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ABSTRACT 

 

Application of Transition Metal Phosphine Complexes in the Modeling of Catalytic 

Processes:  Reactivity with Hydrosilanes and Other Industrially Relevant Substrates 

 

Ashley Zuzek 

 

The first two chapters of this thesis are devoted to exploring the reactivity of electron 

rich molybdenum and tungsten trimethylphosphine complexes with hydrosilanes.  

These complexes, Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H, have been shown to be 

highly reactive species that undergo a number of bond cleavage reactions.  In the 

presence of the hydrosilanes PhxSiH4-x (x = 0 – 4), Mo(PMe3)6 and W(PMe3)4(η2-

CH2PMe2)H effect Si-H and Si-C bond cleavage, along with Si-Si bond formation; 

however, the products derived from these reactions are drastically different for 

Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H and are highly dependent on the substitution 

of the silane. 

 

Mo(PMe3)6 reacts with SiH4, PhSiH3, and Ph2SiH2 to afford novel silyl, hypervalent silyl, 

silane, and disilane complexes, as respectively illustrated by Mo(PMe3)4H2(SiH3)2, 

Mo(PMe3)4H(κ2-H2-H2SiPh2H), Mo(PMe3)3H4(σ-HSiHPh2), and Mo(PMe3)3H2(κ2-H2-

H2Si2Ph4).  Mo(PMe3)4H(κ2-H2-H2SiPh2H) is the first example of a complex with a 

hypervalent [H2SiPh2H] ligand, and Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) represents the first 

structurally characterized disilane complex.  In addition to being structurally unique, 

these complexes also possess interesting reactivity.  For example, Mo(PMe3)4(SiH3)2H2 

undergoes isotope exchange with SiD4, and NMR spectroscopic analysis of the SiHxD4-x 

isotopologues released indicates that the reaction occurs via a sigma bond metathesis 

pathway. 



In contrast, W(PMe3)4(η2-CH2PMe2)H affords a range of products that includes 

metallacycle, disilyl, silane, and bridging silylene complexes.  The disilyl compounds, 

W(PMe3)4H3(SiH2SiHPh2) and W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2), exhibit the ability of 

W(PMe3)4(η2-CH2PMe2)H to cause both redistribution and Si-Si bond formation.  A 

mechanism involving silylene intermediates is proposed for the generation of these 

complexes, and this mechanism is supported computationally.  Additional support for 

the presence of intermediates comes from the isolation of a unique complex with a 

bridging silylene ligand, “WSiW”.  The bridging silylene bonding motif is 

unprecedented. 

 

The reactivity of the simplest hydrosilane, SiH4, was also examined with 

IrCl(CO)(PPh3)2 (i.e. Vaska’s compound).  Previous reports on this reaction have 

assigned the product as trans-IrH(SiH3)(Cl)(CO)(PPh3)2, in which the hydride and silyl 

ligands are mutually trans.  It is noteworthy, therefore, that we have now obtained a 

crystal structure of the product of this reaction in which the hydride and silyl ligands 

are cis, namely cis-IrH(SiH3)(Cl)(CO)(PPh3)2.  Calculated energies of the isomeric species 

also suggest that the product of this reaction was originally misassigned.  These results, 

and the analogous reactions with germane (GeH4), are described in Chapter 4. 

 

Chapter 4 also discusses some reactions of transition metal phosphine complexes, 

including Ru(PMe3)4H2, Mo(PMe3)6, W(PMe3)4(η2-CH2PMe2)H, and Mo(PMe3)4(η2-

CH2PMe2)H, with industrially relevant substrates.  Ru(PMe3)4H2 effects the water gas 

shift reaction of CO and H2O to form CO2 and H2.  Furthermore, Ru(PMe3)4H2 reacts 

with CO2, CS2, and H2S to respectively form formate, thiocarbonate, and hydrosulfido 

complexes.  The reactivity of Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H towards 

molecules relevant to the hydrodeoxygenation industry, including dihydrofuran and 

benzofuran, was studied.  The products of these reactions exhibit hydrogenation of 



unsaturated bonds and C-O bond cleavage, both of which are essential to the 

hydrodeoxygenation process.  Mo(PMe3)4(η2-CH2PMe2)H reacts with PhI to form an 

alkylidyne species, [Mo(PMe3)4(≡CPMe2Ph)I]I, which was structurally characterized by 

X-ray diffraction.  W(PMe3)4(η2-CH2PMe2)H forms a κ2-adduct when treated with 2-

seleno-2-methylbenzimidazole, namely W(PMe3)4(sebenzimMe)H. 

 

Chapter 3 discusses the development of two new ruthenaboratrane complexes, [κ4-

B(mimBut)3]Ru(CO)(PR3) (R = Ph, Me).  The structures of these complexes are described, 

and their d6 metal configuration is supported by both Fenske-Hall and Natural Bond 

Orbital calculations.  Some reactivity of these complexes was also explored.  For 

example, [κ4-B(mimBut)3]Ru(CO)(PMe3) appears to add MeI across the Ru-B bond. 

 

Finally, as an extension of the work that we have done on tungsten trimethylphosphine 

complexes, the structure of W(PMe3)3H6 in solution was investigated, and the results are 

presented in Chapter 5.  T1 measurements of the hydride ligands and deuterium isotope 

effect shifts both confirm that this complex exists as a classical hydride in solution, 

which is in accord with the classical hydride formulation in the solid state that was 

previously determined by X-ray diffraction. 
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1.1 Introduction 

The interaction of Si-H bonds with transition metal complexes is of fundamental 

interest.1  The dehydrogenative polymerization of silanes, the hydrosilation of olefins, 

and the redistribution of silanes are all catalyzed by transition metal complexes.2  The 

products of these reactions have significant applications in industry and have received 

broad interest within academia.  For example, organosilanes derived from hydrosilation 

reactions are used as coupling agents, which are essential for the production of 

polymers reinforced with inorganic materials such as glass fibers.3  Polysilanes, which 

are frequently prepared by the dehydrogenative coupling of hydrosilanes, have been 

studied extensively for their unique electronic and optical properties.4  In addition, 

silanes have been examined as models of organic compounds in an effort to learn more 

about C-H activation processes.5,6  An in-depth knowledge of both the reactivity of 

transition metals with hydrosilanes and the coordination of silanes to metal complexes 

is, therefore, valuable in gaining a better understanding of metal-catalyzed silane 

chemistry.  Here we explore the reactivity of electron-rich molybdenum compounds 

towards hydrosilanes with the goal of gaining a greater understanding of how silanes 

interact with these reactive molybdenum species. 

 

1.2 Mo(PMe3)6 + SiH4 

1.2.1 Preparation of Mo(PMe3)4H2(SiH3)2 

The reactions of silane (SiH4) with transition metal complexes have been explored 

relatively little compared to substituted silanes,5,6b,7 presumably due to the extreme 

pyrophoricity of this reagent.  The reactivity of some zerovalent molybdenum 

complexes with SiH4 has, however, been examined previously.5  Kubas et al. reported 

that molybdenum compounds of the type Mo(CO)(R2PC2H4PR2)2 (R = Ph, Bui) react with 

SiH4 to form the σ-complexes Mo(σ-SiH4)(CO)(R2PC2H4PR2)2 (R = Ph, Bui).  The 

corresponding ethyl derivative, Mo(CO)(Et2PC2H4PEt2)2, reacted similarly to form a σ-
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complex; however, this σ-complex was observed to exist in equilibrium with the silyl 

hydride complex, MoH(SiH3)(CO)(R2PC2H4PR2)2.5 

 

It is significant, therefore, that Mo(PMe3)6 cleaves the Si-H bond of SiH4 to form the 

oxidative addition product Mo(PMe3)4H2(SiH3)2 (Scheme 1) rather than a σ-complex.  

This reaction is facile at room temperature and proceeds cleanly in the presence of 

excess silane.  This transformation represents the first example of the oxidative addition 

of two equivalents of SiH4 to a molybdenum center.  Confirmation that this compound 

is in fact a silyl hydride is provided by 1H NMR spectroscopic analysis (Figure 1).  For 

example, the signal attributable to the Mo-SiH3 groups (δ 4.02) demonstrates coupling to 

silicon (1JSi-H = 157 Hz) and phosphorus (3JP-H = 8 Hz); the signal corresponding to the 

hydrides (δ -4.80), on the other hand, shows coupling to phosphorus (2JP-H = 26 Hz), but 

no coupling to silicon is observed (JSi-H < 15 Hz). 2JSi-H coupling constants for silyl-

hydride compounds are generally < 20 Hz,1a,8 whereas compounds with direct Si–H 

interactions often have larger JSi-H coupling constants, as illustrated by 

Mo(R2PC2H4PR2)2(CO)(σ-SiH4) (JSi–H = 31 – 50 Hz);5  therefore, the lack of observable JSi-H 

coupling for the hydride signal supports the formulation of this compound as a silyl-

hydride. The molecular structure of Mo(PMe3)4H2(SiH3)2 is shown in Figure 2. 
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Scheme 1.  Formation of Mo(PMe3)4H2(SiH3)2 
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Figure 1.  1H NMR Spectrum of Mo(PMe3)4H2(SiH3)2 

 

 
Figure 2.  Molecular Structure of Mo(PMe3)4H2(SiH3)2 
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1.2.2 Reactivity of Mo(PMe3)4H2(SiH3)2 towards SiD4 

The reactivity of Mo(PMe3)4H2(SiH3)2 towards SiD4 was explored, both (i) to gain a sense 

of how this d2 metal complex reacts with silanes and (ii) to provide a model system for 

the silyl exchange that occurs in the reaction of Mo(PMe3)6 with PhSiH3 (see Section 1.3).  

Reaction did indeed occur between Mo(PMe3)4H2(SiH3)2 and SiD4, as evidenced by 

deuterium incorporation into both the silyl and hydride positions of 

Mo(PMe3)4H2(SiH3)2.  A number of possible mechanisms may be considered for the H/D 

exchange, which was monitored by 1H and 2H NMR spectroscopy.  One straightforward 

mechanism could involve reductive elimination of SiH4 followed by oxidative addition 

of SiD4 (Scheme 2); the resulting complex, Mo(PMe3)4HD(SiH3)(SiD3), would be 

characterized by deuterium incorporation into the silyl and hydride positions in a 3:1 

ratio.  In addition, SiH4 would be expected to be the predominant isotopologue of silane 

observed by 1H NMR spectroscopy.  Similar mechanisms have been invoked for non-d0 

metal phosphine hydride compounds.9 

 

MoH3Si
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Mo

Me3P
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PMe3

H
H3Si

H

SiH3

Me3P
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- SiH4
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+ SiD4

Mo

Me3P
PMe3

PMe3

H
H3Si

D

SiD3

Me3P
 

Scheme 2.  Simple R.E. / O.A. mechanism for H/D exchange 

 

A number of experimental observations, however, indicate that this mechanism does 

not operate.  First, 2H NMR spectroscopy shows that deuterium incorporation into the 

silyl and hydride moieties occurs in an approximately 6:1 ratio rather than a 3:1 ratio, 

which is inconsistent with Mo(PMe3)4HD(SiH3)(SiD3) as the major initial product.  

Second, 1H NMR spectroscopy indicates that SiHD3 is the initially formed and major 

silane isotopologue, with SiH2D2 and SiH3D being formed as the reaction progresses.  

SiH4, on the other hand, is produced in only negligible quantities over the course of the 
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reaction.  Third, the consecutive formation of Mo-SiH2D and Mo-SiHD2 groups is 

observed by 1H NMR spectroscopy.  The absence of SiH4 (Figure 3) provides conclusive 

evidence that reductive elimination of the silyl and hydride ligands from 

Mo(PMe3)4H2(SiH3)2 does not occur, and the other experimental observations confirm 

that oxidative addition of SiD4 to [Mo(PMe3)4H(SiH3)] is not part of the operative 

mechanism.  

  

 
Figure 3.  Distribution of silane isotopologues from Mo(PMe3)4H2(SiH3)2 + SiD4 

 

Nevertheless, other mechanisms involving oxidative addition and reductive elimination 

can be considered for this system.  For example, initial dissociation of PMe3 followed by 

oxidative addition of SiD4 could produce a complex with deuterium in the silyl and 

hydride positions, but the anticipated production of SiH4 from this intermediate would 

be inconsistent with experimental results (Scheme 3).  Initial reductive elimination of H2 
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followed by oxidative addition of SiD4 does result in deuterium incorporation at the 

metal center; however, the silane isotopologue that is observed by 1H NMR 

spectroscopy is SiH3D rather than SiHD3 (Scheme 4).  
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Scheme 3.  R.E. / O.A. mechanism invoking a hexavalent intermediate 
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Scheme 4.  R.E. / O.A. mechanism involving initial elimination of H2 

 

A mechanism involving a silylene intermediate may also be considered for this system 

(Scheme 5).  For example, dissociation of PMe3 followed by α-H elimination from the 

bis(silyl) complex would produce a species of the type H3[Mo](=SiH2)(SiH3), which 

could undergo 1,2-addition of SiD4 to produce H3[Mo](SiD3)(SiH3)(SiH2D).  However, 

reductive elimination from this species would produce a mixture of silane 

isotopologues, including SiH4, so this is also an unlikely mechanism. 
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Scheme 5.  Mechanism invoking silylene intermediate 
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On the other hand, sigma bond metathesis of SiD4 with the Mo-H moiety explains both 

deuterium incorporation into the metal complex and the production of primarily SiHD3.  

Subsequent incorporation of deuterium into the molybdenum-silyl groups may be 

achieved by Mo(PMe3)4HD(SiH3)2 accessing a fluxional silane adduct, 

Mo(PMe3)4(SiH3)(σ-SiH3D)H, in which H/D scrambling may occur (Scheme 6).10,11  

These observations also indicate that metathesis of SiD4 with the molybdenum-silyl 

group, as opposed to the hydride, does not operate; if this were the mechanism, SiH3D 

would be the major isotopologue produced.  The reverse reaction, in which 

Mo(PMe3)4D2(SiD3)2 is treated with SiH4, produces primarily SiH3D (Figure 4).  This is 

consistent with a mechanism that involves sigma bond metathesis of SiH4 with the Mo-

D moiety.  
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Scheme 6.  Proposed mechanism invoking sigma bond metathesis 

 



 10 

 
Figure 4.  Distribution of silane isotopologues from Mo(PMe3)4D2(SiD3)2 + SiH4 

 

1.2.3 Formation of Mo(PMe3)4H3(SiH3) 

Mo(PMe3)4H2(SiH3)2 also reacts with H2 at room temperature to form the trihydride 

complex, Mo(PMe3)4H3(SiH3) (Scheme 7).  It is worth noting that this transformation 

occurs even in the absence of H2, but the conversion is cleaner in its presence.  It is also 

significant that this reaction proceeds to an equilibrium.  An equilibrium constant of 

1.0(1) was derived for this reaction from the concentrations of Mo(PMe3)4(SiH3)2H2, H2, 

Mo(PMe3)4(SiH3)H3, and SiH4, as determined by integration of the 1H NMR spectrum.  

Relative Mo-H and Mo-Si bond dissociation energies were calculated using this 

equilibrium constant and the values of D(H–H) = 104.2 kcal mol-1, D(H–SiH3) = 91.7 kcal 

mol–1,12 S0(H2) = 31.2 cal mol-1 K–1 and S0(SiH4) = 48.9 cal mol-1 K-1.13 Using these values, 

the Mo-H bond is calculated to be approximately 7 kcal/mol stronger than the Mo-SiH3 

bond.14  
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The reaction of Mo(PMe3)4H2(SiH3)2 with D2 proceeds in an analogous fashion to 

produce the monosilyl trihydride complex; furthermore, monitoring this reaction by 1H 

NMR spectroscopy provides additional evidence that Mo(PMe3)4H2(SiH3)2 does not 

undergo reductive elimination of SiH4.  Specifically, a mixture of SiHD3, SiH2D2, SiH3D, 

and SiH4 are produced over the course of the reaction, rather than primarily SiH4.15  
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Scheme 7.  Reaction of Mo(PMe3)4H2(SiH3)2 with H2  

 

Both Mo(PMe3)4H2(SiH3)2 and Mo(PMe3)4H3(SiH3) are fluxional at room temperature, 

such that the four phosphorus nuclei of each compound appear equivalent by 31P{1H} 

NMR spectroscopy.  Low temperature 31P{1H} NMR spectroscopy, however, reveals 

spectra that are consistent with the solid-state structures of these compounds. 

Specifically, both structures are based on a dodecahedral arrangement in which the 

PMe3 ligands adopt a flattened tetrahedral array that interpenetrates the elongated 

tetrahedral array of the silyl and hydride ligands.16  The solid state structure of 

Mo(PMe3)4H2(SiH3)2, therefore, suggests an A2X2 set of PMe3 ligands, and the structure 

of Mo(PMe3)4H3(SiH3) (Figure 5) indicates an AMX2 arrangement. Accordingly, two 

signals are seen in the 31P{1H} NMR spectrum at 210 K for Mo(PMe3)4H2(SiH3)2, and 

three signals are observed at 250 K for Mo(PMe3)4H3(SiH3). 

 

Also of note is the fact that the 1H NMR spectrum of Mo(PMe3)4H3(SiH3) demonstrates 

coupling of the silyl ligand to the hydride ligands (3JH-H = 2), whereas no such coupling 
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is observed for Mo(PMe3)4H2(SiH3)2.  The coupling of the hydrides to the phosphine 

ligands is also significantly larger (2JP-H = 34 Hz) in this complex than in the bis(silyl) 

species.  The 1H NMR spectrum of Mo(PMe3)4H3(SiH3) is shown in Figure 6. 

 

  
Figure 5.  Molecular Structure of Mo(PMe3)4H3(SiH3) 
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Figure 6.  1H NMR Spectrum of Mo(PMe3)4H3(SiH3) 

 

1.3 Mo(PMe3)6 + PhSiH3 

1.3.1 Generation of Mo(SiH3) Compounds from PhSiH3 

The addition of phenylsilane (PhSiH3) to metal complexes is well precedented.  The 

predominant reactivity of many systems is to produce M(H)(SiH2Ph) compounds via 

oxidative addition of the Si-H bond; in some instances, cleavage of the Si-H bond is not 

achieved, and σ-complexes of the type M(σ-HSiH2Ph) are obtained instead.1  Oxidative 

addition products and σ-complexes are structurally related in terms of the location of 

their atoms, but the electron density is distributed differently.  For example, the valence 

of the metal center is increased by two upon oxidative addition, and the Si-H bond is 

cleaved; in the case of σ-complex formation, the valence of the metal remains 

unchanged, and the Si-H bond remains intact.  The reaction of Mo(PMe3)6 with PhSiH3, 

however, provides a unique series of complexes rather than simple adducts of 

phenylsilane. 
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When Mo(PMe3)6 is treated with an excess of PhSiH3 at room temperature (Scheme 8), 

Mo(PMe3)4H2(SiH2Ph)2 is formed as the initial product and may be isolated if the 

reaction mixture is immediately cooled to -15 ˚C.  This complex is presumably formed 

by the oxidative addition of two equivalents of PhSiH3 across molybdenum and 

represents fairly conventional metal-silane chemistry.  This complex exhibits limited 

stability, however, and in the presence of PhSiH3, it converts to the silyl (SiH3) complex, 

Mo(PMe3)4H2(SiH2Ph)(SiH3).  Mo(PMe3)4H2(SiH2Ph)(SiH3) further reacts with PhSiH3 to 

form Mo(PMe3)4H2(SiH3)2, which may also be prepared directly via addition of silane 

(SiH4) to Mo(PMe3)6 (see Section 1.2).  Both diphenylsilane (Ph2SiH2) and silane are 

produced over the course of this reaction, demonstrating that Mo(PMe3)6 is capable of 

effecting the redistribution of PhSiH3.  In solution, Mo(PMe3)4H2(SiH2Ph)2, 

Mo(PMe3)4H2(SiH2Ph)(SiH3), and Mo(PMe3)4H2(SiH3)2 all form a single final product, 

Mo(PMe3)4H3(SiH3), with varying degrees of decomposition.  The molecular structures 

of Mo(PMe3)4H2(SiH2Ph)2 and Mo(PMe3)4H2(SiH2Ph)(SiH3) are shown in Figures 7 and 8, 

respectively. 
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Scheme 8.  Reaction of Mo(PMe3)6 with excess PhSiH3 
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Figure 7.  Molecular Structure of Mo(PMe3)4H2(SiH2Ph)2 

 

 
Figure 8.  Molecular Structure of Mo(PMe3)4H2(SiH2Ph)(SiH3) 
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This sequence of products is noteworthy for a couple of reasons.  First, the isolation of 

M-SiH3 compounds is rare; there are only six compounds of the type TM-SiH3 (TM = 

transition metal) in the Cambridge Structural Database.7d,f,1718  The fact that a series of 

products featuring Mo-SiH3 moieties is produced in favor of the initial 

Mo(PMe3)4H2(SiH2Ph)2 compound is, therefore, of interest.  Second, there is no 

precedent for the isolation of metal complexes with a terminal SiH3 ligand derived from 

phenylsilane.19  This is somewhat surprising given the well-established ability of 

transition metals to catalyze the redistribution of organosilanes.20 

 

1.3.2 Mechanistic Considerations 

While the mechanistic details of this reaction have not been explored in great detail, the 

H/D exchange experiments of Mo(PMe3)4H2(SiH3)2 with SiD4 suggest that these 

molybdenum bis(silyl) compounds may also be generated via a sigma bond metathesis 

pathway.  For example, sigma bond metathesis would explain the generation of SiH4, 

Ph2SiH2, and the Mo-SiH3 moieties.  Two versions of such a mechanism may be 

considered: (i) one in which PhSiH3 undergoes metathesis directly with a Mo-SiH2Ph 

ligand, or (ii) one in which a fluxional sigma complex enables metathesis of the free 

silane with the Mo-Ph group (Scheme 9).  Computational work done by other groups, 

along with the mechanistic analysis of the Mo(PMe3)4H2(SiH3)2 system, suggest that path 

(ii) may be the more energetically favored alternative.21,22  Furthermore, the catalytic 

redistribution of PhSiH3 into Ph2SiH2 and SiH4 is well known; it is typically observed for 

d0 transition metals23 and lanthanides,19a,b,24 for which σ-bond metathesis mechanisms 

are generally invoked.25 
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Scheme 9.  Proposed Sigma Bond Metathesis Mechanism for Mo-SiH3 Generation 

 

It is worth noting that mechanisms involving oxidative addition and reductive 

elimination may also explain the observed products.  For example, direct oxidative 

cleavage of the Si-C bond would form a Mo(Ph)(SiH3) intermediate, which could 

undergo reductive elimination of Ph2SiH2 to produce the observed products (Scheme 

10).  It may be expected that elimination of PhH would also occur from this 

intermediate; however, no benzene was observed when the reaction was performed in 

deuterated cyclohexane.  Furthermore, no toluene was produced when the reaction was 

performed in benzene with para-tolyl silane. 
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Scheme 10.  An O.A. / R.E. mechanism to explain Mo-SiH3 generation 

 

While the formation of M-SiH3 groups from PhSiH3 is unusual, DFT calculations 

support this observed reactivity and confirm that it is energetically favorable.  For 
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example, the energies of the geometry optimized structures of Mo(PMe3)4H2(SiH2Ph)2, 

Mo(PMe3)4H2(SiH2Ph)(SiH3), Mo(PMe3)4H2(SiH3)2, PhSiH3, and Ph2SiH2 indicate that the 

generation of the Mo-SiH3 compounds is thermodynamically downhill (Scheme 11).  
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Scheme 11.  Thermodynamics of Mo-SiH3 Generation 

 

1.4 Mo(PMe3)6 + Ph2SiH2 

1.4.1 Formation of Hypervalent Silyl, Disilane, and Silane Complexes 

The reactivity of Mo(PMe3)6 towards Ph2SiH2 is quite different from that towards SiH4 

and PhSiH3.  As described above, Mo(PMe3)6 oxidatively cleaves the Si-H bond of two 

equivalents of SiH4 or PhSiH3 to form bis(silyl) or bis(phenylsilyl) species, which can 

then undergo further reaction in the presence of free silane.  Rather than simply cleave 

the Si-H bond of Ph2SiH2, Mo(PMe3)6 forms, inter alia, novel hypervalent silyl and 

disilane complexes. Specifically, the major products of this reaction are Mo(PMe3)4H(κ2-

H2-H2SiPh2H) and Mo(PMe3)3H2(κ2-H2-H2Si2Ph4).26 Both of these complexes react with H2 

to form the diphenylsilane adduct, Mo(PMe3)3H4(σ-HSiHPh2) (Scheme 12). 
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Scheme 12.  Reactivity of Mo(PMe3)6 towards Ph2SiH2 

 

1.4.2 Structure and Dynamics of Mo(PMe3)4H(κ2-H2-H2SiPh2H) 

Mo(PMe3)4H(κ2-H2-H2SiPh2H), the major product at room temperature, is the first 

structurally characterized complex with a hypervalent κ2-H2-H2SiPh2H ligand (Figure 9); 

for example, the Si-H [1.69(3) Å, 1.74(3) Å] and Mo-H [1.62(3), 1.88(3) Å] distances are 

reflective of two 3-center, 2-electron interactions between the silicon, molybdenum, and 

bridging hydride ligands.1a  A number of complexes of the type M[H2SiR3] have been 

previously reported, and the bonding in these compounds has been described in terms 

of a number of models, including (i) silyl-dihydride, (ii) σ-silane-hydride, and (iii) 

symmetric hypervalent [H2SiR3] formalisms.  For example, another complex with a 

[H2SiPh2H] moiety has been structurally characterized, namely Cp*W(CO)2(SiHPh2)H2
27; 

however, this complex was reported as a silyl-dihydride, and the much longer Si-H 

distances [1.92 and 2.00 Å] indicate that this assignment is appropriate. 
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Mo(PMe3)4H(κ2-H2-H2SiPh2H) is fluxional at room temperature, such that the terminal 

hydride and bridging hydrides appear as a single resonance at δ -4.88.  The signal 

appears as a broad quintet at room temperature that sharpens upon heating.  The 

unique Si-H appears much further downfield as a broad singlet at δ 6.58 (Figure 10).  

 

 
Figure 9.  Molecular Structure of Mo(PMe3)4H(κ2-H2-H2SiPh2H) 
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Figure 10.  1H NMR Spectrum of Mo(PMe3)4H(κ2-H2-H2SiPh2H) 

 

When the reaction of Mo(PMe3)6 with Ph2SiH2 is monitored by 1H NMR spectroscopy, 

the formation of the signals attributable to Mo(PMe3)4H(κ2-H2-H2SiPh2H) is preceded by 

two quintets in the silyl and hydride regions, whose intensities decrease as 

Mo(PMe3)4H(κ2-H2-H2SiPh2H) is formed.  It is proposed, therefore, that a species such as 

Mo(PMe3)4H3(SiHPh2) or Mo(PMe3)4H2(σ-HSiHPh2) may form initially and then 

isomerize to the observed product.  In accord with this suggestion, the calculated 

energies of the geometry optimized structures of these species in the gas phase are all 

quite close in energy (Figure 11). 
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Figure 11.  Relative Energies of Mo[H2SiPh2H] Species 

 

1.4.3 Mo(PMe3)4H3(GeHPh2): Comparison to Mo(PMe3)4H(κ2-H2-H2SiPh2H) 

The reaction of Mo(PMe3)6 with Ph2GeH2 provides an interesting contrast to the 

reactivity described above.  For example, the major product at room temperature is 

Mo(PMe3)4H3(GeHPh2) (Figure 12), rather than a hypervalent germyl derivative.  

Interestingly, Mo(PMe3)6 appears to react with Ph2GeH2 in much the same manner as it 

does with Ph2SiH2, based on 1H NMR spectroscopic analysis of the reaction; specifically, 

the initial product is characterized by a sharp quintet in the hydride region (δ -3.47), 

which becomes a broad resonance at δ -4.25 after a two hours at room temperature.  

However, the unique Ge-H hydrogen of the final product is characterized by a quintet 

at δ 5.63, which is in contrast to the broad singlet that is observed for the Si-H hydrogen 

in Mo(PMe3)4H(κ2-H2-H2SiPh2H). 

 

Furthermore, X-ray crystallographic analysis confirms that the final product is 

Mo(PMe3)4H3(GeHPh2).  As an example of the differences between the related silyl and 

germyl structures, the distance between the germanium and the closest hydride is 2.480 
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Å, which is substantially longer than the Si-Hhydride distances observed in 

Mo(PMe3)4H(κ2-H2-H2SiPh2H) [i.e. 1.69(3) Å and 1.74(3) Å].  Thus, the isolation of 

Mo(PMe3)4H3(GeHPh2) supports the plausibility of silyl-hydride tautomers in the 

Ph2SiH2 system. 

 
Figure 12.  Molecular Structure of Mo(PMe3)4H3(GeHPh2) 

 

1.4.4 Structure and Dynamics of Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) 

Mo(PMe3)3H2(κ2-H2-H2Si2Ph4), which is formed as an initial product, is the first example 

of a structurally characterized disilane complex (Figure 13).  The disilane chelates in an 

asymmetric fashion, with Mo-Si distances of 2.5322(8) Å and 2.7140(8) Å.28  This 

complex decomposes rapidly at room temperature and is isolated only when the 

reaction is performed in pentane and immediately cooled to -15 ˚C.  In addition to 

dehydrocoupling, this system is also capable of effecting redistribution; for example, 

H2PhSi-SiPh3
29 is produced over the course of the reaction but does not appear to 
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coordinate to the metal center, most likely due to steric bulk.  Significantly, treatment of 

Mo(PMe3)6 with tetraphenyldisilane (Ph2HSi-SiHPh2) does not result in the formation of 

Mo(PMe3)3H2(κ2-H2-H2Si2Ph4), which suggests that coordination of the disilane is 

contingent upon Si-Si bond formation at the metal center. 

 

Like Mo(PMe3)4H(κ2-H2-H2SiPh2H), Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) is fluxional and 

produces a 1H NMR spectrum in which the terminal and bridging hydrides appear as a 

single resonance.  This signal at δ -4.62 is a broad singlet that becomes a sharp quartet at 

250 K.  Interestingly, this signal broadens again upon further cooling to form a broad 

singlet at 193 K (Figure 14).  We postulate that the broadening at high temperature is 

due to phosphine dissociation, while the broadening at low temperature is due to slow 

intramolecular exchange.  

 
Figure 13.  Molecular Structure of Mo(PMe3)3H2(κ2-H2-H2Si2Ph4)   
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Figure 14.  Low Temperature NMR of Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) 

 

1.4.5 Preparation and Discussion of Mo(PMe3)3H4(σ-HSiHPh2) 

Both Mo(PMe3)4H(κ2-H2-H2SiPh2H) and Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) react with H2 to 

form the σ-complex Mo(PMe3)3H4(σ-HSiHPh2).  While the reaction of the disilane 

complex proceeds rapidly and quite cleanly at room temperature to form 

Mo(PMe3)3H4(σ-HSiHPh2), the reaction of Mo(PMe3)4H(κ2-H2-H2SiPh2H) with H2 

produces a substantial amount of Mo(PMe3)4H4 in addition to Mo(PMe3)3H4(σ-

HSiHPh2).  

 

The molecular structure of Mo(PMe3)3H4(σ-HSiHPh2) (Figure 15) is characterized by 

Mo-Si [2.500(1) Å], Mo-H [1.64(5) Å], and Si-H [1.74(4) Å] distances that are in accord 

with its assignment as a diphenylsilane adduct.30  For example, the Si–H bond length is 
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within the range accepted for σ-complexes (1.7 – 1.8 Å).1a  Significantly, the Mo–Si bond 

length [2.500(1) Å] in this complex is slightly shorter than the Mo–SiR3 bond lengths for 

the silyl compounds reported herein (2.56 Å – 2.58 Å).  Thus, although it may be 

expected that an M–Si distance could correlate with the degree of activation of an Si–H 

bond, it is evident that this relationship may not always be true.30b,31,32   

 

For comparison, a similar species, namely Mo(depe)2(CO)(σ-HSiHPh2) [depe = 

(diethylphosphino)ethane] has previously been isolated by Kubas et al.6  While the 

solid-state structures of Mo(PMe3)3H4(σ-HSiHPh2) and Mo(depe)2(CO)(σ-HSiHPh2) 

share important similarities6a with respect to the diphenylsilane ligand,33 their 

properties in solution are decidedly different.6b  Specifically, NMR spectroscopic 

analysis of Mo(depe)2(CO)(σ-HSiHPh2) indicates that the compound is structurally 

static on the NMR timescale, which is expected for an octahedral compound.6b  The 

bridging Mo-H-Si hydrogen demonstrates coupling to the phosphorus nuclei, the 

silicon nucleus, and the uncoordinated Si-H proton; furthermore, the 31P{1H} NMR 

spectrum shows four resonances corresponding to inequivalent phosphorus nuclei.  

Mo(PMe3)3H4(σ-HSiHPh2), on the other hand, is fluxional on the NMR timescale, such 

that the phenyl groups, phosphine ligands, and hydrides are all equivalent.  

Furthermore, the Si-H proton that interacts with the metal center exchanges with the 

other hydrides, resulting in a single resonance at δ -4.21 corresponding to five 

hydrogens. In addition, the Si-H hydrogens do not couple to each other, and the 

terminal Si-H hydrogen appears much further downfield at δ 6.48.  
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Figure 15.  Molecular Structure of Mo(PMe3)3H4(σ-HSiHPh2) 

 

1.4.5 Use of NBO Calculations towards Bonding Analysis 

While Mo(PMe3)4H(κ2-H2-H2SiPh2H), Mo(PMe3)3H2(κ2-H2-H2Si2Ph4), and Mo(PMe3)3H4(σ-

HSiHPh2) all feature delocalized bonding in their solid-state structures, the fluxionality 

of these compounds in solution precludes further investigation of their bonding motifs.  

For example, the coupling constant between silicon and hydrogen, JSi-H, has often been 

used to characterize σ-complexes.  JSi-H coupling constants for coordinated Si-H bonds 

are typically between 30-70 Hz, compared to 1JSi-H values of > 150 Hz for non-

coordinated Si-H silyl ligands and 2JSi-H values of < 20 Hz for the 2-bond coupling 

between silyl and hydride ligands.1a  Since these complexes are fluxional, any significant 

JSi-H coupling for the σ-SiH hydrogen is averaged with the much smaller 2JSi-H of the 

hydride ligands.34 
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Furthermore, IR spectroscopy is not particularly helpful in analyzing these complexes. 

Specifically, the νMo-H-Si stretching frequencies for Mo(PMe3)4H(κ2-H2-H2SiPh2H) and 

Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) appear at 1601 cm-1 and 1704 cm-1, respectively, which are 

within the range of previously reported values.1a However, these stretches overlap with 

the non-bridging Mo-H moiety stretches and thus do not provide additional 

information about the uniqueness of these hydrides.  

 

In order to support the bonding description derived from the crystal structures of these 

compounds, geometry optimization calculations were performed, and Natural Bond 

Orbital (NBO) analysis was used to further probe the delocalized bonding that appears 

to be present in each structure.  NBO analysis provides insight into bonding by 

producing orbitals that are localized primarily on one atom (lone pair), two atoms 

(bond pair), or three atoms (3-center, 2-electron interactions).  In addition to Natural 

Bonding Orbitals, NBO analysis also generates Natural Localized Molecular Orbitals, 

which take into account the interaction between bonding (or non-bonding) and 

antibonding orbitals (e.g. backbonding.)  The geometry optimizations for these 

compounds accurately reproduce the solid state structures, and the results of NBO 

analysis indicate that there is, in fact, delocalized bonding in each complex (Figure 16).  

Mo(PMe3)4H(κ2-H2-H2SiPh2H) is defined by two 3-center, 2-electron interactions 

between the molybdenum, silicon, and two bridging hydrides.  Mo(PMe3)3H2(κ2-H2-

H2Si2Ph4) also features two 3-center, 2-electron interactions for the coordinating disilane.  

Interestingly, the percent contribution of molybdenum is much smaller in one orbital 

than it is in the other, which reflects the asymmetry of the disilane chelation.  Finally, 

the Mo-H-Si interaction of Mo(PMe3)3H4(σ-HSiHPh2) is composed of both donation of 

the Si-H bonding electrons towards the metal center and backbonding of a 

molybdenum d-orbital into the Si-H antibonding orbital (Figure 16). 
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Figure 16.  Relevant NLMOs for Mo(PMe3)4H(κ2-H2-H2SiPh2H), Mo(PMe3)3H2(κ2-H2-

H2Si2Ph4), and Mo(PMe3)3H4(σ-HSiHPh2). The percent contributions of each atom are 

listed below the orbital. 

 

1.5 Mo(PMe3)6 + Ph3SiH 

In contrast to the reactivity of Mo(PMe3)6 towards SiH4, PhSiH3, and Ph2SiH2, which 

involves the cleavage of Si-H bonds, the reaction of Mo(PMe3)6 with Ph3SiH results in 

coordination of Ph3SiH through a phenyl group to produce the η6-arene complex, (η6-

C6H5SiPh2H)Mo(PMe3)3 (Scheme 13).  Coordination of Ph3SiH through a phenyl group is 

rare – there is only one other structurally characterized complex featuring such 

coordination, namely (η6-C6H5SiPh2H)W(CO)3,35 reported in the Cambridge Structural 

Database.  The molecular structure is shown in Figure 17. 
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Scheme 13.  Reaction of Mo(PMe3)6 with Ph3SiH 

 

It is worth noting that this conversion occurs to the almost complete exclusion of the 

benzene adduct, (η6-C6D6)Mo(PMe3)3, when the reaction is performed in benzene.  Since 

the coordination of benzene would be expected to compete kinetically with Ph3SiH 

under these conditions, it was considered that the benzene adduct (η6-C6D6)Mo(PMe3)3 

could be an intermediate en route to the Ph3SiH complex.  Several observations, 

however, suggest that benzene coordination does not precede coordination of Ph3SiH.  

Specifically, (i) Mo(PMe3)6 does not react with C6D6 sufficiently rapidly at 80 ˚C to allow 

(η6-C6D6)Mo(PMe3)3 to be a viable intermediate;36 (ii) (η6-C6D6)Mo(PMe3)3 does not react 

readily with Ph3SiH to give (η6-C6H5SiPh2H)Mo(PMe3)3 at 80 ˚C; (iii) arene exchange 

between (η6-C6H6)Mo(PMe3)3 and C6D6 is not facile at 80 ˚C; and (iv) Mo(PMe3)6 does not 

react with Ph4Si at 80 ˚C.  On the basis of these observations, it is postulated that the 

mechanism for formation of (η6-C6H5SiPh2H)Mo(PMe3)3 involves the initial generation 

of a silane σ–complex that facilitates access to the η6-arene complex. 
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Figure 17.  Molecular Structure of (η6-C6H5SiPh2H)Mo(PMe3)3 

 

1.6 Mo(PMe3)5H2 + PhxSiH4-x 

The reactivity of Mo(PMe3)5H2 was examined with SiH4, PhSiH3, and Ph2SiH2.  While the 

products of these reactions are, for the most part, species that are also produced in the 

reactions of Mo(PMe3)6 with silanes, the dihydride shows some interesting modes of 

reactivity.  For example, when Mo(PMe3)5H2 is treated with SiH4, a mixture of 

Mo(PMe3)4H4, Mo(PMe3)4H3(SiH3), and Mo(PMe3)4H2(SiH3)2 is produced in an 

approximately 1:4:2 ratio (Scheme 14).  The overall product distribution appears to be 

relatively independent of the stoichiometry of the reaction.  One plausible mechanism 

for this reactivity would involve initial generation of Mo(PMe3)4H3(SiH3) followed by 

rapid redistribution to form Mo(PMe3)4H4 and Mo(PMe3)4H2(SiH3)2.  However, since this 

process occurs neither in the presence of Mo(PMe3)6 nor when Mo(PMe3)4H3(SiH3) is left 
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alone in solution, it is likely that such a redistribution process is unique to this reaction 

specifically. 

 

Also of interest is the fact that the reaction of Mo(PMe3)5H2 with PhSiH3 produces the 

exact same product distribution – Mo(PMe3)4H4, Mo(PMe3)4H3(SiH3), and 

Mo(PMe3)4H2(SiH3)2 – in approximately the same ratio (Scheme 14).  This is presumably 

due to facile redistribution of PhSiH3 into Ph2SiH2 and SiH4, which then reacts with 

Mo(PMe3)5H2 to form the observed products.  In accord with this hypothesis, bubbling 

is observed upon treatment of Mo(PMe3)5H2 with PhSiH3, and Ph2SiH2 and SiH4 are 

observed by 1H NMR spectroscopy. 
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Scheme 14.  Reaction of Mo(PMe3)5H2 with SiH4 and PhSiH3 

 

Finally, Mo(PMe3)5H2 reacts with Ph2SiH2 to form primarily Mo(PMe3)4H(κ2-H2-

H2SiPh2H).  This is a rational mode of reactivity given that the generation of 

Mo(PMe3)4H(κ2-H2-H2SiPh2H) formally requires an equivalent of H2, which is provided 

by the dihydride complex. 

 

1.7 Mo(PMe3)4H4 + PhxSiH4-x 

Mo(PMe3)4H4, unlike Mo(PMe3)6 and Mo(PMe3)5H2, does not react with silanes to form 

complexes; instead, it causes catalytic redistribution.  For example, treatment of 

Mo(PMe3)4H4 with Ph2SiH2 results in the formation of Ph3SiH and PhSiH3.  Likewise, 

treatment of the metal complex with PhSiH3 yields Ph2SiH2 and SiH4.  Although it is 
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clear that no redistribution may occur with SiH4, Mo(PMe3)4H4 does react with SiD4 to 

form the isotopologues SiHxD4-x. 

 

1.8 Reactivity of Mo(PMe3)6 in Hydrosilation 

The reactivity of Mo(PMe3)6 towards silanes is defined by facile redistribution and 

dehydrocoupling.  Thus, it was considered of interest to see if this complex is also active 

in hydrosilation reactions.  Hydrosilation involves the addition of Si-H groups across 

unsaturated bonds, including C=C and C=O bonds.  A series of alkenes, namely 1-

hexene, cyclohexene, and 3,3-dimethyl-1-butene, were tested as substrates for olefin 

hydrosilation; acetone, acetophenone, and 3-pentanone were used to test the reactivity 

of carbonyl groups.  PhSiH3 and Ph2SiH2 were examined as silylating agents, and 

Mo(PMe3)6 was added as a catalyst.  

 

Although Mo(PMe3)6 did not produce any hydrosilation products with alkenes, it was 

found to be an effective agent for the hydrosilation of carbonyl groups (Scheme 15).  

Specifically, the hydrosilation of acetone and 3-pentanone with PhSiH3 was achieved at 

80 ˚C after approximately 12 hours.  However, the product distribution derived from 

these reactions is complex; this is presumably due to the fact that Mo(PMe3)6 can cause 

not only hydrosilation across multiple Si-H bonds of silanes, but also redistribution of 

PhSiH3 into Ph2SiH2 and SiH3.  Therefore, the products of hydrosilation in this system 

are not restricted to derivatives of PhSiHx(OCHR2)3-x but may include products of the 

type Ph2SiHx(OCHR2)2-x and SiHx(OCHR2)4-x as well. 
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Scheme 15.  Substrate scope examined for Mo(PMe3)6-promoted hydrosilation  
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1.9 Summary and Conclusions 

In summary, Mo(PMe3)6 exhibits diverse reactivity towards SiH4, PhSiH3 and Ph2SiH2 to 

afford a variety of novel silyl, hypervalent silyl, silane, and disilane complexes, whereas 

Ph3SiH simply forms the η6-arene complex (η6-C6H5SiPh2H)Mo(PMe3)3.  While the 

reactions of non-d0 metal phosphine hydride compounds are often interpreted in terms 

of sequences that involve oxidative addition and reductive elimination, NMR 

spectroscopic analysis of the isotope exchange reaction between Mo(PMe3)4(SiH3)2H2 

and SiD4 indicates that the reaction does not occur via initial reductive elimination of 

SiH4, but rather by a metathesis pathway.  The validity of the transition states (i.e. 

complexes with hypervalent silyl and σ-silane ligands) proposed for such a pathway are 

supported by the isolation of similar complexes from the reaction of Mo(PMe3)6 with 

Ph2SiH2.   

 

Thus, in examining the reactivity of Mo(PMe3)6 with hydrosilanes, we have isolated a 

series of novel complexes that exhibit redistribution and dehydrocoupling, which are 

both significant reactions in silane chemistry.  The unique binding modes of the silyl 

ligands in these complexes provide insight into the interaction of hydrosilanes with 

metal complexes, which may prove useful in the mechanistic exploration of silane 

chemistry and in the development of new catalysts for these reactions. 

 

1.10 Experimental Details 

1.10.1 General Considerations 

All manipulations were performed using a combination of glovebox, high vacuum, and 

Schlenk techniques under an argon atmosphere.37  Solvents were purified and degassed 

by standard procedures.  NMR spectra were measured on Bruker 300 DRX, Bruker 300 

DPX, Bruker 400 Avance III, Bruker 400 Cyber-enabled Avance III, and Bruker 500 DMX 

spectrometers.  1H chemical shifts are reported in ppm relative to SiMe4 (δ = 0) and were 

referenced internally with respect to the protio solvent impurity (δ = 7.16 for C6D5H, 
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2.08 for C7D7H).38  31P chemical shifts are reported in ppm relative to 85% H3PO4 (δ = 0) 

and were referenced using P(OMe)3 (δ = 141.0) as an external standard.39  29Si chemical 

shifts are reported in ppm relative to external 1% SiMe4 in CDCl3 (δ = 0). Coupling 

constants are given in hertz.  Infrared spectra were recorded on a PerkinElmer 

Spectrum Two spectrometer and are reported in cm-1.  Mo(PMe3)6
40, Mo(PMe3)5H2

41, and 

Mo(PMe3)4H4
42 were prepared by the literature methods, while SiD4

43 and PhSiD3
44 were 

prepared via the literature method used for the protio counterparts. 

 

1.10.2 X-ray Structure Determinations 

Single crystal X-ray diffraction data were collected on a Bruker Apex II diffractometer, 

and crystal data, data collection and refinement parameters are summarized in Table 1.  

The structures were solved using direct methods and standard difference map 

techniques and were refined by full-matrix least-squares procedures on F2 with 

SHELXTL (Version 2008/4).45 

 

1.10.3 Computational Details 

Calculations were carried out using DFT as implemented in the Jaguar 7.7 suite of ab 

initio quantum chemistry programs.46  Geometry optimizations (Table 2) were 

performed with the B3LYP density functional47 using the 6-31G** (C, H, Si and P) and 

LACVP** (Mo) basis sets.48 NBO analyses were performed using Jaguar NBO 5.0.49 

 

1.10.4 Synthesis of Mo(PMe3)4H2(SiH3)2  

Mo(PMe3)6 (100 mg, 0.18 mmol) was treated with a solution of PhSiH3 (300 mg, 2.8 

mmol) in C6H6 (5 mL).  The solution was transferred to an ampoule, degassed, and 

allowed to stand at room temperature for 3 days.  After this period, the brown solution 

was lyophilized, washed with pentane (4 mL), and dried in vacuo to afford 

Mo(PMe3)4H2(SiH3)2 as a pale brown solid (44 mg, 52% yield).  Pale yellow crystals of 

Mo(PMe3)4H2(SiH3)2 suitable for X-ray diffraction were obtained from a solution in 
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toluene/pentane (50:50) at -15 ˚C.  Analysis calcd. for Mo(PMe3)4H2(SiH3)2: C, 31.0 %; H, 

9.6 %. Found:  C, 31.3 %; H, 9.2 %.  1H NMR (C6D6): -4.80 [quint, 2JP-H = 26, 2H of MoH2], 

1.29 [s, 36H of Mo(PMe3)4], 4.02 [quint, 3JP-H = 8, 1JSi-H = 157, 6H of Mo(SiH3)2].  31P{1H} 

NMR at 300 K (C6D6): -4.3 [s, 4P of Mo(PMe3)4].  31P{1H} NMR at 210 K (C7D8): -12.3 [br. s, 

2P of Mo(PMe3)4], 5.4 [br. s, 2P of Mo(PMe3)4].  1H-29Si HMQC NMR (C6D6): -61.5 [s, 2 Si 

of Mo(SiH3)2].  IR Data (ATR, cm-1): 2989 (w), 2969 (m), 2905 (m), 2800 (w), 2042 (s) [νSi-

H], 1794 (m) [νMo-H], 1425 (m), 1296 (m), 1278 (m), 1122 (w), 965 (m), 921 (vs), 851 (s), 736 

(w), 697 (s), 656 (s), 598 (s), 566 (m), 523 (m). 

 

1.10.5 Synthesis of Mo(PMe3)4H3(SiH3)  

A solution of Mo(PMe3)4H2(SiH3)2 (5 mg, 0.011 mmol) in C6D6 (0.7 mL) in an NMR tube 

equipped with a J. Young valve was degassed and charged with H2 (ca. 1 atm).  The 

solution was heated at 60 ˚C for 1 day and monitored by 1H NMR spectroscopy, thereby 

demonstrating the conversion to Mo(PMe3)4H3(SiH3).  The dark brown solution was 

lyophilized to give Mo(PMe3)4H3(SiH3) as a brown solid (2.5 mg, 53 % yield). Colorless 

crystals of Mo(PMe3)4H3(SiH3) suitable for X-ray diffraction were obtained from a 

solution in pentane at -15 ˚C.  Analysis calcd. for Mo(PMe3)4H3(SiH3):  C, 33.2 %; H, 9.8 

%. Found: C, 33.1 %; H, 9.6 %.  1H NMR (C6D6): -4.39 (quint, 2JP-H = 34, 3H of MoH3)], 

1.33 [d, 2JP-H = 6, 36H of Mo(PMe3)4], 3.83 [quint of quart, 3JP-H = 9, 3JH-H = 2, 3H of 

Mo(SiH3)1].  31P{1H} NMR at 370 K (C6D6): 3.3 [s, 4P of Mo(PMe3)4]. 31P{1H} NMR at 240 K 

(C7D8): -3.8 [quart, 2JP-P = 17, 1P of Mo(PMe3)4], 3.0 [t, 2JP-P = 20, 2P of Mo(PMe3)4], 15.4 

[quart, 2JP-P = 17, 1P of Mo(PMe3)4].  1H-29Si HMQC NMR (C6D6): -60.8 [s, 1 Si of 

Mo(SiH3)].  IR Data (ATR, cm-1): 2968 (m), 2905 (m), 2189 (w), 2030 (br) [νSi-H], 1703 (w) 

[νMo-H], 1421 (m), 1296 (m), 1276 (m), 1034 (br), 933 (vs), 850 (s), 703 (s), 662 (s), 577 (m), 

436 (m). 
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1.10.6 Reaction of Mo(PMe3)5H2 with SiH4  

A solution of Mo(PMe3)5H2 (7 mg, 0.014 mmol) in C6D6 (0.7 mL)  in an NMR tube 

equipped with a J. Young valve was degassed and charged with SiH4. The reaction was 

monitored by 1H NMR spectroscopy at room temperature for three days, thereby 

demonstrating the formation of Mo(PMe3)4H4, Mo(PMe3)4(SiH3)H3, and 

Mo(PMe4)(SiH3)2H2 in an approximately 1:4:2 ratio. 

 

1.10.7 Reaction of Mo(PMe3)4H2(SiH3)2 with D2  

A solution of Mo(PMe3)4H2(SiH3)2 (4 mg, 0.009 mmol) in C6D6 (0.7 mL)  in an NMR tube 

equipped with a J. Young valve was degassed and charged with D2 (ca. 1 atm). The 

reaction was monitored by 1H NMR spectroscopy at room temperature, thereby 

demonstrating the formation of a mixture of silane isotopologues, including SiHD3, 

SiH2D2, SiH3D, and SiH4; furthermore, HD is produced. 

 

1.10.8 Equilibrium Constant for Mo(PMe3)4H2(SiH3)2 + H2   Mo(PMe3)4H3(SiH3) + 

SiH4   

A solution of Mo(PMe3)4H2(SiH3)2 (5 mg, 0.011 mmol) in C6D6 (0.7 mL) was treated with 

mesitylene (3 µL, 0.022 mmol) as an internal standard.  The solution was transferred to 

an NMR tube equipped with a J. Young valve, degassed, and charged with H2 (1 atm). 

The reaction was monitored by 1H NMR spectroscopy at room temperature for two 

weeks.  Equilibrium was attained after approximately 9 days, and an equilibrium 

constant of 1.0(1) was derived from the resulting concentrations of Mo(PMe3)4H2(SiH3)2, 

H2, Mo(PMe3)4H3(SiH3), and SiH4. 

 

1.10.9 Reaction of Mo(PMe3)4H2(SiH3)2 with SiD4  

(i)  A solution of Mo(PMe3)4H2(SiH3)2 (5 mg, 0.011 mmol) in C6D6 (0.7 mL) in an NMR 

tube equipped with a J. Young valve was degassed and charged with SiD4. The reaction 

was monitored by 1H NMR spectroscopy at room temperature, thereby demonstrating 
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the formation of primarily SiHD3.  SiH2D2 and SiH3D are produced as the reaction 

progresses, but only trace amounts of SiH4 are observed. 

(ii)  A solution of Mo(PMe3)4H2(SiH3)2 (5 mg, 0.011 mmol) in C6H6 (0.7 mL) in an NMR 

tube equipped with a J. Young valve was degassed and charged with SiD4. The reaction 

was monitored by 2H NMR spectroscopy, thereby demonstrating the incorporation of 

deuterium into the silyl and hydride moieties in an approximately 6:1 ratio, which 

further indicates that oxidative addition of SiD4 to [Mo(PMe3)4(SiH3)H] is not the 

operative mechanism. 

 

1.10.10  Synthesis of Mo(PMe3)4D2(SiD3)2  

Mo(PMe3)6 (5 mg, 0.009 mmol) was treated with a solution of PhSiD3 (15 mg, 0.13 mmol) 

in C6H6 (0.7 mL). The solution was transferred to an NMR tube equipped with a J. 

Young valve and monitored by 2H NMR spectroscopy for 4 days at room temperature, 

thereby demonstrating the formation of Mo(PMe3)4D2(SiD3)2. The solution was 

lyophilized, and the solid obtained was washed with pentane (2 × 0.7 mL) and dried in 

vacuo. 

 

1.10.11  Reaction of Mo(PMe3)4D2(SiD3)2 with SiH4  

A solution of Mo(PMe3)4D2(SiD3)2 (ca. 2 mg) in C6D6 (0.7 mL) in an NMR tube equipped 

with a J. Young valve was degassed and charged with SiH4.  The reaction was 

monitored by 1H NMR spectroscopy at room temperature, thereby demonstrating the 

formation of SiH3D as the main silane isotopologue formed.  Trace amounts of SiH2D2 

are also generated as the reaction progresses.  In addition, the consecutive formation of 

Mo-SiHD2, Mo-SiH2D, and Mo-SiH3 moieties is observed. 

 

1.10.12  Synthesis of Mo(PMe3)4H2(SiH2Ph)2   

Mo(PMe3)6 (21 mg, 0.038 mmol) was treated with a solution of PhSiH3 (12 mg, 0.11 

mmol) in pentane (0.7 mL). The solution was stirred for 1 minute, resulting in the 
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formation of a pale brown solution.  The solution was filtered and placed at -15 ˚C, 

thereby depositing Mo(PMe3)4H2(SiH2Ph)2 as  yellow crystals suitable for X-ray 

diffraction (15 mg, 64 % yield).  Analysis calcd. for Mo(PMe3)4H2(SiH2Ph)2: C, 46.7 %; H, 

8.5 %H.  Found: C, 46.6 %; H, 8.3 %.  1H NMR (C6D6): -4.28 [quint, 2JP-H = 26, 2H of 

MoH2], 1.22 [s, 36H of Mo(PMe3)4], 5.25 [br quint,  3JP-H = 10, 4H of Mo(SiH2Ph)2], 7.26 (t, 
3JH-H = 7, 2H of Mo(SiH2Ph)2], 7.37 [t, 3JH-H = 7, 4H of Mo(SiH2Ph)2], 8.25 [d, 3JH-H = 7, 4H of 

Mo(SiH2Ph)2].   31P{1H} NMR (C6D6): -5.5 [s, 4P of Mo(PMe3)4].  1H-29Si HMQC NMR 

(C6D6): -6.5 [s, 2Si of Mo(SiH2Ph)2].  IR Data (ATR, cm-1): 3056 (w), 2969 (m), 2909 (m), 

2806 (w), 2054 (m) [νSi-H], 2009 (m) [νSi-H], 1994 (m) [νSi-H], 1772 (w) [νMo-H], 1562 (w),1476 

(w), 1424 (m), 1300 (m), 1276 (m), 1062 (w), 938 (vs), 838 (vs), 720 (m), 696 (vs), 663 (s), 

581 (m), 539 (m), 516 (m), 463 (w). 

 

1.10.13  Synthesis of Mo(PMe3)4H2(SiH2Ph)(SiH3)  

Mo(PMe3)6 (25 mg, 0.045 mmol) was treated with a solution of PhSiH3 (26 mg, 0.24 

mmol) in C6D6 (0.7 mL). The solution was transferred to an NMR tube equipped with a 

J. Young valve and monitored by 1H NMR spectroscopy for 2 hours. After this period, 

the clear, brown solution was lyophilized, washed with pentane, and dried in vacuo to 

afford Mo(PMe3)4H2(SiH2Ph)(SiH3) as a light brown powder (24 mg, 98 % yield).  Pale 

yellow crystals of Mo(PMe3)4H2(SiH2Ph)(SiH3) suitable for X-ray diffraction were 

obtained from a solution in pentane at -15 ˚C.  Analysis calcd. for 

Mo(PMe3)4H2(SiH2Ph)(SiH3): C, 40.0 %; H 9.0 %.  Found: C, 40.2 %; H, 8.8 %.  1H NMR 

(C6D6): -4.58 [br quint, 2JP-H = 26, 2H of MoH2], 1.25 [s, 36H of Mo(PMe3)4], 4.01 [quint, 3JP-

H = 8, 1JSi-H = 157, 3H of Mo(SiH3)], 5.25 [quint,  3JP-H = 10, 1JSi-H = 158, 2H of Mo(SiH2Ph)], 

7.25 [t, 3JH-H = 7, 1H of Mo(SiH2Ph)], 7.35 [t, 3JH-H = 7, 2H of Mo(SiH2Ph)], 8.20 [d, 3JH-H = 7, 

2H of Mo(SiH2Ph)].  31P{1H} NMR (C6D6): -5.2 [s, 4P of Mo(PMe3)4].  1H-29Si HMQC NMR 

(C6D6): -62.4 [1Si of Mo(SiH3)], -8.2 [1Si of Mo(SiH2Ph)].  IR Data (ATR, cm=1): 3064 (w), 

3037 (w), 2999 (w), 2972 (m), 2910 (m), 2810 (w), 2065 (m) [νSi-H], 2033 (s) [νSi-H], 2007 (s) 

[νSi-H], 1798 (w) [νMo-H], 1477 (w), 1426 (m), 1300 (m), 1280 (m), 1123 (w), 1093 (w), 1064 
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(w), 973 (m), 932 (vs), 852 (s), 838 (s), 798 (s), 723 (m), 698 (s), 659 (s), 588 (m), 570 (m), 

508 (m). 

 

1.10.14  Reaction of Mo(PMe3)5H2 with PhSiH3   

Mo(PMe3)5H2 (10 mg, 0.021 mmol) was treated with a solution of PhSiH3 (15 mg, 0.14 

mmol) in C6D6 (0.7 mL).  The solution was transferred to an NMR tube equipped with a 

J. Young valve (some bubbling was observed), heated at 40 ˚C and monitored by 1H 

NMR spectroscopy for 18 hours, thereby demonstrating the formation of Mo(PMe3)4H4, 

Mo(PMe3)4(SiH3)H3, and Mo(PMe4)(SiH3)2H2 in an approximately 1:4:2 ratio. 

 

1.10.15  Synthesis of Mo(PMe3)4H(κ2-H2-H2SiPh2H)  

Mo(PMe3)6 (25 mg, 0.045 mmol) was treated with a solution of Ph2SiH2 (30 mg, 0.16 

mmol) in C6D6 (0.7 mL). The solution was transferred to an NMR tube equipped with a 

J. Young valve and allowed to stand for four hours at room temperature.  After this 

point, the yellow solution was lyophilized, washed with pentane (2 × 0.7 mL), and dried 

in vacuo to afford Mo(PMe3)4H(κ2-H2-H2SiPh2H) as a mustard yellow powder (6 mg, 23 

%).  Yellow crystals of Mo(PMe3)4H(κ2-H2-H2SiPh2H) suitable for X-ray diffraction 

(Figure S7) were obtained from a solution in pentane at -15 ˚C.  Analysis calcd. for 

Mo(PMe3)4H(κ2-H2-H2SiPh2H): C, 49.1 %; H, 8.6 %.  Found: C, 48.9 %; H, 8.3 %.  1H NMR 

at 300 K (C6D6): -4.88 [br quint, 2JP-H = 27, 3H of Mo(H2SiPh2H)H], 1.21 [filled in d, “J” = 

5, 36H of Mo(PMe3)4], 6.58 [br s, 1H of SiHPh2], 7.18 [t, 3JH-H = 7, 2H of SiHPh2], 7.31 [t, 
3JH-H = 7, 4H of SiHPh2], 8.12 [d, 3JH-H = 7, 4H of SiHPh2].  1H NMR at 320 K (C6D6): -4.86 

[quint, 2JP-H = 29, 3H of Mo(H2SiPh2H)H], 1.22 [s, 36H of Mo(PMe3)4], 6.52 [br s, 1H of 

SiHPh2], 7.16 [signal obscured by solvent signal, 2H of SiHPh2], 7.29 [t, 3JH-H = 7, 4H of 

SiHPh2], 8.09 [d, 3JH-H = 7, 4H of SiHPh2].  31P{1H} NMR (C6D6): 0.05 [s, 4P of Mo(PMe3)4]. 

IR Data (ATR, cm-1): 3056 (w), 2970 (w), 2905 (m), 1968 (m) [νSi-H], 1601 (m) [νMo-H], 1425 

(m), 1299 (m), 1276 (m), 1097 (w), 938 (vs), 852 (s), 824 (s), 737 (m), 700 (s), 650 (s), 496 

(s), 467 (m). 
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1.10.16  Reaction of Mo(PMe3)5H2 with Ph2SiH2 Mo(PMe3)5H2 (10 mg, 0.021 mmol) was 

treated with a solution of Ph2SiH2 (15 mg, 0.081 mmol) in C6D6 (0.7 mL).  The solution 

was transferred to an NMR tube equipped with a J. Young valve, heated at 40 ˚C, and 

monitored by 1H NMR spectroscopy for one day, thereby demonstrating conversion 

primarily to Mo(PMe3)4H(κ2-H2-H2SiPh2H), together with a small amount of 

Mo(PMe3)4H4 (ca. 5%). 

 

1.10.17  Synthesis of Mo(PMe3)3H2(κ2-H2-H2Si2Ph4)  

Mo(PMe3)6 (10 mg, 0.018 mmol) was treated with a solution of Ph2SiH2 (10 mg, 0.054 

mmol) in pentane (0.7 mL).  The solution was stirred for ca. one minute to give a dark 

red solution.  The solution was filtered and placed at -15 ˚C, thereby depositing 

Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) as bright red-orange crystals (3 mg, 24 %) suitable for X-

ray diffraction (Figure S8).  Analysis calcd. for Mo(PMe3)3H2(κ2-H2-H2Si2Ph4): C, 57.2 %; 

H, 7.4 %.  Found: C, 56.2 %; H, 6.8 %.  1H NMR at 300 K (C6D6): -4.62 [br s, 4H of Mo(κ2-

H2-H2Si2Ph4)H2], 1.14 [vt, “J” = 5, 27H of Mo(PMe3)3], 7.10 [t, 3JH-H = 7, 4H of Mo(Si2Ph4)], 

7.16 [t, obscured by solvent signal, 3JH-H = 7, 8H of Mo(Si2Ph4)], 7.93 [d, 3JH-H = 7, 8H of 

Mo(Si2Ph4)].  1H NMR at 250 K (C7D8): -4.62 [quart, 2JP-H = 27, 4H of Mo(κ2-H2-

H2Si2Ph4)H2], 1.10 [s, 27H of Mo(PMe3)3], 7.13 [m, partially obscured by solvent signal, 

12H of Mo((κ2-H2-H2Si2Ph4)], 7.89 [d, 3JH-H = 7, 8H of Mo(Si2Ph4)].  31P{1H} NMR at 210 K 

(C7D8): 4.1 [br s, 3P of Mo(PMe3)3]. 31P{1H} NMR at 300K (C7D8): 3.3 [br s, 3P of 

Mo(PMe3)3].  IR Data (ATR, cm-1): 3053 (w), 3005 (w), 2967 (m), 2902 (m), 2806 (w), 1704 

(w) [νMo-H], 1581 (w), 1480 (w), 1424 (m), 1293 (m), 1264 (m), 1115 (w), 1092 (w), 921 (vs), 

847 (s), 734 (m), 697 (s), 663 (s), 633 (s), 565 (w), 520 (w), 467 (m), 424 (m). 

 

1.10.18  Synthesis of Mo(PMe3)3H4(σ-HSiHPh2)  

A suspension of Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) (3 mg, 0.004 mmol) in C6D6 (0.7 mL) in an 

NMR tube equipped with a J. Young valve was degassed and charged with H2 (ca. 1 

atm).  The solution turned from a red-orange to a pale yellow color over the course of 
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one hour at room temperature, and Mo(PMe3)3H4(σ-HSiHPh2)was observed as the major 

product (85 %) by 1H NMR spectroscopy.  The solution was lyophilized to give a pale 

yellow powder (2 mg).  Yellow crystals of Mo(PMe3)3H4(σ-HSiHPh2) suitable for X-ray 

diffraction (Figure S9) were obtained from a solution in pentane at -15 ˚C.  1H NMR 

(C6D6): -4.21 [quart, 2JP-H = 30, 5H of Mo(σ-HSiHPh2)H4], 1.21 [filled in d, “J” = 6, 27H of 

Mo(PMe3)3], 6.48 [quart, 3JP-H = 8, 1JSi-H = 172, 1H of Mo(σ-HSiHPh2)], 7.19 [t, partially 

obscured by solvent signal, 3JH-H = 7, 2H of Mo(σ-HSiHPh2)], 7.35 [t, 3JH-H = 7, 4H of 

Mo(σ-HSiHPh2)], 8.18 [d, 3JH-H = 7, 4H of Mo(σ-HSiHPh2)].  31P{1H} NMR (C6D6): 1.5 [s, 3P 

of Mo(PMe3)3]. 1H-29Si HMQC NMR (C6D6): 15.4 [s, 1Si of Mo Mo(σ-HSiHPh2)]. 

 

1.10.19  Reaction of Mo(PMe3)4H(κ2-H2-H2SiPh2H) with H2  

A solution of Mo(PMe3)4H(κ2-H2-H2SiPh2H) (5 mg, 0.01 mmol) in C6D6 (0.7 mL) in an 

NMR tube equipped with a J. Young valve was degassed and charged with H2.  The 

reaction was heated at 40 ˚C and monitored by 1H NMR spectroscopy, thereby 

demonstrating the formation of Mo(PMe3)3H4(σ-HSiHPh2) accompanied by 

Mo(PMe3)4H4, the ratio of which changes as the reaction progresses.  For example, the 

ratio of Mo(PMe3)3H4(σ-HSiHPh2) to Mo(PMe3)4H4 is approximately 2:1 after heating for 

ca. 0.5 hours, at which point a substantial amount of Mo(PMe3)4H(κ2-H2-H2SiPh2H) is 

still present.  After ca. 2 days at 40 ˚C, when the Mo(PMe3)4H(κ2-H2-H2SiPh2H) has been 

consumed, the ratio of Mo(PMe3)3H4(σ-HSiHPh2) to Mo(PMe3)4H4 is approximately 1:50.  

The formation of Mo(PMe3)4H4 is also accompanied by release of Ph2SiH2. 

 

1.10.20  Synthesis of (η6-C6H5SiPh2H)Mo(PMe3)3   

Mo(PMe3)6 (15 mg, 0.027) was treated with a solution of Ph3SiH (35 mg, 0.13 mmol) in 

C6D6 (0.7 mL) and transferred to an NMR tube equipped with a J. Young valve.  The 

reaction was heated for 1 day at 80 ˚C and monitored by 1H NMR spectroscopy, thereby 

demonstrating the formation of (η6-C6H5SiPh2H)Mo(PMe3)3. The dark brown solution 

was lyophilized, washed with pentane, and dried in vacuo to afford (η6-
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C6H5SiPh2H)Mo(PMe3)3 as a pale brown solid (11 mg, 69 % yield).  Orange crystals of 

(η6-C6H5SiPh2H)Mo(PMe3)3 suitable for X-ray diffraction (Figure S10) were obtained 

from a solution in pentane at -15 ˚C.  Analysis calcd. for (η6-C6H5SiPh2H)Mo(PMe3)3: C, 

55.5 %; H, 7.4 %. Found: C, 53.4 %; H, 6.1 %.  1H NMR (C6D6): 1.12 [vt, “J” = 5, 27H of 

Mo(PMe3)3], 3.64 [m, 2H of Mo(η6-C6H5SiPh2SiH)], 3.85 [m, 1H of Mo(η6-C6H5SiPhSiH)], 

4.13 [m, 2H of Mo(η6-C6H5SiPh2H)], 5.73 [s, 1JSi-H = 196, 1H of Mo(η6-C6H5SiPh2SiH)], 7.16 

[m, obscured by solvent signal, 6H of Mo(η6-C6H5Si(C6H5)2SiH)], 7.87 [dd, 3JH-H = 8, 4JH-H 

= 2, 4H of Mo(η6-C6H5Si(C6H5)2SiH)].  31P{1H} NMR (C6D6): 2.5 [s, 3P of Mo(PMe3)3]. 1H-
29Si HMQC NMR (C6D6) -11.8 [s, 1Si of Mo(η6-C6H5SiPh2H)].  

 

1.10.21  Mechanism for Formation of (η6-C6H5SiPh2H)Mo(PMe3)3 

The possible involvement of (η6-C6H6)Mo(PMe3)3 in the formation of (η6-

C6H5SiPh2H)Mo(PMe3)3 was investigated by monitoring four samples that were 

prepared in NMR tubes equipped with J. Young valves, namely (i) a solution of 

Mo(PMe3)6 (8 mg, 0.014 mmol) in C6D6 (0.7 mL), (ii) a mixture of Mo(PMe3)6 (8 mg, 0.014 

mmol) and Ph3SiH (4 mg, 0.015 mmol) in C6D6 (0.7 mL), (iii) a mixture of (η6-

C6D6)Mo(PMe3)3 (8 mg, 0.196 mmol) and Ph3SiH (5 mg, 0.019 mmol) in C6D6, and (iv) a 

solution of (η6-C6H6)Mo(PMe3)3 (7 mg, 0.017 mmol) in C6D6 (0.7 mL).  All of the samples 

were heated at 80 ˚C for 1 day and examined by NMR spectroscopy.  Sample (i) 

converted primarily to Mo(PMe3)4(η2–CH2PMe2)H, with only a small amount of 

formation of (η6-C6D6)Mo(PMe3)3.  Sample (ii) demonstrated primarily conversion to (η6-

C6H5SiPh2H)Mo(PMe3)3; small amounts of Mo(PMe3)4(η2–CH2PMe2)H and (η6-

C6D6)Mo(PMe3)3 were also formed. Sample (iii) resulted in only minimal formation of 

(η6-C6H5SiPh2H)Mo(PMe3)3, along with other unidentified products. Finally, sample (iv) 

did not undergo any observable arene exchange between C6H6 and C6D6.  These 

observations indicate that (η6-C6H5SiPh2H)Mo(PMe3)3 is not preferentially formed via 

(η6-C6H6)Mo(PMe3)3 as a potential intermediate.  In addition, Mo(PMe3)6 does not react 

with Ph4Si at 80 ˚C; therefore, we postulate that the mechanism for formation of (η6-
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C6H5SiPh2H)Mo(PMe3)3 involves the initial generation of a silane σ–complex that 

facilitates access to the η6-arene complex. 

 

1.10.22  Synthesis of Mo(PMe3)4H3(GeHPh2)  

Mo(PMe3)6 (10 mg, 0.018 mmol) was treated with a solution of Ph2GeH2 (16 mg, 0.071 

mmol) in C6D6 (0.7 mL).  The solution was transferred to an NMR tube equipped with a 

J. Young valve and monitored by 1H NMR spectroscopy for two hours, thereby 

demonstrating conversion to Mo(PMe3)4H3(GeHPh2).  The solution was lyophilized, 

redissolved in pentane, and placed at -30 ˚C, thereby affording red crystals of 

Mo(PMe3)4H3(GeHPh2) suitable for X-ray diffraction (3 mg, 27 %).  1H NMR (C6D6):  -

4.25 [br s, 3H of MoH3], 1.24 [d, 2JP-H = 6, 36H of Mo(PMe3)4], 5.63 [quint, 3JH-H = 9, 1H of 

Mo(GeHPh2)], 7.29 [t, 3JH-H = 7, 4H of Mo(GeHPh2)], 8.17 [d, 3JH-H = 7, 4H of 

Mo(GeHPh2)]. 2H of Mo(GeHPh2) obscured by residual Ph2GeH2 signals. 

 

1.10.23  Reactivity of Mo(PMe3)6 in Hydrosilation 

Mo(PMe3)6 (5 mg, 0.010 mmol) was treated with a solution of PhSiH3 (10 mg, 0. 090 

mmol) and 3-pentanone (0.27 mmol) in C6D6 (0.7 mL).  The solution was transferred to 

an NMR tube equipped with a J. Young valve, heated at 80 ˚C, and monitored by 1H 

NMR spectroscopy, thereby demonstrating the complete consumption of 3-pentanone 

and the apparent generation of multiple hydrosilation products.  Redistribution of 

PhSiH3 to Ph2SiH2 and SiH4 was also observed.  Reactions with other substrates were 

performed in the same fashion. 
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1.11 Crystallographic Data 

Table 1.  Crystal, intensity collection and refinement data. 
 Mo(PMe3)4H2(SiH2Ph)2 Mo(PMe3)4H2 (SiH2Ph)(SiH3) 

lattice Monoclinic Monoclinic 

formula C24H52Si2P4Mo C18H48Si2P4Mo 

formula weight 616.65 540.56 

space group P21/n P21/c 

a/Å 16.2394(18) 15.8327(10) 

b/Å 11.0517(12) 12.3924(8) 

c/Å 19.390(3) 14.3996(9) 

α/˚ 90 90 

β/˚ 114.633(2) 101.1112(9) 

γ/˚ 90 90 

V/Å3 3163.3(7) 2772.3(3) 

Z 4 4 

temperature (K) 150(2) 130(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.295 1.295 

µ (Mo Ka), mm-1 0.704 0.793 

θ max, deg. 30.75 32.99 

no. of data collected 50335 48917 

no. of data 9812 10031 

no. of parameters 316 266 

R1 [I > 2σ(I)] 0.0496 0.0282 

wR2 [I > 2σ(I)] 0.0881 0.0630 

R1 [all data] 0.1079 0.0388 

wR2 [all data] 0.1071 0.0685 

GOF 1.007 1.041 
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Table 1 (cont).  Crystal, intensity collection and refinement data. 
 Mo(PMe3)4H2(SiH3)2 Mo(PMe3)4H3(SiH3) 

lattice Orthorhombic Orthorhombic 

formula C12H44Si2P4Mo C12H42SiP4Mo 

formula weight 464.47 434.36 

space group P21212 Cmc21 

a/Å 9.6486(16) 13.8563(13) 

b/Å 12.613(2) 13.5078(13) 

c/Å 9.6355(16) 12.3440(12) 

α/˚ 90 90 

β/˚ 90 90 

γ/˚ 90 90 

V/Å3 1172.6(3) 2310.4(4) 

Z 2 4 

temperature (K) 150(2) 150(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.316 1.249 

µ (Mo Ka), mm-1 0.925 0.885 

q max, deg. 32.66 32.75 

no. of data collected 20217 19670 

no. of data 4108 4236 

no. of parameters 110 112 

R1 [I > 2σ(I)] 0.0384 0.0318 

wR2 [I > 2σ(I)] 0.0862 0.0569 

R1 [all data] 0.0420 0.0421 

wR2 [all data] 0.0880 0.0604 

abs. struct. param. 0.3568(17) -0.02(4) 

GOF 1.091 1.034 
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Table 1 (cont).  Crystal, intensity collection and refinement data. 
 Mo(PMe3)3H4(σ-HSiHPh2) Mo(PMe3)4H(κ2-H2-H2SiPh2H) 

lattice Monoclinic Monoclinic 

formula C21H43SiP3Mo C24H50SiP4Mo 

formula weight 512.49 586.55 

space group P21/c C2/c 

a/Å 9.5132(11) 38.441(3) 

b/Å 9.3963(11) 9.6368(8) 

c/Å 29.385(3) 16.7191(15) 

α/˚ 90 90 

β/˚ 91.339(2) 99.461(1) 

γ/˚ 90 90 

V/Å3 2626.0(5) 6109.3(9) 

Z 4 8 

temperature (K) 130(2) 150(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.296 1.275 

µ (Mo Ka), mm-1 0.732 0.688 

θ max, deg. 30.65 32.87 

no. of data collected 40598 51554 

no. of data 8068 10770 

no. of parameters 268 299 

R1 [I > 2σ(I)] 0.0576 0.0408 

wR2 [I > 2σ(I)] 0.1161 0.0871 

R1 [all data] 0.0702 0.0716 

wR2 [all data] 0.1199 0.0997 

GOF 1.256 1.023 
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Table 1 (cont).  Crystal, intensity collection and refinement data. 
 Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) (η6-C6H5SiPh2H)Mo(PMe3)3 

lattice Monoclinic Monoclinic 

formula C33H51Si2P3Mo C27H43MoP3Si 

formula weight 692.76 584.55 

space group P21/n P21/c 

a/Å 11.5384(11) 13.762(2) 

b/Å 16.2583(16) 9.4136(15) 

c/Å 19.1670(19) 23.238(4) 

α/˚ 90 90 

β/˚ 102.975(1) 106.705(2) 

γ/˚ 90 90 

V/Å3 3503.8(6) 2883.5(8) 

Z 4 4 

temperature (K) 150(2) 130(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.313 1.347 

µ (Mo Ka), mm-1 0.601 0.677 

θ max, deg. 30.67 30.81 

no. of data collected 56240 45989 

no. of data 10809 8994 

no. of parameters 377 302 

R1 [I > 2σ(I)] 0.0434 0.0512 

wR2 [I > 2σ(I)] 0.1066 0.1002 

R1 [all data] 0.0627 0.0952 

wR2 [all data] 0.1195 0.1169 

GOF 1.029 1.014 
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Table 1 (cont).  Crystal, intensity collection and refinement data. 
 Mo(PMe3)3H3(GeHPh2) 

lattice Monoclinic 

formula C24H50GeMoP4 

formula weight 631.05 

space group P21/c 

a/Å 9.913(2) 

b/Å 16.588(4) 

c/Å 18.725(5) 

α/˚ 90 

β/˚ 91.564(3) 

γ/˚ 90 

V/Å3 3077.8(13) 

Z 4 

temperature (K) 130(2) 

radiation (λ, Å) 0.71073 

ρ (calcd.), g cm-3 1.362 

µ (Mo Ka), mm-1 1.602 

θ max, deg. 30.71 

no. of data collected 48666 

no. of data 9502 

no. of parameters 299 

R1 [I > 2σ(I)] 0.0526 

wR2 [I > 2σ(I)] 0.1305 

R1 [all data] 0.0563 

wR2 [all data] 0.1319 

GOF 1.235 
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1.12 Computational Data 

Table 2.  Cartesian coordinates for geometry optimized structures. 

 

Mo(PMe3)4H2(SiH3)2 

-2495.80174713530 Hartrees 

Atom x y z 

Mo 0 0 -0.062326897 

P 1.857494034 0.320316194 1.717763445 

P 1.689684099 -0.647092679 -1.817322302 

Si -0.213697008 2.572486428 0.414791148 

C 2.780566652 -1.085040109 2.513495172 

H 3.566467678 -0.690470683 3.166241137 

H 3.231974418 -1.730197848 1.757342154 

H 2.098816208 -1.699192927 3.105181453 

C 3.320159148 1.323997818 1.146220446 

H 4.013598174 1.51171951 1.973098141 

H 2.975158522 2.278611322 0.745292037 

H 3.855941247 0.789160485 0.358427181 

C 1.459128894 1.273534523 3.272327361 

H 2.359976511 1.419998161 3.878106109 

H 0.725680306 0.727613342 3.869717441 

H 1.041235468 2.250512122 3.021465148 

C 2.559369088 0.730351556 -2.713495566 

H 3.237154189 0.342279422 -3.481757136 

H 3.132399998 1.322080885 -1.995213895 

H 1.82666541 1.391778151 -3.180308894 

C 3.18529717 -1.669023355 -1.364469192 
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H 3.815219441 -1.845619777 -2.243142397 

H 2.87011182 -2.63255261 -0.958029259 

H 3.780725127 -1.153476178 -0.607555992 

C 1.112049504 -1.652453877 -3.275335562 

H 1.950926164 -1.920888148 -3.92650274 

H 0.386773744 -1.082156937 -3.860695633 

H 0.631314115 -2.565930702 -2.918057711 

H -1.19372828 3.064192905 1.44598952 

H 1.03268582 3.282621778 0.857047885 

H 0.850337449 1.352916871 -0.71790694 

H -0.614699379 3.391442382 -0.778483832 

P -1.857494034 -0.320316194 1.717763445 

P -1.689684099 0.647092679 -1.817322302 

Si 0.213697008 -2.572486428 0.414791148 

C -2.780566652 1.085040109 2.513495172 

H -3.566467678 0.690470683 3.166241137 

H -3.231974418 1.730197848 1.757342154 

H -2.098816208 1.699192927 3.105181453 

C -3.320159148 -1.323997818 1.146220446 

H -4.013598174 -1.51171951 1.973098141 

H -2.975158522 -2.278611322 0.745292037 

H -3.855941247 -0.789160485 0.358427181 

C -1.459128894 -1.273534523 3.272327361 

H -2.359976511 -1.419998161 3.878106109 

H -0.725680306 -0.727613342 3.869717441 

H -1.041235468 -2.250512122 3.021465148 

C -2.559369088 -0.730351556 -2.713495566 

H -3.237154189 -0.342279422 -3.481757136 
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H -3.132399998 -1.322080885 -1.995213895 

H -1.82666541 -1.391778151 -3.180308894 

C -3.18529717 1.669023355 -1.364469192 

H -3.815219441 1.845619777 -2.243142397 

H -2.87011182 2.63255261 -0.958029259 

H -3.780725127 1.153476178 -0.607555992 

C -1.112049504 1.652453877 -3.275335562 

H -1.950926164 1.920888148 -3.92650274 

H -0.386773744 1.082156937 -3.860695633 

H -0.631314115 2.565930702 -2.918057711 

H 1.19372828 -3.064192905 1.44598952 

H -1.03268582 -3.282621778 0.857047885 

H -0.850337449 -1.352916871 -0.71790694 

H 0.614699379 -3.391442382 -0.778483832 

 

 

Mo(PMe3)4H3(SiH3) 

-2205.10374367303 Hartrees 

Atom x y z 

Mo 0.005643768 2.998014735 10.27757113 

P 2.488914863 2.96729899 10.78881371 

P -0.008684324 0.811196992 9.144718505 

P 0.008789185 5.495721069 9.733247656 

C 3.176514989 1.595398917 11.83951641 

H 4.244897037 1.744028609 12.03081337 

H 3.036082147 0.635952601 11.33954387 

H 2.63965626 1.572562568 12.78990254 

C 3.264308042 4.408889885 11.68480747 
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H 4.347622869 4.275320138 11.77809695 

H 2.832884241 4.496245036 12.684404 

H 3.071198667 5.339880356 11.1469201 

C 1.423512702 6.095878067 8.680393694 

H 1.296543374 7.147610734 8.401136868 

H 1.468738969 5.484640791 7.775429632 

H 2.372236977 5.987663181 9.211019939 

C 3.652664872 2.886808974 9.339420744 

H 4.697486108 2.834215722 9.664923558 

H 3.513659303 3.775459892 8.718837 

H 3.425283724 2.013962148 8.723305348 

C -0.034536918 6.859211866 10.99509126 

H -0.037574889 7.840062574 10.50746869 

H -0.926216254 6.764121239 11.61902881 

C -1.357210256 -0.429379378 9.479495715 

H -1.223298432 -1.330630512 8.871073998 

H -2.337417504 -0.002241678 9.256593075 

H -1.333224853 -0.708086817 10.53637476 

C -0.11227801 0.885808036 7.291129908 

H -0.111780404 -0.113278736 6.841418688 

H 0.736851855 1.458553039 6.910051439 

H -1.024933556 1.414370802 7.00498505 

Si 0.018151253 3.613339843 12.8390721 

H 0.070053458 5.062904787 13.24946783 

H 1.157524018 3.04848969 13.64051238 

H 0.915390852 3.217448811 8.831366471 

H 0.00545249 1.706188712 11.45229391 

C 1.42107686 -0.369556927 9.321185843 
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H 1.275914353 -1.257569353 8.696380076 

H 2.356764779 0.112320582 9.029747016 

H 1.501809232 -0.682556507 10.36533 

C -1.368729612 6.063098813 8.615914871 

H -1.258647174 7.119499115 8.347361371 

H -1.353477146 5.454949268 7.70800816 

H -2.337840259 5.923487492 9.100242924 

H 0.832602283 6.787031496 11.65537761 

H -1.159084423 3.131046127 13.6393191 

P -2.471460292 2.966285576 10.79460961 

C -3.145040519 1.631252914 11.89997942 

H -4.217532108 1.770236568 12.07416238 

H -2.982257933 0.652974843 11.4457493 

H -2.618230866 1.660396395 12.85552027 

C -3.262850471 4.434498107 11.63106225 

H -4.342583609 4.287529985 11.74452268 

H -2.820766656 4.57448404 12.62008559 

H -3.093308627 5.342117162 11.04713608 

C -3.635413282 2.811880057 9.351143571 

H -4.67956152 2.763327002 9.679419404 

H -3.50512428 3.673520795 8.691544684 

H -3.400352387 1.914377161 8.774132426 

H -0.918472966 3.228363224 8.84610454 

 

 

Mo(PMe3)4H2(SiH2Ph)2 

-2957.91197659791 Hartrees 

Atom x y z 
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Mo 5.047141652 8.663066699 2.215690689 

P 5.892325664 6.23339662 2.663688164 

P 5.217547274 11.17901109 2.011846646 

P 4.28396639 8.945170079 4.610638836 

Si 7.548026911 8.872880304 1.395943601 

Si 2.795481556 7.292150005 2.130718646 

P 4.769049122 8.375031282 -0.366071599 

C 9.089671064 8.886445708 2.549944347 

C 1.104407744 7.993871784 1.539358033 

C 4.270565573 7.510744386 5.802582355 

H 3.964969393 7.848252255 6.79869901 

H 5.261958164 7.058697771 5.876633928 

H 3.559519019 6.758334476 5.457115995 

C 6.641020278 12.05881934 2.832517472 

H 6.551285123 13.14202174 2.697306424 

H 7.58522445 11.7282291 2.394518621 

H 6.666718189 11.83670719 3.900387482 

C 3.812734469 12.20853238 2.67166989 

H 3.992997625 13.27385492 2.493289045 

H 3.688035505 12.05507084 3.74520524 

H 2.8855156 11.91577188 2.172271625 

C 10.29984018 8.338227731 2.083310662 

H 10.32980093 7.872721891 1.100443103 

C 5.219744715 10.13775795 5.692087453 

H 4.81106846 10.14562477 6.708053493 

H 5.166392849 11.15158512 5.290963625 

H 6.270335005 9.838808045 5.732869825 

C 2.549123874 9.541211763 4.941802795 
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H 2.382488032 9.657620275 6.018051511 

H 1.826908573 8.820884779 4.551472941 

H 2.370906231 10.49916328 4.451012861 

C 11.46693977 8.371573846 2.849927177 

H 12.38261322 7.933897251 2.459036416 

C 5.35401313 12.01103563 0.348273383 

H 5.361486432 13.09967591 0.468006702 

H 4.513054328 11.73675601 -0.292299118 

H 6.284575614 11.70746851 -0.134272363 

C 11.45923385 8.961364954 4.114665024 

H 12.3650991 8.988293812 4.71473519 

C 5.960861654 9.079719324 -1.616088626 

H 5.617514864 8.818019053 -2.622146369 

H 6.962178441 8.671477257 -1.468511019 

H 6.017807058 10.1649427 -1.538437657 

C 10.2722468 9.510643941 4.602323856 

H 10.25091785 9.970187347 5.588156099 

C 0.18828811 7.13119161 0.907016895 

H 0.470697109 6.096970665 0.721533115 

C 4.646080103 6.679459871 -1.130465403 

H 4.286816358 6.759640867 -2.161768038 

H 3.959416501 6.049887535 -0.562098741 

H 5.632124977 6.211479262 -1.14253585 

C 9.10891031 9.466421852 3.830706994 

H 8.19294841 9.88526038 4.239550713 

C 0.689106181 9.321214365 1.746015287 

H 1.371589542 10.02609808 2.213889318 

C 3.196666002 9.102418013 -1.045739268 
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H 3.191257523 9.044431831 -2.139629756 

H 3.098734594 10.14648029 -0.7411734 

H 2.330906276 8.564888841 -0.655764915 

C -0.575000633 9.765884568 1.354292754 

H -0.865446993 10.79914369 1.53131673 

C -1.463184762 8.889312123 0.730288772 

H -2.44572593 9.23383486 0.417992003 

C -1.075787003 7.568364336 0.505958359 

H -1.757183896 6.877105053 0.015501202 

C 7.331933901 6.138525995 3.838391112 

H 7.573531159 5.093993024 4.062932709 

H 7.09649675 6.660182015 4.768393844 

H 8.208463849 6.622077003 3.404380343 

C 4.832774942 4.894065284 3.415918997 

H 5.425335334 3.977629607 3.502936032 

H 3.962337655 4.692006761 2.789170076 

H 4.482195503 5.178276719 4.407534868 

C 6.586203417 5.194888063 1.280436905 

H 7.110576555 4.325911168 1.691429979 

H 7.281934959 5.777109097 0.67396412 

H 5.771385422 4.839910782 0.646667286 

H 2.42370303 6.746934985 3.483437793 

H 2.829671192 6.020286159 1.321823102 

H 7.999264305 7.838664148 0.396037642 

H 3.529175455 9.426035484 1.925706538 

H 6.347379384 8.930019124 3.315727855 

H 7.768600539 10.13419207 0.604906639 
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Mo(PMe3)4H2(SiH2Ph)(SiH3) 

-2726.85635785982  Hartrees 

Atom x y z 

Mo 3.506383559 5.794809974 3.033321022 

H 2.350698039 6.984561402 2.55511364 

H 3.446090839 4.454997122 4.105640718 

P 5.897560032 5.728747383 4.043814578 

P 2.409292414 6.258081937 5.248419816 

P 1.34997058 4.737247738 2.248571154 

P 4.226797175 6.339804734 0.573015607 

Si 4.352405175 3.412630115 2.264666733 

H 3.577368417 2.781761555 1.141765802 

H 4.349027372 2.298277713 3.270369648 

H 5.761009597 3.322544505 1.735938685 

Si 4.108031699 8.347196019 3.269786059 

H 4.047905178 8.810542819 4.701202954 

H 5.527167093 8.722918977 2.924694644 

C 7.371020327 5.699561497 2.907656871 

H 8.280308821 5.45809062 3.468094383 

H 7.492455505 6.685427985 2.454206579 

H 7.229179269 4.955886051 2.12195988 

C 6.574004289 6.986640089 5.247466697 

H 7.621650659 6.748804618 5.459176243 

H 6.019263746 6.9662907 6.18504556 

H 6.520076414 7.994570594 4.833008049 

C 6.243338573 4.203368829 5.053189588 

H 7.248464431 4.247508819 5.485981119 
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H 6.160816981 3.3050884 4.438345296 

H 5.508246625 4.125602915 5.858395894 

C 3.430995395 6.61895332 6.763496781 

H 2.784173354 6.753689082 7.636793129 

H 4.00682102 7.532439704 6.608802592 

H 4.115741474 5.790212169 6.96110609 

C 1.353543135 4.924086509 6.007910544 

H 0.994839104 5.230802586 6.995999073 

H 1.946591584 4.011342341 6.109949343 

H 0.487191175 4.702931432 5.382297059 

C 1.224773866 7.688927253 5.387382094 

H 0.779486068 7.727587237 6.387215136 

H 0.427997181 7.594866831 4.647345141 

H 1.753293154 8.626308111 5.201890444 

C 0.909875438 3.061549511 2.9347676 

H -0.091362087 2.759977482 2.60865827 

H 0.947877697 3.066728468 4.024080803 

H 1.631771964 2.323539581 2.576659752 

C -0.23606565 5.656860692 2.573095386 

H -1.096705378 5.105067266 2.180685722 

H -0.184785299 6.634544468 2.086200612 

H -0.384750799 5.816996945 3.642290003 

C 1.023951601 4.341265718 0.454219255 

H 0.026041684 3.90410081 0.341478523 

H 1.761847024 3.620129015 0.098906371 

H 1.079552153 5.240611509 -0.162118148 

C 4.404036783 5.01675276 -0.726682575 

H 4.687170811 5.477662506 -1.67852682 
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H 3.469674596 4.47276102 -0.864160465 

H 5.175251651 4.299009696 -0.438696401 

C 5.820628823 7.229914707 0.18850841 

H 5.821692409 7.555682749 -0.8570117 

H 6.666052115 6.556687016 0.342799879 

H 5.945821657 8.101648233 0.833038273 

C 3.060515304 7.479006905 -0.322802554 

H 3.35624151 7.582512502 -1.372502731 

H 3.067008103 8.461824097 0.150517396 

H 2.040398231 7.094226853 -0.274534916 

C 3.176020159 9.766770325 2.373342158 

C 3.897753128 10.85662469 1.849352999 

H 4.98377843 10.85595253 1.913391342 

C 3.258707267 11.94471615 1.24839477 

H 3.849318611 12.76631793 0.850014785 

C 1.866470135 11.97725044 1.159424449 

H 1.364843024 12.82130662 0.693446181 

C 1.124692057 10.91025545 1.671160885 

H 0.039109814 10.9220063 1.605345302 

C 1.774121128 9.823742591 2.2605394 

H 1.176319273 8.995060447 2.632271053 

 

 

Mo(PMe3)4H(κ2-H2-H2SiPh2H) 

-2667.20894678239 Hartrees 

Atom x y z 

Mo 22.88656288 -3.931468151 7.464373417 

P 21.85910395 -6.203772834 7.417026088 
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P 24.95048646 -4.850115742 8.582201723 

P 24.35558794 -2.546022296 5.93607925 

P 20.85058197 -2.993395387 6.288900797 

Si 22.50246777 -3.046741365 9.887220493 

C 20.81261223 -6.686722138 5.95287043 

H 20.45803453 -7.71893383 6.047211708 

H 21.41475446 -6.596561944 5.044742947 

H 19.94627783 -6.030208087 5.859505224 

C 20.69158292 -6.602119722 8.807202167 

H 20.27866478 -7.612663182 8.715243016 

H 19.87392573 -5.877303897 8.815442191 

H 21.2242582 -6.513617361 9.758019196 

C 22.89770848 -7.749601344 7.44264673 

H 22.25703717 -8.637917509 7.426268233 

H 23.52319732 -7.789257191 8.335925735 

H 23.54384188 -7.763859878 6.561407122 

C 26.01037917 -6.05556122 7.620847818 

H 26.91294862 -6.315170248 8.185125858 

H 26.30279162 -5.620553271 6.664449746 

H 25.45237069 -6.968798897 7.413656993 

C 26.31838132 -3.703196922 9.138120754 

H 27.16263031 -4.274817973 9.539538858 

H 25.9450958 -3.029901118 9.910408067 

H 26.67719924 -3.093228255 8.305608735 

C 24.81791071 -5.824378986 10.17174493 

H 25.78173987 -6.273402589 10.43470115 

H 24.07016889 -6.616235306 10.08132547 

H 24.50327818 -5.164444723 10.98227347 
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C 24.87925824 -0.857367365 6.508171961 

H 25.50202232 -0.354125464 5.760472682 

H 25.43808512 -0.944888177 7.442581832 

H 23.99127797 -0.249523174 6.701861305 

C 23.74487243 -2.110783897 4.230323127 

H 24.51183388 -1.557837619 3.677678054 

H 22.84470177 -1.496362131 4.280512277 

H 23.51115124 -3.03064186 3.688584638 

C 26.00221905 -3.21963347 5.388483015 

H 26.49777419 -2.515416695 4.711757073 

H 25.83843097 -4.16395255 4.863159352 

H 26.65980005 -3.405616552 6.238158432 

C 19.18849052 -3.376763771 7.04074018 

H 18.38551013 -2.856626033 6.506488928 

H 19.18604738 -3.059552798 8.086020098 

H 18.98585564 -4.450432951 7.008614749 

C 20.42334108 -3.338433716 4.499707963 

H 19.47652271 -2.85876333 4.227164504 

H 20.33119251 -4.41427214 4.337419937 

H 21.2053123 -2.96744471 3.836111859 

C 20.67821453 -1.136241295 6.291902876 

H 19.77865008 -0.814240486 5.755103873 

H 21.54995014 -0.660362729 5.835973714 

H 20.61137046 -0.799986596 7.32973924 

C 20.86508194 -2.128788805 10.29522264 

C 20.70184485 -0.740234645 10.14518032 

H 21.53312822 -0.137466365 9.786019865 

C 19.50260283 -0.101667362 10.47039036 
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H 19.41013821 0.97468655 10.34443566 

C 18.42786164 -0.840866629 10.96690538 

H 17.4945418 -0.346686072 11.22485926 

C 18.56621814 -2.219077844 11.13874459 

H 17.73949061 -2.804007184 11.53573049 

C 19.76931071 -2.847359358 10.80665281 

H 19.86097835 -3.921727724 10.9576747 

C 23.79444771 -1.929817235 10.77937087 

C 24.29944876 -0.736144866 10.23301317 

H 24.01620477 -0.451207077 9.223003271 

C 25.1560155 0.099608267 10.95308009 

H 25.52241453 1.019178114 10.50182432 

C 25.5427955 -0.243073692 12.2504568 

H 26.21287496 0.40199259 12.8127216 

C 25.05576969 -1.42148119 12.81774712 

H 25.34487937 -1.698272673 13.82904564 

C 24.19177116 -2.245613052 12.09160989 

H 23.81101214 -3.152049641 12.55862063 

H 22.77061027 -2.312105485 8.259858925 

H 21.59992864 -3.97707153 8.650081738 

H 23.51239277 -4.900532709 6.117871259 

H 22.43081933 -4.175526335 10.88651776 

 

 

Mo(PMe3)3H2(κ2-H2-H2Si2Ph4) 

-2958.91316119233 Hartrees 

Atom x y z 

Mo 3.000841094 2.664541617 14.79582672 
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P 5.140956825 3.227802146 15.87152615 

P 2.737930692 0.525505285 16.06631695 

P 2.470216654 1.525250173 12.55015488 

Si 2.433259216 5.130386684 14.44532647 

Si 0.471662909 3.969674695 14.79350615 

H 3.549053529 3.973892703 13.72237717 

H 1.085570381 2.497893314 14.95564537 

H 4.427923936 2.012422486 14.07519347 

H 2.613264567 3.206592318 16.40484584 

C 5.171387607 3.885776023 17.60417207 

H 6.193296317 4.113645449 17.92662361 

H 4.736779841 3.146554155 18.28165079 

H 4.564126906 4.791761092 17.65375925 

C 6.158097929 4.516311409 15.00464221 

H 7.139778499 4.631219149 15.47722244 

H 5.63608769 5.475704824 15.0372502 

H 6.289904471 4.223609278 13.95998112 

C 6.424270384 1.887805426 16.006487 

H 7.326406951 2.252638674 16.50916197 

H 6.68327067 1.546163832 15.00087757 

H 6.032493598 1.033948629 16.56482638 

C 3.242964564 0.50328693 17.85955537 

H 3.014182688 -0.458371134 18.33200675 

H 2.709106204 1.298021347 18.38720107 

H 4.314410143 0.694920696 17.95699422 

C 3.60901922 -1.016217309 15.48800582 

H 3.458731431 -1.851498744 16.18069957 

H 4.679966567 -0.817388944 15.39323027 
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H 3.232378943 -1.309349696 14.50399441 

C 1.011714239 -0.147620967 16.28025357 

H 1.004838871 -1.079761318 16.85672687 

H 0.557231455 -0.329940768 15.30342877 

H 0.400743727 0.59651836 16.79922761 

C 1.051841089 0.326990385 12.45401007 

H 0.939302783 -0.06502856 11.43730818 

H 0.125201191 0.829904619 12.74193214 

H 1.220236199 -0.511853747 13.13436705 

C 3.838064237 0.475721537 11.86379633 

H 3.52985263 -0.024016848 10.9384885 

H 4.139991047 -0.273413208 12.59878829 

H 4.701985329 1.113457241 11.65994646 

C 2.098659817 2.55281297 11.05062349 

H 1.998138708 1.922028804 10.16011716 

H 2.899991886 3.277082749 10.89180152 

H 1.168685832 3.105363892 11.20193633 

C 2.880183315 6.436430436 15.76961024 

C 3.637939361 7.576353492 15.43738789 

H 3.968726706 7.723629221 14.41245944 

C 3.966669731 8.541727485 16.39345281 

H 4.55852444 9.406704444 16.10282103 

C 3.529761188 8.403848984 17.71035969 

H 3.775639 9.157710361 18.45373266 

C 2.766936247 7.286787761 18.061451 

H 2.410258899 7.17032439 19.08225305 

C 2.456438428 6.316833013 17.10796898 

H 1.87086294 5.453403217 17.40952214 
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C 2.489504439 6.148111038 12.82302948 

C 3.422551972 5.893407661 11.80376058 

H 4.12363006 5.069167552 11.9188959 

C 3.477925815 6.675104078 10.64607659 

H 4.213357478 6.452903153 9.876198636 

C 2.591891421 7.738585577 10.47823324 

H 2.627842373 8.345367832 9.576922949 

C 1.660307434 8.021411048 11.48017108 

H 0.968833975 8.852313545 11.36212454 

C 1.618052361 7.240021262 12.63528013 

H 0.892511049 7.484351804 13.40886648 

C -0.822566744 3.727041075 13.41855588 

C -0.88719861 4.541443111 12.27395732 

H -0.155219752 5.330661269 12.13086495 

C -1.884394225 4.360141295 11.31136014 

H -1.91241457 5.005783983 10.43698503 

C -2.842125082 3.359643227 11.47188755 

H -3.619026164 3.219985114 10.7244473 

C -2.801414366 2.541901282 12.60319934 

H -3.548185057 1.763473957 12.74021362 

C -1.805725854 2.726998677 13.56251745 

H -1.802079369 2.091511096 14.44575025 

C -0.517484017 4.09370723 16.41136399 

C -0.113775859 3.49368001 17.61733307 

H 0.815532963 2.930911724 17.64156175 

C -0.872193893 3.621975874 18.7835676 

H -0.535771124 3.14423879 19.70090086 

C -2.05716941 4.358802236 18.77458652 
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H -2.648676016 4.459730669 19.6807296 

C -2.475611647 4.965079367 17.58821511 

H -3.396905987 5.542220886 17.56704969 

C -1.717072522 4.831700031 16.42513817 

H -2.070553036 5.304706045 15.51173559 

 

 

Mo(PMe3)3H4(σ-HSiHPh2) 

-2207.28689079504 Hartrees 

Atom x y z 

Mo 4.817834908 3.685230717 18.34734918 

P 6.480956341 5.592444537 18.59669406 

P 3.169219018 5.159234645 17.09740325 

Si 6.98489909 2.352588901 17.77453421 

P 3.177017018 2.354461945 19.68474085 

C 7.746714422 1.156030305 19.06713526 

C 6.93094145 1.380488426 16.1396211 

C 7.969823971 0.806488593 13.99909928 

H 8.781702401 0.94269716 13.28845948 

C 7.964424143 1.525856585 15.19725246 

H 8.781209833 2.215419834 15.40154122 

C 7.463745728 6.163598743 17.13313164 

H 8.163207044 6.958501485 17.41291721 

H 6.78829649 6.534978629 16.35908096 

H 8.021657512 5.319302599 16.7238752 

C 7.475589667 1.232036845 20.44436172 

H 6.773377744 1.980638995 20.80347872 

C 5.809289121 7.213323959 19.20923325 
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H 6.603519679 7.960597508 19.3122938 

H 5.3367978 7.050899959 20.18132938 

H 5.05050496 7.60091579 18.52472231 

C 5.896851424 0.479862356 15.82658843 

H 5.070116049 0.352373682 16.52131716 

C 9.271120806 -0.696314887 19.55632483 

H 9.967466215 -1.451381241 19.19890222 

C 3.834431425 6.395446936 15.88011633 

H 3.023830904 6.914673992 15.35724533 

H 4.454850618 5.867516816 15.15119607 

H 4.456546131 7.138944308 16.38413725 

C 5.896495688 -0.245911663 14.63544453 

H 5.084199072 -0.936854456 14.42138002 

C 7.808753445 5.333909877 19.86152783 

H 8.467959342 6.206224585 19.92923747 

H 8.400798594 4.453324602 19.60464387 

H 7.335901548 5.158262966 20.83100869 

C 6.934979154 -0.084085572 13.71561656 

H 6.934535337 -0.645865094 12.78479255 

C 8.659482313 0.168645701 18.64771251 

H 8.890906008 0.066178422 17.59028175 

C 8.986084806 -0.597551767 20.91902458 

H 9.459303534 -1.271815231 21.62858365 

C 1.991302535 4.268640998 15.97802167 

H 1.340026519 4.968667486 15.44298445 

H 1.377488757 3.578241339 16.55993275 

H 2.569902569 3.683261788 15.25932913 

C 8.085933888 0.371890267 21.36105547 
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H 7.855397787 0.457629487 22.42071884 

C 2.002359693 6.234987032 18.06059768 

H 1.328693421 6.796265057 17.40386822 

H 2.576406106 6.935304318 18.67280493 

H 1.407445285 5.614569448 18.73605902 

C 1.380417078 2.292985752 19.21840453 

H 0.808826906 1.67429756 19.91880146 

H 1.283354889 1.872071192 18.21413235 

H 0.955839741 3.300718664 19.21513337 

C 3.046192087 2.806761752 21.47498045 

H 2.365839182 2.136924367 22.01216599 

H 2.690213916 3.836400961 21.56239132 

H 4.040394923 2.755836716 21.92479008 

C 3.542150533 0.543877727 19.80154913 

H 2.826767761 0.027851308 20.45116424 

H 4.554317548 0.406364028 20.19053986 

H 3.502418212 0.104032291 18.80125673 

H 8.119113302 3.3052779 17.51985325 

H 5.438938396 3.838319333 16.73116925 

H 4.242637013 4.757920961 19.58082115 

H 5.344698677 2.036914695 18.32177433 

H 5.586937727 3.38101315 19.85944549 

H 3.952536393 2.687960594 17.2365697 

 

(η6-C6H5SiPh2H)Mo(PMe3)3
 

-2435.97127342100 Hartrees 

Atom x y z 

Mo 5.554493205 2.487134833 4.072544465 
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P 3.649771376 1.223902855 3.129527125 

Si 6.901777152 3.399179757 0.479277095 

P 7.093493454 0.547829693 3.972181526 

P 4.908771375 1.919318373 6.388931748 

C 5.595090544 4.650203341 4.875549395 

H 5.303239328 5.008791449 5.858144557 

C 8.766752083 3.663176578 0.278267063 

C 5.024510834 4.135259481 2.550060826 

H 4.283840538 4.11214659 1.756316589 

C 5.918551997 4.489642347 -0.717284141 

C 10.77867909 5.023056882 0.553407882 

H 11.24874496 5.935767512 0.911023801 

C 9.561400121 2.689526861 -0.35293358 

H 9.100982587 1.77051757 -0.709225474 

C 7.311184299 3.794453519 3.345352527 

H 8.34270868 3.503603017 3.17261996 

C 5.448474537 3.96357565 -1.933924748 

H 5.623180204 2.915349539 -2.168680713 

C 4.519114464 6.103564008 -2.569435586 

H 3.980633995 6.724421415 -3.280517838 

C 3.852435502 0.586248099 1.387859485 

H 2.927972394 0.139956232 1.003636113 

H 4.645725753 -0.166682513 1.36216027 

H 4.152699377 1.407394075 0.732208527 

C 4.972986418 6.646819524 -1.365371957 

H 4.787593544 7.693361461 -1.136598189 

C 6.95363308 4.286442616 4.627879812 

H 7.690805193 4.336084483 5.421290083 
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C 2.068430158 2.19432774 2.904765874 

H 1.288385851 1.594383425 2.422286477 

H 2.256684614 3.081287263 2.294600602 

H 1.70619159 2.527892293 3.881538616 

C 11.54812759 4.040135339 -0.073700871 

H 12.61736087 4.183884729 -0.205121829 

C 5.661086794 5.847689171 -0.452150984 

H 5.99564378 6.286520039 0.485340403 

C 6.56014647 -1.241299124 4.111209294 

H 7.420110962 -1.921013516 4.101337407 

H 5.912132224 -1.493696684 3.266250344 

H 5.995100924 -1.401240714 5.032160265 

C 2.882377002 -0.30396236 3.891481184 

H 2.074711645 -0.703118236 3.267130714 

H 2.468057828 -0.056013099 4.873208939 

H 3.639420633 -1.080021249 4.027106144 

C 4.636524418 4.63433496 3.826992633 

H 3.61386932 4.945276738 4.009517555 

C 8.456468083 0.537517582 5.24872356 

H 9.170967931 -0.276911862 5.082132022 

H 8.02981536 0.431200802 6.250211437 

H 8.987433505 1.492762591 5.208825307 

C 9.40712902 4.834637132 0.725720233 

H 8.828733091 5.60972374 1.223815467 

C 10.93518813 2.872022781 -0.527801181 

H 11.52609704 2.100843453 -1.015761836 

C 6.381566862 3.774430604 2.24039041 

C 4.756835373 4.75765952 -2.851091466 
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H 4.402942851 4.325389017 -3.783784764 

C 4.771852205 0.193382421 7.102816352 

H 4.419082287 0.216135932 8.14041527 

H 5.752276222 -0.291344217 7.083836891 

H 4.082271762 -0.410825827 6.509215585 

C 8.142582057 0.358207511 2.441326695 

H 8.828444833 -0.492275932 2.528646489 

H 8.728357854 1.263745123 2.26717685 

H 7.496506332 0.204224135 1.572955208 

C 3.258106805 2.579993813 6.961580517 

H 3.098614676 2.421921124 8.034482747 

H 2.453268937 2.085849974 6.409516954 

H 3.204166948 3.650675572 6.745637354 

C 5.99061559 2.635584204 7.736418361 

H 5.596248702 2.411921606 8.734265582 

H 6.066329903 3.719928386 7.624105342 

H 6.998179618 2.218672122 7.652929344 

H 6.653895364 2.004246297 0.010476032 

 

 

Ph2SiH2 

-754.009571580929 Hartrees 

Atom x y z 

C 6.114992768 7.958547393 2.791567005 

C 7.273813821 7.191668129 2.578253682 

H 7.199031609 6.108890659 2.506804539 

C 8.526583848 7.79413787 2.448599883 

H 9.408050164 7.18083514 2.282016953 
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C 8.644959368 9.182479008 2.52634638 

H 9.618218604 9.654045228 2.421953774 

C 7.505984897 9.963802216 2.73182802 

H 7.590788553 11.04585218 2.786747226 

C 6.256651233 9.35677326 2.860604123 

H 5.378335826 9.981743464 3.005675382 

Si 4.431052816 7.138511398 2.994234285 

C 3.068742843 8.149179329 2.181123491 

C 2.978822017 8.255539863 0.780419771 

H 3.690975527 7.727565209 0.149795161 

C 2.126458594 8.849944258 2.954173741 

H 2.163959769 8.785080324 4.039144365 

C 1.135925005 9.630845257 2.354847305 

H 0.418940634 10.16514351 2.972382016 

C 1.066826902 9.722316371 0.964858886 

H 0.296715772 10.32865568 0.495813147 

C 1.990148379 9.031270307 0.176904949 

H 1.93867805 9.098212234 -0.90647631 

H 4.079146034 6.993151816 4.435507516 

H 4.513833366 5.777470481 2.394183494 

 

 

PhSiH3 

-522.947145422379 Hartrees 

Atom x y z 

Si 2.727587972 7.278759691 2.129590635 

C 1.069980408 7.965132235 1.567000655 

C 0.109631151 7.136339172 0.960267088 
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H 0.331951047 6.085766859 0.787473129 

C 0.744926106 9.320201118 1.755962934 

H 1.468362146 9.992817649 2.211180876 

C -0.493940148 9.826988593 1.362105111 

H -0.723643227 10.87775596 1.516377998 

C -1.434572106 8.98567521 0.765987628 

H -2.398774749 9.379114004 0.45600395 

C -1.130641737 7.638564054 0.564554321 

H -1.857349452 6.980543574 0.09596923 

H 2.68152213 6.797903221 3.538550159 

H 3.118743408 6.13107438 1.267826 

H 3.770388789 8.336331532 2.044443409 

 

 

SiH4 

-291.886271758111 Hartrees 

Atom x y z 

Si 2.783961881 7.303110883 2.114813207 

H 2.455814051 6.856593574 3.492791531 

H 2.88144102 6.1204049 1.221709834 

H 4.082120176 8.024803298 2.124107716 

H 1.716171746 8.209798203 1.620906501 
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2.1 Introduction 

As discussed in Chapter 1, transition metal catalysts play an important role in a number 

of critical transformations of silanes.1  Thus, it is valuable not only to examine the 

reactivity of transition metal complexes with silanes, but also to understand how the 

transformations effected by a metal center are related to the coordination and bonding 

of the silanes to that metal.2  Accordingly, we have examined the reactivity of an 

electron rich tungsten trimethylphosphine complex, W(PMe3)4(η2–CH2PMe2)H, towards 

the series of silanes PhxSiH4-x (x = 0 – 4).  The course of these reactions depends critically 

on the substitution of the silane, and the products range from simple oxidative addition 

compounds to novel disilanyl, metallacycle, and bridging silylene species.  These 

complexes demonstrate the ability of W(PMe3)4(η2–CH2PMe2)H to cause redistribution 

and dehydrocoupling of hydrosilanes, including Si-C bond formation and bond 

cleavage. 

 

2.2 W(PMe3)4(η2–CH2PMe2)H + SiH4  

2.2.1 Preparation and Characterization of Tungsten Silyl Complexes 

The reactivity of W(PMe3)4(η2–CH2PMe2)H with SiH4 has been previously investigated,3 

and it was determined that W(PMe3)4H2(SiH3)2 is the major product when W(PMe3)4(η2–

CH2PMe2)H is treated with an excess of SiH4 (Scheme 1).  This reactivity is analogous to 

that of Mo(PMe3)6, which also reacts with SiH4 to form a bis(silyl) complex; however, 

the reaction with W(PMe3)4(η2–CH2PMe2)H requires heating,4 whereas the molybdenum 

system reacts at room temperature.  The crystal structure of W(PMe3)4H2(SiH3)2 has also 

now been obtained (Figure 1), and it was found to be isostructural to the molybdenum 

analogue. 
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Figure 1.  Molecular Structure of W(PMe3)4H2(SiH3)2 

 

In addition to this simple oxidative addition product, a metallacycle species, 

W(PMe3)3H3(κ2-P,Si-PMe2CH2SiH2SiH2), is also obtained from the reaction of 

W(PMe3)4(η2–CH2PMe2)H with SiH4 (Scheme 1).  This complex is defined by a W-P-C-Si-

Si five-membered ring; significantly, this M-P-C-Si-Si metallacycle motif is the first of its 

kind for any metal.  The metallacycle fragment is defined by an acute Si-W-P angle of 

83.15˚ and an “envelope” conformation.  Although the mechanistic details regarding the 

formation of this product are unknown, the complex is formally derived from 
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W(PMe3)4H2(SiH3)2 by removal of an equivalent of H2.  Thus, it is possible that 

W(PMe3)3H3(κ2-P,Si-PMe2CH2SiH2SiH2) is formed when W(PMe3)4H2(SiH3)2 reacts with 

unreacted W(PMe3)4(η2–CH2PMe2)H (to form W(PMe3)5H2 and the metallacycle 

complex) under reaction conditions  The molecular structure of W(PMe3)3H3(κ2-P,Si-

PMe2CH2SiH2SiH2) is shown in Figure 2. 
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Scheme 1.  Reaction of W(PMe3)4(η2–CH2PMe2)H with SiH4  

 

 
Figure 2.  Molecular Structure of W(PMe3)3H3(κ2-P,Si-PMe2CH2SiH2SiH2) 
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2.2.2 Variable Temperature NMR Spectroscopy of W(PMe3)4H2(SiH3)2 

The 1H NMR spectrum of W(PMe3)4H2(SiH3)2 is similar to that of the molybdenum 

congener.  For example, the silyl resonance demonstrates coupling to both silicon and 

phosphorus (3JP-H = 8 Hz, 1JSi-H = 155 Hz), and the hydride signal exhibits coupling only 

to phosphorus (2JP-H = 30 Hz).  Unlike Mo(PMe3)4H2(SiH3)2, however, W(PMe3)4H2(SiH3)2 

does not decompose at higher temperatures, such that variable temperature NMR 

spectroscopy was feasible.  This was of particular interest since exchange of hydrogen 

between the silyl and hydride groups of Mo(PMe3)4H2(SiH3)2 was invoked but not 

observable due to rapid decomposition upon heating.  Significantly, the 1H NMR 

spectrum of W(PMe3)4H2(SiH3)2 does suggest that exchange may be occurring between 

the silyl and hydride groups since both resonances broaden at higher temperature 

(Figure 3).6,7 

 
Figure 3.  Variable Temperature 1H NMR Spectra (silyl and hydride signals) of 

W(PMe3)4H2(SiH3)2 

 

2.3 W(PMe3)4(η2–CH2PMe2)H + PhSiH3  

2.3.1 Generation of Tungsten-Disilanyl Species from Monosilanes 

The reactivity of W(PMe3)4(η2–CH2PMe2)H towards PhSiH3 is substantially different 

than that of Mo(PMe3)6.  At 80 ˚C, W(PMe3)4(η2–CH2PMe2)H reacts to form multiple 
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products simultaneously, and the product distribution depends on the amount of 

PhSiH3 added.  The major products of this reaction, two related disilanyl species, 

demonstrate the ability of W(PMe3)4(η2–CH2PMe2)H to cause redistribution and 

dehydrocoupling of hydrosilanes (Scheme 2). 
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Scheme 2.  Major products from W(PMe3)4(η2–CH2PMe2)H + PhSiH3 at 80 ˚C 

 

When W(PMe3)4(η2–CH2PMe2)H is treated with two equivalents of PhSiH3 and heated at 

80 ˚C, the major product is the tetravalent species, W(PMe3)4H3(SiH2SiHPh2) (Figure 4).  

The room temperature 1H NMR spectrum of this complex is consistent with the solid 

state structure; for example, broad signals in a 1:2 ratio are observed for the hydrides by 
1H NMR spectroscopy (Figure 5), and the phosphine ligands resonate in a 1:2:1 ratio in 

the 31P{1H} NMR spectrum.8  In the presence of a large excess (10x) of PhSiH3, the major 

product at 80 ˚C is the hexavalent species, W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) (Figure 6).  

This compound is fluxional at room temperature, such that all four hydrides and all 

three trimethylphosphine ligands appear equivalent.  At -80 ˚C, however, four distinct 

signals are observed for the hydrides, and three unique signals are observed for the 
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W-PMe3 groups in the 1H NMR spectrum (Figure 7).  The five unique Si-H hydrogens 

are also distinct at low temperature. 

 

 
Figure 4.  Molecular Structure of W(PMe3)4H3(SiH2SiHPh2) 
 

 
Figure 5.  1H NMR Spectrum of W(PMe3)4H3(SiH2SiHPh2)  
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Figure 6.  Molecular Structure of W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) 

 

 
Figure 7.  Variable Temp. 1H NMR Spectra of W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) 
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One interesting feature of both of these compounds is the rare -SiH2SiHPh2 moiety; 

there are only three structurally characterized compounds in the Cambridge Structural 

Database of the type M(SiH2SiR3) (R = H, Ph).9  All of these previously reported 

compounds were generated by treating a metal complex with a disilane; the Si-Si bond 

was not formed during the reaction with the metal.  In this system, the existence of the 

-SiH2SiHPh2 ligand demonstrates that W(PMe3)4(η2–CH2PMe2)H is capable of forming 

Si-Si bonds, which is necessary for forming disilanes, oligosilanes, and polysilanes.  In 

addition, the -SiH2SiHPh2 unit shows the ability of W(PMe3)4(η2–CH2PMe2)H to cause 

redistribution at silicon. 

 

2.3.2 Mechanistic Insights into the formation of the W-SiH2SiHPh2 Moiety – 

Literature Precedent 

Insight into the mechanism of the formation of W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) and 

W(PMe3)4H3(SiH2SiHPh2) may be gained by examining previously reported studies on 

metal(silyl)silylene complexes.  For example, iron complexes of the type CpRFe(CO)2Me 

(CpR = Cp or Cp*) may be photolyzed in the presence of a disilane, HMe2SiSiMes2Me, to 

generate iron(silyl)silylene complexes CpRFe(CO)(=SiMes2)(SiMe3).10  The Cp* derivative 

was structurally characterized.10  The mechanism proposed for the formation of this 

product involves initial oxidative addition of the hydrodisilane, 1,2-silyl migration, and 

subsequent 1,3-migration of a methyl group (Scheme 3).11  Such migratory steps have 

been proposed previously for the redistribution and deoligomerization of 

organosilanes.12,13,14,15  When the iron(silyl)silylene complex was treated with ButNC and 

heated, a disilanyl compound Cp*Fe(CO)(CNtBu)(SiMesMeSiMesMe2) was isolated as 

the main product.10  Presumably, this product is formed via 1,3-migration of the methyl 

and mesityl groups followed by 1,2-silyl migration (Scheme 3).  Analogous mechanistic 

steps are proposed for the formation of W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) and 

W(PMe3)4H3(SiH2SiHPh2) (Scheme 4). 
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Specifically, initial oxidative addition of 2 equivalents of PhSiH3 to the tungsten center 

would produce a bis(phenylsilyl) complex, which could undergo α-elimination of a W-

SiH2Ph hydrogen to produce a silylene intermediate of the type 

W(PMe3)3H3(=SiHPh)(SiH2Ph).  1,3-migration of a phenyl group produces an isomeric 

silylene complex, W(PMe3)3H3(=SiH2)(SiHPh2), from which subsequent 1,2-silyl 

migration may occur.  PMe3 or PhSiH3 may add to this coordinatively unsaturated 

disilanyl intermediate, producing the observed products.  Support for the proposed 

[W(PMe3)3H2(SiH2Ph)2] intermediate is provided by the isolation of 

W(PMe3)3H4(SiH2Ph)2 when the reaction of W(PMe3)4(η2–CH2PMe2)H with PhSiH3 is 

performed under an atmosphere of H2; the formation of W(PMe3)3H4(SiH2Ph)2 is 

presumably due to the oxidative addition of H2 to [W(PMe3)3H2(SiH2Ph)2].  The 

molecular structure of W(PMe3)3H4(SiH2Ph)2 is shown in Figure 8, and its formation is 

illustrated in Scheme 2. 
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Scheme 3.  Proposed literature mechanism involving silylene intermediates and 
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Scheme 4.  Proposed mechanism for the formation of W(PMe3)3H4(SiH2Ph)-

(SiH2SiHPh2) and W(PMe3)4H3(SiH2SiHPh2) 

 

 
Figure 8.  Molecular Structure of W(PMe3)3H4(SiH2Ph)2 
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2.3.3 Mechanistic Insights into the formation of the W-SiH2SiHPh2 Moiety – DFT 

Calculations 

Density Functional Theory (DFT) geometry optimization calculations of these proposed 

intermediates confirm that such a pathway is chemically rational, energetically 

accessible, and thermodynamically favorable.  The energy profile for the mechanism is 

shown in Figure 9, where W(PMe3)4H3(SiH2SiHPh2) is the final product.  The energy 

difference for the conversion of W(PMe3)4H3(SiH2SiHPh2) and PhSiH3 to 

W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) and PMe3 is also calculated to be small and 

thermodynamically downhill (Scheme 5).  This calculated energy difference is 

consistent with experimental results in which the disilanyl species interconvert, albeit 

not without decomposition, at 60 ˚C.  Specifically, treatment of 

W(PMe3)4H3(SiH2SiHPh2) with PhSiH3 and heating at 60 ˚C results in almost 

quantitative formation of W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) and PMe3, while the reverse 

process affords only small amounts of W(PMe3)4H3(SiH2SiHPh2) and PhSiH3. 

 

W

Me3P

Me3P

PMe3

SiH2Ph

SiHPh
H
H H W

Me3P

Me3P

PMe3

SiH2

SiHPh2H
H H

W

PMe3

CH2

PMe2Me3P

Me3P

PMe3

H

ENERGY

kcal/mol

(0 = WP5 + 
2PhSiH3)

W

Me3P

Me3P

PMe3

SiH2Ph
SiH2Ph

H
H

+ 2 PhSiH3

+ PMe3

+ 2 PMe3

+ 2 PMe3

0

-20

-40

-24.6 kcal/mol

+ 3.02
kcal/mol

Reaction Coordinate

W

Me3P

Me3P

PMe3

PMe3

H

H H

SiH2
SiHPh2

-19.44 kcal/mol

+ PMe3

PMe3

7.7 
kcal/mol

 
Figure 9.  Proposed energy profile for W(PMe3)4(η2–CH2PMe2)H + PhSiH3 



 94 

 

W

Me3P

Me3P

PMe3

PMe3

H

H H

SiH2
SiHPh2

+ PhSiH3

W

Me3P

Me3P

SiHPh2

PMe3

H

H H

SiH2

SiHPh2
H

+ PMe3

+ 2.86 
kcal/mol

 
Scheme 5.  Calculated energy difference and interconversion between 

W(PMe3)4H3(SiH2SiHPh2) and W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) 

 

2.4 WSiW – A Dinuclear Complex with a Bridging Silylene Ligand 

2.4.1 Isolation and Structural Characterization of WSiW 

Perhaps the most convincing support for the presence of silylene intermediates in this 

reaction comes from the isolation of a complex with a bridging silylene ligand, 

[W(PMe3)2(SiHPh2)H2](µ-Si,P-SiHPhCH2PMe2)(µ-SiH2)[W(PMe3)3H2] (“WSiW”).  This 

complex is reproducibly made and isolated under the same conditions as 

W(PMe3)4H3(SiH2SiHPh2), albeit in low yields (i.e. < 5%) (Scheme 6).  The two 

compounds may be separated by multiple crystallizations; specifically, the first 

crystallization process consistently affords crystals of WSiW, while the second 

crystallization yields W(PMe3)4H3(SiH2SiHPh2). 
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Scheme 6.  Formation of WSiW (one resonance structure depicted) 
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The most noteworthy feature of the crystal structure of WSiW (Figure 10) is the 

unusually short W-Si bonds between the tungsten center and the bridging silicon.  The 

W1-Si1 distance is 2.2813(13) Å, which is significantly shorter than the shortest 

previously reported W-Si distance in the Cambridge Structural Database (2.353 Å).  The 

W2-Si1 distance is also notably short at 2.3651(13) Å.  For comparison, the average W-Si 

distance in the CSD is 2.55 Å.  The short W-Si distances observed in this complex may, 

in part, be due to the -SiHPhCH2PMe2- bridge that connects and therefore constrains the 

two tungsten centers; however, it is likely that these short distances, along with the 

near-linear geometry around the bridging silicon [W1-Si1-W2 = 176.16(6)˚], are 

indicative of multiple-bond character between Si1 and the tungsten centers.  The six 

hydride ligands, terminal Si-H hydrogens, and CH2 hydrogen atoms of the bridge were 

located and freely refined isotropically.  Selected bond lengths for WSiW are provided 

in Table 1. 

 

 
Figure 10.  Molecular Structure of WSiW 
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Table 1. W-H and Si-H Distances of WSiW 

Selected Distances Bond Lengths/Å 

W1-H1 1.59(4) 

W1-H2 1.46(4) 

W1-H3 1.54(4) 

W2-H4 1.53(4) 

W2-H5 1.53(4) 

W2-H6 1.58(5) 

Si1-H1 1.68(4) 

Si1-H6 1.68(5) 

Si2-H21 1.46(4) 

Si3-H31 1.45(4) 

 

2.4.2 DFT Calculations on WSiW 

Additional support for the experimental structure of WSiW is provided by the fact that 

this complex is reproduced well by a geometry optimization calculation (Figure 11).  

The W-H distances in the geometry optimized structure are longer than those in the 

crystal structure (i.e. W-Havg = 1.76 Å vs. W-Havg = 1.54 Å), which is to be expected;16 

furthermore, the Si-H distances for the bridging silicon increase substantially to 1.720 Å 

(Si1-H1) and 1.942 Å (Si1-H6).  The optimized structure accurately reflects the other 

structural traits of the molecule, including the W-Si1 distances (W1-Si1 = 2.300 Å, W2-

Si1 = 2.424 Å). 
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Figure 11.  Geometry Optimized Structure of WSiW  

 

Natural Bond Orbital (NBO) Analysis supports the presence of double bond character 

between the briding silicon and the tungsten centers.  Specifically, there is significant 

double-bond character between W1 and Si1 and a small degree of double bond 

character between W2 and Si1.  A 3-center, 2-electron interaction between W1, Si1, and 

the bridging hydride (H1) is evident; a similar interaction with a much smaller 

contribution from Si1 (i.e. 12.9% vs. 22.7%) is also present for W2, Si2, and H6.  The 

relevant Natural Localized Molecular Orbitals (NLMOs) and primary atomic 

contributions are presented in Figures 12 and 13.  Thus, the bonding description of 

WSiW presented in Scheme 6 represents a resonance structure that is most consistent 

with the experimentally determined Si-H distances for this molecule, and NBO analysis 

indicates that other resonance structures are likely also valid for this compound (Figure 

14). 
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Figure 12.  NLMOs for W1-Si1 bonding 

 

 
Figure 13.  NLMOs for W2-Si1 bonding 
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Figure 14.  Resonance Structures for WSiW 

 

DFT calculations also support a mechanism for the formation of WSiW (Figure 15) 

which shares the same intermediate, [W(PMe3)3H3(SiHPh2)(=SiH2)], that is invoked in 

the formation of W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) and W(PMe3)4H3(SiH2SiHPh2).  The 

energies of the geometry optimized structures of these intermediates demonstrate that 

such a mechanism is energetically feasible and that the reaction is thermodynamically 

favorable, with a net enthalpy change of approximately -35 kcal/mol. 
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Figure 15.  Proposed Mechanism for the Formation of WSiW 

 

2.4.3 Spectroscopic Characterization of WSiW 

WSiW has also been characterized spectroscopically.  1H, 1H{31P}, NOESY, 31P{1H}, 31P 

COSY, 29Si, 29Si{1H} INEPT, 1H-29Si HMQC, and 1H-29Si HMBC NMR spectroscopic 

experiments have been performed on this compound.  WSiW is fluxional at room 
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temperature, such that the 1H NMR spectrum displays two broad hydride resonances, 

each corresponding to three hydrogens; the phosphine signals appear as two broad 

peaks, and the Si-H hydrogens of the -SiHPh2 and -SiHPhCH2- ligands overlap at room 

temperature (Figure 16, a).  At 210 K, however, the presence of six unique hydride 

environments is revealed, although three of the resonances overlap, and the Si-H 

signals are resolved (Figure 16, b).  The 31P{1H} NMR spectrum also transforms from 

two broad resonances at room temperature to six distinct signals at 210 K.  

 

 
Figure 16.  1H NMR of WSiW at (a) room temperature (300 K) and (b) low temperature 

(210 K) 

 

Significantly, however, no 29Si signal is observed for the bridging silicon.  Two signals 

are observed in the 29Si NMR spectrum, and their assignment as the -SiHPh2 and 

-SiHPhCH2- silicon atoms is confirmed by a 1H-29Si HMQC experiment.  The notable 
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absence of a signal for the bridging silicon may be attributed to a number of factors.  

The 29Si nucleus is not only low abundance (ca. 4.7 %) and low sensitivity, but it also has 

a negative gyromagnetic ratio and long relaxation time.  Specifically, the negative 

gyromagnetic ratio results in a negative nuclear Overhauser effect for a 29Si resonance 

under conditions of broad-band decoupling, such that the intensity of the signal may be 

diminished or depressed into the baseline if the 29Si nucleus is in close proximity (< 3 Å) 

to any protons.17   

 

A number of techniques were tried in order to avert these issues but were unsuccessful.  

Cr(acac)3, a paramagnetic relaxation agent that has been used successfully in 29Si NMR 

spectroscopy,18,19 was added to a sample used for 29Si NMR; although the signals in the 
1H NMR spectrum did broaden, as they are expected to with a shorter relaxation time, 

only two signals were observed in the 29Si NMR spectrum.  1H-29Si HMQC spectroscopy 

may be used to characterize silyl compounds with terminal Si-H hydrogens; however, a 

significant (i.e. J = 120-215 Hz) coupling constant is required for this experiment.  As 

such, the two silyl ligands with Si-H hydrogens are easily established by this method, 

but the bridging silicon is not.  This is presumably due to the fact that it has only one 3-

center 2-electron interaction with a bridging hydride, and that interaction is fluxional.20  

It was thus considered that an HMBC experiment, in which longer-range couplings (J = 

2-15 Hz) are examined, might reveal the missing silicon.  Unfortunately, no signal was 

observed using this technique over a wide range of coupling constants. 

 

The observation of the bridging silicon was further hindered by the fact that 29Si NMR 

spectra feature a large, broad glass peak ranging from ca. -50 to 150 ppm.  Use of a PTFE 

tube did not help, however, since the probe of the NMR instrument also contains glass.  

WSiW is fairly insoluble in benzene and toluene (approximately 20 mg/mL), such that 

large amounts of the compound cannot be used for 29Si NMR spectroscopic analysis.  

Thus, it is possible that the signal corresponding to the bridging silicon may be 
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obscured by the glass signal; alternatively, it may be absent all together due to the 

negative NOE. 

 

2.4.4 Isomerization of WSiW to WSiW* 

WSiW is thermally stable at room temperature and persists in solution for many days 

under an argon atmosphere; however, it is light sensitive and undergoes a facile 

transformation in ambient light.  The 1H NMR spectrum of the light-induced product 

(WSiW*) shares many features in common with the 1H NMR spectrum of WSiW (Figure 

17).  For example, three chemically inequivalent phenyl groups are evident, as are two 

distinct Si-H resonances and a signal corresponding to a diastereotopic bridge C-H 

hydrogen.  (For both WSiW and WSiW*, the second diastereotopic C-H hydrogen is 

obscured by a phosphine resonance).  Although a total of six hydride ligands is retained 

in WSiW*, they are observed in a 4:2 ratio rather than the 3:3 ratio observed for WSiW.  

The hydride peaks of WSiW*, unlike WSiW, show coupling to phosphorus – the signal 

corresponding to four hydrides (δ -3.37) couples to two phosphine ligands (2JP-H = 23 

Hz), and the other two hydrides (δ -5.09) couple to four phosphines (2JP-H = 32 Hz, 2JP-H = 

19 Hz).  Thus, WSiW* is formulated as an isomer of WSiW (Scheme 7). 
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Scheme 7.  Proposed Structure of WSiW* 

 

The isolation of WSiW* as a pure compound is impeded by the fact that the conversion 

of WSiW appears to reach a photostationary state.  After ca. 2 days in ambient light, the 

net change of WSiW to WSiW* ceases, and a mixture of WSiW:WSiW* results.  

Presumably, the frequencies of light required for the forward and reverse 
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transformations are both in the visible region, thereby resulting in a photochemical 

equilibrium.  UV/Vis Spectrometry was used to characterize (i) WSiW and (ii) the light-

induced mixture of WSiW and WSiW*, with the thought that distinct absorptions in the 

visible region could be apparent for these two complexes.21  The absorption spectra 

(Figure 18) look very similar, however, which probably indicates either that these two 

complexes have near-identical absorptions or that WSiW* absorbs only very weakly.  

Attempts to crystallize WSiW* from mixtures of the two isomers produced only crystals 

of WSiW.  This is most likely due to the greater propensity of WSiW to crystallize, 

which pushes the equilibrium towards WSiW as this complex comes out of solution. 

 

 
Figure 17.  1H NMR Spectrum of (a) WSiW and (b) the WSiW/WSiW* equilibrium 
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Figure 18.  UV/Vis Absorption Spectra of WSiW (blue) and WSiW/WSiW* (red) 

 

2.4.5 DFT Calculations on WSiW* 

WSiW* is formally derived from WSiW via migration of a hydride and a shift of the 

double bond from W1=Si1 to W2=Si1.  Accordingly, the structure of such an isomer is 

expected to have a W1-Si1 distance greater than that of WSiW and a W2-Si1 distance 

that is shorter.  While WSiW* has not been characterized by X-ray diffraction, its 

proposed structure has been examined by a DFT geometry optimization calculation 

(Figure 19).  These calculations support the proposal of this isomer and accurately 

reflect the expected change in bond distances; for example, the W1-Si1 distance in the 

geometry optimized structure is 2.479 Å, and the W2-Si1 distance is 2.323 Å.  Key 

structural differences between the geometry optimized structures of WSiW and WSiW* 

are provided in Table 2.  
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Table 2.  Structural differences between WSiW and WSiW*.  Labels are specified in 

Scheme 7. 

Selected Bond WSiW Bond Lengths/Å WSiW* Bond Lengths/Å 

W1-Si1 2.300 2.480 

W2-Si1 2.424 2.323 

W1-H1 1.830 1.786 

Si1-H1 1.719 1.915 

 

 
Figure 19.  Geometry Optimized Structure of WSiW* 

 

There is another hypothetical isomer of WSiW* (Scheme 8) whose structure would be 

consistent with the observed 1H NMR spectrum.  This alternative isomer formulation 

possesses a structure in which a hydride and a diphenylsilyl ligand migrate, resulting in 
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complex where W2 is coordinated to four phosphines and the –SiHPh2 group.  Attempts 

to geometry optimize this structure, however, reveal that it would be extremely 

sterically hindered.  Therefore, it is not considered to be a likely option. 
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Scheme 8.  Alternate (but unlikely) Structure of WSiW* 

 

2.4.6 Isolation of WSiW# 

Further support for the proposed formulation of WSiW* comes from the isolation and 

structural characterization of another analogous complex (WSiW#) (Figure 20), which is 

formally derived from WSiW or WSiW* by replacement of an equivalent of Ph2SiH2 by 

PMe3.  This compound was isolated from the decomposition of WSiW; however, there is 

evidence to support its formation from the reaction of WSiW* with PMe3 (Scheme 9).  

Heating WSiW with PMe3 at 80 ˚C in ambient light results in decomposition, and 

heating in the dark produces no reaction.  When WSiW is allowed to isomerize to 

WSiW* and then treated with PMe3 and heated in ambient light, decomposition occurs.  

However, when isomerization to WSiW* is followed by heating in the presence of PMe3 

in the dark, a relatively clean transformation of WSiW* is observed to a product whose 
1H NMR spectrum is consistent with WSiW# (Figure 21).  

 

Specifically, the new compound that is generated lacks three inequivalent phenyl 

groups, has one Si-H proton, and features a hydride signal (δ = -5.70) that couples to 

four phosphines (2JP-H = 27, 9).  A second hydride resonance is also partially visible but 

is mainly obscured by the signal of residual WSiW.  Furthermore, Ph2SiH2 is produced 

over this reaction, which supports the assignment of the product as WSiW#. 
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Scheme 9.  Proposed formation of WSiW# 

 

 
Figure 20.  Molecular Structure of WSiW# 
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Figure 21.  1H NMR spectrum of the reaction of WSiW* with PMe3 

 

2.5 W(PMe3)4(η2–CH2PMe2)H + Ph2SiH2 

2.5.1 Synthesis of W(PMe3)3H4(σ-HSiHPh2) 

The reactivity of W(PMe3)4(η2–CH2PMe2)H towards SiH4 and PhSiH3 has been shown to 

be dramatically different, in most regards, than the reactivity of Mo(PMe3)6 towards 

these reagents (see Chapter 1).  This divergence in reactivity is partially true for the 

reaction of W(PMe3)4(η2–CH2PMe2)H with Ph2SiH2 as well.  For example, Mo(PMe3)6 

reacts with Ph2SiH2 to form a disilane complex, Mo(PMe3)3H2(κ2-H2-H2Si2Ph4), as the 

major initial product; Mo(PMe3)4H(κ2-H2-H2SiPh2H), a hypervalent silyl species, is 

formed as the major final product at room temperature.  Both of these complexes react 

with H2 to form a diphenylsilane adduct, Mo(PMe3)3H4(σ-HSiHPh2) (see Scheme 12 of 

Chapter 1).  Although W(PMe3)4(η2–CH2PMe2)H does not form analogous disilane and 

hypervalent silyl complexes when treated with Ph2SiH2, it does form the diphenylsilane 

adduct, W(PMe3)3H4(σ-HSiHPh2), as the only isolable product (Scheme 10) (Figure 23).  
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Scheme 10.  Preparation of W(PMe3)3H4(σ-HSiHPh2) 

 

Although W(PMe3)3H4(σ-HSiHPh2) is the only product isolated, 1H NMR spectroscopic 

analysis of the reaction indicates that treatment of W(PMe3)4(η2–CH2PMe2)H with 

Ph2SiH2 affords two major products whose ratio is determined by the amount of 

Ph2SiH2 added.  The formation of W(PMe3)3H4(σ-HSiHPh2) is favored by a large excess 

of Ph2SiH2.  In addition, W(PMe3)3H4(σ-HSiHPh2) may be formed as the exclusive 

product when the reaction of W(PMe3)4(η2–CH2PMe2)H with Ph2SiH2 is performed 

under an atmosphere of H2.  The 1H NMR spectrum of W(PMe3)3H4(σ-HSiHPh2) (Figure 

22) features two sharp quartets in a 1:5 ratio corresponding to the terminal Si-H 

hydrogen (δ 6.74) and five hydrides (δ -3.34).  The lack of distinction between the 

bridging hydride and the four terminal M-H hydride ligands was also observed in 

Mo(PMe3)3H4(σ-HSiHPh2). 
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Figure 22.  1H NMR Spectrum of W(PMe3)3H4(σ-HSiHPh2) 

 

2.5.2 Tentative Assignment of W(PMe3)3H2(κ2-H2-H2SiHPh) 

The other major product from the reaction of W(PMe3)4(η2–CH2PMe2)H with Ph2SiH2 is 

characterized by a 1H NMR spectrum that features doublet of triplet signals at δ 6.27 

and -2.98 in a 1:4 ratio,  presumably corresponding to a terminal silyl hydrogen (3JP-H = 

10, 7) and four hydrides (2JP-H = 29, 25).  One structure that is consistent with this 1H 

NMR spectrum is the phenylsilane adduct W(PMe3)3H2(κ2-H2-H2SiHPh) (Scheme 11).22,23  

Support for this assignment is provided by the fact that Ph3SiH is produced over the 

course of the reaction, but free PhSiH3 is not observed by 1H NMR spectroscopy.  Since 

the redistribution of Ph2SiH2 to form Ph3SiH will presumably also form PhSiH3, the 

absence of free PhSiH3 may be due to its coordination to tungsten.24  Significantly, the 

reaction of W(PMe3)4(η2–CH2PMe2)H with Ph2SiH2 in the presence of H2, which does not 
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result in the formation of the proposed phenylsilane adduct, also does not result in the 

formation of Ph3SiH. 
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Scheme 11.  Reaction of W(PMe3)4(η2–CH2PMe2)H with Ph2SiH2 

 

The solid state structure of W(PMe3)3H4(σ-HSiHPh2) is isostructural to Mo(PMe3)3H4(σ-

HSiHPh2); however, the four terminal W-H hydrides in this structure could not be 

freely refined and were therefore constrained to a W-H distance of 1.70 Å.  The crystal 

structure of W(PMe3)3H4(σ-HSiHPh2) is shown in Figure 23. 
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Figure 23.  Molecular Structure of W(PMe3)3H4(σ-HSiHPh2) 

 

2.6 Summary and Conclusions 

W(PMe3)4(η2–CH2PMe2)H has been shown to effect a broad range of transformations of 

SiH4, PhSiH3, and Ph2SiH2, including Si-C bond cleavage and formation, Si-Si bond 

generation, and redistribution.  The products of silane redistribution and 

dehydrocoupling are isolated as ligands at the tungsten center, thereby providing 

insight into how the coordination of hydrosilanes to transition metal complexes impacts 

their overall reactivity.  Specifically, the products of these reactions range from simple 

oxidative addition products to novel disilanyl, metallacycle, and bridging silylene 

compounds.  
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Silylene intermediates are implicated in the formation of the disilanyl compounds, and 

support for such species is provided by the isolation of the unique bimetallic complex, 

“WSiW”, which features a bridging silylene ligand.  This coordination motif is 

unprecedented,25 and the assignment of the bridging silicon as a silylene is corroborated 

by NBO analysis.  In conclusion, the isolation and characterization of the complexes 

generated from the reactions of W(PMe3)4(η2–CH2PMe2)H with hydrosilanes 

demonstrate the multifaceted chemistry of this complex and represent new modes of 

reactivity in transition metal silane chemistry. 

 

2.7 Experimental Details 

2.7.1 General Considerations 

All manipulations were performed using a combination of glovebox, high vacuum, and 

Schlenk techniques under an argon atmosphere.26  Solvents were purified and degassed 

by standard procedures.  NMR spectra were measured on Bruker 300 DRX, Bruker 300 

DPX, Bruker 400 Avance III, Bruker 400 Cyber-enabled Avance III, and Bruker 500 DMX 

spectrometers.  1H chemical shifts are reported in ppm relative to SiMe4 (δ = 0) and were 

referenced internally with respect to the protio solvent impurity (δ = 7.16 for C6D5H, 

2.08 for C7D7H).27  31P chemical shifts are reported in ppm relative to 85% H3PO4 (δ = 0) 

and were referenced using P(OMe)3 (δ = 141.0) as an external standard.28  29Si chemical 

shifts are reported in ppm relative to external 1% SiMe4 in CDCl3 (δ = 0). Coupling 

constants are given in hertz.  Infrared spectra were recorded on a PerkinElmer 

Spectrum Two spectrometer and are reported in cm-1.  UV/Vis spectra were recorded 

on a Perkin-Elmer Lambda 950 spectrophotometer equipped with deuterium and 

tungsten halogen lamps.  W(PMe3)4(η2–CH2PMe2)H was prepared via the literature 

method.3 
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2.7.2 X-ray Structure Determinations 

Single crystal X-ray diffraction data were collected on a Bruker Apex II diffractometer, 

and crystal data, data collection and refinement parameters are summarized in Table 3.  

The structures were solved using direct methods and standard difference map 

techniques and were refined by full-matrix least-squares procedures on F2 with 

SHELXTL (Version 2008/4).29 

 

2.7.3 Computational Details  

Calculations were carried out using DFT as implemented in the Jaguar 7.7 suite of ab 

initio quantum chemistry programs.30  Geometry optimizations (Table 4) were 

performed with the B3LYP density functional31 using the 6-31G** (C, H, N, and P) and 

LACVP** basis set.32  NBO analyses were performed using Jaguar NBO 5.0.33 

 

2.7.4 Synthesis and Structural Characterization of W(PMe3)4H2(SiH3)2  

A solution of W(PMe3)4(η2–CH2PMe2)H (10 mg, 0.02 mmol) in C6D6 (0.7 mL) in an NMR 

tube equipped with a J. Young valve was degassed and charged with SiH4.  The 

solution was heated for 3 days and monitored by 1H NMR spectroscopy, thereby 

demonstrating the conversion to primarily W(PMe3)4H2(SiH3)2.  The orange solution was 

lyophilized, the residue was dissolved in pentane, and the solution was placed at -15 ˚C, 

thereby depositing yellow crystals of W(PMe3)4H2(SiH3)2 suitable for X-ray diffraction. 

 

2.7.5 Structural Characterization of W(PMe3)3H3(κ2-P,Si-PMe2CH2SiH2SiH2)  

A solution of W(PMe3)4(η2–CH2PMe2)H (12 mg, 0.02 mmol) in C6D6 (0.7 mL) in an NMR 

tube equipped with a J. Young valve was degassed and charged with SiH4.  The 

solution was heated for 3 days and monitored by 1H NMR spectroscopy, thereby 

demonstration the conversion to primarily W(PMe3)4H2(SiH3)2, accompanied by a 

number of other products.  The orange solution was lyophilized, the residue was 
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dissolved in pentane, and the solution was placed at -15 ˚C, thereby depositing colorless 

crystals of W(PMe3)3H3(κ2-P,Si-PMe2CH2SiH2SiH2) suitable for X-ray diffraction. 

 

2.7.6 Synthesis of W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2)  

A solution of W(PMe3)4(η2-CH2PMe2)H (30 mg, 0.05 mmol) in C6D6 (0.7 mL) was treated 

with PhSiH3 (55 mg, 0.51 mmol) and transferred to an NMR tube equipped with a J. 

Young valve. The solution was heated at 80 ˚C for 3 hours and then lyophilized to 

afford a grainy, light orange residue. The residue was washed with pentane (2 × 0.7 mL) 

and dried in vacuo to afford a fine, white powder (8 mg, 21 %).  Colorless crystals of 

W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) suitable for X-ray diffraction were obtained from a 

toluene solution at -30 ˚C.  Analysis calcd. for W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2): C, 

44.02 %; H, 6.98 %; Found: C, 43.90 %, H, 6.74 %.  1H NMR at 300 K (C7D8): -4.18 [br s, 

4H of WH4], 1.20 [d, 2JP-H = 8, 27H of W(PMe3)3], 3.31 [br s, 2H of W(SiH2SiHPh2)], 5.43 

[m, 3H, W(SiH2Ph) and W(SiH2SiHPh2)], 7.19 [m, 9H of W(SiH2Ph) and (W)SiH2SiHPh2], 

7.88 [d, 3JH-H = 7, 2H of W(SiH2Ph)], 7.99 [d, 3JH-H = 7, 4H of W(SiH2SiHPh2)].  1H NMR at 

193 K (C7D8): -6.46 [d, 2JP-H = 41, 1H of WH4], -5.77 [br s, 1H of WH4], -3.11 [t, 2JP-H = 45, 

1H of WH4], -2.24 [quart, 2JP-H = 45, 1H of WH4], 0.91 [s, 9H of (W(PMe3)3], 1.04 [s, 9H of 

(W(PMe3)3], 1.27 [s, 9H of (W(PMe3)3], 3.05 [d, 3JP-H = 12, 1H of W(SiH2SiHPh2)], 3.66 [d, 
3JP-H = 22, 1H of W(SiH2SiHPh2)], 5.54 [br s, 1H of W(SiH2Ph)], 5.65 [s, 1H of 

W(SiH2SiHPh2)], 5.88 [d, 3JP-H = 26, 1H of W(SiH2Ph)], 7.24 [br m, 6H of W(SiH2SiHPh2)], 

7.37 [br s, 3H of W(SiH2Ph)], 8.03 [br s, 2H of W(SiH2SiHPh2)], 8.12 [br s, 2H of 

W(SiH2Ph)], 8.34 [br s, 2H of W(SiH2SiHPh2)].  31P{1H} NMR at 300 K (C7D8): -35.9 [br s, 

3P of W(PMe3)3].  31P{1H} NMR at 210 K (C7D8): -43.7 [dd, 2JP-P = 36, 2JP-P = 24, 1JW-P = 116, 

1P of W(PMe3)3], -39.0 [dd, 2JP-P = 36, 2JP-P = 8, 1JW-P = 117, 1P of W(PMe3)3], -22.6 [dd, 2JP-P = 

24, 2JP-P = 8, 1JW-P = 130, 1P of W(PMe3)3].  1H-29Si HMQC NMR at 300 K (C7D8): -80.8 [s, 

1Si of W(SiH2SiHPh2)], -13.0 [s, 2Si of W(SiH2Ph) and W(SiH2SiHPh2)].  1H-29Si HMQC 

NMR at 210 K (C7D8): -76.1 [s, 1Si of W(SiH2SiHPh2)], -8.9 [s, 1Si of W(SiH2SiHPh2)], -8.0 

[s, 1Si of W(SiH2Ph)]. 
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2.7.7 Synthesis of W(PMe3)4H3(SiH2SiHPh2)  

A solution of W(PMe3)4(η2-CH2PMe2)H (30.0 mg, 0.05 mmol) in C6D6 (0.7 mL) was 

treated with PhSiH3 (12 mg, 0.11 mmol) and transferred to an NMR tube equipped with 

a J. Young valve.  The solution was heated overnight at 80 ˚C to afford a clear, dark 

orange solution.  The volatile components were removed in vacuo to give a dark residue 

that was extracted into pentane, filtered, and placed at -30 ˚C.  Crystals of WSiW formed 

initially; the solution was decanted from these crystals and placed at -30 ˚C, thereby 

depositing microcrystalline W(PMe3)4H3(SiH2SiHPh2) (7 mg, 19%).  Yellow crystals of 

W(PMe3)4H3(SiH2SiHPh2) suitable for X-ray diffraction were obtained from a pentane 

solution at -30 ˚C.  Analysis calcd. for W(PMe3)4H3(SiH2SiHPh2): C, 40.91; H, 7.44 %; 

Found: C, 41.19 %, H, 7.22 %.  1H NMR (C6D6): -4.66 [br m, 2H of WH3], -3.21 [br s, 1H of 

WH3], 1.41 [m, 36H of W(PMe3)4], 3.46 [br m, 1JSi-H = 136, 2H of W(SiH2SiHPh2)], 5.51 [t, 
3JH-H = 4, 1JSi-H = 172, 1H of W(SiH2SiHPh2)], 7.20 [d, 3JH-H = 7, 2H of W(SiH2SiHPh2) (para 

H)], 7.27 [t, 3JH-H = 7, 4H of W(SiH2SiHPh2) (meta H)], 8.10 [dd, 3JH-H = 8, 4JH-H = 1, 4H of 

W(SiH2SiHPh2) (ortho H)].  31P{1H} NMR (C6D6): -39.5 [br s, 1P of W(PMe3)4], -37.3 [t, 2JP-P 

= 16, 1JP-W = 158, 2P of W(PMe3)4], -25.6 [br s, 1P of W(PMe3)4].  29Si NMR (C6D6): -87.5 [br 

m, 1 Si of W(SiH2SiHPh2)], -17.9 [s, 1Si of W(SiH2SiHPh2)]. 

 

2.7.8 Interconversion of the Disilanyl Complexes  

(i)  W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) (3 mg, 0.004 mmol) was treated with a solution of 

PMe3 in C6D6 (0.7 mL) with mesitylene (2 µL) as an internal standard.  The solution was 

transferred to an NMR tube equipped with a J. Young valve.  Integration of the 1H NMR 

spectrum indicated that the initial ratio of W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) to PMe3 

was approximately 1:1. The solution was heated at 60 ˚C and monitored by 1H NMR 

spectroscopy for 5 days, thereby demonstrating conversion to primarily 

W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) (ca. 90 % conversion). 

(ii)  W(PMe3)4H3(SiH2SiHPh2) (6 mg, 0.009 mmol) was treated with a solution of PhSiH3 

(2 mg, 0.018 mmol) in C6D6 (0.7 mL) and transferred to an NMR tube equipped with a J. 
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Young valve.  The sample was heated at 60 ˚C for five days and monitored by 1H NMR 

spectroscopy, thereby demonstrating the formation of small amounts of 

W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2), along with decomposition. 

 

2.7.9 Structural Characterization of W(PMe3)3H4(SiHPh2)2  

A solution of W(PMe3)4(η2-CH2PMe2)H (9 mg, 0.016 mmol) in C6D6 (0.7 mL) was treated 

with PhSiH3 (9 mg, 0.08 mmol) and transferred to an NMR tube equipped with a J. 

Young valve.  The solution was degassed, charged with H2, and heated overnight at 60 

˚C. The reaction was monitored by 1H NMR spectroscopy, thereby demonstrating 

conversion to a number of products, including W(PMe3)3H4(SiHPh2)2, 

W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2), and W(PMe3)5H2.  The solution was lyophilized and 

redissolved in pentane, thereby affording colorless crystals of W(PMe3)3H4(SiHPh2)2 

suitable for X-ray diffraction.  This complex is characterized by a hydride signal in the 
1H NMR spectrum at δ -3.39 (2JP-H = 34).  

 

2.7.10 Synthesis of WSiW  

W1 Si W2
H

PMe3

PMe3
H

PMe2

PMe3
H

CH2
PhHSi

Me3P
SiHPh2

H H

H
Me3P

 
A solution of W(PMe3)4(η2-CH2PMe2)H (30.0 mg, 0.05 mmol) in C6D6 (0.7 mL) was 

treated with PhSiH3 (12 mg, 0.11 mmol) and transferred to an NMR tube equipped with 

a J. Young valve.  The solution was heated overnight at 80 ˚C to afford a clear, dark 

orange solution.  The volatile components were removed in vacuo to give a dark residue 

that was extracted into pentane, filtered, and placed at -30 ˚C, thereby depositing 

crystals of WSiW co-crystallized with pentane (2WSiW•C5H12) suitable for X-ray 

diffraction (1.2 mg, 4%).  Analysis calcd. for WSiW crystals (2 molecules WSiW + 1 
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molecule pentane): C, 39.09 %; H, 6.99 %; Found: C, 39.36 %; H, 6.95 %.  1H NMR at 300 

K (C6D6) -4.14 [br s, 3H of WH3], -3.24 [br s, 3H of WH3], 1.20 [br m, 33H of 

W2(PMe3)3(PMe2CH2SiHPh)W1], 1.57 [br m, 18H of W1(PMe3)2], 2.01 [dt, 2JP-H = 13, 2JH-H 

= 13, 3JH-H = 3, 1H of -SiHPhCH2PMe2-], 6.14 [m, 2H of -SiHPh2 and -SiHPhCH2PMe2-], 

7.10 [m, partially obscured by solvent signal, 3H of -SiHPh2) and -SiHPhCH2PMe2-], 7.22 

[t, 3JH-H = 7, 2H of -SiPh], 7.37 [t, 3JH-H = 7, 2H of -SiPh], 7.50 [t, 3JH-H = 7, 2H of -SiPh], 8.34 

[d, 3JH-H = 7, 2H of -SiPh], 8.44 [d, 3JH-H = 7, 2H of -SiPh], 8.63 [d, 3JH-H = 7, 2H of -SiPh]. 

(1H of 1H of -SiHPhCH2PMe2- not observed.)  1H NMR at 300 K (C7D8): -4.24 [br s, 3H of 

WH3], -3.28 [br s, 3H of WH3], 1.20 [m, 33H of W2(PMe3)3(PMe2CH2Si-)], 1.52 [br m, 18H 

of W1(PMe3)2], 1.56 [underneath broad signal at 1.52, 1H of -SiHPhCH2PMe2-], 1.93 [t, 
2JP-H = 13, 2JH-H = 13, 1H of -SiHPhCH2PMe2-], 5.99 [m, 2H of -SiHPh2 and 

-SiHPhCH2PMe2-], 7.02 [peak partially obscured by solvent signal, 1H of -SiPh], 7.09 

[peak partially obscured by solvent signal, 1H of -SiPh], 7.14 [t, 3JH-H = 7, 2H of -SiPh], 

7.26 [t, 3JH-H = 7, 1H of -SiPh], 7.29 [t, 3JH-H = 7, 2H of -SiPh] 7.42 [t, 3JH-H = 7, 2H of -SiPh], 

8.20 [d, 3JH-H = 7, 2H of -SiPh], 8.31 [d, 3JH-H = 7, 2H of -SiPh], 8.51 [d, 3JH-H = 7, 2H of -

SiPh].  1H NMR at 210 K (C7D8): -6.19 [br s, 1H of W1H], -5.32 [m, 1H of W2H], -4.36 [t, 
2JP-H = 40, 1H of W1H], -2.60 [d, 2JPH = 19, 1H of W1H], -2.50 [m, 1H of W2H], -2.38 [m, 

1H of W2H], 0.65 [d, 2JP-H = 5, 15H of W2(PMe3)(PMe2CH2-)], 1.21 [d, 2JPH = 6, 9H of 

W1(PMe3)], 1.31 [br. m,18H of W2(PMe3)2], 2.00 [d, 2JP-H = 6, 9H of W1(PMe3)], 6.04 [d, 3JP-

H = 23, 1H of W1(SiHPh2)], 6.25 [dd, 3JP-H = 30, 3JP-H = 17, 1H of -SiHPhCH2PMe2-], 7.10 

[m, 2H of -SiPh, peaks partially obscured by toluene signals], 7.20 [t, 3JH-H = 7, 2H of –

SiPh], 7.45 [m, 3H of -SiPh], 7.64 [br t, 3JH-H = 7, 2H of -SiPh], 8.35 [d, 3JH-H = 7, 2H of -

SiPh], 8.54 [d, 3JH-H = 7, 2H of -SiPh], 8.75 [br s, 2H of -SiPh].  (2H of -SiHPhCH2PMe2- 

not observed.)  31P NMR at 210 K (C7D8): -41.6 [ddd, 2JP-P = 56, 2JP-P = 36, 2JP-P = 16, 1P of 

W2(PMe2CH2Si-)], -37.4 [m, 1P of W2(PMe3)], -33.7 [m, 2P of W1(PMe3) and W2(PMe3)], 

-30.0 [d, 2JP-P = 26, 1P of W1(PMe3)2], -26.4 [t, 2JP-P = 16, 1P of W2(PMe3)].  1H-29Si HMQC 

at 300 K (C6D6): 10.7 [s, 1Si of WSi], 25.0 [s, 1Si of WSi]. 29Si INEPT NMR at 210 K (C7D8): 

18.0 [d, 2JP-Si = 21, 1Si of W(SiHPh2)], 28.4 [dd, 2JP-Si = 21, 2JP-Si = 29, 1Si of WA(SiHPhCH2-)]. 
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2.7.11 Generation of WSiW*  

A solution of WSiW (6 mg, 0.005 mmol) in C6D6 (0.7 mL) was transferred to an NMR 

tube equipped with a J. Young valve.  The solution was left in ambient light at room 

temperature and monitored by 1H NMR spectroscopy, thereby demonstrating 

conversion to WSiW*.  After an approximately 2:1 ratio of WSiW:WSiW* was achieved, 

no further change was noted. The conversion is driven to the right (towards WSiW*) 

under more dilute conditions.  No conversion was observed when the NMR tube was 

wrapped in aluminum foil and left at room temperature.  1H NMR (C6D6): -5.09 [d quart, 
2JP-H = 32, 2JP-H = 19, 2H of W2H2], -3.37 [t, 2JP-H = 23, 4H of W1H4], 1.25 [m, 18H of 

W(PMe3)2], 1.51 [d, 2JP-H = 6, 27 H of W(PMe3)3], 1.62 [d, 2JP-H = 6, 3H of W2(PMe2CH2-)], 

1.92 [d, 2JP-H = 6, 3H of W2(PMe2CH2-)], 2.30 [dt, 2JP-H = 12, 2JH-H = 12, 3JH-H = 3, 1H of 

W(PMe2CH2Si-)], 5.59 [br m, 1H of W(SiHPhCH2-)], 6.10 [t, 3JP-H = 8, 1H of W(SiHPh2)], 

7.16-7.38 [9H of -SiPh], 8.19 [d, 3JH-H = 10, 2H of -SiPh], 8.24 [d, 3JH-H = 10, 2H of -SiPh], 

8.27 [d, 3JH-H = 10, 2H of -SiPh].  (1H of W(PMe2CH2Si-) not observed.)  

 

2.7.12 Synthesis of WSiW#  

A solution of WSiW (6 mg, 0.005 mmol) in C6D6 (0.7 mL) was transferred to an NMR 

tube equipped with a J. Young valve.  The solution was left in ambient light at room 

temperature and monitored by 1H NMR spectroscopy, thereby demonstrating 

conversion to WSiW*.  After 2 days, when substantial conversion to WSiW* had been 

achieved, a small amount of PMe3 was added (ca. 2 equiv relative to WSiW+WSiW*).  

The sample was covered in aluminum foil and heated for 1 day at 60 ˚C, until 

conversion to WSiW# was achieved, thereby producing a mixture of WSiW and 

WSiW#. This sequence (solution in ambient light at room temperature followed by 

heating in the dark at 60 ˚C) was repeated for 2 weeks, until WSiW# was the major 

species present.  
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2.7.13 Synthesis of W(PMe3)3H4(σ-HSiHPh2)  

(i) A solution of W(PMe3)4(η2-CH2PMe2)H (10 mg, 0.02 mmol) in C6D6 (0.7 mL) was 

treated with Ph2SiH2 (4 mg, 0.02 mmol) and transferred to an NMR tube equipped with 

a J. Young valve.  The solution was degassed and charged with H2.  The sample was 

heated at 40 ˚C overnight and monitored by 1H NMR spectroscopy, thereby 

demonstrating conversion to exclusively W(PMe3)3H4(σ-HSiHPh2).  The golden-brown 

solution was lyophilized, affording W(PMe3)3H4(σ-HSiHPh2) as a pale brown powder (8 

mg, 75 %).  Colorless crystals of W(PMe3)3H4(σ-HSiHPh2) suitable for X-ray diffraction 

were obtained from a pentane solution at -15 ˚C.  Analysis calcd. for W(PMe3)3H4(σ-

HSiHPh2): C, 42.01 %; H, 7.22 %.  Found: C, 42.45 %; H, 6.79 %.  1H NMR (C6D6): -3.34 

[quart, 2JP-H = 29. 5H of WH4(σ-HSiHPh2)], 1.35 [filled in d, 2JP-H = 7, 27H of W(PMe3)3], 

6.74 [quart, 3JP-H = 7, 1JSi-H = 166, 1H of W(σ-HSiHPh2)], 7.19 [t, 3JH-H = 7, 2H of W(σ-

HSiHPh2)], 7.36 [t, 3JH-H = 7, 4H of W(σ-HSiHPh2)], 8.21 [t, 3JH-H = 7, 2H of W(σ-

HSiHPh2)]. 

(ii) A solution of W(PMe3)4(η2-CH2PMe2)H (20.0 mg, 0.035mmol) in C6D6 was treated 

with Ph2SiH2 (40.0 mg, 0.22 mmol) and transferred to an NMR tube equipped with a J. 

Young valve.  The solution was heated for 7 hours at 80 ˚C and monitored by 1H NMR 

spectroscopy, thereby demonstrating conversion to W(PMe3)3H4(σ-HSiHPh2) and the 

complex tentatively assigned as W(PMe3)3H2(κ2-H2-H2SiHPh) in an approximately 1:2 

ratio.  The dark orange solution was lyophilized, and the residue was extracted into 

pentane, filtered, and placed at -15 ˚C, thereby depositing X-ray quality crystals of 

W(PMe3)3H5(SiHPh2) (2.3 mg, 10.8 %). 
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2.8 Crystallographic Data 

Table 3.  Crystal, intensity collection and refinement data. 

 WSiW WSiW# 

lattice Triclinic Triclinic 

formula C38.5H82Si3P6W2 C26H70Si2P7W2 

formula weight 1182.83 1023.49 

space group P-1 P-1 

a/Å 11.276(2) 9.9109(13) 

b/Å 13.112(2) 10.0461(13) 

c/Å 18.316(3) 23.151(3) 

α/˚ 75.844(3) 93.221(2) 

β/˚ 81.307(3) 93.967(2) 

γ/˚ 84.182(3) 111.378(2) 

V/Å3 2589.8(8) 2133.1(5) 

Z 2 2 

temperature (K) 130(2) 130(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.517 1.594 

µ (Mo Kα), mm-1 4.717 5.722 

θ max, deg. 30.75 30.60 

no. of data collected 41732 34388 

no. of data 15992 13015 

no. of parameters 528 426 

R1 [I > 2σ(I)] 0.0412 0.0816 

wR2 [I > 2σ(I)] 0.0582 0.1670 

R1 [all data] 0.0858 0.1517 

wR2 [all data] 0.0675 0.1940 

GOF 1.005 1.033 
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Table 3 cont.  Crystal, intensity collection and refinement data. 
 W(PMe3)4H2(SiH3)2 W(PMe3)3H3(PCSiSi) 

lattice Orthorhombic Monoclinic 

formula C12H44Si2P4W C12H42Si2P4W 

formula weight 552.38 550.37 

space group P21212 P21 

a/Å 9.5936(14) 9.613(2) 

b/Å 12.5795(19) 12.753(3) 

c/Å 9.5893(14) 9.806(2) 

α/˚ 90 90 

β/˚ 90 107.838(3) 

γ/˚ 90 90 

V/Å3 1157.3(3) 1612.5(3) 

Z 2 2 

temperature (K) 130(2) 130(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.585 1.597 

µ (Mo Kα), mm-1 5.362 5.422 

θ max, deg. 30.53 30.39 

no. of data collected 18011 17361 

no. of data 3550 6752 

no. of parameters 110 212 

R1 [I > 2σ(I)] 0.0275 0.0531 

wR2 [I > 2σ(I)] 0.0603 0.0922 

R1 [all data] 0.0302 0.0917 

wR2 [all data] 0.0611 0.1042 

abs. struct. param. -0.009(9) 0.168(11) 

GOF 1.121 1.051 
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Table 3 cont.  Crystal, intensity collection and refinement data. 
 W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) W(PMe3)4H3(SiH2SiHPh2) 

lattice Monoclinic Monoclinic 

formula C27H51Si3P3W C24H52Si2P4W 

formula weight 736.71 704.56 

space group P21/n P21 

a/Å 9.6573(9) 9.7561(9) 

b/Å 16.3977(15) 16.1203(15) 

c/Å 21.2536(19) 10.2677(10) 

α/˚ 90 90 

β/˚ 94.398(1) 93.0754(13) 

γ/˚ 90 90 

V/Å3 3355.8(5) 1612.5(3) 

Z 4 2 

temperature (K) 130(2) 130(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.458 1.451 

µ (Mo Kα), mm-1 3.707 3.866 

θ max, deg. 30.98 30.92 

no. of data collected 54687 28352 

no. of data 10582 11341 

no. of parameters 352 317 

R1 [I > 2σ(I)] 0.0524 0.0266 

wR2 [I > 2σ(I)] 0.0943 0.0586 

R1 [all data] 0.1062 0.0314 

wR2 [all data] 0.1118 0.0604 

abs. struct. param. – -0.023(5) 

GOF 1.012 1.051 
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Table 3 cont.  Crystal, intensity collection and refinement data. 
 W(PMe3)3H4(σ-HSiHPh2) W(PMe3)3H4(SiH2Ph)2 

lattice Monoclinic Orthorhombic 

formula C21H43SiP3W C21H45Si2P3W 

formula weight 600.40 630.51 

space group P21/c Pca21 

a/Å 9.5594(7) 18.1774(14) 

b/Å 9.4055(7) 17.6309(13) 

c/Å 29.378(2) 17.6303(13) 

α/˚ 90 90 

β/˚ 91.234(1) 90 

γ/˚ 90 90 

V/Å3 2640.8(3) 5650.3(7) 

Z 4 8 

temperature (K) 150(2) 130(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.510 1.482 

µ (Mo Kα), mm-1 4.606 4.349 

θ max, deg. 30.63 30.61 

no. of data collected 41910 89421 

no. of data 8150 17345 

no. of parameters 268 566 

R1 [I > 2σ(I)] 0.0379 0.0423 

wR2 [I > 2σ(I)] 0.0788 0.0716 

R1 [all data] 0.0485 0.0738 

wR2 [all data] 0.0824 0.0821 

GOF 1.086 1.005 
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2.9 Computational Data 

Table 4.  Cartesian coordinates for geometry optimized structures. 

 

W(PMe3)4H2(SiH3)2 

-2496.09974977350 Hartrees 

Atom x y z 

W 0 0 0.04831726 

P -1.864552626 -0.339908502 -1.693361766 

P -1.655351841 0.718887023 1.798483979 

Si 0.246954737 -2.564879766 -0.498978882 

C -2.830855792 1.059510839 -2.446117026 

H -3.633898461 0.653237158 -3.069899288 

H -2.180694019 1.683057565 -3.062059126 

H -3.264096603 1.69642399 -1.673207583 

C -3.299829557 -1.369012936 -1.100207574 

H -3.828041626 -0.837803282 -0.304571713 

H -2.936208238 -2.317756134 -0.703381338 

H -4.004128428 -1.565438578 -1.915600037 

C -1.48485968 -1.246243157 -3.280035157 

H -2.40087583 -1.418397421 -3.85525907 

H -1.014147932 -2.208583237 -3.071231285 

H -0.802016776 -0.649805696 -3.889497595 

C -2.526600799 -0.626625247 2.739775857 

H -3.182376206 -0.208861653 3.511262719 

H -1.797799542 -1.290911723 3.207160175 

H -3.124259841 -1.222986641 2.04605188 

C -3.15985695 1.728219599 1.342351878 

H -3.765191927 1.939529751 2.230326906 
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H -3.77541446 1.179090525 0.625970763 

H -2.858769809 2.674501325 0.88847363 

C -1.052999264 1.753221924 3.225699228 

H -1.88600551 2.072976331 3.860813942 

H -0.534192782 2.635505191 2.844926992 

H -0.356225651 1.171637668 3.834626477 

H 1.213560224 -3.076473911 -1.531882078 

H 0.905428621 1.300484151 0.746826626 

H 0.631682862 -3.395506906 0.691982959 

H -1.011392943 -3.257378263 -0.933322172 

P 1.864552626 0.339908502 -1.693361766 

P 1.655351841 -0.718887023 1.798483979 

Si -0.246954737 2.564879766 -0.498978882 

C 2.830855792 -1.059510839 -2.446117026 

H 3.633898461 -0.653237158 -3.069899288 

H 2.180694019 -1.683057565 -3.062059126 

H 3.264096603 -1.69642399 -1.673207583 

C 3.299829557 1.369012936 -1.100207574 

H 3.828041626 0.837803282 -0.304571713 

H 2.936208238 2.317756134 -0.703381338 

H 4.004128428 1.565438578 -1.915600037 

C 1.48485968 1.246243157 -3.280035157 

H 2.40087583 1.418397421 -3.85525907 

H 1.014147932 2.208583237 -3.071231285 

H 0.802016776 0.649805696 -3.889497595 

C 2.526600799 0.626625247 2.739775857 

H 3.182376206 0.208861653 3.511262719 

H 1.797799542 1.290911723 3.207160175 
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H 3.124259841 1.222986641 2.04605188 

C 3.15985695 -1.728219599 1.342351878 

H 3.765191927 -1.939529751 2.230326906 

H 3.77541446 -1.179090525 0.625970763 

H 2.858769809 -2.674501325 0.88847363 

C 1.052999264 -1.753221924 3.225699228 

H 1.88600551 -2.072976331 3.860813942 

H 0.534192782 -2.635505191 2.844926992 

H 0.356225651 -1.171637668 3.834626477 

H -1.213560224 3.076473911 -1.531882078 

H -0.905428621 -1.300484151 0.746826626 

H -0.631682862 3.395506906 0.691982959 

H 1.011392943 3.257378263 -0.933322172 

 

W(PMe3)3H3(κ2-P,Si-PMe2CH2SiH2SiH2) 

-2494.91797494483 Hartrees 

Atom x y z 

W 5.992681396 9.703438151 6.614902998 

H 6.383652547 11.06114443 7.641021868 

H 6.96712564 8.50647374 5.783004607 

Si 5.110383416 7.235359062 6.90066322 

Si 3.24133799 7.194832405 8.350513139 

P 3.992928625 10.18813383 8.095606859 

P 4.715152808 9.434812683 4.469986229 

P 7.534293733 8.879900919 8.463020099 

P 7.818456099 10.90873639 5.437892246 

C 3.12009528 11.77867305 7.692557508 

H 2.288234603 11.96386668 8.380753042 
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H 2.739741966 11.73787427 6.668728166 

H 3.835523979 12.60293489 7.753966461 

C 4.278027383 10.48977726 9.912205207 

H 3.37770755 10.89133036 10.38986132 

H 5.098788319 11.20014265 10.03959239 

H 4.541611095 9.554031364 10.40912426 

C 2.577515194 8.984003578 8.205083668 

H 2.014643749 9.051252382 7.267575622 

H 1.900560616 9.271340082 9.018095191 

C 2.902335448 8.996974505 4.505796761 

H 2.495811332 8.906366554 3.492662194 

H 2.349048185 9.778010451 5.034766035 

H 2.758071994 8.048946227 5.028345176 

C 4.579555269 10.91003173 3.341964514 

H 3.962069025 10.67842793 2.46768961 

H 5.566874775 11.22241919 2.994714149 

H 4.130495264 11.74313462 3.888842686 

C 5.302915367 8.164765613 3.2453579 

H 4.675565406 8.164504062 2.34736369 

H 5.271635313 7.176060291 3.706032232 

H 6.336306023 8.375137877 2.962898765 

C 8.454189586 10.14636967 9.465085434 

H 9.084476889 9.663614158 10.21928916 

H 7.727928996 10.7913567 9.966454876 

H 9.078303257 10.77111999 8.827933229 

C 8.91553735 7.771262126 7.899608579 

H 9.580790069 7.502374185 8.727280411 

H 9.493679536 8.259794884 7.112879888 
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H 8.476817349 6.8631551 7.478921948 

C 6.93986187 7.852316522 9.904366051 

H 7.792930738 7.510903965 10.50068891 

H 6.381027961 6.981967018 9.558826216 

H 6.290485439 8.451587779 10.54553452 

C 7.437393002 12.67206419 4.990192726 

H 8.284345748 13.15369958 4.489333003 

H 7.203366322 13.21503577 5.909633551 

H 6.560031937 12.7183877 4.343831558 

C 8.441938809 10.25304984 3.813369838 

H 9.23805854 10.8850751 3.405925334 

H 7.62992358 10.20106668 3.08545638 

H 8.825963791 9.240541554 3.963635618 

C 9.478368144 11.23904193 6.227266655 

H 10.14317078 11.74917001 5.522019725 

H 9.95761118 10.31194819 6.548545346 

H 9.34100668 11.88355956 7.098730626 

H 5.284984827 11.18622957 6.082687481 

H 4.609675308 6.529276139 5.670443743 

H 6.063369535 6.200513564 7.432455069 

H 3.592840832 6.953018776 9.785575158 

H 2.115590389 6.257437363 8.046103157 

 

 

W(PMe3)3H4(SiH2Ph)(SiH2SiHPh2) 

-3020.06249284297 Hartrees 

Atom x y z 

W 7.834841619 0.798539181 16.56088834 
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P 6.299022323 2.013798438 18.28622563 

Si 9.776358805 -0.740841114 15.78984026 

P 9.856131832 2.266282689 17.23014637 

Si 8.365875619 -0.721846468 18.65769208 

P 6.109752131 0.705861663 14.75218542 

Si 7.675964141 -2.978177858 18.45232072 

C 8.558239022 -4.169182196 19.64475387 

C 5.799499141 -3.099410689 18.73103407 

C 9.640834025 -1.53941779 14.06330647 

C 9.565824241 3.883297866 18.09825227 

H 10.46567364 4.504453348 18.04233461 

H 9.333851806 3.71422642 19.15109446 

H 8.738027536 4.4206979 17.63001796 

C 5.201304504 -2.707604585 19.94447927 

H 5.825128867 -2.342466157 20.75776727 

C 8.816600142 -3.331891841 12.61568941 

H 8.260915696 -4.259688422 12.50018482 

C 8.924006958 -2.736196845 13.87407444 

H 8.450807192 -3.21797708 14.72794989 

C 11.26748738 1.63302171 18.24646019 

H 12.05189186 2.39356676 18.32063615 

H 11.68241241 0.731969006 17.79166187 

H 10.915222 1.376593653 19.24819538 

C 7.858488254 -5.138497288 20.38611657 

H 6.775622486 -5.19576655 20.3097793 

C 5.571171165 3.641221873 17.76785455 

H 4.914546531 4.041411816 18.54748538 

H 4.999510674 3.525525428 16.84688235 
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H 6.37538914 4.356470663 17.57826786 

C 9.958961825 -4.133230709 19.781248 

H 10.53386672 -3.391554437 19.23134028 

C 10.71792559 2.911444861 15.7226225 

H 11.57058458 3.5388653 16.00322268 

H 10.0052152 3.500680925 15.140522 

H 11.06723275 2.080700597 15.1086832 

C 4.61690842 1.811615965 14.76257088 

H 3.988012266 1.612931173 13.88831787 

H 4.937840438 2.856128662 14.73253545 

H 4.01853927 1.652075261 15.66302734 

C 3.819827682 -2.780081972 20.13225087 

H 3.384826514 -2.476482403 21.08156292 

C 10.256739 -0.972787521 12.93411628 

H 10.83641556 -0.057548342 13.04100039 

C 4.949041593 -3.56686205 17.71250328 

H 5.376767364 -3.88716793 16.76508931 

C 6.842143584 2.492350247 20.00028757 

H 5.970021632 2.767838288 20.60217466 

H 7.512201298 3.35230182 19.95700391 

H 7.357676865 1.658837023 20.4787899 

C 10.63138319 -5.031817818 20.61051253 

H 11.7145186 -4.984315362 20.69302426 

C 4.773036042 1.053135645 18.70345778 

H 4.117593401 1.626300048 19.36815079 

H 5.055600418 0.11713453 19.19063488 

H 4.229788889 0.800340592 17.79032782 

C 8.526385688 -6.035678465 21.22226042 
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H 7.959565043 -6.774963403 21.78327103 

C 9.916245143 -5.987085572 21.33579132 

H 10.43792061 -6.686195732 21.98426745 

C 6.759828648 1.081873962 13.06309173 

H 5.972052119 0.99769137 12.30655806 

H 7.568866783 0.386298395 12.82791521 

H 7.166427736 2.096596582 13.0543664 

C 9.428549296 -2.742427769 11.50790393 

H 9.347120477 -3.204054289 10.5270583 

C 2.99687447 -3.242068387 19.10309104 

H 1.920734576 -3.298118796 19.24676598 

C 10.1522061 -1.560797865 11.67076512 

H 10.6404871 -1.099577455 10.81541388 

C 5.315160396 -0.940005988 14.4802929 

H 4.568237614 -0.891445333 13.68106133 

H 4.842602636 -1.280125179 15.40515553 

H 6.088962025 -1.661408179 14.20523219 

C 3.565238928 -3.635920032 17.89128377 

H 2.932190697 -4.003975892 17.08723944 

H 11.10591693 -0.045579969 15.70554592 

H 10.07027492 -1.908870074 16.68062868 

H 7.869524665 -3.503251331 17.06627743 

H 7.627379622 -0.372427536 19.9283354 

H 9.780306498 -0.782193669 19.15968988 

H 8.660584502 0.980789622 15.05410831 

H 7.805897543 -0.729500347 15.7772399 

H 6.580872836 -0.272443952 17.06880489 

H 7.643749503 2.422039988 15.93872524 
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W(PMe3)4H3(SiH2SiHPh2) 

-2958.22742092708 Hartrees 

Atom x y z 

W -8.934768204 4.077688297 -7.307465206 

P -10.19901081 5.55920648 -8.953423812 

P -6.947763379 5.656355154 -7.108162875 

P -8.93057158 3.47215609 -4.908974714 

P -10.18700919 1.980604298 -7.890228791 

Si -7.600003141 3.336219185 -9.500747594 

Si -5.452474515 2.313893433 -9.503282678 

C -7.768068778 4.258649447 -3.677223595 

H -8.039799066 3.969056367 -2.656511769 

H -7.804649378 5.347325223 -3.752945926 

H -6.744203648 3.928043078 -3.864644457 

C -4.868134803 1.939770166 -11.27344706 

C -11.12639085 1.846076675 -9.497278 

H -11.59562663 0.860834198 -9.591624993 

H -10.44924124 1.997761265 -10.33925987 

H -11.91036665 2.607818225 -9.530566892 

C -5.380279274 5.038095505 -6.318534846 

H -4.60939794 5.816206153 -6.322410752 

H -5.01228796 4.177634925 -6.880569952 

H -5.56418052 4.729291546 -5.289738252 

C -5.321542306 0.717399769 -8.467792168 

C -3.530481846 2.166154486 -11.6483907 

H -2.831269725 2.573231015 -10.92121327 

C -5.735515946 1.419882835 -12.25272598 
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H -6.781261829 1.249372218 -12.00767591 

C -6.147208363 6.414740965 -8.614578486 

H -5.415481561 7.172811418 -8.315846416 

H -6.891414117 6.875095484 -9.265939851 

H -5.634364719 5.641460881 -9.189961493 

C -7.223837549 7.211150658 -6.128859716 

H -6.294027153 7.779156257 -6.018574755 

H -7.619125178 6.96968946 -5.140698612 

H -7.961973753 7.832043757 -6.641433309 

C -11.59564796 1.478911216 -6.779330744 

H -12.067939 0.559744729 -7.141414826 

H -12.33941817 2.280241168 -6.764983065 

H -11.25436789 1.314196063 -5.75594494 

C -5.28574829 1.127183117 -13.54194084 

H -5.977637123 0.724171983 -14.27754832 

C -3.953454632 1.356438917 -13.88878221 

H -3.602190707 1.132104176 -14.89254721 

C -9.828856908 7.386391835 -8.99247494 

H -10.54473887 7.918454786 -9.628348373 

H -8.823132208 7.571265454 -9.375780525 

H -9.892664898 7.784864075 -7.976682246 

C -3.076646979 1.880665505 -12.9374066 

H -2.037622518 2.066098031 -13.19880634 

C -9.238303406 0.385918928 -7.957495014 

H -9.902323631 -0.461194218 -8.161256352 

H -8.722177161 0.222938733 -7.009465378 

H -8.479502301 0.438750031 -8.740436672 

C -12.00970083 5.684265171 -8.549785878 
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H -12.52370275 6.381950265 -9.220281479 

H -12.11571372 6.024121872 -7.516752018 

H -12.47689711 4.699866933 -8.629176787 

C -10.30044819 5.255313761 -10.78491408 

H -10.94961503 5.99795155 -11.26080483 

H -10.699368 4.258031318 -10.98030144 

H -9.30468991 5.311429808 -11.22969058 

C -5.401644217 -0.559169603 -9.053167114 

H -5.512670339 -0.649888156 -10.13124442 

C -5.149904604 0.777118069 -7.071264628 

H -5.071840078 1.743702588 -6.578920612 

C -5.324639532 -1.721068845 -8.281484841 

H -5.387264989 -2.693772473 -8.763450999 

C -5.067731453 -0.380742807 -6.295646785 

H -4.92408492 -0.302713041 -5.220272047 

C -5.158952861 -1.637082599 -6.898815365 

H -5.093219959 -2.540210274 -6.297743246 

C -10.51979642 3.819607404 -4.009434807 

H -10.46545849 3.517776149 -2.957883333 

H -11.34587689 3.297365665 -4.495036697 

H -10.7220701 4.892457601 -4.068386416 

C -8.609996216 1.70810908 -4.413088005 

H -8.624875563 1.592309346 -3.324016337 

H -7.630357196 1.409181067 -4.795578617 

H -9.356015032 1.038662667 -4.844878658 

H -7.339709734 4.391410604 -10.54649254 

H -4.404711157 3.225498923 -8.937986807 

H -8.2990132 2.308804683 -10.35860226 
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H -9.4207089 5.525408399 -6.472984587 

H -7.678095417 2.914583323 -6.958270606 

H -10.58951752 4.10939092 -6.828156709 

 

WSiW 

-4470.06569988801 Hartrees 

Atom x y z 

W -6.799266484 -4.524043911 -4.487630005 

W -9.750872934 -1.049145426 -3.27117074 

Si -8.180528867 -2.816525824 -3.8039564 

Si -7.393147739 -3.209665396 -6.607564466 

H -6.297625146 -3.127237963 -7.648766537 

Si -7.31948091 -7.017593392 -3.745835359 

H -6.35696079 -7.638971614 -2.7537256 

P -5.032156455 -5.51313799 -6.072121422 

P -5.34320171 -4.525051023 -2.425887187 

P -11.17694198 -2.795240279 -2.201729005 

P -8.070513276 0.696510027 -2.460339556 

P -11.75691831 0.51183362 -3.531972163 

P -9.011298494 -0.383280839 -5.705128391 

C -7.58607287 -1.246466182 -6.497787208 

H -6.682820104 -0.908273368 -5.97223759 

H -7.52536585 -0.857616113 -7.523045337 

C -8.856610631 -3.739432359 -7.742241983 

C -8.848710891 -3.401445786 -9.109187708 

H -7.995371419 -2.863480365 -9.519855118 

C -9.899707318 -3.746539303 -9.962700132 

H -9.855625484 -3.474788468 -11.01524778 
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C -11.00251019 -4.445454585 -9.467468597 

H -11.82194136 -4.719043031 -10.12749555 

C -11.0336305 -4.801246518 -8.117304194 

H -11.88056405 -5.357737753 -7.721254709 

C -9.972640005 -4.456397523 -7.274344243 

H -9.999582496 -4.760663037 -6.230913145 

C -4.011083948 -6.985138586 -5.569938277 

H -3.320245663 -7.257271149 -6.375479074 

H -4.665001774 -7.835903238 -5.366178106 

H -3.433615202 -6.765099547 -4.670916257 

C -5.590443073 -6.124453882 -7.731599563 

H -4.731272371 -6.440647675 -8.333584577 

H -6.131316164 -5.340003052 -8.263406598 

H -6.259725449 -6.975191487 -7.58781304 

C -3.676476987 -4.343183886 -6.551443547 

H -2.980050607 -4.80750514 -7.258140275 

H -3.131833624 -4.038455414 -5.653558034 

H -4.117124238 -3.453442932 -7.005492073 

C -8.971519304 -7.347502949 -2.805780446 

C -8.980888504 -7.616805379 -1.424144766 

H -8.039282623 -7.637239108 -0.878719162 

C -10.16232625 -7.89208349 -0.72938411 

H -10.12607691 -8.098211581 0.338408763 

C -11.38266178 -7.922105881 -1.406105781 

H -12.30285144 -8.150770909 -0.873977169 

C -11.40066996 -7.680272677 -2.78240579 

H -12.34065835 -7.723092179 -3.32895398 

C -10.21586904 -7.392770528 -3.463508427 
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H -10.2599679 -7.221833469 -4.537070244 

C -3.910435102 -5.692037457 -2.191210957 

H -3.47994349 -5.588393831 -1.189036658 

H -3.132158993 -5.468935529 -2.92647502 

H -4.246332168 -6.721711519 -2.331898303 

C -6.203664054 -4.778590852 -0.7971862 

H -5.504915419 -4.708452364 0.044456278 

H -6.683818644 -5.759475847 -0.782205438 

H -6.981529352 -4.018489268 -0.684445078 

C -4.462427386 -2.930612534 -2.060040612 

H -3.844538583 -3.007656155 -1.158088388 

H -5.202636805 -2.139615308 -1.920762495 

H -3.833283355 -2.660884398 -2.91195679 

C -11.96424021 -4.037757545 -3.317629956 

H -12.50648982 -4.797148688 -2.746768046 

H -11.18510643 -4.528642518 -3.904006843 

H -12.64712111 -3.530768053 -4.004652917 

C -12.63142712 -2.321564346 -1.139408816 

H -13.10798538 -3.220549178 -0.735201922 

H -13.3803848 -1.7591049 -1.700620581 

H -12.28165685 -1.705330196 -0.30655355 

C -10.31230432 -3.874536482 -0.970976736 

H -11.00688594 -4.590205991 -0.520608599 

H -9.879074531 -3.243789094 -0.189383681 

H -9.51190313 -4.434007846 -1.458512212 

C -8.422117939 2.524277189 -2.529916077 

H -7.617324671 3.100684826 -2.060605781 

H -9.356450224 2.735586369 -2.001905672 
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H -8.529258403 2.852929382 -3.566234871 

C -6.330895181 0.669323088 -3.10992175 

H -5.692224691 1.36619592 -2.556573192 

H -6.301648332 0.934044533 -4.168763332 

H -5.932550227 -0.343127513 -3.012909472 

C -7.727876434 0.522322715 -0.647965241 

H -6.965823973 1.238387184 -0.321575935 

H -7.385693101 -0.494077163 -0.440812095 

H -8.651140676 0.688610474 -0.088324906 

C -13.29713866 -0.216088065 -4.279761739 

H -14.12583596 0.500514731 -4.276174796 

H -13.59908734 -1.11192954 -3.734204376 

H -13.08550967 -0.513995722 -5.310010716 

C -11.74139028 2.110345043 -4.499738303 

H -12.70092596 2.628156979 -4.395037619 

H -11.56996616 1.920995154 -5.561592357 

H -10.94892458 2.765781308 -4.130662803 

C -12.40701332 1.204623359 -1.936511949 

H -13.32015219 1.785975052 -2.102458009 

H -11.64667498 1.85564141 -1.496454092 

H -12.61054871 0.402681394 -1.227683253 

C -8.568692175 1.390248464 -6.090814181 

H -8.391138376 1.490440332 -7.166581189 

H -7.654910709 1.685369515 -5.571122448 

H -9.367842209 2.074844305 -5.801974929 

C -10.352524 -0.62842736 -6.959331618 

H -9.994234304 -0.363126204 -7.959223457 

H -11.21903422 -0.007981736 -6.716620381 
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H -10.65807185 -1.675472833 -6.963422644 

C -7.372553197 -8.416415787 -5.066792893 

C -8.096207814 -8.300004014 -6.269725215 

H -8.583109353 -7.357433725 -6.511556854 

C -8.195481766 -9.360642354 -7.174292045 

H -8.766297336 -9.235480497 -8.091823276 

C -7.557512352 -10.57410557 -6.908390969 

H -7.627750364 -11.39859612 -7.613383764 

C -6.828157757 -10.71524096 -5.726985849 

H -6.326052778 -11.65464879 -5.505669816 

C -6.744917487 -9.653172934 -4.82247408 

H -6.18363932 -9.789992584 -3.900109973 

H -8.254583437 -4.480195351 -3.379683963 

H -5.58962251 -3.286708514 -4.738490765 

H -7.87206607 -5.413009931 -5.523908256 

H -10.12487006 -0.578912603 -1.631201311 

H -10.66481946 -1.871165102 -4.496026944 

H -8.634722084 -1.845300923 -2.181735266 

 

WSiW* 

-4470.04592786220 Hartrees 

Atom x y z 

W -2.603779854 -1.26136286 -18.12632136 

H -3.932107043 -0.091402197 -17.88509076 

H -2.082881202 -2.579899032 -17.09043819 

H -1.976129125 0.303182453 -18.47148616 

W -4.768944968 0.047076971 -14.06001023 

H -6.461130017 -0.421634352 -14.15413829 
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H -3.963971508 1.587057146 -14.07512359 

Si -3.861950386 -0.689428562 -16.06770693 

Si -0.964241341 -0.387508694 -16.2390487 

H 0.386341955 -1.020784972 -16.431978 

Si -3.19905236 -0.284091758 -20.51889115 

H -3.335478494 -1.286717581 -21.63736311 

P -4.596826543 -2.794666031 -18.53658427 

P -0.314432238 -1.761078927 -19.15460259 

P -2.345487543 -0.162931708 -13.2276487 

P -5.50980342 1.122932771 -11.86330736 

P -5.108634026 -2.360186576 -13.28742217 

P -6.148949304 1.640500854 -15.37242498 

C -1.110585162 -0.929878236 -14.36953041 

H -0.11371785 -0.818614618 -13.92049704 

H -1.325987128 -2.00634587 -14.39636297 

C -4.782860659 -3.530070705 -20.22702125 

H -5.631987947 -4.221442352 -20.24485467 

H -3.869004891 -4.070346907 -20.48672694 

H -4.936722616 -2.750337023 -20.97303957 

C -6.339955474 -2.244651399 -18.24378948 

H -7.037875567 -3.070847374 -18.41689087 

H -6.577951927 -1.426931844 -18.92934328 

H -6.451143038 -1.88295897 -17.21915728 

C -4.531223541 -4.358258711 -17.54652082 

H -5.32600826 -5.04960265 -17.84859418 

H -4.638794282 -4.127793148 -16.4857194 

H -3.55777552 -4.831233299 -17.69578245 

C -0.329542524 -2.338087582 -20.91605412 
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H 0.679920865 -2.629299626 -21.22602731 

H -0.683744739 -1.541299215 -21.57278409 

H -1.000467477 -3.194807715 -21.01434997 

C 0.992296811 -0.455861266 -19.27220202 

H 1.896571827 -0.868396081 -19.73228166 

H 1.238709142 -0.05891404 -18.28684518 

H 0.613306374 0.359826533 -19.89245412 

C 0.571515031 -3.18548935 -18.37431847 

H 1.527730561 -3.372400235 -18.87414602 

H -0.062574222 -4.071799636 -18.45811001 

H 0.746190848 -2.980938129 -17.31719363 

C -1.544716285 1.457100787 -12.82083253 

H -0.500902739 1.315147107 -12.52143435 

H -2.09012006 1.93426107 -12.00160721 

H -1.583487133 2.109748149 -13.69239197 

C -1.908519654 -1.071031372 -11.64853519 

H -0.826239226 -1.028281766 -11.48574528 

H -2.201813845 -2.121605935 -11.69967891 

H -2.408264526 -0.619803397 -10.78925677 

C -4.72957576 0.720375829 -10.21313456 

H -5.238582253 1.257457232 -9.405145917 

H -3.678873616 1.020624683 -10.21393 

H -4.784853091 -0.351138737 -10.01039901 

C -5.31145878 2.971410125 -11.75463705 

H -5.714405327 3.366953503 -10.81558292 

H -5.805840798 3.466119571 -12.59195987 

H -4.246040428 3.208912902 -11.816907 

C -7.289452411 0.918441896 -11.3511501 
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H -7.515484931 1.491527114 -10.44519583 

H -7.48553913 -0.139898486 -11.15694093 

H -7.953650667 1.237555745 -12.15438083 

C -3.827733691 -3.667914808 -13.63015089 

H -4.208590498 -4.664180094 -13.37985244 

H -2.923726002 -3.48940491 -13.04386097 

H -3.548152131 -3.638859236 -14.68546114 

C -5.444583554 -2.766916592 -11.49619881 

H -5.657749537 -3.832986196 -11.36084842 

H -6.304709784 -2.191703862 -11.14291766 

H -4.57826378 -2.503760941 -10.8837931 

C -6.596743641 -3.168147804 -14.04155319 

H -6.681490163 -4.214101175 -13.72552222 

H -6.527984117 -3.11816856 -15.12929228 

H -7.490182378 -2.618847372 -13.73581795 

C -7.692718507 2.38490924 -14.62800027 

H -8.172488803 3.059827104 -15.34470359 

H -7.480892511 2.946155521 -13.71641018 

H -8.391341683 1.578649286 -14.38664964 

C -6.942579339 1.026413832 -16.92769334 

H -7.579408333 1.796860169 -17.3747587 

H -7.549839981 0.149074519 -16.69292043 

H -6.181015145 0.744314855 -17.65632379 

C -5.326553093 3.18225472 -15.99178347 

H -6.011675157 3.788288569 -16.5943187 

H -4.461849801 2.902975005 -16.59710597 

H -4.96655052 3.770661342 -15.143726 

C -0.456223315 1.464514831 -16.21414927 
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C -1.296171488 2.501039997 -16.6562228 

H -2.282422734 2.252279989 -17.03817776 

C -0.890809492 3.838171755 -16.63037486 

H -1.567124682 4.61518387 -16.97959684 

C 0.382346435 4.176706639 -16.16754056 

H 0.704131711 5.214909283 -16.15338977 

C 1.241236205 3.165687357 -15.73247095 

H 2.239700074 3.414190861 -15.37952722 

C 0.82340027 1.832996902 -15.75649302 

H 1.514203887 1.061596177 -15.41918525 

C -4.86597812 0.657913979 -20.71360124 

C -5.06525426 1.930175506 -20.14446641 

H -4.268702217 2.384050978 -19.55818352 

C -6.249380539 2.643793423 -20.33211771 

H -6.361961873 3.632591661 -19.89217286 

C -7.287617177 2.094906055 -21.08859931 

H -8.212270672 2.647636536 -21.23576067 

C -7.119974534 0.835816154 -21.66407012 

H -7.915210647 0.401808972 -22.26646679 

C -5.922385571 0.137526889 -21.48404242 

H -5.80151121 -0.825209656 -21.97704682 

C -1.987062772 0.961409544 -21.35269013 

C -1.379118008 2.027983007 -20.66420845 

H -1.519441559 2.124120567 -19.59000824 

C -0.580473664 2.968368441 -21.32058967 

H -0.129970731 3.780667412 -20.75459492 

C -0.353763814 2.862286604 -22.69419639 

H 0.271275161 3.589213947 -23.20671522 
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C -0.937797667 1.809889843 -23.4008846 

H -0.769582329 1.712984084 -24.47133719 

C -1.74329122 0.880793098 -22.73763865 

H -2.199987628 0.076333446 -23.31105052 

H -2.414194186 -2.705968829 -19.05642088 

 

 

WSiW# 

-4177.16375599806 Hartrees 

Atom x y z 

W 4.615954246 5.217288641 19.36627602 

H 5.739271174 6.201757829 18.39427357 

H 5.307553427 6.417561691 20.46897988 

W 5.875632833 4.648652461 14.84332798 

H 6.722307666 4.764799729 16.44315057 

H 5.893496228 4.039154145 13.16257945 

P 3.28357131 7.285121909 19.10029837 

P 6.903534996 4.462326215 20.19962451 

P 3.482711522 4.583204057 21.56900373 

P 7.320723245 6.640748212 14.44342919 

P 7.828347468 3.130863627 14.57994611 

P 4.076199612 5.688723856 13.46592471 

P 4.375491255 2.733230629 15.40953583 

Si 5.124831784 5.175694563 17.0287273 

C 2.560984064 3.099472483 15.66326769 

H 2.035150638 2.219866286 16.04475946 

H 2.092320097 3.402718076 14.72465488 

Si 4.247908307 2.665341354 18.75043169 
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C 2.499978838 1.871005217 19.02979963 

C 2.428041128 0.525978733 19.44570902 

H 3.350447685 -0.019989523 19.63573843 

C 1.209165474 -0.133070161 19.62709322 

H 1.198277635 -1.170955 19.9528796 

C 0.00806902 0.538153085 19.39317258 

H -0.943177909 0.030798966 19.53247182 

C 0.045532466 1.871253321 18.98043835 

H -0.881804904 2.408790498 18.79374358 

C 1.271802678 2.520204638 18.80753679 

H 1.274370759 3.560988907 18.49284641 

C 4.741786332 1.86791506 17.02051618 

H 5.828619029 1.719471052 17.04691539 

H 4.277915147 0.872125287 17.01053543 

C 4.097045958 8.638767914 18.12207842 

H 3.465403684 9.531903552 18.0588568 

H 4.313180442 8.273544649 17.11489789 

H 5.045368394 8.899761399 18.59999642 

C 1.639603254 7.191966816 18.24747928 

H 1.170401904 8.178279606 18.1603172 

H 0.978308451 6.525895866 18.80812423 

H 1.778765797 6.768916785 17.25005361 

C 2.807678006 8.291722604 20.59426217 

H 2.283785028 9.209279588 20.30445127 

H 3.715119081 8.556058924 21.14356291 

H 2.157813362 7.715449339 21.25740231 

C 7.640234005 2.784893509 19.89767109 

H 8.689757598 2.763688963 20.21028341 
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H 7.575244636 2.540685295 18.83535118 

H 7.083460372 2.023139783 20.4468809 

C 8.254954287 5.531451816 19.50981738 

H 9.228901419 5.276103522 19.94208922 

H 8.023184764 6.578153796 19.72041369 

H 8.292798078 5.398143086 18.42612152 

C 7.311553164 4.632219022 22.00892056 

H 8.363840906 4.391802834 22.19617607 

H 6.691540128 3.963335605 22.61124293 

H 7.120021711 5.661694025 22.32176356 

C 3.738077975 2.912196252 22.3511729 

H 3.247630129 2.858039337 23.32949122 

H 4.805354177 2.712998316 22.47781146 

H 3.324247561 2.136584523 21.70303876 

C 3.902894364 5.661075585 23.02528172 

H 3.334079416 5.359818352 23.91193584 

H 3.678951203 6.703025811 22.79070638 

H 4.969214159 5.588845268 23.24571544 

C 1.628000414 4.650867268 21.65666238 

H 1.274865479 4.451502563 22.67445902 

H 1.208224379 3.904661018 20.97943475 

H 1.273318154 5.636587506 21.3449383 

C 8.922564795 6.754883084 15.40233717 

H 9.41700986 7.720471553 15.24698333 

H 9.609648391 5.962101524 15.09533215 

H 8.711337221 6.632504198 16.46775558 

C 6.668139652 8.322143408 14.93879515 

H 7.359239038 9.127814664 14.66347748 
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H 6.527389622 8.326886931 16.02288422 

H 5.696852839 8.51360538 14.47726537 

C 8.007439324 7.083100574 12.75759112 

H 8.699885255 7.930079861 12.82051257 

H 7.196187381 7.345815274 12.07711903 

H 8.53412835 6.225465387 12.33360091 

C 7.607455085 1.314175971 14.22661411 

H 8.577703662 0.821110024 14.10151134 

H 7.026168349 1.192493053 13.30974448 

H 7.071848421 0.832231515 15.04792404 

C 8.990244086 3.498825229 13.17131843 

H 9.75873964 2.72336265 13.078105 

H 9.483181427 4.461239857 13.32384325 

H 8.413033942 3.550115064 12.24473465 

C 9.050012723 2.982063599 15.97547294 

H 9.904378111 2.356145843 15.69492749 

H 8.552743582 2.531855664 16.8380989 

H 9.409070261 3.970264793 16.26935937 

C 2.642148308 6.562880535 14.27487861 

H 1.916405397 6.928414894 13.53927398 

H 3.024569828 7.408856664 14.85254478 

H 2.140034502 5.880058742 14.96331882 

C 4.481900392 6.97353036 12.17074548 

H 3.57998611 7.260297834 11.61886266 

H 5.203524058 6.550909974 11.46706714 

H 4.91349892 7.870886756 12.6178338 

C 3.165015004 4.551751836 12.30140344 

H 2.37107642 5.08585838 11.76723824 
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H 2.72755763 3.704948401 12.83021714 

H 3.886776508 4.160357752 11.57985542 

C 4.118627778 1.275338682 14.25443179 

H 3.308110812 0.63266703 14.61570436 

H 5.024579212 0.675110737 14.1712353 

H 3.864125065 1.645283091 13.25670067 

H 2.444545351 3.910858984 16.38529057 

H 5.034726186 1.70528757 19.60945972 

H 3.01753882 4.784873593 18.84455538 

 

W(PMe3)3H4(σ-HSiHPh2) 

-2207.60119529505 Hartrees 

Atom x y z 

C 2.388038082 -5.021384493 -5.260234824 

C 4.056591579 -5.016669686 -0.400180384 

C 2.573132665 -5.583573747 -2.264176934 

C 0.714662069 -11.15558215 -1.718908458 

C 3.362342864 -2.884384603 -5.958328028 

C 3.228119525 -3.914616958 -5.026477456 

C 2.654878999 -2.928785436 -7.161223257 

C 1.55148798 -4.88018687 -1.600667129 

C 3.828578602 -5.634508396 -1.633221754 

C 1.686015474 -5.039847575 -6.477956687 

C -1.705323247 -11.248031 -3.223584559 

C 3.027314678 -4.322023648 0.23476429 

C 1.771124137 -4.255164583 -0.372970022 

C 2.939067104 -9.015505578 -6.521341698 

C 3.647870522 -10.05389554 -3.934405428 
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C -1.419645782 -9.471205526 -0.989848587 

C 1.815700254 -4.013108037 -7.417805832 

C 1.640276442 -11.31297907 -5.528531037 

C -1.943535964 -5.305365623 -4.663665252 

C -3.397731787 -7.514808037 -3.631025699 

C -2.466457501 -7.574206843 -6.328211163 

H 5.038894051 -5.078077337 0.062832457 

H 0.2192609 -11.8702397 -1.052807504 

H 1.423899975 -10.55610797 -1.142449339 

H 1.272183052 -11.71337203 -2.474891525 

H 4.017605581 -2.043435323 -5.743087168 

H 3.783779109 -3.851668985 -4.093779046 

H 2.756102197 -2.127098718 -7.888431167 

H 0.561202109 -4.827476107 -2.047189218 

H 4.646177944 -6.168566228 -2.113463685 

H 1.029759467 -5.878832537 -6.695634917 

H -2.019785277 -11.98568868 -2.477493234 

H -1.233132498 -11.76394861 -4.063634883 

H -2.588334709 -10.72991295 -3.606552231 

H 3.199793193 -3.83926399 1.193416775 

H 0.960782172 -3.716556705 0.113356992 

H 3.679012178 -9.729251662 -6.899476563 

H 3.421388485 -8.051895595 -6.346584855 

H 2.152415431 -8.876002932 -7.266863852 

H 4.356789565 -10.66092184 -4.506959408 

H 3.335804282 -10.60790582 -3.046273856 

H 4.137589837 -9.133812328 -3.611000936 

H -1.719811302 -10.32839976 -0.377309255 
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H -2.306040724 -8.898026119 -1.268419801 

H -0.762835404 -8.81787763 -0.410598088 

H 1.258778007 -4.06131159 -8.351235678 

H 2.48315063 -11.86726971 -5.954963845 

H 0.862320589 -11.19841165 -6.287697805 

H 1.223486511 -11.89301361 -4.701366898 

H -2.918198175 -4.943525915 -5.008501905 

H -1.157670697 -4.930641949 -5.324239767 

H -1.750843404 -4.920924277 -3.658384642 

H -4.276435091 -7.016245714 -4.053960207 

H -3.249493564 -7.1613891 -2.607069922 

H -3.586795988 -8.591387458 -3.60300053 

H -3.399017963 -7.053344416 -6.57047058 

H -2.621840195 -8.653747672 -6.399232038 

H -1.694294966 -7.297611639 -7.049622248 

H 3.658035541 -7.086762936 -4.143231614 

P -0.516504126 -10.01264254 -2.512881145 

P 2.164508373 -9.624068678 -4.954709236 

P -1.872914009 -7.152886169 -4.62720375 

Si 2.313072869 -6.432440595 -3.954163101 

W 0.347166561 -8.127312421 -3.991190223 

H -0.372384377 -9.240049971 -5.123682744 

H -0.333253787 -7.429550788 -2.552124573 

H 0.537519298 -7.546699545 -5.614800327 

H 0.451874606 -6.400153332 -3.915793661 

H 1.460921587 -8.274823195 -2.652941781 
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W(PMe3)3H4(SiHPh2)2 

-2498.29733411405 Hartrees 

Atom x y z 

W -11.54520968 9.315919814 -8.095743937 

P -12.01040007 9.867907882 -5.617508218 

P -9.82387002 7.489241528 -7.375981959 

P -10.18202441 10.23988226 -9.968733216 

Si -13.17624213 7.235312134 -7.930792592 

H -12.47533087 5.964959736 -7.521784616 

H -14.28832031 7.293728039 -6.922251922 

Si -13.96133375 10.2393561 -8.319339931 

H -14.98503916 9.287654149 -8.840634066 

H -14.55416042 10.67893981 -7.008728366 

C -13.39159209 9.09716068 -4.658874117 

H -13.45538489 9.535251846 -3.657445553 

H -13.22502603 8.02057651 -4.571958878 

H -14.33603705 9.252758351 -5.182883468 

C -12.31087658 11.67725342 -5.357960904 

H -12.43746209 11.89636494 -4.29263554 

H -13.20320552 11.99386882 -5.898164522 

H -11.45047006 12.22929278 -5.743822594 

C -10.61570098 9.67386894 -4.404089564 

H -10.881064 10.13648262 -3.44805399 

H -9.723810853 10.16542955 -4.800213559 

H -10.38769575 8.6231875 -4.221882363 

C -9.480607058 6.239790059 -8.699570226 

H -8.697756015 5.540144594 -8.388055396 

H -9.171320225 6.744144886 -9.617578842 
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H -10.3985403 5.684921086 -8.907046839 

C -8.107554337 8.061699956 -6.962679941 

H -7.459114096 7.214188389 -6.716730279 

H -8.148324339 8.739772307 -6.106810996 

H -7.677614566 8.60543442 -7.804276448 

C -10.08509343 6.333889789 -5.939223029 

H -9.311360391 5.559197412 -5.940580387 

H -11.06433585 5.860028336 -6.015662459 

H -10.02466986 6.873545663 -4.992850504 

C -8.377320728 9.841649677 -10.16471146 

H -7.972909086 10.32098812 -11.06258358 

H -8.223084057 8.762714123 -10.24713829 

H -7.826931289 10.210393 -9.295206222 

C -10.79690512 9.864387285 -11.67162142 

H -10.16117538 10.32548997 -12.43481527 

H -11.81665115 10.24454629 -11.77197261 

H -10.82214003 8.782399583 -11.82327127 

C -10.09683295 12.08534819 -10.01259231 

H -9.51173952 12.43588239 -10.86977785 

H -9.637924555 12.44308541 -9.087163043 

H -11.11024872 12.48939296 -10.07006217 

C -14.08098779 6.66927354 -9.51960161 

C -15.45684497 6.37737444 -9.489695869 

H -16.01395977 6.529644141 -8.568415053 

C -16.13143555 5.900553376 -10.61626268 

H -17.19697684 5.690559509 -10.5589162 

C -15.44263382 5.696334248 -11.81248371 

H -15.96423652 5.32598002 -12.6913318 



 154 

C -14.07590612 5.976144379 -11.86858947 

H -13.52666633 5.821946841 -12.79485536 

C -13.41232088 6.458313432 -10.73862259 

H -12.34946562 6.680243254 -10.81049811 

C -14.22911165 11.75691564 -9.448559847 

C -14.91936257 11.61612494 -10.66566939 

H -15.29628873 10.63741412 -10.95528821 

C -15.14201423 12.70623723 -11.51161993 

H -15.67704531 12.56498742 -12.44778709 

C -14.68601691 13.97449816 -11.15263275 

H -14.86150798 14.82566142 -11.80575496 

C -14.00477212 14.1434874 -9.945114934 

H -13.65094052 15.12984179 -9.653502506 

C -13.77868231 13.04663126 -9.111373489 

H -13.23879716 13.20150505 -8.178922492 

H -11.83671662 11.01510595 -8.118862023 

H -11.46963822 8.111410465 -9.334393127 

H -10.20314824 10.18984289 -7.389635644 

H -12.49637568 9.658202832 -9.485334327 
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CHAPTER 3 

 

Preparation of New Ruthenaboratrane Complexes: 

Synthesis, Structure, Bonding, and Reactivity of [κ4-B(mimBut)3]Ru(CO)(PPh3) and 

[κ4-B(mimBut)3]Ru(CO)(PMe3) 
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3.1 Introduction 

Metallaboratranes are a unique class of compounds with an atrane structure1 that 

features a metal-to-ligand, MB σ-dative bond.  This bonding motif is noteworthy 

since the majority of metal complexes feature ligands that act as one-electron (X) or two-

electron (L) donors.  Metallaboratranes, in contrast, are formed with ligands that 

possess a bridgehead boron that acts as a two-electron acceptor ligand (Z) towards the 

metal center (Figure 1)2.  While the coordination of BX3 ligands to metal centers has been 

proposed for years3, structural verification of this bonding mode was provided for the 

first time in 1999 by Hill et al., who prepared the ruthenaboratrane complex [κ4-

B(mimMe)3]Ru(CO)(PPh3) (mim = 2-mercapto-1-methylimidazole)4. 

 

M M

ML
X

Z

L-type ligand
(2 electron donor)

X-type ligand
(1 electron donor)

Z-type ligand
(2 electron acceptor)  

Figure 1.  Covalent Bond Classification of L, X, and Z ligands  

 

Since this initial report, metallaboratrane complexes have been prepared for all of the 

late transition metals (Groups 8 - 11)5,6,7,8.  Many of these boratrane complexes were 

prepared using the tris(2-mercapto-1-methylimidazolyl)hydroborato ligand [TmMe]9.  

This [S3] donor ligand serves as a complement to the tris(pyrazolyl)hydroborato ligand, 

[TpRR’]10; however, these ligands differ not only in their donor atoms (i.e. sulfur vs. 

nitrogen), but also in their geometry.  The greater flexibility of the Tm ligand allows for 

the coordination of the boron to the metal center to form five-membered rings, whereas 

the four-membered metallacycle rings that would be formed in a Tp boratrane would 

be prohibitively strained.  A [P3] donor ligand, namely tris(phosphine)borane (TPB), has 

also been used in the preparation of metallaboratrane complexes8a (Figure 2). 
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PR2

PR2
R2P

Tm Tp TPB  
Figure 2.  Common Tripodal Ligand Scaffolds 

 

While the structures of metallaboratranes have been described in detail, their reactivity 

has been explored comparatively little.  Furthermore, many of the initial 

metallaboratranes derived from the Tm ligand were restricted to those of the parent 

[HB(mimMe)3] derivative.  Therefore, we sought to prepare a boratrane that incorporates 

more sterically demanding substituents into the ligand scaffold and to explore the 

reactivity of the resulting boratrane.  Here we present the synthesis, structure, bonding, 

and reactivity of two new ruthenaboratranes, [κ4-B(mimBut)3]Ru(CO)(PPh3) and [κ4-

B(mimBut)3]Ru(CO)(PMe3). 

 

3.2 Preparation and Characterization of [κ4-B(mimBut)3]Ru(CO)(PR3) (R = Ph, Me) 

The new ruthenaboratrane [κ4-B(mimBut)3]Ru(CO)(PPh3) is analogous to the first 

reported boratrane, [κ4-B(mimMe)3]Ru(CO)(PPh3), and differs only in the 

functionalization of the Tm ligand.  The synthesis of [κ4-B(mimBut)3]Ru(CO)(PPh3), 

however, proved to be much more straightforward than that of the analogous methyl-

substituted derivative.  For example, [κ4-B(mimMe)3]Ru(CO)(PPh3) was prepared by first 

converting RuHCl(CO)(PPh3)3 to Ru(CH=CHCPh2OH)Cl(CO)(PPh3)2, followed by 

subsequent treatment with Na[TmMe].4  [κ4-B(mimBut)3]Ru(CO)(PPh3), on the other hand, 

was prepared simply by heating RuHCl(CO)(PPh3)3 with K[TmBut] (Scheme 1).  

Significantly, treatment of RuHCl(CO)(PPh3)3 with Na[TmMe] did not result in the 

formation of [κ4-B(mimMe)3]Ru(CO)(PPh3), but rather [κ3-H,S,S-B(mimMe)3]-
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RuH(CO)(PPh3) (Scheme 1).11, This difference in reactivity highlights the significance of 

the substitution of the ligand, which clearly influences the overall course of the reaction. 

 

Ru

PPh3

PPh3OC
PPh3

ClH

K[TmBut]

B NN
N N

N

N

S

S
S

tBu

tBu

tBu
Ru

PPh3
CO

Na[TmMe]

B

N

N
N

N

N

N

S

S

S

tBu

tBu

tBu
Ru

H
PPh3

CO
H

 
 

Scheme 1.  Preparation of [κ4-B(mimBut)3]Ru(CO)(PPh3) 

 

It is worth noting, however, that the reaction conditions for these procedures are 

different.  [κ3-H,S,S-B(mimMe)3]RuH(CO)(PPh3) was prepared by reflux in THF for 3 

minutes, whereas [κ4-B(mimBut)3]Ru(CO)(PPh3) was synthesized by heating 

RuHCl(CO)(PPh3)3 with K[TmBut] in benzene at 80 ˚C for 1-2 days.  However, reflux of 

RuHCl(CO)(PPh3)3 with Na[TmMe] in toluene for 2 hours was reported to produce only 

a mixture of [κ3-H,S,S-B(mimMe)3]RuH(CO)(PPh3) and [κ4-B(mimMe)3]Ru(CO)(PPh3), and 

in our hands, [κ4-B(mimMe)3]Ru(CO)(PPh3) was not generated by heating in benzene. 

 

The crystal structure of [κ4-B(mimBut)3]Ru(CO)(PPh3), although poor quality, establishes 

its assignment as a boratrane complex (Figure 3).  The 1H NMR spectrum of this 

complex is also in accord with a boratrane formulation – the presence of two imidazolyl 

environments in a 2:1 ratio and a coordinated PPh3 ligand are evident (Figure 4). 
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Figure 3.  Molecular Structure of [κ4-B(mimBut)3]Ru(CO)(PPh3) 

 

������������������������

�

����

	���

����

����

�����

�����

�	���

�����

�����

�����

�����

�	���

�����

�����


����


����


	���


����


����

 
Figure 4.  1H NMR Spectrum of [κ4-B(mimBut)3]Ru(CO)(PPh3) 
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Addition of excess PMe3 to [κ4-B(mimBut)3]Ru(CO)(PPh3) results in facile displacement of 

PPh3 to form [κ4-B(mimBut)3]Ru(CO)(PMe3) (Scheme 2), which has also been structurally 

characterized (Figure 5).  The 1H NMR spectrum of [κ4-B(mimBut)3]Ru(CO)(PMe3) is 

indicative of a structure that features two imidazolyl environments in a 2:1 ratio and a 

coordinated PMe3 ligand (Figure 6).  The PPh3 liberated by this reaction may be washed 

away with pentane to afford [κ4-B(mimBut)3]Ru(CO)(PMe3) as a fairly pure, pale green 

solid.  The removal of excess PPh3 is important, since decomposition of [κ4-

B(mimBut)3]Ru(CO)(PMe3) occurs in the presence of PPh3.  Specifically, treatment of [κ4-

B(mimBut)3]Ru(CO)(PMe3) with PPh3 results in the formation of some [κ4-

B(mimBut)3]Ru(CO)(PPh3), but liberated PMe3 is not observed by 1H NMR spectroscopy.  

Instead, the displaced PMe3 ligand appears to react with unreacted [κ4-

B(mimBut)3]Ru(CO)(PMe3) to form [κ3-B,S,S-B(mimBut)3]Ru(CO)(PMe3)2 (Scheme 3).  In 

accord with this suggestion, the product of the reaction of [κ4-B(mimBut)3]Ru(CO)(PMe3) 

with PMe3 possesses the same 1H NMR spectrum as the decomposition product 

described here. 
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Scheme 2.  Preparation of [κ4-B(mimBut)3]Ru(CO)(PMe3) 
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Scheme 3.  Reaction of [κ4-B(mimBut)3]Ru(CO)(PMe3) with PPh3 
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Figure 5.  Molecular Structure of [κ4-B(mimBut)3]Ru(CO)(PMe3) 
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Figure 6.  1H NMR Spectrum of [κ4-B(mimBut)3]Ru(CO)(PMe3) 



 165 

3.3 Structure and Bonding Analysis of [κ4-B(mimBut)3]Ru(CO)(PR3) (R = Ph, Me)  

The solid state structures of [κ4-B(mimBut)3]Ru(CO)(PPh3) and [κ4-

B(mimBut)3]Ru(CO)(PMe3) feature Ru-B distances, respectively 2.149(18) Å and 2.148(2) 

Å, that support the presence of a RuB retrodative interaction.5b,12  The geometry 

around each ruthenium center in [κ4-B(mimBut)3]Ru(CO)(PPh3) and [κ4-

B(mimBut)3]Ru(CO)(PMe3) is nearly octahedral – for example, the B-Ru-P angles in these 

complexes are respectively 173.5(5) ˚ and 175.07(6) ˚, and the Ru-P distances are 

considerably longer than the average Ru-P bond length (2.332 Å) reported in the 

Cambridge Structural Database.  The elongation of bonds trans- to the MB bond in 

metallaboratrane complexes has been observed in other systems as well.6b  The Ru-S 

distance for the bond trans to the carbonyl group in each structure is longer by ca. 0.06 Å 

than the trans S-Ru-S bonds.  Select structural parameters for a series of 

ruthenaboratranes are presented in Table 1, from which it is evident that the elongation 

of the RuP bond is a general feature.  These complexes all feature phosphine ligands 

that are trans to the RuB bond.  Density functional theory geometry optimization 

calculations of [κ4-B(mimBut)3]Ru(CO)(PPh3) and [κ4-B(mimBut)3]-Ru(CO)(PMe3) 

accurately reproduce the experimentally determined structures (Figure 7). 

 

 
Figure 7.  Geometry Optimized structures of (A) [κ4-B(mimBut)3]Ru(CO)(PPh3) and (B) 

[κ4-B(mimBut)3]Ru(CO)(PMe3)  
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Table 1.  Comparison of Structural Parameters for [κ4-B(mimR)3]Ru(L)(PR3) 

Complex Ru-B (Å) Ru-Ptrans (Å) Reference 

[κ4-B(mimBut)3]Ru(CO)(PPh3) 2.149(18) 2.413(5) This work 

[κ4-B(mimBut)3]Ru(CO)(PMe3) 2.148(2) 2.4090(6) This work 

[κ4-B(mimMe)3]Ru(CO)(PPh3)a 2.161 2.435 4 

[κ4-B(mimMe)3]Ru(CS)(PPh3) 2.154(5) 2.4569(12) 5b 

[κ4-B(mimPhCl)3]Ru(CO)(PPh3) 2.166(14) 2.424(4) 13 

a – ESDs were not provided for this structure 

 

The bonding in metallaboratrane complexes has been described in conflicting ways; for 

example, the appropriate d-electron count for metals involved in MB bonding has 

been debated.  Some have favored a dn configuration, since the formal oxidation 

number of the metal is not impacted upon interaction with the neutral boron center,7c 

while others have argued that the MB retrodative interaction will increase the valence 

of the metal by two, resulting in a dn-2 configuration.6d  The validity of the dn-2 

configuration has been confirmed by molecular orbital calculations for the 

iridaboratrane [κ4-B(mimH)3]Ir(PH3)Cl6d and the palladaboratrane [κ4-

B(mimBut)3]Pd(PMe3);7b therefore, it seemed like a worthy objective to determine the 

most accurate bonding descriptions of the ruthenaboratranes, the results of which are 

shown here for [κ4-B(mimBut)3]Ru(CO)(PMe3). 

 

As has been previously described,6d the molecular orbital description for a complex in 

which the apical boron does not interact with the metal center (i.e. a “pro-boratrane”)1 

would be significantly different than that for a complex with a MB retrodative bond.  

For example, the hypothetical complex [κ3-S,S,S-B(mimBut)3]Ru(CO)(PMe3) would be 

expected to have a d8 configuration, where the HOMO of the molecule possesses dz2 

character and is the σ-antibonding component of the Ru-P bond.  The boron pz orbital 

would be empty and non-coordinating (Figure 8, A).  Upon forming [κ4-
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B(mimBut)3]Ru(CO)(PMe3), however, the boron interacts with the metal and results in a 

3-center, 4-electron B-Ru-P bonding description.  This interaction produces B-Ru-P 

bonding, non-bonding, and anti-bonding orbitals, and the metal center possesses a d6 

configuration (Figure 8, B).  Specifically, the two highest energy d electrons (i.e. those in 

the dz2 orbital) go from being metal-based in description A to being ligand-based in 

description B, resulting in a d6 metal center.  Molecular orbital analysis of [κ4-

B(mimBut)3]Ru(CO)(PMe3) using Fenske-Hall calculations supports the latter bonding 

description, in which the metal is engaged in a 3-center, 4-electron interaction and has 

six electrons in non-bonding orbitals.  The results of these calculations are shown in 

Figure 9. 
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Figure 8.  Molecular Orbital description for the hypothetical species [κ3-S3- 

B(mimBut)3]Ru(CO)(PMe3) (A) and for [κ4-B(mimBut)3]Ru(CO)(PMe3)  
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Figure 9.  Selected Molecular Orbitals (MOs) of [κ4-B(mimBut)3]Ru(CO)(PMe3) 

 

Natural Bond Orbital (NBO) Analysis also confirms the presence of a RuB bond and a 

d6 configuration of the metal center.  Unlike the molecular orbital analysis detailed 

above, NBO analysis presents a bonding description in which orbitals are localized on 

one atom (lone pair), two atoms (bond pair), or three atoms (3-center, 2-electron 

interaction).  Thus, the 3-center, 4-electron bonding description is not explicitly 

reproduced by NBO calculations; nonetheless, Ru-P and Ru-B bonding interactions are 

evident, as is the antibonding component of the B-Ru-P interaction.  The results of these 

calculations are shown in Figure 10. 
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Figure 10.  NBO Analysis of [κ4-B(mimBut)3]Ru(CO)(PMe3). Orbital contributions are 

listed where necessary. 

 

3.4 Reactivity of [κ4-B(mimBut)3]Ru(CO)(PR3) (R = Ph, Me) 

In addition to the structure and bonding of [κ4-B(mimBut)3]Ru(CO)(PPh3) and [κ4-

B(mimBut)3]Ru(CO)(PMe3), we were also interested in the reactivity of these complexes.  

Some reactivity of metallaboratranes has been explored – for example, the 

ferraboratrane [κ4-B(mimBut)3]Fe(CO)2
5a and nickel boratranes of the type of [κ4-

B(mimBut)3]NiX7a were shown to undergo addition across the MB bond in the presence 

of a number of substrates.  The addition of H2 across MB bonds has also been 

reported.14,15  Addition reactions of this type are of interest because the ligand is directly 

involved in the reaction rather than simply acting as a scaffold for the metal center.16  

Ligand substitution reactions of ruthenaboratranes and rhodaboratranes have been 
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explored,5b,6b and the reactivity of a TPB-based ferraboratrane towards nitrogen fixation 

has also been studied.17  Therefore, we were interested in investigating the reactivity of 

[κ4-B(mimBut)3]Ru(CO)(PPh3) and [κ4-B(mimBut)3]Ru(CO)(PMe3) towards addition and 

substitution reactions. 

 

Under a number of conditions, [κ4-B(mimBut)3]Ru(CO)(PPh3) was found to be rather 

unreactive.  When heated in the presence of carbon dioxide, for example, no change was 

observed by 1H NMR spectroscopy.  Photolysis of the ruthenaboratrane led to complete 

decomposition.  Reactions with chloroform, trityl chloride, and water were equally 

unfruitful, all leading to decomposition after heating.  Reaction of [κ4-

B(mimBut)3]Ru(CO)(PPh3) with CO did proceed, presumably to form [κ4-

B(mimBut)3]Ru(CO)2, but not to completion; the reversible formation of a bis(carbonyl) 

boratrane has been reported previously.5b  

 

[κ4-B(mimBut)3]Ru(CO)(PMe3) was found to be more reactive than [κ4-B(mimBut)3]-

Ru(CO)(PPh3).  For example, [κ4-B(mimBut)3]Ru(CO)(PMe3) transforms cleanly in the 

presence of CO.  The 1H NMR spectrum of this product suggests that it may be an 

isomeric boratrane in which the CO ligand is trans to the boron and the PMe3 ligand is 

cis (Scheme 4) (Figure 11).  For example, the presence of two imidazolyl environments 

in a 2:1 ratio and a resonance corresponding to a coordinated PMe3 ligand are present in 

both [κ4-B(mimBut)3]Ru(CO)(PMe3) and its product with CO.  Alternatively, a structure 

in which another equivalent of CO has coordinated to the metal, displacing the 

imidazolyl arm trans to the carbonyl group, would be consistent with this 1H NMR 

spectrum (Scheme 5); however, a [κ3-B,S,S-B(mimR)3] configuration in which the two 

coordinated imidazolyl arms are trans to each other is rare and has only been observed 

in dimeric species.7b  IR spectroscopic analysis could, in principle, distinguish between 

these two possibilities.  The product of this reaction does not revert back to [κ4-

B(mimBut)3]Ru(CO)(PMe3) in the absence of CO.   
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Scheme 4.  Reactivity of [κ4-B(mimBut)3]Ru(CO)(PMe3) towards CO 
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Scheme 5.  Alternate explanation for the reactivity of [κ4-B(mimBut)3]Ru(CO)(PMe3) 

towards CO  

 
Figure 11.  1H NMR spectroscopic analysis of [κ4-B(mimBut)3]Ru(CO)(PMe3) + CO 

(some free PPh3 is present but does not appear to affect the course of this reaction) 
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[κ4-B(mimBut)3]Ru(CO)(PMe3) also reacts quite cleanly with MeI; 1H NMR spectroscopic 

analysis of the reaction is suggestive of a product in which the MeI has added across the 

RuB bond (Scheme 6).  For example, three unique imidazolyl environments are 

observed, which is consistent with a product in which each imidazolyl arm is trans to a 

different ligand (PMe3, CO, X).  However, the overall configuration (i.e. whether the 

methyl group is attached to the boron or the ruthenium) is not known, and no coupling 

of the methyl group to phosphorus or boron is observed.  The 1H NMR spectrum of this 

reaction (Figure 12) appears to contain a smaller set of peaks in addition to the major 

product, which may suggest that both isomers are formed in different amounts. 
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Scheme 6.  Reaction of [κ4-B(mimBut)3]Ru(CO)(PMe3) with MeI 
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Figure 12.  1H NMR Spectroscopic Analysis of [κ4-B(mimBut)3]Ru(CO)(PMe3) + MeI –  

signals are labeled for the major product 

 

Reactions of [κ4-B(mimBut)3]Ru(CO)(PMe3) with C2H4, I2, CO2, CHCl3, and XeF2 resulted 

in a mixture of products, none of which was identified. 

 

Numerous attempts were made at preparing the bis(PMe3) boratrane, in which the 

carbonyl group is replaced with another phosphine ligand.  Heating [κ4-

B(mimBut)3]Ru(CO)(PMe3) with excess PMe3 did result in the coordination of an 

additional PMe3 ligand; however, the 1H NMR spectrum of this product indicated that 

one of the arms of the Tm ligand dissociated instead of the CO ligand, producing the 

complex [κ3-B,S,S-B(mimBut)3]Ru(CO)(PMe3)2 (vide supra).  Chelating bis(phosphine) 

ligands were also considered as promising options due to entropic reasons.  Treatment 
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of [κ4-B(mimBut)3]Ru(CO)(PMe3) with 1,2-bis(diphenylphosphino)ethane (dppe) did 

result in the evolution of free PMe3, but whether or not the CO ligand was also 

displaced is unclear.  Photolysis of [κ4-B(mimBut)3]Ru(CO)(PMe3) and treatment with 

trimethyl-amine-N-oxide and pyridine N-oxide were also unsuccessful in removing the 

carbonyl ligand.  Ruthenium precursors that do not contain CO ligands, such as 

RuCl2(PMe3)4, RuHCl(PPh3)3, and RuCl2(DMSO)4, did not result in the isolation of a 

boratrane complex.  Specifically, the reaction of RuHCl(PPh3)3 with K[TmBut] resulted in 

decomposition of the metal complex, and the reaction of RuCl2(DMSO)4 produces 

decomposition of the ligand, as evidenced by the formation of free imidazole in the 1H 

NMR spectrum.  RuCl2(PMe3)4 does react with K[TmBut] to afford multiple species, 

including a ruthenium hydride species; the nature of this complex is unknown, but the 
1H NMR spectrum does not indicate the presence of two imidazolyl environments that 

is indicative of a boratrane structure. 

 

RuHCl(CO)(PMe3)3 was also considered as a boratrane precursor.  This complex is 

synthesized by heating RuHCl(CO)(PPh3)3 with excess PMe3 at 80 ˚C; when this reaction 

is monitored by 1H NMR spectroscopy, stepwise replacement of the PPh3 ligands is 

visible (Figure 13).  
 

 
Figure 13.  1H NMR spectra (hydride region) of RuHCl(CO)(PPh3)3 + PMe3 
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RuHCl(CO)(PMe3)3, unlike [κ4-B(mimBut)3]Ru(CO)(PMe3), is soluble in pentane; 

therefore, this complex could not be purified of the liberated PPh3 by washing with 

pentane.  As such, MeI was added to the reaction mixture of RuHCl(CO)(PMe3)3 and 

PPh3 in order to generate [PPh3Me]I as an insoluble precipitate.  Although this 

technique was successful in the removal of the free phosphine, it also converted the 

ruthenium hydride species into the iodide, RuICl(CO)(PMe3)3.  Treatment of this 

complex with K[TmBut] resulted in a cationic species, {[κ3-H,S,S-TmBut]Ru(CO)(PMe3)2}I 

(Scheme 7), as confirmed by X-ray crystallography (Figure 14).  Treatment of 

RuHCl(CO)(PMe3)3 with K[TmBut] in the presence of free PPh3 resulted primarily in 

decomposition.  One interesting structural feature of {[κ3-H,S,S-TmBut]Ru(CO)(PMe3)2}I 

is that the Ru-P bond trans to the B-H interaction is significantly shorter than the Ru-P 

bonds of the boratrane complexes; specifically, Ru-P1 in {[κ3-H,S,S-

TmBut]Ru(CO)(PMe3)2}I is 2.292(3) Å, compared to the values of 2.413(5) Å and 2.4090(6) 

Å in the boratrane complexes.  This difference provides further evidence that the RuB 

retrodative bond has a marked impact on the overall bonding of a boratrane complex.  

The B-H bond could not be freely refined. 
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Scheme 7.  Reactivity of RuHCl(CO)(PMe3) towards MeI and K[TmBut] 
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Figure 14.  Molecular Structure of {[κ3-H,S,S-TmBut]Ru(CO)(PMe3)2}I.  The anion (I-) 

and a molecule of co-crystallized acetonitrile are omitted for clarity. 

 

3.5 Summary and Conclusions 

In conclusion, two new ruthenaboratranes, namely [κ4-B(mimBut)3]Ru(CO)(PPh3) and [κ4-

B(mimBut)3]Ru(CO)(PMe3), have been prepared.  These complexes have been 

spectroscopically and structurally characterized, and their bonding has been 

investigated computationally.  The reactivities of [κ4-B(mimBut)3]Ru(CO)(PPh3) and [κ4-

B(mimBut)3]Ru(CO)(PMe3) have also been examined.  While [κ4-B(mimBut)3]Ru(CO)(PPh3) 
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was found to decompose under a number of conditions, the reactions of [κ4-

B(mimBut)3]Ru(CO)(PMe3) proceeded smoothly with some substrates such as CO and 

MeI.  Finally, the reaction of a non-hydride ruthenium compound afforded an ionic Tm 

complex, {[κ3-H,S,S-TmBut]Ru(CO)(PMe3)2}I.  Computational results support the notion 

that the MB interaction reduces the d-electron count of the ruthenium by two, 

resulting in a d6 metal configuration. 

 

3.6 Experimental Details 

3.6.1 General Considerations 

All manipulations were performed using a combination of glovebox, high vacuum, and 

Schlenk techniques under a nitrogen atmosphere unless otherwise specified.18  Solvents 

were purified and degassed by standard procedures.  1H NMR spectra were measured 

on Bruker Avance III 400 and Bruker Avance III 400 SL spectrometers.  1H chemical 

shifts are reported in ppm relative to SiMe4 (δ = 0) and were referenced internally with 

respect to the protio solvent impurity (δ 7.16 for C6D5H).19  31P chemical shifts are 

reported in ppm relative to 85% H3PO4 (δ = 0) and were referenced using P(OMe)3 (δ = 

141.0) as an external standard.20  RuHCl(CO)(PPh3)3 was prepared by the literature 

method,21 and K[TmBut] was prepared by a method analogous to that used for 

Na[TmBut].6a 

 

3.6.2 X-ray Structure Determinations 

X-ray diffraction data were collected on a Bruker Apex II diffractometer.  Crystal data, 

data collection and refinement parameters are summarized in Section 3.7, Table 1.  The 

structures were solved using direct methods and standard difference map techniques, 

and were refined by full-matrix least-squares procedures on F2 with SHELXTL (Version 

6.10).22 
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3.6.3 Computational Details 

Calculations were carried out using DFT as implemented in the Jaguar 7.7 (release 107) 

suite of ab initio quantum chemistry programs.23  Geometry optimizations ( Section 3.8, 

Table 2) were performed with the B3LYP density functional24 using the LACVP** basis 

set.25  Molecular orbital analyses were performed with the aid of JIMP2,26 which 

employs Fenske-Hall calculations and visualization using MOPLOT.27  NBO 

calculations were performed using Jaguar NBO 5.0.28 

 

3.6.4 Synthesis of [κ4-B(mimBut)3]Ru(CO)(PPh3)  

A suspension of RuHCl(CO)(PPh3)3 (0.23 g, 0.24 mmol) and K[TmBut] (0.28 g, 0.25 mmol) 

in C6H6 (ca. 20 mL) was heated for ca. 36 hours at 80 ˚C in an ampoule under an argon 

atmosphere.  After this time, a white powder was observed to have precipitated from 

the reaction mixture.  The contents of the ampoule were filtered, the filtrate was 

concentrated to approximately 10 mL, and hexane (ca. 5 mL) was added to the solution 

to effect precipitation of the product.  This process was repeated, and the precipitates 

were combined to afford [κ4-B(mimBut)3]Ru(CO)(PPh3) as a light brown powder (0.12 g, 

57 % yield).  Single crystals of [κ4-B(mimBut)3]Ru(CO)(PPh3) suitable for X-ray diffraction 

were obtained from a solution in C6H6 layered with hexane.  1H NMR (C6D6): 1.31 [s, 9H 

of κ4-B(mimBut)3], 1.32 [s, 18H of κ4-B(mimBut)3], 6.36 [d, 3JH-H = 2, 1H of κ4-B(mimBut)3], 6.39 

[d, 3JH-H = 2, 1H of κ4-B(mimBut)3], 6.46 [d, 3JH-H = 2, 2H of κ4-B(mimBut)3], 6.74 [d, 3JH-H = 2, 

2H of κ4-B(mimBut)3], 7.07 [t, 3JH-H = 8, 3H of Ru(PPh3)], 7.24 [t, 3JH-H = 8, 6H of Ru(PPh3)], 

8.08 [t, 3JH-H = 8, 3JP-H = 8, 6H of Ru(PPh3)].  31P{1H} NMR (C6D6): 26.6.  

 

3.6.5 Synthesis of [κ4-B(mimBut)3]Ru(CO)(PMe3) A solution of [κ4-

B(mimBut)3]Ru(CO)(PPh3) (0.15 g, 0.17 mmol) was dissolved in C6H6 (ca. 15 mL) and 

treated with PMe3 (ca. 0.1 mL) in an ampoule.  The solution was allowed to sit at room 

temperature overnight, at which point the solution had turned a vivid green color.  The 

solution was lyophilized and washed with pentane (2 × 20 mL) to afford [κ4-
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B(mimBut)3]Ru(CO)(PMe3) as a sea-green powder (0.11g, 92 % yield).  Crystals of [κ4-

B(mimBut)3]Ru(CO)(PMe3) suitable for X-ray diffraction were obtained from a solution in 

C6D6 layered with pentane at room temperature.  Analysis calcd. for [κ4-B(mimBut)3]-

Ru(CO)(PMe3): C, 44.05%; H, 6.21 %.  Found:  C, 46.31%; H, 6.08 %.  1H NMR (C6D6): 

1.39 [s, 9H of κ4-B(mimBut)3], 1.40 [s, 18H of κ4-B(mimBut)3], 1.53 [d, 2JP-H = 5, 9H of 

Ru(PMe3)], 6.37 [filled in d, JH-H = 2, 1H of κ4-B(mimBut)3], 6.44 [d, 3JH-H = 2, 1H of κ4-

B(mimBut)3], 6.52 [d, 3JH-H = 2, 2H of κ4-B(mimBut)3], 6.80 [d, 3JH-H = 2, 2H of κ4-B(mimBut)3].  
31P{1H} NMR (C6D6): -26.6 [br s, 1P of Ru-PMe3].  11B NMR (C6D6): -1.3 [br d, JP-B = 70]. 

 

3.6.6 Reaction of [κ4-B(mimBut)3]Ru(CO)(PMe3) with CO  

A solution of [κ4-B(mimBut)3]Ru(CO)(PMe3) (8 mg, 0.01 mmol) in C6D6 in an NMR tube 

equipped with a J. Young valve was degassed and charged with CO (1 atm).  The 

solution was heated at 60 ˚C for 3 days, thereby resulting in the putative isomeric 

product in which the CO ligand is trans to the RuB bond.  1H NMR (C6D6): 1.19 [d, 2JP-H 

= 7, 9H of Ru(PMe3)], 1.37 [s, 18H of κ4-B(mimBut)3], 1.90 [s, 9H of κ4-B(mimBut)3], 6.45 [br 

s, 2H of κ4-B(mimBut)3], 6.72 [d, 3JH-H = 2, 2H of κ4-B(mimBut)3], 6.74 [d, 3JH-H = 2, 1H of κ4-

B(mimBut)3], 6.86 [d, 3JH-H = 2, 1H of κ4-B(mimBut)3].  1H-31P HMQC (C6D6): -29.6 [s, 1P of 

Ru-PMe3]. 

 

3.6.7 Reaction of [κ4-B(mimBut)3]Ru(CO)(PMe3) with MeI  

A solution of [κ4-B(mimBut)3]Ru(CO)(PMe3) (10 mg, 0.01 mmol) in C6D6 in an NMR tube 

equipped with a J. Young valve was treated with excess MeI.  After 15 minutes at room 

temperature, 1H NMR spectroscopic analysis indicated that the [κ4-

B(mimBut)3]Ru(CO)(PMe3) had completely reacted to form the putative addition product, 

[κ3-XB(mimBut)3]Ru(CO)(PMe3)Y (X,Y = Me or I).  1H NMR (C6D6): 1.14 [s, 9H of κ4-

B(mimBut)3], 1.21 [d, 2JP-H = 6, 9H of Ru(PMe3)], 1.24 [s, 9H of κ4-B(mimBut)3], 1.32 [s, 9H of 

κ4-B(mimBut)3], 2.12 [s, 3H of M-Me], 6.42 [filled in d, JH-H = 2, 1H of κ3-XB(mimBut)3], 6.64 

[d, 3JH-H = 2, 1H of κ3-XB(mimBut)3], 7.07 [d, 3JH-H = 2, 1H of κ3-XB(mimBut)3], 8.81 [d, 3JH-H = 
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2, 1H of κ3-XB(mimBut)3], 9.61 [d, 3JH-H = 2, 1H of κ3-XB(mimBut)3], 10.23 [d, 3JH-H = 2, 1H of 

κ3-XB(mimBut)3].  

 

3.6.8 Synthesis of RuHCl(CO)(PMe3)3   

A suspension of RuHCl(CO)(PPh3)3 (147 mg, 0.15 mmol) in benzene (10 mL) in an 

ampoule was treated with PMe3 (0.15 mL, 1.5 mmol).  The reaction was heated for 3 

days at 80 ˚C, thereby resulting in the quantitative conversion of RuHCl(CO)(PPh3)3 to 

RuHCl(CO)(PMe3)3.  The mixture of RuHCl(CO)(PMe3)3 and PPh3 (ca. 1:4 ratio) was 

isolated (120 mg) and used for further reactions. 

 

3.6.9 Structural Characterization of {[κ3-H,S,S-TmBut]Ru(CO)(PMe3)2}I  

A suspension of RuHCl(CO)(PPh3)3 (10 mg, 0.01 mmol) in C6D6 in an NMR tube 

equipped with a J. Young valve was treated with an excess of PMe3.  The sample was 

heated at 80 ˚C overnight, thereby resulting in the complete conversion to 

RuHCl(CO)(PMe3)3.  The sample was lyophilized, redissolved in C6H6, transferred to a 

schlenk tube, and treated with an excess of MeI, resulting in the formation of a 

precipitate.  The reaction was filtered, and the filtrate was lyophilized, redissolved in 

C6D6, and treated with K[TmBut].  The solution was transferred to an NMR tube 

equipped with a J. Young valve and heated at 80 ˚C, producing {[κ3-H,S,S-

TmBut]Ru(CO)(PMe3)2}I.  Crystals of {[κ3-H,S,S-TmBut]Ru(CO)(PMe3)2}I suitable for X-ray 

diffraction were obtained from a solution in CD3CN and benzene at room temperature.  

 

 

 

 

 

 

 



 182 

3.7 Crystallographic Data 

Table 2.  Crystal, intensity collection and refinement data. 
 [κ4-B(mimBut)3]Ru(CO)(PPh3) [κ4-B(mimBut)3]Ru(CO)(PMe3) 

lattice Orthorhombic Monoclinic 

formula C40H48BN6OPRuS3 C31H48BN6OPRuS3 

formula weight 867.87 759.78 

space group Pbca P21/c 

a/Å 23.115(8) 11.7923(8) 

b/Å 12.892(5) 20.0398(13)) 

c/Å 28.947(10) 16.1630(11) 

α/˚ 90 90 

β/˚ 90 101.225(1) 

γ/˚ 90 90 

V/Å3 8626(5)(3) 3746.5(4) 

Z 8 4 

temperature (K) 125(2) 125(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.337 1.347 

µ (Mo Kα), mm-1 0.584 0.661 

θ max, deg. 30.61 32.64 

no. of data collected 13269 13027 

no. of data 2172 9248 

no. of parameters 213 409 

R1 [I > 2σ(I)] 0.1637 0.0375 

wR2 [I > 2σ(I)] 0.4085 0.0789 

R1 [all data] 0.3204 0.0720 

wR2 [all data] 0.5438 0.0940 

GOF 1.007 1.062 
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Table 2 (cont).  Crystal, intensity collection and refinement data. 
 {[κ3-H,S,S-

TmBut]Ru(CO)(PMe3)2}I 

 

lattice Triclinic  

formula C30H55BIN7OP2RuS3  

formula weight 926.71  

space group P-1  

a/Å 11.242(6)  

b/Å 13.514(7)  

c/Å 14.531(8)  

α/˚ 92.344(9)  

β/˚ 111.741(8)  

γ/˚ 98.896(8)  

V/Å3 2014.3(18)  

Z 2  

temperature (K) 125(2)  

radiation (λ, Å) 0.71073  

ρ (calcd.), g cm-3 1.528  

µ (Mo Kα), mm-1 1.424  

θ max, deg. 30.71  

no. of data collected 12323  

no. of data 5946  

no. of parameters 418  

R1 [I > 2σ(I)] 0.1084  

wR2 [I > 2σ(I)] 0.2096  

R1 [all data] 0.2540  

wR2 [all data] 0.2921  

GOF 1.051  
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3.8 Computational Data 

Table 3.  Cartesian coordinates for geometry optimized structures. 

 

[κ4-B(mimBut)3]Ru(CO)(PPh3) 

-3611.83743783376 Hartrees 

Atom x y z 

Ru 2.440493543 0.765901611 3.350748647 

P 1.168758292 2.948895793 3.396411535 

S 2.951153624 0.695448669 0.945689908 

S 0.266247456 -0.537198623 3.01531734 

S 2.390560314 0.330456633 5.808016525 

O 5.203411052 1.905892379 3.722389005 

N 4.169758903 -1.460144424 2.075103017 

N 4.702308512 -1.243904897 -0.06392463 

N 2.243636475 -2.326102793 3.474040424 

N 0.271103746 -3.315941515 3.392657136 

N 4.206145674 -1.347694901 4.695213471 

N 4.483662108 -1.213573642 6.885418282 

B 3.338173093 -1.18218331 3.382872467 

C 4.118696995 1.499786949 3.579696704 

C 3.980229259 -0.692844088 0.969065785 

C 5.325167967 -2.3945182 0.416959046 

H 5.954537032 -3.013043263 -0.197622654 

C 4.98637229 -2.524859643 1.720879284 

H 5.253692821 -3.308223763 2.409523726 

C 4.816906344 -0.72212868 -1.466524357 

C 3.425503444 -0.736372433 -2.127378511 

H 3.028652311 -1.756424653 -2.162770742 
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H 3.505644159 -0.362960028 -3.153488358 

H 2.717412429 -0.108482289 -1.584148813 

C 5.418696538 0.695333437 -1.432038229 

H 4.795430653 1.381940639 -0.856892547 

H 5.507283141 1.077598069 -2.454162555 

H 6.41766091 0.676076184 -0.984198275 

C 5.755225163 -1.636488138 -2.27229109 

H 5.371612086 -2.658937694 -2.349211227 

H 6.765282887 -1.663984154 -1.851305336 

H 5.832625325 -1.23777006 -3.287426675 

C 0.919214821 -2.104387744 3.295792116 

C 1.230909926 -4.295387363 3.649910211 

H 0.979651279 -5.33256896 3.782236363 

C 2.435178336 -3.678696343 3.69914067 

H 3.407974645 -4.095136565 3.906021768 

C -1.202792116 -3.564187391 3.275338062 

C -1.680485775 -3.126374053 1.878004367 

H -1.491893627 -2.065379659 1.706344935 

H -2.756145926 -3.309456079 1.786324894 

H -1.166493282 -3.701853805 1.100704609 

C -1.479475945 -5.06843904 3.441754503 

H -1.178240059 -5.43704893 4.427506656 

H -0.98419923 -5.666913311 2.670364818 

H -2.556274009 -5.232119565 3.344915258 

C -1.936906751 -2.799213548 4.392778265 

H -1.599681024 -3.143114422 5.376250743 

H -3.013585186 -2.982691393 4.314496729 

H -1.759245267 -1.725033359 4.321190747 
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C 3.724582501 -0.773705586 5.827742307 

C 5.468331429 -2.061287721 6.379840157 

H 6.220681906 -2.511283178 7.002567502 

C 5.287597349 -2.141210114 5.038243853 

H 5.884192997 -2.659162248 4.306658901 

C 4.327378289 -0.831949826 8.327968809 

C 2.925185972 -1.251552903 8.807597894 

H 2.795212539 -2.334845508 8.711761136 

H 2.140518715 -0.755631087 8.233411072 

H 2.805265018 -0.983162021 9.86222934 

C 5.379596143 -1.575823707 9.167632515 

H 5.273805995 -2.662991224 9.093489757 

H 5.237203293 -1.301506456 10.21646553 

H 6.40118137 -1.296462348 8.891245675 

C 4.550480437 0.684429283 8.479872871 

H 3.826316442 1.25391171 7.895057143 

H 5.557671639 0.958176472 8.149083467 

H 4.446156967 0.963568659 9.533501053 

C 2.175911628 4.465663116 3.044194268 

C 1.905826643 5.3369989 1.979494025 

H 1.043274892 5.165075048 1.343877263 

C 2.737746088 6.430531094 1.725534472 

H 2.51198297 7.091990351 0.892819622 

C 3.846658045 6.677321346 2.533819564 

H 4.491501598 7.529244226 2.335753176 

C 4.125259725 5.815241655 3.597224825 

H 4.989952271 5.991413448 4.231680974 

C 3.304241661 4.716868025 3.844979156 
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H 3.543372798 4.04795543 4.666322306 

C -0.283361361 3.145393884 2.257353462 

C -1.328063775 4.047294931 2.519594503 

H -1.302562089 4.657679151 3.417319548 

C -2.406534616 4.160021516 1.643671161 

H -3.208921006 4.859628116 1.864163657 

C -2.459286498 3.373783403 0.490637751 

H -3.303525569 3.458349267 -0.188979751 

C -1.429716929 2.473330667 0.221867777 

H -1.467007622 1.849149896 -0.667214135 

C -0.350800049 2.35550691 1.100597813 

H 0.431654925 1.631723539 0.89625887 

C 0.377758322 3.350020139 5.026532567 

C -0.360650036 2.326429213 5.644344988 

H -0.428074806 1.350681207 5.16960858 

C -0.997618234 2.54756233 6.86394118 

H -1.564074415 1.743410405 7.326775343 

C -0.897934777 3.788978129 7.495185033 

H -1.387354932 3.95787054 8.451047502 

C -0.161473319 4.80892359 6.894226562 

H -0.076692765 5.778641363 7.378637685 

C 0.468709448 4.594136168 5.665892437 

H 1.034555549 5.399690135 5.209072094 

 

 

[κ4-B(mimBut)3]Ru(CO)(PMe3) 

-3036.64536104257 Hartrees 

Atom x y z 
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Ru 8.757887589 15.90924638 1.108875762 

S 10.98609889 16.68548864 0.155761969 

S 9.449091937 13.55517035 0.924166771 

S 8.256807939 18.20132299 1.935623087 

P 7.669103569 16.13672459 -1.113740808 

B 9.824945907 15.83610557 2.972503948 

C 7.221681342 15.31396924 1.944260154 

O 6.264146922 14.92676083 2.490040699 

N 11.26887809 16.48057505 2.839036331 

N 13.09937277 17.28556742 1.900173491 

N 10.05189631 14.35256186 3.45565534 

N 10.37915841 12.17809419 3.185031416 

N 9.078649995 16.72018947 4.054140015 

N 8.105815525 18.59293985 4.721623483 

C 11.82536875 16.82206262 1.650924684 

C 12.18495778 16.74334594 3.843599322 

H 11.95869335 16.58022708 4.884990054 

C 13.31184262 17.2364922 3.27847884 

H 14.23138515 17.55654262 3.734973927 

C 14.09119474 17.78560855 0.894500064 

C 13.51461287 19.02765529 0.189858106 

H 12.57933809 18.79412946 -0.321397302 

H 14.23527567 19.39886728 -0.546238407 

H 13.32359151 19.824052 0.916731907 

C 14.40872188 16.65905071 -0.106444495 

H 14.84660307 15.79972495 0.412284684 

H 15.13201087 17.01973062 -0.845137488 

H 13.51064388 16.32690223 -0.629656817 
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C 15.39079872 18.183937 1.614976112 

H 15.23457447 18.99951215 2.328180465 

H 16.10469084 18.53573973 0.865165354 

H 15.84956992 17.33740068 2.135859113 

C 9.959379949 13.33170978 2.561835205 

C 10.57199941 13.84028144 4.635878905 

H 10.78345837 14.45246834 5.495715088 

C 10.76427623 12.50949846 4.483205664 

H 11.12974017 11.7804054 5.184052113 

C 10.42212832 10.79644358 2.602036948 

C 9.000271772 10.38203035 2.180110418 

H 8.331351297 10.37447884 3.046854955 

H 9.025542358 9.373027335 1.75601443 

H 8.591625915 11.06455928 1.433213968 

C 11.39937028 10.77836852 1.411827336 

H 11.09173801 11.47517487 0.630453487 

H 11.43653091 9.770449495 0.985823456 

H 12.40792931 11.04961011 1.740981846 

C 10.92676603 9.80986711 3.66910411 

H 11.94438912 10.0420218 3.999081321 

H 10.94513957 8.809340801 3.228576708 

H 10.26740083 9.773375477 4.542054072 

C 8.476180799 17.85781765 3.620063894 

C 9.071927987 16.73121947 5.438827703 

H 9.440393098 15.91033664 6.029646105 

C 8.472963818 17.87289881 5.857325669 

H 8.259939288 18.21467894 6.854326572 

C 7.400490739 19.91679101 4.730869462 



 190 

C 7.205428292 20.3799444 6.184688817 

H 6.568700442 19.69585514 6.754386783 

H 6.70898347 21.3540418 6.170028052 

H 8.157969197 20.50281807 6.710070215 

C 6.019006016 19.75951976 4.06928807 

H 6.110634452 19.41792165 3.037001333 

H 5.499511107 20.72328916 4.07580257 

H 5.410595279 19.03641769 4.621982241 

C 8.270166116 20.95324495 3.995334949 

H 9.236584057 21.06758351 4.49753391 

H 7.763661056 21.92386559 4.000095389 

H 8.450602501 20.66130717 2.959247055 

C 5.990224188 16.9258087 -1.073731891 

H 6.07298753 17.91879129 -0.622182746 

H 5.329256055 16.32743643 -0.439688865 

H 5.545901008 17.01746259 -2.071352672 

C 8.502860441 17.15214199 -2.424489098 

H 7.906577251 17.21397071 -3.341980511 

H 9.476937931 16.71318051 -2.659330676 

H 8.677726548 18.16061591 -2.038863398 

C 7.300971174 14.5797301 -2.055842872 

H 6.695798782 13.91750294 -1.429750432 

H 8.23993752 14.06343091 -2.277082205 

H 6.768854612 14.77315633 -2.994353405 
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CHAPTER 4 

 

The Reactivity of Transition Metal Phosphine Complexes with Industrially Relevant 

Substrates: Some Insights into the Water Gas Shift Reaction, CO2 Hydrogenation, 

Hydrodeoxygenation, and Hydrosilane Reactivity 
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4.1 Introduction 

Transition metal phosphine complexes are as diverse as they are numerous.  Not only is 

there a multitude of structurally unique transition metal phosphine complexes, but 

these complexes have also found great utility in a number of catalytic processes.  For 

example, (i) rhodium phosphine complexes are effective catalysts for alkene 

hydrogenation,1 (ii) cobalt and rhodium phosphine complexes have been used 

industrially in hydroformylation processes,2 and (iii) alkyne carbonylation may be 

facilitated by palladium phosphine complexes.3  

 

One reason that tertiary phosphine ligands are so widely employed in transition metal 

complexes is that their steric and electronic properties may be readily tuned.  The 

substituents on the phosphorus influence whether the ligand will be a strong σ-donor 

or a strong π-acceptor, sterically unencumbered or hindered, soluble in polar or non-

polar solvents, and chiral or achiral; all of these properties ultimately serve to determine 

how a transition metal complex will behave.4,5,6,7  For example, strongly electron-

donating trialkylphosphine ligands such as PMe3 have been used to prepare highly 

reactive, electron-rich metal complexes that are capable of effecting C-C, C-H, O-H, C-S, 

C-Si, and Si-H bond cleavage reactions.8  PPh3, the parent triarylphosphine ligand, is a 

component of of seminal metal complexes such as Wilkinson’s catalyst, RhCl(PPh3)3, 

and Vaska’s compound, IrCl(CO)(PPh3)2.1,9   

 

Given the significance of these metal complexes and the transformations for which they 

are responsible, it is of interest to explore the reactivity of transition metal complexes 

featuring trimethylphosphine and triphenylphosphine ligands.  Thus, the reactivity of 

Ru(PMe3)4H2, Mo(PMe3)6, W(PMe3)4(η2-CH2PMe2)H, Mo(PMe3)4(η2-CH2PMe2)H, and 

IrCl(CO)(PPh3)2 towards a number of substrates was explored and is presented herein. 
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4.2 Reactivity of Ru(PMe3)4H2 

4.2.1 Background 

Ruthenium is a valuable metal in transition metal catalysis.  For example, ruthenium 

catalysts are critical to reactions such as olefin metathesis, the dehydrogenation of diols, 

and the hydrogenation of alkenes, aldehydes, and CO2.10,11,12  We were therefore 

interested in exploring the catalytic potential of a ruthenium phosphine complex, 

Ru(PMe3)4H2.  This species has been shown to be an active catalyst for the 

dehydrogenation of alcohols and the hydrogenation of CO2.11,13  Ru(PMe3)4H2 was found 

to react with a number of other substrates here as well, including CS2 and H2S, and this 

complex exhibits catalytic potential in the water gas shift reaction. 

 

4.2.2 Reactivity of Ru(PMe3)4H2 in the Water Gas Shift Reaction 

The water gas shift reaction (WGSR) is an industrially significant process in which 

carbon monoxide reacts with water to form hydrogen and carbon dioxide: 

CO + H2O    H2 + CO2 

This transformation is important in a number of different processes, including (i) the 

large-scale production of hydrogen for ammonia synthesis, (ii) the enrichment of 

synthesis gas (CO + H2) in hydrogen, and (iii) the treatment of combustion exhaust 

gases for reducing noxious nitrogen and sulfur oxide gases.14,15  The heterogeneous 

catalysis of this process in industry involves severe conditions (i.e. high pressure and 

temperatures greater than 300 ˚C).16  The high temperature required to make this 

process proceed at a viable rate leads to an unfavorable shift in the equilibrium position 

for this reaction at high temperature.16,17,18  As such, there is an incentive to perform the 

WGSR at reduced temperatures.  Homogeneous catalysts, which are frequently active at 

significantly lower temperatures than heterogeneous ones, have therefore been 

investigated for this process and were first reported in 1977.14,19,20  Many of these early 

reports utilize metal carbonyl complexes as homogeneous catalysts, and ruthenium 

carbonyl complexes in particular have been studied extensively as catalysts for this 
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reaction.21,22  The vast majority of homogeneous WGS reactions proceed in aqueous 

alkaline solutions.  However, another early report found that platinum phosphine 

complexes were capable of catalyzing the WGSR in aprotic solvents with no added 

base.23  We therefore considered that Ru(PMe3)4H2 might also be capable of effecting the 

WGSR. 

 

Encouragingly, treatment of Ru(PMe3)4H2 with H2O(l) and CO does produce H2 and 

CO2 when the reaction is performed in C6D6, as shown by 1H, 13C, and 13C{1H} NMR 

spectroscopy (Scheme 1).  The evolution of H2 and CO2 is observed after mild heating at 

60 ˚C, which is substantially lower than the temperatures reported in earlier examples 

of the homogeneous WGSR.  It is also significant that this reaction proceeds in a neutral, 

non-polar solvent such as benzene.  While attack of a hydroxide ion is frequently 

invoked as the first mechanistic step in systems that operate under alkaline conditions 

(Figure 1, A), it is likely that a modified mechanism involving neutral intermediates is 

operational when Ru(PMe3)4H2 is used as a catalyst (Figure 1, B). 

 

CO + H2O CO2 + H2
Ru(PMe3)4H2
60 ˚C, C6D6  

Scheme 1.  Reactivity of Ru(PMe3)4H2 towards CO and H2O 
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Figure 1.  Catalytic cycles (A) proposed by Ford et al. for the WGSR catalyzed by 

ruthenium clusters in alkaline solution21c,18 and (B) proposed for Ru(PMe3)4H2 

(analogous to the mechanism proposed by Yoshida et al.23) 

 

When the reaction solution is further heated at 60 ˚C, the production of a formate 

species is observed by 1H (Figure 2) and 13C NMR spectroscopy.  When the reaction is 

performed with 13C-enriched CO, the peak attributable to the formate moiety in the 1H 

NMR spectrum (δ 8.70) exhibits coupling to both carbon (1JC-H = 192 Hz) and 

phosphorus (4JP-H = 2 Hz).  A number of hydride signals are also evident, and these may 

correspond to species in which CO has replaced phosphine ligands, namely 

Ru(PMe3)x(CO)4-xH2.  The 1H NMR spectrum suggests that a formate species of the type 

trans-Ru(PMe3)4[OC(O)H]X may be formed, in which X could be a hydroxo ligand or 

another formate moiety (Scheme 2).  The presence of a formate complex may suggest 

the possibility of coupling the WGSR directly to the hydrogenation of CO2.24 
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Figure 2.  1H NMR Spectrum of a 13C-Enriched Formate Species Generated via the 

WGSR 

CO + H2O CO2 + H2 Ru

X

Me3P PMe3

O

PMe3Me3P

C H

O

Ru(PMe3)4H2 Ru(PMe3)4H2
60 ˚C, C6D6

X = OH, CO(O)H  
Scheme 2.  Overall Reaction of Ru(PMe3)4 with CO and H2O 

 

Although the active catalyst species for the WGSR in this system is not known, 

prolonged heating of Ru(PMe3)4H2 in the presence of CO and H2 forms Ru(PMe3)2(CO)3 

as a final product, whose structure has been previously reported.25  Isolation of this 

complex demonstrates the ability of CO to displace phosphine ligands, which is 
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significant since a plausible catalytic cycle presumably involves the attack of a 

coordinated carbonyl ligand by water in an inter- or intramolecular fashion. 

 

Treatment of Ru(PMe3)4H2 with CO alone results in the evolution of H2 and PMe3, which 

is consistent with the isolation of Ru(PMe3)2(CO)3 described above.  Some ruthenium 

hydride species are also generated, which likely correspond to complexes of the type 

Ru(PMe3)x(CO)4-xH2 (vide supra). 

 

4.2.3 Reactivity of Ru(PMe3)4H2 towards CO2  

The reactivity of Ru(PMe3)4H2 with CO2 was also examined.  Not only is the reduction 

of CO2 to form more valuable chemicals of longstanding interest, but it was also 

necessary to compare the reactivity of CO2 alone with the in situ-generated CO2 and H2 

described above.  The reaction of Ru(PMe3)4H2 with CO2 (both natural abundance and 
13C-enriched) was performed in C6D6 and monitored by 1H and 13C{1H} NMR 

spectroscopy, thereby demonstrating the generation of a formate species similar to that 

observed from the WGSR.26  The peak attributable to the formate moiety in the 1H NMR 

spectrum (δ 8.90) couples to the formate carbon (1JC-H = 189 Hz) when 13C-enriched CO2 

is used.  However, unlike the formate species described above the signal corresponding 

to the formate hydrogen appears as a doublet instead of a quintet.  The appearance of 

this signal is accompanied by a hydride resonance (δ -8.14) that exhibits coupling to 

four phosphine ligands (2JP-H = 100, 28).  A small degree of coupling to the formate 

carbon is also present in the 13C-enriched experiment (Figure 3).  Thus, the formate 

species that is generated from the direct reaction of Ru(PMe3)4H2 with CO2 is tentatively 

assigned as the cis-formate hydride complex, cis-Ru(PMe3)4[OC(O)H]H (Scheme 3). 
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Figure 3.  1H NMR Spectrum of a 13C-enriched Formate Species from the Reaction 

with CO2 
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C

H
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Scheme 3 – Reaction of Ru(PMe3)4H2 with CO2 

 

4.2.4 Reactivity of Ru(PMe3)4H2 towards CS2 

The reactivity of Ru(PMe3)4H2 with carbon disulfide was also examined.  This reaction is 

facile at room temperature and results in immediate color change of the reaction 

solution from orange to yellow.  The thiocarbonate complex, Ru(PMe3)4(κ2-S2-CS3) 
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(Figure 4), was the only isolated product.  While the generation of metal-thiocarbonate 

species from CS2 has been reported, these often involve either (i) the in situ preparation 

of the CS3
2- anion27 or (ii) addition of CS2 to a metal sulfide compound.28,29  The CS3

2- 

anion is generally prepared by the reaction of CS2 with a nucleophile in the presence of 

a base.27a,30  The transition metal-promoted dimerization of CS2 has been reported,31 

however, so it is possible that the generation of the thiocarbonate ligand in this system 

is accompanied by an equivalent of carbon monosulfide, CS, via dimerization of CS2 

followed by disproportionation (Scheme 4).32,33 

 

 
Figure 4.  Molecular Structure of Ru(PMe3)4(κ2-S2-CS3) 
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Scheme 4.  Reaction of Ru(PMe3)4 with CS2 

 

4.2.5 Reactivity of Ru(PMe3)4H2 towards H2O 

The reactivity of Ru(PMe3)4H2 with water was explored, both as a control for the WGSR 

and with the goal of preparing a ruthenium hydroxo compound.  The isolation of 

monomeric late transition metal hydroxo compounds is of interest since these species 

are frequently invoked as intermediates in metal-catalyzed transformations.34   

The addition of water to Ru(PMe3)4H2 in C6D6 produces little change in the 1H NMR 

spectrum, although a small amount of H2 is generated, and the formation of a new 

hydride signal at δ -8.50 is visible.  This signal exhibits coupling to four phosphines and 

may correspond to Ru(PMe3)4H(OH).35  When the reaction of Ru(PMe3)4H2 with water 

was performed in neat H2O, a mixture of products was formed.  The only product that 

was isolated from this mixture was the bridging hydroxo compound, [Ru2(PMe3)6(µ-

OH)3]Cl, as determined by X-ray diffraction.  The chloride counter-ion presumably 

comes from an impurity of the precursor to Ru(PMe3)4H2, namely RuCl3•xH2O.  A 

similar structure with a BF4
- counterion has also been reported.25 

 

4.2.6 Reactivity of Ru(PMe3)4H2 towards H2S 

H2S was also examined with respect to the reactivity of Ru(PMe3)4H2.  In view of the fact 

that metal hydrosulfido complexes are invoked as intermediates in, for example, the 

hydrodesulfurization process36 and reactions catalyzed by metalloenzymes,37 the study 

of metal hydrosulfido complexes is of interest.38  The reaction of Ru(PMe3)4H2 with H2S 

proceeds at room temperature in benzene, and crystals of cis-Ru(PMe3)4(SH)2 (Figure 5) 

form directly from the reaction solution.  Over time, the cis-isomer converts to trans-



 205 

Ru(PMe3)4(SH)2 (Scheme 5).  The 1H NMR spectra of these isomers reflect their unique 

geometries.  For example, cis-Ru(PMe3)4(SH)2 is characterized by two phosphine peaks, 

a triplet and a doublet, in a 1:1 ratio, whereas the phosphine resonance of trans-

Ru(PMe3)4(SH)2 is one broad singlet.  The -SH hydrogen signals appear at δ -2.77 and 

-4.14 for the cis- and trans- isomers, respectively (Figure 6).  

 

Ru

PMe3

Me3P H

PMe3

HMe3P

H2S
-H2

Ru

PMe3

Me3P SH

PMe3

SHMe3P
Ru

SH

Me3P PMe3

SH

PMe3Me3P

 
Scheme 5.  Reaction of Ru(PMe3)4H2 + H2S 

 

The S-H hydrogens in the crystal structure of cis-Ru(PMe3)4(SH)2 could be located in the 

electron density difference map but not freely refined.  Support for this configuration 

comes from the fact that the crystal structure of cis-Ru(PMe3)4(SH)2 is reproduced well 

by a density functional theory (DFT) geometry optimization calculation.  A geometry 

optimization of trans-Ru(PMe3)4(SH)2 was also performed, and a comparison of the 

energies of the geometry optimized structures indicates that trans-Ru(PMe3)4(SH)2 is ca. 

2 kcal mol-1 lower in energy than cis-Ru(PMe3)4(SH)2.  Thus, these calculations support 

the description of cis-Ru(PMe3)4(SH)2 as the kinetic product and trans-Ru(PMe3)4(SH)2 as 

the thermodynamic one.  The optimized geometries are shown in Figure 7. 
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Figure 5.  Molecular Structure of Ru(PMe3)4(SH)2  

 

 
Figure 6.  1H NMR Spectrum of cis- and trans-Ru(PMe3)4(SH)2 
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Figure 7.  Geometry Optimized Structures of cis- and trans-Ru(PMe3)4(SH)2 

 

4.3 The Reactivity of Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H 

4.3.1 Background 

The reactivity of Mo(PMe3)6 (Chapter 1) and W(PMe3)4(η2-CH2PMe2)H (Chapter 2) with 

hydrosilanes has been explored in depth.  We were also interested in the reactivity of 

these complexes towards other substrates, particularly towards oxygen-containing 

heterocycles relevant to the hydrodeoxygenation industry.  The reactivity of Mo(PMe3)6, 

W(PMe3)4(η2-CH2PMe2)H, and related molybdenum and tungsten trimethylphosphine 

complexes in hydrodenitrogenation and hydrodesulfurization processes has been 

explored in depth by the Parkin group.39,40  Thus, as an extension of this research, we 

have examined these complexes as models of hydrodeoxygenation catalysts. 

 

Hydrodeoxygenation currently represents a less critical process than 

hydrodenitrogenation and hydrodesulfurization, primarily because the combustion of 

nitrogen- and sulfur-containing compounds produces pollutants, whereas combustion 
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of oxygen-containing compounds merely produces water as a byproduct.41  

Nonetheless, this process may increase in importance as biomass-derived feeds become 

more prevalent.  For example, the concentration of oxygen in such feeds may be up to 

50% by weight, which can result in low quality fuels and catalyst deactivation in 

refineries.42  Therefore, we have examined the reactivity of molybdenum and tungsten 

trimethylphosphine complexes towards hydrodeoxygenation reactions.  A significant 

amount of work towards this end has already been performed by a former Parkin 

group graduate student, Aaron Sattler;43,44 some additional contributions are described 

here. 

 

4.3.2 Reactivity towards Dihydrofurans 

Some aspects of the reactivity of Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H with 

dihydrofurans have been previously determined.43  For example, it was noted that 

W(PMe3)4(η2-CH2PMe2)H reacts with 2,3-dihydrofuran in the presence of H2 to form a 

dihydrofuryl complex, W(PMe3)4(κ1-Cα-C4H5O)H3 (Scheme 6);43 a yield has now been 

established for this product.  The reactions of W(PMe3)4(η2-CH2PMe2)H with 2,3-

dihydrofuran or 2,5-dihydrofuran ultimately result in the same final product, 

W(PMe3)5CO (Scheme 7).43  The reaction of W(PMe3)4(η2-CH2PMe2)H with 2,5-

dihydrofuran produces 2,3-dihydrofuran, so it is likely that isomerization is responsible 

for the equivalent reactivities of these substrates.  A procedure for synthesizing 

W(PMe3)5(CO), which has been prepared previously in a different manner,45 from the 

reaction with 2,5-dihydrofuran has now been ascertained. 
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Scheme 6.  Reactivity of W(PMe3)4(η2–CH2PMe2)H towards 2,3-dihydrofuran and H2. 
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Scheme 7.  Reactivity of W(PMe3)4(η2–CH2PMe2)H towards dihydrofurans. 

 

The reaction of Mo(PMe3)6 with 2,5-dihydrofuran, on the other hand, produces not only 

Mo(PMe3)5CO, but also Mo(PMe3)3(η5–C4H5O)H (Scheme 8).43  This complex has been 

characterized by 1H and 31P{1H} NMR spectroscopy,43 and now its solid state structure 

has been obtained (Figure 8).  This product may also be generated from the reaction 

with 2,3-dihydrofuran.  Another interesting observation about this system is that 

treatment of Mo(PMe3)6 with 2,3-dihydrofuran and H2 produces a mixture of 

Mo(PMe3)4H4 and tetrahydrofuran (Scheme 9).  Since hydrogenation of unsaturated 

bonds is an important component of the hydrotreating process,41 the presence of THF in 

this reaction is noteworthy.  
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Scheme 8.  Reactivity of Mo(PMe3)6 towards 2,5-Dihydrofuran 
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Figure 8.  Molecular Structure of Mo(PMe3)3(η5–C4H5O)H 

 

PMe3

PMe3

PMe3Me3P

Me3P

PMe3

Mo

O

60 ˚C
+ H2 Mo

PMe3

H

Me3P

Me3P

PMe3

H

H

H
+

O

 
Scheme 9.  Reaction of Mo(PMe3)6 Towards 2,3-Dihydrofuran and H2 

 

4.3.3 Reactivity towards Benzofuran 

The reactivity of Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H with benzofuran has been 

described, and the products of these reactions have been structurally characterized.43  

The reaction of W(PMe3)4(η2-CH2PMe2)H with benzofuran at 60 ˚C was reported to 
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proceed with significant decomposition, but crystals of the aryloxide-olefin complex, 

(κ1,η2-CH2CHC6H4O)W(PMe3)3(η2–CH2PMe2), suitable for X-ray diffraction were 

isolated (Scheme 10).43  It has now been determined that the reaction proceeds relatively 

cleanly, albeit slowly, at 40 ˚C.  In addition, spectroscopic and analytical data have been 

obtained for the product.  
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Scheme 10.  Reactivity of W(PMe3)4(η2-CH2PMe2)H towards Benzofuran 

 

Mo(PMe3)6, in contrast to W(PMe3)4(η2-CH2PMe2)H, reacts with benzofuran at room 

temperature (Scheme 11).  When two equivalents of benzofuran are added to the 

molybdenum compound, the major product is (κ1,η2-CH2CHC6H4O)Mo(κ1-Cα-

CCHOC6H4)(PMe3)3, a structure that has two benzofuran-derived ligands.  This complex 

was previously structurally characterized by former Parkin group graduate student 

Daniela Buccella.  Supporting spectroscopic data and another crystal structure of this 

compound, in which the complex co-crystallizes in a 1:1 ratio with benzofuran, have 

been obtained (Figure 9).  Another complex with a 2:1 benzofuran : molybdenum 

stoichiometry, namely (κ1,η2-CH2CHC6H4O)(κ1,η2-HC(PMe3)CHC6H4O)Mo(PMe3)2, was 

also isolated.43  When Mo(PMe3)6 is treated with one equivalent of benzofuran, an 

aryloxy-olefin species, (κ1,η2-CH2CHC6H4O)Mo(PMe3)3(η2–CH2PMe2), analogous to the 

tungsten complex described above,  was isolated and structurally characterized.43  

Spectroscopic data for this compound has now been acquired.  
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Scheme 11.  Reactivity of Mo(PMe3)6 towards Benzofuran 

 

 
Figure 9.  Molecular Structure of (κ1,η2-CH2CHC6H4O)Mo(κ1-Cα-CCHOC6H4)(PMe3)3. 

Molecule of co-crystallized benzofuran is omitted for clarity. 
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4.3.4 Reactivity Towards Neopentyl Alcohol 

The reactivity of alcohols towards Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H has been 

examined in the Parkin group, and previously by Parkin and Green.46,47  With respect to 

alkyl alcohols, for example, it was demonstrated that both Mo(PMe3)6
46c and 

W(PMe3)4(η2-CH2PMe2)H47 form formaldehyde complexes of the type M(PMe3)4H2(η2-

CH2O) upon treatment with methanol.  Similar reactivity was observed between 

W(PMe3)4(η2-CH2PMe2)H and ethanol, which produces an acetaldehyde complex.43  The 

formaldehyde and acetaldehyde complexes may be subsequently treated with 

hydrogen to form the alkoxy-trihydride compounds, M(PMe3)4H3(OR).  The reactivity of 

Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H with aryl alcohols was found to be quite 

different; for example, Mo(PMe3)6 effects only O-H bond activation to form 

molybdenum-aryloxy complexes,46c while and W(PMe3)4(η2-CH2PMe2)H affords 

oxametallacycle products derived from O-H and C-H bond cleavage.46a 

 

As an extension of this research, we explored the reactivity of Mo(PMe3)6 and 

W(PMe3)4(η2-CH2PMe2)H towards neopentyl alcohol.  This alcohol, like the aryl 

alcohols, forms unique products with Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H 

(Schemes 12 and 13).  The reaction with Mo(PMe3)6 produces a 16-electron, 

paramagnetic complex, namely Mo(PMe3)4(ONp)2 (Figure 10).  This compound formally 

results from loss of PMe3, oxidative addition of two equivalents of alcohol, and 

elimination of H2.  Similar complexes have been isolated from the reactions of niobium 

and titanium compounds with aryl alcohols.48  W(PMe3)4(η2-CH2PMe2)H, on the other 

hand, forms the alkoxy-trihydride complex, W(PMe3)4H3(ONp) (Figure 11). 
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Scheme 12.  Reactivity of Mo(PMe3)6 towards Neopentyl Alcohol 
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Scheme 13.  Reactivity of W(PMe3)4(η2-CH2PMe2)H towards Neopentyl Alcohol  
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Figure 10.  Molecular Structure of Mo(PMe3)4(ONp)2 
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Figure 11.  Molecular Structure of W(PMe3)4H3(ONp) 

 

4.3.5 Reactivity of Mo(PMe3)4(η2-CH2PMe2)H towards PhX (X = F, Cl, Br, I). 

The molybdenum congener of W(PMe3)4(η2-CH2PMe2)H, namely Mo(PMe3)4(η2-

CH2PMe2)H, was prepared, and its reactivity with aryl halides was explored.  This is of 

interest because W(PMe3)4(η2-CH2PMe2)H reacts with PhX (X = Br, I) to form cationic 

alkylidene complexes of the type [W(PMe3)4(η2-CHPMe2)H]X (X = Br, I).49  The isolation 

of these complexes was significant both because of their structurally unique η2-CHPMe2 

alkylidene ligand and because they provided a means to isolate W(PMe3)4(η2-

CHDPMe2)H, from which the rate constant for accessing the 16-electron species 

[W(PMe3)5] could be measured.49  Thus, we sought to determine whether Mo(PMe3)4(η2-

CH2PMe2)H would exhibit the same reactivity. 
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Significantly, Mo(PMe3)4(η2-CH2PMe2)H does not appear to form any analogous 

alkylidene species in reactions with aryl halides.  Treatment of Mo(PMe3)4(η2-

CH2PMe2)H with PhF resulted in no reaction, while treatment with PhCl produced only 

Mo(PMe3)4Cl2.  When treated with PhBr or PhI, however, Mo(PMe3)4(η2-CH2PMe2)H 

formed bright purple crystals, which were suitable for X-ray diffraction in the case of 

PhI.  The resulting complex is a cationic molybdenum alkylidyne species, 

[Mo(PMe3)4(≡CPMe2Ph)I]I (Scheme 14).  The assignment of this compound as an 

akylidyne is supported by the linear geometry around the (≡CPMe2Ph) carbon (Mo-C-P 

= 175.6(7)˚) and the short Mo-C bond distance (1.784(9) Å), which is approximately 

equal to the average Mo-C triple bond distance reported in the Cambridge Structural 

Database (1.792 Å).  The solid state structure of [Mo(PMe3)4(≡CPMe2Ph)I]I is shown in 

Figure 12.  Mo(PMe3)6 did not react in the same fashion; a gray precipitate was 

consistently formed, and the only product isolated was [Me3PhP]I. 
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Scheme 14.  Reactivity of Mo(PMe3)4(η2-CH2PMe2)H towards PhI 
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Figure 12.  Molecular Structure of [Mo(PMe3)4(≡CPMe2Ph)I]I (anion omitted) 

 

4.3.6 Reactivity with 2-Seleno-1-Methylbenzimidazole 

Lastly, the reactivity of W(PMe3)4(η2-CH2PMe2)H with 2-seleno-1-methylbenimidazole 

[H(sebenzimMe)] was investigated.  H(sebenzimMe) was prepared by Joshua Palmer,50 

who is currently a postdoctoral research scientist in the Parkin lab.  The reaction of 

W(PMe3)4(η2-CH2PMe2)H with one equivalent of H(sebenzimMe) in pentane followed by 

placement at -15 ˚C affords red crystals of W(PMe3)4(sebenzimMe)H, in which the 

benzimidazole ligand coordinates in a κ2-fashion via the selenium and nitrogen atoms 

(Figure 13).  The same reaction with an excess of H(sebenzimMe) in C6D6 results in an 

immediate color change of the solution from yellow to a rust-colored red.  1H NMR 
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spectroscopic analysis indicates that the reaction cleanly affords one product whose 1H 

NMR spectrum is consistent with W(PMe3)4(sebenzimMe)H. 

 

 
Figure 13.  Molecular Structure of W(PMe3)4(sebenzimMe)H 

 

4.4 Reactivity of Vaska’s Compound towards SiH4 

4.4.1 Background 

Since its initial report in 1961,9 IrCl(CO)(PPh3)2, or “Vaska’s Compound”, has elicited a 

great degree of interest for its ability to undergo facile oxidative addition with a large 

number of substrates.  For example, Vaska’s compound has been shown to undergo 

oxidative addition of molecules such as H2,51 O2,52 and HX (X = halogen).53  In addition, 

the reactivity of this complex with a number of organohydrosilanes has been 
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described.54  Many of these additions are reversible, such that reductive elimination 

occurs to regenerate IrCl(CO)(PPh3)2 and the original substrate.  Given the fundamental 

importance of oxidative addition and reductive elimination in many transition metal-

catalyzed reactions, the study of Vaska’s compound and its reactivity is of significant 

interest. 

 

Some years after its initial synthesis, the reactivity of Vaska’s compound with silane 

(SiH4) and other simple hydrosilanes of the type SiH3X (X = Cl, Br, or I) was described.55  

This seemingly simple analysis was complicated by (i) rapid precipitation of the 

products from solution and (ii) complete insolubility of these precipitates.  The rapid 

precipitation precluded analysis of the reaction products by NMR spectroscopy, as did 

the insolubility of the resulting solid.  Furthermore, no crystal suitable for X-ray 

diffraction was obtained.  The geometries of the solid products were therefore 

tentatively assigned based on IR stretching frequencies as having trans- phosphine 

ligands with the hydride trans to the chloride (Scheme 15, A).  A second geometry in 

which the hydride is trans to the carbonyl group (Scheme 15, B) was also discussed but 

considered to be less consistent with the IR spectra.55 

 

Although NMR spectroscopy was not feasible for any silyl species, the authors did find 

that some of the analogous germyl halides (i.e. GeH3X, where X = Cl, Br, or I) formed 

complexes that were soluble for a sufficient duration such that analysis by 1H NMR 

spectroscopy was possible.  The 1H NMR spectra of these products exhibited resonances 

corresponding to the GeH hydrogens and IrH hydride that were each characterized by 

a simple triplet pattern.  Thus, these products were assigned a geometry that was also 

consistent with the IR spectra of the solid products (Scheme 15, A).  In the case of 

GeH3Cl, however, a second set of signals was observed.  These resonances were 

composed of a doublet of triplets (GeH) and a triplet of quartets (IrH), where the extra 

coupling was attributed to 3JH-Ge-Ir-H.  The authors concluded that this extra coupling 
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must arise from a trans- configuration of the -H and -GeH2X groups (Scheme 15, C) 

based on the “general observation that couplings involving protons are usually larger 

when the coupled atoms are trans than when they are cis.”55 

 

Two possibilities for the intractable solid products were addressed: (i) either the 

precipitates possessed the same stereochemistry as the initial soluble products and were 

produced because the initial solution was supersaturated, or (ii) they represented a less 

soluble isomeric species – for example, one in which the phosphines are cis- to each 

other (Scheme 15, D.)  The authors favored the latter explanation, although this 

geometry was not considered to be as consistent with the IR spectra.55 
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Scheme 15.  Suggested Isomers for the Products of IrCl(CO)(PPh3)2 + EH3X 

 

In order to better evaluate the nature of the initial adducts (before precipitation) 

described above, the same group examined the reactivity of hydrosilanes and 

hydrogermanes with complexes analogous to Vaska’s, namely IrCl(CO)(PEt3)2 and 

IrI(CO)(PEt3)2.56  The authors chose to study these derivatives because transition metal 

complexes of triethylphosphine are frequently more soluble than their 
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triphenylphosphine analogues,57 and indeed, the products of these reactions were 

sufficiently soluble such that both 1H and 31P NMR spectra were obtained.  The reaction 

of SiH4 with IrCl(CO)(PEt3)2, for example, generated a single product whose 31P{1H} 

NMR spectrum was characterized by a singlet, and whose -SiH3 and -IrH resonances in 

the 1H NMR spectrum appeared as a doublet of triplets and triplet of quartets, 

respectively.  For the same reason as described above, this coupling pattern was 

attributed to a trans-configuration of the silyl and hydride ligands (Scheme 15, C).  The 

same reaction using GeH4 produced two species, each characterized by a single 

resonance in the 31P{1H} spectrum.  The 1H NMR spectrum of this reaction mixture also 

indicated the presence of two isomers, one distinguished by signals of the same pattern 

as the silyl compound, and the other by two triplets.  These isomers are assigned as 

having trans- and cis- germyl and hydride ligands, respectively. (Scheme 15, C and A).  

Significantly, no evidence for isomerization after initial product formation was 

observed in this system.56 

 

In view of the fact that all of the product assignments described above are based on the 

assumption that the coupling between mutually trans- ligands will be greater than that 

between mutually cis- ones, it is significant that we have now characterized a silyl-

hydride derivative of Vaska’s compound by X-ray diffraction and NMR spectroscopy, 

described herein.  We believe that the solid state structure provides strong evidence that 

the aforementioned assumptions about coupling between trans- ligands may be 

incorrect. 

 

4.4.2 Reaction of IrCl(CO)(PPh3)2 with SiH4 

When a suspension of IrCl(CO)(PPh3)2 in C6D6 is treated with SiH4, the yellow solid 

dissolves and the solution turns immediately from yellow to colorless.  It was 

previously reported that precipitation of a white solid began immediately, before the 

color of the solution had disappeared;55 in our hands, however, the product remained in 
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solution for long enough that a number of NMR spectroscopic experiments were 

possible.58  

 

The 1H NMR spectrum of the product (Figure 14) is in accord with the spectrum of the 

observed product from the reaction of SiH4 with IrCl(CO)(PEt3)2.56  Specifically, the 

product is characterized by a silyl resonance at δ 2.79 that appears as a doublet of 

triplets; this signal also possesses silicon satellites (1JSi-H = 187).  A hydride resonance at δ 

-6.32 appears as a triplet of quartets.  When the hydride signal is irradiated, the silyl 

resonance becomes a triplet, and irradiation of the silyl resonance causes the hydride 

signal to appear as a triplet as well.  These observations are consistent with a structure 

in which both the -SiH3 and -IrH hydrogens couple to equivalent phosphines and to 

each other.  The 31P{1H} NMR spectrum of this complex possesses a single singlet 

resonance, which is consistent with the presence of only one isomer in which the 

phosphine ligands are equivalent and therefore necessarily mutually trans.   

 

 
Figure 14.  1H NMR Spectrum of the Product of IrCl(CO)(PPh3)2 + SiH4 
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After these experiments were performed, a precipitate began to form, some of which 

was crystalline but not suitable for X-ray diffraction.  Therefore, the reaction solution 

was decanted and allowed to slowly evaporate under an argon atmosphere.  In this 

manner, a crystal of cis-IrH(SiH3)(CO)(Cl)(PPh3)2
59 (H trans to CO) suitable for X-ray 

diffraction was obtained (Figure 15).  This complex co-crystallizes with benzene and has 

no disorder associated with the ligands.  The Si-H and Ir-H hydrogens were located and 

freely refined isotropically. 

 

 
Figure 15.  Molecular Structure of cis-IrH(SiH3)(CO)(Cl)(PPh3)2 
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The solid state structure of cis-IrH(SiH3)(CO)(Cl)(PPh3)2 (H trans to CO) features a 

geometry in which the silyl and hydride ligands are mutually cis.  Furthermore, the 

hydride is trans- to the carbonyl group, while the silyl ligand is trans- to the chloride 

(Scheme 15, B).  This configuration is in contrast to the structures that were proposed 

for related products both based on IR and NMR spectroscopy (Scheme 15, A and C).55,56  

Two possible explanations for this discrepancy are as follows: (i) the observed 1H NMR 

spectrum and the solid state structure correspond to the same isomer, such that 

previous assignments are incorrect, or (ii) the solution state and solid state structures 

are different, such that an isomerization process occurs during crystallization. 

 

The former explanation is more plausible for a number of reasons.  Firstly, there is no 

convincing way to account for a trans-configuration of the silyl and the hydride groups 

as a kinetic product resulting from oxidative addition of the Si-H bond at the metal 

center.  Specifically, a concerted oxidative addition is expected to occur in a cis-

fashion.60  Mechanisms that are known to cause addition of substrates in a trans- fashion 

– for example, ionic or radical pathways – seem unlikely given the mild reaction 

conditions, non-polar solvent, and non-polar nature of SiH4.55  A trans-configuration of 

the silyl and hydride ligands would therefore likely be the result of some isomerization 

process after initial cis- addition, and there is no evidence for such a process taking 

place here. 

 

While the formation of a silyl-hydride complex in which these ligands are trans- seems 

unlikely based on kinetic arguments, we were curious to see whether such a product 

could be favored thermodynamically.  We therefore performed DFT geometry 

optimization calculations on all possible isomers in which the phosphine ligands are 

trans (Scheme 15, A, B, and C).  A comparison of the energies of the geometry optimized 

structures indicates that cis-IrH(SiH3)(CO)(Cl)(PPh3)2 (hydride trans to CO, B), the 

structure that we have isolated, is in fact the lowest energy isomer (Figure 16).  The 
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other isomer in which the silyl and hydride ligands are cis, namely cis-

IrH(SiH3)(CO)(Cl)(PPh3)2 (hydride trans to Cl, A), is moderately higher in energy, while 

the isomer in which the hydride and silyl ligands are trans (C) is substantially higher in 

energy.  This is consistent with previous computational work60 and suggests that trans-

IrH(SiH3)(CO)(Cl)(PPh3)2 is not favored thermodynamically; thus, these results indicate 

that a process in which oxidative addition produces a cis-adduct followed by 

isomerization to a trans- adduct seems unlikely.  Therefore, it seems logical that the 

initial product observed by 1H NMR spectroscopy does correspond to cis-

IrH(SiH3)(CO)(Cl)(PPh3)2 (hydride trans to CO), and the observed coupling between the 

silyl and hydride ligands cannot be attributed to a mutually trans configuration. 

 

 
Figure 16.  Relative Energies of Geometry Optimized Isomers 
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4.4.3 Reaction of IrCl(CO)(PPh3)2 with GeH4 

In addition to the reactivity of silane with Vaska’s compound, we investigated the 

reactivity of germane, GeH4.  As discussed above, the previously reported reaction of 

IrCl(CO)(PPh3)2 with GeH4 resulted in rapid precipitation of a 1:1 adduct that was 

characterized only by IR spectroscopy.55  Treatment of the analogous IrCl(CO)(PEt3)2 

complex produced two isomers, which were characterized by 1H and 31P{1H} NMR 

spectroscopy.56  In our hands, the reaction of Vaska’s compound with GeH4 gave a 

colorless solution and, as with silane, the products remained in solution for a sufficient 

duration that NMR spectroscopic experiments were possible. 

 

The spectra of the products of this reaction are consistent with those observed for 

IrCl(CO)(PEt3)2.  The 1H NMR spectrum, for example, contains the two sets of peaks 

described above (i.e. one isomer characterized by a doublet of triplets and a triplet of 

quartets, the other by two triplets) (Figure 17).  Homonuclear decoupling experiments 

confirm that the extra coupling observed in the first set of peaks is due to 3JH-Ge-Ir-H, and 

heteronuclear decoupling confirms that the observed triplet is in all cases due to 

coupling to two phosphine ligands.  
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Figure 17.  1H NMR Spectrum of the Products of IrCl(CO)(PPh3)2 + GeH4 

 

As with the silyl adducts, we performed DFT geometry optimization calculations on all 

of the trans-phosphine isomers, namely cis-IrH(GeH3)(CO)(Cl)(PPh3)2 (H trans to Cl), cis-

IrH(GeH3)(CO)(Cl)(PPh3)2 (H trans to CO), and trans-IrH(GeH3)(CO)(Cl)(PPh3)2.  

Significantly, the geometry optimized energies of these isomers increased in the same 

order as the analogous silyl complexes, but the differences in energy are smaller.  Based 

on the results with the silyl complex described above, the isomer with the additional 

coupling is tentatively assigned as cis-IrH(GeH3)(CO)(Cl)(PPh3)2 (H trans to CO, B), and 

the one without is assigned as cis-IrH(GeH3)(CO)(Cl)(PPh3)2 (H trans to Cl, A).  The 

geometry optimized structures and relative energies of these isomers are shown in 

Figure 18. 
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Figure 18.  Relative Energies of Geometry Optimized Energies 

 

4.4.4 Further NMR Studies of IrHCl(CO)(EH3)(PPh3)2 (E = Si, Ge) 

In order to assess further the geometries of the isomers reported herein, we conducted a 

series of NOE experiments on the adducts of Vaska’s compound with SiH4 and GeH4.  A 

NOE enhancement between the hydride and silyl or germyl resonances would be 

expected to correspond to a cis- configuration, where the two ligands are in close spatial 

proximity.  The results of these experiments were mixed but generally support the 

assignment of the isomers described above.  For example, in study of the germane 

complexes, an NOE enhancement was observed for the hydride signal at δ -17.90 but 

not for the signal at δ -6.89.  This could be an indication of respective cis- and trans- 

configurations, but more likely it is due to the fact that there is very little of the second 

isomer present; thus, NMR spectroscopic analysis on this isomer becomes difficult.  The 
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silane complex did exhibit an NOE enhancement between the hydride and silyl signal.  

The weakness of the observed enhancements is probably due to the fact that the silyl 

group rotates in solution, averaging the effective NOE that the hydride ligand 

experiences.61 

 

The reactivity of these adducts towards H2 was also explored.  Both 

IrHCl(CO)(SiH3)(PPh3)2 and IrHCl(CO)(GeH3)(PPh3)2 react with hydrogen at room 

temperature to form IrH2Cl(CO)(PPh3)2.  Perhaps more interesting, however, is that 

IrH2Cl(CO)(PPh3)2 is formed from IrHCl(CO)(SiH3)(PPh3)2 and IrHCl(CO)(GeH3)(PPh3)2 

in the absence of H2 as well, under analogous conditions (room temperature in 

benzene).  The generation of IrH2Cl(CO)(PPh3)2 from a triethoxyhydrosilane compound 

has been described; the authors proposed that water or oxygen may react with the silyl 

hydride to form the dihydride complex and silanol or a siloxane.54c Although the 

reactions presented herein were performed under an argon atmosphere in sealed J. 

Young tubes, it is possible that trace amounts of water or oxygen could be responsible 

for this transformation (Scheme 16). 

 

Ir

CO

Ph3P H

EH3

PPh3Cl

Ir

Cl

Ph3P H

EH3

PPh3OC

Ir

Ph3P Cl

PPh3OC

EH4

E = Si or Ge

or H2O or O2 Ir

Cl

Ph3P H

H

PPh3OC

EH3OH 
or

O(EH3)2

+

 
Scheme 16.  Reaction of IrHCl(CO)(EH3)(PPh3)2 with H2 (E = Si, Ge) 

 

Another interesting observation is that heating a solution of IrHCl(CO)(GeH3)(PPh3)2 

with H2 at 60 ˚C results in the formation of two new hydride peaks of equal intensity at 
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δ -9.69 and δ -10.96.  The chemical shifts of these peaks correspond reasonably closely to 

those that have been previously reported for IrH2(CO)(GeH3)(PPh3)2 (i.e. δ -9.46 and δ 

-10.81).62  This product could arise via reductive elimination of GeH3Cl followed by 

oxidative addition of GeH4 (Scheme 17).63  Support for this process is provided by the 

fact that GeH4 is evolved when the reaction is left at room temperature, but the signal 

corresponding to germane disappears when the sample is heated, coinciding with the 

formation of the new peaks.  
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Scheme 17.  High Temperature Reaction of IrHCl(CO)(GeH3)(PPh3)2 with H2 

 

Finally, it was also observed that the reaction of IrHCl(CO)(GeH3)(PPh3)2 with H2 

produces two new sets of signals whose coupling patterns are virtually identical to 

those of the initial germane compounds (Figure 19).  This is particularly confounding 

because isomerization would be expected to produce species with very different NMR 

spectra; displacement of the carbonyl group by free PPh3 also seems unlikely, since the 

resulting compound should also be distinct by NMR spectroscopy.  One possible 

explanation may come from the aforementioned hypothesis that germanol or 

germoxane may be formed.  Elimination of GeH4 followed by oxidative addition of 

GeH3OH across the Ge-H bond could, for example, produce species with a very similar 
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NMR spectrum (Scheme 18).  Consistent with this suggestion, the integration of the 

hydride and the germyl resonances for both new species is 1:2. 
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Scheme 18.  Possible Formation of New Species via IrHCl(CO)(GeH3)(PPh3)2 + H2 

 

 
Figure 19.  1H NMR Spectra of New Species from IrHCl(CO)(GeH3)(PPh3)2 + H2 
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4.5 Summary and Conclusions 

Here we have presented a wide range of transition metal phosphine complexes whose 

reactivity is exciting and diverse.  Ru(PMe3)4H2 reacts with a multitude of small 

molecule substrates to form formate, thiocarbonate, and hydrosulfido complexes.  

Mo(PMe3)6 and W(PMe3)4(η2-CH2PMe2)H react with oxygen-containing heterocycles to 

afford products that involve hydrogenation of unsaturated bonds, C-O bond cleavage, 

and C-H bond cleavage; thus, these complexes serve as interesting models for 

hydrodeoxygenation and may provide insight into the mechanism of this process.  

Finally, a reexamination of the reactivity of Vaska’s compound with SiH4 and GeH4 

suggests that the products of these reactions may have been previously misassigned; 

furthermore, the long-held assumption that mutually trans- ligands will have stronger 

coupling than mutually cis-ones appears to be incorrect.  In conclusion, these transition 

metal phosphine complexes effect a number of transformations with substrates related 

or relevant to industrial processes, and the insights gained by examining the reactivity 

of these complexes may serve to increase the general understanding of how these 

processes work.  

 

4.6 Experimental Details 

4.6.1 General Considerations 

All manipulations were performed using a combination of glovebox, high vacuum, and 

Schlenk techniques under a nitrogen or argon atmosphere unless otherwise specified.64  

Solvents were purified and degassed by standard procedures.  1H NMR spectra were 

measured on Bruker Avance III 400, Bruker Avance III 400 SL, and Bruker Avance III 

500 spectrometers.  1H chemical shifts are reported in ppm relative to SiMe4 (δ = 0) and 

were referenced internally with respect to the solvent (δ 7.16 for C6D5H).65  13C NMR 

spectra are reported in ppm relative to SiMe4 (δ = 0) and were referenced internally with 

respect to the solvent (δ 128.06 for C6D6).65  31P chemical shifts are reported in ppm 

relative to 85% H3PO4 (δ = 0) and were referenced using P(OMe)3 (δ = 141.0) as an 
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external standard.66  Coupling constants are given in hertz.  Ru(PMe3)4H2,67 Mo(PMe3)6,8b 

W(PMe3)4(η2-CH2PMe2)H,68 and Mo(PMe3)4(η2-CH2PMe2)H8b were prepared by the 

literature methods.  

 

4.6.2 X-ray Structure Determinations 

Single crystal X-ray diffraction data were collected on a Bruker Apex II diffractometer, 

and crystal data, data collection and refinement parameters are summarized in Table 1.  

The structures were solved using direct methods and standard difference map 

techniques and were refined by full-matrix least-squares procedures on F2 with 

SHELXTL (Version 2008/4).69 

 

4.6.3 Computational Details 

Calculations were carried out using DFT as implemented in the Jaguar 7.5  

[Ru(PMe3)4(SH)2] and Jaguar 7.7 [IrHCl(CO)(EH3)(PPh3)2] suites of ab initio quantum 

chemistry programs.70  Geometry optimizations (Table 2) were performed with the 

B3LYP density functional71 using the 6-31G** (C, H, S and P) and LACVP** (Ru) basis 

sets.72 

 

4.6.4 Reaction of Ru(PMe3)4H2 with CO and H2O  

A solution of Ru(PMe3)4H2 (5 mg, 0.01 mmol) in C6D6 (0.7 mL) in an NMR tube 

equipped with a J. Young valve was treated with a drop of H2O (ca. 3 µL), frozen, and 

degassed to remove the atmosphere of air.  The tube was charged with 13C-enriched CO 

(> 0.25 atm).  The solution was heated at 60 ˚C and monitored by 1H, 13C, and 13C{1H} 

NMR spectroscopy, thereby demonstrating the evolution of H2 and CO2 after two hours.  

After two days at 60 ˚C, the generation of a formate species was observed.  Heating at 

60˚C for approximately one month resulted in the formation of a number of species, one 

of which was determined to be Ru(CO)3(PMe3)2 by X-ray crystallography.  The WGSR 

using natural abundance CO2 was performed in the same manner.  Data for the formate 
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species produced in the reaction using 13C-enriched CO is provided here. The 

phosphine peaks in the 13C NMR spectra were not observed due to insufficient 

concentration, since they are not 13C-enriched.  1H NMR (C6D6): 1.11 [d, 2JP-H = 7, 36H of 

trans-Ru(PMe3)4(OC(O)H)X], 8.70 [d, 1JC-H = 192, 4JP-H = 2, 1H of trans-

Ru(PMe3)4(OC(O)H)H]. 13C{1H} NMR (C6D6): 168.6 [br m, 1C of trans-

Ru(PMe3)4(OC(O)H)X]. 13C NMR (C6D6): 168.6 [d, 1JC-H = 192]. 

 

4.6.5 Reaction of Ru(PMe3)4H2 with CO  

A solution of Ru(PMe3)4H2 (5 mg, 0.01 mmol) in C6D6 (0.7 mL) in an NMR tube 

equipped with a J. Young valve was degassed and charged with CO (1 atm), heated at 

60-80 ˚C, and monitored by 1H NMR spectroscopy.  A number of ruthenium-hydride 

species were generated.  The peak corresponding to free PMe3 was observed to increase 

over the course of the reaction, which is consistent with the displacement of phosphine 

ligands by carbonyl ligands. 

 

4.6.6 Reaction of Ru(PMe3)4H2 with CO2  

A solution of Ru(PMe3)4H2 (5 mg, 0.01 mmol) in C6D6 (0.7 mL) in an NMR tube 

equipped with a J. Young valve was degassed and charged with 13C-enriched CO2 (> 0.5 

atm) and monitored by 1H and 13C{1H} NMR spectroscopy.  A formate species was 

generated after approximately thirty minutes at room temperature.  The reaction with 

natural abundance CO2 was performed in the same manner using 1 atm CO2.  NMR 

Data for the formate species generated using 13C-enriched CO2 is provided here.  1H 

NMR (C6D6): -8.14 [d quart, 2JP-H = 100, 2JP-H = 28, 1H of cis-Ru(PMe3)4(OC(O)H)H], 0.93 

[d, 2JP-H = 8, 18H of cis-Ru(PMe3)4(OC(O)H)H], 1.18 [d, 2JP-H = 6, 18H of cis-

Ru(PMe3)4(OC(O)H)H], 8.90 [dd, 1JC-H = 189, 4JP-H = 5, 1H of cis-Ru(PMe3)4(OC(O)H)H]. 
1H-13C HSQC: 170.8 [1C of cis-Ru(PMe3)4(OC(O)H)H]. 
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4.6.7 Structural Characterization of Ru(PMe3)4(κ2-S2-CS3)  

A solution of Ru(PMe3)4H2 (5 mg, 0.01 mmol) in C6D6 (0.7 mL) in an NMR tube 

equipped with a J. Young valve was treated with CS2.  The color of the solution changed 

immediately from pale orange to yellow.  Yellow crystals were deposited directly from 

the reaction solution, which were confirmed by X-ray diffraction to be Ru(PMe3)4(κ2-S2-

CS3). 

 

4.6.8 Reaction of Ru(PMe3)4H2 with H2O  

(i)  A solution of Ru(PMe3)4H2 (5 mg, 0.01 mmol) in C6D6 (0.7 mL) in an NMR tube 

equipped with a J. Young valve was treated with a drop of water (ca. 3 µL), frozen, and 

degassed to remove the atmosphere of air.  The sample was monitored by 1H NMR 

spectroscopy, first at room temperature and then with heating (60-80 ˚C).  The only 

change that was observed to occur by 1H NMR spectroscopy was the formation of a 

small hydride peak at δ -8.50 [d quart, 2JP-H = 106, 2JP-H = 28], which may correspond to a 

hydroxide complex of the type Ru(PMe3)4H(OH).  

(ii)  A solution of Ru(PMe3)4H2 (5 mg, 0.01 mmol) was stirred in water (ca. 2 mL) at room 

temperature for approximately 14 h.  The water was removed in vacuo, and the contents 

were redissolved in C6D6 and examined by 1H and 31P{1H} NMR spectroscopy, thereby 

demonstrating the formation of a mixture of products.  Orange crystals of 

[Ru2(PMe3)6(µ-OH)3]Cl suitable for X-ray diffraction were obtained by slow evaporation 

of the benzene at room temperature under a nitrogen atmosphere. 

 

4.6.9 Reaction of Ru(PMe3)4H2 with H2S  

A solution of Ru(PMe3)4H2 (5 mg, 0.01 mmol) in C6D6 (0.7 mL) in an NMR tube 

equipped with a J. Young valve was degassed and charged with H2S (1 atm) and 

monitored by 1H NMR spectroscopy at room temperature, thereby demonstrating the 

conversion to a mixture of cis- and trans-Ru(PMe3)4(SH)2.  Colorless crystals of cis-

Ru(PMe3)4(SH)2 were deposited directly from the reaction solution.  It was observed by 
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1H NMR spectroscopy that isolated crystals of cis-Ru(PMe3)4(SH)2 convert to trans-

Ru(PMe3)4(SH)2 at room temperature, a process that occurs both in C6D6 and CD3CN.  

When a mixture of cis-Ru(PMe3)4(SH)2 and trans-Ru(PMe3)4(SH)2 is heated at 60 ˚C in 

CD3CN, the -SH resonances disappear, but the phosphine resonances remain 

unchanged; this may indicate H/D exchange with the –SH protons and the solvent.  1H 

NMR (C6D6) of cis-Ru(PMe3)4(SH)2: -2.78 [dt, 3JP-H = 5, 3JP-H = 3, 2H of cis-Ru(PMe3)4(SH)2], 

1.10 [d, 2JP-H = 6, 18 H of cis-Ru(PMe3)4(SH)2], 1.41 [vt, “J” = 6, 18H of cis-Ru(PMe3)4(SH)2].  
1H NMR (C6D6) of trans-Ru(PMe3)4(SH)2: -4.15 [quint, 3JP-H = 4, 2H of trans- 

Ru(PMe3)4(SH)2], 1.34 [br s, 36H of trans- Ru(PMe3)4(SH)2]. 

 

4.6.10 Synthesis of W(PMe3)4(κ1-Cα-C4H5O)H3  

A solution of W(PMe3)4(η2-CH2PMe2)H (20 mg, 0.035 mmol) in C6D6 (0.7 mL) was 

treated with 2,3-dihydrofuran (25 mg, 0.36 mmol) and transferred to an NMR tube 

equipped with a J. Young valve.  The solution was heated at 60 ˚C for 6 hours and 

monitored by 1H NMR spectroscopy, thereby demonstrating its conversion to 

W(PMe3)4(κ1-Cα-C4H5O)H3.  The solution was lyophilized, and W(PMe3)4(κ1-Cα-

C4H5O)H3 was isolated as a light brown powder (12 mg, 62%).  The 1H, 31P{1H}, and 13C 

NMR spectra have been reported by Aaron Sattler.  

 

4.6.11 Synthesis of W(PMe3)5CO  

A solution of W(PMe3)4(η2-CH2PMe2)H (16 mg, 0.028 mmol) in C6D6 (0.7 mL) was 

treated with 2,5-dihydrofuran (3 mg, 0.043 mmol) and transferred to an NMR tube 

equipped with a J. Young valve.  The solution was heated at 100 ˚C for 2 days, thereby 

demonstrating conversion to primarily W(PMe3)5CO.  The solution was filtered and 

lyophilized, thereby affording W(PMe3)5CO as a light brown powder (7 mg, 49%).  1H 

NMR (C6D6): 1.05 [d, 2JP-H = 4, 9H of W(PMe3)5CO], 1.45 [br m, 36H of W(PMe3)5CO]. 
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4.6.12 Synthesis of Mo(PMe3)3(η5–C4H5O)H  

Mo(PMe3)6 (15 mg, 0.027 mmol) was treated with a solution of 2,5-dihydrofuran (10 mg, 

0.14 mmol) in C6D6 (0.7 mL) and transferred to an NMR tube equipped with a J. Young 

valve.  The solution was heated at 60 ˚C for 2h, thereby demonstrating conversion to 

Mo(PMe3)3(η5–C4H5O)H, Mo(PMe3)5CO, and 2,3-dihydrofuran.  By integration of the 1H 

NMR spectrum, the ratio of Mo(PMe3)3(η5–C4H5O)H : Mo(PMe3)5CO is approximately 

3:2.  The sample was lyophilized, thereby affording a red powder (10 mg) that is 60 % 

Mo(PMe3)3(η5–C4H5O)H (6 mg, 66 %).  Red crystals of Mo(PMe3)3(η5–C4H5O)H suitable 

for X-ray diffraction and elemental analysis were obtained from a solution in pentane at 

-15 ˚C.  The 1H and 31P NMR spectra for this complex were reported by Aaron Sattler.  

Analysis calcd. for Mo(PMe3)3(η5–C4H5O)H: C, 39.60%; H, 8.44%.  Found: C, 38.50%; H, 

8.08%.  

 

4.6.13 Reaction of Mo(PMe3)6 with 2,3-Dihydrofuran and H2  

Mo(PMe3)6 (15 mg, 0.027 mmol) was treated with a solution of 2,3-dihydrofuran (9 mg, 

0.13 mmol) in C6D6 (0.7 mL) was degassed and charged with H2.  The solution turned 

immediately from yellow to golden brown, and 1H NMR spectroscopy confirmed that 

the Mo(PMe3)6 had converted to Mo(PMe3)5H2.  The solution was heated at 60 ˚C for two 

hours, thereby demonstrating the formation of tetrahydrofuran and Mo(PMe3)4H4. 

 

4.6.14 Synthesis of (κ1,η2-CH2CHC6H4O)W(PMe3)3(η2–CH2PMe2)  

A solution of W(PMe3)4(η2-CH2PMe2)H (40 mg, 0.07 mmol) in C6D6 (0.7 mL) was treated 

with benzofuran (20 mg, 0.17 mmol) and transferred to an NMR tube equipped with a J. 

Young valve.  The solution was heated at 40 ˚C and monitored by NMR spectroscopy, 

thereby demonstrating the formation of primarily (κ1,η2-CH2CHC6H4O)W(PMe3)3(η2–

CH2PMe2).  The solution was lyophilized, redissolved in pentane, and placed at -15 ˚C, 

thereby depositing yellow-green crystals of (κ1,η2-CH2CHC6H4O)W(PMe3)3(η2–

CH2PMe2) (2mg, 5%).   Analysis Calcd. for (κ1,η2-CH2CHC6H4O)W(PMe3)3(η2–CH2PMe2): 
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C, 39.62%; H, 6.98%.  Found: C, 40.39%; H, 6.80%.  1H NMR (C6D6): 0.70 [m, 1H of W(η2-

CH2PMe2)], 0.90 [signal located by COSY, 1H of W(η2-CH2PMe2)], 0.92 [d, 2JP-H = 8, 3H of 

W(η2-CH2PMe2)], 1.00 [d, 2JP-H = 8, 3H of W(η2-CH2PMe2)], 1.02 [signal located by COSY, 

1H of (κ1,η2-CH2CHC6H4O)], 1.03 [br m, 9H of W(PMe3)3], 1.18 [d, 2JP-H = 7, 9H of 

W(PMe3)3], 1.23 [d, 2JP-H = 6, 9H of 9H of W(PMe3)3], 1.98 [m, 1H of (κ1,η2-

CH2CHC6H4O)], 3.83 [m, 1H of (κ1,η2-CH2CHC6H4O)], 6.59 [d, 3JH-H = 8, 1H of (κ1,η2-

CH2CHC6H4O)], 6.71 [dt, 3JH-H = 7, 4JH-H = 1, 1H of (κ1,η2-CH2CHC6H4O)], 7.05 [dt, 3JH-H = 

8, 4JH-H = 2, 1H of (κ1,η2-CH2CHC6H4O)], 7.37 [dd, 3JH-H = 7, 4JH-H = 2, 1H of (κ1,η2-

CH2CHC6H4O)].  31P{1H} NMR (C6D6) -83.9 [dt, 2JP-P = 22, 2JP-P = 5, 1JW-P = 186, 1P of W(η2-

CH2PMe2)], -30.4 [ddd, 2JP-P = 97, 2JP-P = 31, 2JP-P = 5, 1P of W(PMe3)3], -28.9 [dt, 2JP-P = 31, 
2JP-P = 22, 1P of W(PMe3)3], -27.0 [dd, 2JP-P = 97, 2JP-P = 31, 1P of W(PMe3)3]. 

 

4.6.15 Synthesis of (κ1,η2-CH2CHC6H4O)Mo(κ1-Cα-CCHOC6H4)(PMe3)3  

Mo(PMe3)6 (20 mg, 0.036 mmol) was treated with a solution of benzofuran (10 mg, 0.08 

mmol) in pentane (0.8 mL).  The reaction was stirred for 2 days at room temperature, 

after which point (κ1,η2-CH2CHC6H4O)Mo(κ1-Cα-CCHOC6H4)(PMe3)3 was obtained as a 

reddish-brown precipitate (5 mg, 24 %).  Orange crystals of (κ1,η2-CH2CHC6H4O)Mo(κ1-

Cα-CCHOC6H4)(PMe3)3 co-crystallized with benzofuran were obtained from a solution 

in pentane which contained benzofuran at -15 ˚C.  1H NMR (C6D6): -40.85 [1H], -33.71 

[1H], -10.77 [9H of Mo(PMe3)3], -5.71 [9H of Mo(PMe3)3], 0.97 [1H], 1.80 [1H], 8.66 [9H of 

[9H of Mo(PMe3)3], 12.49 [1H], 13.17 [1H], 22.31 [1H], 44.60 [1H] (4H not observed). 

 

4.6.16 Synthesis of (κ1,η2-CH2CHC6H4O)Mo(PMe3)3(η2–CH2PMe2)  

Mo(PMe3)6(30 mg, 0.054 mmol) was treated with a solution of benzofuran (8 mg, 0.068 

mmol) in C6D6 (0.7 mL).  The solution was transferred to an NMR tube equipped with a 

J. Young valve and heated at 60 ˚C for 1 day, thereby demonstrating conversion to 

(κ1,η2-CH2CHC6H4O)Mo(PMe3)3(η2–CH2PMe2).  The solution was lyophilized, 

redissolved in pentane, and placed at -15 ˚C, thereby depositing dark orange crystals of 
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(κ1,η2-CH2CHC6H4O)Mo(PMe3)3(η2–CH2PMe2) (1.3 mg, 5%).  Analysis calc. for (κ1,η2-

CH2CHC6H4O)Mo(PMe3)3(η2–CH2PMe2): C, 46.34%; H, 8.17 %.  Found: C, 45.52%; H, 

6.75%.  1H NMR (C6D6): 0.26 [m, 1H of Mo(η2-CH2PMe2)], 0.44 [m, 1H of Mo(η2-

CH2PMe2)], 0.78 [d, 2JP-H = 8, 3H of Mo(η2-CH2PMe2)], 0.84 [d, 2JP-H = 8, 3H of Mo(η2-

CH2PMe2)], 0.92 [br d, 2JP-H = 5, 9H of Mo(PMe3)3], 1.10 [br d, 2JP-H = 4, 9H of Mo(PMe3)3], 

1.16 [d, 2JP-H = 7, 9H of Mo(PMe3)3], 1.64 [m, 1H of (κ1,η2-CH2CHC6H4O)], 2.31 [m, 1H of 

(κ1,η2-CH2CHC6H4O)], 4.19 [m, 1H of (κ1,η2-CH2CHC6H4O)], 6.60 [d, 3JH-H = 8, 1H of 

(κ1,η2-CH2CHC6H4O)], 6.68 [t, 3JP-H = 7, 1H of (κ1,η2-CH2CHC6H4O)], 7.07 [dt, 3JP-H = 8, 
4JP-H = 2, 1H of (κ1,η2-CH2CHC6H4O)], 7.34 [dd, 3JH-H = 7, 4JH-H = 2, 1H of (κ1,η2-

CH2CHC6H4O)].  31P{1H} NMR (C6D6) = -47.3 [dt, 2JP-P = 26, 2JP-P = 15, 1P of Mo(η2-

CH2PMe2)], -7.0 [dt, 2JP-P = 38, 2JP-P = 26, 1P of Mo(PMe3)3], 2.4 [ddd, 2JP-P = 107, 2JP-P = 38, 
2JP-P = 15, 1P of Mo(PMe3)3], 6.0 [ddd, 2JP-P = 107, 2JP-P = 38, 2JP-P = 15, 1P of Mo(PMe3)3].  
1H-13C HSQC (C6D6): 8.12 [1C of Mo(η2-CH2PMe2)], 17.7 [1C of Mo(η2-CH2PMe2)], 18.3 

[1C of Mo(η2-CH2PMe2)], 18.3 [1C of Mo(PMe3)3], 19.6 [1C of Mo(PMe3)3], 19.9 [1C of 

Mo(PMe3)3], 45.81 [1C of (κ1,η2-CH2CHC6H4O)], 60.7 [1C of (κ1,η2-CH2CHC6H4O)], 111.5 

[1C of (κ1,η2-CH2CHC6H4O)], 115.7 [1C of (κ1,η2-CH2CHC6H4O)], 124.3 [1C of (κ1,η2-

CH2CHC6H4O)], 125.4 [1C of (κ1,η2-CH2CHC6H4O)]. 

 

4.6.17 Structural characterization of Mo(PMe3)4(ONp)2  

Mo(PMe3)6 (10 mg, 0.018 mmol) was treated with a solution of neopentyl alcohol (6mg, 

0.068 mmol) in C6D6 (0.7 mL) and transferred to an NMR tube equipped with a J. Young 

valve.  The solution was heated at 60 ˚C for 2 hours, thereby demonstrating the 

formation of Mo(PMe3)4(ONp)2.  The solution was lyophilized, redissolved in pentane, 

and placed at -15 ˚C, thereby depositing yellow-green crystals of Mo(PMe3)4(ONp)2 

suitable for X-ray diffraction.  1H NMR (C6D6): -2.17 [9H of Mo(OCH2CMe3)2], 0.80 [9H 

of Mo(OCH2CMe3)2] 0.93 [36H of Mo(PMe3)4], 2.68 [4H of Mo(OCH2CMe3)].  Peaks are 

tentatively assigned. 
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4.6.18 Structural characterization of W(PMe3)4H3(ONp)  

W(PMe3)4(η2-CH2PMe2)H (13 mg, 0.023 mmol) was treated with a solution of neopentyl 

alcohol (8 mg, 0.091 mmol) in C6D6 (0.7 mL) and transferred to an NMR tube equipped 

with a J. Young valve.  The solution was heated at 80 ˚C for 1.5 days and monitored by 

NMR spectroscopy, thereby demonstrating the conversion to W(PMe3)4H3(ONp).  The 

solution was lyophilized, redissolved in pentane, and placed at -15 ˚C, thereby 

depositing crystals of W(PMe3)4H3(ONp) suitable for X-ray diffraction. 

 

4.6.19 Structural characterization of [Mo(PMe3)4(≡CPMe2Ph)I]I 

A solution of Mo(PMe3)4(η2-CH2PMe2)H (5 mg, 0.01 mmol) in C6D6 (0.7 mL) was treated 

with PhI (5 mg, 0.02 mmol) and monitored by NMR spectroscopy at room temperature 

for 3 days.  A paramagnetically shifted peak at -8.93 was observed, most likely 

corresponding to Mo(PMe3)4I2.  Gray precipitate was observed to form along with 

purple crystals of [Mo(PMe3)4(≡CPMe2Ph)I]I suitable for X-ray diffraction. 

 

4.6.20 Synthesis of W(PMe3)4(sebenzimMe)H  

(i) A solution of W(PMe3)4(η2-CH2PMe2)H (10 mg, 0.018 mmol) in pentane (0.7 mL) was 

treated with 2-seleno-1-methyl-benzimidazole (4 mg, 0.019 mmol) and stirred for 10 

minutes at room temperature.  The reaction solution was filtered and placed at -15 ˚C, 

thereby affording red crystals of W(PMe3)4(sebenzimMe)H suitable for X-ray diffraction. 

(ii) A solution of W(PMe3)4(η2-CH2PMe2)H (5 mg, 0.009 mmol) in C6D6 (0.7 mL) was 

treated with 2-seleno-1-methyl-benzimidazole (5 mg, 0.024 mmol) and monitored at 

room temperature by 1H NMR spectroscopy, thereby indicating the quantitative 

formation of W(PMe3)4(sebenzimMe)H within 20 minutes.  1H NMR (C6D6): -7.96 [tt, 2JP-H 

= 82, 2JP-H = 24], 1.31 [br s, 18H of W(PMe3)4], 1.60 [d, 2JP-H = 6, 9H of W(PMe3)4], 1.80 [d, 
2JP-H = 6, 9H of W(PMe3)4], 3.03 [s, 3H of sebenzimMe], 6.89[d, partially obscured by free 

H(sebenzimMe) signal, 1H of C6H4], 6.96 [t, 3JP-H = 8, 1H of C6H4], 7.12 [t, 3JP-H = 8, 1H of 

C6H4], 7.47 [d, 3JP-H = 8, 1H of C6H4]. 
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4.6.21 Synthesis of cis-Ir(SiH3)(CO)(Cl)(PPh3)2  

A suspension of IrCl(CO)(PPh3)2 (8 mg, 0.01 mmol) in C6D6 (0.7 mL) in an NMR tube 

equipped with a J. Young valve was degassed and charged with SiH4.  All of the solid 

was observed to immediately dissolve, and the solution became instantly colorless.  A 

colorless precipitate was observed to form after the course of several hours at room 

temperature.  The solution was decanted from this precipitate, and crystals of cis-

Ir(SiH3)(CO)(Cl)(PPh3)2 suitable for X-ray diffraction were obtained by slow evaporation 

of the solvent at room temperature.  1H NMR (C6D6): -6.32 [t quart, 2JP-H = 15, 3JH-Ir-Si-H = 3, 

1H of IrH], 2.79 [dt, 3JP-H = 5, 3JH-Ir-Si-H = 3, 1JSi-H = 187, 3H of Ir(SiH3)], 6.95 [t, 3JH-H = 7, 6H 

of Ir(PPh3)2], 7.02 [t, 3JH-H = 7, 12H of Ir(PPh3)2], 7.94 [dd, 3JH-H = 7, 3JP-H = 7, 12H of 

Ir(PPh3)2].  31P{1H} NMR: 7.9 [s, 2P of Ir(PPh3)2]. 

 

4.6.22 Synthesis of cis-Ir(GeH3)(CO)(Cl)(PPh3)2 A solution of IrCl(CO)(PPh3)2 (3 mg, 

0.004 mmol) in C6D6 (0.7 mL) in an NMR tube equipped with a J. Young valve was 

degassed and charged with SiH4, thereby resulting in an immediate change of the 

solution from yellow to colorless.  The product was examined by 1H and 31P{1H} NMR 

spectroscopy, thereby demonstrating the formation of two isomeric species assigned as 

cis-Ir(GeH3)(CO)(Cl)(PPh3)2 (H trans to CO, B) and cis-Ir(GeH3)(CO)(Cl)(PPh3)2 (H trans 

to Cl, A).  1H NMR (C6D6): -17.9 [t, 2JP-H = 12, 1H of IrH (A)], -6.89 [t quart, 2JP-H = 15, 3JH-Ir-

Ge-H = 3, 1H of IrH (B)], 2.21 [dt, 3JP-H = 5, 3JH-Ir-Ge-H = 3, 3H of Ir(GeH3) (B)], 3.23 [t, 3JP-H = 8, 

3H of Ir(GeH3) (A)], 6.93 [m, 6H of Ir(PPh3)2 (A and B)], 7.00 [m, 12H of Ir(PPh3)2 (A and 

B)], 7.93 [m, 12H of Ir(PPh3)2 (B)], 8.00 [m, 12H of Ir(PPh3)2 (A)].  31P{1H} NMR (C6D6): -

4.60 [s, 1P of Ir(PPh3) (A)], -4.55 [s, 1P of Ir(PPh3) (A)], 6.9 [s, 2P of Ir(PPh3) (B). 
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4.6.23 Reactions of IrH(CO)(Cl)(EH3)(PPh3)2 (E = Si, Ge) with H2  

Suspensions of IrH(CO)(Cl)(EH3)(PPh3)2 (5 mg) in C6D6 in NMR tubes equipped with J. 

Young valves were degassed and charged with H2.  Conversion to IrH2Cl(CO)(PPh3)2 

was observed in both cases, and additional transformations were observed when the 

samples were heated at 60 ˚C. 
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4.7 Crystallographic Data 

Table 1.  Crystal, intensity collection and refinement data 
 Ru(PMe3)4(κ2-S2-CS3) Ru(PMe3)4(SH)2 

lattice Orthorhombic Orthorhombic 

formula C13H36P4RuS3 C24H50P4RuS2 

formula weight 513.55 627.71 

space group Pnma Pnma 

a/Å 18.484(7) 18.035(2) 

b/Å 13.515(5) 17.915(2) 

c/Å 9.128(3) 9.5219(11) 

α/˚ 90 90 

β/˚ 90 90 

γ/˚ 90 90 

V/Å3 2280.2(14) 3076.5(6) 

Z 4 4 

temperature (K) 125(2) 170(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.496 1.355 

µ (Mo Kα), mm-1 1.236 0.865 

θ max, deg. 30.56 30.49 

no. of data collected 35085 47507 

no. of data 3621 4826 

no. of parameters 129 192 

R1 [I > 2σ(I)] 0.0588 0.0453 

wR2 [I > 2σ(I)] 0.0932 0.1109 

R1 [all data] 0.1457 0.0760 

wR2 [all data] 0.1187 0.1265 

GOF 1.002 1.035 



 245 

Table 1 cont.  Crystal, intensity collection and refinement data 
 Mo(PMe3)3(η5–C4H5O)H (κ1,η2-CH2CHC6H4O)Mo(κ1-

Cα-CCHOC6H4)(PMe3)3 

lattice Monoclinic Monoclinic 

formula C13H33MoOP3 C33H45MoO3P3 

formula weight 394.24 678.54 

space group P21/n P21/c 

a/Å 14.4254(9) 17.350(3) 

b/Å 17.4887(11) 12.0821(19) 

c/Å 16.4131(10) 17.627(3) 

α/˚ 90 90 

β/˚ 109.956(1) 116.734(2) 

γ/˚ 90 90 

V/Å3 3892.1(4) 3300.0(9) 

Z 8 4 

temperature (K) 150(2) 150(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.346 1.366 

µ (Mo Kα), mm-1 0.911 0.574 

θ max, deg. 30.65 30.68 

no. of data collected 62233 52768 

no. of data 11998 10216 

no. of parameters 441 451 

R1 [I > 2σ(I)] 0.0472 0.0449 

wR2 [I > 2σ(I)] 0.0986 0.0938 

R1 [all data] 0.0977 0.0868 

wR2 [all data] 0.1197 0.1105 

GOF 1.022 1.016 
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Table 1 cont.  Crystal, intensity collection and refinement data 
 Mo(PMe3)4(ONp)2 W(PMe3)4H3(ONp) 

lattice Triclinic Orthorhombic 

formula C22H58MoO2P4 C17H50OP4W 

formula weight 574.50 578.30 

space group P-1 Pbca 

a/Å 9.7033(13) 17.214(3) 

b/Å 9.8850(13) 17.169(3) 

c/Å 17.940(2) 17.834(4) 

α/˚ 100.961(2) 90 

β/˚ 92.671(2) 90 

γ/˚ 110.635(2) 90 

V/Å3 1568.8(3) 5270.8(18) 

Z 2 8 

temperature (K) 150(2) 150(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.216 1.458 

µ (Mo Kα), mm-1 0.637 4.629 

θ max, deg. 30.54 32.80 

no. of data collected 48109 87902 

no. of data 9518 9482 

no. of parameters 311 235 

R1 [I > 2σ(I)] 0.0404 0.0282 

wR2 [I > 2σ(I)] 0.0918 0.0488 

R1 [all data] 0.0514 0.0610 

wR2 [all data] 0.0970 0.0584 

GOF 1.056 1.036 
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Table 1 cont.  Crystal, intensity collection and refinement data 
 [Mo(PMe3)4(≡CPMe2Ph)I]I  IrH(CO)(Cl)(SiH3)(PPh3)2 

lattice Monoclinic Orthorhombic 

formula C21H47I2MoP5 C43H40ClIrOP2Si 

formula weight 804.18 890.43 

space group P21/n P212121 

a/Å 10.616(3) 11.4205(15) 

b/Å 19.920(6) 17.117(2) 

c/Å 14.912(5) 19.045(3) 

α/˚ 90 90 

β/˚ 92.606(5) 90 

γ/˚ 90 90 

V/Å3 3150.5(18) 3723.0(9) 

Z 4 4 

temperature (K) 150(2) 130(2) 

radiation (λ, Å) 0.71073 0.71073 

ρ (calcd.), g cm-3 1.695 1.589 

µ (Mo Kα), mm-1 2.638 3.810 

θ max, deg. 29.57 30.684 

no. of data collected 55498 59511 

no. of data 8748 11440 

no. of parameters 263 447 

R1 [I > 2σ(I)] 0.0746 0.0497 

wR2 [I > 2σ(I)] 0.1544 0.0869 

R1 [all data] 0.1189 0.0844 

wR2 [all data] 0.1726 0.0989 

abs. struct. param. --- -0.017(9) 

GOF 1.029 1.007 
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Table 1 cont.  Crystal, intensity collection and refinement 
 W(PMe3)4(sebenzimMe)H 

lattice Monoclinic 

formula C40H88N4P8Se2W2 

formula weight 1398.52 

space group P21/c 

a/Å 16.9276(18) 

b/Å 9.5318(10) 

c/Å 34.520(4) 

α/˚ 90 

β/˚ 90.262(2) 

γ/˚ 90 

V/Å3 5569.7(10) 

Z 4 

temperature (K) 130(2) 

radiation (λ, Å) 0.71073 

ρ (calcd.), g cm-3 1.668 

µ (Mo Kα), mm-1 5.695 

θ max, deg. 30.73 

no. of data collected 88925 

no. of data 17280 

no. of parameters 539 

R1 [I > 2σ(I)] 0.0731 

wR2 [I > 2σ(I)] 0.1056 

R1 [all data] 0.1853 

wR2 [all data] 0.1355 

GOF 1.000 
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4.8 Computational Data 

Table 2.  Cartesian coordinates for geometry optimized structures 

cis-Ru(PMe3)4(SH)2 

-2736.06389287810 Hartrees 

Atom x y z 

Ru 0.753797458 4.482241379 2.855737029 

S -1.555609177 4.49446538 3.898015758 

S -0.297866665 4.501639391 0.552072491 

P 0.449571541 2.04988408 2.544297621 

P 2.94621082 4.397983951 1.933169181 

P 1.433148904 4.540562739 5.152397229 

C 1.133244118 0.754176632 3.700475498 

H 0.626824417 0.802662045 4.665497883 

H 2.204534545 0.899709213 3.86284407 

H 0.97791455 -0.244175802 3.27837701 

C -1.302023361 1.466964695 2.454788569 

H -1.802025326 1.997623073 1.641877375 

H -1.814925494 1.696288675 3.389660621 

H -1.328880878 0.389940652 2.258535367 

C 1.069807679 1.334474835 0.942276436 

H 0.731563755 0.297710937 0.844958337 

H 2.160837667 1.343002655 0.889799201 

H 0.66377672 1.927625094 0.120906075 

C 4.064163777 3.000893976 2.460578964 

H 3.615743686 2.03271561 2.233989677 

H 4.229386374 3.049825092 3.54061776 

H 5.034765837 3.062621457 1.956825994 

C 3.093399228 4.276665542 0.086901084 
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H 2.577217457 3.386775581 -0.275733566 

H 2.608098397 5.142735524 -0.368993352 

C 0.376231791 5.57519168 6.279658039 

H 0.789137624 5.573624024 7.293998483 

H -0.635130783 5.164075332 6.29803877 

H 0.308449244 6.604323001 5.92500614 

C 3.111468159 5.18040208 5.654916706 

H -1.573396774 4.75026072 0.911262757 

H -2.3035263 4.160110543 2.82882454 

C 4.167269044 5.779107734 2.221863561 

H 3.791357832 6.721515255 1.820805178 

H 4.35277503 5.909270053 3.289403142 

H 5.118077149 5.551922416 1.728419698 

H 4.142822348 4.239342522 -0.224770899 

C 1.418738139 2.987722195 6.171847318 

H 1.643216678 3.216964505 7.219049916 

H 0.424935131 2.538053587 6.114342993 

H 2.155727054 2.272140543 5.80293023 

H 3.244134023 6.208598105 5.311307445 

H 3.218781281 5.162651199 6.744598854 

H 3.905093989 4.56529214 5.222429249 

P 0.6269519 6.899553289 2.620915827 

C 1.60583631 8.058104056 3.712008806 

H 1.324214497 7.948945429 4.761103689 

H 2.675371212 7.852936399 3.620770821 

H 1.42785372 9.097732926 3.41695603 

C -1.054799802 7.644402481 2.786123907 

H -1.70732432 7.199653342 2.032206977 
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H -1.476543603 7.405972388 3.762881138 

H -1.005312983 8.728606766 2.638105054 

C 1.111654754 7.606732701 0.972971547 

H 0.914106771 8.683724482 0.954191342 

H 2.172057302 7.445710717 0.765312631 

H 0.529555317 7.101490505 0.20065545 

 

trans-Ru(PMe3)4(SH)2 

-2736.06722196854 Hartrees 

Atom x y z 

Ru 0.553470235 4.259795079 2.944135122 

S 0.846857194 1.763376902 3.246542271 

S 0.300746184 6.747959408 2.546197539 

P -1.71280226 4.500280897 3.756510857 

P 2.756713253 4.66433436 2.0325953 

P 1.430095486 4.299012521 5.199293555 

C -1.978704031 5.704543108 5.147373052 

H -1.610786132 6.676705747 4.81164014 

H -1.442361652 5.417951483 6.052234471 

H -3.044882548 5.783055723 5.383798006 

C -2.945052972 5.263706095 2.593739232 

H -3.126946566 4.642568366 1.716587997 

H -2.535407862 6.223508777 2.270172707 

H -3.898552134 5.426767801 3.106871339 

C -2.668353183 3.028332491 4.373899177 

H -3.675073761 3.312655693 4.698341756 

H -2.142418192 2.567740982 5.213893804 

H -2.749869631 2.279708834 3.581889965 
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C 3.9582413 3.264699536 1.814829385 

H 3.52286145 2.504690053 1.161996977 

H 4.15402762 2.792638712 2.78037956 

H 4.904406945 3.610425542 1.38446284 

C 2.837818506 5.489604149 0.369060197 

H 2.416146787 4.873621063 -0.424851616 

H 2.264690824 6.417265321 0.439704365 

C 1.706357438 5.908350851 6.091006342 

H 2.111927024 5.744234525 7.095079931 

H 0.763830433 6.455193214 6.174787818 

H 2.403305676 6.531657643 5.525224915 

C 3.058844973 3.449872432 5.482832304 

H 0.72710098 7.270967732 3.714479548 

H -0.34361415 1.394310986 3.762992109 

C 3.806636724 5.919842632 2.914621509 

H 3.246196137 6.857404819 2.9324339 

H 4.036955572 5.627407969 3.938883568 

H 4.74752432 6.071514219 2.375690582 

H 3.877310934 5.720428518 0.113792985 

C 0.481324342 3.343727328 6.480893726 

H 1.006536176 3.371064445 7.441202418 

H -0.526920234 3.732316645 6.625404794 

H 0.415559616 2.309741751 6.134850946 

H 3.878212177 3.93853541 4.955321584 

H 3.295610082 3.432895553 6.551824167 

H 2.960058833 2.426152946 5.113966207 

P -0.250035045 3.573807675 0.769428768 

C -0.788300827 4.84018508 -0.478191527 
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H -1.607147632 5.436328046 -0.068942489 

H 0.038298154 5.522366908 -0.689756362 

H -1.116200674 4.370711311 -1.412023301 

C -1.68685412 2.394501969 0.744162522 

H -1.390328359 1.508916603 1.310895283 

H -2.583811342 2.817452832 1.19596729 

H -1.919348878 2.103503747 -0.285378731 

C 0.884186714 2.506829454 -0.245484993 

H 0.371294981 2.168257032 -1.151726311 

H 1.79604038 3.026378496 -0.538887374 

H 1.150669088 1.642497908 0.367615056 

 

cis-IrH(SiH3)(CO)(Cl)(PPh3)2 (A) 

-3042.89300853456 Hartrees 

Atom x y z 

C 13.881313 -6.751043349 1.748774101 

C 11.55271394 -9.703181827 3.575549246 

C 10.44011991 -10.40702412 4.06454381 

C 10.37560916 -11.79622437 3.95248779 

C 11.41349789 -12.50103448 3.342961321 

C 12.51742234 -11.80968403 2.843624176 

C 12.58839102 -10.42219166 2.96131749 

C 10.70313743 -7.343219768 2.118796919 

C 10.77902616 -6.006414328 1.689628666 

C 10.06840865 -5.586124761 0.565096742 

C 9.284091081 -6.488601516 -0.155199101 

C 9.210391603 -7.817428409 0.261161804 

C 9.910639376 -8.24354572 1.391474703 
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C 10.51489098 -7.386459261 5.017663269 

C 10.59831159 -8.043664436 6.256824401 

C 9.783379723 -7.656832862 7.31954142 

C 8.876123537 -6.608680819 7.164930137 

C 8.788172985 -5.95041777 5.939664475 

C 9.600537749 -6.333417556 4.87315378 

C 16.23344305 -4.784081319 5.359834546 

C 16.62548482 -5.327353684 6.5949652 

C 16.73925395 -4.51485207 7.722779339 

C 16.46134804 -3.150348897 7.640196106 

C 16.07087342 -2.603872648 6.418321637 

C 15.95597794 -3.411056189 5.286934412 

C 16.33409569 -4.743994876 2.450430121 

C 15.30386989 -3.911807972 1.976658642 

C 15.53199068 -3.04787789 0.905468151 

C 16.77973711 -3.007814371 0.281249402 

C 17.80312544 -3.835575345 0.741471417 

C 17.58612574 -4.695306008 1.820168964 

C 17.45705566 -7.001225796 3.891338323 

C 17.3747361 -8.240916045 3.240929932 

C 18.48401939 -9.083782751 3.172850275 

C 19.69261664 -8.704337804 3.757593864 

C 19.78691014 -7.471219566 4.403787136 

C 18.68097496 -6.622719868 4.467313517 

Cl 12.79432337 -4.728278544 4.356132843 

H 9.623198621 -9.872773274 4.537667514 

H 9.511242766 -12.32598959 4.343543366 

H 11.3623498 -13.5831419 3.258821899 
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H 13.33018377 -12.35012487 2.366332904 

H 13.45486281 -9.892863888 2.580498376 

H 11.38577363 -5.296412429 2.246223069 

H 10.13385696 -4.548032752 0.250570007 

H 8.738134467 -6.159737389 -1.035155263 

H 8.607588617 -8.531202164 -0.293942063 

H 9.838856347 -9.281495963 1.697229058 

H 11.29539068 -8.861611266 6.396171149 

H 9.861734746 -8.177985718 8.269682167 

H 8.242293961 -6.307386427 7.994527704 

H 8.086492363 -5.131435 5.807997733 

H 9.517380503 -5.80611241 3.930867392 

H 16.84428178 -6.385160223 6.682051842 

H 17.04426618 -4.955373803 8.667994115 

H 16.54720472 -2.519498601 8.520500297 

H 15.84843048 -1.543338661 6.339849994 

H 15.646027 -2.964245806 4.350495945 

H 14.32758735 -3.937800786 2.454606035 

H 14.72546163 -2.408998946 0.555800832 

H 16.95129934 -2.340756609 -0.559033082 

H 18.77733449 -3.818468018 0.260260741 

H 18.39614933 -5.331435073 2.159519989 

H 16.43618439 -8.54839335 2.793208005 

H 18.39845467 -10.04152513 2.666964601 

H 20.55404202 -9.364637729 3.711855195 

H 20.72322115 -7.16497662 4.862161815 

H 18.77224345 -5.66649702 4.971720656 

H 14.51042212 -8.359132325 3.507668755 
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Ir 13.85043427 -6.930918225 3.685355543 

O 13.99925166 -6.861990691 0.606267944 

P 11.63964703 -7.861224578 3.633189593 

P 15.99657149 -5.870322095 3.884824147 

Si 14.12239459 -7.79003007 5.976460505 

H 15.54581713 -8.118048524 6.300119082 

H 13.64507948 -6.917404019 7.086852687 

H 13.4449316 -9.109394932 6.177522768 

 

cis-IrH(SiH3)(CO)(Cl)(PPh3)2 (B) 

-3042.89895749938 Hartrees 

Atom x y z 

Ir 3.468649698 -5.486707167 -14.5622031 

Cl 1.37626713 -4.561481481 -13.41574103 

Si 5.268959474 -5.635922115 -16.14756131 

P 4.675677176 -4.025403248 -13.08991008 

P 1.941084195 -6.714521768 -15.95039002 

O 4.330376649 -8.017393852 -13.02556766 

C 3.940800501 -7.060612789 -13.54461621 

C 6.493765644 -3.865635578 -13.3786635 

C 7.115474822 -2.636774551 -13.63109826 

H 6.527526004 -1.725895838 -13.66487491 

C 8.495209354 -2.573550619 -13.844285 

H 8.961451822 -1.612445943 -14.04329414 

C 9.26965754 -3.73128668 -13.80088545 

H 10.34175868 -3.679172768 -13.96780327 

C 8.657184177 -4.960862375 -13.54485566 

H 9.250211187 -5.870438583 -13.51182408 
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C 7.281214314 -5.029060243 -13.33918419 

H 6.818776836 -5.993881397 -13.15046259 

C 4.635054876 -4.547834905 -11.3132578 

C 3.504732119 -5.191043603 -10.78462161 

H 2.641468282 -5.36361924 -11.41868452 

C 3.475056088 -5.572851856 -9.442826559 

H 2.591692731 -6.069641626 -9.050911095 

C 4.564570392 -5.320254095 -8.60892548 

H 4.538453241 -5.622837522 -7.565703636 

C 5.688635851 -4.674192365 -9.124772496 

H 6.543522464 -4.469276398 -8.486044511 

C 5.725888696 -4.290231497 -10.46540385 

H 6.610923638 -3.794095261 -10.84890939 

C 4.052149865 -2.294295383 -13.1001111 

C 3.815116605 -1.655127167 -14.32694223 

H 3.963302075 -2.19701839 -15.25493683 

C 3.369803871 -0.335507767 -14.35946922 

H 3.189147184 0.14659186 -15.31632728 

C 3.140806435 0.35791916 -13.16920906 

H 2.780817322 1.382858001 -13.19583647 

C 3.366961555 -0.273295283 -11.94742961 

H 3.181896975 0.256160364 -11.01688512 

C 3.824558852 -1.591218898 -11.90997327 

H 3.990991923 -2.071891701 -10.95224985 

C 0.594797304 -5.692363942 -16.67499061 

C 0.888097734 -4.414734443 -17.1740037 

H 1.890825119 -4.01458357 -17.07266843 

C -0.106416094 -3.649606254 -17.77940087 
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H 0.134609397 -2.660912135 -18.16016737 

C -1.408137432 -4.143760611 -17.88187608 

H -2.185434957 -3.54156242 -18.34450137 

C -1.708780561 -5.409341429 -17.37986608 

H -2.721236352 -5.797877901 -17.4476654 

C -0.713310866 -6.183470381 -16.782495 

H -0.961322362 -7.165685141 -16.39489859 

C 1.072468397 -8.102069313 -15.07895213 

C 0.667724015 -7.953789252 -13.74236879 

H 0.856215514 -7.017373684 -13.22680259 

C -0.000324772 -8.990784208 -13.08985086 

H -0.306338579 -8.857984487 -12.05562154 

C -0.276119126 -10.18647908 -13.7537856 

H -0.792687221 -10.99280617 -13.24029216 

C 0.115205501 -10.33937916 -15.08392742 

H -0.095822415 -11.26434437 -15.6138775 

C 0.782855508 -9.306425086 -15.74354858 

H 1.080368478 -9.44640319 -16.77683988 

C 2.67227459 -7.58574529 -17.40206812 

C 3.682927295 -8.534901749 -17.17448794 

H 4.019961394 -8.741019035 -16.1624991 

C 4.264392816 -9.21737081 -18.23964349 

H 5.045248214 -9.94790012 -18.04785206 

C 3.851415359 -8.956722936 -19.54854659 

H 4.310447291 -9.484291404 -20.38009381 

C 2.852755042 -8.013727786 -19.78265517 

H 2.526886952 -7.804090017 -20.79784743 

C 2.261679567 -7.332779403 -18.71580764 
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H 1.482696832 -6.603934251 -18.91199562 

H 6.134108702 -4.422213155 -16.14579819 

H 6.197626699 -6.791538422 -15.9417637 

H 4.789383702 -5.751364918 -17.55356504 

H 3.264677097 -4.213828009 -15.55439209 

 

trans-IrH(SiH3)(CO)(Cl)(PPh3)2 (C) 

-3042.88125086244 Hartrees 

Atom x y z 

Ir 3.440216996 -5.335485366 -14.68581955 

Si 5.10600221 -5.057836017 -16.52401041 

P 4.672132621 -4.001532745 -13.09881264 

P 1.976371305 -6.748294225 -15.97337799 

O 4.662908235 -7.81071075 -13.49376748 

C 4.194464284 -6.852523247 -13.95588562 

C 6.515096757 -4.018491817 -13.27927755 

C 7.2910756 -2.885241475 -12.99011266 

H 6.812442491 -1.959688042 -12.69063772 

C 8.682471818 -2.933945547 -13.08847286 

H 9.265698709 -2.044281356 -12.86718444 

C 9.320808162 -4.113664681 -13.46831016 

H 10.40390716 -4.148918256 -13.54771668 

C 8.559466925 -5.248010475 -13.75017652 

H 9.044176681 -6.172378662 -14.05138088 

C 7.169461048 -5.200959694 -13.65937653 

H 6.601960341 -6.092710765 -13.89384182 

C 4.429000218 -4.6426534 -11.37541194 

C 3.137720746 -4.970398109 -10.92916289 
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H 2.297127118 -4.868595118 -11.60787601 

C 2.931022564 -5.434097554 -9.630563755 

H 1.923926781 -5.678145856 -9.303217755 

C 4.009934939 -5.593570012 -8.758294716 

H 3.849587041 -5.967250554 -7.750748075 

C 5.295637619 -5.273958227 -9.192765615 

H 6.144018366 -5.396818474 -8.524935544 

C 5.505254403 -4.795873377 -10.48802146 

H 6.512677749 -4.549969329 -10.80495928 

C 4.267375392 -2.212169361 -12.99333786 

C 4.539612473 -1.393279793 -14.10195661 

H 4.945160818 -1.824520929 -15.01056322 

C 4.283678034 -0.025581831 -14.0405161 

H 4.500335237 0.596947785 -14.90393684 

C 3.739003525 0.539751025 -12.88508729 

H 3.536137988 1.606304154 -12.84296625 

C 3.454757437 -0.271259366 -11.78756286 

H 3.031105389 0.158837953 -10.88414294 

C 3.719879044 -1.641551751 -11.83732622 

H 3.504261228 -2.257356301 -10.97097909 

C 0.495539749 -5.948516483 -16.6967431 

C 0.654834628 -4.987069893 -17.70852383 

H 1.646720172 -4.716127064 -18.05179152 

C -0.461758917 -4.366034525 -18.26358317 

H -0.326912398 -3.624458265 -19.0457159 

C -1.7426709 -4.678049747 -17.80459307 

H -2.610170895 -4.183938821 -18.23376672 

C -1.90535425 -5.619495208 -16.78960296 
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H -2.898754768 -5.865170215 -16.42431093 

C -0.792600261 -6.256374027 -16.23894745 

H -0.933023344 -6.991868483 -15.45432197 

C 1.291951723 -8.138088735 -14.95497145 

C 1.094261099 -7.992020547 -13.5743565 

H 1.370295952 -7.060685267 -13.09208647 

C 0.553422624 -9.034848632 -12.82106271 

H 0.412675127 -8.905749717 -11.75135582 

C 0.20396341 -10.23747567 -13.43349509 

H -0.210053659 -11.05125998 -12.84420801 

C 0.39400781 -10.39266731 -14.80722536 

H 0.126471662 -11.32679471 -15.29357927 

C 0.932563645 -9.352892796 -15.56338099 

H 1.078365231 -9.492415853 -16.62928539 

C 2.750980473 -7.679805864 -17.37428214 

C 3.947119343 -8.377201363 -17.137118 

H 4.428736192 -8.325363846 -16.16680204 

C 4.532422292 -9.146558437 -18.14035377 

H 5.458069614 -9.677034026 -17.93557984 

C 3.938881863 -9.229248039 -19.40154877 

H 4.399015656 -9.824481249 -20.18518724 

C 2.752495994 -8.540106801 -19.64711961 

H 2.280034701 -8.596575566 -20.62406475 

C 2.157974504 -7.774381993 -18.64114651 

H 1.230135934 -7.253518019 -18.84910727 

H 5.842114882 -3.758629065 -16.43903124 

H 6.192730273 -6.090439229 -16.62408777 

H 4.463251019 -5.06267521 -17.8730179 



 262 

Cl 2.473120157 -3.294455 -15.69523773 

H 2.167977997 -5.202973056 -13.63775742 

 

cis-IrH(GeH3)(CO)(Cl)(PPh3)2 (A) 

-2757.16363485541 Hartrees 

Atom x y z 

C 13.87633678 -6.755731878 1.784261953 

C 11.54096368 -9.704178592 3.591718288 

C 10.41329821 -10.4009467 4.054509883 

C 10.34339511 -11.78947922 3.938030116 

C 11.39104245 -12.49925698 3.351007908 

C 12.51112341 -11.81433353 2.879632411 

C 12.58720936 -10.42774335 3.001529363 

C 10.74061331 -7.355110086 2.093117349 

C 10.811019 -6.014158201 1.675541575 

C 10.14728721 -5.60223029 0.520672679 

C 9.418511546 -6.518253581 -0.239262653 

C 9.349633057 -7.850093799 0.165951951 

C 10.00194049 -8.268003366 1.32720395 

C 10.47751463 -7.367930548 4.991077608 

C 10.5359291 -8.010640502 6.238603584 

C 9.696436738 -7.614127278 7.278182225 

C 8.790206309 -6.570457308 7.091306036 

C 8.727191444 -5.926507592 5.85700843 

C 9.563771573 -6.319689958 4.813057302 

C 16.25941345 -4.786242591 5.345285671 

C 16.68244096 -5.339760575 6.565235993 

C 16.8366463 -4.533598787 7.691936795 
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C 16.56757469 -3.166997221 7.620966668 

C 16.14496153 -2.610420957 6.414971595 

C 15.99043099 -3.411355805 5.284330747 

C 16.29497078 -4.72922858 2.441105684 

C 15.25617991 -3.892949377 1.99497233 

C 15.46593903 -3.017327996 0.930146568 

C 16.70327347 -2.970599675 0.2870175 

C 17.73522065 -3.80204386 0.719008124 

C 17.53641064 -4.673724651 1.790871901 

C 17.45020051 -6.989028451 3.839904458 

C 17.3583631 -8.219841063 3.174757843 

C 18.47140346 -9.052347507 3.064600725 

C 19.69136962 -8.66996508 3.622110734 

C 19.79543335 -7.446184581 4.283750584 

C 18.68552856 -6.607846899 4.388901602 

Cl 12.78638502 -4.737011885 4.392846162 

H 9.588705283 -9.86161711 4.508230985 

H 9.466678187 -12.31492188 4.306621893 

H 11.33469417 -13.58070769 3.262035241 

H 13.33159372 -12.35878632 2.420450022 

H 13.46479216 -9.902360567 2.641439703 

H 11.38123778 -5.296824362 2.260892929 

H 10.20708048 -4.561959843 0.212225285 

H 8.910642665 -6.195892986 -1.144310892 

H 8.788956592 -8.571570731 -0.422242747 

H 9.93706235 -9.308416959 1.625855406 

H 11.23111285 -8.826009497 6.402135071 

H 9.754846894 -8.124091627 8.235684859 
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H 8.137720327 -6.261193462 7.90325204 

H 8.02659874 -5.110951453 5.700418514 

H 9.499485724 -5.804125791 3.862881718 

H 16.89654855 -6.399588212 6.640131834 

H 17.16609744 -4.979350173 8.626341228 

H 16.68567481 -2.540404835 8.500768065 

H 15.92978465 -1.547578222 6.348717237 

H 15.65804219 -2.958701484 4.358518589 

H 14.28887298 -3.9241949 2.490216213 

H 14.65457212 -2.373870281 0.600714461 

H 16.86086106 -2.293165669 -0.548013852 

H 18.70094337 -3.777649094 0.221271139 

H 18.3521549 -5.312818727 2.109701867 

H 16.41084811 -8.527258749 2.746676158 

H 18.38118026 -10.00312369 2.546645797 

H 20.55685422 -9.321987852 3.542225396 

H 20.74226463 -7.139515066 4.719730955 

H 18.78300298 -5.657037902 4.902129869 

H 14.5080289 -8.35717487 3.53607359 

Ir 13.84460027 -6.931743402 3.701230725 

O 13.99014137 -6.842418341 0.638596352 

P 11.63218406 -7.862231003 3.63740387 

P 15.98781561 -5.864593864 3.873950113 

Ge 14.12617522 -7.814457087 6.095905098 

H 15.59955611 -8.181122822 6.419809252 

H 13.65859636 -6.890005384 7.242792894 

H 13.39734378 -9.16737313 6.319742685 
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cis-IrH(GeH3)(CO)(Cl)(PPh3)2 (B) 

-2757.16766360078 Hartrees 

Atom x y z 

Ir 3.438865097 -5.404754644 -14.60400795 

Cl 1.373575048 -4.471275635 -13.46803205 

Ge 5.324120216 -5.575695351 -16.25044639 

P 4.659251527 -3.976955731 -13.10958805 

P 1.897961006 -6.652948809 -15.96614113 

O 4.300062169 -7.941121357 -13.07967812 

C 3.910739595 -6.98264378 -13.59621721 

C 6.481384587 -3.844713172 -13.38199921 

C 7.125538603 -2.623956689 -13.61504731 

H 6.55233998 -1.703559289 -13.64876612 

C 8.509533682 -2.581106556 -13.80643042 

H 8.994122228 -1.625994751 -13.98977087 

C 9.264894202 -3.75140571 -13.76043589 

H 10.3404846 -3.714949656 -13.90853465 

C 8.629008096 -4.973626754 -13.5258305 

H 9.20667182 -5.893096144 -13.49090242 

C 7.249167394 -5.021393529 -13.34231774 

H 6.768992221 -5.980221431 -13.16774023 

C 4.595094736 -4.532590959 -11.3394598 

C 3.444754944 -5.156448354 -10.83043529 

H 2.581137194 -5.293450585 -11.47240069 

C 3.397202302 -5.571488415 -9.498982208 

H 2.49836187 -6.053935162 -9.124528045 

C 4.489000276 -5.372064216 -8.653728393 

H 4.44961406 -5.701973913 -7.619109805 
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C 5.632621304 -4.744432393 -9.14827515 

H 6.490195789 -4.580606847 -8.501183505 

C 5.687217238 -4.327054034 -10.47872471 

H 6.588464168 -3.846946595 -10.84362561 

C 4.071103244 -2.230854275 -13.08822859 

C 3.814692393 -1.573366137 -14.30087587 

H 3.918854774 -2.110970647 -15.23737877 

C 3.407485935 -0.240571233 -14.30835783 

H 3.212332492 0.254727918 -15.25555477 

C 3.237677318 0.450523899 -13.10687109 

H 2.909339569 1.486182327 -13.11383285 

C 3.482426565 -0.199942467 -11.89789056 

H 3.344243944 0.325847272 -10.95709224 

C 3.900911288 -1.53159331 -11.88575898 

H 4.084106192 -2.024826756 -10.93735332 

C 0.507854226 -5.691437504 -16.7044579 

C 0.627618267 -4.313666543 -16.92416268 

H 1.520154355 -3.796690617 -16.59226426 

C -0.406041961 -3.606678552 -17.53949321 

H -0.3006821 -2.537184081 -17.69885408 

C -1.572715461 -4.262156269 -17.93298418 

H -2.378605741 -3.707857892 -18.40617253 

C -1.704429527 -5.633090296 -17.70444126 

H -2.613218309 -6.151780538 -17.9975595 

C -0.672615795 -6.344716389 -17.0935566 

H -0.792326519 -7.408823814 -16.91617928 

C 1.053684557 -8.02856665 -15.0469766 

C 0.627374657 -7.827418061 -13.72388307 
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H 0.794174537 -6.866704226 -13.24724469 

C -0.026376094 -8.846478526 -13.03116486 

H -0.347749434 -8.671971618 -12.00787442 

C -0.267747537 -10.07874006 -13.63996875 

H -0.772870919 -10.87115411 -13.09447301 

C 0.144222856 -10.28421226 -14.95624069 

H -0.038298688 -11.23772175 -15.44480676 

C 0.798112729 -9.268703602 -15.65631598 

H 1.113400453 -9.452709536 -16.67736074 

C 2.635852865 -7.552152637 -17.39785297 

C 3.62394766 -8.519460958 -17.14573919 

H 3.931598047 -8.732450737 -16.12576825 

C 4.218430287 -9.214051876 -18.19575308 

H 4.978805198 -9.960521279 -17.98368764 

C 3.844116024 -8.945783889 -19.51472119 

H 4.312578816 -9.483575488 -20.33438184 

C 2.872216465 -7.981873196 -19.77391763 

H 2.579224014 -7.763929748 -20.79730535 

C 2.266643464 -7.289489565 -18.72232564 

H 1.508470828 -6.544549422 -18.93873344 

H 6.224810443 -4.321298847 -16.23017553 

H 6.270510767 -6.78372783 -16.01827803 

H 4.823508304 -5.696256426 -17.70494121 

H 3.252000839 -4.130532295 -15.5990631 

 

trans-IrH(GeH3)(CO)(Cl)(PPh3)2 (C) 

-2757.15574610697 Hartrees 

Atom x y z 
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Ir 3.590149022 -5.472312591 -14.70753932 

Ge 5.733146457 -5.93410635 -16.096918 

P 4.645583896 -3.947037447 -13.16677761 

P 1.994759852 -6.751820594 -15.95918543 

O 4.305071876 -7.763787349 -12.89684089 

C 4.013744952 -6.884518775 -13.59567782 

C 6.482879309 -4.058941745 -12.99395144 

C 7.322089279 -2.938333543 -13.0406805 

H 6.907242446 -1.951450534 -13.21113152 

C 8.701123158 -3.080428771 -12.86856476 

H 9.338648915 -2.201764085 -12.91501651 

C 9.256500316 -4.336932351 -12.63766074 

H 10.3295534 -4.445069998 -12.50576476 

C 8.426183083 -5.457980678 -12.5794284 

H 8.847662092 -6.443390889 -12.40198702 

C 7.052423408 -5.321819305 -12.75947782 

H 6.428421099 -6.207901537 -12.71620012 

C 4.099365405 -4.249691627 -11.41824324 

C 2.808669243 -4.721475927 -11.13530626 

H 2.128682458 -4.933625059 -11.95330229 

C 2.397136641 -4.923024007 -9.816920219 

H 1.393683099 -5.290906758 -9.620237239 

C 3.267510819 -4.662083009 -8.75855237 

H 2.949150062 -4.828146562 -7.733115527 

C 4.552724524 -4.189986705 -9.028371165 

H 5.241212943 -3.983946383 -8.213370372 

C 4.965776357 -3.982815737 -10.34443465 

H 5.96978688 -3.618150618 -10.53269617 
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C 4.303068091 -2.165393517 -13.45242354 

C 4.775374805 -1.552206549 -14.62525465 

H 5.322780801 -2.130439314 -15.36041253 

C 4.53171198 -0.199180911 -14.85512319 

H 4.904057763 0.262021343 -15.76533805 

C 3.802318521 0.553818584 -13.93314243 

H 3.609591397 1.606770571 -14.11912986 

C 3.318294364 -0.05347419 -12.7746295 

H 2.748168246 0.523513412 -12.0516 

C 3.568654241 -1.405029395 -12.53152266 

H 3.192509185 -1.861935745 -11.62245772 

C 0.318882243 -5.985734943 -16.14641368 

C 0.068745332 -4.641763812 -15.84366881 

H 0.885921149 -4.000401667 -15.5363854 

C -1.224107373 -4.124881303 -15.96171345 

H -1.401093399 -3.079214565 -15.72514806 

C -2.277645906 -4.936394714 -16.38001248 

H -3.281733792 -4.529980574 -16.4664136 

C -2.035009968 -6.277855382 -16.68442124 

H -2.848335373 -6.922631412 -17.00638375 

C -0.748240455 -6.799472915 -16.56730284 

H -0.579443633 -7.848273394 -16.79282717 

C 1.525380487 -8.306845058 -15.06461276 

C 1.089180938 -8.18075002 -13.73460697 

H 1.081106811 -7.202912604 -13.2619914 

C 0.663512704 -9.295118923 -13.01691921 

H 0.330638084 -9.177503634 -11.98930382 

C 0.668118008 -10.55786352 -13.61275269 
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H 0.340400728 -11.42838215 -13.05114377 

C 1.093654976 -10.69354617 -14.93208255 

H 1.096336183 -11.6708893 -15.4071722 

C 1.515027378 -9.576291303 -15.65761639 

H 1.828890837 -9.702490276 -16.68753688 

C 2.447478952 -7.301856223 -17.65253228 

C 3.508709305 -8.207016083 -17.82146437 

H 4.057159553 -8.572718556 -16.95797243 

C 3.871298441 -8.643296114 -19.09424827 

H 4.6889765 -9.349757348 -19.20566419 

C 3.198919518 -8.161626925 -20.21940999 

H 3.486770411 -8.496430698 -21.2119747 

C 2.16596314 -7.238600803 -20.0617409 

H 1.646999462 -6.846137339 -20.93183854 

C 1.787995842 -6.811397993 -18.78742848 

H 0.981485617 -6.09463591 -18.68095475 

H 6.731569828 -4.753417299 -15.99261353 

H 6.573954491 -7.186642842 -15.6910301 

H 5.456118922 -6.116239219 -17.60417377 

Cl 3.256773948 -3.730380997 -16.43315535 

H 2.219033326 -4.92533132 -13.98009294 
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CHAPTER 5 

 

Determination of the Molecular Structure of W(PMe3)3H6 in Solution and in the Solid 

State – NMR Spectroscopic Studies to Confirm a Classical Hydride Structure 
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5.1 Introduction 

Transition metal polyhydride compounds have had an immense impact on the 

development of coordination chemistry.  These complexes exhibit great diversity in 

their structures, spectroscopic properties, and reactivities, which all contribute to the 

significance of these complexes.1  For example, the structures of polyhydride 

compounds2 may be either classical or nonclassical (i.e. dihydrogen complexes)3,4,5 and 

are often fluxional on the NMR timescale in solution.6  These compounds may also 

exhibit quantum mechanical exchange coupling, which is manifested by very large 

coupling constants in their 1H NMR spectra.7  The reactivity of polyhydride compounds 

is significant because metal hydride species play important roles in a number of 

catalytic transformations, as described in Chapter 4; among these are reactions such as 

hydrogenation,8 hydroformylation,8,9 and hydrosilation.8,10  While there are many 

different types of transition metal polyhydride compounds, structures of the type 

M(PR3)xHy, where PR3 is a tertiary phosphine ligand, have received particular attention.1  

As an extension of our work on tungsten trimethylphosphine derivatives, we have 

explored the nature of W(PMe3)3H6 in solution and in the solid state. 

 

5.2 Molecular Structure of W(PMe3)3H6 

Tungsten forms three classes of polyhydride compounds of the type M(PR3)xHy.  

Specifically, derivatives of the type W(PR3)5H2,11 W(PR3)4H4,11,12 and W(PR3)3H6
13,14 have 

all been reported.  The first example of the last type of complex is W(PMe2Ph)3H6, which 

was prepared by Moss and Shaw via the treatment of W(PMe2Ph)2Cl4 with NaBH4 in 

methanol.13a  The trimethylphosphine derivative was subsequently generated via the 

reaction of W(PMe3)3Cl4 with LiAlH4.13f  This complex was identified as being fluxional 

in solution, such that the six hydrides are equivalent, as are the phosphine ligands.  

Although crystals suitable for X-ray diffraction were not obtained, two idealized 

geometries were considered for the static structure: (i) a tricapped trigonal prism with 

D3h symmetry, in which the hydride ligands form a trigonal prism and the PMe3 ligands 
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cap the rectangular faces15 and (ii) a trigonal prism with C2v symmetry, in which two of 

the PMe3 ligands adopt eclipsed positions on the triangular faces and one PMe3 ligand 

caps a rectangular face.13c,d  These idealized geometries are depicted in Figure 1.16 
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C2vD3h  
Figure 1.  Structures proposed13f for W(PMe3)3H6 – dashed lines indicate the trigonal 

prism motif and pink arrows show the symmetry axis 

 

It is noteworthy, therefore, that the low temperature (-123 ˚C) molecular structure of 

W(PMe3)3H6 has been determined by X-ray diffraction.  This structure was obtained by 

Aaron Sattler, a former Parkin group graduate student.17  Significantly, all six hydrides 

were located and freely refined isotropically, thereby demonstrating that the molecule 

has the approximate C2v structure shown in Figure 1 (right).  Specifically, there is one 

PMe3 ligand on each triangular face and one that caps a rectangular face. 

 

The lack of D3h symmetry is made clear by the fact that there is no C3 axis; for example, 

the P-W-P angles deviate substantially from 120˚, ranging from 102.49(3)˚ to 128.57(2)˚.  

The W-P distances vary from 2.4156(8) Å to 2.4706(6) Å,18 which further indicates that 

the structure does not possess a D3h-symmetry.  Instead, these structural parameters are 

consistent with a C2v-symmetric structure, as demonstrated in Figure 2.17 
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Figure 2.  Molecular Structure of W(PMe3)3H6 (left) with the trigonal prismatic 

geometry specified with hollow lines (right)17 

 

A density functional theory geometry optimization calculation on W(PMe3)3H6 was also 

performed by Aaron Sattler.17  The molecular structure is reproduced well by this 

calculation; for example, the calculations predict P-W-P angles that range from 101.4˚ to 

129.8˚ and non-equivalent W-P bond lengths.17,19  

 

Further support for the C2v symmetry of W(PMe3)3H6 comes from solid state 13C and 31P 

NMR spectroscopic studies, which indicate the presence of two different types of PMe3 

ligands.20  Furthermore, a related complex, namely W(PPhPri
2)3H6,13c,d possesses a C2v 

symmetric structure similar to that of W(PMe3)3H6.  Given that W(PMe3)3H6 and 

W(PPhPri
2)3H6 possess similar structures despite having ligands with very different 

steric demands, it is likely that the C2v arrangement will be common for other W(PR3)3H6 

derivatives. 

 

In addition to the overall geometry of the W(PMe3)3H6 molecule, the question of 

whether the compound should be classified as a classical or nonclassical hydride 

complex is also of interest.  The distinction between these two types of complexes is 

based on the distances between the hydride ligands, H•••H.  Distances of ≤ 1.0 Å are 
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considered to be indicative of a “true” dihydrogen complex, while distances of > 1.6 Å 

are considered to signify a dihydride complex.3c  However, a range of distances have 

been observed in these systems.  Both the X-ray and geometry optimized structures are 

consistent with a classical hydride formulation because the shortest H•••H distance is 

greater than 1.6 Å in both cases; specifically, the shortest distance in the experimental 

structure is 1.647 Å, and that in the calculated structure is 1.914 Å. 

 

5.3 T1 Relaxation Studies 

After the structure of W(PMe3)3H6 in the solid state was established, we were interested 

in determining whether this compound exists as a classical hydride in solution as well.  

One means of distinguishing between classical and nonclassical hydride complexes in 

solution is the T1 method, in which the relaxation time of the hydride ligands is 

measured.  Specifically, the T1 method, where T1 is the spin lattice relaxation time, is 

based on the fact that that dipole-dipole relaxation is a major contributor to the total 

spin-lattice relaxation rate (R) for short distances (r) between protons.  The relaxation 

rate will be faster at short H•••H distances, since R ∝ 1/r6.  Because the relaxation rate 

and relaxation time are inversely related, T1 ∝ r6, such that the value of T1 helps to 

differentiate between classical and nonclassical hydrides.21,22,23,24,25  One complication of 

this method, however, is that T1 is temperature dependent.  Specifically, dipole-dipole 

relaxation is dependent on the correlation time (τc) of a molecule, which is directly 

proportional to temperature and generally unknown.24,26,27,28  This issue is resolved by 

the fact that the correlation time has a precise value of 0.62/ω, where ω is the Larmor 

frequency, at the temperature at which T1 has its minimum value (i.e. T1(min)).  Thus, if 

the value of T1(min) is determined, the value of r may be extracted.21a,22  For example, in a 

system with only two hydrogen atoms that undergo relaxation via the dipole-dipole 

mechanism, the distance between the two hydrogen atoms (in Å) is related to T1(min) by 

the expression r = 5.815[T1(min)/ν]1/6, where ν is the spectrometer frequency in MHz.24 
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Therefore, we have determined the value of T1(min) for the hydride ligands of 

W(PMe3)3H6 at 400 and 500 MHz by examining the temperature dependence of the T1 

relaxation time (Table 2 and Figure 3).  At 500 MHz, the minimum value of T1 occurs at 

ca. 210 K and has a value of 380 ms, whereas at 400 MHz the minimum value is 310 ms 

at ca. 195 K.  This is in accord with the fact that T1(min) is directly proportional to field 

strength.21,22  Furthermore, these values support the description of W(PMe3)3H6 as a 

classical hydride; specifically, classical hydride compounds are generally considered to 

possess T1(min) values > 200 ms at 500 MHz, whereas nonclassical hydrides are generally 

distinguished by values < 80 ms.21b  

 

Table 2.  T1 relaxation times for the hydride ligands of W(PMe3)3H6 as a function of 

temperature 

Temperature/K T1 (400 MHz)/ms T1 (500 MHz)/ms 

300 2370 2070 

270 1300 1170 

250 950 730 

240 800 580 

230 570 460 

220 440 390 

210 360 380 

205 340 420 

200 310 500 

195 310 560 

190 320 650 

185 340  
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Figure 3.  Observed temperature dependence of T1 for the hydride ligands of 

W(PMe3)3H6 

 

It is important to note, however, that dipole-dipole relaxation is not dependent solely 

on the interactions between hydride ligands.  Specifically, the T1 relaxation time of a 

proton in a polyhydride is dependent both on the interaction of that proton with other 

hydrides and on its interaction with all other magnetically active nuclei.21,22,29 Thus, the 

relaxation rate of the hydride ligands of W(PMe3)3H6 is a sum of components due to (i) 

interactions between the hydride ligands (RHWH), (ii) interactions between the hydride 

ligands and the hydrogen atoms of the methyl groups (RHMe), and (iii) interactions 

between the hydride ligands and the phosphorus nuclei (RHP).22  These components 

were calculated by Gerard Parkin and Aaron Sattler for the geometry optimized 

structure, verifying that the dominant contribution to the relaxation rate comes from the 

interactions between the hydride ligands (RHWH = 2.89 s-1).  Nonetheless, relaxation due 
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to the interaction of the hydrides with the methyl groups is significant (RHMe = 0.97 s-1).  

The interaction of the hydrides with the phosphorus nuclei, on the other hand, 

represents a negligible contribution to the overall relaxation rate (RHP = 0.08 s-1).30,31  The 

total relaxation rate for the hydride ligands is the sum of these contributions and is 

therefore calculated to be 3.94 s-1 at 500 mHz, corresponding to a T1(min) value of 253 ms.  

Although this value is considerably smaller than the experimentally determined value 

of T1(min) at this frequency (380 ms), it also supports the assignment of W(PMe3)3H6 as a 

classical hydride.  The difference in the calculated and experimental values of T1(min) 

suggests that the average H•••H distance in the geometry optimized structure is less 

than that in the actual solution state structure.32  Nonetheless, the dependence of T1(min) 

on r6 means that only small changes in structure may effect differences of this 

magnitude.  T1(min) data for related tungsten compounds are compiled in Table 3,13g,33,34 

from which it is evident that the neutral compounds are all classical, while the cationic 

complexes are nonclassical. 

 

Table 3.  T1(min) values for some tungsten phosphine hydride compounds at 11.7 T (i.e. 

500 MHz). Values have been scaled from the original frequencies as indicated22 

Compound T1(min)/ms Reference 

W(PMe3)3H6 380 this work 

W(PPh3)3H6 245a 34 

W[PhP(CH2CH2PPh2)2]H6 206, 252b,c 33 

{W[PhP(CH2CH2PPh2)2](η2-H2)xH7-2x}+ 42d 33 

{W[PhP(C6H4-o-PPh2)2](η2-H2)xH7-2x}+ 64e 33 

(a)  converted from a value of 147 ms at 300 MHz. 

(b)  converted from values of 103 ms and 126 ms at 250 MHz. 

(c)  chemically inequivalent hydride ligands. 

(d)  converted from a value of 21 ms at 250 MHz. 

(e)  converted from a value of 32 ms at 250 MHz. 
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5.4 Generation of W(PMe3)3H6-xDx 

In addition to the T1 method, another means to investigate the nature of a polyhydride 

compound in solution is to examine deuterium isotope effects in partially deuterated 

isotopologues.  For example, the observation of a substantial JH-D coupling constant (>15 

Hz) is generally interpreted to be indicative of a dihydrogen tautomer.23,35,36  A 

substantial secondary deuterium isotope shift37 of a hydride signal in the 1H NMR 

spectrum is also suggestive of a dihydrogen species.  Therefore, we generated a series of 

isotopologues of W(PMe3)3H6, namely W(PMe3)3H6-xDx, with the goal of obtaining more 

evidence for the nature of this complex in solution.  The isotopologues were formed by 

hydrogen/deuterium exchange with either deuterobenzene or deuterotoluene. 

 

This reaction was monitored by 1H and 2H NMR spectroscopy, thereby demonstrating 

deuterium incorporation into both the hydride ligands and the PMe3 groups.  However, 

it was observed that incorporation into the hydride ligands occurred much more readily 

than that into the phosphine ligands.  For example, after heating for 8 days at 40 ˚C, the 

ratio of deuterium incorporation into the hydride and PMe3 groups is approximately 

10:1.  Isotope exchange reactions of this type are well known and have been reported for 

a number of complexes.38  Some early examples are provided by Re(PR3)2H7,39 

Ta(Me2PCH2CH2PMe2)2H5,40 Ir(PR3)2H5,41 M(PR3)4H4 (M = Mo, W),42 and Cp2MH3 (M = 

Nb, Ta).41b,43  By analogy with these examples, the mechanism for deuterium 

incorporation to form W(PMe3)3H6-xDx may involve (i) reductive elimination of H2, (ii) 

oxidative addition of Ar-D, (iii) reductive elimination of Ar–H, and (iv) oxidative 

addition of H2.44  Deuterium incorporation into the PMe3 groups presumably involves 

an additional cyclometallation sequence involving oxidative addition of a C-H bond.45,46  

For this reason, there is less deuterium incorporation into the PMe3 groups than into the 

hydrides. 

 



 286 

The nature of the oxidative addition of the C-H bond (i.e. which bond is cleaved) is 

highly dependent on the system.  Reactions involving toluene typically exhibit a 

preference for cleavage of the phenyl rather than the methyl C–H bonds.  The 

ortho/meta/para selectivity may vary; however, cleavage of the ortho bond is rarely 

observed.  For example, photolysis of Cp2WH2 in toluene gives Cp2W(C4H4Me)H as a 

0.1:1 ratio of meta and para isomers.47,48  Photolysis of [TpMe2]Rh(CNNp)(η2–PhNCNNp) 

in toluene, on the other hand, gives [TpMe2]Rh(CNNp)(C6H4Me)H as a kinetic 1.33:1 

ratio of meta and para isomers, which converts to the statistical 2:1 ratio after heating.49,50  

Based on the site selectivity for cleaving the C-H bonds of toluene in other systems,51 it 

is evident that there can be a kinetic preference for cleaving either the meta or para C-H 

bonds.  Therefore, we examined the extent of 1H incorporation into the phenyl sites of 

deuterotoluene52  by integration of the 1H NMR spectra and have found that 

incorporation into the meta and para sites is statistical throughout the process (Figure 4).  

 

 
Figure 4.  1H incorporation into the meta and para sites of deuterotoluene relative to 

the ortho site upon treatment with W(PMe3)3H6 at 40 ˚C 
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5.5 Deuterium Isotope Effects 

Each resulting isotopologue of W(PMe3)3H6-xDx that contains at least one hydrogen on 

the tungsten center may be observed by 1H and 1H{31P} NMR spectroscopy.  The signals 

are progressively shifted upfield by 13 ppb upon increasing deuterium incorporation, 

as shown in Figure 5.  

 

 
Figure 5.  NMR Spectra of W(PMe3)3H6-xDx (top) and W(PMe3)3H6 (bottom). The 1H{31P} 

NMR spectrum of W(PMe3)3H6-xDx (top right) is labeled according to the number of 

hydrogen atoms in the hydride site.  Tungsten satellites are marked by * 

 

The isotopic perturbation of the chemical shift of a polyhydride compound is due to 

both (i) an intrinsic isotope effect and (ii) a manifestation of the relative 

classical/nonclassical site preferences of deuterium and hydrogen.  With respect to 

intrinsic isotope effects, two-bond 2Δ1H(D) isotope shifts are typically upfield;37 for 

example, the isotopologues of methane, CH4-xDx, exhibit upfield 1H NMR shifts of ca. 15 

ppb per deuterium.53,54,55  On the other hand, isotope effects resulting from the relative 

classical/nonclassical site preferences of deuterium and hydrogen can be either upfield 
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or downfield.  The observed shift will depend on both (i) whether the classical or 

nonclassical site is more upfield and (ii) whether deuterium prefers to reside in the 

classical or nonclassical site. 

 

Transition metal polyhydride compounds have been reported to exhibit both upfield 

and downfield 2Δ1H(D) secondary isotope shifts.56  For example, upfield isotope shifts 

have been noted for Re(PCy3)2H7,57 Re(PPh3)2H7,58 [Me2Si(C5Me4)2]Mo(η2–H2)H]+,59 

[Me2C(C5H4)2]Mo(η2–H2)H]+,60 and Cp2NbH3.61  Downfield shifts have been observed for 

Os(PTol3)3H4,22 [{P(CH2CH2PPh2)3}Os(H)(η2-H2)]+,62 and [Tp]Ir(PMe3)(η2-H2)H]+.63 

 

As noted above, two-bond intrinsic isotope shifts are typically upfield.  Therefore, 

downfield shifts are generally associated with nonclassical hydride compounds.  For 

example, 2Δ1H(D) for the H2D isotopologue of {[Tp]Ir(PMe3)(η2-H2)H}+ is -228 ppb at 215 

K and -149 ppb at 281 K;63 both the downfield nature of the shift and its temperature 

dependence have been explained by suggesting that the deuterium resides 

preferentially in a classical site whose shift is upfield of the nonclassical site.  Upfield 

shifts may also be indicative of a nonclassical structure if their values are anomalously 

large.  As an illustration, deuterium incorporation into [Me2Si(C5Me4)2]Mo(η2–H2)H]+ 

results in upfield shifts with incremental values of 50 ppb and 90 ppb.  These shifts are 

considerably larger than those for typical hydride compounds; furthermore, they are 

significantly different from each other.59,64  Both the magnitude of these shifts and their 

variation indicate that the upfield isotope shifts for this complex are a consequence of 

the relative site preferences of hydrogen and deuterium, rather than being intrinsic.  In 

contrast, the constant (13 ppb per deuterium) upfield shifts for the W(PMe3)3H6-xDx 

isotopologues are consistent with an intrinsic isotope effect and a classical hydride 

description for the compound.  In accord with this suggestion, none of the signals 

exhibit an observable JH-D coupling. 
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5.6 Summary and Conclusions 

In conclusion, the structure of W(PMe3)3H6 has been studied extensively in the solid 

state and in solution.  X-ray diffraction has elucidated both the overall geometry of this 

molecule and the positions of the hydride ligands, whose H•••H distances demonstrate 

that this compound is best described as a classical hydride in the solid state.17  The 

classical hydride formulation is confirmed for the molecule in solution through a series 

of NMR spectroscopic experiments.  Specifically, measurements of the T1 values of the 

hydride ligands as a function of temperature have enabled the determination of T1(min), 

and the experimental value of 380 ms at 500 MHz suggests that this molecule is best 

described as a classical hydride in solution.  Facile hydrogen/deuterium exchange of 

W(PMe3)3H6 occurs in either deuterotoluene or deuterobenzene, thereby generating the 

series of isotopologues, W(PMe3)3H6-xDx.  These species exhibit a constant upfield 

isotope shift of 13 ppb, which is consistent with an intrinsic two-bond isotope effect.  

Together, these data indicate that W(PMe3)3H6 exists as a classical hydride compound in 

the solid state and in solution.  

 

5.7 Experimental Section 

5.7.1 General Considerations 

All manipulations were performed using a combination of glovebox, high vacuum, and 

Schlenk techniques under an argon atmosphere unless otherwise specified.65  Solvents 

were purified and degassed by using standard procedures.  1H NMR spectra were 

measured on Bruker Avance III 500 and Avance III 400SL spectrometers.  1H chemical 

shifts are reported in ppm relative to SiMe4 (δ = 0) and were referenced internally with 

respect to the protio solvent impurity (δ 2.08 for C7D7H).66  W(PMe3)3H6 was prepared 

by photolysis of W(PMe3)4H4 with H2.14.17 
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5.7.2 T1 Measurements 

T1 measurements were performed by using the standard 180–τ–90 inversion recovery 

method.  Each T1 experiment used 13 mixing times ranging from 1 ms to 15 s, 

depending upon the value of T1.  For each mixing time, the spectrum was composed of 

four scans with a delay time of > 5T1.  The T1 value was measured for each component 

of the hydride quartet and averaged to give the values listed in Table 2.  Calculations to 

estimate the T1(min) value of W(PMe3)3H6 were performed on the geometry optimized 

structure of W(PMe3)3H6 using a previously described method.22 

 

5.7.3 Generation of W(PMe3)3H6-xDx Isotopologues 

A solution of W(PMe3)3H6 (3 mg, 0.007 mmol) in C7D8 (0.7 mL) was heated at 40 ˚C and 

was monitored by 1H and 1H{31P} NMR spectroscopy, thereby demonstrating the 

sequential formation of W(PMe3)3H6-xDx isotopologues over a period of several days.  

Deuterium incorporation into the PMe3 groups was also demonstrated by 2H NMR 

spectroscopy, albeit at a slower rate than into the hydride sites.  Isotope exchange was 

also observed by using C6D6 as the solvent. 
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