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Abstract 
 

Novel Structures, Reactivity, and Mechanisms Resulting from Multiple Ru—H—Si 3c-2e 
Bonds Between a Single Silicon Center and a Ruthenium Center Supported  

by the Tris(diphenylphosphinomethyl)phenylborate Ligand 
 

by 
 

Mark Christopher Lipke 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Adviser: Professor T. Don Tilley 
 

 
Chapter 1: New η3-silane σ-complexes [PhBPPh

3]RuH(η3-H2SiRR′) (RR′ = PhMe,  1a; Ph2, 1b; 
Et2, 1c; MeMes, 1d) were synthesized by the reaction of an excess of secondary silane (6 – 20 
equiv) with {[PhBPPh

3]Ru(µ-Cl2)}2 (2).  Lewis bases (THF, DMAP = 4-
(dimethylamino)pyridine) coordinate to the silicon centers of these complexes to form stable 
adducts of the type [PhBPPh

3]Ru(μ-H)3SiRR′(base) (base = THF, RR’ = MePh 3; base = DMAP, 
RR’ = MePh 4a; RR’ = Ph2 4b). A similar species with PMe3 as the Lewis base ([PhBPPh

3]Ru(μ-
H)3SiPhCl(PMe3) (6) was prepared by reaction of [PhBPPh

3]Ru(PMe3)Cl (5) with an excess of 
PhSiH3. These adducts feature three nonclassical Ru–H–Si interactions and a hexacoordinate 
silicon center, as determined by multinuclear NMR spectroscopy, X-ray crystallography, and 
computational investigations. The electrophilic nature of the η3-H2SiRR’ ligand is described by 
isolobal analogy between the LUMOs of the [PhBPPh

3]RuH(η3-H2SiRR′) complexes and the 
LUMOs of electrophilic LnM=SiR2 complexes. 
 
 
Chapter 2: Complexes [PhBPPh

3]RuH(η3-H2SiRR′) (R,R′ = Me,Ph, 1a; RR′ = Ph2, 1b) react with 
XylNC (Xyl = 2,6-dimethylphenyl) to form Fischer carbene complexes 
[PhBPPh

3]Ru(H)═C(H)[(N(Xyl)(η2-H–SiRR′)] (2a,b) that feature a γ-agostic Si–H bond. 
Experimental and theoretical investigations indicate that XylNC is activated by initial 
coordination to the silicon center in 1a,b, followed by 1,1-insertion into an Si–H bond of the 
coordinated silane, and then rearrangement to 2a,b. An alternative possible mechanism for the 
formation of 1a,b was explored by the synthesis of ruthenium isocyanide complexes 
[PhBPPh

3]Ru(H)(CNXyl)(η2-HSiHRR′) (6a,b) by the following synthetic route: formation of 
[PhBPPh

3]Ru—OtBu (4) from {[PhBPPh
3]Ru(µ-Cl2)}2 and KOtBu, reaction of 4 with XylNC (1 

equiv) to form [PhBPPh
3]Ru(CNXyl)OtBu (5), and reaction of 5 with excess PhMeSiH2 or 

Ph2SiH2 to form 6a,b. The ruthenium isocyanide complexes [PhBPPh
3]Ru(H)(CNXyl)(η2-

HSiHRR′) (6a,b) do not convert to 1a,b and thus  cannot be intermediates in the formation of 
1a,b. 
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Chaper 3: Reaction of primary aryl silanes (ArSiH3) with {[PhBPPh
3]Ru(µ-Cl)}2 (1) resulted in 

the formation of complexes [{[PhBPPh
3]Ru}2(m-Cl)(m-η3,η3-H4SiAr)] (Ar = MeOC6H4, 3a; Mes, 

3b; Ph, 3c). Complexes 3a-c feature tetrahydridosilicate anions [ArSiH4]- that are stabilized by 
coordination of all four Si—H bonds to the two ruthenium centers (two Si—H bonds per 
ruthenium). The reaction of m-XylSiH3 (1 equiv, m-Xyl = 3,5-dimethylphenyl) with the Si—H 
σ-complexes [PhBPh

3]RuH(η3-H2SiRR’) (RR’ = Me,Ph 2a; RR’ = Ph2 2b) resulted in the 
displacement of the secondary silane, formation of (m-Xyl)2SiH2 (0.5 equiv), and the formation 
of [{[PhBPPh

3]Ru}2(μ-η4,η4-H6Si)] (0.5 equiv, 4). Complex 4 features the hexahydridosilicate 
dianion ([SiH6]2-) stabilized by coordination of all six Si—H bonds to two ruthenium centers 
(three Si—H bonds per ruthenium) that are supported by the [PhPBPPh

3]- ligand. These novel 
hydridosilicate complexes (3a-c, and 4) were characterized by single-crystal X-ray diffraction, 
NMR and IR spectroscopy, and computational techniques. 
 
 
Chapter 4: Solid samples of η3-silane complexes [PhBPPh

3]RuH(η3-H2SiRR') (R,R' = Et2, 1a; 
PhMe, 1b; Ph2, 1c, MeMes, 1d) were found to decompose when exposed to dynamic vacuum. 
Gas-phase H2/D2 exchange between isolated, solid samples of 1c-d3 and 1c indicate that a 
reversible elimination of H2 is the first step in the irreversible decomposition. An efficient 
solution-phase trap for hydrogen, the 16 e- ruthenium benzyl complex [PhBPPh

3]Ru[η3-CH2(3,5-
Me2C6H3)] (3) was prepared and reacts quantitatively with H2 in benzene via elimination of 
mesitylene to form the η5-cyclohexadienyl complex  [PhBPPh

3]Ru(η5-C6H7) (4). This trapping 
reaction was utilized to drive forward and quantify the elimination of H2 from solutions of 1a-d 
(in C6D6) that were connected to solutions of 3 only through an evacuated headspace. This 
resulted in decomposition of 1a-d to ultimately form 4-d6 as the major [PhBPPh

3]Ru product and 
multiple organic/organosilicon products that could not be identified. Reaction of 
{[PhBPPh

3]Ru(µ-Cl)}2 (2) with (THF)3LiSiHMes2 forms a new η3-H2Si species 
[PhBPPh

3]Ru[CH2(2-(η3-H2SiMes)-3,5-Me2C6H2)] (5), which reacts with H2 to form the η3-
H2SiMes2 complex [PhBPPh

3]RuH(η3-H2SiMes2) (1e), thus demonstrating the reverse reaction to 
the elimination of H2 from the η3-H2SiRR’ complexes 1a-d. Complex 1e was unstable to the 
elimination of H2SiMes2 and could not be isolated, but was clearly identified in situ by 
comparision of its NMR data to those of 1a-d. DFT calculations indicate that the isomeric 16 e- 
silylene complex [PhBPPh

3]Ru(µ-H)(=SiMes2) is only 2 kcal/mol higher in energy than 5. 
Treatment of 5 with XylNC (Xyl = 2,6-dimethylphenyl) resulted in trapping of [PhBPPh

3]Ru(µ-
H)(=SiMes2) to form the 18 e- silylene complex [PhBPPh

3]Ru(CNXyl)(µ-H)=SiMes2 (6). A 
closely related germylene complex [PhBPPh

3]Ru[CN(2,6-diphenyl-4-MeC6H2)](H)(=GeHtBu) (8) 
was prepared from reaction of tBuGeH3 with the benzyl complex [PhBPPh

3]Ru[CN(2,6-diphenyl-
4-MeC6H2)][η1-CH2(3,5-Me2C6H3)] (7).  Single crystal XRD analysis indicated that unlike for 6, 
the hydride ligand in 8 is a terminal hydride that does not engage in 3c 2e Ru—HGe bonding. 
 
 
Chapter 5: The η3-silane σ-complexes [PhBPPh

3]RuH(η3-H2SiRR’) (R,R’ = MePh, 1a; Ph2, 1b; 
MeMes, 1c) were examined as catalysts for the hydrosilation of ketones. Complexes 1a,b were 
found to be effective as catalysts for the hydrosilation of ketones using either PhMeSiH2 or 
Ph2SiH2 as the silane reactant and 0.01 – 2.5 mol % catalyst loading (in C6D6 or CD2Cl2). The 
hydrosilation of benzophenone using a tertiary silane (EtMe2SiH) and 1a as a catalyst was found 
to be ineffective using C6D6 as the solvent, but gave quantitative yield of the hydrosilation 
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product using CD2Cl2. Under the latter conditions, an alkoxy complex [PhBPPh
3]Ru—OCHPh2 

(4b) was observed by 31P{1H} NMR as the resting state of the catalytic cycle. Complex 4b was 
prepared independently from the reaction of Na[OCHPh2] with {[PhBPPh

3]Ru(µ-Cl)}2 (2) and 
was identified by comparison of its 1H and 31P{1H} NMR data to those of the closely related 
species [PhBPPh

3]Ru—OtBu (4a). The reaction of 4b with EtMe2SiH (in benzene-d6) resulted in 
the quantitative formation of the hydrosilation product EtMe2Si—O—CHPh2, thus demonstrating 
that 4b is a viable intermediate for the formation of this hydrosilation product. For the catalytic 
hydrosilation of benzophenone with PhMeSiH2 or Ph2SiH2, the catalyst resting state was a silane 
σ-complex [PhBPPh

3]RuH(η2-H—SiRR’(OCHPh2)) (RR’ = MePh, 5a; Ph2, 5b). Complexes 5a,b 
were also observed as the product of the stoichiometric reaction of 1a,b with benzophenone (1 
equiv in C6D6 or CD2Cl2), but could not be isolated. Complex 5a was identified in situ on the 
basis of variable temperature multinuclear NMR experiments (-80 °C to 20 °C; 1H, 1H{31P}, 
31P{1H}, and 29Si-1H HMBC NMR experiments). The reaction of 4b with PhMeSiH2 (2 equiv in 
C6D6) was examined by 1H NMR spectroscopy, which revealed the formation of PhMeHSi—O—
CHPh2 (quantitative yield), [PhBPPh

3]Ru(η5-C6D6H)  (3-d6) as the major [PhBPPh
3]Ru product (75 

% yield), and 1a as a minor product (25 %). The reaction of 4b with Ph2SiH2 (5 equiv in C6D6) 
resulted in the formation of Ph2HSi—O—CHPh2 (90 %), 3-d6 (90 %), and 5b (10 %). The 
formation of the catalytically inactive species 3-d6 as the major product in the reaction of 4b with 
PhMeSiH2 and Ph2SiH2 indicated that 4b cannot be involved as an intermediate in the 
hydrosilation reactions using secondary silanes. The hydrosilation of benzophenone with 
PhMeSiH2 and 1a was examined by 1H NMR spectroscopy at -18 °C (in CD2Cl2), and this 
revealed that either 1a, 5a, or both 1a and 5a could be observed in solution during catalysis, 
depending on the ratio of PhMeSiH2:benzophenone. Kinetics measurements were collected for 
different ratios of PhMeSiH2:benzophenone and different catalyst loadings, revealing two 
possible expressions for the rate of product formation (rate = kobs[PhMeSiH2][5a] and rate = 
k’obs[benzophenone][1a]). Computational methods (DFT, b3pw91, 6-31G(d,p)/LANL2DZ) were 
used to determine a model catalytic cycle for the hydrosilation of acetone with PhMeSiH2. These 
calculations found that activation of acetone by coordination to the silicon center of 1a-DFT 
leads to insertion of the carbonyl group into an Si—H bond (that is part of a Ru—H—Si 3c-2e 
bond) to generate an intermediate analogous to 5a (5a’-DFT). The product is displaced from 
ruthenium via associative mechanism involving the coordination of a new equivalent of 
PhMeSiH2 as an η1-H—SiHMePh ligand. Similar energy barriers were determined for the 
hydrosilation step (ΔGtrans = 20.2 kcal/mol) and PhMeSiH2/product exchange (ΔGtrans = 24.1 
kcal/mol). 
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Chapter 1 
 

High Electrophilicity at Silicon in η3-Silane σ-Complexes: Lewis Base Adducts of a Silane 
Ligand, Featuring Octahedral Silicon and Three Ru-H-Si Interactions 

 
By Mark Christopher Lipke 

 
Introduction 

 
Transition metal mediated Si-H bond activations are key steps in many catalytic reactions 

that form bonds to silicon (Si-X; X = C, O, N, Si).1,2 In recent years, interest has focused on 
transformations involving two successive Si-H activations that form silylene complexes 
(LnMSiRR'),3 especially since these species may participate as key intermediates in catalytic 
cycles. This type of silane activation occurs via Si-H oxidative addition2 to form a silyl complex, 
followed by 1,2-hydrogen migration4 to form the silylene complex (Scheme 1, path a). This 
reaction sequence appears to be important in olefin hydrosilation reactions carried out by 
cationic ruthenium5 and iridium6 silylene complexes. In these mechanisms, the electrophilic 
silylene ligand interacts directly with the olefin to facilitate Si-C bond formation. Experimental 
results and DFT calculations indicate that this reactivity requires a cationic metal silylene 
complex that possesses significant silylenium character.7 Double Si-H activations have similarly 
been proposed to account for rhodium-catalyzed hydrosilations of carbonyl compounds.3c 
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Partial Si-H bond activations are also well known, and result in non-classical structures that 

retain Si…H bonding interactions (σ-complexes).8 Well known silane σ-complexes exhibit η2-
H—Si coordination, but silanes may also coordinate to a metal center via two M-H-Si 
interactions, resulting in the η3-H2Si coordination mode (Scheme 1, path b).2b The latter binding 
mode is not common, with the only reported examples being ([PhBPiPr

3]FeH(η3-H2SiArMe)9 and 
{(Cy3P)2H2Ru}2(µ-η3,η3-SiH4).10 Little is known regarding the reactivity of η3-silane complexes, 
but potential similarities with silylene dihydrides are suggested by a DFT study of olefin 
hydrosilation reactions catalyzed by a ruthenium silylene dihydride.11 This  investigation 
characterized a key mechanistic step as involving attack of the olefin onto a silylene ligand 
possessing two significant Si…H-Ru interactions, suggestive of the formulation [Cp(PH3)Ru(η3-
H2SiH2)]+. 



 

In attempts to access neutral hydrosilation catalysts with zwitterionic character, ruthenium 
silylene complexes supported by the tris(diphenylphosphinomethyl)borato ligand ([PhBPPh

3]-)3a,12 
were targeted. This activity initially involved examination of reactions of {[PhBPPh

3]Ru(µ-Cl)}2
13 

(1) with secondary silanes, which were found to produce the η3-silane complexes 
[PhBPPh

3]RuH(η3-H2SiRR') (Eq 1, RR' = PhMe,  2a; RR' = Ph2,  2b, RR’ = Et2, 2c, RR’ = 
MeMes, 2d). As described below, complexes 2a-c feature highly electrophilic silicon centers 
and, in this regard, are analogous to metal silylene complexes.14 Note that complex 2d was 
prepared as an additional example of the η3-H2SiRR’ complexes, but its electrophilicity was not 
examined. 

 
 
 
 

Equation 1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



 

Results and Discussion 
 
Reactions of 1 with seconary silanes (excess) in benzene-d6 led to quantitative formation of 

2a-d (determined by 1H and 31P{1H} NMR spectroscopy). Complexes 2a-c formed at room 
temperature within 1 hour, but the formation of 2d required 24 hours with heating to 80 °C. 
Resonances attributed to chlorosilane byproducts RR’SiHCl were observed in the 1H NMR 
spectra of the reaction mixtures. Compounds 2a-d were isolated directly from reaction solutions 
utilizing fluorobenzene as the solvent. Layering the solutions with pentane and storing at -35 ºC 
for three days provided pure, yellow crystals of 2a-d in moderate to excellent yields (51 - 98 %). 

The 31P{1H} NMR spectra for 2a-d display one singlet, even at -80 ºC in toluene-d8. 
Similarly, only one hydride resonance was detected for each compound by 1H NMR 
spectroscopy (-80 to 25 ºC). The 1H-29Si HMBC NMR spectra display hydride signals at -7.00 
ppm (2a, JSiH = 65 Hz, 29Si δ 154 ppm), -6.41 ppm (2b, JSiH = 68 Hz, 29Si δ 141 ppm), -7.40 (2c, 
JSiH = 64 Hz, 29Si δ 175 ppm), and -6.80 (2d, JSiH = 69 Hz, 29Si δ 145 ppm). Similar 29Si chemical 
shifts were reported for [PhBPiPr

3]FeH(η3-H2SiArMe) (δ 162 ppm, Ar = Ph; δ 160 , Ar = Mes).9 
Notably, these 29Si chemical shifts are downfield of those commonly observed for silyl ligands 
and η2-H—SiR3 ligands (< 90 ppm),2 while terminal silylene ligands typically have 29Si NMR 
resonances > 200 ppm.14 The observed JSiH values represent the average of coupling associated 
with one classical hydride ligand (JSiH < 10 Hz) and two non-classical Ru-H-Si interactions. 
Thus, large 1JSiH values of ca. 95 Hz can be inferred for the non-classical hydride ligands, 
indicative of strong Si-H interactions in 2a-d.8b,15b,16 Characteristic absorptions in the FTIR 
spectra of 2a (1974, 1666 cm-1) and 2b (1999, 1643 cm-1) provided further evidence for the 
presence of terminal and non-classical hydride ligands.15b 

The molecular structure of 2a (Figure 1) and 2c (Figure 2) exhibits a Ru-H distance (dRu—H = 
1.56(4) Å 2a; 1.66(4) Å 2c) that is typical for a terminal Ru-H bond (ca. 1.6 Å),17 while the other 
Ru-H bonds are longer (dRu—H = 1.73(4), 1.76(4) Å, 2a; 1.85(4), 1.75(4) Å, 2c). These hydride 
ligands are bonded to the silicon center (dSi—H = 1.61(4), 1.66(7) Å, 2a; 1.47(3), 1.48(4) Å, 2c); 
note that complete Si-H oxidative addition results in Si-H distances > 2.00 Å.8,15b The Si-H 
distances are closer to those observed for free silanes (ca. 1.48 Å),18 suggesting weak to moderate 
activation of the Si-H bonds in 2a,c. Interestingly, the Ru-Si distance (dRu—Si =  2.263(1) Å  2a; 
2.281(2) Å  2c) is comparable to those of ruthenium silylene complexes (2.181(1) - 2.2842(5) 
Å).19 Geometry optimization calculations provided a model structure (2a-DFT) that is in good 
agreement with the structure determined for 2a by X-ray crystallography.20 

The Lewis acidic nature of 2a is indicated by its formation of the colorless THF adduct 3 
(Scheme 2). With equal initial concentrations (20 mM) of 2a and THF in benzene-d6, a single, 
broad Ru-H resonance was observed at -8.5 ppm by 1H NMR spectroscopy. The chemical shift 
of this resonance is dependent on the concentration of THF, with higher THF concentrations 
leading to increasingly upfield shifts. At THF concentrations ≥ 200 mM, a sharp hydride 
resonance is observed at -9.09 ppm. Thus, complex 3 appears to exist in equilibrium with 2a and 
free THF, and this has prevented the isolation of 3 as a pure compound. A 29Si-1H HMBC NMR 
experiment under conditions of excess THF (200 mM THF; 20 mM 3) provided a 29Si chemical 
shift of 67 ppm for 3, nearly 90 ppm upfield from that observed for 2a. Similarly, base-stabilized 
silylene complexes exhibit 29Si chemical shifts that are significantly upfield from those of their 
base-free counterparts.2,21 A JSiH value of 40 Hz was determined for 3, which is smaller than that 
observed for 2a but large enough to suggest the presence of Ru—H—Si interactions in 3. Thus, 



 

Figure 1. Molecular structures of 2a. Thermal ellipsoids set to 50 % probability and non-
hydridic hydrogen atoms are omitted for clarity. 

 

 
 
 
 
 

Figure 2. Molecular structures of 2c. Thermal ellipsoids set to 50 % probability and non-
hydridic hydrogen atoms are omitted for clarity. 

 



 

Scheme 2 
 

 
 
 
 
 
 
the Si-H bonds of 2a appear to be weakened, but not entirely cleaved, upon formation of the 
THF adduct 3. This contrasts with results from the DFT study of [CpRu(PH3)(η3-H2SiH2)]+, in 
which Ru-H-Si interactions were absent for the Me2O-stabilized silylene complex, 
[CpRu(PH3)(H)2SiH2(OMe2)]+.11 

Complexes 2a-c reacted rapidly with 4-dimethylamino-pyridine (DMAP) in toluene to form 
adducts 4a-c (Scheme 2), which were isolated and fully characterized. At room temperature, 
compounds 4a-c exhibit a single 31P{1H} NMR resonance (4a, 40.5 ppm; 4b, 39.9 ppm; 4c, 42.3 
ppm) in benzene-d6, and the three hydride ligands appear as a single resonance (4a, -8.75 ppm; 
4b, -8.45 ppm; 4c, -9.20 ppm). The 29Si resonances (4a, 30 ppm; 4b, 31 ppm; 4c, 45 ppm) are 
shifted upfield by >100 ppm relative to those of 2a-c. The 1H{31P} NMR spectra display 29Si 
satellites for the Ru-H signals, revealing moderately large JSiH values (JSi-H = 42 Hz (4a); 43 Hz 
(4b); 40 Hz (4c)). Variable temperature 1H NMR experiments with 4a (-80 to 25 °C, toluene-d8) 
show that the hydride resonance is resolved into three doublets of triplets at -60 °C (1H δ -8.38,   



 

Figure 3. Ru-H region of 1H NMR spectra of 4a (toluene-d8, 500MHz) at -60, -40, -20, and 0 °C 
(top to bottom): 
 

 
 
 

 
 
 

Figure 4. Ru-H region of 29Si-filtered 1H{31P} NMR of 4a (-60 °C, toluene-d8, 500 MHz (1H), 
99.375 MHz (29Si)):  

 



 

8.75, -8.97 ppm; Figure 3). Each hydride resonance exhibits similar couplings to trans (2JPH ~ 42 
Hz) and cis phosphine ligands (2JPH ~ 10 Hz). A 29Si-filtered, 1H{31P} NMR experiment at -60 
°C(Figure 4) revealed three 29Si-coupled hydride resonances as doublets (1JSiH = 43, 35, 44 Hz). 
These coupling constants span a small range, suggesting similar Ru-H-Si interactions for all 
three hydride ligands in 4a. This is particularly notable given that the corresponding η3-silane 
complex (2a) possesses only two Ru-H-Si interactions.   

The X-ray structure of 4b (Figure 5) and 4c (Figure 6) reveals octahedral coordination about 
ruthenium, with three hydride ligands defining a trigonal face that is capped by SiRR’(DMAP). 
The silicon center is in a distorted octahedral environment, with each hydride ligand 
approximately trans to one of the terminal substituents at silicon. The shortest Si-H distance 
(dSi—H = 1.82(3) Å, 4b; 1.81(3) Å, 4c) occurs for the hydride ligand trans to nitrogen, a 
consequence of the highly polar Si-N bond. The other Si-H distances (dSi—H = 1.98(4), 1.99(3) Å, 
4c; 1.96(4), 2.01(4) Å, 4c) are near the 2.00 Å limit associated with σ-HSi coordination,8,15b but 
well within the observed range for secondary Si-H interactions (< 2.4 Å).15b The Ru-Si distance 
is also short (dRu—Si = 2.2891(8) Å, 4b; 2.302(1) Å, 4c). Structurally related (R3P)3MH3SiR'3 (M = 
Fe, Ru, Os) complexes are known,15,22 but 4a-c are the first examples of this structural motif to 
include neutral, 2-electron donors bonded to silicon. 

A complex with a similar structure, {[PhBPPh
3]Ru(µ-H)3Si(Ph)(Cl)(PMe3) (6), was isolated in 

67 % yield from the reaction of [PhBPPh
3]Ru(PMe3)Cl13 (5) with PhSiH3 in THF (Scheme 2). The 

molecular structure of 6 (Figure 7), determined by X-ray crystallography, strongly resembles 
those of 4b,c. All of the Si-H distances are short enough to indicate bonding interactions 
(1.81(4), 1.84(3), 1.91(3) Å) and the Ru-Si distance is quite short (2.2426(10) Å). The NMR data 
for 6 resembles those of the other base-adducts, including a 29Si chemical shift of 9 ppm and an 
apparent JSiH value of 45 Hz. At -60 °C the observed 1JSiH values (51, 48, 35 Hz) reflect the 
presence of three Ru-H-Si interactions with one of the Si---H interactions being weaker than the 
other two. Notably, compound 6 can be considered as the PMe3 adduct of an η3-H2SiPhCl 
complex. 

Given the observed similarities in structure, spectroscopic parameters and reactivity, it is of 
interest to compare bonding modes for silylene dihydride and η3-H2SiR2 complexes. Metal 
silylene complexes feature trigonal planar silicon centers that are strongly Lewis acidic. The 
latter property results from weak M-Si π-bonding which compensates poorly for the low 
coordination number of silicon, especially in cationic complexes.7,14  The η3-binding mode is 
mainly the result of donation from a filled SiH2 bonding orbital into two lobes of an unoccupied 
4d orbital on ruthenium (Figures 8 and 9). This donation, coupled with weak π-back-donation 
from ruthenium to the silane (evident from slight Si-H activation and NBO calculations23 for 2a-
DFT) depletes electron density from silicon. The LUMOs of 2a-d result from an out of phase 
combination of a ruthenium 4d orbital and a silicon 3p orbital, with a nodal plane that contains 
the hydrogen atoms. A similar LUMO was recently reported for a cationic Ni(II) complex 
([(dtbpe)Ni(µ-H)SiMes2][BArF

4]) that possesses one Ni-H-Si 3c 2e- bond, which results from 
arrested 1,2-hydrogen migration.24 Interestingly, LUMOs of this type strongly resemble the π*-
orbital that serves as the electron pair acceptor orbital in silylene complexes.7,14,25  Thus, the η3-
silane complexes (2a,b) possess a suitable acceptor orbital at the silicon center, even though 
relatively strong Si-H interactions maintain a four coordinate, tetrahedral geometry at silicon.  

Base adducts 4b and 6 were investigated using DFT geometry optimization20 and NBO23 
calculations. In the optimized structures (4b-DFT and 6-DFT), the Ru-H and Si-H distances are 



 

Figure 5. Molecular structures of 4b. Thermal ellipsoids set to 50 % probability and non-
hydridic hydrogen atoms are omitted for clarity. 

 
 
 

Figure 6. Molecular structures of 4c. Thermal ellipsoids set to 50 % probability and non-
hydridic hydrogen atoms are omitted for clarity. 

 
 
 

Figure 7. Molecular structures of 6. Thermal ellipsoids set to 50 % probability and non-hydridic 
hydrogen atoms are omitted for clarity. 

 



 

Figure 8. Comparison of frontier molecular orbitals in Ru(η3-H2SiR2) complexes (left) with 
those of LnRuH2=SiR2 (right). 
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Figure 9. Computationally determined orbital representations from DFT calculations of 2a-DFT. 
 

 
 
 
 
 
 
 
 
 
 
 

 



 

slightly longer than those determined by X-ray crystallography but all three hydride ligands are 
within bonding distance of silicon (dSi—H =  1.872, 2.006, 2.059 Å, 4b-DFT; 1.867, 1.933, 2.076 
Å, 6-DFT). The Ru-H-Si interactions were examined using NBO analysis to assess 
delocalization of electron density from {[PhBPPh

3]RuH3}2- to [SiPh2(DMAP)]2+ or 
[SiPhCl(PMe3)]2+. All of the Ru-H bonds were found to be of relatively low occupancy (1.55 to 
1.60 e-), with significant electron delocalization onto silicon. Three ruthenium 4d orbitals were 
found to be of relatively high occupancy (4b-DFT, 1.928, 1.925, 1.862 e-; 6-DFT, 1.936, 1.932, 
1.819 e-), with the lowest occupancy orbital for each complex exhibiting slight delocalization 
onto silicon. Thus, donation from Ru to Si appears to be relatively unimportant for stabilizing the 
η3-H2SiRR'(base) ligand, which is instead stabilized via donation from a Ru-H bond to the 
silicon center, resulting in a total of three Ru-H-Si 3c 2e- bonds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Conclusion 
 
Complexes 2a-d demonstrate an interesting type of metal-promoted activation for a silane. 

The partial activation of two Si-H bonds in 2a-d results in properties similar to those of related 
silylene dihydride complexes, which result from complete cleavage of two Si-H bonds. Notably, 
both types of complexes feature an electrophilic silicon center that forms stable adducts with 
Lewis bases. Previously, intermolecular coordination of Lewis bases to silicon ligands was 
known only for the formation of base-stabilized silylene complexes (to give four-coordinate 
silicon). Thus, the base adducts 3, 4a-c, and 6 represent the first transition metal complexes to 
feature neutral, 2-electron donors bound to hypercoordinate silicon centers. In the absence of 
transition metals, hypercoordinate silicon species are generally associated with silanes 
possessing electron-withdrawing substituents (NR2, OR, F, and Cl),26 but are very rare for silanes 
featuring only Si-C and Si-H bonds.27 Interestingly, transition metal complexes with 
hypercoordinate silicon centers have been proposed as intermediates in catalytic ketone 
hydrosilations28 and catalytic Si-H hydrolysis.29 In these proposed mechanisms, a basic substrate 
(ketone or water) coordinates directly to the silicon center of a silyl ligand28 or η3-H2SiR3 
ligand,29 but the resulting intermediates were not observed. The reaction chemistry of the η3-
silane complexes 1a-d is described in more detail in subsequent chapters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Experimental Details 
 

General considerations 
 
All manipulations of air sensitive compounds were conducted under a nitrogen atmosphere 

using standard Schlenk techniques or using a nitrogen atmosphere glovebox. Proteo solvents 
were stored in PTFE-valved flasks after drying using Vacuum Atmosphere solvent purification 
systems or by distillation under nitrogen from appropriate drying agents. Deuterated solvents 
(Cambridge Isotopes) were dried over appropriate drying agents and vacuum-transferred prior to 
use. The ligand precursors (TMEDA)Li[PhBPPh

3] and [PhBPPh
3]Tl were prepared using a 

procedure reported in the literature.12  
NMR spectra were recorded on Bruker spectrometers at room temperature unless otherwise 

noted. Spectra were referenced internally by the residual proton signal relative to 
tetramethylsilane for 1H NMR, solvent peaks for 13C{1H} NMR, external 85 % H3PO4 for 
31P{1H} NMR, and tetramethylsilane for 29Si-1H HMBC experiments. The 13C{1H} NMR spectra 
of compounds 2a-d, 4a, and 6 displayed some broad and/or overlapping peaks so that each 
individual peak could not be identified. Assignment of certain 13C{1H} NMR signals was made 
on the basis of 1H-13C HSQC NMR data. Additionally, very low solubility of 4b prevented the 
acquisition of useful 13C{1H} NMR data. The JSiH values for the Ru-H resonances were 
determined from the Ru-H resonances displayed in 29Si-filtered 1H{31P} NMR experiments. 
Infrared spectra (Nujol mulls, KBr plates) were recorded using a Nicolet 6700 FTIR 
spectrometer at a resolution of 2 cm-1. X-ray diffraction data were collected on a Bruker Platform 
goniometer with a Charged Coupled Device (CCD) detector (Smart Apex). Structures were 
solved using the SHELXTL (version 5.1) program library (G. Sheldrick, Bruker Analytical X-
ray Systems, Madison, WI). All software and sources of scattering factors are contained in the 
SHELXTL (version 5.1) program library; G. Sheldrick, Bruker Analytical Systems, Madison, 
WI. Elemental analyses were performed by the University of California, Berkeley College of 
Chemistry Microanalytical Facility. 

 
 
 

{[PhBPPh
3]Ru(µ-Cl)}2 · 2C7H8  (1).13  A solution of (Ph3P)3RuCl2 (3.38 g, 3.52 mmol) in THF 

(50 mL) was transferred by cannula to a solution of [PhBPPh
3]Tl (3.14 g, 3.52 mmol) in THF (50 

mL). The resulting dark brown solution was stirred for 6 h, after which the mixture had become 
dark red with a white precipitate. The reaction solution was filtered, concentrated in vacuo to 30 
mL, and 50 mL Et2O was added to precipitate the crude product as an orange powder. The crude 
product was washed with hexanes (40 mL) and then toluene (30 mL), and then evaporated in 
vacuo to give 1 as an orange powder (2.57 g, 80 %). The 1H, 31P{1H}, and 13C{1H} NMR data of 
1 matched those reported for {[PhBPPh

3]Ru(µ-Cl)}2 and toluene in a 1:2 ratio.  
 
 
Synthesis of [PhBPPh

3]Ru(H)(η3-H2SiMePh)   (2a).      A solution of PhMeSiH2 (78 mg, 0.64 
mmol) in 2 mL of fluorobenzene was added to a suspension of 1 (118 mg, 0.072 mmol) in 1 mL 
of fluorobenzene. The orange suspension was stirred for 1 h, resulting in a hazy yellow solution. 
The reaction solution was filtered, layered with 5 mL of pentane, and cooled to -35 ºC. After 3 
days, yellow crystals of 2a were isolated from the mixture, washed with pentane (3 x 2 mL), and 



 

dried under a gentle stream of nitrogen, providing analytically pure 2a (128 mg, 98 %). Vapor 
diffusion of pentane into a toluene solution of 2a at -35 ºC provided a crystal suitable for analysis 
by single crystal X-ray diffraction. Anal. Calcd for C52H52BSiPRu (909.81): C, 68.65; H, 5.76. 
Found: C, 69.01; H, 5.95. 1H NMR (C6D6, 400 MHz): δ 8.27 (m, 2 H), 8.20 (br d, J = 7.3 Hz, 2 
H), 7.71 (t, J = 7.5 Hz, 2 H), 7.61 (br, 12 H), 7.45 (t, J = 7.3 Hz, 1 H), 7.37 (m, 3 H), 6.84 (m, 18 
H), 1.90 (br, 6 H, (B(CH2PPh2)), 0.56 (s, 3 H, SiCH3), -7.00 (d', 2J(H,Ptrans) + 2 x 2J(H,Pcis) = 14 
Hz, JSi-H = 65 Hz, 3 H, Ru-H). 13C{1H} NMR (CD2Cl2, 150.893 MHz): 142.38 (br m), 136.77, 
132.64, 132.31, 130.62, 128.81, 128.73, 128.08 (br m), 127.70 (br), 124.67, 124.05, 115.78, 
17.70 (br q, 1JCB = 36 Hz), 12.84 (SiCH3). 31P {1H} NMR (C6D6, 161.967 MHz): δ 44.6. 29Si 
NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 154. IR (cm-1): 1974 (Ru-H), 
1666 (Ru-H-Si).  
 
 
Synthesis of [PhBPPh

3]Ru(H)(η3-H2SiPh2)   (2b).      A solution of Ph2SiH2 (310 mg, 1.68 
mmol) in 2 mL of fluorobenzene was added to a suspension of 1 (123 mg, 0.075 mmol) in 1 mL 
of fluorobenzene. The orange suspension was stirred for 1 h, giving a hazy yellow solution. The 
reaction solution was filtered, layered with 6 mL of pentane, and cooled to -35 ºC. After 5 days, 
yellow crystals were isolated from the mixture, washed with pentane (3 x 2 mL), and dried under 
a gentle stream of nitrogen to give analytically pure 2b (120 mg, 83 %). Anal. Calcd for 
C57H54BSiPRu (971.94): C, 70.44; H, 5.60. Found: C, 70.72; H, 5.34. 1H NMR (C6D6, 600 MHz): 
δ 8.15 (br d, J = 6.5 Hz, 2 H), 7.84 (br, 4 H), 7.68 (t, J = 7.5 Hz, 3 H), 7.53 (br, 12 H), 7.43 (t, J 
= 7.3 Hz, 1 H), 7.12 (m, 6 H),  6.84 (m, 6 H), 6.78 (m, 12 H), 1.86 (br, 6 H, (B(CH2PPh2)), -6.41 
(d’, 2J(H,Ptrans) + 2 x 2J(H,Pcis) = 13 Hz, 1JSi-H = 68.5 Hz, 3 H, Ru-H). 13C {1H} NMR (C6D6, 
150.893 MHz) : δ 142.55 (br), 141.88 (br), 136.10, 132.32 (br m), 124.24, 115.53, 115.37, 17.45 
(br m, B(CH2P)3). 31P {1H} NMR (C6D6, 161.967 MHz): δ 44.5. 29Si NMR (C6D6, 1H-29Si HMBC: 
400 MHz (1H), 79.50 MHz (29Si)): δ 141. IR (cm-1): 1999 (Ru-H), 1643 (Ru-H-Si). 
 
 
Synthesis of [PhBPPh

3]Ru(H)(η3-H2SiEt2)   (2c).      A solution of Et2SiH2 (48 mg, 0.55 mmol) 
in 5 mL of fluorobenzene was added to a suspension of 1 (147 mg, 0.089 mmol) in 1 mL of 
fluorobenzene. The orange suspension was stirred for 1 h, giving a hazy yellow solution. The 
reaction solution was filtered, layered with 10 mL of pentane, and cooled to -35 ºC. After 5 days, 
yellow crystals were isolated from the mixture, washed with pentane (3 x 2 mL), and dried under 
a gentle stream of nitrogen to give analytically pure 2c (80 mg, 51 %). Anal. Calcd for 
C49H54BSiPRu (875.86): C, 67.20; H, 6.21. Found: C, 67.47; H, 6.05. 1H NMR (C6D6, 600 MHz): 
δ 8.19 (br d, J = 7 Hz, 2 H), 7.70 (t, J = 7.4 Hz, 2 H), 7.58 (br, 12 H), 7.44 (t, J = 7.2 Hz, 1 H), 
6.87 – 6.82 (m, 18 H), 1.86 (br, 6 H, (B(CH2PPh2)), 1.01 (t, J = 7.3 Hz, 6 H), 0.94 (br q, J = 7.3 
Hz, 4 H), -7.40 (3 H, 1JSi-H = 64 Hz, 3 H, Ru-H). 13C {1H} NMR (C6D6, 150.893 MHz) : δ 143.13 
(m), 132.78, 132.63 (m), 130.52 (d, JCP = 7.6 Hz), 124.65, 124.44 (d, JCP = 3.2 Hz), 115.84 (d, JCP 
= 21 Hz), 20.97, 18.88 (br m, B(CH2P)3), 8.52. 31P {1H} NMR (C6D6, 161.967 MHz): δ 46.0. 29Si 
NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 175. IR (cm-1): 1900 (Ru-H), 
1618 (Ru-H-Si). 
 
 
Synthesis of [PhBPPh

3]RuH(η3-H2SiMeMes)  (2d).        A solution of MesMeSiH2 (150 mg, 
0.91 mmol) in benzene (1 mL) was added to a dark orange-red solution of 2 (98 mg, 0.059 



 

mmol) in benzene (4 mL). The solution was heated to 60 °C and stirred for 24 hours in a flask 
that was sealed with a threaded teflon stopper. The resulting amber solution was filtered through 
Celite, solvent was evaporated under vacuum, and the resulting yellow solid was washed with 
hexanes (3 x 3 mL) to provide 1d as an analytically pure, pale yellow powder (84 mg, 74 %). 
Anal. Calcd for C55H58BSiP3Ru (875.86): C, 69.39; H, 6.14. Found: C, 69.45; H, 5.86. 1H NMR 
(C6D6, 600 MHz): 8.14 (d, J = 7.0 Hz, 2 H), 7.68 (t, J = 7.3 Hz, 2 H), 7.52 (br m, 12 H), 7.43 (t, 
7.30 Hz, 1 H), 6.86 (t, J = 7.3 Hz, 6 H), 6.80 (t, J = 7.4 Hz, 12 H), 6.59 (2 H), 2.25 (6 H), 2.02 (3 
H), 1.82 (br, 6 H, BCH2P), 1.29 (3 H, Si—Me), -6.80 (m, JSiH = 69 Hz,  3 H, Ru—H). 31P {1H} 
NMR (C6D6, 161.967 MHz): δ 45.97. 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 
MHz (29Si)): δ 145. 
 
 
In situ preparation and NMR studies of [PhBPPh

3]Ru(µ-H)3(H2SiMePh(THF))    (3).      
Compound 2a (11 mg, 12 µmol) was partially dissolved in C6D6 (0.50 mL) in a teflon valved 
NMR tube to give pale yellow solutions containing yellow crystals of 2a. A solution of THF (1 – 
10 equiv) in 0.1 mL C6D6 was added to the solution of 2a, resulting in dissolution of the 
remaining solid 2a. With 1 equiv of THF, the resulting solution was pale yellow. With larger 
amounts of THF, the solutions of 3 were colorless. The solutions were examined by 1H, 31P{1H}, 
and 2D 1H-29Si HMBC NMR experiments. The equilibrium between 2a, THF, and 3 is indicated 
by differences in the 1H NMR spectra with varying concentrations of THF. With 1 equiv of THF 
at -30 °C (toluene-d8), the equilibrium was shifted so that 3 is more strongly favored relative to 
free THF and 2a. Under these conditions, the Ru-H (1H NMR) resonance was similar to that 
observed at room temperature with 10 equiv of THF. With 1 equiv of THF: 1H NMR (rt, C6D6, 
400 MHz): δ 3.44 (m THF, O-CH2-C), 1.08 (br, 3 H, Si-CH3), 0.99 (m THF, C-CH2-C), -8.53 
(br, 3 H, Ru-H). 31P {1H} NMR (161.967 MHz): δ 41.9. With 10 equiv of THF: 1H NMR (rt, 
C6D6, 400 MHz): δ 3.55 (m, THF, O-CH2-C), 1.21 (s, 3 H, Si-CH3), 1.34 (m, THF, C-CH2-C), -
9.09 (JSi-H = 40 Hz, 3 H, Ru-H). 31P {1H} NMR (161.967 MHz): δ 40.9. 29Si NMR (C6D6, 1H-29Si 
HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 67. With 1 equiv of THF: 1H NMR (-30 °C, 
toluene-d8, 500 MHz): 8.25 (d, J = 7.2 Hz, 2 H), 7.82 (d, J = 7 Hz, 2 H), 7.72 (t, J = 7.3 Hz, 2 H), 
7.55 (br, 12 H), 7.46 (t, J = 7 Hz, 1 H), 7.25 (m, 3 H), 6.86 (m, 12 H), 3.25 (br m, 4 H, O-CH2-
C), 1.86 (br d, 6 H, B-CH2-P), 1.20 (s, 3 H, Si-CH3), 0.67 (br m, 4 H, C-CH2-C), -9.11 (3 H, Ru-
H). 
 
 
[PhBPPh

3]Ru(µ-H)3SiMePh(DMAP)    (4a).      A solution of 4-(dimethylamino)pyridine (4 mg, 
0.03 mmol) in 1 mL of benzene was added to a stirred, yellow suspension of partially dissolved 
2a (27 mg, 0.03 mmol) in 3 mL of benzene. The solution immediately became colorless and all 
of 2a dissolved after 15 minutes. The colorless, slightly cloudy solution was filtered and solvent 
was evaporated under vacuum to give a pale tan foam. The foam was triturated with pentane (2 
mL x 3) to give an analytically pure white powder (22 mg, 71 %). Anal. Calcd for 
C59H62BN2SiPRu (1032.04): C, 68.66; H, 6.06; N, 2.71 Found: C, 68.42; H, 6.03; N, 2.97. 1H 
NMR (C6D6, 600 MHz, rt): δ 8.32 (br d, J = 7.3 Hz, 2 H), 8.11 (d, J = 7.4 Hz, 2 H), 7.89 (d, J = 
7.7 Hz, 2 H), 7.71 (t, J = 7.4 Hz, 2 H), 7.66 (br, 12 H), 7.44 (t, J = 7.3 Hz, 1 H), 7.38 (t, J = 7.6 
Hz, 2 H), 7.23 (t, J = 7.4 Hz, 1 H), 6.88 (m, 18 H), 5.17 (d, J = 7.5 Hz, 2 H), 1.96 (br, 6 H, 
B(CH2P)3), 1.70 (s, 6 H, N(CH3)2), 1.50 (s, 3 H, SiCH3), -8.75 (d’, 2J(H,Ptrans) + 2 x 2J(H,Pcis) = 
20.5 Hz, 1JSi-H = 42 Hz, 3 H, Ru-H). 13C {1H} NMR (C6D6, 150.893 MHz) δ 163.74, 162.11, 



 

154.83, 145.95, 145.11 (br), 144.12 (br), 133.87, 132.51 (br m), 132.30, 129.78, 127.01 (br m), 
123.72, 123.39, 115.07, 104.62, 37.71 (N(CH3)2), 19.72 (br, B(CH2P)3), 16.68 (SiCH3). 31P {1H} 
NMR (C6D6, 161.967 MHz): δ 40.7. 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 
MHz (29Si)): δ 30. 
 
 
[PhBPPh

3]Ru(µ-H)3SiPh2(DMAP)    (4b).      A solution of 4-(dimethylamino)pyridine (4 mg, 
0.03 mmol) in 1 mL toluene was added to a yellow solution of 2b (30 mg, 0.03 mmol) in 1 mL 
of toluene, resulting in an instantaneous loss of color. White crystals grew from this solution 
upon standing for 24 h. These crystals were triturated with pentane (2 x 2 mL) and then dissolved 
in 5 mL of fluorobenzene to give a clear, colorless solution. The fluorobenzene was evaporated 
under vacuum to give a white solid that was triturated with pentane (3 x 2 mL). After remaining 
pentane was evaporated under vacuum, 4b was left as an analytically pure white powder (16 mg, 
47 %). A crystal of 4b suitable for X-ray diffraction analysis was selected from the crystalline 
product that precipitated from the reaction of 4b with DMAP in toluene. Anal. Calcd for 
C64H64BN2SiPRu (1094.11): C, 70.26; H, 5.90; N, 2.56 Found: C, 70.38; H, 6.12; N, 2.43. 1H 
NMR (C6D6, 600 MHz): δ 8.34 (d, J = 7.3 Hz, 2 H), 8.27 (br d, J = 7.2 Hz, 2 H), 8.03 (d, J = 7.4 
Hz, 4 H), 7.69 (t, J = 7.5 Hz, 2 H), 7.59 (t, J = 8.5 Hz, 12 H), 7.42 (t, J = 7.2 Hz, 1 H), 7.32 (t, J 
= 7.5 Hz, 4 H), 7.20 (t, J = 7.5 Hz, 2 H), 6.89 (m, 6 H), 6.83 (m, 12 H), 5.18 (d, J = 7.5 Hz, 2 H), 
1.94 (br, 6 H, B(CH2P)3), 1.67 (s, 6 H, N(CH3)2), -8.45 (d’, 2J(H,Ptrans) + 2 x 2J(H,Pcis) = 19 Hz, 
1JSi-H = 43 Hz, 3 H, Ru-H). 31P {1H} NMR (C6D6, 161.967 MHz): δ 39.9 (v br). 29Si NMR (C6D6, 
1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 31. 
 
 
[PhBPPh

3]Ru(µ-H)3SiEt2(DMAP)    (4c).      A solution of 4-(dimethylamino)pyridine (20.9 mg, 
0.03 mmol) in 1 mL benzene was added to a yellow solution of 2c (149 mg, 0.17 mmol) in 1 mL 
of benzene, resulting in an instantaneous loss of color. The colorless, slightly cloudy solution 
was filtered and solvent was evaporated under vacuum to give a pale tan foam. The foam was 
triturated with pentane (2 mL x 3) and dried under vacuum to give a white powder (137 mg, 81 
%). Note that an analytically pure sample of 4c was not obtained. A crystal suitable for analysis 
by single crystal X-ray diffraction was obtained by vapor diffusion of a solution of 4c in 
fluorobenzene with heptane at room temperature. Anal. Calcd for C56H64BN2SiPRu (997.97): C, 
67.40; H, 6.46; N, 2.81 Found: C, 68.47; H, 6.29; N, 2.79. 1H NMR (C6D6, 600 MHz): δ 8.27 (d, 
J = 7.0 Hz, 2 H), 8.06 (d, J = 7.0 Hz, 2 H), 7.68 (br, 14 H), 7.42 (t, J = 7.2 Hz, 1 H), 6.94 – 6.87 
(m, 18 H), 5.33 (d, J = 7 Hz, 2 H), 1.90 (br, 6 H, B(CH2P)3), 1.76 (s, 6 H, N(CH3)2), 1.63 (m, 4 
H), 1.20 (t, J = 7.8 Hz, 6 H), -9.20 (1JSi-H = 40 Hz, 3 H, Ru-H). 31P {1H} NMR (C6D6, 161.967 
MHz): δ 42.3. 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 45. 
 
 
[PhBPPh

3]RuCl(PMe)3  (5).2   Trimethylphosphine (0.10 mL, 0.97 mmol) was added to a 
suspension of 1 (0.280 g, 0.390 mmol) in 15 mL of toluene. The orange suspension was stirred at 
50 ºC for 4 h in a reaction vessel sealed with a PTFE-valve, after which the solvent was 
evaporated in vacuo to give a dark orange solid. The crude product was washed with hexanes (3 
x 8 mL) and evaporated in vacuo to give an orange powder that was pure as judged by 1H and 
31P{1H} NMR spectroscopy and suitable for further synthetic use (0.261 g, 85 %). The 1H, 
31P{1H}, and 13C{1H} NMR data of 5 are in agreement with those reported in the literature.2 



 

[PhBPPh
3]Ru(µ-H)3(Si(Cl)(Ph)(PMe3))    (6).     A solution of PhSiH3 (41 mg, 0.38 mmol) in 

THF (1 mL) was added to a solution of 5 (114 mg, 0.127 mmol) in THF (5 mL). After 2 h, the 
solution had changed in color from orange to yellow and the THF was evaporated in vacuo, 
giving a yellow foam. The crude product was triturated with Et2O (3 x 3 mL) and then dried in 
vacuo to give an off-white powder (86 mg, 67 %). In solution, compound 6 decomposes 
significantly within 1 h at room temperature, but this is inhibited by the addition of excess 
PhSiH3 to the solutions. Analytically pure crystals of 6 were obtained by vapor diffusion of 
pentane into a benzene solution of 6 to which 20 equiv of PhSiH3 had been added. A crystal of 6 
suitable for X-ray diffraction analysis was grown by vapor diffusion of heptane into a benzene 
solution of 6 to which 20 equiv of PhSiH3 had been added. Anal. Calcd for C54H58BSiP4ClRu 
(1006.30): C, 64.45; H, 5.81. Found: C, 64.65; H, 5.86. 1H NMR (C6D6, 400 MHz, rt): δ 8.21 (d, 
J = 7.2 Hz, 2 H), 8.17 (d, J = 7.4 Hz, 2 H), 7.83 (br s, 6 H), 7.70 (t, J = 7.4 Hz, 2 H), 7.42 (br s, 6 
H), 7.34 (t, J = 7.4 Hz, 2 H), 7.21 (t, J = 7.4 Hz, 1 H), 6.86 (br s, 19 H), 2.04 (br m, 3 H, 
(B(CH2PPh2)), 1.70 (br m, 3 H, (B(CH2PPh2)), 0.31 (d, JPH = 11 Hz, 9 H, PCH3), -8.66 (br m, 3 
H, JSi-H = 45 Hz, Ru-H).  13C {1H} (C6D6, 125.77 MHz): δ 134.3, 133.2 (br), 132.8, 132.7 (br), 
129.9, 124.38, 18.4 (br), 7.21 (d, JPC = 32.7 Hz).  31P {1H} NMR (C6D6, 161.967 MHz): δ 38.3 
(br m, (B(CH2PPh2)), -21.9 (q, JPP = 16.2 Hz, PMe3). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz 
(1H), 79.50 MHz (29Si)): δ 9. IR (cm-1): 1892, 1842, 1793, (Ru-H).  

 
 

Computational Details. All calculations were performed using Gaussian ’09 suite of programs 
in the molecular graphics and computing facility College of Chemistry, University of California, 
Berkeley. The crystallographically determined atomic coordinates of 2a, 4b, and 6 were used as 
starting points for geometry optimization calculations using the B3PW91 hybrid functional with 
the 6-31G(d,p) basis set for all main-group elements and the LANL 2DZ basis set for ruthenium. 
Vibrational frequencies were calculated for all converged structures and confirm that these 
structures lie on minima. Molecular orbital images were rendered and exported from Gaussview. 
The program NBO 3.0 was used to examine the bonding in 2a-DFT, 4b-DFT, and 6-DFT.23 For 
these calculations, the electron occupancies of Si-H and Ru-H bonding orbitals, and ruthenium 
4d lone pair orbitals were used in conjunction with the results of second order perturbation 
theory analysis to assess the delocalization of electron density from the Si-H, Ru-H, or ruthenium 
4d orbitals. 

 
 
 
 
 
 
 
 
 

 
 
 

 



 

Crystal data and structure refinement for 2a. 

Identification code  2a 

Empirical formula  C59 H60 B P3 Ru Si 

Formula weight  1001.95 

Temperature  138(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 18.066(13) Å α= 90º. 
 b = 13.115(9) Å β= 106.26(1)º. 
 c = 21.940(16) Å γ = 90º. 
Volume 4990(6) Å3 

Z 4 

Density (calculated) 1.334 Mg/m3 

Absorption coefficient 0.473 mm-1 

F(000) 2088 

Crystal size 0.20 x 0.15 x 0.05 mm3 

Theta range for data collection 1.17 to 25.40º. 

Index ranges -21<=h<=21, -15<=k<=15, -26<=l<=26 

Reflections collected 124985 

Independent reflections 9142 [R(int) = 0.1393] 

Completeness to theta = 25.40º 99.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9744 and 0.9030 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9142 / 0 / 600 

Goodness-of-fit on F2 1.181 

Final R indices [I>2sigma(I)] R1 = 0.0517, wR2 = 0.1216 

R indices (all data) R1 = 0.0947, wR2 = 0.1423 

Largest diff. peak and hole 0.816 and -0.455 e.Å-3 
 

 
 
 
 
 
 



 

Crystal data and structure refinement for 2c. 

Identification code  shelxl 

Empirical formula  C49 H53 B P3 Ru Si 

Formula weight  875.80 

Temperature  296(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 14.318(7) Å α= 90º. 

 b = 15.193(8) Å β= 107.454(7)º. 

 c = 22.617(12) Å γ = 90º. 

Volume 4693(4) Å3 

Z 4 

Density (calculated) 1.239 Mg/m3 

Absorption coefficient 0.493 mm-1 

F(000) 1824 

Crystal size 0.30 x 0.30 x 0.30 mm3 

Theta range for data collection 1.64 to 25.42º. 

Index ranges -17<=h<=17, -18<=k<=17, -26<=l<=27 

Reflections collected 38367 

Independent reflections 8480 [R(int) = 0.0559] 

Completeness to theta = 25.42º 97.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8662 and 0.8662 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8480 / 0 / 525 

Goodness-of-fit on F2 1.031 

Final R indices [I>2sigma(I)] R1 = 0.0481, wR2 = 0.1311 

R indices (all data) R1 = 0.0696, wR2 = 0.1533 

Largest diff. peak and hole 1.022 and -0.525 e.Å-3 



 

Crystal data and structure refinement for 4b. 

Identification code  shelxl 

Empirical formula  C71 H71 B1 N2 P3 Ru Si 

Formula weight  1185.18 

Temperature  158(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 13.4177(16) Å α= 90º. 
 b = 24.646(3) Å β= 95.752(3)º. 
 c = 20.125(2) Å γ = 90º. 
Volume 6621.5(14) Å3 

Z 4 

Density (calculated) 1.201 Mg/m3 

Absorption coefficient 0.370 mm-1 

F(000) 2360 

Crystal size 0.40 x 0.40 x 0.40 mm3 

Theta range for data collection 1.31 to 25.38º. 

Index ranges -16<=h<=16, -29<=k<=29, -24<=l<=24 

Reflections collected 113677 

Independent reflections 12131 [R(int) = 0.0361] 

Completeness to theta = 25.38º 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1 and 0.8661 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12131 / 0 / 734 

Goodness-of-fit on F2 1.135 

Final R indices [I>2sigma(I)] R1 = 0.0409, wR2 = 0.0976 

R indices (all data) R1 = 0.0454, wR2 = 0.0998 

Largest diff. peak and hole 0.596 and -0.426 e.Å-3 
 
 
 
 
 
 
 



 

Crystal data and structure refinement for 4c. 

Identification code  shelxl 

Empirical formula  C56 H64 B N2 P3 Ru Si 

Formula weight  997.97 

Temperature  165(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 12.3100(17) Å α= 90º. 

 b = 20.757(3) Å β= 106.457(2)º. 

 c = 21.017(3) Å γ = 90º. 

Volume 5150.4(12) Å3 

Z 4 

Density (calculated) 1.287 Mg/m3 

Absorption coefficient 0.459 mm-1 

F(000) 2088 

Crystal size 0.20 x 0.10 x 0.10 mm3 

Theta range for data collection 1.41 to 25.49º. 

Index ranges -14<=h<=14, -25<=k<=25, -25<=l<=25 

Reflections collected 107746 

Independent reflections 8579 [R(int) = 0.1270] 

Completeness to theta = 25.49º 89.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9555 and 0.9138 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8579 / 0 / 593 

Goodness-of-fit on F2 0.944 

Final R indices [I>2sigma(I)] R1 = 0.0456, wR2 = 0.0969 

R indices (all data) R1 = 0.0820, wR2 = 0.1096 

Largest diff. peak and hole 0.891 and -0.430 e.Å-3 
 
 
 
 
 
 

 



 

Crystal data and structure refinement for 6. 

X-ray ID  6 

Empirical formula  C54 H58 B Cl P4 Ru Si 

Formula weight  1006.30 

Temperature  138(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 14.1289(8) Å α= 90º. 
 b = 20.8168(12) Å β= 90.9460(10)º. 
 c = 16.9097(10) Å γ = 90º. 
Volume 4972.8(5) Å3 

Z 4 

Density (calculated) 1.344 Mg/m3 

Absorption coefficient 0.558 mm-1 

F(000) 2088 

Crystal size 0.30 x 0.15 x 0.05 mm3 

Crystal color/habit colorless block 

Theta range for data collection 1.55 to 25.34º. 

Index ranges -17<=h<=17, -25<=k<=25, -20<=l<=20 

Reflections collected 123669 

Independent reflections 9095 [R(int) = 0.0883] 

Completeness to theta = 25.34º 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9727 and 0.8506 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9095 / 0 / 571 

Goodness-of-fit on F2 1.057 

Final R indices [I>2sigma(I)] R1 = 0.0414, wR2 = 0.0921 

R indices (all data) R1 = 0.0630, wR2 = 0.1054 

Largest diff. peak and hole 0.768 and -0.496 e.Å-3 
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Chapter 2 
 

Silane-Isocyanide Coupling Involving  1,1-Insertion of XylNC  
into the Si—H Bond of a σ-Silane Ligand 

 
By  

Mark Christopher Lipke 
 

Introduction 
 

A number of novel transformations have been identified for transition metal complexes 
possessing a silicon center that is activated toward nucleophilic attack.1-4 Silylene complexes1 
exhibit this property and engage in a variety of stoichiometric and catalytic Si—X (X = C, N, O) 
bond-forming reactions that involve binding of a Lewis basic substrate to silicon to form 
intermediates of the type LnMSiR2[base].1,2 Cationic ruthenium and iridium Si—H σ-complexes 
may also exhibit high electrophilicity at silicon,3,4 and this appears to play a role in 
hydrosilations of ketones3c,4a and challenging substrates such as nitriles4b and pyridines.4c For 
these reactions, the key Si—O and Si—N bond-forming steps appear to involve nucleophilic 
attack of the substrate onto the silicon center of an η1- or η2-H—SiR3 ligand with simultaneous 
cleavage of the Si—H bond.3,4 It might also be possible for Si—H σ-complexes to bind 
substrates at silicon without Si—H bond cleavage, and this was suggested by our recent 
discovery that η3-H2SiRR' σ-complexes [PhBPPh

3]RuH(η3-H2SiRR') (R,R' = Me,Ph 1a; R,R' = 
Ph2 1b, eq 1) add Lewis bases to form stable adducts of the type {[PhBPPh

3]Ru[(µ-
H)3SiRR'(base)]} (base = THF, PMe3, 4-dimethylaminopyridine).5 In these adducts, the donor 
atom of the base is in close proximity to the hydride ligands, and in principle this could favor 
uncommon 1,1-hydrosilation reactions. Thus, it is important to examine the role that 1a,b might 
play in activations of unusual substrates and in new hydrosilation reactions. 

Carbon monoxide and isocyanides are potentially interesting 1,1-insertion substrates for 
hydrosilations, but little is known concerning this possibility. Silylformylations, involving the 
coupling of a silane, CO, and an alkene or alkyne, are known,6 and the catalytic 1,1-hydrosilation 
of isocyanides has only been reported for the reaction of CyNC with Et3SiH using Cu(acac)2 as a 
catalyst.7 Furthermore, the formyl and iminoformyl silane products that might result from 
insertions into an Si—H bond are attractive synthetic targets as useful chemical intermediates8 
that are difficult to prepare by other methods.9 Herein we describe an unusual 1,2-hydrosilation 
reaction involving XylNC (Xyl = 2,6-Me2C6H3) and 1a,b that procedes by coordination of 
XylNC to silicon followed by 1,1-insertion of the isocyanide into a coordinated Si—H bond. 
This novel 1,1-hydrosilation step is followed by rearrangement to 1,2-hydrosilation products that 
feature a ruthenium carbene ligand with a γ-agostic Si—H bond (2a,b, eq 1). 

 
Equation 1 
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Results and Discussion 
 
Formation of carbene complexes from 1a,b and XylNC. 
 

Addition of XylNC (1 equiv in benzene-d6) to a yellow solution of 1a,b resulted in immediate 
loss of color and quantitative formation of the carbene complexes 2a,b (by 1H NMR 
spectroscopy). The 1H NMR spectra for 2a,b (benzene-d6) display a downfield resonance 
(doublet of triplets) for the carbene α-protons (2a: 10.41 ppm, 2b: 10.28 ppm). Similarly, the 
13C{1H} NMR spectra exhibit a downfield doublet of triplets resonance for the carbene carbons 
(2a: 263.4 ppm, 2b: δ 264.6 ppm).10 The room temperature 1H NMR spectra contain only one 
hydride resonance for the two Ru—H ligands in each complex (2a: -6.64 ppm, 2b: -6.32 ppm), 
which on the basis of 29Si-filtered 1H{31P} and 1H-29Si HMBC spectra exhibit moderate JSiH 
coupling constants (2a: JSiH = 46 Hz, 2b: JSiH = 49 Hz). These values indicate Si—H interactions 
that are weaker than those in 1a,b5 but consistent with the presence of at least one Ru—H—Si 3c 
2e bond.11,12 At -70 °C, the 1H NMR spectrum for 2a (toluene-d8) displays a resonance for each 
hydride ligand (-6.52 ppm, JSiH = 36 Hz; -6.59 ppm, JSiH = 56 Hz), and this indicates the 
existence of chemically inequivalent Ru—H—Si interactions. 

The solid-state structure of 2a, determined by single crystal X-ray diffraction, is consistent 
with the low-temperature NMR data for this complex (Figure 1). Both hydride ligands were 
located and refined, to provide Si—H distances consistent with the presence of inequivalent 
Ru—H—Si interactions (d(Si—H) 1.71(3), 1.95(5) Å).13 The silicon atom is also bound to 
nitrogen and two carbon atoms, for a total coordination number of five.  The Ru—C distance 
(2.034(4) Å) is longer than those of most related ruthenium carbene complexes, and this may be 
due to the strong trans influence of the phosphine ligands.14 The C—N distance (1.314(4) Å) is 
consistent with such single bonds in related carbene complexes. The (η2-H—Si)—N—C—Ru 
framework in 2a is similar to that of an iminoacyl complex [Cp*(CO)Ru{C(R)=N(η2-H—
SiHC(SiMe3)3)}] possessing a γ-agostic Si—H bond.15 The Ru—Si distance for 2a (2.362(3) Å) 
is shorter than that for the iminoacyl complex [Cp*(CO)Ru{C(R)=N(η2-H—SiH2C(SiMe3)3)}] 
(2.5563(7) Å) and this may be due to the presence of two Ru—H—Si interactions in 2a.16 

 
 

Figure 1. Solid state structure of 2a. Thermal ellipsoids set to 50 % probability. Only hydridic 
hydrogens and the carbene α-hydrogen are shown. 
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Although 2a appears to have considerable carbene character, it may also be described as an 
iminoformyl complex with a dative NSi bond that expands the coordination sphere of silicon 
in an η3-H2SiMePh ligand (Scheme 1, structure C). Similar intramolecular OM (M = Zn,17a 

Ca, Sr17b) interactions have recently been identified as key factors in the transformation of 
carbonyl ligands to acyl ligands at rhenium. However, the iminoformyl description for 2a,b 
implies the presence of two strong Si—H interactions, which is not in agreement with the NMR 
data for 2a. The structure of 2a was examined by DFT calculations, which provided an 
optimized structure (2a-DFT) with Si—H distances that differ considerably (1.854, 2.177 Å).18 
This provides further support for the description of 2a,b as carbene complexes featuring a γ-
agostic Si—H bond and a weaker Ru—HSi interaction (hybrid of structures A and B).12a,19 

 
 

Scheme 1 
 

 
 
 

It seemed possible that 1a,b might react with carbon monoxide to form carbene complexes 
analogous to 2a,b. However, the addition of 1 atm of CO to solutions of 1a,b in benzene-d6 
resulted in displacement of the silane and quantitative formation of the dicarbonyl complex 
[PhBPPh

3]RuH(CO)2 (3, eq 2). The formation of 3 demonstrates that the ruthenium center of 1a,b 
is readily accessible to appropriate incoming nucleophiles. Thus, it seems possible that formation 
of 2a,b results from coordination of XylNC to ruthenium, followed by migratory insertion into a 
Ru—H bond (Scheme 2, path a).20 To examine this possibility, a monoisocyanide complex was 
sought as an alternate starting material for the synthesis of 2a,b. For this purpose, the alkoxide 
complex [PhBPPh

3]RuOtBu (4) was obtained by metathesis of {[PhBPPh
3]Ru(µ-Cl)}2 with KOtBu 

in benzene. Treatment of 4 with 1 equiv of XylNC resulted in immediate formation of 
[PhBPPh

3]Ru(OtBu)(CNXyl) (5). The presence of one isocyanide ligand in 5 was evident from 
FTIR data (νCN = 2074 cm-1), 1H NMR data (one xylyl group) and elemental analysis. Complex 
5 was treated with 2 equiv of RR'SiH2 to form RR'HSiOtBu and [PhBPPh

3]Ru(H)(CNXyl)(η2-
HSiHRR') (RR' = MePh, 6a; RR' = Ph2, 6b, eq 3). Complexes 6a,b are stable at room 
temperature for at least a week in benzene-d6 solution, and do not react further under these 
conditions to form 2a,b. 
 
Equation 2 
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Scheme 2 
 

 
 
 
 
 
 
Equation 3 
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Characterization of 6a,b by FTIR and multinuclear NMR experiments indicated the presence 
of the XylNC ligand, two Ru—H ligands, and the SiRR'H fragment (see experimental details). 
Moderate JSiH values for the Ru—H ligands (1H δ -6.73 ppm (2 H), JSiH = 32 Hz, 6a; 1H δ -6.31 
ppm (2 H), JSiH = 34 Hz, 6b) suggested that 6a,b feature Ru—H—Si 3c 2e bonding, but the 
nature of these interactions was not evident from these data. The structure of 6b was determined 
by single crystal XRD, but the hydride positions could not be located (see experimental details 
below). This structure was used as a starting point for geometry optimization calculations, which 
revealed distinct Si—H distances for 6a,b-DFT (1.885, 2.152 Å for 6a-DFT; 1.840, 2.174 Å for 
6b-DFT).18 Thus, 6a,b appear to be η2-H—SiHRR' complexes that feature an additional, weak 
Ru—HSi interaction.12a,19 

The stability of 6a,b clearly rules out a typical migratory insertion pathway to form 2a,b, and 
an alternate mechanism must be considered. To obtain more information about the formation of 
2a,b, the reaction of 1a,b with XylNC was examined by NMR spectroscopy at low temperatures 
in toluene-d8. At temperatures below -30 °C, the XylNC adducts {[PhBPPh

3]Ru[(µ-
H)3SiRR'(CNXyl)]} (RR' = MePh, 7a; RR' = Ph2, 7b, Scheme 1, path b) were observed by 1H, 
31P{1H}, and 1H-29Si HMBC NMR spectroscopy. The 1H NMR spectrum of 7a at -65 °C 
displays three Ru—H resonances (at -8.18, -8.49 and -8.61 ppm), that couple to a 29Si resonance 
at 4 ppm (as shown by a 1H-29Si HMBC NMR experiment). A 29Si-filtered 1H{31P} NMR 
spectrum of 7a had an insufficient signal-to-noise ratio to allow accurate determination of JSiH 
values, but these data could be obtained for complex 7b at -65 °C (1H δ -8.06 ppm, JSiH = 42 Hz, 
2 H; δ -8.32 ppm, JSiH = 46 Hz, 1 H; 29Si δ 8 ppm). The NMR data for 7a,b at -65 °C are very 
similar to those of the DMAP adducts of 1a,b at -60 °C.5 Notably, silicon-isocyanide adducts are 
uncommon and 7a,b are the first examples in which the isocyanide is bound to a hypercoordinate 
silicon center. The two previously known isocyanide-silicon adducts involve three- and four-
coordinate silicon centers resulting from the binding of an isocyanide to a free silylene 
({MesTbtSi:}CNAr),21 or to the silylene ligand of a transition metal complex ({(σ-
Cp)2(RNC)Si}—AuCl).22 

The isocyanide group in 7a,b should be particularly electron deficient since π*-backdonation 
to the isocyanide is not possible in 7a,b as it is in 6a,b.23,24 Thus, a possible mechanism for the 
conversion of 7a,b to 2a,b involves transfer of a hydride ligand to the activated isocyanide to 
form an iminoformyl group bound to silicon (Scheme 1, path b). Rearrangement of the resulting 
[PhBPPh

3]RuH[η2-H—SiRR’(C(H)=NXyl)] intermediate by Si—C bond cleavage and Ru—C 
and Si—N bond formations would provide 2a,b. Note that the [PhBPPh

3]Ru fragment has 
previously been observed to mediate facile Si—C bond cleavage reactions.25 At -24 °C, the 
conversion of 7a,b to 2a,b was observed over the course of 30 min and no additional 
intermediates were detected (by 1H NMR spectroscopy). Monitoring the disappearance of 7a by 
1H NMR spectroscopy revealed that the conversion to 2a was first order in 7a (k = 3.67(8) x 10-3 
s-1, -24 °C). The rate of this conversion was compared with that for the deuterated sample 7a-d3, 
to give kH/kD = 1.74(9), which is consistent with a rate-determining step that involves transfer of 
a hydride ligand to the isocyanide carbon. This process would involve the unprecedented 
insertion of isocyanide into a Si—H bond (in this case, part of a Ru—H—Si 3c 2e interaction). 
Insertion of an isocyanide into an M—H bond is known for transition metal hydrides20 and 
aluminum hydrides,26 but has not been observed for any other molecular main-group hydride 
species. However, the insertion of an isocyanide into the Si—Mes bond of 
Cp*(Me3Si)Mo(CO)2=SiMes2 has been reported.27 
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Further details of the isocyanide activation come from computational investigations starting 
with a geometry optimization calculation for the isocyanide adduct 7a (Figure 2).18 In the 
optimized structure (7a-DFT, G7a-DFT = 0 kcal/mol), the isocyanide carbon is near two of the 
hydride ligands (dC—H: 2.67 Å, 2.80 Å). At the transition state (TS1, ΔGTS1 = +13.05 kcal/mol), 
one C—H distance is shortened (dC—H: 1.62 Å, TS1) as a result of rotation of the 
SiMePh(CNXyl) fragment about the Ru—Si axis, elongation of the Ru—H bond (dRu—H: 1.65 Å, 
7a-DFT; 1.74 Å, TS1) and bending of the Si—C—N linkage (Si—C—N: 157.6°, TS1). This 
latter motion appears to give rise to the observed cis-configuration of the xylyl group and α-
hydrogen in the final product. Notably, the resulting intermediate species (Int1, ΔGInt1 = -4.21 
kcal/mol) is a σ-complex in which the Si—H bond of the iminoformylsilane 
PhMeHSiC(H)=NXyl is coordinated to the [PhBPPh

3]RuH fragment. The 1,1-hydrosilation of the 
isocyanide appears to be an important step in the formation of 2a,b, and this type of 
transformation could be useful for 1,1-hydrosilation catalysis if the iminoformyl silane is 
displaced from the ruthenium complex. For Int1, the conversion to 2a-DFT (ΔG2a-DFT = -20.20 
kcal/mol) occurs through a single transition state with a low barrier (TS2, ΔGTS2 = +5.33 
kcal/mol) for the concerted formation of the Ru—C and Si—N bonds, and cleavage of the Si—C 
bond. This transition state is similar to those determined computationally for isomerization of 
isocyanides (E—NC) to cyanides (E—CN) via concerted E—N bond cleavage and E—C bond 
formation (E = alkyl+, Me3Si+, (F3C)3B).28 The energy barriers for TS1 and TS2 are consistent 
with the rapid formation of 2a at room temperature and the inability to experimentally observe 
Int1. 

 
 

Figure 2. Mechanism for formation of 2a from 7a as determined using DFT calculations. 
Energies are gas phase free energies at 298 K relative to 7a-DFT (G7a-DFT = 0 kcal/mol). 
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Conclusion 
 

In conclusion, the electrophilic η3-H2SiRR' ligands in 1a,b are directly involved in activation 
of XylNC to form Fischer carbene complexes 2a,b. Experimental and computational results 
indicate that the reaction occurs via an unprecedented mechanism in which a hexacoordinate 
silicon center exhibits reactivity (insertion of XylNC into an Si—H bond) that is more typically 
observed at a transition metal center or, rarely, a low-coordinate main-group center. Notably, the 
cooperative activation of a substrate by a transition metal center and a hypercoordinate silicon 
center has not previously been observed. Electrophilic Si—H σ-complexes have previously been 
reported for the activation and hydrosilation of nucleophilic substrates such as ketones, 
pyridines, and nitriles, but in these cases an adduct of the substrate with the σ-silane ligand was 
not observed (as for the formation of 2a,b). Additionally, the reaction of 1a,b with XylNC is the 
first example of an Si—H σ-complex activating a carbon nucleophile. Future work will focus on 
incorporation of isocyanide activations into new catalytic hydrosilations, and discovery of 
additional substrate activations by η3-H2SiRR' complexes. 
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Experimental Details 
 

All manipulations of air sensitive compounds were conducted under a nitrogen atmosphere 
using standard Schlenk techniques or using a nitrogen atmosphere glovebox. Proteo solvents 
were stored in PTFE-valved flasks after drying using Vacuum Atmosphere solvent purification 
systems or by distillation under nitrogen from appropriate drying agents. Deuterated solvents 
(Cambridge Isotopes) were dried over NaK and vacuum-transferred prior to use. Potassium tert-
butoxide and xylyl isocyanide were purchased from commercial sources and purified by 
sublimation prior to use. The complexes {[PhBPPh

3]Ru(µ-Cl)}2
28 and [PhBPPh

3]RuH(η3-
H2SiRR’) (R,R’ = Me,Ph 1a; RR’ = Ph2 1b)5 were prepared as previously reported.  

NMR spectra were recorded on Bruker spectrometers at room temperature unless otherwise 
noted. Spectra were referenced internally by the residual proton signal relative to 
tetramethylsilane for 1H NMR, solvent peaks for 13C{1H} NMR, external 85 % H3PO4 for 
31P{1H} NMR, and tetramethylsilane for 29Si-1H HMBC experiments. Assignment of certain 
13C{1H} NMR signals was made on the basis of 1H-13C HSQC NMR data. The 13C{1H} NMR 
spectra for compounds 2a,b, 3, 4, 5, and 6a,b feature some broad and/or overlapping resonances 
so that each individual peak in the aromatic region could not be observed or individually 
indentified. The JSiH values for Ru—H—Si resonances were determined from the Ru—H 
resonances displayed in 29Si-filtered 1H{31P} NMR experiments. Infrared spectra (Nujol mulls, 
KBr plates) were recorded using a Nicolet 6700 FTIR spectrometer at a resolution of 2 cm-1. The 
FTIR spectra for 2a,b contained absorptions between 1700 cm-1 and 2200 cm-1 that could not all 
be attributed to these complexes, even for freshly recrystallized samples that were of high purity 
as determined by 1H NMR spectroscopy and elemental analysis. These absorptions are thus 
attributed to minor impurities  (< 5 %) that are strongly absorbing in this IR region. The Ru—H 
absorptions for 2a were assigned by comparison to the predicted IR spectrum for 2a-DFT. X-ray 
diffraction data were collected on a Bruker Platform goniometer with a Charged Coupled Device 
(CCD) detector (Smart Apex). Structures were solved using the SHELXTL (version 5.1) 
program library (G. Sheldrick, Bruker Analytical X-ray Systems, Madison, WI). All software 
and sources of scattering factors are contained in the SHELXTL (version 5.1) program library; 
G. Sheldrick, Bruker Analytical Systems, Madison, WI. Elemental analyses were performed by 
the University of California, Berkeley College of Chemistry Microanalytical Facility. 
 
 
Synthesis of [PhBPPh

3]Ru(H)=[C(H)(N(Xyl)(η2-H—SiMePh)]    (2a).      A solution of XylNC 
(7.1 mg, 0.054 mmol) in benzene (2 mL) was added to a vial containing yellow crystals of 
[PhBPPh

3]RuH(η3-H2SiMePh) (1a, 49 mg, 0.054 mmol). The resulting suspension was stirred for 
30 min, at which point all of 1a had dissolved to leave a slightly hazy, colorless solution. The 
solution was filtered through Celite and volatiles were removed under vacuum to give a white 
foam, which was washed with pentane (3 x 3 mL) and dried under vacuum to give 2a as an 
analytically pure white powder (46 mg, 82 % yield). Vapor diffusion of pentane into a solution 
of 2a in fluorobenzene at -30 ºC provided a crystal suitable for single crystal X-ray diffraction 
analysis. Anal. Calcd for C61H61BNP3SiRu (1040.99): C, 70.38; H, 5.91; N, 1.35. Found: C, 
70.00; H, 5.73; N, 1.28. 1H NMR (C6D6, 400 MHz): δ 10.28 (dt, JPHtrans = 11.9 Hz, JPHcis = 6.0 Hz, 
1 H, Ru=C—H), 8.19 (d, J = 7.2 Hz, 2 H), 7.95 (m, 4 H), 7.78 (d, J = 6.9 Hz , 2 H), 7.68 (t, J = 
7.5 Hz, 2 H), 7.54 (br, t, J = 8.4 Hz,  2 H), 7.44 (m, 3 H), 7.21 (t, J = 7.2 Hz, 1 H), 7.03-7.15 (m, 
6 H), 6.98 (m, 5 H), 6.61-6.85 (m, 16 H), 2.30 (br m, 2 H, B(CH2)P), 1.96 (br m, 2 H, B(CH2)P), 
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1.71 (br m, 2 H, B(CH2)P), 1.52-1.96 (br, 6 H, ArCH3), 1.48 (s, 3 H, SiCH3), -6.64 (m, 2 H, Ru—
H, JSiH = 46 Hz). 13C{1H} NMR (C6D6, 150.893 MHz): δ 263.37 (dt, JCP,trans = 60 Hz, 2JCP,cis ≤ 9 
Hz, Ru=C), 165.76 (br), 164.49, 162.86, 147.51 (d, JCP = 5.5 Hz), 144.07, 143.86, 142.85 (m), 
141.91, 141.65, 137.03, 136.05, 135.40, 134.70, 133.90 (d, JCP = 12.6 Hz), 133.74 (d, JCP = 12.6 
Hz), 133.19 (m), 133.08, 132.90 (br), 132.74, 132.69, 132.61, 132.53, 132.24, 132.14 (d, JCP = 
9.9 Hz), 131.85 (d, JCP = 9.9 Hz), 130.59, 130.52 (d, JCP = 8.0 Hz), 130.36, 129.16, 127.79, 
127.37, 124.61, 124.56, 124.44 (d, JCP = 3.2 Hz), 118.43, 115.84 (d, JCP = 21.5 Hz), 19.12 
(ArCH3), 17.76 (br, B(CH2)P), 12.58 (Si—CH3). 31P {1H} NMR (C6D6, 161.967 MHz): δ 36.7 (t, 
JPP = 32.3 Hz), 32.5 (t, JPP = 32.3 Hz), 28.4 (t, JPP = 32.3 Hz). 29Si NMR (C6D6, 1H-29Si HMBC: 
400 MHz (1H), 79.50 MHz (29Si)): δ -2.8. IR (cm-1): 2050, 1947 (Ru—H—Si). 
 
 
Synthesis of [PhBPPh

3]Ru(H)=[C[(H)(N(Xyl)(η2-H—SiPh2)]    (2b).     A solution of XylNC 
(8.4 mg, 0.064 mmol) in benzene (0.5 mL) was added dropwise over 1 minute to a stirred yellow 
solution of [PhBPPh

3]RuH(η3-H2SiPh2) (1b, 62 mg, 0.064 mmol) in benzene (1.5 mL), resulting 
in a very pale yellow solution. The solution was filtered through Celite and volatiles were 
removed under vacuum to give a white foam, which was washed with pentane (3 x 3 mL) and 
dried under vacuum to give 2b as an analytically pure off-white powder (63 mg, 90 % yield).  
Anal. Calcd for C66H63BNP3SiRu (1103.12): C, 71.86; H, 5.76; N, 1.27 Found: C, 71.62; H, 5.79; 
N, 1.46.1H NMR (C6D6, 600 MHz): δ 10.41 (dt, JPHtrans = 11.5 Hz, JPHcis = 5.7 Hz, 1 H, Ru=C—
H), 8.17 (d, J = 7 Hz, 2 H), 7.91 (m, 8 H), 7.67 (t, J = 7.3 Hz, 2 H), 7.41 (t, J = 7.3 Hz, 1 H), 7.37 
(t, J = 8.7 Hz, 4 H), 7.19 (m, 6 H), 7.14 (t, J = 7.3 Hz, 4 H), 7.05 (t, J = 7 Hz, 2 H), 6.97, (t, J = 
7.4 Hz, 4 H), 6.77 (t, J = 7.3 Hz, 2 H), 6.73 (t, J = 7.7 Hz, 1 H), 6.70 (m, 6 H), 6.63 (t, J = 7.3 
Hz, 6 H), 2.31 (br m, 2 H, B(CH2)P), 1.96 (br m, 2 H, B(CH2)P), 1.74 (d, 3JPH = 11.3 Hz, 
B(CH2)P), 1.71 (s, 6 H, ArCH3), -6.32 (m, 2 H, Ru—H, JSiH = 49 Hz).13C {1H} NMR (C6D6, 
150.893 MHz) : δ 264.56 (dt, JCP,trans = 60 Hz, JCP,cis ≤ 10 Hz), 148.56 (d, JCP = 6.3 Hz), 
143.35, 143.14, 142.94, 142.79 (m), 142.67, 142.55, 140.79, 137.81, 133.98 (vt), 133.27, 132.71, 
132.63, 132.09 (vt), 130.33, 129.25, 129.20, 128.10, 128.01 (d, JCP = 8.7 Hz), 127.79,  
124.56, 19.80 (ArCH3), 17.44 (br, B(CH2)P). 31P {1H} NMR (C6D6, 161.967 MHz): δ 33.6 (d, JPP 
= 31 Hz, 2 P), 26.6 (t, JPP = 31 Hz, 1 P). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 
MHz (29Si)): δ -3.3. IR (cm-1): 2095, 2011 (Ru—H—Si). 
 
 
Synthesis of [PhBPPh

3]RuH(CO)2    (3). A solution of 2a (78 mg, 0.086 mmol) in benzene (5 
mL) was subjected to three freeze/pump/thaw cycles in a flask equipped with a PTFE-stopper. 
The yellow solution was stirred and the headspace of the flask was filled with carbon monoxide 
(1 atm), which resulted in the color of the solution fading to very pale yellow after 1 minute. 
Volatiles were evaporated under vacuum to leave a pale yellow foam, which was then washed 
with pentane (3 x 3 mL) and dried under vacuum to give 3 as an analytically pure white powder 
(69 mg, 95 % yield).  
Anal. Calcd for C47H42BO2P3Ru (843.65): C, 66.91; H, 5.02  Found: C, 66.74; H, 4.73. 1H NMR 
(C6D6, 600 MHz): δ 8.00 ppm (d, J = 7.2 Hz, 2 H), 7.70 (t, J = 8.2 Hz, 4 H), 7.63 (t, J = 7.5 Hz, 2 
H), 7.59 (m, 2 H), 7.39 (t, J = 7.2 Hz, 1 H), 7.13 (t, J = 8 Hz, 4 H), 6.93 (br, 6 H), 6.86 (t, J = 7.2 
Hz , 2 H), 6.78 (m, 6 H), 6.73 (t, J = 7.5 Hz, 4 H), 1.82 (d, JPH = 12.5 Hz, 2 H, BCH2P), 1.74 (m, 
2 H, BCH2P), 1.64 (m, 2 H, BCH2P), -6.63 (dt, JPH, trans = 63 Hz, JPH,cis = 16.1 Hz, 1 H, Ru—H). 
13C {1H} NMR (C6D6, 150.893 MHz): δ 201.26 (m, CO), 164.06 (br), 142.01 (d, JCP = 33 Hz), 
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140.46 (m), 138.12 (m), 133.16 (vt), 132.42, 132.28 (d, JCP = 11.2 Hz), 132.07 (vt), 129.59, 
129.28, 128.92 (d, JCP = 8.9 Hz), 124.93, 15.92 (br, BCH2P), 15.16 (br, BCH2P). ). 31P{1H} NMR 
(C6D6, 161.967 MHz): δ 27.75 (d, JPP = 29.6 Hz), 18.49 (t, JPP = 29.6 Hz). IR (cm-1): 2034, 
1974.3 (CO), 1896 (Ru—H). 
 
 
Synthesis of [PhBPPh

3]RuOtBu (4). A solution of KOtBu (45 mg, .40 mmol) in benzene 
(3 mL) was added to a dark red solution of {[PhBPPh

3]Ru(µ-Cl)}2 (294 mg, 0.18 mmol) in 
benzene (3 mL). The resulting solution was stirred for 5 hours, after which an aliquot was 
examined by 31P{1H} NMR to confirm complete consumption of {[PhBPPh

3]Ru(µ-Cl)}2. 
Volatiles were evaporated under vacuum and the resulting dark orange-red solid was dissolved in 
hexanes (20 mL) and the resulting solution was filtered through celite. Slow evaporation of the 
hexanes provided crystalline material that was quickly washed with pentane (2 x 3 mL) that had 
been cooled to – 35 °C. Residual pentane was evaporate under vacuum to give 4 as a dark 
orange-red solid (150 mg, 49 % yield). Vapor diffusion of pentane into a solution of 4 in toluene 
at -30 ºC provided a crystal suitable for single crystal X-ray diffraction analysis. 
Anal. Calcd for C49H50BOP3Ru (859.74): C, 68.46; H, 5.86  Found: C, 68.58; H, 5.75. 1H NMR 
(C6D6, 600 MHz): δ 8.19 ppm (d, J = 7.2 Hz, 2 H), 7.75 (t, J = 7.5 Hz, 2 H), 7.62 (m, 12 H), 7.50 
(t, J = 7.3 Hz, 1 H), 6.72 (m, 18 H). 13C {1H} NMR (C6D6, 150.893 MHz): δ 169.27 (br), 139.56 
(m), 132.89, 132.26 (m), 128.82, 128.07 (m), 125.10, 76.81, 34.64, 14.11 (br, BCH2P). 31P{1H} 
NMR (C6D6, 161.967 MHz): δ 81.22. 
 
 
Synthesis of [PhBPPh

3]Ru(OtBu)(CNXyl) (5). A solution of XylNC (8 mg, 0.06 mmol) in 
benzene (1 mL) was added dropwise to a stirring solution of 4 (52 mg, 0.060 mmol) in benzene 
(1 mL), which resulted in a change in color from dark red to dark magenta. This solution was 
filtered through celite, the benzene was allowed to slowly evaporate, and the resulting crystalline 
material was washed with pentane (3 x 2 mL), and then dried under vacuum to provide 5 as 
analytically pure, dark magenta crystals (46 mg, 77 % yield).  
Anal. Calcd for C58H59BONP3Ru (990.92): C, 70.30; H, 6.00; N, 1.41 Found: C, 70.63; H, 6.28, 
N, 1.40. 1H NMR (C6D6, 600 MHz): δ 8.19 (d, J = 7.3 Hz, 2 H), 8.03 (br m, 4 H), 7.68 (m, 6 H), 
7.44 (t, J = 7.2 Hz, 1 H), 7.14 (br m, 4 H), 6.94 (m, 6 H), 6.81 (t, J = 7.2 Hz, 2 H), 6.75 (t, J = 7.3 
Hz, 4 H), 6.72 (t, J = 7.3 Hz, 2 H), 6.56-6.66 (m, 7 H), 1.97 (6 H, ArMe), 1.95 (br, 2 H, BCH2P), 
1.77 (9 H, tBu), 1.74 (br, 4 H, BCH2P). 13C {1H} NMR (C6D6, 150.893 MHz): δ 169.37 (dt, 
JCP,trans = 102 Hz, JCP,cis = 10 Hz), 164.23 (br), 144.09 (m), 139.67 (m), 138.82 (d, JCP = 33 Hz), 
135.21, 133.96 (d, JCP = 8 Hz), 133.85 (vt), 132.95 (vt), 132.77, 129.56, 129.16, 127.89, 127.28 
(d, JCP = 8 Hz), 124.82, 76.70 (O—C), 35.69 (CMe3), 20.68 (br, BCH2P), 18.85 (ArMe), 16.83 
(br, BCH2P). 31P{1H} NMR (C6D6, 161.967 MHz): δ 64.75 (d, JPP = 33 Hz, 2 P), 12.18 (t, JPP = 
33 Hz, 1 P). IR (cm-1): 2074 (C—NXyl). 
 
 
Synthesis of [PhBPPh

3]Ru(H)(CNXyl)(η3-HSiHMePh) (6a). A solution of PhMeSiH2 (65 
mg, 0.53 mmol) in benzene (1 mL) was transferred to a red solution of 5 (85 mg, 0.086 mmol) in 
benzene (3 mL). The solution was stirred for 30 min, after which the color had faded to pale 
yellow. Volatiles were removed under vacuum, the resulting foam was washed with pentane (3 x 
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3 mL), and the product was dried under vacuum to give 6a as an analytically pure, pale yellow 
powder (85 mg, 95 % yield). 
Anal. Calcd for C61H61BNP3Ru (1040.99): C, 70.38; H, 5.91; N, 1.35 Found: C, 70.31; H, 5.71, 
N, 1.41. 1H NMR (C6D6, 600 MHz): δ 8.14 (m, 4 H), 7.97 (m, 2 H), 7.66 (t, J = 7.4 Hz, 2 H), 
7.58 (d, J = 7.3 Hz, 2 H), 7.41 (t, J = 7.4 Hz, 1 H), 7.29 (t, J = 8.6 Hz, 2 H), 7.25 (t, J = 8.1 Hz, 2 
H), 7.19 (t, J = 8.6 Hz, 4 H), 7.13 (m, 4 H), 7.10 (m, 5 H), 6.87 (t, J = 7 Hz, 1 H), 6.83 (t, J = 7 
Hz, 1 H), 6.76 (m, 4 H), 6.70 (m, 2 H), 6.66 (m, 3 H), 6.60 (m, 4 H), 5.66 (m, 2JSiH = 207 Hz, 1 
H, Si—H), 1.89 (m, 4 H, BCH2P), 1.81 (m, 2 H, BCH2P), 1.74 (6 H, ArMe), 0.99 (d, J = 3 Hz, 3 
H, SiMe), -6.73 (m, JSiH = 32 Hz). 13C {1H} NMR (C6D6, 150.893 MHz): δ 167.98 (dt, JCP,trans = 
79 Hz, JCP,cis = 11 Hz), 164.91 (br), 147.55 (d, = 3.7 Hz), 143.65 (vt), 143.08 (vt), 142.83 (vt), 
139.06 (m), 135.49, 134.55, 133.63 (m), 133.47 (d, JCP = 10 Hz), 133.20 (d, JCP = 10 Hz), 132.74 
(m), 132.65, 129.74, 129.38 (m), 129.02 (vt), 127.98 (d, JCP = 2.3 Hz), 127.92 (d, JCP = 2.3 Hz), 
127.88, 127.80, 124.72, 20.27 (br, BCH2P), 18.53 (br, BCH2P), 18.43 (ArMe), 7.04 (SiMe). 
31P{1H} NMR (C6D6, 161.967 MHz): δ 30.13 (t, JPP = 32 Hz), 27.69 (t, JPP = 32 Hz), 27.26 (t, JPP 
= 32 Hz). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ -17.1. IR (cm-1): 
2089 (C—Nxyl). 
 
 
Synthesis of [PhBPPh

3]Ru(H)(CNXyl)(η3-HSiHPh2) (6b). A solution of Ph2SiH2 (50 
mg, 0.27 mmol) in benzene  (1 mL) was added to a red solution of 5 (77 mg, 0.078 mmol) in 
benzene (2 mL). The solution was stirred for 12 hours, after which the color had faded to yellow. 
The solution was filtered through celite and volatiles were removed under vacuum to give a 
yellow foam that was washed with pentane (3 x 3 mL) and dried under vacuum to give 65 mg of 
yellow powder. The crude product was dissolved in fluorobenzene (2 mL) and this solution was 
layered with pentane and kept at – 30 °C for two weeks. After this time, the product had 
precipitated as a pale yellow, microcrystalline powder that was rinsed with pentane (3 x 3 mL) 
and dried under vacuum to provide analytically pure 6b (35 mg, 41 % yield). A crystal suitable 
for analysis by single crystal X-ray diffraction was grown by vapor diffusion of pentane into a 
solution of 6b in fluorobenzene at –30 °C. 
Anal. Calcd for C66H63BNP3Ru (1103.12): C, 71.86; H, 5.76; N, 1.27 Found: C, 71.56; H, 5.93, 
N, 1.30. 1H NMR (C6D6, 600 MHz): δ 8.13 (d, J = 7.2 Hz, 2 H), 7.96 (m, 4 H), 7.85 (m, 4 H), 
7.65 (t, J = 7.2 Hz, 2 H), 7.41 (t, J = 7.2 Hz, 1 H), 7.26 (m, 8 H), 7.13 (m, 6 H), 7.03 (m, 6 H), 
6.81 (t, J = 7.2 Hz, 2 H), 6.70 (m, 6 H), 6.64 (m, 5 H), 6.53 (d, J = 7.5 Hz, 2 H), 6.10 (m, JSiH = 
213 Hz, 1 H, Si—H), 1.93 (m, 2 H, BCH2P), 1.83 (m, 4 H, BCH2P), 1.65 (6 H, ArMe), -6.30 (m, 
JSiH = 34 Hz, 2 H, Ru—H). 13C {1H} NMR (C6D6, 150.893 MHz): δ 166.92 (dt, JCP,trans = 80 Hz, 
JCP,cis = 11 Hz), 164.74 (br), 145.29, 143.64 (m), 142.49 (m), 139.11 (d, JCP = 40 Hz), 135.88, 
135.63, 133.78 (vt), 133.32 (d, JCP = 10 Hz), 132.91 (vt), 132.65, 129.48, 129.31, 128.96, 127.95, 
127.78, 124.75, 20.42 (br, BCH2P), 19.29 (br, BCH2P), 18.35 (ArMe). 31P{1H} NMR (C6D6, 
161.967 MHz): δ 30.08 (t, JPP = 33 Hz), 27.17 (d, JPP = 33 Hz). 29Si NMR (C6D6, 1H-29Si HMBC: 
400 MHz (1H), 79.50 MHz (29Si)): δ -9.9. 
 
 
In Situ observation of [PhBPPh

3]Ru(µ-H)3SiPhMe(CNXyl) (7a). A yellow solution of 
1a (7 mg, 0.008 mmol) in toluene-d8 (0.3 mL) was cooled to –70 °C in an NMR tube equipped 
with a Teflon stopper. A solution of XylNC (1 mg, 0.008 mmol) in toluene-d8 (0.3 mL) was 
cooled to –70 °C and then layered on top of the solution of 1a. The sample was kept cold in a dry 
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ice/iPrOH bath and then shaken to mix the layers immediately prior to inserting the sample into 
an NMR probe at –70 °C. Data collected at –70 °C is tabulated and the Ru—H region of the 1H 
NMR spectra is presented for temperatures -70 °C to -30 °C. 
1H NMR (toluene-d8, 500 MHz, -70 °C): δ 8.35 (m, 2 H), 8.01 (d, J = 7 Hz, 2 H), 7.92 (br, 2 H), 
7.83 (t, J = 7.5 Hz, 2 H), 7.77 (br, 2 H), 7.61 (br, 4 H), 7.57 (t, J = 7.5 Hz, 1 H), 7.44 (br, 4 H), 
7.31 (m, 2 H), 7.24 (t, J = 7.1 Hz, 1 H), 6.88 (br, 4 H), 6.80 (t, J = 6.9 Hz, 4 H), 6.76 (d, J = 8.8 
Hz, 4 H), 6.72 (d, J = 7.7 Hz, 2 H), 6.67 (t, J = 7.4 Hz, 4 H), 6.44 (d, J = 7.4 Hz, 4 H), 6.42 (br, 1 
H), 6.04 (d, J = 7.7 Hz, 2 H), 1.85 (br, 6 H, BCH2P), 1.63 (3 H, SiMe), 1.37 (6 H, ArMe), -8.18 
(m, 1 H, Ru—H—Si), -8.49 (m, 1 H, Ru—H—Si), -8.61 (m, 1 H, Ru—H—Si). 31P{1H} NMR 
(toluene-d8, 202.507 MHz, -70 °C): δ 47.4, 41.8, 39.1. 29Si NMR (toluene-d8, 1H-29Si HMBC: 
500 MHz (1H), 99.375 MHz (29Si), -70 °C): δ 4. 
 
 
In Situ observation of [PhBPPh

3]Ru(µ-H)3SiPh2(CNXyl) (7b). A solution of 1b (6 mg, 0.006 
mmol) in toluene-d8 (0.3 mL) was cooled to – 70 °C in an NMR tube equipped with a Teflon 
stopper. A solution of XylNC (1 mg, 0.008 mmol) in toluene-d8 (0.3 mL) was cooled to – 70 °C 
and then layered on top of the solution of 1b. The sample was kept cold in a dry ice/iPrOH bath 
and then shaken to mix the layers immediately prior to inserting the sample into an NMR probe 
at -70 °C. Data collected at –65 °C is tabulated and the Ru—H region of the  1H NMR spectra is 
presented for temperatures -65 °C to -35 °C. 
1H NMR (toluene-d8, 500 MHz, -65 °C): δ 8.38 (br m, 2 H), 7.83 (t, J = 7.4 Hz, 2 H), 7.61 (br m, 
4 H), 7.56 (br m, 5 H), 7.49 (br m, 4 H), 7.27 (t, J = 7.4 Hz, 4 H), 7.22 (t, J = 7.4 Hz, 2 H), 6.92 
(t, J = 7 Hz, 2 H), 6.86 (t, J = 7 Hz, 4 H), 6.80 (m, 8 H), 6.68 (t, J = 7.8 Hz, 1 H), 6.64 (t, J = 7 
Hz, 4 H), 6.45 (d, J = 7.5 Hz, 2 H), 6.43 (t, J = 7.8 Hz, 1 H), 6.04 (d, J = 7.6 Hz, 2 H), 1.93 (br, 6 
H, BCH2P), 1.34 (6 H, ArMe), -8.06 (m, JSiH = 42 Hz, 2 H,  Ru—H—Si), -8.32 (dt, JPH,trans = 39 
Hz, JPH,cis = 9 Hz, JSiH = 46 Hz, Ru—H—Si). 31P{1H} NMR (toluene-d8, 202.507 MHz, -65 °C): δ 
47.4 (1 P), 38.5 (2 P). 29Si NMR (toluene-d8, 1H-29Si HMBC: 500 MHz (1H), 99.375 MHz (29Si), -
65 °C): δ 8. 
 
 
In Situ observation of [PhBPPh

3]Ru(µ-H)3SiPh2(CNXyl) (7b). A solution of 1b (6 mg, 0.006 
mmol) in toluene-d8 (0.3 mL) was cooled to – 70 °C in an NMR tube equipped with a Teflon 
stopper. A solution of XylNC (1 mg, 0.008 mmol) in toluene-d8 (0.3 mL) was cooled to – 70 °C 
and then layered on top of the solution of 1b. The sample was kept cold in a dry ice/iPrOH bath 
and then shaken to mix the layers immediately prior to inserting the sample into an NMR probe 
at -70 °C. Data collected at –65 °C is tabulated and the Ru—H region of the  1H NMR spectra is 
presented for temperatures -65 °C to -35 °C. 
1H NMR (toluene-d8, 500 MHz, -65 °C): δ 8.38 (br m, 2 H), 7.83 (t, J = 7.4 Hz, 2 H), 7.61 (br m, 
4 H), 7.56 (br m, 5 H), 7.49 (br m, 4 H), 7.27 (t, J = 7.4 Hz, 4 H), 7.22 (t, J = 7.4 Hz, 2 H), 6.92 
(t, J = 7 Hz, 2 H), 6.86 (t, J = 7 Hz, 4 H), 6.80 (m, 8 H), 6.68 (t, J = 7.8 Hz, 1 H), 6.64 (t, J = 7 
Hz, 4 H), 6.45 (d, J = 7.5 Hz, 2 H), 6.43 (t, J = 7.8 Hz, 1 H), 6.04 (d, J = 7.6 Hz, 2 H), 1.93 (br, 6 
H, BCH2P), 1.34 (6 H, ArMe), -8.06 (m, JSiH = 42 Hz, 2 H,  Ru—H—Si), -8.32 (dt, JPH,trans = 39 
Hz, JPH,cis = 9 Hz, JSiH = 46 Hz, Ru—H—Si). 31P{1H} NMR (toluene-d8, 202.507 MHz, -65 °C): δ 
47.4 (1 P), 38.5 (2 P). 29Si NMR (toluene-d8, 1H-29Si HMBC: 500 MHz (1H), 99.375 MHz (29Si), -
65 °C): δ 8. 
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X-ray crystallography. 
Crystal data and structure refinement for 2a. 

Identification code  shelxl 

Empirical formula  C67 H64 B F1 N P3 Ru Si 

Formula weight  1135.07 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 13.1029(11) Å α= 75.370(3)º. 

 b = 13.4322(10) Å β= 84.383(4)º. 

 c = 17.4919(12) Å γ = 70.341(3)º. 

Volume 2804.9(4) Å3 

Z 2 

Density (calculated) 1.344 Mg/m3 

Absorption coefficient 0.423 mm-1 

F(000) 1070 

Crystal size 0.10 x 0.10 x 0.02 mm3 

Theta range for data collection 1.20 to 25.39º. 

Index ranges -15<=h<=15, -16<=k<=16, -21<=l<=21 

Reflections collected 128460 

Independent reflections 10220 [R(int) = 0.0542] 

Completeness to theta = 25.39∞ 99.1 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1 and 0.9589 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10220 / 1 / 736 

Goodness-of-fit on F2 1.042 

Final R indices [I>2sigma(I)] R1 = 0.0455, wR2 = 0.1049 

R indices (all data) R1 = 0.0632, wR2 = 0.1149 

Largest diff. peak and hole 2.432 and -0.912 e.Å-3 
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Structure of 4. Thermal ellipsoids are set to 50 % probability. Hydrogen atoms are omitted for 
clarity. Note that only very small crystals of 4 could be grown and, thus, the intensity of the 
diffraction data collected for this compound was low, but the data clearly demonstrate that 4 
exists as a monomer in the solid-state. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 38 

Crystal data and structure refinement for 4. 

Identification code  shelxl 

Empirical formula  C49 H50 B1 O1 P3 Ru1 

Formula weight  859.68 

Temperature  100(2) K 

Wavelength  0.71073 ≈ 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 17.261(5) Å α= 90°. 

 b = 13.944(4) Å β= 107.815(4)°. 

 c = 20.315(5) Å γ = 90°. 

Volume 4655(2) Å3 

Z 4 

Density (calculated) 1.218 Mg/m3 

Absorption coefficient 0.473 mm-1 

F(000) 1760 

Crystal size 0.10 x 0.05 x 0.02 mm3 

Theta range for data collection 1.80 to 25.53°. 

Index ranges -20<=h<=20, -16<=k<=16, -24<=l<=24 

Reflections collected 45953 

Independent reflections 8528 [R(int) = 0.1827] 

Completeness to theta = 25.53∞ 98.3 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1 and 0.9543 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8528 / 6 / 499 

Goodness-of-fit on F2 1.015 

Final R indices [I>2sigma(I)] R1 = 0.1084, wR2 = 0.2887 

R indices (all data) R1 = 0.2072, wR2 = 0.3209 
Largest diff. peak and hole 1.623 and -1.959 e.Å-3 
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Structure of 6b. Thermal ellipsoids are set to 50 % probability. The hydride ligands and the 
Si—H hydrogen could not be located. Other hydrogen atoms are omitted for clarity. Note that 
only very small single crystals of 6b could be obtained and, thus, the intensity of diffraction data 
was low. As a result, bond lengths and angles may not be accurate. The solid-state structure is 
presented here as additional support for the connectivity of this compound and was used as a 
starting point for DFT geometry optimization calculations for 6a,b-DFT. 
 

 
 
 

Table S3. Crystallographic interatomic distances and angles for 6b compared with those of the 
computationally optimized structure 6b-DFT. 

 
 
 

 
6b (Å) 

 
6b-DFT (Å) 

 
Ru—Si 

 
2.455(3) 

 
2.487 

Ru—C46 1.97(1) 1.960 
C46—N 1.16(2) 1.183 
Ru—H1a - 1.645 
Ru—H2a - 1.620 
Si—H1a - 1.840 
Si—H2a - 2.174 

Si—Ru—P1 139.4(1) 128.48 
Si—Ru—P2 131.3(1) 142.37 
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Crystal data and structure refinement for 6b. 

Identification code  shelxl 

Empirical formula  C66 H60 B N P3 Ru Si 

Formula weight  1100.03 

Temperature  100(2) K 

Wavelength  0.71073 ≈ 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 12.1477(15) Å α= 81.192(6)º. 

 b = 13.1112(15) Å β= 81.260(7)º. 

 c = 20.504(2) Å γ = 62.614(6)º. 

Volume 2853.1(6) Å3 

Z 2 

Density (calculated) 1.281 Mg/m3 

Absorption coefficient 0.424 mm-1 

F(000) 1210 

Crystal size 0.08 x 0.06 x 0.01 mm3 

Theta range for data collection 1.90 to 25.45º. 

Index ranges -14<=h<=14, -15<=k<=15, -23<=l<=24 

Reflections collected 38927 

Independent reflections 10429 [R(int) = 0.2637] 

Completeness to theta = 25.45∞ 98.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1 and 0.967 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10429 / 30 / 660 

Goodness-of-fit on F2 0.838 

Final R indices [I>2sigma(I)] R1 = 0.0978, wR2 = 0.1848 

R indices (all data) R1 = 0.2493, wR2 = 0.2340 

Largest diff. peak and hole 1.053 and -0.901 e.Å-3 
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Computational details for geometry optimization calculations for 2a-DFT, 6a-DFT, 6b-
DFT, 7a-DFT, and 7b-DFT.  
 

All calculations were performed using Gaussian ’09 suite of programs in the molecular 
graphics and computing facility of the College of Chemistry, University of California, Berkeley. 
Calculations were performed using the B3PW91 hybrid functional with the 6-31G(d,p) basis set 
for all main-group elements and the LANL 2DZ basis set for ruthenium. The crystallographically 
determined atomic coordinates of 2a and 6b were used as starting points for geometry 
optimization calculations of 2a-DFT and 6a,b-DFT.  For 6b-DFT, hydride ligands were added 
to the starting structure in positions trans to two of the Ru—P bonds and with Ru—H distances 
that are normal for terminal Ru—H bonds (1.60 Å). The initial structure for optimization of 6a-
DFT was created by replacing a Si—Ph group with a Si—Me group in the starting structure used 
for 6b-DFT. For optimization of the isocyanide adducts 7a-DFT and 7b-DFT, the starting 
structures were derived from a previously reported crystallographic structure of the DMAP 
adduct 1b-DMAP. The DMAP molecule was replaced with XylNC and for 7a-DFT an Si—Ph 
group was replaced with Si—Me. Vibrational frequencies were calculated for all converged 
structures and confirm that these structures lie on minima (no imaginary frequencies were 
determined). 
 
  
 
Computational details for the mechanism of conversion of 7a-DFT to 2a-DFT. 
 

All calculations were performed using Gaussian ’09 suite of programs in the molecular 
graphics and computing facility of the College of Chemistry, University of California, Berkeley.  
Calculations were performed using the B3PW91 hybrid functional with the 6-31G(d,p) basis set 
for all main-group elements and the LANL 2DZ basis set for ruthenium. Vibrational frequencies 
were calculated for all converged structures and confirm that these structures are transition states 
(one imaginary frequency determined) or lie on minima (no imaginary frequencies were 
determined). 

From the starting structure 7a-DFT, a coordinate scan was performed for the Cisocyanide—
Hhydride distance from its initial value of 2.666 Å to a final value of 1.106 Å with a step size of -
0.13 Å. The highest energy structure determined in the coordinate scan was used as the starting 
point for optimization to a transition state (TS1) using the Berny algorithm. The reaction path 
leading to starting material and product was examined by integrating the intrinsic reaction 
coordinate. A structure along the forward direction of the intrinsic reaction coordinate was used 
as a starting point for a geometry optimization calculation to give the intermediate species Int1. 

From Int1, a coordinate scan was performed for the Si—N distance from its initial value of 
2.770 Å to a final value of 2.370 Å with a step size of -0.10 Å. The highest energy structure 
determined in the coordinate scan was used as the starting point for optimization to a transition 
state (TS2) using the Berny algorithm. The reaction path leading to starting material and product 
was examined by integrating the intrinsic reaction coordinate. 
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Chapter 3 
 

Stabilization of ArSiH4
- and SiH6

2- Anions in Diruthenium Si—H σ-Complexes 
 

By  
Mark Christopher Lipke 

 
Introduction 

 
Transition metal centers are known to stabilize a wide variety of highly reactive species1,2  and 

this is often attributed to the presence of strong dπ-backdonation from the metal to formally 
empty π-symmetry orbitals on the ligated species.3 Many unsaturated silicon species can be 
stabilized in this way and examples include silylene,2b,c silene,2d,e disilene,2f,g and silabenzene2h,i 
complexes. The transition metal stabilization of saturated, reactive species as σ-complexes is less 
common, but examples involving hypercoordinate silicon centers have recently been reported, 
such as the hydridosilicate σ-complexes LnM[η3-H2SiR3] (R = H, alkyl, aryl, Cl; LnM = 
CpFe(PiPr2Me),4a TpRu(PPh3)4b). Related metal complexes of the type L3MH3SiR3 (M = Fe, Ru, 
Os, L = R3P, H2, CO) may possess significant L3M[η4-H3SiR3] character,5 but these have more 
typically been described as silyl complexes6a-d or η2-HSiR3

6e σ-complexes with additional 
secondary Si---H interactions.6 It is interesting that transition metals can participate in the 
formation and stabilization of hydridosilicate anions since these anions are usually highly 
reactive and have most often been studied as transient intermediates7 or in the gas phase.8 The 
few examples of [HSiR4]– and [H2SiR3]– (R = Ar, OR, F) salts that have been isolated are highly 
reactive,9 and transition metal complexes of these anions may also exhibit interesting reactivity.4b 
Given the unusual structures of hydridosilicate σ-complexes and their potential role in metal-
mediated transformations, it is important to more fully develop the chemistry of these 
hypercoordinate silicon species. 

This laboratory recently reported unusual silane σ-complexes [PhBPPh
3]RuH(η3-H2SiRR') 

(RR’ = Me,Ph 2a; RR’ = Ph2 2b) that feature formal donation of two Si—H bonds to ruthenium. 
These compounds were obtained by reaction of secondary silanes with {[PhBPPh

3]Ru(µ-Cl)}2 
(1), as illustrated by the synthesis of complexes 2a,b given in Scheme 1. These complexes are 
highly electrophilic at silicon, and readily add Lewis bases to form [PhBPPh

3]Ru[(µ-
H)3SiRR'(base)] complexes with hypercoordinate silicon centers.10 Similar chemistry has proven 
difficult to extend to primary silanes (RSiH3), which might be expected to produce reactive 
complexes of the type [PhBPPh

3]RuH(η3-H2Si(H)R). Efforts to prepare such compounds have 
included the examination of reactions of arylsilanes ArSiH3 (Ar = 2-MeOC6H4, Mes, Ph) with 1, 
which instead produced highly unusual hydridosilicate σ-complexes {[PhBPPh

3]Ru}2(µ-Cl)[µ-
η3,η3-H4SiAr] (Ar = 2-MeOC6H4, 3a;  Mes, 3b; Ph, 3c, Scheme 1), as described below. 
Furthermore, displacement of Ph2SiH2 from 2 with (m-Xyl)SiH3 or SiH4 results in formation of 
{[PhBPPh

3]Ru}2[µ-η4,η4-H6Si] (4, Scheme 1), a diruthenium complex with the novel η4,η4-
[H6Si]2– ligand. 
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Scheme 1 
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Results and Discussion 
 
The reaction of 1 with excess 2-MeOC6H4SiH3 (6 equiv) in C6D6 was complete within 30 

minutes and resulted in quantitative formation of 3a (by 1H and 31P{1H} NMR spectroscopy) and 
1 equiv of 2-MeOC6H4SiH2Cl (1H NMR: δ 5.36 ppm, 1JSiH = 242 Hz).11 Compound 3a 
spontaneously crystallized from this solution after 24 h and single crystal X-ray diffraction was 
used to determine a dinuclear structure featuring a 2-MeOC6H4Si fragment that bridges the two 
ruthenium centers, but the hydride ligands could not be located (Figure 1a). Multinuclear NMR 
data for 3a (CD2Cl2) are consistent with a dinuclear structure that includes the [(2-
MeOC6H4)SiH4]– anion. The 2-MeOC6H4 group is present in a 1:2 ratio with the [PhBPPh

3]– 
ligand, and the two [PhBPPh

3]Ru fragments are equivalent in the 31P{1H} NMR spectrum of 3a, 
which displays three triplet resonances (2JPP = 36 Hz, δ 49.6, 30.6, 30.0 ppm). Two 1H NMR 
resonances, each integrating as two hydride ligands, appear near –5 ppm. The slight 
inequivalency of the hydride resonances is attributed to the orientation of the o-anisyl group. 
Hindered rotation of the Si—Ar bond in 3a may be expected based on steric interactions of the 
o-anisyl group with the [PhBPPh

3] ligand that are evident in the solid-state structure. The 1H-29Si 
HMBC NMR spectrum displays a 29Si resonance at 122 ppm that exhibits similar coupling 
constants for the two hydride resonances (1H δ –4.87, –5.11 ppm; JSiH = 84, 77 Hz). These JSiH 
values are quite large and indicate that the hydride ligands engage in non-classical Ru—H—Si 
interactions.12 The Ru—H signals exhibit coalescence at -80 °C in the 1H NMR spectrum and are 
separated into three broad, partially overlapping resonances at -90 °C. The new Ru—H 
resonances (1H δ  −4.60 (2 Η), −5.41 (1Η), −5.75 (1Η)) feature chemical shifts that span a fairly 
narrow range, which suggests that all of the hydride ligands are in similar bonding environments. 
The FTIR spectra of 3a feature a broad absorption centered at 1720 cm-1 for the solid (Nujol) or 
1715 cm-1 in solution (CH2Cl2), which further indicates the presence of Ru—H—Si bonds that 
have a relatively strong Si—H bonding component (see below).12b Notably, the 29Si chemical 
shift is downfield from the range observed for η3-[H2SiR3]– σ-complexes (–13.8  –  70 ppm),4] 
but is closer to the range observed for η3-H2SiR2 σ-complexes (141 - 162 ppm).10,13] 

Reaction of 1 with an excess of MesSiH3 (4 equiv) initially formed a single product, which 
exhibited NMR data (31P{1H} δ 45.67 ppm; 29Si δ 108 ppm; 1H δ –6.43 ppm, Ru-H, JSiH = 82 
Hz, 3 H) comparable to that of [PhBPPh

3]RuH(η3-H2SiRR’) complexes.10,13 This complex, 
presumed to be [PhBPPh

3]RuH(η3-H2SiClMes), could not be isolated but the slow transformation 
of this species to 3b (50 % yield), 4 (20 % yield), and several minor products was evident by 
monitoring the reaction over one week by 1H and 31P{1H} NMR experiments. Both 3b and 4 
crystallized from the reaction solution, which prevented the isolation of 3b in pure form. The 1H-
29Si HMBC NMR spectrum (using impure 3b) revealed a 29Si resonance at 116 ppm that was 
coupled to a hydride resonance at –4.95 ppm (JSiH = 82 Hz). The Ru—H resonance for 3b 
exhibits coalescence at -60 °C in the 1H NMR spectum and at -90 °C is resolved into two 
doublets (1H δ –4.73 (2H), –5.87 ppm (2H); 2JPH = 35.6 Hz). A 29Si-filtered 1H{31P}NMR 
spectrum indicated large JSiH values (> 65 Hz) for each hydride resonance, but the signal to noise 
ratio was insufficient for determination of precise values. The variable temperature NMR data 
for 3a,b are consistent with the solid-state structures in which 3a features C1 symmetry (all four 
Ru—H resonances inequivalent, but two overlap significantly) and 3b features C2 symmetry 
(two Ru—H resonances for 4 hydride ligands). Complex 3c was similarly isolated with a small 
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contaminant (10 %) of 4 as an impurity, but it was identified by the similarity of its multinuclear 
NMR data to those of 3a,b (3c: 29Si δ 120 ppm; 1H δ -4.71 ppm, Ru—H—Si, JSiH = 80 Hz). 
Figure 1. (a) Structure of 3a determined by single crystal X-ray diffraction analysis. The –OMe 
group is disordered equally between two positions that are related by a C2 rotation about the Si—
C46 axis. Only one orientation of the –OMe group is shown and hydrogen atoms are omitted for 
clarity. The Si1—Ru1 distance is 2.3337(9) Å.  (b) Structure of 3b determined by single crystal 
XRD. Non-hydridic hydrogen atoms and non-ipso phenyl carbon atoms have been omitted for 
clarity. Selected bond lengths [Å] and angles [°]: Si—H1a  1.62(4), Si—H2a  1.68(3), Si—H3a  
1.66(4), Si—H4a  1.66(3), Si—C105  1.871(4), Si—Ru1  2.3659(9), Si—Ru2  2.3599(9); H1a—
Si—H2a  84(2), H1a—Si—H4a  87(2), H2a—Si—H3a  86(2), H3a—Si—H4a  88(2), C105—
Si—H1a  106(1), C105—Si—H2a  104(1), C105—Si—H3a  107(1), C105—Si—H4a  104(1). 
 
 

a.  
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b.  
 

The structure of 3b (Figure 1b) was determined by X-ray diffraction analysis and is very 
similar to that of 3a, but all hydride ligand positions were located and refined for 3b. The Ru—Si 
distances (2.3629(9) Å avg) are in the range typically observed for Ru—Si single bonds.14 The 
silicon center features a five-coordinate, square pyramidal geometry, in which the mesityl group 
occupies the apical position and the hydrogen atoms occupy the basal positions. Related η3-
[H2SiR3]– complexes also feature a square pyramidal geometry at silicon,4 whereas free [RSiH4]– 
anions are expected to exhibit trigonal bipyramidal geometry.15 Relatively short Si—H distances 
(< 1.7 Å) indicate the presence of four coordinated Si—H bonds, which typically fall in a range 
from 1.50 Å (uncoordinated Si—H)16 to 2.00 Å (full oxidative addition).12a,b,17 It would require 
inaccuracy several times greater than the estimated standard deviation for the longest measured 
Si—H distance in 3b (1.68(3) Å) to have a true value beyond this 2.00 Å limit. Systematic 
shortening of the M—H distance is a common error in determining hydride positions by XRD18 
and this might influence the measured Si—H distances. However, there is not any obvious 
systematic shortening of the measured Ru—H distances for 3b (d(Ru—H)3b 1.58(4) – 1.68(3) Å, 
1.66(4) Å avg; d(Ru—H)terminal ca. 1.6 Å19). The structures of 3a,b were examined using DFT 
geometry optimization calculations (3a-DFT and 3b-DFT),20 which provided Si—H and Ru—H 
distances (dSi—H and dRu—H < 1.75 Å) that are slightly longer than those determined by XRD 
for 3b, and fully consistent with coordinated Si—H bonds. Vibrational analysis of the optimized 
structures predicted a Ru—H stretching mode with a moderate IR intensity (1683.5 cm-1 for 3a-
DFT; 1695.3 cm-1 for 3b-DFT) and weaker Ru—H absorptions at 1755.3 cm-1 (3a-DFT) and 
1757.7 cm-1 (3b-DFT) that agree well with the broad Ru—H absorption observed at 1720 cm-1 in 
the FTIR spectrum for 3a. 

Notably, complexes 3a-c exhibit no decomposition (by 1H and 31P NMR, CD2Cl2) after 1 week 
in CD2Cl2 at room temperature and, thus, represent the most stable compounds containing an 
[ArSiH4]– anion. The only previously isolated [ArSiH4]– species (Cp(iPr2MeP)Fe[η3-H2SiPhH2]) 
was reported to be unstable in solution4a and related free [RSiH4]- anions (R = H, alkyl, aryl) 
have only been studied by mass spectrometry and computational techniques.8,15 Free 
hydridosilicate anions readily transfer hydride to other species (e.g., ketones and CO2) in the gas 
phase,8c,d and this is attributed to the low hydride binding energies (hydride affinity, HA) of the 
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parent silanes (HAprimary silane = 16 – 22 kcal/mol,8c,d,15b for comparison: HAbenzene = 21.5 +/- 4.2 
kcal/mol21). The remarkable stabilization of the [ArSiH4]– anions in 3a-c was examined by NBO 
and NLMO calculations,22 which indicate that all four Ru—H—Si interactions are similar in 
nature (see computational details). Thus, the bis(η3-H2Si) coordination mode evenly removes 
electron density from all four electron-rich Si—H bonds such that none of the Si—H bonds are 
entirely broken. Notably, the only previous examples of bis(η3-H2Si) coordination were reported 
for SiH4 complexes {(R3P)2H2Ru}2(η3,η3-H4Si) (R = iPr, Cy), in which substantial electron 
density is also withdrawn from silicon without cleavage of the Si—H bonds.23 

The η4,η4-[H6Si]2– complex 4 was formed in nearly quantitative yield by reaction of m-
XylSiH3 with 2b in benzene-d6 (by 1H and 31P{1H} NMR, Scheme 1). The mild conditions and 
high yield for the formation of 4 are notable since the only previous synthesis of an [SiH6]2– 
species involved extreme pressure and high temperature (> 4 GPa, > 450 °C) to convert KH, H2, 
and elemental silicon into K2SiH6, which was detected as a minor constituent of the resulting 
mixture.24 Complex 4 was isolated as a white powder in 34 % yield and was characterized by 
NMR (CD2Cl2) and FTIR (Nujol, CH2Cl2) spectroscopy, as well as single-crystal XRD, making 
it the first [SiH6]2– species to be isolated and characterized. All the phosphine ligands are 
equivalent (by 31P{1H} NMR spectroscopy) and there are three hydride ligands for each 
[PhBPPh

3]Ru moiety (by 1H NMR spectroscopy). In the 1H{31P} NMR spectrum, the Ru—H 
resonance is displayed as a sharp singlet (δ -6.41 ppm) that features satellites from coupling to 
29Si (JSiH = 74.5 Hz). This data is consistent with the η4,η4-[H6Si]2– structure of 4, but could also 
result from a less symmetric η3,η3-H4Si structure {[PhBPPh

3]RuH}2[µ-η3,η3-H4Si] in which the 
terminal and bridging hydride positions exchange rapidly. The Ru—H resonance was broadened 
only slightly in the 1H NMR spectrum collected at -90 °C, but the analogous exchange processes 
for 2a,b are also rapid on the NMR timescale at -80 °C.10 The 1H-29Si HMBC NMR spectrum of 
4 displays a 29Si resonance (162 ppm) that is considerably upfield from that of 
{(Cy3P)2H2Ru}2(η3,η3-H4Si) (29Si δ = 290),23 arguing against an η3,η3-H4Si structure for 4. It is 
interesting that 4 features an η4,η4-[H6Si]2– ligand, unlike {(Cy3P)2H2Ru}2(η3,η3-H4Si) which 
instead exhibits a highly activated η3,η3-H4Si ligand and terminal Ru—H bonds.23 This 
difference suggests that fac η4,η4-coordination is important for stabilizing [SiH6]2– in 4, whereas 
the bulky trans phosphine ligands in {(R3P)2H2Ru}2(η3,η3-H4Si) make fac coordination of 
[SiH6]2– less favorable. 

In the reaction of 2b with m-XylSiH3, the formation of 1 equiv Ph2SiH2 and 0.5 equiv of (m-
Xyl)2SiH2 was detected by 1H NMR spectroscopy and, thus, the formation of 4 appears to 
involve redistribution of (m-Xyl)SiH3 to form (m-Xyl)2SiH2 and SiH4. The reaction of SiH4 with 
two equivalents of [PhBPPh

3]RuH would provide complex 4 via coordination of each Si—H 
bond to a ruthenium center and transfer of the two terminal hydride ligands to the electrophilic 
silicon.10 Consistent with this mechanism, the addition of excess SiH4 to a solution of 2 in 
benzene-d6 resulted in the formation of 4 and release of Ph2SiH2 (by 1H NMR spectroscopy, Eq 
1). Furthermore, the redistribution of PhMeSiH2 to Ph2SiH2, PhMe2SiH, Ph2MeSiH, Me2SiH2, 
and MeSiH3 was observed by 1H NMR spectroscopy after heating a solution of the silane and 10 
mol % 2a in benzene-d6 to 60 °C for 20 h. Under these conditions, 2a was converted to 4 in 90 % 
yield, where-as only slight < 5 % decomposition of 2a to 4 was observed in the absence of 
PhMeSiH2. Numerous transition metal complexes mediate redistribution reactions of silanes and 
several different mechanisms have been proposed and examined for such reactions.25 
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Equation 1 
 

 
 
 
 
 
 
 
 
 
 
 
 

The FTIR spectra of 4 exhibit a broad absorption at 1746 cm-1 (Nujol) or 1750 cm-1 (CH2Cl2), 
which is consistent with the Ru—H stretching mode of an Ru—H—Si interaction.12b 
Comparison of the FTIR data for 4 with that of related [PhBPPh

3]Ru complexes provides useful 
insight into the nature of the Ru—H—Si interactions. For example, the terminal Ru—H stretches 
for 2a,b are at 1974 cm-1 (2a) and 1999 cm-1 (2b) while the Ru—H—Si bonds provide Ru—H 
stretches at lower wavenumber (1666 cm-1 2a; 1643 cm-1 2b). The 4-dimethylaminopyridine 
adducts of 2a,b [PhBPPh

3]Ru[(µ-H)3SiRR'(DMAP)] (RR’ = MePh 2a-DMAP; RR’ = Ph2 2b-
DMAP) exhibit Ru—H stretches at 1883 cm-1 (2a-DMAP) and 1893 cm-1 (2b-DMAP). Since 
the [PhBPPh

3]Ru fragment is constant amongst these species, the large differences in Ru—H 
stretching frequencies likely reflect the strength of the Si—H interactions. Thus, 4 appears to 
feature Ru—H—Si bonding in which the Si—H interactions are stronger than those in 2a,b-
DMAP, but weaker than those of the coordinated Si—H bonds in 2a,b. The 2JSiH value for these 
compounds provides further support for this trend, with 4 exhibiting JSiH values (74.5 Hz) 
intermediate between those for the Ru—H—Si bonds of 2a,b (ca. 100 Hz) and 2a,b-DMAP (ca. 
42 Hz).10  Comlex 3a also features JSiH values (77 Hz, 82 Hz) and Ru—H stretching frequencies 
(1720 cm-1) that suggest Ru—H—Si interactions that are similar to those of 4. 

The structure of 4 was determined by XRD analysis using a crystal that was grown from a 
solution of 4 in toluene (4-tol) (Figure 3a). The hydride positions revealed that 4 features an 
[SiH6]2– anion coordinated to two [PhBPPh

3]Ru moieties (Figure 2a). The six Si—H bonds are 
indicated by six short Si—H distances (1.69(3)—1.79(4) Å; avg 1.74(4) Å) and three Si—H 
bonds are coordinated to each ruthenium center (d(Ru—H) 1.62(4)—1.73(4) Å; avg 1.68(4) Å). 
As noted for the structure of 3b, the Si—H distances measured for 4-tol would require 
inaccuracy several times greater than the estimated standard deviation in order to have true 
values beyond the range expected for Ru—H—Si bonding, while the Ru—H distances do not 
indicate obvious systematic errors. Additionally, the measured Si—H distances are intermediate 
between those determined by XRD for the Ru—H—Si interactions in 2a (d(Si—µ-H) = 1.61(4) 
and 1.66(4) Å) and 2b-DMAP (d(Si—µ-H) = 1.82(3), 1.98(4), and 1.99(3) Å), which is in 
agreement with the trend in Si—H bond strength established by FTIR and NMR for this series of 
related complexes. Interestingly, the Ru—Si distances (d(Ru—Si) 2.167(1), 2.168(1) Å) are 
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shorter than those reported for any other ruthenium-silicon compound, a record previously held 
by {(Cy3P)2H2Ru}2(η3,η3-H4Si) (dRu—Si = 2.1875(4) Å).23,26 The two nearly identical Ru—Si 
distances and approximate D3 symmetry of 4-tol suggests that all the Ru—H—Si interactions are 
equivalent. Each ruthenium center exhibits an octahedral geometry and the two [PhBPPh

3]RuH3 
fragments are rotated by ca. 13° from an ideal, staggered conformation (avg P—Ru—Ru—P  
angle 166.48(3)°). The η4,η4-[SiH6]2– anion exhibits a slight distortion from octahedral 
geometry, in which the two η4-H3Si faces are rotated from the staggered conformation (by ca. 
13°) and possess H—Si—H angles that are less than 90° (82(2)° (avg); Figure 2b). A fully 
staggered structure was observed with crystals of 4 grown from benzene (4-ben), but the hydride 
positions in this structure could not be located. 

 
 
 
 
 
 
 

Figure 2. (a) Structure of 4-tol determined by single crystal XRD. Non-hydridic hydrogen 
atoms, non-ipso phenyl carbon atoms, and three solvent molecules (toluene) were excluded for 
clarity. Selected bond lengths [Å]: Si—H1a 1.75(3), Si—H2a  1.77(4), Si—H3a  1.69(4), Si—
H4a  1.69(3), Si—H5a  1.76(4), Si—H6a  1.79(4). (b) Representation of the η4:η4-[SiH6]2- 
moiety from 4-tol, viewed along the Ru—Si—Ru axis. (c) Structure of the free [SiH6]2- dianion 
as determined by DFT methods. 
 

a.  
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b.  
 
 

c.  
 
 
 

Geometry optimization calculations,20 starting from the 4-ben structure with six Ru—H 
ligands added (dRu—H = 1.6 Å), produced a structure (4-DFT) that also exhibits a fully 
staggered conformation and features Si—H distances (1.767 Å), Ru—H distances (1.743 Å), and 
Ru—Si distances (2.192 Å) similar to those determined by XRD for 4-tol. The 4-DFT structure 
or a slightly twisted version analogous to 4-tol were determined upon optimization of several 
different initial starting structures for 4, including a {[PhBPPh

3]RuH}2[µ-η3,η3-H4Si] structure in 
which the [PhBPPh

3]Ru fragments were in a significantly different initial orientation than those 
of 4-DFT. Vibrational analysis of 4-DFT determined strongly IR active Ru—H stretching modes 
with frequencies of 1722.23 cm-1 and 1731.91 cm-1 that are in good agreement with the FTIR 
data for 4 (1750 cm-1). This confirms that the calculations are accurate with respect to the nature 
of the Ru—H—Si interactions, which is expected based on the typically high accuracy of DFT 
calculations with regard to transition metal hydride complexes.19b,27 

Several resonance structures may be considered for 4, which depict different levels of Si—H 
bond cleavage and corresponding levels of RuSi back-donation (A-C, Figure 3).17 Related 
L3MH3SiR3 species that feature short Si---H contacts (d(Si—H) 1.86(2) – 2.06(4) Å) have been 
described as M(IV) silyl complexes with additional Ru—H---Si interactions (related to structure 
B).6 The M—H---Si interactions were described in terms of the hydride ligands donating into the 
Si—R and M—Si σ*-orbitals. If the latter interaction were strong, it would represent a reductive 
elemination of the three Si—H bonds to give M(II) structures of the type L3M[η4-H3SiR3] 
(related to structure A), but examples of this have never conclusively been shown.5,6 The 
resonance structures in Figure 3 feature a similar distinction between a bis-Ru(II)  
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hexahydridosilicate structure (A) and a bis-Ru(IV) structure featuring two Ru—Si σ-bonds and 
weaker Ru—H---Si interactions (B). Bonding motifs analogous to structure B have been reported 
for structurally related [{(R3P)3Fe}2(µ-H)6B]+ complexes28 and there is an additional bonding 
description possible for 4 that features a Ru=Si=Ru core and no Si—H bonding (structure C). 
The short Si—H distances in 4 are consistent with structures A or B and the short Ru—Si 
distances and downfield 29Si NMR resonance could indicate Ru=Si character (structure C).26 
However, as already noted, the Ru—H stretching frequency and large JSiH values for 4 are 
characteristic of coordinated Si—H bonds and, thus, strongly support the greater importance of 
resonance structure A. For comparison to 4, the structure of the hypothetical free [SiH6]2– anion 
was determined using DFT methods ([SiH6]2–-DFT, Figure 2c)20 and displays an octahedral 
geometry (H—Si—H = 90°) with Si—H distances (1.66 Å) that are somewhat longer than those 
of silane Si—H bonds (ca. 1.5 Å). The Si—H bonds in 4 are only ca. 0.1 Å longer than those in 
[SiH6]2–-DFT, which supports structure A as the best bonding description for 4 since each Si—H 
bond is weakly activated in the η4,η4-[SiH6]2– ligand. 

 
 
 
 
 
 
 
 
 
 

Figure 3. Resonance structures depicting increasing levels of Si—H bond activation in 4 and the 
bonding orbitals around silicon corresponding to each resonance structure. 
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Further support for the importance of structure A was found by examining the molecular 
orbitals for 4-DFT (Figure 4). The most significant Ru—Si σ-bonding interaction was found in 
the HOMO – 46 orbital, which includes a significant contribution from two ruthenium 4dz2-
orbitals (9 % each) with a smaller contribution from the silicon 3pz orbital (3 %). This represents 
a dative RuSi interaction that is consistent with weak back-donation into one of the SiH6 σ*-
orbitals, where-as oxidative addition to give structures B or C should result in two full Ru—Si σ-
bonds, formed by interaction of the A1g and A2u linear combinations of ruthenium 4dz2-orbitals 
with the silicon 3s (a1g) and 3pz (a2u) orbitals (Figure 3). The HOMO – 179 and HOMO – 154 
molecular orbitals depict Ru—H—Si bonding interactions that correspond to the a1g and a2u 
orbitals of structure A interacting with a1g and a2u combinations of the ruthenium 5s orbitals. The 
nearly degenerate HOMO – 127 and HOMO – 128 also include substantial Ru—H—Si bonding 
character, which corresponds to the eu Si—H bonding orbitals in structure A interacting with 4d-
orbitals on ruthenium. These two orbitals resemble the π-bonding orbitals for structure C and 
this may contribute to the relatively downfield 29Si-chemical shift for 4. Further similarity to 
structure C is found in the LUMO and LUMO + 1 orbitals of 4-DFT, which include substantial 
silicon 3p character and resemble the degenerate π*-LUMOs expected for a Ru=Si=Ru bonding 
motif. A similar analogy has been noted between the LUMOs of η3-H2SiR2, M(µ-H)SiR2, and 
silylene complexes and is due to the inability of the hydrogen 1s orbital to contribute to the out 
of phase combination of the ruthenium 4d orbital with the silicon 3p orbital.10,29 This also applies 
to 4, despite hypercoordination at silicon, and is possible due to all six Si—H bonds engaging in 
Ru—H—Si interactions. 
Figure 4. Selected molecular orbitals of 4-DFT and percent contribution from silicon, the two 
rutheniums, and six hydride ligands. 
 
 



 55 

 
The bonding in 4 was also examined using NBO calculations on a slightly modified version of 

4-DFT.22 The NBO analysis provided a relatively poor bonding description for 4, which is 
expected for a highly delocalized structure. However, the NPA and NBO outputs both indicate 
that each ruthenium has three fairly high occupancy 4d-orbitals, consistent with a bis-Ru(II) 
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description. An NLMO analysis provided a better description of the bonding in 4, including six 
nearly identical NLMOs that consist almost entirely of atomic functions on hydrogen (51 %), 
silicon (25 %), ruthenium (13 %), and phosphorus (8.5 %). The only indication of Ru—Si σ-
bonding was found in two NLMOs almost entirely composed of ruthenium 4d-character (94.5 
%), with a slight contribution from silicon (3 %). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Conclusion 
 
In summary, reactions of primary aryl silanes with 1 or 2 resulted in the formation of novel 

diruthenium hydridosilicate σ-complexes 3a-c or 4, respectively. Complexes 3a-c feature unique 
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examples of bridging η3,η3-[H4SiAr]– ligands and are more stable than the only previously 
isolated [ArSiH4]– species, which featured an η3-[H2SiH2Ph]– ligand in a mononuclear Fe(II) 
complex.4a Complex 4 is the first isolated compound to include an [SiH6]2– dianion, which in this 
case is bound as a bridging η4,η4-[H6Si]2– ligand. This is particularly notable since 
hydridosilicate dianion σ-complexes have not previously been conclusively demonstrated, but 
have been the subject of ongoing discussion.5,6 The stability of the hydridosilicate anions in 3a-c 
and 4 is attributed to the unique ability of the two ruthenium centers in these complexes to 
uniformly remove electron density from the Si—H bonds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Experimental Details 
 
All manipulations of air sensitive compounds were conducted under a nitrogen atmosphere 

using standard Schlenk techniques or using a nitrogen atmosphere glovebox. Proteo solvents 
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were stored in PTFE-valved flasks after drying with a Vacuum Atmosphere solvent purification 
system or by distillation under nitrogen from appropriate drying agents. Deuterated solvents 
(Cambridge Isotopes) were dried over appropriate drying agents and vacuum-transferred prior to 
use. The ruthenium complexes {[PhBPPh

3]Ru(µ-Cl)}2 (1),30 [PhBPPh
3]Ru(H)(η3-H2SiMePh) (2a), 

[PhBPPh
3]Ru(H)(η3-H2SiPh2) (2b),10 and the silanes (2-methoxyphenyl)-silane31 and 

mesitylsilane32 were prepared according to previously reported procedures. Phenylsilane and m-
xylylsilane were purchased from Sigma Aldrich and stored in a nitrogen atmosphere glovebox 
prior to use.  

NMR spectra were recorded on Bruker spectrometers at room temperature unless otherwise 
noted. Spectra were referenced internally by the residual proton signal relative to 
tetramethylsilane for 1H NMR, solvent peaks for 13C{1H} NMR, external 85 % H3PO4 for 
31P{1H} NMR, and tetramethylsilane for 29Si-1H HMBC experiments. The complex 
{[PhBPPh

3]Ru}2(µ-Cl)[µ-η3,η3-H4SiMes] (3b) was not formed cleanly and could not be fully 
purified. As a result, this compound could not be fully characterized, but was identified by 
similar NMR data to that of 3a and by its solid-state structure, which was determined by single 
crystal XRD. The complex {[PhBPPh

3]Ru}2(µ-Cl)[µ-η3,η3-H4SiPh] (3c) was isolated and 
characterized with a small contaminant of {[PhBPPh

3]Ru}2[µ-η4,η4-H6Si]  (4) making up 10 % of 
the isolated material. The JSiH values for the Ru—H resonances were determined from the Ru—
H resonances displayed in 29Si-filtered 1H{31P} NMR experiments. Infrared spectra (Nujol mulls, 
solution in CH2Cl2) were recorded using a Nicolet 6700 FTIR spectrometer at a resolution of 2 
cm-1. X-ray diffraction data were collected on a Bruker Platform goniometer with a Charged 
Coupled Device (CCD) detector (Smart Apex). Structures were solved using the SHELXTL 
(version 5.1) program library (G. Sheldrick, Bruker Analytical X-ray Systems, Madison, WI). 
All software and sources of scattering factors are contained in the SHELXTL (version 5.1) 
program library; G. Sheldrick, Bruker Analytical Systems, Madison, WI. Elemental analyses 
were performed by the University of California, Berkeley College of Chemistry Microanalytical 
Facility. 

 
 

{[PhBPPh
3]Ru}2(µ-Cl)[µ-η3,η3-H4Si(2-MeOC6H4)]   (3a).    A solution of (2-MeOC6H4)SiH3 

(15 mg, 0.11 mmol) in benzene (0.5 mL) was added to a dark red solution of {[PhBPPh
3]Ru(µ-

Cl)}2 (1, 38 mg, 0.023 mmol) in benzene (1 mL). This mixture was stirred for 1 h, after which 
the solution had become orange with a fine yellow precipitate. The solvent was evaporated under 
vacuum, the resulting orange foam was washed with pentane (3 x 2 mL), and the remaining 
pentane was evaporated under vacuum to provide analytically pure 3a as a pale yellow powder 
(39 mg, 97 % yield). A crystal of 3a suitable for X-ray diffraction was grown by vapor diffusion 
of pentane into a solution of 3a in methylene chloride at -30 °C. Anal. Calcd for 
C97H93B2O1Si1P6Cl1Ru2 (1747.95): C, 66.65; H, 5.36; Found: C, 66.34; H, 5.18. NMR (CD2Cl2, 
600 MHz): δ 8.38 (br, 4 H), 8.00 (t, J = 8.3 Hz, 4 H), 7.56 (br d, J = 6.8 Hz, 4 H), 7.54 (br, 6 H), 
7.47 (t, J = 7.2 Hz, 2 H), 7.40 (t, J = 8.3 Hz, 4 H), 7.35 (t, J = 7.2 Hz, 4 H), 7.22 (t, J = 7.2 Hz, 4 
H), 7.10 (t, J = 7.3 Hz, 2 H), 7.03 (t, J = 7.2 Hz, 2 H), 6.92 (br m, 7 H), 6.87 (br m, 8 H), 6.68 (t, 
J = 7.3 Hz, 4 H), 6.56 (q, J = 8.1 Hz, 7 H), 6.49 (t, J = 7.5 Hz, 1 H), 6.40 (t, J = 8.5 Hz, 4 H), 
6.31 (br m, 5 H), 5.71 (t, J = 7.3 Hz, 1 H), 5.61 (d, J = 8.3 Hz, 1 H), 3.49 (s, 3 H, OCH3), 1.48 (br 
m, 4 H, B(CH2P)), 1.39 (br m, 2 H, B(CH2P)), 1.32 (br m, 2 H, B(CH2P)), 1.22 (br m, 4 H, 
B(CH2P)), -4.87 (br d, 2JPH = 37 Hz, 1JSiH = 84 Hz, 2 H,  Ru—H—Si), -5.11 (br d, 2JPH = 38 Hz, 
1JSiH = 77 Hz, 2 H, Ru—H—Si). 13C {1H} NMR (CD2Cl2, 150.893 MHz) : δ 142.09 (d, JPC = 39 
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Hz), 141.52 (d, JPC = 37 Hz), 139.54 (d, JPC = 13 Hz), 139.32 (d, JPC = 11 Hz), 138.34 (d, JPC = 20 
Hz), 138.06 (d, JPC = 21 Hz), 136.74, 134.06, 133.93 (d, JPC = 10 Hz), 133.86 (d, JPC = 9 Hz), 
133.29 (d, JPC = 10 Hz), 133.09 (d, JPC = 10 Hz), 132.69 (d, JPC = 9 Hz), 132.21 (d, JPC = 9 Hz), 
132.05, 131.48 (d, JPC = 15 Hz), 129.85, 129.60, 128.88 (d, JPC = 9 Hz), 128.77 (d, JPC = 9 Hz), 
128.50, 128.44, 128.16, 128.11, 127.86 (d, JPC = 9 Hz), 127.69, 127.61 (d, JPC = 10 Hz), 127.37 
(d, JPC = 9 Hz), 124.06, 121.26, 109.80, 55.23, 23.29 (br), 17.64 (br), 14.91 (br). 31P {1H} NMR 
(CD2Cl2, 161.967 MHz): δ 49.58 (t, JPP = 33 Hz), 30.59 (t, JPP = 35 Hz), 29.99 (t, JPP = 35 Hz). 
29Si NMR (CD2Cl2, 1H-29Si HMBC: 600 MHz (1H), 119.25 MHz (29Si)): δ 122. IR (cm-1): 1720 
(Nujol), 1715 (CH2Cl2);  (Ru—H—Si). 
 
 
{[PhBPPh

3]Ru}2(µ-Cl)[µ-η3,η3-H4SiMes]   (3b).     Compound 3b was not isolated in pure form, 
but was identified by single crystal XRD analysis and NMR resonances that are clearly attributed 
to a species analogous to 3a and 3c. The preparation of an impure sample of 3b is described: A 
solution of MesSiH3 (30 mg, 0.20 mmol) in benzene (2 mL) was added to a dark red suspension 
of {[PhBPPh

3]Ru(µ-Cl)}2 (1, 60 mg, 0.036 mmol) in benzene (3 mL). After 1 h the solution had 
become pale yellow in color and was then heated to 60 °C for 48 h. The solution was then left at 
room temperature for 24 h, after which a pale yellow precipitate had formed. The precipitate was 
a mixture of compounds (1H and 31P{1H} NMR, C6D6), but included 3b as a major component 
(ca. 75 %) along with 4 and several other species that were not identified. A single-crystal of 3b 
suitable for X-ray diffraction analysis was grown from the reaction solution of MesSiH3 and 1 in 
C6H5F after 1 month at room temperature. 1H NMR (C6D6, 400 MHz): -4.95 (m, JSiH = 82 Hz, 
Ru—H—Si). 31P{1H} NMR (C6D6, 161.967 MHz): δ 48.11 (t, JPP = 33 Hz), 29.96 (d, JPP = 33 
Hz). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 116. 
 
 
{[PhBPPh

3]Ru}2(µ-Cl)[µ-η3,η3-H4SiPh]   (3c).     A solution of PhSiH3 (25 mg, 0.23 mmol) in 
benzene (2 mL) was added to a dark red solution of {[PhBPPh

3]Ru(µ-Cl)}2 (1, 90 mg, 0.055 
mmol) in benzene (2 mL) and the mixture was stirred. After 15 minutes the solution had become 
orange in color and after 16 h a pale yellow precipitate had formed, which was allowed to settle 
before the supernatant was removed by pipette. The product was washed with benzene (2 x 2 
mL) and dried under vacuum to provide 3c as a pale yellow powder (41 mg). NMR experiments 
indicated that this sample contained 4 as a contaminant (10 %), thus providing an actual yield of 
35 mg of 3c (37 % yield). The 1H NMR integrals reported below are not corrected for the 
presence of 4. Anal. Calcd for C96H91B2O1Si1P6Cl1Ru2 (1717.92): C, 67.12; H, 5.34; Found: C, 
66.79; H, 5.33. 1H NMR (CD2Cl2, 600 MHz): δ 8.12 (t, J = 8.5 Hz, 8 H), 7.59 (m, 8 H), 7.47 (t, J 
= 7.3 Hz, 4 H), 7.39 (t, J = 7.4 Hz, 8 H), 7.29 (t, J = 7.4 Hz, 1 H), 7.21 (q, J = 7.4 Hz, 12 H), 
7.15 (t, J = 7.3 Hz, 2 H), 7.02 (m, 9 H), 6.88 (t, J = 7.3 Hz, 4 H), 6.79 (t, J = 7.4 Hz, 8 H), 6.58 
(t, J = 7.6 Hz, 8 H), 6.44 (d, J = 7.3 Hz, 2 H), 6.39 (t, J = 7.4 Hz, 1 H), 6.33 (m, 7 H), 6.02 (t, J = 
7.7 Hz, 2 H), 1.44 (m, 10 H, B(CH2P)), 1.19 (br d, J = 13.2 Hz, 4 H), -4.97 (m, 4 H, 1JSiH = 80 
Hz, Ru—H—Si). 31P {1H} NMR (CD2Cl2, 161.967 MHz): δ 50.50 (t, JPP = 32 Hz), 30.63 (d, JPP 
= 32 Hz). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 121. 
 
 
{[PhBPPh

3]Ru}2[µ-η4,η4-H6Si]   (4).     A solution of m-xylylsilane (20 mg, 0.15 mmol) in 
benzene (1 mL) was added to a vial containing [PhBPPh

3]RuH(η3-H2SiPh2) (56 mg, 0.058 mmol), 
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which dissolved to give a yellow solution. A fine white precipitate had formed after the solution 
was stirred for 20 h and this was allowed to settle before pipetting off the yellow supernatant. 
The product was washed twice with benzene (2 x 2 mL) and then dried under vacuum to give 
analytically pure 4 as a fine white powder (32 mg, 34 % yield). Crystals suitable for X-ray 
diffraction were grown from solutions of 4 that were prepared in situ from m-xylylsilane (2.4 
mg, 0.017 mmol) and 2 (15 mg, 0.015 mmol) in benzene or toluene. The low solubility of 4 in 
benzene-d6, toluene-d8, and dichloromethane-d2 prevented the characterization of 4 by 13C{1H} 
NMR spectroscopy. Anal. Calcd for C90H88B2O1Si1P6Cl1Ru2 (1607.38): C, 67.25; H, 5.52; Found: 
C, 66.87; H, 5.31. NMR (CD2Cl2, 600 MHz): δ 7.61 (br m, 28 H), 7.29 (t, J = 7.5 Hz, 4 H), 7.15 
(t, J = 7.3 Hz, 12 H), 7.10 (t, J = 7.3 Hz, 2 H), 7.01 (t, J = 7.5 Hz, 24 H), 1.43 (br, 12 H, 
B(CH2P)), -6.41 (br, JSiH = 74.5 Hz, 6 H, Ru—H—Si). 31P {1H} NMR (CD2Cl2, 161.967 MHz): δ 
46.4. 29Si NMR (CD2Cl2, 1H-29Si HMBC: 600 MHz (1H), 119.25 MHz (29Si)): δ 162. IR (cm-1): 
1746 (Nujol), 1750 (CH2Cl2);  (Ru—H—Si). 
 
 
Reaction of 2b with SiH4.     A solution of 2b (5 mg, 0.005 mmol) in benzene-d6 was exposed to 
three freeze/pump/thaw cycles in a J-Young NMR tube. The headspace of the NMR tube was 
then filled with a mixture of SiH4 (15 %) in nitrogen. The PTFE-valve was sealed and the sample 
was shaken to facilitate dissolving SiH4 in the solution. After 20 minutes, 1H and 31P{1H} NMR 
indicated complete consumption of 2b, release of 1 equiv of Ph2SiH2 (per equivalent of 2), and 
the formation of 4. Several minor products were observed by 31P{1H} NMR and 1H NMR and 
integration of the BCH2P and Ru—H resonances of 4 against a C6Me6 standard indicated an 80 
% yield of 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Crystal data and structure refinement for 3a. 
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Identification code  shelxl 
Empirical formula  C97 H88 B2 Cl O P6 Ru2 Si 
Formula weight  1747.83 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  C 2/c 
Unit cell dimensions a = 31.5003(12) Å α= 90°. 
 b = 13.5962(5) Å β= 118.724(2)°. 
 c = 25.5089(9) Å γ = 90°. 
Volume 9580.7(6) Å3 
Z 4 
Density (calculated) 1.212 Mg/m3 
Absorption coefficient 4.203 mm-1 
F(000) 3588.0 
Crystal size 0.10 x 0.04 x 0.03 mm3 
Theta range for data collection 3.20 to 68.39°. 
Index ranges -37<=h<=37, -10<=k<=15, -30<=l<=30 
Reflections collected 32027 
Independent reflections 8629 [R(int) = 0.0494] 
Completeness to theta = 68.39° 97.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8843 and 0.6786 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8629 / 0 / 507 
Goodness-of-fit on F2 1.032 
Final R indices [I>2sigma(I)] R1 = 0.0548, wR2 = 0.1444 
R indices (all data) R1 = 0.0686, wR2 = 0.1534 
Largest diff. peak and hole 2.118 and -0.344 e.Å-3 

 
 
 
 
 
 
 
 
 

Crystal data and structure refinement for 3b. 
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Identification code  shelxl 
Empirical formula  C99 H97 B2 Cl P6 Ru2 Si 
Formula weight  1760.01 
Temperature  293(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 13.6694(18) Å α= 99.088(3)° 
 b = 16.232(2) Å β= 99.224(3)° 
 c = 24.933(3) Å γ = 107.356(3)° 
Volume 5086.1(12) Å3 
Z 2 
Density (calculated) 1.126 Mg/m3 
Absorption coefficient 0.468 mm-1 
F(000) 1784 
Crystal size 0.40 x 0.20 x 0.20 mm3 
Theta range for data collection 0.85 to 25.35°. 
Index ranges -16<=h<=16, -19<=k<=19, -30<=l<=29 
Reflections collected 116562 
Independent reflections 18556 [R(int) = 0.0553] 
Completeness to theta = 25.35° 99.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1 and 0.8348 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 18556 / 0 / 1016 
Goodness-of-fit on F2 0.950 
Final R indices [I>2sigma(I)] R1 = 0.0398, wR2 = 0.1052 
R indices (all data) R1 = 0.0511, wR2 = 0.1129 
Largest diff. peak and hole 0.721 and -0.446 e.Å-3 

 
 
 
 
 
 
 

Crystal data and structure refinement for 4-tol 
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Identification code               shelxl 
  
Empirical formula                 C111 H112 B2 P6 Ru2 Si 
  
Formula weight                    1883.81 
  
Temperature                       100(2) K 
  
Wavelength                        0.71073 Å 
  
Crystal system, space group       Monoclinic,  P 2(1) 
  
Unit cell dimensions              a = 13.193(4) Å   alpha = 90° 
                                  b = 22.589(6) Å   beta = 97.398(16)° 
                                  c = 15.741(6) Å   gamma = 90° 
  
Volume                            4652(3) Å3 
  
Z, Calculated density             2,  1.345 Mg/m3 
  
Absorption coefficient            0.477 mm-1 
  
F(000)                            1484 
  
Crystal size                      0.30 x 0.20 x 0.15 mm 
  
Theta range for data collection   1.56 to 25.37 deg. 
  
Limiting indices                  -15<=h<=15, -27<=k<=27, -18<=l<=18 
  
Reflections collected / unique    91778 / 16812 [R(int) = 0.0318] 
  
Completeness to theta = 25.37     99.8 % 
  
Absorption correction             Semi-empirical from equivalents 
  
Max. and min. transmission        0.9319 and 0.8701 
  
Refinement method                 Full-matrix least-squares on F2 
  
Data / restraints / parameters    16812 / 1 / 1123 
  
Goodness-of-fit on F^2            1.081 
  
Final R indices [I>2sigma(I)]     R1 = 0.0264, wR2 = 0.0617 
  
R indices (all data)              R1 = 0.0303, wR2 = 0.0651 
  
Absolute structure parameter      -0.032(12) 
  
Largest diff. peak and hole       1.317 and -0.478 e.Å-3 
Computational Details 
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All calculations were performed using Gaussian ’09 suite of programs (geometry optimization, 
population analysis of canonical orbitals, NBO 3.0 calculations22) or Jaguar 7.9 (NBO 5.0 
calculations22) in the molecular graphics and computing facility of the College of Chemistry, 
University of California, Berkeley. The crystallographically determined atomic coordinates of 
3a, 3b, 4-tol, and 4-ben were used as starting points for geometry optimization calculations 
using the B3PW91 hybrid functional with the 6-31G(d,p) basis set for all main-group elements 
and the LANL 2DZ basis set for ruthenium. Hydride ligands were added to the starting structures 
for 3a and 4-ben in positions trans to the Ru—P bonds and with Ru—H distances that are 
normal for terminal Ru—H bonds (1.60 Å).19 Optimizations of 3a, 3b, and 4 were also 
conducted starting with several alternative initial Ru—H and Si—H distances and this did not 
affect the final optimized structures. A {[PhBPPh

3]RuH}2(η3,η3-H4Si) initial structure was also 
subjected to optimization calculations, which did not locate a {[PhBPPh

3]RuH}2(η3,η3-H4Si) 
structure as a minimum. Instead, these calculations determined a structure very similar to that 
determined by optimization of the 4-tol structure. Calculations for the free [SiH6]2- dianion were 
also performed using the B3PW91 hybrid funtional with the 6-31G(d,p) basis set, which 
provided Si—H distances (s(Si—H) = 1.66 Å) that are similar to those recently calculated for 
K2SiH6 (d(Si—H) = 1.62 Å).24 Vibrational frequencies were calculated for all optimized 
structures and indicate that these structures lie on minima (no imaginary frequencies were 
determined). 

The programs NBO 3.0 and NBO 5.0 were used to examine the bonding in 3a, 3b, and 4.22 For 
NBO 5.0, simplications were made to the molecules and these models are referred to as (3-small 
and 4-small). These simplifications involved recalculating the wavefunction using the 6-31G 
basis set for carbon instead of 6-31G(d,p), which was still used on all other main group elements 
(H, B, Si, P, Cl). The LANL 2DZ basis set was used for ruthenium. Additionally, the P—Ph 
groups were replaced with P—Me groups. The NBO outputs (either NBO 3.0 or 5.0) indicate 
highly delocalized structures with several very low occupancy (< 1.5 e-) orbitals determined for 
the bonding around the Ru2[η3,η3-H4SiAr] and Ru2[η4,η4-H6Si] fragments. Notably, each 
ruthenium was found to have three relatively high occupancy lone pair orbitals (4d, occupancy > 
1.8 e-), which is consistent with the bis-Ru(II) description for each complex.  
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Chapter 4 
 

Equilibrium Between η3-H2Si σ-Complexes and 16 e- Silylene Complexes  
Mediated by Reversible H—H or C—H Elimination 

 
By  

Mark Christopher Lipke 
 

Introduction 
 

Transition metal silylene complexes are reactive species of considerable interest for their 
ability to participate in catalytic and stoichiometric Si—X (X = C, N, O, Si) bond-forming 
reactions.1,2 Isolated silylene complexes exhibit reactivity with a wide range of nucleophilic 
substrates, and related species appear to participate as intermediates in catalytic transformations 
of silanes (e.g., silane dehydrocoupling and carbonyl hydrosilation).3,4 Thus, it is important to 
demonstrate facile routes by which silylene complexes can form under catalytically relevant 
conditions. In this regard, it has been found that α-hydrogen elimination from a silyl ligand to an 
unsaturated metal center may generate a silylene complex, and this is one of the most general 
routes to species of this type.5,6 This pathway requires an open coordination site at the metal 
center, which can be generated by reductive elimination of a C—H bond (Scheme 1, path A).6 
An analogous pathway involving elimination of an H—H bond (path B) could be important for 
generating reactive silylene intermediates in situ from hydrosilanes and inorganic precatalysts, 
but there are few examples of silylene complexes formed by this route.7,8 The elimination of H2 
has been reported in the synthesis of {2,6-(CH2PtBu2)2C6H3}OsH3(=SiPhCl) from phenylsilane 
and (CH2PtBu2)2C6H3}Os(H)2Cl,8a and for the formation of base-stabilized silylene complexes 
from silanes and carbonyl complexes (e.g. Fe(CO)5, CpCo(CO)2) under photolytic conditions.8b 
Additionally, the formation of a related borylene complex (Cy3P)2Ru(H)(Cl)(=BMes) involves 
loss of H2  from the η3-H2BMes complex (Cy3P)2Ru(H)(Cl)(η3-H2BMes).9 

We recently reported that related η3-H2SiRR' σ-silane complexes [PhBPPh
3]RuH(η3-H2SiRR') 

(RR' = Et2, 1a; MePh, 1b; Ph2, 1c; MeMes, 1d; Scheme 1) are readily accessible by reaction of 
{[PhBPPh

3]Ru(µ-Cl)}2 (2) with secondary silanes.10 Interestingly, crystalline samples of 1a-d 
undergo spontaneous decomposition when exposed to dynamic vacuum, and this suggested that 
1a-d might reversibly eliminate H2. Interestingly, unusual 16 e- ruthenium silylene complexes 
are a possible product of H2 elimination from 1a-d (path C), and this would demonstrate that 
silylene complexes can be generated by reaction of silanes with a relatively simple inorganic 
coordination complex (note that 2 features only phosphine and chloride ligands). As described 
below, investigation of this possibility led to synthesis of a new η3-H2Si species 
[PhBPPh

3]Ru[CH2(2-(η3-H2SiMes)-3,5-Me2C6H2)] (5) by reactions of (THF)3Li(SiHMes2) with 
2. Complex 5 appears to exist in equilibrium with a 16-electron silylene complex 
[PhBPPh

3]Ru(µ-H)=SiMes2, as evident from DFT calculations and trapping of the silylene with 
XylNC to give the 18-electron silylene complex [PhBPPh

3]Ru(CNXyl)(µ-H)=SiMes2 (6). 
Additionally, treatment of 5 with H2 results in the formation of [PhBPPh

3]RuH(η3-H2SiMes2) 
(1e), and this serves as a model for the reverse reaction to the elimination of H2 from 1a-d. 
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Scheme 1. Pathways for formation of silylene complexes. 
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Results and Discussion 
 
Observation of H2 Elimination from 1a-d. 
 

Application of dynamic vacuum to crystalline samples of 1a-d resulted in a color change from 
yellow to orange within 10 minutes. After a 24 h exposure to dynamic vacuum, samples of 1a-d 
were dissolved in C6D6 and analyzed by 1H and 31P{1H} NMR experiments, which indicated the 
formation of multiple new organometallic products and the presence of unconverted 1a-d. The 
decomposition appears to involve reversible elimination of a gas since 1a-d are stable in solution 
(C6D6) for at least one week in a sealed NMR tube and at least one month as crystalline samples 
stored in a sealed container. Finely powdered samples of 1a-d exhibited full decomposition after 
two to five days under dynamic vacuum. After dissolution in benzene-d6, the major product was 
identified by 31P{1H} NMR (δ 39.5 ppm) as the cyclohexadienyl complex [PhBPPh

3]Ru(η5-
C6D6H) (4-d6; see Scheme 2 for an independent synthesis). Minor organometallic products were 
detected by 31P{1H} NMR spectroscopy with resonances near 80 ppm, but these latter species 
could not be identified and were no longer observed after 12 h in solution. 

A plausible decomposition pathway for 1a-d involves the reversible elimination of H2 as a first 
step. This possibility was supported by observation of H2/D2 exchange through the gas phase 
between separated, powdered samples of 1c and 1c-d3 in an evacuated ampule. After one week, 
the sample of 1c-d3 was examined by 1H NMR spectroscopy (in C6D6), which revealed an Ru—
H resonance that integrated as 0.5 H relative to the ligand backbone. This is an increase over the 
residual Ru—H resonance for the initial sample of 1c-d3 (0.15 H, Ru—H), indicating the 
exchange of H2/D2 through the gas phase.11 The H2 elimination appears to be followed by an 
irreversible decomposition since 1a-d could not be regenerated by exposure of the 
decomposition products to 1 atm of H2 in the solid state or in solution. 

The elimination of H2 from solid samples of 1a-d suggested that a similar process might occur 
in solution. However, observation of H2 elimination from 1a-d in solution proved difficult since 
the evaporation of suitable solvents (e.g. toluene, o-dichlorobenzene) under dynamic vacuum is 
considerably faster than the decomposition of these compounds.12 Additionally, the equilibrium 
involving loss of H2 appears to strongly favor the η3-H2SiRR' complexes, as evidenced by a lack 
of decomposition for solutions of 1a-d (in C6D6) after five freeze-pump-thaw cycles (by 1H and 
31P{1H} NMR spectroscopy). 

It was envisioned that the loss of H2 from 1a-d might be driven forward by use of a hydrogen 
trap, such as an unsaturated alkyl or aryl complex that would rapidly and irreversibly react with 
H2 to eliminate a hydrocarbon. To this end, 2 was treated with (THF)2MgMes2 in benzene, to 
provide the dark purple benzyl complex [PhBPPh

3]Ru[η3-CH2(3,5-Me2C6H3)] (3, eq 1) that 
appears to result from the rearrangement of the unobserved intermediate [PhBPPh

3]Ru—Mes. 
Interestingly, 3 is a stable 16-electron η3-benzyl complex, and was identified by 1H NMR 
resonances (1H δ 6.28 ppm, 1 H; 5.14 ppm, 2 H; 2.82 ppm, 2 H) and 13C NMR resonances 
(13C{1H} δ 110.25 ppm; 37.48, q, JCP = 6.4 Hz) that are consistent with a benzyl ligand 
exhibiting a coordinated π-system. An unsubstituted benzyl complex [PhBPPh

3]Ru[η3-CH2Ph], 
prepared from 2 and K[CH2Ph], exhibits NMR data that are similar to those of 3, but the 
unsubstituted benzyl complex is thermally unstable and could therefore not be isolated in pure 
form.13  
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Equation 1 
 

{[BP3]Ru(µ-Cl)}2

(THF)2MgMes2

2

(1)
- MgCl2

RuP
Ph2

PPh2
Ph2P

B
Ph

3  
 
 
Treatment of a solution of 3 (in benzene-d6) with H2 (1 atm) resulted in an immediate change 

in color from purple to pale yellow, and quantitative formation of a cyclohexadienyl complex 
[PhBPPh

3]Ru(η5-C6D6H) (4-d6, by 1H and 31P{1H} NMR spectroscopy, Scheme 2). The fully 
proteo isotopomer (4), was isolated from reaction of [PhBPPh

3]Ru(OtBu) with EtMe2SiH in 
benzene. The 1H NMR spectrum for 4 displayed five resonances between 2.5 – 5.5 ppm that are 
indicative of the η5-cyclohexadienyl ligand (1H δ 5.32, 1 H; 5.11, 2 H; 2.90, 1 H; 2.72, 2 H; 2.67 
ppm, 1 H).14 The apical C—H resonance of the methylene group (2.67 ppm) appears as an 
approximate quintet (JHH ≈  JPH ≈ 11 Hz) in the 1H NMR spectrum of 4, and as a doublet (JHH = 
12 Hz) in the 1H{31P} NMR spectrum. The other C—H resonances of the cyclohexadienyl ligand 
do not exhibit significant changes between the 1H and 1H{31P} NMR spectra. For 4-d6, only the 
basal C—H resonance of the methylene group was observed for the cyclohexadienyl ligand (2.90 
ppm, q, JPH = 1.5 Hz). The formation of 4 is presumed to involve initial generation of the hydride 
species [PhBPPh

3]RuH, which may exist as a free 14-electron complex or as a 16-electron 
complex [PhBPPh

3]Ru(H)L (L = η2-H—CH2C6H2Me2, EtMe2SiOtBu). This reactive hydride 
species would then add to benzene, to give 4. The closely related complex [PhBPiPr

3]Fe(η5-C6H7) 
has previously been reported to form under related conditions that are consistent with addition of 
[PhBPiPr

3]FeH to benzene.14 
 
 

Scheme 2 
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The rapid reaction of 3 with H2 indicated that this benzyl complex might be suitable as a 

hydrogen acceptor for promoting and measuring the loss of H2 from 1a-d (Scheme 3). Thus, 
equimolar amounts of 3 and 1b (in benzene-d6 with (Me3Si)4Si internal standard) were stirred 
separately in glass bulbs that were connected via an evacuated headspace (Figure 1).15 After two 
days, the dark purple solution of 3 had faded considerably in color and the yellow solution of 1b 
had darkened to an orange-yellow color. Examination of these solutions by 1H and 31P{1H} 
NMR spectroscopy revealed that 1b had completely converted, to the cyclohexadienyl complex 
4-d6 as the major product (85 % yield), along with several minor products that could not be 
identified. The sample of 3 had undergone 80 % conversion to 4-d6 and mesitylene, suggesting 
that 3 had reacted with most of the hydrogen expected from the elimination of H2 from 1b. 

 
 

Scheme 3 

 
 
 



 72 

 
Figure 1. Apparatus for gas phase H2 transfer from a solution of 1b (yellow solution, right bulb) 
to a solution of 3 (purple solution, left bulb) through an evacuated headspace. 
 

 
To establish the origin of the hydrogen eliminated from 1b, a deuterium labeling experiment 

was conducted using 1b-d3 for gas phase deuterium tranfer to 3. After three days, the 31P{1H} 
NMR spectrum for the solution of 1b-d3 (in benzene) revealed the complete consumption of 1b-
d3 and the formation of 4 as the major product (note that 4-d1 was not observed by 2H NMR for 
this sample, see below for further discussion). Complex 3 had also been entirely consumed 
(determined by 31P{1H} NMR), and the 2H NMR spectrum for this sample revealed resonances 
corresponding to 4-d1 (2H δ 2.85 ppm) and mesitylene-d1 (2H δ 2.13 ppm). These resonances 
integrated in a 1:1 ratio, but accounted for only 40 % of the deuterium expected from elimination 
of 1 equivalent of D2 per mole of 1b-d3 (determined by integration against a Ph2Si(CH3)(CD3) 
internal standard). An additional new 2H resonance was observed (2H δ 7.38 ppm) and might 
result from incorporation of deuterium into a C—H position of the [PhBPPh

3] ligand. This latter 
2H resonance accounts for an additional 40 % of the expected deuterium, and this confirms that 
1b-d3 decomposed primarily through a pathway involving the elimination of D2. These results 
demonstrate that reaction of 3 with H2 offers an efficient method for trapping hydrogen, and that 
this trapping reaction may be used to drive forward the equilibrium loss of hydrogen from 1b 
(Scheme 3). 

The initial products of the elimination of H2 from 1b (in C6D6) could not be identified, but it 
seemed possible that this process forms a 16-electron silylene complex [PhBPPh

3]Ru(µ-
H)=SiMePh. However, the formation of the final product 4-d6 requires the additional loss of the 
SiMePh moiety. Several new 1H NMR resonances between 0.30 – 0.50 ppm (Si—CH3 region) 
indicated the formation of new organosilicon products that could not be identified. Similar 
results were obtained for the gas phase transfer of H2 from 1d to 3, but only ca. 35 % conversion 
was observed for each species after 2 days.16 Interestingly, in the deuterium labeling experiment 
with 1b-d3 and 3 (in benzene), the C—D resonance for 4-d1 was not observed in the 2H NMR 
spectrum of the solution of 1b-d3 after decomposition, nor were any other 2H NMR resonances 
observed for this solution. The formation of fully proteo 4 indicates that [PhBPPh

3]Ru—H, rather 
than [PhBPPh

3]Ru—D, is generated at some point after the elimination of D2 from 1b-d3. Thus, 
the  decomposition of an initially formed intermediate (e.g. [PhBPPh

3]Ru(µ-D)=SiMePh or an 
isomer there of) must involve a C—H activation to provide the hydride (rather than deuteride) 
complex that subsequently reacts with benzene to form 4. Since intermediates in the conversion 
of 1b,d to 4 could not be observed, additional experiments were designed to explore the 
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possibility of [PhBPPh
3]Ru(µ-H)=SiRR’ complexes as transient intermediates or isolable 

complexes. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Evidence for a 16 electron silylene complex. 
 
Given the possibility that the initial product of decomposition of 1a-d is a 16 electron silylene 

complex of the type [PhBPPh
3]Ru(H)=SiRR', an independent route to such a species was 

targeted. Thus, the reaction of 2 with (THF)3Li(SiHMes2) was investigated as a possible route to 
a 14 electron Ru—SiHMes2 silyl complex, which was expected to undergo α-H migration to 
form a 16-electron silylene hydride species. Instead, this reaction in benzene resulted in the 
formation of [PhBPPh

3]Ru[CH2(2-(η3-H2SiMes)-3,5-Me2C6H2)] (5), which may be formed by 
benzylic C—H activation involving an Ru—SiHMes2 or Ru(H)=SiMes2 intemediate (Scheme 4). 
The structure of 5, determined by single crystal XRD, features a benzylic ligand (dRu—C 2.209(3) 
Å) with a doubly agostic η3-H2SiMes substituent (dRu—H 1.72(3),  1.73(2) Å; dSi—H 1.56(3), 
1.58(2) Å) in the 2-position of the benzyl group (Figure 2). The 1H, 13C{1H}, 31P{1H}, and 1H-
29Si HMBC NMR spectra for 3 are fully consistent with this structure.17 Thus, an initially formed 
[PhBPPh

3]Ru(SiMes2H) complex appears to rearrange via C—H activation of a benzylic methyl 
group and formation of two Ru—H—Si bridging interactions. 

 
 

Scheme 4 
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Figure 2. Solid state structure of 5, determined by single crystal XRD. Thermal ellipsoids are set 
to 50 % probability and non-hydridic hydrogen atoms are omitted for clarity. 
 

 
In order to determine if 5 is suitable as a model for the product of H2 elimination from 1a-d, 

the reverse reaction was examined by treatment of 5 with H2 (1 atm in C6D6, Scheme 5). This 
resulted in the complete consumption of 5 after 20 h and the formation of [PhBPPh

3]RuH(η3-
H2SiMes2) (1e, 60 %, Scheme 5), Mes2SiH2 (30 %) and 4-d6 (30 %, all yields from 1H and 
31P{1H} NMR spectra). Complex 1e is unstable to elimination of Mes2SiH2 (complete 
conversion to Mes2SiH2 and 4-d6 was observed after 3 days) and could not be isolated, but was 
clearly identified from comparison of its NMR data to 1a-d.18 The formation of an η3-H2SiMes2 
complex from 5 is consistent with the reversible nature of H2 loss from η3-silane complexes 1a-
d. The elimination of hydrogen was not directly observed in the case of 1e due decomposition by 
a different route (loss of Mes2SiH2). However, the observation of H2 elimination from the closely 
related complexes (1a-d) strongly suggests that 1e might exist in equilibrium with H2 and 5. 

 
 

Scheme 5 
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It seemed possible that 5 might exist in equilibrium with the silylene complex [PhBPPh

3]Ru(µ-
H)=SiMes2 (Int A, Scheme 6) and that this latter species is an intermediate in the reaction of 5 
with H2 to form 1e (path A). The silylene species could possibly form via C—H elimination 
from 5 in a process related to the H—H elimination observed for 1a-d. However, it is also 
possible that the formation of 1e from 5 involves binding of H2 to ruthenium prior to C—H 
elimination (path B). To distinguish between these possibilities, a labeling experiment was 
conducted by treatment of 5 with D2 (1 atm, in benzene or benzene-d6, Scheme 6). For path A, 
deuterium should be incorporated only into the Ru—D positions upon formation of 1e-d2 since 
the benzylic C—H bond forms prior to the addition of D2. For path B, deuterium incorporation 
should be 1:1 for the Ru—D and benzylic C—D positions since the small η2-D2 ligand of Int C 
should more rapidly participate (relative to the geometrically constrained η2-H—Si ligand) in an 
oxidative addition/reductive elimination process or a σ-bond metathesis process with the Ru—
CH2Ar group. 

Scheme 6 
 

 
 
 
 
The results of the deuterium labelling experiment were more complicated than initially 

envisioned (due to reversibility of the benzylic C—H bond formation), but support path A for the 
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formation of 1e-d2. Three hours after addition of D2 (1 atm) to a solution of 5 (in benzene), an 
Ru—D resonance for 1d-d2 was clearly observed by 2H NMR spectroscopy, while only slight 
incorporation of deuterium into the benzylic C—D position was evident (ratio of C—D to Ru—
D ≤ 1:5). The ratio of C—D to Ru—D increased to 1:3 after 6 h, and to 1:2 after 20 h. After 3 
days, the dimesitylsilane product formed by decomposition of 1e was isolated and found to have 
a 1.6:10.4 ratio of C—D to C—H in the ortho benzylic methyl positions (by 1H and 2H NMR). 
The incorporation of more than one deuterium atom (per mole of Mes2SiH2) into these positions 
indicates that formation of the benzylic C—H bond in 1e is reversible, thus allowing deuterium 
to exchange into this position after the initial formation of 1e-d2. Note that this observation is 
consistent with the expectation that 1e might exist in equilibrium with 5 and H2. Since deuterium 
incorporation into the Ru—D positions was initially greatly favored relative to the C—D 
position, this labeling experiment provides evidence for the existence of the 16 e- silylene 
complex [PhBPPh

3]Ru(µ-H)=SiMes2 (Int A) as an intermediate in the formation 1e-d2 from 5 
(path A). Thus, both 5 and 1e appear to exist in equilibrium with the 16-electron silylene hydride 
complex [PhBPPh

3]Ru(µ-H)=SiMes2. 
It seemed possible that [PhBPPh

3]Ru(H)=SiMes2 might be trapped by the binding of a ligand to 
the ruthenium center, silicon center, or both. Thus, complex 5 was dissolved in THF-d8 since 
THF might bind to silicon,19 but is sufficiently inert that further reactivity would not be expected. 
The solution was monitored by 1H and 31P{1H} NMR for 1 week, after which, partial 
decomposition of 5 was observed (by 1H NMR) to form products that could not be identified. 
When XylNC was used as a ligand to trap the 16-electron silylene complex, the formation of the 
18-electron silylene complex  [PhBPPh

3]Ru(CNXyl)(µ-H)(=SiMes2) (6) was observed after 4 
hours at room temperature ( by 1H and 31P{1H} NMR in C6D6, Scheme 7). The 18 e- silylene 
complex 6 was examined to provide possible insight into the structure of the 16 e- silylene 
species from which 6 is derived. The solid-state structure of 6 was determined by single crystal 
XRD (Figure 3), including the location and refinement of the bridging hydride position.6c,20 
Ruthenium exhibits trigonal bipyramidal geometry, with the hydride ligand capping an additional 
position on one of the P—Ru—Si edges. Silylene character is indicated by planarity of the 
silicon, ruthenium, and ipso carbons of the mesityl groups (sum of bond angles at Si = 
359.9(2)°). The Ru—H and Si—H distances (dRu—H 1.53(6) Å, dSi—H 1.17(5) Å) are 
unrealistically short,21 but suggest the hydride is bridging between ruthenium and silicon. 
Notably, the Ru—Si distance (2.299(2) Å) is unusually long for a silylene complex,22 which may 
be due to the bulk of the [PhBPPh

3] ligand and the SiMes2 fragment. 
 
 

Scheme 7 
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The 1H NMR spectrum for 6 contains an Ru—H resonance that exhibits coupling to three 
inequivalent phosphorus atoms (1H δ -7.92 ppm, JPH = 32, 9, 3 Hz). In the 1H{31P} NMR 
spectrum, the Ru—H resonance appears as a singlet with visible satellites from coupling to 
silicon-29 (JSiH = 43 Hz), which confirms the presence of an Ru—HSi interaction. The 1H-29Si 
HMBC NMR spectrum displays the Ru—H resonance as coupled to a 29Si resonance (29Si δ 208 
ppm) that is consistent with the presence of a silylene ligand in 6.1b,7 Thus, 6 is best described as 
a silylene complex in which the empty p-orbital on silicon is stabilized by donation from the 
hydride ligand.6c,20 This bonding description is supported by a DFT structural optimization that 
produced Ru—H and Si—H distances that indicate the hydride has significant bonding 
interactions with both the ruthenium and silicon centers (dRu—H 1.78 Å, dSi—H 1.70 Å for 6-
DFT).23 
Figure 3. Structure of 6 determined by single crystal X-ray diffraction analysis. Thermal 
ellipsoids are set to 50 % probability  and non-hydridic hydrogen atoms are omitted for clarity. 
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The presence of a Ru—HSi bond in 6 suggested that the corresponding 16 electron silylene 
complex might also feature a bridging hydride, and the structure 6-DFT was used as a starting 
point for performing DFT calculations on the unusual 16 e- silylene complex [PhBPPh

3]Ru(µ-
H)=SiMes2.23 The XylNC ligand was deleted from 6-DFT, followed by a geometry optimization 
calculation that provided the structure silylene-DFT (Figure 4a). This structure features a Ru(µ-
H)=SiMes2 moiety that is similar to that of 6-DFT (dRu—H 1.78 Å, dSi—H 1.72 Å for silylene-
DFT). Additionally, there is an agostic interaction between a benzylic C—H bond and the 
unsaturated ruthenium center (dRu—H,agostic 1.94 Å). Interestingly, these calculations found that 
silylene-DFT is only 2 kcal/mol higher in free energy than 5-DFT, and this small energy 
difference is consistent with the experimental results that suggest that the 16 e- silylene complex 
is readily accessible from 5. 

Notably, there are few examples of silylene complexes that are unsaturated at the metal center, 
and this may promote reactivity that is not possible for most silylene complexes.2e,24 For 
example, a 16 e- titanium silylene complex has been implicated as a key intermediate in an 
unusual [2 + 2] cycloaddition with alkynes.2e The molecular orbitals predicted for silylene-DFT 
were examined to gain insight into the bonding of this unusual species and the relative 
accessibility of the two available acceptor orbitals. The HOMO is a distorted Ru=Si π-bonding 
orbital, similar to those reported for other M(µ-H)SiR2 species (see supporting information).20 
The LUMO is the corresponding π*-orbital (Figure 4b), which has a large contribution from a 
silicon 3p-orbital as is typical for silylene complexes.25 The LUMO +1 is the σ*-combination of 
a phosphine ligand, a ruthenium 4d-orbital, and the agostic C—H bond (Figure 4c). Thus, 
silylene complexes of this type feature two unoccupied orbitals (at both the ruthenium and 
silicon centers) that should be accessible to nucleophiles. 
Figure 4. a) Structure of silylene-DFT determined by DFT geometry optimization. b) 
Representation of the LUMO and c) LUMO + 1 of silylene-DFT. 
 

a.  
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b.  
 
 
 

c.  
Facile H2 elimination involving hydridogermanes. 
 

It was anticipated that the [PhBPPh
3]Ru fragment might support germylene or η3-H2GeRR’ 

complexes, and efforts were focused on preparing and isolating such species for comparison with 
the related σ-silane complexes 1a-d and the silylene complex 6. Complexes 1a-c rapidly undergo 
silane exchange with free silanes (e.g. formation of 1b from treatment of 1a with PhMeSiH2), 
and it seemed possible that the silanes in 1a-c might also be displaced by hydridogermanes to 
form η3-H2GeRR’ complexes. Treatment of 1c with excess Ph2GeH2 (10 equiv) resulted in 
displacement of the silane within 30 minutes and the formation of H2 and multiple 
organometallic species (by 1H and 31P{1H} NMR) that could not be identified. Upon treatment of 
1b with a primary germane tBuGeH3, the elimination of H2 was also observed (by 1H NMR), but 
in this case the H2 elimination facilitated a catalytic cycle for Ge—H dehydrocoupling3 to form 
(tBuGeH2)2 (determined by 1H NMR and GC-MS, eq 2). Using 1 mol % 1b, the reaction 
provided a 90 % yield of the digermane after 24 h at room temperature  (by 1H NMR). 
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Equation 2 
 

 
 
 
 

 
Considering the ability of 1a-d to eliminate hydrogen, it is conceivable that a related complex 

[PhBPPh
3]Ru(H)(η3-H2GeHtBu) is formed and is responsible for the H2 elimination step of the 

Ge—H dehydrocoupling reaction (Scheme 8). Notably, PhMeSiH2 was observed (by 1H NMR) 
as a free species after the addition of tBuGeH3 to 1b, and this is consistent with the displacement 
of the silane by the germane. The elimination of H2 from the resulting η3-H2GeHtBu complex 
might produce a 16 electron germylene complex [PhBPPh

3]Ru(H)=Ge(H)tBu that could 
conceivably engage in Ge—H bond activation and Ge—Ge bond formation.3,26 Multiple Ru—H 
resonances were observed in the 1H NMR spectrum of this reaction mixture, and the 
corresponding complexes could not be identified. Thus, the possible involement of an η3-
H2GeHtBu species in this Ge—H dehydrocoupling reaction remains speculative, but is consistent 
with the reactivity observed for the [PhBPPh

3]Ru fragment with silanes (i.e. silane-silane 
exchange reactions involving 1a-c, and the elimination of H2 from 1a-d). 

 
 
 
 
 
 
 
Scheme 8 
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Since neither η3-H2GeRR’ complexes nor germylene complexes could be identified upon 

treatment of 1a-d with gemanes, efforts to prepare germylene complexes were focused on 
reactions of germanes with 3 or a related monoisocyanide benzyl complex [PhBPPh

3]Ru[CN(2,6-
diphenyl-4-MeC6H2)][CH2(3,5-Me2C6H3)] (7). Multiple products were obtained upon reaction of 
3 with Ph2GeH2 or MesGeH3, and these could not be isolated. Similarly, silylene complexes 
could not be obtained by treatment of either 3 or 7 with primary or secondary silanes. However, 
treatment of 7 with tBuGeH3 resulted in the elimination of mesitylene and formation of the 
hydridogermylene complex [PhBPPh

3]Ru[CN(2,6-Ph2-4-MeC6H2)](H)=GeHtBu (8, eq 3). The 1H 
NMR spectrum for 7 displays a broad resonance at 10.75 ppm that is consistent with the Ge—H 
hydrogen of a M=GeHtBu complex.27 The Ru—H 1H NMR resonance (-8.36 ppm) is similarly 
quite broad, and thus the Ru—H and Ge—H hydrogen appear to readily exchange position. At -
30 °C, both the Ru—H and Ge—H resonances were displayed as sharp signals that each 
integrated as 1 H. 

 
 

Equation 3 
 

 
 

The solid state structure of 8 was determined by single crystal XRD, including location and 
refinement of the Ru—H and Ge—H hydrogen atoms (Figure 5). Germylene character is 
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indicated by planarity about germanium (sum of bond angles at Ge = 359.8(9) Å) and the short 
Ru—Ge distance (dRu—Ge 2.3377(4) Å).27 Interestingly, this Ru—Ge distance is only 1.7 % 
longer than the Ru—Si distance in 6 despite an 8 % increase in covalent radius between silicon 
and germanium.28 The structure of 8 exhibits other notable differences with 5, and these include 
the absence of a bridging Ru—HGe interaction. The GeHtBu plane is oriented such that 
donation from the hydride ligand into the germanium p-orbital is not possible. The absence of 
Ru—HGe interaction in 8 is also evident from the long Ge—H distance (dGe—H(hydride) 2.45(4) 
Å) and a coordination geometry for ruthenium that is much closer to octahedral (vs. that for 6). 

 
 

Figure 5. Solid state structure of 8 determined by single crystal XRD analysis. Ellipsoids are set 
to 50 % probability and C—H hydrogen atoms are omitted for clarity. 
 

 
 
 

 
Hydrogen forms stronger bonds to silicon than germanium29 and this may explain the structural 

differences between 8 and 6, as well as the relative ease with which hydrogen is eliminated in the 
catalytic Ge—H dehydrocoupling reaction observed for tBuGeH3. The structural differences 
between 8 and 6 may also be influenced by the much larger size of the SiMes2 group relative to 
the GeHtBu group. The small hydrogen substituent allows the GeHtBu group to lie nearly 
coplanar to the Ge—Ru—H plane, and to approach the cis phosphine group much more closely 
than is possible for the SiMes2 group of 6. For the corresponding 16 e- germylene complex, this 
orientation of the GetBuH group would put the p-orbital on germanium parallel to the acceptor 
orbital centered on ruthenium, and this could be important for facilitating addition of a Ge—H 
bond across the Ru=Ge bond. This could explain the absence of dehydrocoupling reactivity for 
Ph2GeH2, since the larger GePh2 fragment may be unable to take on the necessary conformation.  
 
Conclusion 
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The η3-H2SiRR' complexes 1a-d were found to eliminate H2, apparently in an equilibrium 
between 1a-d and unusual 16 e- silylene complexes [PhBPPh

3]Ru(µ-H)=SiRR'. These silylene 
complexes are unstable to further decomposition and could not be directly observed, so a related 
η3-H2Si species ([PhBPPh

3]Ru[CH2(2-(η3-H2SiMes)-3,5-Me2C6H3], 5) was prepared as a model 
for the product of H2 elimination from 1a-d. Notably, complex 5 exists in equilibrium with the 
16 e- silylene complex ([PhBPPh

3]Ru(µ-H)=SiMes2), which was trapped with XylNC to form an 
18 e- silylene complex (6). The equilibrium between 5 and [PhBPPh

3]Ru(µ-H)=SiMes2 involves a 
reversible C—H elimination analogous to the H—H elimination from 1a-d. This provides 
support for the possibility that the latter process establishes an equilibrium between 1a-d and 16 
e- silylene complexes similar to [PhBPPh

3]Ru(µ-H)=SiMes2. Notably, silylene complexes with an 
unsaturated metal center are uncommon and no previous examples have been reported for group 
8 metal complexes. 

The equilibrium between 1a-d and unsaturated silylene complexes is particularly remarkable 
since 1a-d are formed from the treatment of a simple inorganic coordination complex 
{[PhBPPh

3]Ru(µ-Cl)}2 (2) with hydridosilanes. This demonstrates a simple pathway by which 
reactive silylene complexes might be formed as transient intermediates from common inorganic 
precatalysts (e.g. (Ph3P)3RuCl2). Such processes could have particular relevance to 
dehydrocoupling reactions as evidenced by the possible role of η3-H2GeRR’ species in the 
hydrogen elimination step of a Ge—H dehydrocoupling reaction. It is notable that the 
[PhBPPh

3]Ru fragment can support a variety of silylene complexes and related species (i.e. η3-
H2SiRR’ and germylene complexes). This will allow for detailed comparisons of the reactivity of 
these species with each other, as well as with the reactivity of previously studied Ru=ER2 (E = 
Si, Ge, Sn) complexes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Experimental Details 
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All manipulations of air sensitive compounds were conducted under a nitrogen atmosphere 
using standard Schlenk techniques or using a nitrogen atmosphere glovebox. Proteo solvents 
were stored in PTFE-valved flasks after drying using Vacuum Atmosphere solvent purification 
systems or by distillation under nitrogen from appropriate drying agents. Deuterated solvents 
(Cambridge Isotopes) were dried over NaK and vacuum-transferred prior to use. Xylyl 
isocyanide was purchased from commercial sources and purified by sublimation prior to use. The 
reagents (THF)3Li(SiHMes2),30 (THF)2MgMes2,31 and 2,6-diphenyl-4-methylphenyl isocyanide32 
were prepared according to literature procedures.  The complexes {[PhBPPh

3]Ru(µ-Cl)}2,33 
[PhBPPh

3]Ru—OtBu, and [PhBPPh
3]RuH(η3-H2SiRR’) (R,R’ = Et2 1a; R,R’ = Me,Ph 1b; RR’ = 

Ph2 1c; R,R’ = MeMes 1d) were prepared as described in chapters 1 and 2. Samples of 1b,c-d3 
were prepared by the same procedure as 1b,c, but using PhMeSiD2 or Ph2SiD2. The 31P{1H} and 
1H NMR spectra of 1b,c-d3 were identical to those of 1b,c except for the absence of a significant 
Ru—H resonance in the 1H NMR spectra of 1b,c-d3. 

NMR spectra were recorded on Bruker spectrometers at room temperature unless otherwise 
noted. Spectra were referenced internally by the residual proton signal relative to 
tetramethylsilane for 1H NMR, solvent peaks for 13C{1H} NMR, external 85 % H3PO4 for 
31P{1H} NMR, and tetramethylsilane for 29Si-1H HMBC experiments. Assignment of certain 
13C{1H} NMR signals was made on the basis of 1H-13C HSQC NMR data. The 13C{1H} NMR 
spectra for compounds 3 - 8 feature some broad and/or overlapping resonances so that each 
individual peak in the aromatic region could not be observed or individually indentified. The JSiH 
values for Ru—H—Si resonances were determined by examining satellite signals around the 
main Ru—H resonance in 1H{31P} NMR spectra or by the Ru—H resonances displayed in 29Si-
filtered 1H{31P} NMR experiments. Infrared spectra (Nujol mulls on NaCl plates) were recorded 
using a Nicolet 6700 FTIR spectrometer at a resolution of 2 cm-1. X-ray diffraction data were 
collected on a Bruker Platform goniometer with a Charged Coupled Device (CCD) detector 
(Smart Apex). Structures were solved using the SHELXTL (version 5.1) program library (G. 
Sheldrick, Bruker Analytical X-ray Systems, Madison, WI). All software and sources of 
scattering factors are contained in the SHELXTL (version 5.1) program library; G. Sheldrick, 
Bruker Analytical Systems, Madison, WI. Elemental analyses were performed by the University 
of California, Berkeley College of Chemistry Microanalytical Facility. 
 
 
Synthesis of [PhBPPh

3]Ru[η3-(3,5-dimethylbenzyl)]    (3).      A colorless solution of 
(THF)2MgMes2 (39 mg, 0.096 mmol)  in benzene (2 mL) was added to a dark orange-red 
solution of 2 (132 mg, 0.080 mmol) in benzene (2 mL). The resulting dark red solution was 
stirred for 5 h, after which the solution was filtered through Celite and solvent was evaporated to 
give a dark purple solid. The crude product was dissolved in toluene (2 mL) and this solution 
was layered with pentane and cooled to – 35 ºC. After 1 week, dark purple crystals had grown. 
Solvent was removed by pipette, the crystals were washed with pentane (3 x 3 mL), and 
remaining solvent was evaporated under vacuum to provide 3 as analytically pure, dark purple 
crystals (131 mg, 90 %). Anal. Calcd for C54H52BP3Ru (905.809): C, 71.60; H, 5.79. Found: C, 
71.98; H, 6.10. 1H NMR (C6D6, 600 MHz): δ 8.10 (br d, J = 7.1 Hz, 2 H), 7.65 (t, J = 7.3 Hz, 2 
H), 7.40 (t, J = 7.3 Hz, 1 H), 7.16 (br, 12 H), 6.87 (t, J = 7.3 Hz, 6 H), 6.77 (t, J = 7.3 Hz, 12 H), 
6.28 (s, 1 H), 5.14 (s, 2 H), 2.82 (s, 2 H, Ru—CH2Ar), 1.89 (s, 6 H, Ar(CH3)2), 1.84 (br, 6 H, B—
CH2—P). 13C{1H} NMR (C6D6, 150.893 MHz): 164.59 (br), 149.09, 141.54 (m), 132.90, 132.75, 
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129.76, 125.16, 124.63, 110.25, 37.48 (q, JCP = 6.4 Hz, Ru—CH2), 23.21 (Ar(CH3)2), 18.37 (br, 
B—CH2—P). 31P {1H} NMR (C6D6, 161.967 MHz): δ 55.6. 
 
 
Synthesis of [PhBPPh

3]Ru(η5-C6H7)    (4).      A solution of EtMe2SiH (85 mg, 0.96 mmol) in 
benzene (0.5 mL) was added to an orange solution of [PhBPPh

3]Ru(OtBu) (90 mg, 0.105 mmol) 
in benzene (1 mL). The solution was stirred for 20 hours to give a yellow solution. The solvent 
was removed under vacuum and the resulting solids were washed with pentane (3 x 3 mL) and 
dried under vacuum to provide 4 as an analytically pure off-white powder (81 mg, 89 %). Anal. 
Calcd for C51H48BP3Ru (865.746): C, 70.76; H, 5.59. Found: C, 70.96; H, 5.79. 1H NMR (C6D6, 
600 MHz): δ 8.10 (d, J = 7.1 Hz, 2 H), 7.60 (t, J = 7.3 Hz, 2 H), 7.38 (t, J = 7.3 Hz, 1 H), 7.34 – 
6.40 (br, 30 H), 5.32 (t, J = 4.4 Hz, 1 H), 5.11 (t, J = 5.7 Hz, 2 H), 2.90 (m, 1 H), 2.72 (t, J = 6 
Hz, 2 H), 2.65 (m, 1 H), 2.40 – 1.40 (br, 6 H). 13C{1H} NMR (C6D6, 150.893 MHz): 164.73 (br), 
145.24 (br), 132.90 (br), 132.70, 128.92, 128.31, 128.08 (br), 124.60, 97.67, 78.84, 50.08, 28.21 
(cyclohexadienyl CH2), 24.32 (br, BCH2P). 31P {1H} NMR (C6D6, 161.967 MHz): δ 39.5. 
 
 
Synthesis of [PhBPPh

3]Ru[2-(η3-H2SiMes)-3,5-Me2C6H2]    (5). A solution of 
(THF)3LiSiHMes2 (209 mg, 0.50 mmol) in benzene (1 mL) was added to a stirring suspension of  
2 (386 mg, 0.23 mmol) in  benzene (10 mL) at room temperature. After stirring for 7 hours, the 
orange suspension was filtered through a plug of Celite. The resulting solution was concentrated 
under vacuum until a yellow precipitate began forming. The suspension was frozen by cooling to 
-30 ºC. After thawing the mixture, a light orange precipitate settled to the bottom of the 
suspension and the cold supernatant was decanted. The light orange solids were washed with 
pentane (2 x 5 mL) and dried under vacuum to afford analytically pure material (302 mg, 0.29 
mmol, 57%). Yellow crystals of 5 could be obtained by vapor diffusion of pentane into toluene 
solutions of 5 at -30 C, and a single crystal grown by this method was used for singly crystal X-
ray diffraction to determine the solid-state structure of 5. Anal. Calcd for C63H64BSiP3Ru 
(1054.07): C, 71.60; H, 6.12. Found: C, 71.88; H, 6.14. 1H NMR (C6D6, 600 MHz): δ 8.15(d, J = 
7.3 Hz, 2 H), 7.69 (br t, J = 7.4 Hz, 4 H), 7.64 (t, J = 7.4 Hz, 2 H), 7.43 (br t, J = 7.4 Hz, 4 H), 
7.40 (t, J = 7.3 Hz,1 H), 7.21 (1 H), 6.99 (t, J = 7.3 Hz, 4 H), 6.95 (d, J = 7.3 Hz, 4 H), 6.84 (t, J 
= 7.3 Hz, 4 H), 6.73 - 6.67 (m, 6 H), 6.63 (1 H), 6.53 (2 H), 6.55 (2 H), 6.49 (t, J = 7.3 Hz, 4 H), 
2.91 (br, 2 H, Ru—CH2—Ar), 2.18 (6 H, Ar(CH3)2), 2.05 (br, 4 H, B—CH2—P), 2.05 (3 H, 
ArCH3), 1.99 (3 H, ArCH3), 1.97 (3 H, ArCH3), 1.95 (d, JPH = 12 Hz, 2 H, B—CH2—P), - 7.00 
(m, JSiH = 105 Hz, 2 H, Ru—H—Si). 13C{1H} NMR (toluene-d8, 100.6 MHz): 174.91, 144.80, 
144.17, 144.27, 142.00, 141.83, 141.63, 140.84, 140.69, 139.49-138.99 (m), 136.85, 136.76, 
135.30, 133.22-133.08 (m), 132.42-132.16 (m), 128.50, 127.38, 127.20, 127.12, 124.11, 32.68 
(d, 41.0 Hz, Ru—CH2Ar), 24.65, 22.49, 21.38, 21.21, 21.09, 17.46 (br). 31P{1H} NMR (161.967 
MHz, C6D6): 45.45 (d, JPP = 27 Hz), 25.20 (t, JPP = 27 Hz). 29Si NMR (C6D6, 1H-29Si HMBC: 400 
MHz (1H), 79.50 MHz (29Si)): δ 138. IR (cm-1): 1674 (Ru—H—Si). 
 
 
Synthesis of [PhBPPh

3]Ru(CNXyl)(µ-H)=SiMes2    (6). A solution of 2,6-dimethylphenyl 
isocyanide (XylNC, 13 mg, 0.098 mmol) in toluene (1 mL) was added to a stirring, yellow 
suspension of 10 (100 mg, 0.095 mmol) in toluene (3 mL) at room temperature. After stirring for 
4 hours, the bright orange suspension was dried of solvent under vacuum. The resulting orange 



 86 

solids were washed with cold pentane (2x5 mL) and dried under vacuum to give 6 as an 
analytically pure orange powder (87 mg, 0.073 mmol, 77%). Crystallization by vapor diffusion 
of pentane into a solution of 5 in toluene at -30 °C provided a crystal suitable for structural 
determination by single crystal X-ray diffraction analysis. Anal. Calculated: C 72.96%, H 6.21%, 
N 1.18%; Found: C 73.03%, H 6.39%, N 1.24%. 1H NMR (C6D6, 600 MHz): 8.38 (t, J = 8.7 Hz, 
2 H), 8.26 (t, J = 8.7 Hz, 2 H), 8.03 (d, J = 7.1 Hz, 2 H), 7.61 – 7.54 (m, 4 H), 7.35 (t, J = 7.1 Hz, 
1 H), 7.20 (t, J = 7.1 Hz, 1 H), 7.18 – 7.12 (m, 5 H), 7.07 (t, J = 8.7 Hz, 2 H), 6.88 (t, J = 8.7 Hz, 
2 H), 6.79 (t, J = 7.4 Hz, 1 H), 6.78 – 6.70 (br m, 5 H), 6.65 (t, J = 7.4 Hz, 2 H), 6.61 – 6.52 (m, 
5 H), 6.47 – 6. 42 (m, 4 H), 6.41 (1 H), 6.32 (2 H), 6.30 (1 H), 2.93 (3 H, ArCH3), 2.86 (3 H, 
ArCH3), 2.56 (3 H, ArCH3), 2.30 (3 H, ArCH3), 2.18 (m, 1 H, B—CH2—P), 2.07 (m, 1 H, B—
CH2—P), 2.01 (3 H, ArCH3), 1.96 (m, 1 H, B—CH2—P), 1.90 (m, 1 H, B—CH2—P), 1.82 (m, 1 
H, B—CH2—P), 1.77 (6 H, Ar(CH3)2), 1.69 (3 H, ArCH3), 1.67 (m, 1 H, B—CH2—P), -7.92 
(ddd, JPH = 32, 9, 3 Hz, JSiH = 43 Hz, 1 H, Ru—H). 13C{1H} NMR (C6D6, 150.893 MHz): 172.25 
(dt, JCP = 79, 13 Hz, Ru—CNXyl), 165.59 (br), 145.46, 145.44, 145.22, 145.20, 145.10, 145.08, 
144.90, 144.88, 143.65, 143.62, 142.39, 142.17, 142.07, 141.68, 141.41, 141.38, 141.18, 141.15, 
140.74, 140.51, 140.09, 138.96, 138.93, 138.25, 138.13, 135.22, 135.11, 135.04, 134.92, 134.84, 
133.97, 133.91, 133.79, 133.71, 133.24, 133.18, 133.05, 132.99, 132.60, 129.57, 129.54, 129.50, 
129.45, 129.31, 129.22, 128.92, 127.62, 127.47, 127.32, 127.26, 126.99, 126.93, 126.69, 124.42, 
27.20, 26.78, 25.27, 24.87, 23.19 (br), 21.74 (br), 21.29, 21.08, 19.33, 17.93 (br). 31P {1H} NMR 
(C6D6, 161.967 MHz): 46.35 (dd, JPP = 21, 39 Hz), 31.80 (dd, JPP = 21, 32 Hz), 24.49 (dd, JPP = 
32, 39 Hz). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 208. IR (cm-1): 
2069 (CNXyl), 1996 (Ru—H). 
 
 
Synthesis of [PhBPPh

3]Ru[CN(2,6-diphenyl-4-methylphenyl)](η1-(3,5-dimethylbenzyl)     (7). 
A solution of 2,6-diphenyl-4-methylphenyl isocyanide (26 mg, 0.096 mmol) in benzene (1 mL) 
was added dropwise over 2 minutes to a stirring solution of 3 (87 mg, 0.096 mmol) in benzene (2 
mL). As the isocyanide was added, the color of the solution changed from dark purple to dark 
red. Solvent was removed under vacuum and the resulting dark red solid was washed with 
pentane (3 mL). The crude product was dissolved in toluene (1 mL), layered with pentane, and 
cooled to – 20 °C. After 1 day, dark red crystals had grown, the supernatant was decanted, and 
the product was washed with pentane (3 x 2 mL) before drying under vacuum to provide 7 as 
dark red crystals of suitable purity for further synthetic use (108 mg, 96 %). Anal. Calcd for 
C74H67BNP3Ru (1175.155): C, 75.63; H, 5.75; N, 1.19. Found: C, 75.19; H, 6.27; N, 1.17. 1H 
NMR (C6D6, 600 MHz): 8.02 (d, J = 7.5 Hz, 2 H), 7.59 (t, J = 7.5 Hz, 2 H), 7.43 – 7.34 (m, 9 H), 
7.24 (t, J = 7.5 Hz, 4 H), 7.22 – 7.17 (m, 4 H), 7.13 (t, J = 7.5 Hz, 4 H), 6.95 (m, 5 H), 6.83 (t, J 
= 7.2 Hz, 2 H), 6.80 (2 H), 6.78 (t, J = 7.2 Hz, 2 H), 6.65 (br t, J = 6.9 Hz, 8 H), 6.55 (2 H), 2.78 
(d, J = 8.1 Hz, 2 H, Ru—CH2Ar), 2.28 (6 H, Ar(CH3)2), 1.93 (3 H, ArCH3), 1.91 (d, J = 12 Hz, 
B—CH2—P), 1.75 (t, J = 13 Hz, 2 H, B—CH2—P), 1.66 (t, J = 13 Hz, 2 H, B—CH2—P). 
13C{1H} NMR (C6D6, 150.893 MHz): 175.15 (dt, JPC = 94 Hz, JCP = 12 Hz, Ru—CNAr), 144.63 
(d, JPC = 36 Hz), 142.22 (JPC = 34 Hz), 141.08, 140.17, 139.85, 138.52 (d, JPC = 31 Hz), 137.55, 
134.59 (JPC = 11 Hz), 134.48, 134.27 (JPC = 10 Hz), 132.68 (JPC = 10 Hz), 132.39, 129.94, 
129.71, 128.79, 128.12, 128.06, 127.91 (JPC = 9 Hz), 127.70, 127.68, 124.41, 124.05, 123.75, 
31.29 (td, JPC = 15 Hz, JPC = 6 Hz, Ru—CH2Ar), 24.10 (br, B—CH2—P), 22.44 (Ar(CH3)2), 
22.08 (br, B—CH2—P), 21.11 (ArCH3). 31P {1H} NMR (C6D6, 161.967 MHz): 46.4 (br), 26.77 
(t, JPP = 34 Hz). IR (cm-1):  2037 (CNXyl). 
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Synthesis of [PhBPPh

3]Ru[CN(2,6-diphenyl-4-methylphenyl)](H)=GeHtBu      (8). Compound 
6 (85 mg, 0.072 mmol) was dissolved in a solution of tBuGeH3 (10 mg, 0.075 mmol) in benzene 
(1 mL) to give a dark red solution. After stirring for 24 h, the solution had turned orange and 
solvent was evaporated under vacuum. The resulting orange solid was washed with pentane (2 
mL), dissolved in fluorobenzene (1.5 mL), layered with pentane, and then cooled to – 30 °C. 
After 1 week, this provided analytically pure 8 as orange crystals and yellow microcrystalline 
powder (68 mg, 79 %). A single crystal of 8 suitable for structural determination by X-ray 
diffraction analysis was grown by addition of pentane to a solution of 8 in fluorobenzene at room 
temperature. Anal. Calcd for C69H67BNP3GeRu (1184.823): C, 69.95; H, 5.70; N, 1.18. Found: C, 
70.11; H, 5.78; N, 1.10. 1H NMR (C6D6, 600 MHz): 10.74 (br, 1 H, Ge—H), 7.99 (d, J = 6.9 Hz, 
2 H), 7.73 – 7.25 (br, 18 H), 7.09 – 6.94 (br, 27 H), 1.99 (3 H, ArCH3), 1.92 – 1.46 (br, 6 H, B—
CH2—P), 1.21 (9 H, C(CH3)3), -8.35 (br, 1 H, Ru—H). 13C{1H} NMR (C6D6, 150.893 MHz): 
172.69 (dt, JCP = 79 Hz, JCP = 10 Hz, Ru—CNAr), 165.95, 143.72 (m), 139.48 (br), 137.62, 
133.51 (d, JCP = 9 Hz), 133.15 (br), 132.63, 131.88, 130.35 (br), 129.29, 128.05, 127.88 (br), 
124.87, 124.31, 28.20, 21.88 (br, B—CH2—P), 21.27. 31P {1H} NMR (C6D6, 161.967 MHz): 
35.28 (t, JPP = 35 Hz), 33.64 (d, JPP = 35 Hz). IR (cm-1): 2047 (CNXyl), 1900 (Ru—H). 
 
 
Exchange of H2/D2 between solid samples of 1c and 1c-d3.     A sample of 1c-d3 (5 mg) was 
transferred to a small glass test tube and then ground into a fine powder using a spatula. A 
sample of 1c (35 mg) was ground into a fine powder using a spatula and then transferred to a 
glass ampule (20 mL volume). The glass tube containing 1c-d3 was placed inside the ampule, and 
the ampule was then evacuated and flame sealed. After 5 days, the ampule was opened in a 
nitrogen atmosphere glovebox with care to observe that the deutero sample did not be become 
contaminated with the proteo sample. The sample of 1c-d3 was dissolved in C6D6 and examined 
by 1H NMR, which revealed the presence of an Ru—H resonance that integrated as 0.50 H 
(compared with 0.14 H for 1c-d3 that was not exposed to 1c). 
 
 
General procedures for transfer of H2 through gas phase from solutions of 1b, 1b-d3, or 1d 
to solutions of 3. A sample of the η3-H2SiRR’ complex (5 - 8 mg, 0.005 - 0.009 mmol) and a 
sample of 3 (5 - 8 mg, 0.005 - 0.009 mmol) were dissolved separately in benzene, benzene-d6, or 
toluene-d8 (1 mL per sample). The solutions of the η3-H2SiRR’ complexes were yellow and the 
solutions of 3 were dark purple. A Signer molecular weight apparatus was charged with two stir 
bars and the two solutions (one solution for each bulb). The solutions were subjected to two 
freeze-pump-thaw cycles before sealing the apparatus under vacuum. The solutions were stirred 
for 2 - 3 days, and then examined visually and by NMR spectroscopy.  
 
 
Experimental details for formation and observation of 1e upon addition of H2 or D2 to 5. 
Complex 5 (6 mg, 0.006 mmol) was dissolved in benzene or C6D6 (0.6 ml) and three freeze-
pump-thaw cycles were applied to the solution in a J-Young NMR tube. The NMR tube was then 
filled with an atmosphere of H2 or D2 and the tube was rotated end over end using a slowly 
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rotating motor in order to ensure constant saturation of the solution with H2. The reaction was 
monitored by 31P{1H} NMR, and 1H NMR or 2H NMR spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Details for structural determination by single crystal X-ray Diffraction 
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Crystal data and structure refinement for 5. 

Identification code  shelxl 

Empirical formula  C70 H72 B P3 Ru Si 

Formula weight  1146.11 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 12.1371(6) Å α= 70.662(2)°. 

 b = 14.6800(6) Å β= 76.209(2)°. 

 c = 18.6112(9) Å γ = 68.311(2)°. 

Volume 2881.8(2) Å3 

Z 2 

Density (calculated) 1.321 Mg/m3 

Absorption coefficient 0.410 mm-1 

F(000) 972 

Crystal size 0.15 x 0.10 x 0.10 mm3 

Theta range for data collection 1.67 to 25.37°. 

Index ranges -14<=h<=14, -17<=k<=17, -22<=l<=22 

Reflections collected 84909 

Independent reflections 10502 [R(int) = 0.0379] 

Completeness to theta = 25.37∞ 99.2 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1 and 0.9410 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10502 / 0 / 698 

Goodness-of-fit on F2 1.049 

Final R indices [I>2sigma(I)] R1 = 0.0323, wR2 = 0.0755 

R indices (all data) R1 = 0.0399, wR2 = 0.0798 

Largest diff. peak and hole 1.003 and -0.446 e. Å-3 
 

 

 

 

Crystal data and structure refinement for 6. 
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Identification code  shelxl 

Empirical formula  C72 H73 B N P3 Ru Si 

Formula weight  1185.20 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 14.8682(10) Å α= 87.716(2)°. 

 b = 15.3817(9) Å β= 89.078(2)°. 

 c = 16.0142(11) Å γ = 61.844(2)°. 

Volume 3226.5(4) Å3 

Z 2 

Density (calculated) 1.220 Mg/m3 

Absorption coefficient 0.375 mm-1 

F(000) 1106 

Crystal size 0.05 x 0.04 x 0.01 mm3 

Theta range for data collection 1.27 to 25.43°. 

Index ranges -17<=h<=17, -12<=k<=18, -19<=l<=19 

Reflections collected 22066 

Independent reflections 11828 [R(int) = 0.0557] 

Completeness to theta = 25.43∞ 99.2 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1 and 0.9815 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11828 / 0 / 723 

Goodness-of-fit on F2 0.929 

Final R indices [I>2sigma(I)] R1 = 0.0545, wR2 = 0.1093 

R indices (all data) R1 = 0.0973, wR2 = 0.1217 
Largest diff. peak and hole 0.568 and -0.566 e.Å-3 
 
 
 
 
 
 
 
 
Crystal data and structure refinement for 8. 
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Identification code  shelxl 

Empirical formula  C69 H67 B Ge N P3 Ru 

Formula weight  1187.64 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 12.4051(12) Å a= 72.644(5)°. 

 b = 13.7162(13) Å b= 88.841(5)°. 

 c = 20.534(2) Å g = 65.196(4)°. 

Volume 3004.8(5) Å3 

Z 2 

Density (calculated) 1.299 Mg/m3 

Absorption coefficient 0.872 mm-1 

F(000) 1216 

Crystal size 0.15 x 0.15 x 0.10 mm3 

Theta range for data collection 1.71 to 25.40°. 

Index ranges -14<=h<=14, -16<=k<=16, -24<=l<=24 

Reflections collected 65639 

Independent reflections 11021 [R(int) = 0.0400] 

Completeness to theta = 25.40° 99.6 %  

Max. and min. transmission 0.9179 and 0.8803 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11021 / 0 / 729 

Goodness-of-fit on F2 1.055 

Final R indices [I>2sigma(I)] R1 = 0.0290, wR2 = 0.0682 

R indices (all data) R1 = 0.0344, wR2 = 0.0702 

Largest diff. peak and hole 0.501 and -0.593 e.Å-3 
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Computational Details. All calculations were performed using Gaussian ’09 suite of programs 
in the molecular graphics and computing facility of the College of Chemistry, University of 
California, Berkeley. Calculations were performed using the B3PW91 hybrid functional with the 
6-31G(d,p) basis set for all main-group elements and the LANL 2DZ basis set for ruthenium. 
The crystallographically determined atomic coordinates of 5 and 6 were used as starting points 
for geometry optimization calculations of 5-DFT and 6-DFT.  The xylyl isocyanide ligand of 6-
DFT was deleted to create a 16 e- ruthenium silylene structure that was used as a starting point 
for optimization to the 16 e- silylene structure silylene-DFT. Vibrational frequencies were 
calculated for all converged structures and confirm that these structures lie on minima (no 
imaginary frequencies were determined). 
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Chapter 5 
 

Electrophilic η3-H2SiRR’ Complexes of Ruthenium as Key Intermediates  
for Efficient and Robust Hydrosilation of Ketones 

 
By Mark Christopher Lipke 

 
Introduction 
 

Transition metal catalyzed carbonyl hydrosilation reactions are useful for the reduction of 
ketones, aldehydes, and esters under mild conditions.1 There is considerable interest in 
understanding the mechanisms of these transformations, and a variety of catalytic cycles have 
been proposed.2-5 Recent mechanistic proposals feature the attack of a ketone substrate at an 
electrophilic silicon center in the coordination sphere of the transition metal catalyst (Scheme 1). 
For example, it has been proposed that cationic rhodium complexes might activate secondary 
silanes to generate a silylene dihydride complex as a key intermediate that binds the ketone (path 
A).4 Investigation of this mechanistic hypothesis has been somewhat hampered by the fact that 
silylene complexes have not been isolated or otherwise clearly detected for these rhodium 
catalyzed reactions.1d,4 Isolated silylene complexes of other transition metals have been 
examined as (pre)catalysts for ketone hydrosilation reactions, but detailed mechanistic 
investigations are also lacking for these systems.6 

 
 

Scheme 1 
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Cationic iridium and ruthenium R3Si—H σ-complexes might also serve as key electrophilic 
intermediates for catalytic ketone hydrosilation reactions (path B).5 For these mechanistic 
proposals, attack of the ketone substrate at silicon results in heterolytic cleavage of the 
coordinated Si—H bond. This transfers a silyl cation to the ketone substrate to form 
[R3SiO=CR2]+, which can then accept a hydride from the metal. Experimental and 
computational investigations have presented support for this mechanistic proposal, and similar 
mechanisms might be important in the hydrosilation of other substrates (e.g. nitriles, amides, 
pyridines) with high selectivity for specific products (e.g. N-silylimines,7a N-silyl amines,7b N-
silyl-1,4-dihydropryidines,7c respectively).  

Considering the apparent variety of possible carbonyl hydrosilation mechanisms involving 
electrophilic silicon, and the general lack of mechanistic understanding, it is important to 
characterize these pathways in more detail. A deeper understanding of these mechanisms could 
provide insight into the selectivities of hydrosilation reactions (e.g. enantioselectivity or 1,2- vs 
1,4-regioselectivity for α,β-unsaturated ketones),3,4 as well as aid in the development of new 
hydrosilation reactions and improved catalysts. 

With these factors in mind, we examined electrophilic η3-H2SiRR’ σ-complexes of the type 
[PhBPPh

3]RuH(η3-H2SiRR’) (path C, RR’ = PhMe, 1a; Ph2, 1b) as possible catalysts for ketone 
hydrosilation. We recently demonstrated that 1a,b react with Lewis bases to form unusual 
adducts of the type [PhBPPh

3]Ru(µ-H)3SiRR’(base),8 and that adducts of this type are important 
intermediates for a stoichiometric hydrosilation reaction between XylNC and 1a,b.9 Herein we 
report that complexes 1a,b are efficient catalysts for the hydrosilation of electron rich and 
electron poor ketones. These reactions represent the first examples of catalytic transformations 
for electrophilic silane σ-complexes of this type, and a detailed mechanistic investigation was 
undertaken to examine the role of the η3-H2SiRR’ ligands in hydrosilation of ketones. These 
studies reveal that the binding of a ketone to the silicon center of 1a,b activates the ketone to 
undergo insertion into a partially activated Si—H bond (i.e. part of a Ru—H—Si 3c-2e 
interaction). Notably, this mechanism exhibits key features of both the silylene mechanism (i.e. 
involvement of an electrophilic silicon center derived from the activation of two Si—H bonds),4 
and the σ-silane mechanism (i.e. electrophilic Si—H σ-complexes as key intermediates).5 
Additionally, the involvement of a six-coordinate silicon intermediate is a unique feature of the 
η3-H2SiRR’ mechanism. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 96 

Results and Discussion 
 
Hydrosilation of ketones catalyzed by 1a. 
 

The catalytic hydrosilation of benzophenones with a variety of silanes was examined for initial 
screening of the catalytic activity of the η3-H2SiRR’ complexes 1a (Eq 1, Table 1). Addition of 
benzophenone (in benzene-d6) to a pale yellow solution of PhMeSiH2 (1.1 equiv) and 1 mol % 
1a (in benzene-d6) resulted in an immediate change in color to golden yellow. After 15 minutes 
the yellow color had faded substantially and the 1H NMR spectrum of the mixture revealed 
quantitative formation of the expected 1,2-hydrosilation product PhMeHSi—O—CHPh2 (Table 
1, entry 1). Identical results were obtained when 1a was generated in situ from PhMeSiH2 and 
{[PhBPPh

3]Ru(µ-Cl)}2 (2) prior to the addition of benzophenone (entry 2). Very low catalyst 
loadings were effective for the hydrosilation of benzophenone with PhMeSiH2. With 0.01 mol % 
of 1a in neat PhMeSiH2, 81 % conversion of benzophenone was observed after 3 h, and 
quantitative yield was achieved after 24 h (entry 3) At an even lower catalyst loading (0.001 mol 
% 1a), a 46 % yield was achieved after 48 h (entry 4). These results (TOF = 45 s-1 and TON = 
4.6 x 104) demonstrate that 1a is a highly efficient catalyst for the hydrosilation of 
benzophenone.10 
 
 
Equation 1 

 
 
Table 1. Hydosilation of benzophenone catalyzed by 1a (Eq 1).a 

Entry Silane 1a (mol %) Time (h) Yield (%)b 
1 PhMeSiH2 1 0.25 quant 
2 PhMeSiH2 1c 0.25 quant 

3 81 3d PhMeSiH2 0.01 
24 99 

4d PhMeSiH2 0.001 48 46 
5 Ph2SiH2 1 24 66 
6 Ph2SiH2 5 24 97 
7 iPr2SiH2 2.5 24 0 
8e  iPr2SiH2 2.5 24 0 
9 EtMe2SiH 5 24 0 
10f EtMe2SiH 1 1.5 quant 

a) 23 °C in C6D6. b) Determined by 1H NMR using a C6Me6 internal standard. c) Generated in situ from PhMeSiH2 
and 2. d) Neat PhMeSiH2 as solvent. e) 60 °C in C6D6. f) 23 °C in CD2Cl2. 
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The catalytic hydrosilation of benzophenone was less efficient when using Ph2SiH2 (Table 1, 
entries 5 and 6), and did not proceed at all when using iPr2SiH2 (entries 7 and 8). For the latter 
reaction, the addition of iPr2SiH2 to 1a initially resulted in the displacement of PhMeSiH2 (by 1H 
NMR) and the observation of a new Ru—H resonance that is consistent with the formation of 
[PhBPPh

3]RuH(η3-H2SiiPr2) (1H δ -7.45 ppm) as the major [PhBPPh
3]Ru species (> 90 %) in 

solution.8 After heating to 60 °C, this species had entirely converted into the η5-cyclohexadienyl 
complex [PhBPPh

3]Ru(η5-C6D6H) (3-d6, observed by 1H and 31P{1H} NMR).11 Thus, it appears 
that for this example, catalyst deactivation by formation of 3-d6 is faster than reaction of the η3-
H2SiiPr2 complex with benzophenone.  

The hydrosilation of benzophenone was also ineffective under these conditions when using a 
relatively small tertiary silane substrate (EtMe2SiH, entry 9). In this case, the formation of 3-d6 
was evident (by 1H and 31P{1H} NMR) after the addition of 1a to the reactants in benzene-d6.  
The rapid formation of 3-d6 may be due to the lower stability of the η2-H—SiMe2Et binding 
mode relative to the η3-H2Si binding mode available to secondary silanes. However, the reaction 
proceeds in CD2Cl2 to give the hydrosilation product in quantitative yield (entry 10). Notably, 
the reaction solution was orange in color rather than the golden yellow that was consistently 
observed for the reactions utilizing Ph2SiH2 or PhMeSiH2. The 1H and 31P{1H} NMR spectra of 
the reaction solutions indicated that the resting state for the catalytic cycle is an alkoxide 
complex [PhBPPh

3]Ru—O—CHPh2 (4b) for EtMe2SiH as the silane substrate, and an Si—H σ-
complex of the type [PhBPPh

3]Ru(H)(η2-H—SiRR’H) (RR’ = MePh, 5a; RR’ = Ph2, 5b) for the 
secondary silane substrates (see mechanistic investigation below for complete discussion of 
isolation and characterization of 4b, and in situ observation and characterization of 5a,b). 

Several additional ketones were examined as substrates for catalytic hydrosilation using 
PhMeSiH2 with 1a as the catalyst (Eq 2, Table 2). A variety of 4-substituted and 4,4’-
disubstituted benzophenones underwent quantitative hydrosilation within 20 minutes at room 
temperature (1.1 equiv of PhMeSiH2 and 1 mol % 1a in benzene-d6). The substituted 
benzophenones ranged from electron rich (4-methyoxy, entry 5) to electron poor (4,4’-difluoro, 
Table 2, entry 6), and thus the electronics of these benzophenones does not appear to 
substantially affect the rate or yield of catalytic hydrosilation. 

Acetophenone was also effective as a substrate, but required a higher catalyst loading to 
achieve full conversion of substrate (Table 2, entries 10 and 11) due to deactivation of the 
catalyst by formation of 3-d6. At full conversion of acetopheonone, a 90 % yield of the 
hydrosilation product was observed by 1H NMR spectroscopy along with at least one minor 
organic side product that was not identified. It is conceivable that these side reactions are 
responsible for the relatively rapid formation of 3-d6 with this substrate. Cyclopentanone was 
also converted to more than one product (Table 2, entry 13), and in this case the selectivity for 
the hydrosilation product was even lower (65 % yield at full conversion). A 1-cyclopentenyl silyl 
ether C5H7—O—SiHMePh was also produced (35 % yield), and thus the activation of the α-H—
C bonds of the ketone competes with hydrosilation in this case. However, note that this was not 
observed for cyclopropyl phenyl ketone, which underwent hydrosilation with an efficiency 
similar to that of the benzophenones (entry 12).  

Fluorinated acetophenones were also effective substrates, but the reactions proceeded slower 
than with benzophenones or acetophenone. With 1,2,3,4,5-pentafluoroacetophenone, the reaction 
required a much longer time (24 h) and higher catalyst loading (2.5 mol %) to achieve a high 
yield of the hydrosilation product (Table 2, entries 15 and 16). Catalytic hydrosilation of α,α,α-
trifluoroacetophenone was even less efficient, and required heating to 80 °C for hydrosilation at 
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an appreciable rate (Table 2, entry 14). The lower reactivity with these electron deficient 
substrates is consistent with the possible role of the electrophilic η3-H2SiRR’ ligand in catalysis, 
since binding of these substrate to silicon would be less favorable than for more nucleophilic 
ketones. 

 
 
 

Equation 2 

 
 
 
 

Table 1. Hydosilation of ketones using PhMeSiH2 catalyzed by 1a (Eq 2).a 

Entry Ketone 
 (RR’C=O) 

1a  
(mol %) 

Time  
(h) 

Yield (%)b 

1 p-C6H4F, Ph 1 0.3 quant 
2 p-C6H4Cl, Ph 1 0.3 quant 
3 p-C6H4Br, Ph 1 0.3 quant 
4 p-C6H4Me, Ph 1 0.3 quant 
5 p-C6H4OMe, Ph 1 0.3 quant 
6 p-C6H4F, p-C6H4F 1 0.3 quant 
7 p-C6H4Cl, p-C6H4Cl 1 0.3 quant 
8 p-C6H4Br, p-C6H4Br 1 0.3 quant 
9 p-C6H4Me, p-C6H4Me 1 0.3 quant 
10 Ph, Me 1 0.5 44 
11 Ph, Me 2.5 0.25 90 
12 Ph, cyclopropyl 1 0.5 quant 
13 cyclopentanone 1 0.75 65c/35d 
15 C6F5, Me 1 24 69 
16 C6F5, Me 2.5 24 90 
14e Ph, CF3 2.5 24 75 

a) 23 °C  in C6D6. b) Determined by 1H NMR using a C6Me6 internal standard. c) Cyclopentyl silyl ether product d) 
Cyclopentenyl silyl ether product e) Heated to 80 °C in C6D6. 
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Mechanistic investigations with stoichiometric reactions. 
 

The carbonyl hydrosilation reactions described above are the first examples of catalytic activity 
involving η3-H2SiRR’ complexes 1a,b.8 Thus, it was of interest to examine what role the η3-
H2SiRR’ ligand might have in the mechanism of these catalytic hydrosilation reactions. We have 
previously demonstrated the ability of XylNC to undergo a 1,1-insertion into an Si—H bond of 
the adducts [PhBPPh

3]Ru(µ-H)3SiRR’(CNXyl) (RR’ = MePh, 1aCNXyl; RR’ = Ph2,  
1bCNXyl),9 and it seems possible that a similar pathway might be responsible for promoting 
the 1,2-hydrosilation reaction of ketones. However, the 1,2-insertion of a ketone into the Si—H 
bond of 1bketone might be expected to be geometrically less favorable than the 1,1-insertion 
for the isocyanide, and this could prevent such a mechanism for ketones.  Additionally, a 
mechanism that does not involve η3-H2Si coordination must be possible as evident from 
hydrosilation reactions using EtMe2SiH. Thus, additional information on possible hydrosilation 
mechanisms was sought, and the hydrosilation of benzophenone was chosen for detailed 
examination since this substrate cleanly provides the hydrosilation product in high yields using 
PhMeSiH2, Ph2SiH2, or EtMe2SiH.  

During the hydrosilation using EtMe2SiH, it was possible to observe a new 31P{1H} NMR 
resonance (δ 78.45 ppm in CD2Cl2) in the same region as that for the previously reported tert-
butoxy complex [PhBPPh

3]RuOtBu (31P{1H} δ 80.44 ppm, 4a).9 This latter species reacts with 
EtMe2SiH in benzene-d6 to quantitatively form EtMe2Si—O—tBu and 3-d6.11 Thus, it seemed 
possible that the observed intermediate species might be a related diphenylmethoxy complex 
[PhBPPh

3]Ru—OCHPh2 (4b), and that reaction of this species with EtMe2SiH forms the 
hydrosilation product EtMe2Si—O—CHPh2 (Scheme 2). This should also generate  

 
 

Scheme 2 
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[PhBPPh
3]Ru—H or a reactive equivalent featuring a weakly coordinating ligand (e.g. 

[PhBPPh
3]Ru(H)(L), L = solvent, product, EtMe2SiH). Insertion of benzophenone into the Ru—H 

bond would regenerate 4b, thus allowing for catalytic turnover. Benzene can compete with 
benzophenone for insertion into the Ru—H bond, and the rapid formation of the catalytically 
inactive species 3-d6 would explain the lack of catalysis with C6D6 as the solvent and EtMe2SiH 
as the silane. 

Complex 4b was isolated in analytically pure form following an independent synthesis 
involving treatment of the µ-chloro dimer 2 with two equivalents of the diphenylmethoxide salt 
NaOCHPh2 (Eq 3). The 31P{1H} NMR spectrum of 4b confirmed that it is the same species 
observed as the possible resting state for catalysis with EtMe2SiH. The 1H NMR spectrum of 4b 
(in C6D6) displayed a broad resonance for the alkoxide C—H bond that was observed at slightly 
different chemical shifts depending on the concentration of the solution (1H δ 6.52 ppm (70 
mM); δ 6.56 ppm (10 mM). This suggested that 4b might exist in solution as a monomer-dimer 
equilibrium. Complex 4a was previously found to be monomeric in the solid state (by single 
crystal X-ray diffraction analysis),9 and it has now been confirmed that 4a is also primarily 
monomeric in solution as evident from molecular weight determination using the Signer method 
(M.W. = 952 ± 95 g/mol in Et2O).12 The solution molecular weight of 4b could not be 
determined by this method since 4b exhibits partial decomposition within 3 hours in solution (by 
1H NMR), but the similarity of its 31P{1H} NMR data to that of 4a suggests that 4b is also 
primarily monomeric in solution. Treatment of an orange solution of 4b  (in C6D6) with 
EtMe2SiH (12 equiv) results in a fading of the orange color to yellow within 1 minute, and 
quantitative formation of 3-d6 and EtMe2SiH—O—CHPh2 (by 1H and 31P{1H} NMR 
spectroscopy, Eq 4). This establishes that 4b can react with EtMe2SiH at a sufficient rate to 
account for the observed catalytic hydrosilation of benzophenone with EtMe2SiH. 

 
 

Equation 3 
 

 
 
 
 
Equation 4 
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It seemed possible that the hydrosilation of benzophenone with secondary silanes PhMeSiH2 
and Ph2SiH2 proceeds by a similar mechanism to that proposed for EtMe2SiH. However, the 1H 
and 31P{1H} NMR spectra of the reaction solutions indicated that 4b was not the catalyst resting 
state when using secondary silanes as substrates. Instead, the 1H NMR spectra of the reaction 
solutions  (in C6D6) displayed a new Ru—H resonance (1H δ -6.03 ppm using PhMeSiH2; 1H δ -
5.60 ppm using Ph2SiH2), but the 31P{1H} NMR spectra of the reaction solutions did not display 
any resonances. These hydride complexes were also formed by stoichiometric reaction of 1a,b 
with benzophenone (1 equiv in C6D6 or CD2Cl2) and the resulting complexes were identified as 
silane σ-complexes of the type [PhBPPh

3]Ru(H)(η2-H—SiRR’OCHPh2) (RR’ = MePh, 5a; RR’ = 
Ph2, 5b; Eq 5). For the stoichiometric reactions, complexes 5a,b were formed in high yield (ca. 
90 % by 1H NMR) and small amounts (ca. 10 %) of RR’HSi—O—CHPh2, 3-d6 (in C6D6), and 
4b were also observed as products (by 1H and 31P{1H} NMR). Complexes 5a,b were unstable to 
decomposition or reaction with benzophenone (see below), and these processes may be 
responsible for the formation of the minor products that were observed. The instability of 
complexes 5a,b prevented isolation of these potential intermediates, but these complexes were 
identified on the basis of multinuclear NMR experiments (for 5a,b) and variable temperature 
NMR experiments (for 5a). 

 
 

Equation 5 
 

 
 
 

The presence of Ru—H—Si bonding in 5a,b was evident from 29Si-1H J-coupling that could 
be observed in the 29Si-filtered and 29Si-1H HMBC spectra of samples of 5a,b that were 
generated in situ in CD2Cl2 (1H δ -6.39 ppm, 29Si δ 22 ppm; JSiH = 50 Hz, 5a; 1H δ -5.97 ppm, 
29Si δ 20 ppm; JSiH = 51 Hz, 5b).13 The Ru—H resonance for 5a,b integrates as two hydrogens, 
and this suggests that the third hydride ligand of 1a,b had already been transferred to 
benzophenone. This was supported by the 1H NMR spectra of 5a,b (in CD2Cl2), which display 
resonances for the methine C—H of the –OCHPh2 group (1H δ 6.17 ppm, 5a; 6.40 ppm, 5b). 
This C—H resonance was not observed in the 1H NMR spectrum for a deuterium labeled sample 
[PhBPPh

3]Ru(D)(η2-D—Si(OCDPh2)MePh (5a-d3) that was prepared from 1a-d3, and this 
provides confirmation that this C—H position originates from one of the hydrides of 1a. 
Additionally, this C—H signal exhibits weak J-coupling to the 29Si resonance (JSiH < 3 Hz, by 
1H-29Si HMBC NMR), and this is consistent with the 3-bond coupling of an Si—O—C—H 
moiety.14 

Additional information about the identity of 5a was obtained from variable temperature NMR 
experiments on a solution of 5a (prepared in situ in CD2Cl2, Figure 1). Notably, in the 1H NMR 
spectra, the Ru—H resonance exhibits coalescence at -30 °C and at -80 °C there are four  
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Figure 1. Upfield 1H NMR region (0.0 ppm to -8.0 ppm) for 5a collected at -80 C. a) 1H NMR 
spectrum. Note that the integral for the most upfield resonance was arbitrarily chosen as 1 H. b) 
1H{31P} NMR spectrum with expansion for overlapping Ru—H signals at -6.10 and -6.14 ppm. 
c) 29Si-1H HMBC NMR spectrum. 

 
 

a.   
 
 

b.  
 

c.  



 103 

Ru—H resonances (1H δ -6.12, -6.54, -6.93, -7.38 ppm, Figure 1a). These four resonances were 
determined to correspond to three pairs of hydride signals (i.e. six total Ru—H resonances) with 
some overlapping resonances. Furthermore, each pair of Ru—H resonances appears to 
correspond to a different conformational isomer of 5a that results from rotation of the 
Si(OCHPh2)MePh moiety (Eq 6). The 1H{31P} NMR spectrum (-80 °C) revealed that the 
apparent Ru—H resonance observed at -6.12 ppm (by 1H NMR) actually consists of two closely 
overlapping resonances of equal height (1H{31P} δ -6.10, -6.14 ppm, Figure 1b).  

The 29Si-1H HMBC NMR spectrum (-80 °C) displays three 29Si NMR resonances that span a 
narrow range (29Si δ 14 ppm, 22 ppm, 30 ppm, Figure 1c), and this indicates the presence of 
three different isomers of 5a. The two more upfield 29Si resonances both exhibit coupling to the 
Ru—H signal at 1H δ -6.54 ppm, and to one other Ru—H resonance that was different for the 
two 29Si resonances (29Si δ 14 ppm couples to 1H δ -6.54, -7.38 ppm; 29Si δ 22 ppm couples to 
1H δ -6.54, -6.93 ppm). The coupling of one Ru—H resonance to two different 29Si resonances 
could be indicative of a ruthenium complex possessing two inequivalent silicon centers, but this 
possibility is ruled out by the high yield for the formation of 5a from 1a. Instead, these data 
suggest that this Ru—H signal (1H δ -6.54 ppm) corresponds to two different overlapping Ru—
H resonances, and that each of these signals is paired (i.e. originating from the same isomer of 
5a) with one of the other Ru—H resonances. Further support for this explanation was evident 
from integration of these resonances, which demonstrated that the Ru—H resonance at 1H δ -
6.54 ppm integrates as equal to the sum of the integrals for the Ru—H resonances at 1H δ -6.93 
and -7.38 ppm. The third 29Si resonance (29Si δ 30 ppm) was displayed as coupled to at least one 
of the two closely overlapping Ru—H resonances at 1H -6.10 and -6.14 ppm. 

The low temperature NMR data for 5a are consistent with the presence of three observable 
conformational isomers of [PhBPPh

3]Ru(H)(η2-H—SiMePh(OCHPh2)), and these might arise 
from different rotational conformations of the SiMePh(OCHPh2) group (5a-i, 5a-ii, 5a-iii, Eq 6). 
Model isomers of 5a-i and 5a-ii (with the OCHPh2 group replaced by OCHMe2) were examined 
by DFT geometry optimization calculations and are predicted to be very similar in energy (5a’-
DFT and 5a’’-DFT, ΔGDFT = - 0.66 kcal/mol, Figure 2).15 The higher energy isomer (5a’-DFT) 
featured two similar Ru—H—Si interactions  (dSi—H = 1.89, 2.01 Å; dRu—H 1.64, 1.63 Å), while 
these interactions are asymmetric for the other isomer (dSi—H = 1.71, 2.27 Å; dRu—H 1.70, 1.63 Å; 
5a’’-DFT). The latter isomer also features an agostic interaction between ruthenium and a C—H 
bond of the Si—CH3 group (dRu—H = 2.14 Å, 5a’-DFT). 

 
 
Equation 6 
 

 
 
 
 



 104 

Figure 2. DFT models for isomers of the intermediate 5a. Note that the OCHPh2 group was 
truncated to OiPr. a) 5a’-DFT. b) 5a’’-DFT. Note that the agostic C—HRu interaction and the 
relatively weak Ru—HSi interaction are indicated by narrow lines. 
 

a.       b.  
 

 
 
 
Notably, for 5a’’-DFT, the corresponding isomer of 5a (5a-ii, Eq 6) could be identified by 

NMR spectroscopy (-80 °C) by the presence of an upfield 1H NMR resonance that was displayed 
as coupled to an upfield 13C NMR resonance in the 13C-1H HSQC spectrum (1H δ -2.73 ppm, 13C 
δ -50.3 ppm). This 1H NMR resonance integrates in a 3:1:1 ratio with the largest pair of Ru—H 
resonances (1H δ -6.54, -7.38 ppm), and this is consistent with the agostic C—H bond being part 
of the Si—CH3 group. Notably, the agostic C—H bond completes an 18 electron count for the 
ruthenium center, and this rules out the possibility that any additional ligands are bound to the 
ruthenium center. As a result, these NMR data provide strong confirmation for the identity of 5a 
even though this species could not be isolated and fully characterized. An additional Si—CH3 
resonance (1H δ -0.59 ppm) integrates in a 3:1:1 ratio with another pair of Ru—H resonances (1H 
δ -6.54, -6.93 ppm), and these three resonances all exhibit coupling to the same 29Si resonance in 
the 29Si-1H NMR spectrum (29Si δ 22 ppm, Figure 1c). The Si—CH3 resonance expected for the 
third isomer of 5a could not be located in the 1H NMR spectrum, and this might be due to 
overlap of this signal with resonances in the 0.7 – 1.8 ppm region of the 1H NMR spectrum. 

Complexes 5a,b were unstable in solution and decomposed within 12 hours  (by 1H and 
31P{1H} NMR spectroscopy) to provide the hydrosilation products RR’HSi—O—CHPh2 in 
quantitative yield (Scheme 3). Complex 3-d6 was the major organometallic product for 
decomposition of 5a,b in C6D6, and this indicates that loss of the silane product generates a 
reactive [PhBPPh

3]Ru—H species that can undergo reaction with the C6D6 solvent. Notably, 
complexes 5a,b react with excess benzophenone (4 equiv, Scheme 3), and for 5a, this results in 
nearly complete consumption of 5a after ca. 1 h and nearly quantitative formation of 3-d6 (95 % 
yield). Interestingly, the hydrosilation product PhMeHSiOCHPh2 was not observed as a major 
product of this process (by 1H NMR spectroscopy), but new resonances could be observed (1H δ 
5.90 ppm, 2 H, 0.23 ppm, 3 H) that might correspond to the quantitative formation of 
PhMeSi(OCHPh2)2. This latter product could result from reaction of the initial hydrosilation 
product PhMeHSiOCHPh2 with 4b that might be formed from reaction of benzophenone with 
5a. Consistent with this possibility, the reaction of 5b with benzophenone resulted in the 
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formation of the hydrosilation product Ph2HSiOCHPh2 and 4b after 4 hours (by 1H NMR). Thus, 
it appears that the hydrosilation product may be displaced from ruthenium by an associative 
mechanism involving the binding of benzophenone to 5a,b prior to dissociation of the product. 
The subsequent formation of 4b is consistent with a hydrosilation mechanism that is analogous 
to that for tertiary silanes, in which the C—H bond forming step involves insertion of the 
carbonyl group into a reactive [Ru]—H bond to generate an alkoxy complex as a key 
intermediate. 

 
 

Scheme 3 
 

 
 
 
 
 

Additional experiments suggested that the hydrosilation mechanism for secondary silanes is 
distinct from that of tertiary silanes. First, complex 5a reacts much more rapidly with PhMeSiH2 
(2 equiv, < 1 minute, Scheme 3) than with benzophenone, and this regenerates the η3-H2SiMePh 
complex 1a in quantitative yield. Furthermore, stoichiometric reactions of 4b with secondary 
silanes (Scheme 4) ruled out the possibility that 4b is an intermediate in the catalytic 
hydrosilation reactions using PhMeSiH2 or Ph2SiH2. Treatment of 4b with PhMeSiH2 (2 equiv in 
C6D6) results in an immediate change in color from orange to yellow and the formation of the 



 106 

expected silyl ether in quantitative yield. Complex 3-d6 was the major organometallic product 
(75 %) and 1a was observed as a minor product (25%). The treatment of 4b with Ph2SiH2 (5 
equiv) provided similar results (90 % yield of Ph2HSiOCHPh2 and 3-d6), except that 5b was 
formed as the minor product (10 %) rather than 1b. Thus, the reaction of secondary silanes with 
4b is an effective route for the formation of the hydrosilation products, but these results 
demonstrate that this pathway would result in rapid deactivation of the catalyst in C6D6 by the 
formation of 3-d6. Since the rapid formation of 3-d6 was not observed under catalytic conditions 
for most substrates, an alternate mechanism must be considered to account for the comparatively 
robust catalysis with secondary silanes. 

 
 

Scheme 4 
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Mechanistic investigation by kinetic analyses. 
 

The hydrosilation of benzophenone using PhMeSiH2 (in CD2Cl2) was examined by 1H NMR 
spectroscopy at -18 °C using 1a as the catalyst. When starting with a 2:1 ratio of 
[PhMeSiH2]:[Ph2C=O], both 5a and 1a could be observed by 1H NMR spectroscopy within 1 
min of mixing the reactants. In the 1H NMR spectrum, the Ru—H resonance derived from 1a 
was initially observed at δ -7.56 ppm, which is slightly upfield from the value observed prior to 
adding benzophenone (δ -7.26 ppm, 1a). Over the course of the reaction, the Ru—H resonance 
for 1a moves downfield until returning to its normal value. The dependence of this Ru—H 
chemical shift on the concentration of benzophenone suggests that this resonance might actually 
correspond to a rapidly exchanging mixture of 1a and its benzophenone adduct [PhBPPh

3]Ru(µ-
H)3SiMePh(O=CPh2) (1aO=CPh2). A similar concentration-dependent perturbation of the 
Ru—H resonances of 1a has previously been observed as a consequence of the reversible 
binding of THF to 1a.8 

Interestingly, the ratio of [5a]:[1a] was not constant through-out the catalytic reaction. This 
suggested that 5a and 1a might exist in equilibrium, but this possibility can be discounted since 
the ratio of [5a]:[1a] is not dependent on the ratio of [product]:[PhMeSiH2] (i.e. the ratio of 
[5a]:[1a] did not steadily increase as product formed and PhMeSiH2 was consumed). Instead, the 
ratio of [5a]:[1a] appeared to be directly proportional to the ratio of the reactants 
[Ph2C=O]:[PhMeSiH2]. When a small excess of benzophenone (1.5 equiv) was used, the ratio of 
[Ph2C=O]:[PhMeSiH2] steadily increased over the course of the reaction because the reactants 
are consumed in a 1:1 stoichiometry, and this resulted in a proportional increase of the ratio of 
[5a]:[1a] (Figure 3). As a result, the value of ([PhMeSiH2][5a])/([Ph2C=O][1a]) was nearly 
constant for the first three measured half-lives of the reaction. Similarly, starting with an excess 
of PhMeSiH2 (2 equiv), a decrease in the ratio of [5a]:[1a] over the course of the reaction was 
observed until 5a was no longer detected by 1H NMR spectroscopy. When starting with nearly 
equal amounts of each substrate (1.1 equiv benzophenone) the ratio of reactants does not change 
much, and the ratio of [5a]:[1a] changed much more slowly until high conversion was reached 
(>3 half lives). 

 
 
Figure 3. Plot of ratio of [5a]:[1a] vs. time (green triangles) and plot of ratio of 
[benzophenone]:[PhMeSiH2] vs time (gray circles) for three half-lives of a catalytic hydrosilation 
reaction starting with an initial ratio of 1.5:1 benzophenone to PhMeSiH2. The red squares plot 
the ratio of ([5a]:[1a])/([benzophenone]:[PhMeSiH2]) over time. 

 



 108 

The dependence of the ratio of [5a]:[1a] on the ratio of [Ph2C=O]:[PhMeSiH2] is consistent 
with the catalytic cycle depicted in Scheme 5, in which 5a is formed from reaction of 1a with 
benzophenone (through 1aO=CHPh2 as an intermediate), and 1a is regenerated from 5a via 
an associative mechanism for exchange of product for PhMeSiH2. These two processes must 
have similar energy barriers (at -18 °C), such that 1a, 5a, or both 1a and 5a can be observed as 
catalyst resting states depending on the ratio of [Ph2C=O]:[PhMeSiH2]. Note that this is 
conceptually similar to observing equilibrium between two species, but in the catalytic system 
the two resting states (1a and 5a) are interconverted by forward steps of the catalytic cycle rather 
than the forward and reverse steps of an equilibrium. This catalytic cycle would provide the rate 
laws shown in Eq 7 that are expressed in terms of concentrations of the observable species 1a, 
5a, and the two reactants. Note that these rate laws assume that 1aO=CHPh2 and 5aH—
SiHMePh are transient intermediates that are significantly higher in energy than 1a and 5a, 
which is only approximately true for 1aO=CHPh2 (see above). 

 
 

Scheme 5 
 

 
 
 
 
Equation 7 
 

€ 

d[P]
dt

= kobs[Ph2CO][1a] = k ' obs[PhMeSiH2][5a]  
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The rate laws in Eq 7 were confirmed by kinetics measurements under saturation conditions for 
either PhMeSiH2 or benzophenone. When monitoring the reaction by 1H NMR spectroscopy 
using a high (5:1) or low (1:5) ratio of [Ph2C=O]:[PhMeSiH2], the major ruthenium species (> 90 
%) was either 5a or 1a, respectively. Under these conditions, the concentration of the major [Ru] 
species remains nearly constant, and a clear first order dependence on the concentration of the 
limiting substrate was determined (Figure 5). Thus, with PhMeSiH2 in excess (5 equiv), the 
observed catalyst resting state was 1a and the rate of catalysis exhibited first order dependence 
on the concentration of benzophenone (Figure 5a). Similarly, when benzophenone was in excess 
(5 equiv), complex 5a was the resting state and the reaction exhibited first order dependence on 
the concentration of PhMeSiH2 (Figure 5b). Additionally, the rate exhibited a first order 
dependence on the catalyst loading under saturation conditions for either substrate, providing 
final confirmation of the rate laws in Eq 7. 

 
 

Figure 5. Kinetic data from catalytic hydrosilation reactions. a) Plots of –
ln([benzophenone]/[benzophenone]0) versus time for 3 different catalyst loadings and an excess 
of PhMeSiH2 (5 equiv). b) Plots of –ln([PhMeSiH2]/[PhMeSiH2]0) versus time for 3 different 
catalyst loadings and excess benzophenone (5 equiv). Note that only a narrow range of catalyst 
loadings was examined due to the limited solubility of 1a, and a limited temperature range over 
which resonances for both 1a and 5a could be clearly observed by 1H NMR spectroscopy 
without excessive broadening of the Ru—H resonance for 5a. 
 

a.   b.  
 
 
 

These experiments provide support for the catalytic cycle depicted in Scheme 5, which starts 
with the binding of benzophenone to the silicon center of [PhBPPh

3]RuH(η3-H2SiMePh) (1a) to 
form the adduct 1aO=CPh2. This facilitates a 1,2-insertion of the carbonyl group into the Si—
H portion of an Ru—H—Si 3c-2e bond. This insertion also results in cleavage of the Ru—H 
bond, thus forming the intermediate 5a, which features the hydrosilation product still bound to 
ruthenium. The rate dependence on the product k’obs[5a][PhMeSiH2] indicates that the binding of 
PhMeSiH2 to 5a assists in the displacement of the product from ruthenium. This associative 
pathway for product/silane exchange avoids the formation of the free 14 electron [PhBPPh

3]Ru—
H species that could be responsible for undesired side reactions (e.g. formation of 3-d6 in C6D6). 
Thus, this mechanism explains why catalysis occurs for secondary silanes in C6D6, but not for 
tertiary silanes. After loss of the product, the resulting η2-H—SiHMePh complex should rapidly 
rearrange by coordination of an additional Si—H bond to regenerate 1a, thus closing the cycle. 
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Computational Investigation of the Catalytic Cycle. 
 

The proposed catalytic cycle was examined by DFT calculations for the hydrosilation of 
acetone with PhMeSiH2 (Scheme 6).15 A DFT model of the complete structure of 1a (1a-DFT, 
G1a-DFT = 0) was used as the starting point for the catalytic cycle. The binding of acetone to the 
silicon center of 1a-DFT to form the adduct 1a-aceDFT is predicted to be endergonic, but only 
by a small amount (ΔG1a-aceDFT = +5.1 kcal/mol). This is consistent with the experimental 
observation that the 1H NMR chemical shift for the Ru—H resonance of 1a exhibits small 
changes in variation with the concentration of benzophenone, which suggests an equilibrium 
between 1a and a weakly bound benzophenone adduct 1aO=CPh2. For 1a-aceDFT, the Si—
O—C angle is wider than expected for an sp2 or sp3 hybridized oxygen (Si—O—C angle = 
138.19°, Figure 6a). In contrast, other Lewis bases (i.e. DMAP, PMe3, XylNC) bind to the 
silicon center of 1a,b with a more ideal geometry about the donor atom (for example, 
1bDMAP exhibits Si—N—C angles of 120.2(2)° and 123.8(2)° for the sp2 hybridized donor 
nitrogen).8 The wide Si—O—C angle for 1a-aceDFT might be due to unfavorable steric 
interactions between the acetone methyl groups and the [PhBPPh

3]- ligand in 1a-aceDFT. 
Additionally, one of the Si—H distances (dSi—H = 2.20 Å, 1.83 Å, 1.91 Å) in 1a-aceDFT is 
relatively long, where-as the three Ru—H—Si interactions are comparatively more symmetric 
for other base adducts. This difference may be due to weak binding of the ketone relative to 
stronger Lewis bases, such that a stronger resemblance to the initial η3-H2SiMePh complex is 
preserved in the acetone adduct. 

 
 

Scheme 6 
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Figure 6. a) Structure of the model acetone adduct 1a-aceDFT that was determined by DFT 
structure optimization. Note that oxygen is in red and non-hydridic hydrogen have been omitted 
for clarity. b) Transition state for the C—H bond forming step of the catalytic cycle (TS2). 
Bonds that are breaking or forming are depicted with narrow lines. 
 

a.       b.  
 

 
 
 
A transition state for C—H bond formation was determined to have an energy barrier that is 

readily accessible at room temperature (ΔGTS2 = 20.2 kcal/mol). At this transition state, all of the 
Si—H distances have increased (dSi—H = 2.33 Å, 2.06 Å, 1.88 Å, Figure 6b), with the longest 
Si—H distance corresponding to the hydride that is transferred to the carbonyl group. Thus, at 
the transition state, the Si—H interaction associated with the migrating hydrogen is nearly 
completely broken.6,13b The silicon center has moved away from the central axis of the 
[PhBPPh

3]Ru moiety (B—Ru—Si angle = 166.6°, TS2; 173.2°, 1a-aceDFT), and the O=CMe2 
group has rotated so that oxygen appears to be bound to silicon through the C=O π-bond rather 
than via an oxygen lone pair (Si—O—C—C dihedral angles =  85.64°, 116.0°, TS2). This 
positions the carbonyl group for accepting the hydride, but the Ru—H distance is not 
significantly elongated at the transition state (dRu—H = 1.63 Å, 1a-aceDFT; dRu—H = 1.70 Å, 
TS2), and the C—H distance has decreased considerably, but is still fairly long (3.44 Å, 1a-
aceDFT; dC—H = 1.99 Å, TS2). Thus, it appears that the energetic cost for H-migration derives 
primarily from the repositioning of acetone to accept the hydride, and that flexibility of the [(µ-
H)3Si(Me)(Ph):O=CMe2] moiety allows this to occur with a fairly low barrier. The transfer of 
the hydride ligand occurs without a significant perturbation to the other two Ru—H—Si 
interactions, and this results in the ready formation of 5a’-DFT. Thus, the activation of the 
ketone at silicon ultimately accounts for the experimentally observed formation of 5a,b as key 
intermediates in hydrosilation of benzophenone with PhMeSiH2 or Ph2SiH2. 

The addition of PhMeSiH2 to 5a’-DFT occurs with an energy barrier (ΔΔGTS3 - 5a’-DFT = + 24.1 
kcal/mol) that is higher than that for the hydride transfer, but only by a small amount (4 
kcal/mol). This is consistent with the observation that 5a is the resting state of the catalyst at 
room temperature, but that the hydride transfer and product displacement steps occur at a similar 
rate at lower temperatures. Interestingly, the addition of PheMeSiH2 to 5a’-DFT forms an η1-
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H—SiHMePh complex (Ru—H—Si angle = 169.8°, 5a’-PhMeSiH2-DFT), which minimizes 
steric crowding for this intermediate. The transition state for dissociation of the product could 
not be located after calculations starting from several slightly different initial geometries, but the 
barrier for this process was estimated to be very low (≤ 4 kcal/mol) based on the enthalpies 
determined by a preliminary coordinate scan calculation of increasing Ru—Si distances. After 
dissociation of the product, rearrangement of 1a’-DFT should occur very rapidly to generate the 
model η3-H2SiMePh complex 1a-DFT and this step was not examined computationally. Overall, 
the accuracy of the computationally determined catalytic cycle is bolstered by its consistency 
with experimental observations made for the catalytic ketone hydrosilation reactions. 
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Conclusion 
 

The electrophilic η3-H2SiRR’ σ-silane complexes 1a,b are effective as hydrosilation catalysts 
for a variety ketone substrates. Complex 1a was a particularly efficient catalyst for the 
hydrosilation of benzophenone with PhMeSiH2, which could be accomplished with high turnover 
rates and overall turnover. Interestingly, detailed mechanistic investigations revealed that there 
are two distinct catalytic cycles available for these carbonyl hydrosilation reactions depending on 
the silane substrate that is used, but that the two pathways provide similar reaction rates (i.e. 
within 1 order of magnitude at room temperature). 

For the hydrosilation of benzophenone with EtMe2SiH, the catalytic cycle is similar to that of 
the Chalk-Harrod mechanism that has been studied for olefin hydrosilation reactions.17 For this 
route, benzophenone inserts into the Ru—H bond of a highly reactive ruthenium hydride species 
to generate [PhBPPh

3]Ru—OCHPh2 (4b). Complex 4b then reacts rapidly with EtMe2SiH to 
form the hydrosilation product and regenerate the reactive hydride species. The high reactivity of 
the hydride intermediate is evident from the rapid formation of 3-d6 when using C6D6 as solvent. 
The proposed catalytic cycle was supported by the observation that 4b forms at the start of the 
reaction and remains present throughout the reaction. Additionally, isolated samples of 4b react 
rapidly with EtMe2SiH to form the final hydrosilation product. 

Notably, when using secondary silanes (e.g. PhMeSiH2, Ph2SiH2), the deactivation of the 
catalyst by formation of 3-d6 was considerably slower, and this suggested that a different 
mechanism is active for secondary silanes. Experimental and computational results indicate that 
these reactions proceed via binding of the ketone substrate to the electrophilic silicon center of 
the η3-H2SiRR’ ligand in 1a,b, followed by transfer of a hydride to the ketone. These 
hydrosilation reactions are the first to be identified as involving electrophilic η3-H2SiRR’ 
ligands. Interestingly, this hydrosilation pathway differs considerably from the ionic mechanisms 
that have been proposed for electrophilic η1- and η2-H—SiR3 complexes, whereby the 
coordinated Si—H bond is cleaved upon attack of the ketone substrate at silicon. Instead, the 
catalytic cycle for 1a,b more closely resembles mechanisms that propose electrophilic silylene 
complexes as intermediates.4 Additionally, the mechanism for 1a,b has unique characteristics, 
such as the formation of a hypercoordinate silicon intermediate (i.e. 1a,bO=CRR’) and the 
insertion of the carbonyl group into a highly polarized Si—H bond. These features lead to the 
formation of intermediates 5a,b, in which the product is bound to ruthenium as a σ-silane ligand. 
This protects the Ru—H bond from detrimental side reactions until a new silane substrate 
displaces the product. Thus, the η3-H2SiRR’ ligands play a crucial role in activating the ketone 
substrate, and this has the remarkable effect of selecting for a hydrosilation pathway that is more 
robust than that available to tertiary silanes. 
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Experimental Details 
 

General Considerations. All manipulations of air sensitive compounds were conducted under 
a nitrogen atmosphere using standard Schlenk techniques or using a nitrogen atmosphere 
glovebox. Proteo solvents were dried using a JC Meyer solvent drying system, and deutero 
solvents were vacuum transfered off of appropriate drying agents (NaK for C6D6 and CaH2 for 
CD2Cl2). Silanes were purchased from commercial sources and used as received. Complexes 
1a,b,8 2,18 and 4a9 were prepared as previously reported. Diphenylmethanol was prepared based 
on a published procedure,19 and was deprotonated using NaH (in THF) to form Na[OCHPh2], 
which was isolated as a white powder after evaporating the solvent under vacuum. 

NMR spectra were recorded on Bruker spectrometers at room temperature unless otherwise 
noted. Spectra were referenced internally by the residual proton signal relative to 
tetramethylsilane for 1H NMR, solvent peaks for 13C{1H} NMR, external 85 % H3PO4 for 
31P{1H} NMR, and tetramethylsilane for 29Si-1H HMBC experiments. Assignment of certain 
13C{1H} NMR signals was made on the basis of 1H-13C HSQC NMR data. The JSiH values for 
Ru—H—Si resonances were determined by examining satellite signals near the main Ru—H 
resonance in 1H{31P} NMR spectra or by the Ru—H resonances displayed in 29Si-filtered 
1H{31P} NMR experiments. Hydrosilation products were identified by comparison of 
multinuclear NMR data (1H, 13C{1H}, and 29Si-1H HMBC NMR) to those previously reported for 
identical or closely related silyl ethers, and by GC-MS. Elemental analyses were performed by 
the University of California, Berkeley College of Chemistry Microanalytical Facility. 

 
[PhBPPh

3]Ru—OCHPh2      (4b). Complex 2 (62 mg, 0.038 mmol) and Na[OCHPh2] (16 mg, 
0.078 mmol) were dissolved in 4 mL of THF and the resulting red solution was stirred for 40 
minutes. After this time, the solution was evaporated under vacuum and the resulting solid was 
extracted with Et2O (3 mL) to give a brownish-red solution, which was filtered and cooled to -35 
°C. After 9 days, a brown crystalline precipitate had formed and the solution was a lighter, purer 
red color. The supernatant was removed by pipette and evaporated under vacuum to provide 4b 
as an analytically pure red-orange foam (44 mg, 66 %). Anal Calcd for C58H52OBP3Ru 
(969.853): C, 71.83; H, 5.40. Found: C, 72.16; H, 5.03. 1H NMR (C6D6, 600 MHz): δ 8.18 (d, J 
= 7.1 Hz, 2 H), 7.75 (m, 6 H), 7.48 (br, 12 H), 7.28 (t, J =  7.3 Hz), 7.11 (t, J = 7.3 Hz, 1 H), 7.02 
(t, J = 7.5 Hz, 2 H), 7.73 – 7.63 (m, 18 H), 6.56 (1 H, RuOCHPh2), 1.61 (br, 6 H, BCH2P). 
13C{1H} NMR (C6D6, 150.893 MHz): δ 148.61, 139.22, 138.63, 132.86, 132.44, 132.08, 130.57, 
128.96, 128.90, 127.72, 127.47, 125.18, 84.37 (Ru—O—CPh2H), 13.91 (br, BCH2P). 31P {1H} 
NMR (C6D6, 161.967 MHz): δ 79.0. 

 
In situ preparation and observation of 5a,b.     Complexes 5a,b were prepared by the 

addition of benzophenone (1 equiv) to solutions of 1a,b in C6D6 or CD2Cl2. Upon addition of 
benzophenone, the pale yellow color of 1a,b darkens to an amber yellow. The solutions were 
examined by 1H, 1H{31P}, 31P{1H}, and 29Si-1H HMBC NMR spectroscopy. Note that 1a, 3-d6, 
and 4b could be observed as minor species in solution in addition to 5a,b, and that 31P{1H} NMR 
signals for 5a,b could not be observed for samples at room temperature, presumably as a result 
of broadening due to conformational changes in solution. Distinguishing NMR data are provided 
here. 
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5a. 1H NMR (CD2Cl2 500 MHz) δ 7.75 (JSiH < 3 Hz, 2 H, Si—Ph), 6.16 (JSiH < 2 Hz, 1 H, 
SiOCPh2—H), 1.44 (br, 6 H, BCH2P), -0.56 (3 H, Si—CH3), -6.39 (m, JSiH = 50 Hz, 2 H, Ru—
H). 29Si-1H HMBC NMR: 29Si δ 22 ppm. 

5b. 1H NMR (CD2Cl2 600 MHz) δ 6.39 (JSiH < 3 Hz), 1.40 (br, 6H, BCH2P), -5.97 (m, JSiH = 
51 Hz, 2 H, Ru—H). 29Si-1H HMBC NMR: 29Si δ 20 ppm. 

 
Representative procedure for catalytic hydrosilation reactions.     Benzophenone (20 mg, 

0.11 mmol) and PhMeSiH2 (13.5 – 16.0 mg, 0.11 – 0.13 mmol) were dissolved in C6D6 (0.6 mL) 
with C6Me6 as an internal standard. A 1H NMR spectrum of the mixture was collected prior to 
adding 1a,b in C6D6 (0.1 mL). The addition of 1a produces an amber yellow solution that was 
examined by 1H NMR spectroscopy within 30 minutes. It was noted that fading of the amber 
yellow color to a pale yellow or colorless solution appeared to coincide with complete 
consumption of benzophenone. The products were isolated by diluting the reaction solution with 
hexanes (1 mL), passing this solution through a plug of silica, and evaporating the solvent. This 
provided the product in good purity (≥ 95 %) judged by 1H NMR spectroscopy. 

 
PhMeHSi—O—CHPh2. 1H NMR (C6D6, 600 MHz): δ 7.56 (d, J = 7.2 Hz, 2 H), 7.36 (d, J = 

7.4 Hz, 4 H), 7.20 – 7.08 (m, 7 H), 7.04 (m, 2 H), 5.84 (1 H, OC—H), 5.29 (q, J = 2.8 Hz, JSiH = 
210 Hz, 1 H, Si—H), 0.31 (d, J = 2.8 Hz, 3 H, Si—CH3). 13C{1H} NMR (C6D6, 150.893 MHz): 
δ 144.91, 144.86, 136.23, 134.70, 130.73, 128.93, 128.86, 127.92, 127.80, 127.46, 127.31, 78.96 
(O—C), -1.79 (Si—CH3). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 
-2.9. 
 

PhMeHSi—O—CHPh(p-fluorophenyl). 1H NMR (C6D6, 600 MHz): δ 7.52 (m, 2 H), 7.28 
(m, 2 H), 7.20 – 7.00 (m, 8 H), 6.74 (m, 2 H), 5.71 (1 H, OC—H), 5.24 (m, JSiH = 210, 1 H, Si—
H), 0.29 (d, J = 2.8 Hz, Si—CH3). 13C{1H} NMR (C6D6, 150.893 MHz): δ 163.68, 163.62, 
162.06, 161.99, 144.65, 144.59, 140.69, 140.67, 140.64, 140.62, 134.66, 134.65, 129.13, 129.07, 
128.98, 128.93, 128.90, 128.68, 128.05, 127.93, 127.32, 127.17, 115.75, 115.66, 115.61, 115.52, 
78.25 (C—O), 78.18 (O—C), -1.88 (Si—CH3). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 
79.50 MHz (29Si)): δ -2.5. 
 

PhMeHSi—O—CHPh(p-chlorophenyl). 1H NMR (C6D6, 600 MHz): δ 7.51 (m, 2 H), 7.24 
(m, 2 H), 7.20 – 7.00 (multiple overlapping, 10 H). 5.67 (1 H, OC—H), 5.23 (q, J = 2.9 Hz, JSiH 
= 210 Hz, 1 H, Si—H), 0.28 (two overlapping doublets, J = 2.9 Hz, Si—CH3). 13C{1H} NMR 
(C6D6, 150.893 MHz): δ 144.39, 144.33, 143.38, 143.32, 135.94, 135.90, 134.66, 134.64, 
133.73, 133.62, 130.86, 129.09, 129.01, 129.00, 128.94, 128.74, 128.14, 128.02, 127.35, 127.19, 
78.22 (O—C), 78.16 (O—C), -1.89 (Si—CH3), -1.90 (Si—CH3). 29Si NMR (C6D6, 1H-29Si 
HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ -2.3. 
 

PhMeHSi—O—CHPh(p-bromophenyl). 1H NMR (C6D6, 600 MHz): δ 7.51 (m, 2 H), 7.26 – 
2.08 (overlapping multiplets, 9 H), 7.07 – 7.01 (m, 1 H), 6.98 (m, 2 H), 5.64 (1 H, OC—H), 5.22 
(q, J = 2.9 Hz, JSiH = 210 Hz, 1 H, Si—H), 0.28 (two overlapping doublets, J = 2.9 Hz, Si—
CH3). 13C{1H} NMR (C6D6, 150.893 MHz): δ 144.32, 144.26, 143.85, 143.80, 135.92, 135.88, 
134.65, 134.64, 132.05, 131.96, 130.86, 129.06, 129.01, 128.94, 127.34, 127.19, 121.92, 121.8, 
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78.27 (O—C), 78.30 (O—C), -1.90 (Si—CH3), -1.91 (Si—CH3). 29Si NMR (C6D6, 1H-29Si 
HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ -2.6. 
 

PhMeHSi—O—CHPh(p-methylphenyl). 1H NMR (C6D6, 600 MHz): δ 7.58 (2 H), 7.40 (d, J 
= 7.7 Hz, 2 H), 7.29 (d, J = 7.7 Hz, 2 H), 7.20 – 7.10 (overlapping multiplets, 5 H), 7.08 – 7.01 
(m, 1 H), 6.96 (t, J = 8 Hz, 3 H), 5.86 (1 H, OC—H), 5.32 (two overlapping quartets, J = 2.9 Hz, 
JSiH = 209 Hz, Si—H), 2.08 (Ar—CH3), 2.07 (Ar—CH3), 0.33 (d, J = 2.9 Hz, Si—CH3). 13C{1H} 
NMR (C6D6, 150.893 MHz): δ 145.20, 145.15, 142.08, 142.02, 137.36, 137.22, 136.34, 134.72, 
130.71, 129.65, 129.58, 128.89, 128.82, 127.83, 127.71, 127.54, 127.39, 127.38, 127.24, 78.86 
(O—C), 21.41 (Ar—CH3), -1.73 (Si—CH3), -1.76 (Si—CH3). 29Si NMR (C6D6, 1H-29Si HMBC: 
400 MHz (1H), 79.50 MHz (29Si)): δ -3.1. 
 

PhMeHSi—O—CHPh(p-methoxyphenyl). 1H NMR (C6D6, 600 MHz): δ 7.58 (m, 2 H), 7.40 
(d, J = 7.7 Hz, 2 H), 7.24 (d, J = 8 Hz, 2 H), 7.20 – 7.20 (m, 5 H), 7.08 – 7.02 (m, 1 H), 6.72 (m, 
2 H), 5.84 (1 H, SiOC—H), 5.31 (JSiH = 209 Hz, 1 H, Si—H), 3.25 (two overlapping singlets, 3 
H, ArCH3), 0.32 (d, J = 3 Hz, 3 H, Si—CH3). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 
79.50 MHz (29Si)): δ -3.3. 
 

PhMeHSi—O—CH(p-fluorophenyl)2. 1H NMR (C6D6, 600 MHz): δ 7.48 (m, 2 H), 7.21 – 
7.12 (m, 3 H), 7.02 (m, 4 H), 6.75 (m, 4 H), 5.59 (1 H, O—C), 5.18 (q, J = 3 Hz, JSiH = 210 Hz), 
0.27 (d, J = 3 Hz, 3 H, Si—CH3). 13C{1H} NMR (C6D6, 150.893 MHz): δ 163.73, 163.66, 
162.10, 162.04, 140.42, 140.40, 140.37, 140.35, 135.83, 134.61, 130.92, 129.01, 128.96, 128.88, 
128.82, 115.82, 115.73, 115.68, 115.58, 77.48 (O—C), -1.96 (Si—CH3). 29Si NMR (C6D6, 1H-
29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ -2.5. 
 

PhMeHSi—O—CH(p-chlorophenyl)2. 1H NMR (C6D6, 600 MHz): δ 7.46 (m, 2 H), 7.22 – 
7.13 (m, 3 H), 7.07 (m, 4 H), 6.94 (m, 4 H), 5.50 (1 H, OC—H), 5.16 (q, J = 2.9 Hz, JSiH = 210 
Hz, 1 H, Si—H). 13C{1H} NMR (C6D6, 150.893 MHz): δ 142.84, 142.78, 135.62, 134.40, 
133.99, 133.88, 130.98, 129.18, 129.09, 128.69, 128.64, 77.43 (O—C), -1.99. 29Si NMR (C6D6, 
1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ -2.0. 
 
 

PhMeHSi—O—CH(p-bromophenyl)2. 1H NMR (C6D6, 600 MHz): δ 7.46 (m, 2 H), 7.26 – 
7.12 (overlapping multiplet, 7 H), 6.87 (m, 4 H), 5.45 (1 H, OC—H), 5.16 (q, J = 2.9 Hz, JSiH = 
210 Hz, 1 H, Si—H), 0.26 (d, J = 2.9 Hz, 3 H, Si—CH3). 13C{1H} NMR (C6D6, 150.893 MHz): 
δ 143.25. 143.18, 135.58, 134.59, 132.15, 132.06, 130.99, 128.39, 128.81, 128.70, 122.17, 
122.06, 77.51 (O—C), -2.00 (Si—CH3). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 
MHz (29Si)): δ -2.0. 
 

PhMeHSi—O—CH(p-methylphenyl)2. 1H NMR (C6D6, 600 MHz): δ 7.60 (m, 2 H), 7.33 (d, 
J = 7.9 Hz, 2 H), 7.17 (m, 3 H), 6.98 (t, J = 7.7 Hz, 4 H), 5.88 (1 H, OC—H), 5.34 (q, J = 2.9 Hz, 
JSiH = 2.9 Hz, 1 H, Si—H), 2.08 (overlapping singlets, 3 H, ArCH3), 0.34 (d, J = 2.9 Hz, 3 H, 
Si—CH3). 13C{1H} NMR (C6D6, 150.893 MHz): δ 142.36, 142.30, 137.25, 137.11, 136.46, 
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134.73, 130.67, 129.61, 129.54, 128.60, 127.49, 127.32, 78.78 (O—C), 21.41 (ArCH3), -1.69 
(Si—CH3). 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ -3.4. 

EtMe2Si—O—CHPh2. 1H NMR (C6D6, 600 MHz): δ 7.39 (d, J = 7.7 Hz, 4 H), 7.14 (t, J = 7.7 
Hz, 4 H), 7.03 (t, J = 7.7 Hz, 2 H), 5.74 (1 H, OC—H), 0.91 (t, J = 8.3 Hz, 3 H), 0.53 (q, J = 8.3 
Hz, 2 H), 0.04 (6 H). 13C{1H} NMR (C6D6, 150.893 MHz): δ 145.88, 128.85, 127.68, 127.24, 
77.37 (O—C), 9.20, 7.35, -1.67. 
 

PhMeHSi—O—CHPh(cyclopropyl). 1H NMR (C6D6, 600 MHz): δ 7.64 (m, 1.3 H), 7.56 (m, 
0.7 H), 7.37 (t, J = 7.7 Hz, 2 H), 7.24 – 7.14 (overlapping multiplets, 5 H), 7.14 – 7.07 (m, 1 H), 
5.37 (q, J = 2.9 Hz, 0.35 H, Si—H), 5.26 (q, J = 2.9 Hz, 0.65 H, Si—H), 4.18 (d, J = 7.3 Hz, 0.65 
H, OC—H), 4.16 (d, J = 7.3 Hz, 0.35 H, OC—H), 1.13 (1 H), 0.52 – 0.34 (overlapping 
multiplets, 2 H), 0.38 (d, J = 2.9 Hz, 1.1 H, Si—CH3), 0.32 (d, J = 2.9 Hz, 1.9 H, Si—CH3), 0.30 
– 0.19 (m, 2 H). 13C{1H} NMR (C6D6, 150.893 MHz): δ 145.04, 145.01, 136.98, 136.80, 134.67, 
134.63, 132.12, 130.65, 130.60, 128.82, 128.76, 127.91, 127.84, 126.90, 126.85, 80.55 (O—C), 
80.52 (O—C), 20.44, 20.41, 4.73, 4.51, 3.24, -1.35, -1.48. 29Si NMR (C6D6, 1H-29Si HMBC: 400 
MHz (1H), 79.50 MHz (29Si)): δ -4.5. 
 

PhMeHSi—O—CHPh(CF3). 1H NMR (C6D6, 600 MHz): δ 7.50 (m, 1 H), 7.39 (m, 1 H), 7.28 
(m, 2 H), 7.20 – 6.96 (overlapping multiplets, 6 H), 5.22 (m, 0.55 H, Si—H), 5.10 (q, J = 3 Hz, 
0.45 H, Si—H), 4.85 (overlapping quartets appearing as a quintet, JHF = 6.8 Hz, 1 H, OC—H), 
0.27 (d, J = 3 Hz, 1.7 H, Si—CH3), 0.23 (d, J = 3 Hz, 1.3 H, Si—CH3). 19F NMR (C6D6, 376.498 
MHz): δ -76.87 (d, JHF = 6.8 Hz, CF3), -76.96 (d, JHF = 6.8 Hz, CF3). 13C{1H} NMR (C6D6, 
150.893 MHz): δ 135.57, 135.22, 135.13, 134.72, 134.61, 134.56, 134.42, 131.25, 131.12, 
129.88, 129.79, 129.01, 128.93, 128.78, 75.55 (m, O—C), -2.29 (Si—CH3). 29Si NMR (C6D6, 
1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ 1.1, 2.5. 
 

PhMeHSi—O—CHMe(C6F5). 1H NMR (C6D6, 600 MHz): δ 7.49 (m, 0.7 H), 7.38 (m, 1.3 H), 
7.15 (m, 1 H), 7.09 – 7.03 (m, 2 H), 5.11 (overlapping multiplets, 2 H, OC—H and Si—H), 1.39 
(d, J = 6.6 H, 2 H, C—CH3), 1.34 (d, J = 6.6 Hz, 1 H, C—CH3), 0.29 (d, J = 2.9 Hz, 2 H, Si—
CH3), 0.28 (d, J = 2.9 Hz, 1 H, Si—CH3). 19F NMR (C6D6, 376.498 MHz): δ -142.61 (m), -
142.75 (m), -155.15 (t, JFF = 21 Hz), -155.63 (t, JFF = 21 Hz), -169.69 (m), -162.06 (m). 13C{1H} 
NMR (C6D6, 150.893 MHz): δ 135.53, 134.49, 134.25, 131.05, 130.91, 64.27 (O—C), 64.05 
(O—C), 23.37 (C—CH3), 23.29 (C—CH3), -2.44 (Si—CH3), -2.59 (Si—CH3). 29Si NMR (C6D6, 
1H-29Si HMBC: 400 MHz (1H), 79.50 MHz (29Si)): δ -1.1. 
 

PhMeHSi—O—(cyclopentyl)/PhMeHSi—O—(cyclophentenyl). 1H NMR (C6D6, 600 
MHz): δ 7.62 (m, 5 H), 7.21 (m, 5 H), 7.18 (m, 2 H), 5.39 (q, J = 2.9 Hz, 1 H, Si—H of 
cylopentenyl product), 5.29 (q, J = 2.9 Hz, 1.5 H, Si—H of cyclopentyl product), 2.33 (m, 2 H, 
CH2 of cyclopentenyl), 2.18 (m, 2 H, CH2 of cyclopentenyl), 1.78 – 1.63 (overlapping multiplets, 
8 H), 1.53 (m, 3 H, CH2 of cyclopentyl), 1.34 (m, 3 H, CH2 of cyclopentyl), 0.39 (d, J = 2.9 Hz, 
3 H, Si—CH3 of cyclopentenyl product), 0.37 (d, J = 2.9 Hz, 4.5 H, Si—CH3 of cyclopentyl 
product). 13C{1H} NMR (C6D6, 150.893 MHz): δ 156.20, 137.28, 134.58, 134.50, 132.12, 
130.91, 130.57, 102.70 (OC=C, cyclopentenyl), 76.71 (O—C, cyclopentyl), 35.99, 35.89, 33.86, 



 118 

29.42, 23.74, 23.72, 21.91, 17.28, -1.65, -2.18. 29Si NMR (C6D6, 1H-29Si HMBC: 400 MHz (1H), 
79.50 MHz (29Si)): δ -5 (cyclopentenyl product), -6.5 (cyclopentyl product). 
 
Ph2HSi—O—CHPh2. This compound was identified by comparison of its 1H NMR spectrum to 
characterization data that has previously been reported.10a 

 
Representative procedure for low temperature reaction monitoring and kinetics data 

collection.      Complex 1a (2.7 mg, 0.003 mmol) and PhMeSiH2 (11 mg, 0.09 mmol) was 
dissolved in 0.6 mL of a stock solution of CD2Cl2 containing C6Me6 as an internal standard. This 
solution was transferred to a J-Young NMR tube, which was then charged with a small plastic 
tube that was packed with benzophenone, and sealed with a threaded Teflon stopper. The plastic 
insert fit snuggly at the top of the NMR tube, thus keeping the benzophenone substrate separate 
from the solution. An initial 1H NMR spectrum of the solution was collected at -18 °C 
(temperature was calibrated by an external standard of 4 % MeOH in MeOD-d4). The solution 
was chilled in a dry-ice/iPrOH bath before briskly shaking the NMR tube to dissolve 
benzophenone into the solution. The sample was immediately transferred to the NMR probe 
cooled to – 18 °C and allowed 1 minutes to equilibrate in temperature before collection of 1H 
NMR spectra at 12 s intervals.  

 
Computational Details. All calculations were performed using Gaussian ’09 suite of programs 

in the molecular graphics and computing facility of the College of Chemistry, University of 
California, Berkeley. Calculations were performed using the B3PW91 hybrid functional with the 
6-31G(d,p) basis set for all main-group elements and the LANL 2DZ basis set for ruthenium. 
The full [PhBPPh

3]Ru fragment and SiMePh fragment were used for all calculations. Vibrational 
frequencies were calculated for all converged structures and confirm that these structures are 
transition states (one imaginary frequency determined) or lie on minima (no imaginary 
frequencies were determined). Energies for all species are free energies determined relative to 
1a-DFT + acetone-DFT + PhMeSiH2-DFT. Only half the entropic contributions to the free 
energy differences that were determined by DFT calculations were used as an approximate 
correction for the determination of dilute gas-phase free energies by DFT calculations rather than 
solution-state free energies.20 This results in ca. an 8 kcal/mol decrease in the relative energy of 
transition states or intermediates (in comparison to the gas phase values) formed in bimolecular 
processes. 
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