV), but it is still sufficient to account for the
diamagnetism (Figure 12). Of the 121 populated bonding MOs only the HOMO
(-0.129 eV) showed a significant V-V bond character. This molecular orbital is

mainly generated by the overlap of two identical hybrid combinations of d,;.y» and
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d,> atomic orbitals (MO factor 0.44 and 0.43. respectively) of each vanadium
atom with the py orbitals of the bridging sulfur atoms. The shape of this orbital,
which lies on the intermetallic vector, is strongly reminiscent of a M-M c-bond.
However, the overlap between the vanadium orbitals seems to be rather weak, and
the contribution of the sulfur p, orbitals to its formation (MO factor = 0.13) is
significant. The next two lower MOs are located at -0.224 and -0.231 eV and are
mainly sulfur-centered with a minor V-S © character. Two V-S o-bonds, mainly
arising from the overlap of the vanadium d, orbitals with the p orbitals of the two
sulfur atoms, are respectively the HOMO-3 (-0.258 eV) and HOMO-5 (-0.282
eV). A third V-S o-bond (HOMO-10) was located lower in energy at -0.353 eV.
This orbital is constructed with the same combination of vanadium atomic orbitals
which form the V-V o-bond and the p, orbitals of the bridging sulfur atoms. A V-
S n-bond (HOMO-6) was found at -0.305 eV and is formed by the combination of
the vanadium dy, orbitals with the py orbitals of the two sulfur atoms, forming two
largely delocalized lobes on the two sides of the V,S; plane, thus conferring a
formal bond order significantly higher than unity to the V-S bond (average V-S
bond order = 1.22). This bond can be regarded as possessing weak V-V n-bond
character. The p orbitals of the amido nitrogen atoms also significantly contribute
to the formation of this largely delocalized molecular orbital.

The results of these calculations clearly indicate that the magnetic
coupling between the two metal centers of the sulfido complex is mainly realized

via a direct V-V o-bond. While this is not particularly surprising per se, it makes



68

the paramagnetism of the corresponding oxo analogue even more difficult to
understand especially when considering that this species has a considerably
shorter V-V distance. In fact one could reasonably expect that if the magnetic
coupling in the sulfido complex is realized via direct V-V interaction, the shorter
intermetallic distance of the oxo analogue should lead to an even better overlap of
the d orbitals. Since this is in contrast to the experimental observations, we have
recalculated the oxo derivative by using the same ab initio theoretical approach.
The energy gap between the LUMO and the singly occupied HOMO (0.347 eV)
compares well with that calculated for the sulfido compound (Figure 11 and 12).
The HOMO and the SOMO are located respectively at -0.142 and -0.205 ¢V and
are very different in character. Similar to the sulfido complex , the HOMO is
mainly a V-V centered molecular orbital and is formed by the same hybrid
combination of dy.y2 and d, (MO factors = 0.42 and 0.43. respectively) atomic
orbitals of the vanadium atoms with the p, orbitals of the two oxygen atoms. The
difference with respect to the analogous orbital of the sulfido complex is that the
contribution of the py orbital of the bridging atoms is now more pronounced (MO
factor = 0.21) than in the case of sulfur, probably as a result of the shorter V-V
distance. The next singly populated MO orbital (SOMO -0.205 eV) is nonbonding
with respect to V-V. A 7 molecular orbital (HOMO-11 -0.356eV), mainly
originating from the overlap of the dy, of the two vanadium atoms and the px
orbitals of the two oxygens, forms two large lobes delocalized on the two sides of

the V,0, plane. Although this orbital has some V-V mn-bond character, the
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contribution of the oxygen atomic orbitals is comparable (MO coefficient 0.22) to
that of the vanadium d orbitals (MO coefficient 0.31). The combination of atomic
orbitals which compose this particular MO is the same as that which composes
the V-S m-orbitals of the sulfido complex. However, while in the case of the
sulfido complex the V-V n-bond character is only minor, it appears to be more
significant in the case of the oxide complex. Once again this is probably the result
of the shorter intermetallic distance caused by the two bridging oxides. The
formation of two different V-V bonds, both ¢ and 7 in character, is in good
qualitative agreement with the results of the previously reported EHMO
calculation. A V-O-V m-bond is found at -0.303 eV (HOMO-6) and is mainly
generated by the m-overlap of the dy, of the two vanadium atoms and the py
orbitals of the two bridging oxides. Curiously such an orbital was not found in the
case of the sulfido complex. The V-O-V o-bond was located at -0.406 eV
(HOMO-16) and is formed by the overlap of the vanadium dy, orbitals with the p,
of the oxygens.

On the basis of this theoretical work, we are unable to provide a simple
and straightforward explanation of the striking difference between the magnetic
properties of the two complexes other than trivial arguments based on the near
HOMO-SOMO degeneracy. We observed that, in the case of 1, at least two MOs
(HOMO-9 and -16) show a significant S-S c-bond character. Similar orbitals are
not present among the MOs of the oxo-bridged complex. On the other hand, given

the long S-S distance (3.3 A), we are unable to evaluate the significance of these
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orbitals and the relative contribution of this additional interaction to the coupling
of the d electrons. However, these MOs involve a rather substantial participation
of the vanadium orbitals. At this stage it is tempting to speculate that this
additional S-S interaction plays an important role in determining the
diamagnetism of the sulfido complex.

Even though these complexes possess efficient electronic communication
between the metal center and the ligand, they show very little direct metal-metal
interaction. This is clearly seen in the V-V bond order which is considerably
lower than one. In contrast with vanadium, chromium has more ability to form
metal-metal bonds. On the other hand, multiple Cr-Cr bonds are intriguing since
they are expected to be very weak. In other words, they may work as electronic
reservoir, which may be important for N, activation process. However, Cr-Cr
bonds were described only for the divalent state and the particular paddle-wheel
systems. In an attempt to generalize the behavior of the Cr-Cr interaction we have
attempted calculations on the Cr,X; units. Semi-empirical PM3(tm) calculations

were selected as a compromise between efficiency and accuracy.
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Figure 13

The fractional atomic coordinates of the crystal structures of the Cr;O,
core type complex (Figure 13) prepared by K.B.P. Ruppa®, were converted to the
corresponding cartesian coordinates. The adamantyl and the phenyl groups were
converted to methyl groups, for simplicity. The output of the calculation on the
triplet state showed a small gap between the HOMO (-7.45 eV) and HOMO-1 (-
7.66 €V) which nicely accounts for the observed paramagnetism. There are four
MOs which account for the direct Cr-Cr interaction (Figure 14). The orbital
HOMO-3 (-9.02 eV) is a very weak Cr-Cr o-bond. The bond is realized via a
marginal overlap of the two lobes of d;2,d,, hybrid combinations of each
chromium atom lying on the intermetallic vector. The bridging oxygen atoms
contribute to some extent to the formation of the MO by using the hybrid
combinations p,/p,. The other three are located much lower in energy. The first is
again a sort of Cr-Cr c-bond (HOMO-32, -16.84 eV) and is realized with the

overlap of the lobes of the d,2,2,d, hybrid combinations placed on the
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intermetallic vector, with hybrid p.,,p,
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combination of the bridging oxygen atoms. This MO forms a large lobe

delocalized in the center of the Cr,O; core. The same hybrid combination with the

participation of the p, orbitals of the bridging oxygen atoms is used for the next

MO (HOMO-33, -17.02 eV) to originate a weak Cr-Cr o-bond. A Cr-Cr n-bond

(HOMO-34, -17.10 eV) is originated by the overlap of the d, orbitals of the two
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chromium atoms with a strong participation of the bridging oxygen p, orbitals.
The MO thus consists of two rather symmetric lobes on the two sides of the Cr,0;
core. These four MOs bring all together the overall Cr-Cr bond order to 0.4. In
order to verify if chromium will present diamagnetic behavior with sulfur, like

vanadium, and to clarify the magnetic behavior and the nature of the Cr-Cr
interaction, ab initio UHF/STO-3G calculations were performed on
[RR'N),Crlo(u-S) [R = R’ = Cy ; R = Ad, R’ = 3,5-Me,Ph] ° using
[(MezN)>Cr(pe-S)], (Figure 15) as a model, with the atomic coordinates of the

non-hydrogen atoms obtained from the X-ray crystal structure.

Figure 15

The adamantyl and the phenyl groups were converted to methyl groups
during calculation for simplicity’s sake. Given the value of the magnetic moment,
[tesr = 2.15 pp per dimeric unit at room temperature], the triplet state was
considered to be the most reasonable basis for the calculations (calculations
carried out on the quintet state yielded a significantly higher value of the total
energy). The result showed a rather small HOMO-LUMO gap of 0.245eV, which
may well account for the low paramagnetism (Figure 15-a). The two unpaired

electrons were located in two frontier orbitals, namely the HOMO (-0.216eV) and
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the next lower MO [HOMO-1 (-0.223eV)]. The near degeneracy of these two
orbitals nicely explains the significant decrease of the magnetic moment observed
at low temperatures. These two orbitals are Cr-N centered with a weak Cr-S
antibonding character. The bonding of the Cr;S, core is mainly realized with five
molecular orbitals. Four of them [HOMO-4 (-0.277e¢V), HOMO-5 (-0.282¢V),
HOMO-6 (-0.283eV) and HOMO-15 (-0.419eV)] possess a marked o-character
with respect to the Cr-S bond, while the fourth one [HOMO-13 (-0.388eV)] is
mainly a Cr-S n-bond. The four Cr-S c-bonds are originated by the chromium 4
orbitals (or hybrid combinations) with in-plane p orbitals of the bridging sulfide.
Conversely, the Cr-S m-bond is formed by the two out-of-plane d,. chromium
orbitals with p. of the two bridging sulfur. Three more MQO’s also are Cr-S bonds
but display some significant Cr-Cr bond character. Two of them [HOMO-9 (-
0.362eV) and HOMO-16 (-0.433eV)] are reminiscent of Cr-Cr o-bonds. The two
orbitals are similar in shape and are formed by the overlap of the sulfur p, orbitals
with either the dx2.,2 or a hybrid combination of d,2 with dy2.,2 orbitals of the two
chromium atoms. Both orbitals are characterized by the presence of a large lobe
delocalized between the four core atoms and which may be regarded as Cr-Cr o-
bonds. However, the participation of the bridging atoms atomic orbitals is very
substantial. A third orbital (HOMO-7) located at -0.323 eV is formed by the
overlap of the sulfur p, with the two d_. orbitals of the two chromium atoms, thus
forming two large lobes on the two sides of the Cr,S; core. This MO may be

regarded as a sort of Cr-Cr ®-bond which, again, involves the atomic orbitals of
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the bridging sulfur atoms in a rather important manner. The overall Cr-Cr bond
order is 0.21.

These observations indicate that the electronic coupling between the two
& Cr atoms may involve mechanisms other than a direct M-M bond. While the
direct Cr-Cr interaction appears to be weak, and certainly unable to hold together
the dinuclear frame in the absence of bridging atoms, the Cr-Cr “bonds” made
with the determinant participation of the bridging atom orbitals provide a rather
efficient coupling between the two metal centers and, ultimately, are probably
responsible for the low magnetic moments. The fact that the bond order between
the two metallic centers, in the four previous examples, is low does not come as a
surprise. This phenomenon is probably due to the fact that for the elements of the
fourth period, the most outer d orbitals are less diffuse than those of the fifth and
sixth period.

Therefore the electronic properties of several complexes containing
heavier transition elements such as niobium were investigated in order to
understand more about the nature of the interaction between the two metals. In
particular, we have decided to focus on Nb, since it belongs to the same group of
vanadium.

Several complexes of the group V metals containing single and double
metal-metal bonds have been reported over the last few years. Complexes with
double M-M bonds (M=Nb,Ta) have been synthesized by reduction of the

pentahalides in the presence of ligands such as SMe; S THT
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(THT=tetrahydrothiophene) 7, PMe; °, and PMe,Ph °. The bridging thioester
originates face sharing bioctahedral complexes of the type M,XsL3 whereas the
phosphine ligands give edge sharing bioctahedral spieces of the kind MaXgLa. A
rich and diverse chemistry has been reported for both types of compound. These
species have been used to form other niobium and tantalum complexes containing
single and double M-M bonds 10, Compounds with single bonds have also been
obtained upon reduction of the penthalides with one equivalent of a reducing
agent or by reacting monomeric NbCLL, (L= THF, CH;CN) with ligands such as
MeOH or PMe; '

The M-M bond in these species are surprisingly long, and thus to evaluate their
properties it is important to prepare a variety of multiply bonded systems with the
greatest possible diversity of ligand environments.

The complex Nb,Clg(TMEDA), (Figure 16) features an intermetallic
distance of 2.764 A, which corresponds to a M-M single bond distance 2 In order
to elucidate the bonding, an STO-3G ab initio calculation was carried out with the
coordinates of the non hydrogen atoms obtained from the crystal structure. Given
the paramagnetism, a triplet state was considered to be the most reasonable basis
for the calculation. The result showed a HOMO SHOMO gap of (0.05 eV) which

nicely explains the paramagnetism of the molecule.
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Figure 16

The HOMO located at -0.100eV is mainly centred on the metal atoms.
The molecular orbital is formed by the dyy of each niobium atom[Mo factor: dy,
(0.66)]. The next occupied orbital (HOMO-1) (Figure 17), is nearly degenerate
with the HOMO and shows some 7 character. This MO is formed by the overlap
of the dy, orbitals of each niobium. The last MO relevant to M-M bonding
(HOMO-2 -0.19 eV) (Figure 18) is formed by a hybrid combination of atomic
orbitals of each niobium atom [MO factors: dxz.y2 (0.20), d,> (0.59)]. The overlap
of these hybrid orbitals generates a ¢ bond between the two metallic centres. The
calculation also reveals a significant bond order of 1.36 between the two niobium
centres which accounts for a ¢ bond and a partial © bond.

Nb,(-Cls)(n-Li)(TMEDA); (1)(Figure 19) prepared by M. Tayebani 13
reavealed a very short Nb-Nb distance [INb-Nb 2.4001(5) A] and a diamagnetic
behaviour. In this case the shortness of the intermetallic distance contrasts with

those of the few previously reported divalent diniobium or ditantalum THF
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bridged complexes, whose unusually long M-M distances were ascribed to an

intrinsic weakness of the metal-metal bonds '*.

Figure 19
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Theoretical calculations carried out on the atomic crystallographic

coordinates show that the three highest occupied molecular orbitals are mainly
Nb-Nb centred with a metal atom contribution of predominantly d-orbital
character and a minor but significant contribution from the p orbitals of the
bridging chlorine atoms. The HOMO-LUMO gap is rather small yet sufficient to
account for the observed diamagnetism in solution (Figure 24). The three MOs
are formed by the overlap of hybrid atomic orbitals of the two niobium atom. The
shape of the HOMO (Figure 20) is reminiscent of a M-M & bond while the
LUMO (-10.32eV) is the corresponding out of phase combination. The next
occupied molecular orbital (Figure 21), located at -11.24 eV is also M-M centred

and has some © bond character, while the third next orbital (Figure22) (-12.17 V)

is a regular o bond lying symmetrically on the intermetallic vector. At this stage it
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is not clear which factor (electronic or steric) is responsible for the short Nb-Nb

distance.

(l
/ N—
| N ,Nbf
c
Figure23

The comparison between the geometry of Cl,Nby(u-Cl):(TMEDA),  (2)
(Figure 23) with that of complex 1 is somewhat interesting. The most visible
difference lies in the absence of the lithium cation and the value of the Nb-Nb
distances [respectively 2.545(1)A and 2.4001(5)A, for 2 and the starting material].
The deviation from the regular octahedral coordination geometry of the metal
center is rather similar in the two complexes and only slightly more pronounced
in 2 [CI3-Nbl-Cl4 angle is 174.94(5) against the value of 179.43(3) of
(TMEDA),Nb,CIsLi(TMEDA) complex], in spite of the absence of coordinated
lithium. The absence of the attractive force in 2 applied by the lithium cation
between the two vertices of the two octahedra of the starting material, might well
be a critical factor in determining the elongation of the intermetallic vector of 2.
However, it is also possible that given that complex 2 is a mixed valence species,

the absence of one electron when comparing to the starting Nb(II) complex
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depopulates the HOMO (a MO with some Nb-Nb &-bond character) thus
decreasing the formal Nb-Nb bond order, and ultimately lengthening the Nb-Nb
distance.

Ab initio STO-3G Hartree-Fock calculations with the doublet state, were
carried out on the geometrical parameters of CINby(u-Cl);(TMEDA); as
determined by the crystal structure. The frontier orbitals (HOMO, HOMO-1 and
HOMO-2) are basically the same calculated for complex 1 (Figure 24) with a
comparable HOMO-LUMO gap. As for the starting material, these orbitals are
mainly Nb-Nb centered MOs with a metal atom contribution mainly of d-orbital
character and a significant contribution from the bridging chlorine p orbitals. For
both complexes, the orbitals originate from the same hybrid combinations of d
orbitals. In the case of 1, the contribution of the bridging halide p orbitals to the
formation of the M-M bonds is even higher than in the starting material. As a
probable result of an increased involvement of the bridging ligand orbitals in
complex 1 and of the potential depopulation of the HOMO, the formal bond order
dropped from 2.76 to 1.45. The most visible difference between the two systems
arises from the fact that the orbital which has the higher § character in complex 1
is more stable than the “m” orbital and becomes the HOMO. Although these
calculations are certainly inadequate to assess the strength of the Nb-Nb bond,
nevertheless, they give a reasonable qualitative picture. Certainly we cannot rule
out the possibility that the lithium cation may ultimately determine the

intermetallic distance by bridging the two octahedra, even though it is tempting at
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this stage to conclude that the partial depopulation of the HOMO is the factor that

determines the lengthening of the Nb-Nb distance.
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CHAPTER 1V

Experimental Section

All operations were performed under an inert atmosphere using standard Schlenk
techniques. Sulfur and propylensulfide,(Aldrich) were used as received. [(Me;-
Si);N]Li was prepared by reacting the amine with BuLi in hexane and purified by
recrystallization in hexane. PySLi was prepared by reacting mercaptopyridine
(Aldrich) with one equivalent of methyllithium. Solvents were dried with the
appropriate drying agents and distilled prior to use. Infrared spectra were recorded
on a Mattson 9000 FTIR instrument from Nujol mulls prepared in a drybox.
Samples for magnetic susceptibility measurements were prepared inside a drybox
and sealed into calibrated tubes. Magnetic measurements were performed with a
Gouy balance (Johnson Matthey) at room temperature. The magnetic moment
were calculated by standard methods, and corrections for underlying
diamagnetism were applied to the data. NMR spectra were recorded with Varian
Gemini 200 MHz spectrometer. Elemental analyses were carried out with a Perkin
Elmer 2400 CHN analyzer. Ratios between heavy atoms were determined by X-

ray fluorescence by using a Philips 2400 instrument.
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X-ray Crystallography

Data were collected with a Siemens CCD instrument at -158°C for air-sensitive
crystals mounted with viscous oil on glass fibers using the hemisphere scan
method. Cell constants and orientation matrices were obtained from reflections
found on 50 initial data frames. Data were corrected for Lorentz, polarization
effects and scaled for absorption effects using redundant data. The structures were
solved by direct methods in locating all the non-hydrogen atoms, which were
refined anisotropically. Hydrogen atom positions were calculated but not refined.
Refinement was carried out by using full-matrix least-squares refinement based
on [F]>. Atomic scattering factors and anomalous dispersion terms were taken

from SHELXTL (5.03) program library.

Molecular Orbital Calculations

Molecular orbital calculations were performed on a Silicon Graphics computer
using the software package SPARTAN 4.0 and on a Pentium computer using the
CAChe software package (Oxford 1995) for Extended Huckel calculations.
Default parameters were used in the calculations on the model compounds.
Calculations were also performed by imposing higher symmetries without

significantly modifying the final results.
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Preparation of VCI;(THF); (1):

A suspension of anhydrous VCl; (50 g, 317 mmol) was refluxed in THF (500 mL)
under vigorous stirring for 44 hours. The mixture was cooled to room
temperature, (red crystals were observed), filtered and extracted with 500 ml of
dry THF. When extracts became colorless, the solution was allowed to stand at
4°C overnight, upon which red crystals separated. The crystalline solid was
filtered and dried under vacuum (81 g, 214 mmol, 68%). IR (Nujol, KBr, cm™) v:
1342 (s), 1295 (m), 1260 (m), 1242 (m), 1176 (m), 1041 (s), 1010 (s), 922 (m),

848 (s), 684 (m).

Preparation of VCI,(TMEDA): (2):

A suspension of VCI3(THF); (44 g, 279 mmol) was stirred and refluxed in the
presence of zinc powder (25 g, 385 mmol) in THF (500 mL) for 12 hours. The
green crystals formed were filtered dried and redissolved in CH,Cl,. The product
was then precipitated by addition of hexane. After filtration the product was
redissolved in boiling THF and TMEDA was added dropwise until the green
product disappeared. The blue solution was then cooled to 4°C overnight then
filtered to collect the blue crystals (59 g, 168 mmol, 60%). IR (Nujol, KBr, cm™)
v: 1354 (m), 1285 (s), 1260 (m), 1239 (m), 1164 (m), 1122 (s), 1071 (s), 1014 (s),

956 (), 925 (m), 792 (s).
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Preparation of [(TMS)NHCH,CH;].NTMS (3):

A solution of DABCO (diaminebicyclooctane 50 g, 0.45 mol) in ether (700 mL)
was treated with chlorotrimethylsilane (62.17 mL, 0.45 mol) at room temperature.
Upon mixing the color of the solution changed from colorless to white. After
stirring for 60 minutes, diethyltriamine (15.3 mL, 0.15 mol) was added to the
mixture and stirring was continued overnight. The solution was then filtered and
ether was removed under vacuum to yield a yellow oil. After the removal of the
unreacted DABCO by sublimation the amine was distilled yielding a colorless oil
(21 g, 65 mmol). IR ( KBr, cm'l) v: 3450 (m), 1330 (s), 850 (s), 660 (s), 592 (s).
'H-NMR(CDCl;, 200MHz, 25°C): § 0.1 (m, 9H, TMS), 2.7(m, 4H, CHeyy). C-

NMR(CDCl3, 200MHz, 25°C): 8 42 (s, TMS), 52 (s, TMS) 54 (s, CHeny1)-

Preparation of [(TMS)NLiCH,CH;],NTMS (3a):

The addition of buthyllithium (52 mL, 2.5M) to a solution of 3 in hexane (150
mL) at -80°C afforded a white precipitate. The solution was allowed to warm to
room temperature, stirred for 1h, and filtered to collect the lithiated compound 3a
(19.3g, 58 mmol, 89%). IR (Nujol, KBr, cm’l) v: 1258(m), 1083(m), 944(w),
884(w), 825(m), 729(w). '"H-NMR(CDCl;, 200MHz, 25°C): & 0.15 (s, 9H, TMS),

0.34(s, 18H, TMS), 2.9 (m, 4H, CHewny).
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Preparation of {[(TMS)NCH,CH;|,N(TMS)}.V,(u-Cl); (4):

A solution of VCI3(THF); (5.8 g, 15.5 mmol) in THF (100 mL) was treated with
one equivalent of 3a ( 5.2 g, 15.5 mmol) at room temperature. The color of the
solution immediately darkened upon mixing and stirring was continued for 30
minutes. THF was removed in vacuo and the resulting red powder was
redissolved in hexane (150mL). The solution was then filtered to eliminate LiCl
and allowed to stand at 0°C, for 24 hrs, upon which dark red crystals of 4
separated. (5.1 g, 6.2 mmol, 80%). IR (Nujol, KBr, cm™) v: 1377 (m), 1250 (s),
1074 (s), 937 (s), 911 (s), 825 (S). Hesr: 2.93 pg. Anal. Calcd.(found): C, 38.64

(38.53) ; H,8.73 (8.61); N 10.40 (10.34).

Preparation of {[(TMS)NCH,CH;],N(TMS)}VCH;Py (5):

A solution of 4 (1.1 g, 1.4 mmol) in ether (100 mL) was treated with one
equivalent of mehyllithium (2 mL, 1.4M) at room temperature. After mixing the
color of the solution changed to pink red and stirring was continued for 30
minutes. The solvant was removed in vacuo, the solid residue was redissolved in
hexane (50 mL) and the solution was then filtered to eliminate LiCl. The addition
of dry pyridine (5 mL), turned the color of the solution to purple. The mixture was
allowed to stand at -80°C, for 36 hrs, upon which dark purple crystals of 5

separated (0.98 g, 2.1 mmol, 75% ). pes: 2.90 pp.
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The extreme air-sensitivity prevented IR analysis as well as combustion analysis

determinations.

Reaction of (4) with Sg (6):

A solution of 4 (1.0 g, 1.2 mmol) in THF (100 mL) was treated with Sg (0.08 g,
0.3 mmol) at room temperature. Upon mixing the color of the solution changed to
brown. After stirring for 10 minutes, the solvant was removed in vacuo and the
resulting powder was redissolved in ether (100 mL). The solution was then
filtered and allowed to stand at -30°C, for 24h, upon which a dark brown solid
separated (0.4 g, 0.5 mmol, 43%). IR (Nujol, KBr, cm™) v: 1255 (s), 1215 (w),
1056 (m), 932 (w), 842 (s), 799 (s), 756 (m). 'H-NMR (CgDs, 200MHz, 25°C): &
0.15 (s, 6H, TMS), 0.51 (s 3H TMS).Anal. Calcd.(found): C, 38.97 (38.12) ; H,

8.80 (8.75); N 10.49 (10.11).

Preparation of {[(Me;Si;N].V}2(p-S) (7).

A suspension of [(Me3Si),N],VCI(THF) (1.38 g 2.9 mmol) in toluene (60 mL)
was treated at room temperature with Sg (0.1 g. 0.39 mmol). The color of the
mixture changed rapidly from the original blue green to dark red-brown . After
the solution was stirred for about 30 min at room temperature, the solvent was
evaporated in vacuo to give a red-brown powder. The solid was resuspended in
ether (20 mL). The mixture was filtered to eliminate a small amount of insoluble

solid. The resulting deep-red solution was allowed to stand at -30°C overnight and
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at -78°C for a few days, whereupon crystals of 7 separated (0.25 g. 0.3 mmol.
21%). Anal. Calcd (found) for C24H72SisNsS,V5: C, 35.70 (35.43); H, 8.99(8.38);
N, 6.94 (6.53); S, 7.94 (7.32). IR (Nujol mull. NaClL. cm ™): v 1385 (w), 1070(w),
853 (vs, br), 786(s), 706 (s), 704 (s), 670 (s), 617 (w). 'H-NMR (500MHz. 25°C):
8 0.51 (Me;Si), *C-NMR (125.7 MHz. 25 0C): § 8.90. °'V-NMR (131.4 MHz.

25°C): § 2531.

Reaction of VCI,(TMEDA), with H.S.

A suspension of VCI,(TMEDA); (2.0 g, 5.6 mmol) in THF (100 mL) was treated
at room temperature with H,S (125 mL, 5.6 mmol). The color of the mixture
changed slowly from the original blue color to light green. The solution was
stirred for about 30 min at room temperature, and then was allowed to stand for
few minutes upon which a green powder deposited at the bottom and the color of
the solution turned to brown. The residual solid was filtered and dried in vacuo
(1.3 g). IR (Nujol mull. NaCl, cm™): v 2566 (m), 2458 (m), 1288 (w) 1024 (w),
1007 (m) 985 (w), 954 (w), 798 (). XRF: V, 37.3; C1 46.2; S 2.23. The mother
liquor was layered with hexane and was allowed to stand for few days, whereupon

a crystalline mass containing two different types of crystals separated.

Reaction of VCI,(TMEDA), with propylenesulfide (7a):
A solution of VCI,(TMEDA); (2.0 g, 5.6 mmol) in THF (100 mL) was treated

with propylenesulfide (4.14 g, 5.6 mmol) at 50°C (without stirring). Upon mixing
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the color of the solution slowly changed from blue to dark purple. The solution
was then allowed to stand for 24h, upon which dark brown microcrystals
separated (0.7 g). IR (Nujol, KBr, cm'l) v: 1280 (w), 1238 (w), 1117 (w), 1065

(m), 1014 (s), 952 (s), 801 (s), 770 (m), 722 (w). XRF: V, 33.1; Cl, 33.5; S, 9.57.

Preparation of (TMEDA),V,CL(u-SPh),(1-Cl) (7b):

A solution of VCI,(TMEDA), (2.0 g, 5.6 mmol) in THF (100 mL) was treated
with (Ph)>(1-S2) (1.0 g, 5.6 mmol) at 50°C . Upon mixing the color of the solution
slowly changed from blue to green and finally to purple. The solution was then
filtered and allowed to stand, for 24hrs at room temperature, upon which dark
purple crystals separated(0.92 g, 1.68 mmol, 90%). IR (Nujol, KBr, cm™) v
1577(w), 1261(w), 1117(w), 1081(m), 1014(s), 952(s), 927(m), 800(s), 750(s),

698(m).

Preparation of V;3S;CI(TMEDA); (7¢):

Method A. A solution of VCI,(TMEDA), (2.0g, 5.6 mmol) in THF (100mL) was
treated with elemental sulfur ( 0.18g, 0.7mmol) at room temperature. Upon
mixing, the color of the solution changed from blue to black. After stirring for 30
minutes the solution was filtered to eliminate a black insoluble powder and a dark
red extremely air sensitive solution (traces of moisture change the color to intense
purple). The solution was then concentrated in vacuo to small volume, and

allowed to stand at -30 °C, for 2 days, upon which dark colored crystals of
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VCI3(THF)(TMEDA) separated. IR(Nujol, KBr, cm'l) v: 1277 (s), 1018 (w), 950 K
(s), 866 (s), 800 (s). The black residue was then extracted with boiling THF for
24h in a Soxhlet apparatus to eliminate any VCI3(THF)(TMEDA) contaminant,
then dried in vacuum (0.42 g, 0.56 mmol, 80%). IR (Nujol, KBr, cm™) v: 1261
(s), 1062 (m), 951 (s), 800 (s). Anal. found: C, 15.78; H, 3.58; N 5.38; Cl, 3.25; S,

26.93;V, 19.4. XRF: V, 32.2; Cl, 7.39; S, 35.0.

Method B. Separate solutions of VCI(TMEDA), and Sg were stirred overnight in
THF, filtered then cannulated into a layering tube. The reaction mixture was
allowed to stand for a week at room temperature (in a vibration free environment)

upon which black needle shaped crystals separated.

Preparation of {{(TMS),N]VS;Li(THF),Li},(7d):

A suspension of 7¢ (4.3g 5.6mmol) in THF (150mL) was treated with
LiN(TMS), (3.0 g, 18 mmol) . Upon mixing, the color of the solution changed
from black to red. After refluxing for 3 days, THF was then removed in vacuo,
and the red solid was dissolved in hexane (150 mL). The solution was filtered to
eliminate LiCl and then allowed to stand at 4°C, for 3 days, upon which red
crystals of 7d separated (0.5 g, 0.3 mmol 4.8%). IR (Nujol, KBr, cm™) v:
1259(br), 1018(m), 817(br), 669(s). 'H-NMR (CgDs, 200MHz, 25°C): & 0.8 (s,
TMS), 1.45 (s, 2H THF), 3.9 (s, 2H THF). C-NMR (C¢D¢, 200MHz, 25°C):

8 7.0 (s, TMS), 22 (s, THF), 70 (s, THF).
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Preparation of (TMS)PhNLi.(Et,0) (8):

Freshly distilled aniline (25 mL, 0.27 mol) was dissolved in ether (100 mL) and
then cooled to -78°C. A solution of MeLi in ether (196 mL, 1.4 M, 0.27 mol) was
added dropwise. The reaction mixture was stirred, allowed to warm to room
temperature, then cooled again to -78°C. The addition of (CHj;);SiCl (35 mL, 0.27
mol) formed a precipitate of LiCl which, after warming up to room temperature,
was removed by filtration. The resulting clear solution was cooled to -78°C and
treated with an hexane solution of n-BuLi (110 mL, 2.5 M, 0.27 mol). After
further filtration, the clear solution was concentrated and cooled to -30°C
overnight. Extremely air-sensitive crystals of Me;Si(Ph)NLi(Et,O) separated.
(33g, 0.13 mol, 48%). LR. (Nujol, cm™) v: 1582(s), 1271(sh), 1269(vs), 1180(m),
1153(m), 1075(m), 1027(m), 991(s), 917(vs), 830(vs), 762(s), 695(s), 669(m),
623(m). "H-NMR (CeDs, 25°C, 200MHz) &: 7.19(dd, 2H, Ph), 6.82(dd, 2H, Ph),
6.78(t, 1H, Ph), 3.06(q, 4H, ether), 0.76(t, 6H, ether), 0.32(s, 9H, silyl). C-NMR
(CéDs, 25°C, 75MHz) 3: 159.3, 129.8, 123.0, 115.3(Ph), 64.8(ether), 14.3(ether),

2.8 (silyl). The extreme air-sensitivity prevented combustion analysis.
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Reaction of the 7c with (8):

A suspension of 7c¢ (2.3g, 3mmol) in THF (150mL) was treated with
(TMS)PhNLIL.(Et,0) ( 3.1g, 12 mmol). Upon mixing, the color of the solution
changed from black to orange-red. The solution was refluxed for 24 h, after which
THF was removed under vacuum, and the red solid was dissolved in nexanes (10
mL). The solution was filtered and was allowed to stand at -30°C, for 2 days, and
at -80°C for 4 days upon which orange-red powder separated. IR (Nujol, KBr, cm”
Iy v: 1251 (s), 1065(s), 937(m), 910(m), 823(br), 669(s). 'H-NMR (CsDs,
200MHz, 25°C): § 0.35 (s, 9H, TMS) 6.9(m, 5H, Ph).

The small quantity of powder isolated and the extreme air-sensitivity prevented

BC NMR and combustion.

Reaction of the 7¢ with [CyN-C(H)-NCy]Li

A suspension of 7¢ (1.2g 1.6mmol) in THF (150mL) was treated with [CyN-
C(H)-NCy]Li ( 2.2g, 10 mmol) . Upon mixing the color of the solution changed
from black to orange-red. After refluxing for 24 hrs. THF was then removed
under vacuum, and the red solid was dissolved in hexanes (20 mL). The solution
was filtered and was allowed to stand at -80°C, for several days upon which
orange-red powder separated. IR (Nujol, KBr, em™) v: 1559 (s), 1288(m),
1260(m), 1151(m), 1117(s), 1051(m), 888(w), 796(w), 727(s) 694(m).

The extreme air-sensitivity prevented combustion analysis determinations.
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Preparation of [V3(us-CD-(u-S2)3](PyS);Li(THF)4 (9)

A suspension of the black powder 7¢ (2.0 g, 2.6mmol) in THF (150mL) was
treated with PySLi ( 1.2g, 9 mmol) . Upon mixing the color of the solution
changed from black to red. After refluxing for 24 h. THF was then removed in
vacuo and the red solid was dissolved in hexane (75 mL). The solution was
filtered and allowed to stand at room temperature for several days upon which red
crystals separated (0.37 g, 0.39 mmol, 15%). IR (Nujol, KBr, cm™) v: 1576 (s),
1544(m), 1414(s), 1259(m), 1136(s), 1087(w), 1039(s), 888(w), 303(w), 752(m)

734(m).
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