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Mechanistic insights into hydrogen generation 

for catalytic hydrolysis and alcoholysis of 

silanes with high-valent oxorhenium(V) 

Complexes  

Wenmin Wang, Jiandi Wang, Liangfang Huang, and Haiyan Wei*  

The high-valent oxorhenium(V) complex [Re(O)(hoz)2]+ (1)-catalyzed the hydrolytic oxidation 

of silanes to produce dihydrogen was studied computationally to determine the underlying 

mechanism. Our results suggested that the oxorhenium(V) complex 1-catalyzed the 

hydrolysis/alcoholysis of silanes proceeds via the ionic out-sphere mechanistic pathway. The 

turnover-limiting step was found to be heterolytic cleavage of the Si−H bond and featured a 

SN2-Si transition state, which corresponds to nucleophilic anti attack of water or alcohol on the 

silicon atom in a cis η1-silane rhenium(V) adduct. Dihydrogen was generated upon transferring 

the hydride from the neutral rhenium hydride [Re(O)(hoz)2H] to the solvated [Me3SiOHR]+ ion. 

The activation free energy of the turnover-limiting step along the ionic outer-sphere pathway 

was calculated at 15.7 kcal/mol with water, 15.4 kcal/mol with methanol, and 15.9 kcal/mol 

with ethanol. These values are energetically more favorable than the [2+2] addition pathway 

by ~15.0 kcal/mol. Furthermore, the previously proposed catalytic pathways involving 

transient rhenium(VII) complexes or via the silicon attacking on a rhenium hydroxo/alkoxo 

complex are shown to possess higher barriers.

Introduction 

Silanols have received considerable attention across industrial fields 
for their role as building blocks in silicon-based polymeric materials 
as well as in organic synthesis.1-5 An attractive synthetic route for 
silanols is the addition of hydrosilanes to water since the only side-
product is hydrogen gas.6-10 Furthermore, due to the relatively weak 
of Si–H bond strength, 11-13 the catalytic hydrolysis of Si–H bonds is 
a promising method for the generation of dihydrogen. In this regard, 
it is highly desirable to find effective chemical methods for 
achieving efficient hydrogen production from water.14-16  As such, a 
series of heterogeneous catalysts based on metal nanoparticles 
(Pd/AlO(OH),17 Pd/Al2O3,

18AuCNT,19RuHAP20, etc21) and 
homogeneous transition metal catalysts, such as gold,22 rhodium,23 
iridium,24 rhenium,15 ruthenium,25 nickel,26 cobalt,27 iron,28 or 
molybdenum29,30, have been reported to show excellent activities for 
the production of dihydrogen from hydrosilanes and water. Very 
recently, Abu-Omar et al. described an air- and water-stable 
oxorhenium(V) complex ([Re(O)(hoz)2]

+ (hoz = 2-(2'-
hydroxyphenyl)-2-oxazoline(−) (1) (Scheme 1) that catalyzes the 
hydrolytic oxidation of organosilanes to produce dihydrogen under 
ambient conditions, resulting in quantitative hydrogen yields. In 
addition, this process required low catalyst loading and no 
solvent.15,31 

 Scheme 1 The catalytic hydrolysis and alcoholysis of silanes by the 
high-valent oxorhenium(V) complex [Re(O)(hoz)2]

+ (hoz = 2-(2'-
hydroxyphenyl)-2-oxazoline(−) (1). 
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   The catalytic reaction depicted in Scheme 1 presents a new 

methodology for the production of hydrogen from organic 

liquid using only water as a co-reagent. Specifically, this was 

the first example of employing a high-valent oxo-metal 

complex for the dehydrogenative oxidation of hydrosilanes 

using water and alcohols. Based on kinetic data and isotope 

labelling experiments, Abu-Omar et al. have proposed two 

possible pathways for this reaction (Scheme 2).31 Cycle 1 

begins with an attack of the silicon atom in silane onto a 

hydroxo/alkoxo ligand bonding at the rhenium center in a 
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rhenium hydroxo complex (1-OH). This process results in a 

hydride transfer to afford silanol and generating an 

oxorhenium(V) hydride. The oxorhenium(V) hydride then 

reacts with the solvated [H+] to produce H2 and regenerates the 

cationic oxorhenium(V) complex 1. Cycle 2 is the traditional 

oxidative addition mechanism,32 which involves the formation 

of a transient rhenium(VII) silyl hydride intermediate via the 

oxidative addition of Si−H bond to the rhenium(V) center. 

Water or alcohol then attacks the electrophilic silicon atom to 

yield silanol. Cycle 2 is completed via reaction of the 

oxorhenium(V) hydride with H+ to produce H2.  

Scheme 2 Proposed mechanism for the high-valent oxorhenium(V) 
complex [Re(O)(hoz)2]

+ (hoz = 2-(2'-hydroxyphenyl)-2-oxazoline(−) 
(1)-catalyzed the hydrolysis of organosilanes in the literature.31 
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It is clear in both of the proposed catalytic cycles (cycle 1 
and cycle 2), that the generating H2 gas is comprised of one H 
atom from silane and one from water. Also, the rates of two 
proposed catalytic pathways depend on the silane and catalyst 
concentrations, which is consistent with the observed kinetic 
experiments demonstrating the involvement of Si–H bonds. 
Furthermore, it is worth noting that the [3+2] or [2+2] manner 
of Si–H bond addition across meta-oxo bonds as in other metal 
oxo systems, such as ReO2(I)(PPh3)2

33,34, MoO2Cl2
35,36, and 

OsO4
37, is excluded, as Si–H insertion into the Re≡O bond in 

oxorhenium(V) complex 1 was not detected by Abu-Omar et al. 
However, the exact nature of the active catalytic species is still 
uncertain. In particular, detailed mechanistic studies on the 
high-valent oxorhenium(V) catalyst (1)-mediated hydrolysis 
and alcoholysis of silanes have yet to be explored theoretically. 
In order to obtain a clear understanding of the high-valent 
oxorhenium(V) catalyst (1)-catalyzed hydrolysis and 
alcoholysis reactions, we have performed theoretical 
calculations to investigate the plausible reaction pathways using 
density functional theory.38 Remarkably, our results show that 
[Re(O)(hoz)2]+ (1) mediated the hydrolysis and alcoholysis 
proceed through an ionic outer-sphere mechanistic pathway. 
And this preferable catalytic cycle does not involve a 
hydroxo/alkoxo complex (as in Cycle 1) or a transient 
rhenium(VII) complex (as in Cycle 2).  

A variety of recent studies have reported the invocation of 
the ionic outer-sphere mechanistic pathways.39 These works 
include those on the catalytic reduction of carbonyl compounds 

using tris(pentafluorophenyl)borane/silanes systems by Piers,40 
the reductions of aldehyde/ketone, epoxides, amides, and ester, 
alkyl halides by a cationic iridium catalyst/silanes system.41 
However, very few theoretical studies and models on reactions 
that favor ionic mechanistic pathways mediated by transition 
metal catalysts have been performed.42 The calculations presented 
from this work that illustrates the mechanism for high-valent 
oxorhenium(V) complex [Re(O)(hoz)2]

+ (1) mediated hydrolysis 
and alcoholysis of organosilanes to produce H2 may also be 
considered to model the reduction reaction of a series of high-
valent transition metal catalysts.43 The knowledge and insight 
gained from this study can enable future works that may ultimately 
lead to the design of more efficient catalysts that favor ionic 
outer-sphere mechanisms.  

Computational Methods 

All molecular geometries of the model complexes were 

optimized at the DFT Becke3LYP (B3LYP) level,44 which was 

implemented in Gaussian 09.45 The effective core potentials 

(ECPs) of Hay and Wadt with double-ζ valence basis sets 

(LanL2DZ)46 were used to describe the Re metals. In addition, 

polarization functions were added for Re (ζf = 0.869).47 The 6-

311g(d,p) basis set was used for all other atoms, such as C, H, 

O, N and Cl. All geometric optimizations were performed 

under solvent conditions using the SMD solvation model with 

CH2Cl2 as the solvent using tight convergence criteria (The 

SMD model is an IEFPCM calculation with radii and non-

electrostatic terms for Truhlar and coworkers’ SMD solvation 

model48). Frequency calculations at the same level of theory 

were carried out to verify all stationary points as minima (zero 

imaginary frequency) and transition states (one imaginary 

frequency). The transition states found were further confirmed 

by calculating intrinsic reaction coordinates routes toward the 

corresponding minima and reoptimizing from the final phase of 

IRC paths to reach each minimum. The final Gibbs energy 

values for ∆Gsol reported in the current study were relative 

Gibbs free energies calculated at 298 K in solvent, with 

corrections for dispersion effects using Grimme’s empirical 

dispersion correction term: i.e., B3LYP-D3.49 Detailed 

comparisons of different methods are listed in Supporting 

Information. All the geometries are displayed using the 

software of CYLview.50 

In the calculations, the catalyst [Re(O)(hoz)2]+ ( the 
benzene ring on the 2'-hydroxyphenyl is reduced) (1), and the 
trimethylsilane (HSiMe3), water was adopted to study all the 
possible catalytic steps. Moreover, the key intermediates and 
transition states for a series of silanes (Et3SiH, Et2MeSiH, 
tBuMeSiH, Ph2MeSiH, PhMe2SiH and Ph3SiH) and a series of 
alcohols (CH3OH, CH3CH2OH, PhOH) were also investigated. 
For compounds that have multiple conformations, several 
different starting geometries were set to optimize the structures 
and compared to locate the lowest-energy conformation. 

Results and Discussion 

 In the subsequent sections, three different reaction 
possibilities for the cationic high-valent oxorhenium(V) 
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complex [Re(O)(hoz)2]+ (1)-catalyzed hydrolysis and 
alcoholysis of silanes are presented and discussed in detail. The 
first pathway is the ionic outer-sphere pathway, in which 
nucleophilic organic substrates (water or alcohols) attack the 
silicon atom in the silane-metal adduct to activate the Si−H 
bond. The second mechanism, proposed by Abu-Omar et al., 31 
(Cycle 1, Scheme 2) involves the attack of Si of silane onto a 
rhenium hydroxo complex (1-OH). And the third mechanism, 
(Cycle 2, Scheme 2) involves the oxidative addition of the Si–H 
bond to the rhenium center to generate a transient rhenium(VII) 
hydride intermediate.  

Pathway I: Oxorhenium(V) complex (1)-catalyzed 

hydrolysis/alcoholysis of silanes via the ionic mechanistic 

pathway. According to experimental observations, 42,51 the ionic 
outer-sphere mechanistic pathway can be described as an initial 
coordination of silane to the metal center of a catalyst, followed 
by a nucleophilic attack (via water or alcohols) on the silane 
metal adduct, as shown in Scheme 3. This attack prompts the 
transfer of the silyl ion (R3Si+) to the water or alcohol and in 
turn the silane hydride to the metal center. The catalytic cycle is 
completed by the solvated silyl water/alcohol ion reacting with 
the metal hydride intermediate, which leads to the final product 
and the regeneration of the catalyst. Along the ionic outer-sphere 
pathway, the requirement for coordination of the unsaturated 
substrates to the metal center is removed. 

Scheme 3 Proposed ionic outer-sphere mechanistic pathway for the 
high-valent oxorhenium(V) complex [Re(O)(hoz)2]

+ (1)-catalyzed 
the hydrolysis of organosilanes in the current study. 
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First Step: Formation of the silane-rhenium complex. The first 
step of the ionic outer-sphere pathway is the coordination of a 
free silane to the rhenium center. The two-electron three-center 
Si−H−M interaction has been proposed in several compounds. 
In addition, the relationship of this interaction to Si−H bond 
activation has been reported. 51a.52 In this work, we demonstrate 
that a free silane molecule can easily coordinate to the vacant 
position on rhenium center, yielding [Re(O)(hoz)2](HSiMe3)]

+, 
2trans. In 2trans (Figure 1), the silane is resides on the axial 
position of the octahedral structure, trans to the multiply 
bonded oxo ligand. The Re···H distance is significantly long, at 
2.75 Å. The Re–H–Si angle is 174.7º and the Si−H (1.51 Å) 
distance is slightly longer than that of the free silane molecule 
(1.49 Å). These results show that the coordination of silane in 
2trans is a much weaker end-on η1-H(Si) mode.53 Trans 
addition of silane to the rhenium center in 1 results in a 
destabilization energy of 3.5 kcal/mol in the solvent.  

The silane rhenium complex could also exist as 2cis isomer, 

which describes the silane molecule being η1 bound to the 

rhenium center, at the equatorial plane of the octahedral 

structure, lying cis to the multiply bonded oxo ligand, shown in 

Figure 1. In this conformation, the oxozoline oxygen atom 

occupies the axial position, lying trans to the multiply bonded 

oxo ligand.54 In 2cis, the Re···H distance is significantly shorter 

at only 1.91 Å. The Si−H bond distance (1.57 Å) is 0.08 Å 

longer than that of a free silane molecule (1.49 Å). And the Re–

H–Si angle is 152.2º. These results show that the coordination 

of silane in 2cis is also in a weak, end-on η1-H(Si) mode. 

However, the silane hydrogen lies relatively close to the metal 

center (1.91 Å) in 2cis, which is ~0.84 Å shorter than in 2trans 

(2.75 Å). These parameters indicate that a relative strong 

coordination between the rhenium center and the silane exist in 

cis conformation. It can be rationalized that the weaker 

interaction in 2trans isomer is due to the strong trans influence 

imposed by the multiply bonded oxo ligand.55 

The isomerization is endergonic where 2cis is 6.5 kcal/mol 

less stable than 2trans. In addition, the transition state 

corresponding to silane cis addition to the rhenium center is 

calculated to require an activation free energy of 13.2 kcal/mol 

above 1 and free silane (TS2, Supporting Information).  

        

2trans                                    2cis 

Figure 1. Optimized structures of the η1-silane rhenium complexes: 

2trans, 2cis.  

Second Step: The cleavage of Si−−−−H bond. The η1-silane bound 

to the electrophilic rhenium(V) center in 2trans or 2cis would 

be activated toward the nucleophilic attack by water. It is worth 

noting that H2O molecule can approach the silicon in a 

“backside” or “frontside” fashion, representing either a H2O 

molecule anti attacking the silane at the face opposite to the 

metal center, or a H2O molecule syn attacking the silane at the 

face same as the metal center. Both isomers were taken as our 

starting point toward H2O molecule attacking. In total, four 

types of conformations were be taken into consideration.  

First, a H2O molecule nucleophilically attacks the silicon 

center in 2trans in a “backside” fashion. Initially, a loosely 

bound adduct, 2trans + H2O, is formed (Supporting 

Information). In this adduct, the geometries of 2trans  and H2O 

are barely perturbed from their isolated structures 

(d(Si···O(H2O)) = 4.22 Å. Using H···Si or Si···O(H2O) 

separation as the reaction coordinates, the search for a transition 

state in this arrangement has been unsuccessful. The energy 

plot versus d(H···Si) or d(Si···O(H2O)) went uphill until it was 

possible to obtain the neutral rhenium hydride species 
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(1Htrans) and the solvated [Me3SiOH2]
+ ion. On the free 

energy surface, the reaction (1 + HSiMe3 + H2O→1Htrans + 

Me3SiOH2
+) is endergonic, ∆G = 29.2 kcal/mol. Thus, the 

estimated activation barrier of 29.2 kcal/mol is obtained for 

H2O molecule anti attacking the η1-silane rhenium complex 

2trans. 
     Alternatively, a H2O molecule could “frontside” attack 2trans, 
featuring a H2O molecule syn attacking silane at the same face as the 
metal center. For such an arrangement, the transition state (TS3syn) 
is located. In the optimized structure of TS3syn (Figure 2), the silane 
hydrogen bond is stretched to 1.74 Å and moves close to the 
rhenium center at a Re···H distance of 2.00 Å. H2O molecule 
coordinates to the silicon center with Si−O(H2O) distance of 2.02 Å. 
The coordination geometry around the silicon center is penta-
coordinated and can be regarded as a trigonal bipyramid. The 
calculated vibrational motion of the imaginary frequency associated 
with TS3syn represents the expected normal mode of a syn SN2-Si 
reaction, with three atoms of Re···H···Si approximately in a straight 
line at 178.5º and three atoms of H···Si···O(H2O) roughly 
perpendicular at 71.6º. These features indicate the nucleophilic 
attacks by H2O at the silicon center and simultaneously the 
electrophilic hydride moiety leaves the silicon center, which results 
in the cleavage of Si−H bond and the formation of a Re−H bond. 
However, our calculation showed that TS3syn is associated with a 
pronouncedly high activation free energy barrier, 34.4 kcal/mol.     

 Likewise, a H2O molecule could nucleophilically approach 

the silicon center in 2cis form “frontside” or “backside” to 

prompt cleavage of the Si−H bond. The ionic transition states in 

which H2O molecules anti attack the silicon center at the 

opposite face to the metal center (TS4anti, “backside”) and syn 

attack the silicon center at the same face as the metal center 

(TS4syn,“frontside”) were both located (Figure 2). In TS4anti, 

the coordination geometry around the silicon center is penta-

coordinated trigonal bipyramid, where with the silyl group 

(SiMe3) acts as the plane and the leaving hydrogen atom and 

the incoming O(H2O) atoms occupy the apical positions. The 

four atoms of Re···H···Si···O are roughly in a straight line, 

with Re−H−Si having an angle of 165.5º and H−Si−O having 

an angle of 173.6º. The calculated vibrational motion of the 

imaginary frequency associated with TS4anti represents the 

expected normal mode of a traditional SN2-Si reaction at the 

silicon center, which features attack of nucleophilic H2O group 

on the silicon center, d(Si···O) = 2.00 Å and the electrophilic 

hydride moiety leaves the silicon center, to prompt the cleavage 

of the Si−H bond, d(Si···H) = 2.05 Å and the formation of 

Re−H bond, d(Re···H) = 1.70 Å. Likewise, the transition state 

TS4syn represents the expected normal mode of a syn SN2-Si 

reaction, which features the simultaneous cleavage of the Si−H 

bond, d(Si···H) = 1.91Å and the formation of the Re−H bond, 

d(Re···H) = 1.76 Å, upon the attack of nucleophilic H2O on the 

silicon center, d(Si···O) = 2.08 Å. The calculated free energy 

profile shows that cis η1-silane rhenium(V) adduct 2cis entails a 

significantly reduction of activation barrier in SN2-Si transition 

state compared to trans isomer. The activation free energy of 

TS4anti is calculated to be much lower at 15.7 kcal/mol. The 

calculated free energy associated with TS4syn is pronouncedly 

high, at 31.8 kcal/mol. Therefore, both of syn arrangements 

(TS3syn and TS4syn) can be eliminated as potential 

mechanisms. 

Third Step: The hydride transfer. Following TS4anti, the 

reaction goes from two molecular units, 2cis and a H2O 

molecule, to an intermediate 4anti. In the optimized structure of 

4anti (Figure 3), consisting of the [Me3SiOH2]
+ ion paired with 

a cis neutral rhenium hydride [Re(O)(hoz)2H] (1Hcis), the 

rhenium-hydride bond is completely formed, d(Re−H) = 1.65 Å, 

the Si−H bond is completely cleaved and largely separated 

(3.98 Å). 4anti was calculated to be 6.7 kcal/mol below 

TS4anti using B3LYP calculations. However, when  dispersion 

effects were considered at the B3LYP-D level, the free energy 

of 4anti was 1.5 kcal/mol higher than TS4anti.56 

                                   

                                        TS3syn                                                 TS4anti                                                           TS4syn 

Figure 2. Optimized structures of the ionic transition state, TS3syn representing H2O molecule syn attacking the silane center in  2trans, and 
the ionic transition states, TS4anti and TS4syn representing H2O molecule anti and syn attacking the silane center in 2cis, respectively. Bond 
distances are shown in Å.  
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                                     4anti                                                                      4syn                                                              TS5 

Figure 3. Optimized structures of the intermediates 4anti, 4syn comprised of the [Me3SiOH2]
+ ion and the neutral rhenium hydride 

[Re(O)(hoz)2(H)], and the transition state TS5 representing [Me3SiOH2]
+ ion abstracting the hydride at the neutral rhenium hydride 

[Re(O)(hoz)2(H)] to produce H2 and silanol. Bond distances are shown in Å.  

The catalytic cycle is then completed when the protonated 

silyl ion abstract a hydrogen to produce dihydrogen and 

generate silanol. Initially, 4anti could dissociate to yield the 

neutral rhenium hydride [Re(O)(hoz)2H] (1Hcis) and the silyl 

water ion [Me3SiOH2]
+, which lies 5.0 kcal/mol lower than that 

of 4anti. At this point, two diverging routes were evaluated. 

The first route considers that two species rearrange to form 

another isomer, 4syn (Figure 3). In other words, H2O molecule 

is located around the silicon atom center at the face same as the 

metal center in 4syn, compared to the anti parallel arrangement 

in 4anti. The geometries of two species of rhenium hydride 

1Hcis and the solvated [Me3SiOH2]
+ ion in 4syn show 

negligible changes. This isomerization yields a stabilization 

energy of 3.4 kcal/mol. Next, the [Me3SiOH2]
+ ion abstract a 

hydride at the rhenium hydride to produce dihydrogen and 

regenerate the catalyst. This process readily occurs by passing 

the transition state TS5 (Figure 3). In TS5, the hydride on the 

rhenium center moves to the O−H2 bond, with distance of 

d(H···H2) = 0.97 Å. And the hydrogen atom (H2) leaves the 

[Me3SiOH2]
+ ion with a distance of d(O···H2) = 1.27 Å. The 

eigenvector associated with TS5 involves approach of the 

hydride bound at the rhenium center to the hydrogen atom of 

O−H2 bond at the [SiMe3OH2]
+ ion. IRC calculations were 

carried out from the transition state TS5 leading to the 

formation of dihydrogen gas and silanol product. TS5 is 

calculated at 0.2 kcal/mol higher than that of 4syn intermediate 

at the B3LYP calculated level, However, when  dispersion 

effects were considered at the B3LYP-D level, the free energy 

of TS5 was 5.1 kcal/mol lower than 4syn.57 

Also, there is the possibility for the [Me3SiOH2]
+ ion 

abstracting a hydride from free silanes (Scheme 4, (a)), 

however, this  reaction is calculated to be endoergic, with ∆G = 

9.5 kcal/mol. Therefore, despite being the most available 

hydride source, due to the endoergic nature of the reaction, it is 

unlikely that free silanes function as hydride donors in this 

catalytic process. Furthermore, the overall reaction for the 

rhenium hydride cis-Re(O)(hoz)2H (1Hcis) donating a hydride 

to the [Me3SiOH2]
+ ion is largely exergonic (Scheme 4, (b)), 

∆G = -30.9 kcal/mol. Therefore, we conclude that the hydride 

transfer process from rhenium hydride 1Hcis to the 

[Me3SiOH2]
+ ion is a kinetically and thermodynamically 

favored reaction. Clearly, the ion pairs comprised of a neutral 

rhenium hydride species and the solvated [Me3SiOH2]
+ ion are 

metastable which undergo easy isomerization to produce H2 

and yield silanol. The significant accumulation of neutral 

rhenium hydride species is unlikely under these reaction 

conditions.  Furthermore, our calculated results suggest that the 

catalytic cycle is more likely to proceed without the generation 

of a free rhenium hydride species or [Me3SiOH2]
+ ion.  

Scheme 4 The reactions for the [Me3SiOH2]
+ ion abstracting a 

hydride from free silanes (a), or from the rhenium hydride 1Hcis (b). 
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In summary, the calculated free-energy profiles along the ionic 

outer-sphere pathway for the high-valent oxorhenium(V) complex 1 

catalyzed hydrolysis of trimethylsilane are shown in Figure 4 

(black). This catalytic cycle can be divided into three steps: (1) the 

addition of silane to the metal center, 1→TS2→2cis; (2) the 

heterolytic cleavage of Si−H bond upon the nucleophilic attack of 

water, TS4anti→4anti; (3) and the hydride transfer, 

4syn→TS5→5→H2 + silanol + 1. Our calculated results indicate 

that the ionic outer-sphere pathway is thermodynamically favorable 

and is associated with a moderate activation free energy barrier (15.7 

kcal/mol, TS4anti). Along the process of TS4anti → 4anti → 4syn, 

the free energy surface is considerably flat: 4syn is 3.4 kcal/mol 

more stabilized than 4anti. A negligible barrier is required for 
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hydride transfer (TS5 relative to 4syn). These results suggest that 

through the formation  
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Figure 4. Schematic free-energy surface (B3LYP-D level) for the cationic high-valent oxorhenium complex [Re(O)(hoz)2]
+ (1) catalyzed 

the hydrolysis (black) and alcoholysis (blue) of silanes along the ionic outer-sphere mechanistic pathway. 

of the ionic transition state TS4anti corresponding to the 

heterolytic cleavage of Si−H bond, isomerization within the 

intermediates of 4anti and 4syn, the hydride transfer process 

(TS5) readily occurs. This process may occur readily due to the 

strong electrostatic attraction between the hydride on the rhenium 

center and the solvated [Me3SiOH2]
+ ion. The turnover-limiting 

step in the ionic outer-sphere pathway is related to the heterolytic 

cleavage of the Si−H bond (TS4anti). Overall, the calculated 

Gibbs energy barrier is close to the one experimentally reported 

(18.3 kcal/mol),31 which supports the viability of the ionic outer-

sphere mechanistic pathway. In addition, the large negative 

entropies found for this reaction31 could be related with the 

intermolecular reaction disclosed by the ionic transition state 

TS4anti, which is a tighter arrangement and may imply large 

negative entropies. Furthermore, it is clear that along the ionic 

outer-sphere pathway, the generation of dihydrogen is comprised 

of one H atom from silane and one from water. 

Abu-Omar et al. have shown that the cationic oxorhenium 

complex 1 is also effective for the highly efficient catalysis of 

alcohol silylation. Prompted by the above results, we have 

further explored the ionic outer-sphere free energy surfaces 

for 1-catalyzed various alcohols (CH3OH, EtOH, and PhOH) 

of silanes. Notably, the calculated rate-determining activation 

barriers of CH3OH (15.4 kcal/mol) and EtOH (15.9 kcal/mol) 

are close to that of H2O (15.7 kcal/mol). These values are 

consistent with the experimental observations that the 

silylation of primary alcohols are quite competitive with that 

of water. When moving to phenol (PhOH), the substrate 

increases the barrier up to 25.0 kcal/mol kcal/mol (see Figure 

4 (blue)), which indicates that phenol is not reactive. These 

results are also consistent with experimental observations. 

The optimized structure of the ionic transition state TS4anti-

PhOH corresponding to heterolytic cleavage of Si−H bond 

upon the nucleophilic attack of phenol is shown in Figure 5. 

TS4anti-PhOH exhibits a late geometry in terms of short 

Re−H distance, d(Re−H) = 1.67 Å and long significant 

elongation of the Si−H bond, d(Si···H) = 2.16 Å. The phenol 

is tightly coordinated to the silicon center, with a Si−O 

distance of 2.03 Å. Similarly, along the ionic mechanistic 

pathway of TS4anti-PhOH→4anti-PhOH→4syn-PhOH 

(Figure 4 (blue)), the turnover-limiting step is also 

corresponding to the heterolytic cleavage of Si−H bond.  

 

TS4anti-PhOH 

Figure 5. Optimized structure of the transition state TS4anti-
PhOH, in oxorhenium(V) complex (1)-catalyzed the 
alcoholysis of phenol. Bond distances are shown in Å. 

Moreover, our calculations indicated that the steric 

hindrance on silanes affect the catalytic reactivity of cationic 

oxorhenium(V) complexes (1) greatly.58 By increasing the 

steric bulk of R substituents at the silicon atom, the reactivity 

of hydrosilanes catalyzed by the oxorhenium(V) complex 1, 

are in order of decreasing activity: EtMe2SiH, Et2MeSiH, 

Me3SiH (14.0, 14.8, and 15.7 kcal/mol) > Et3SiH (16.5 

kcal/mol) > tBuMe2SiH (20.7 kcal/mol). The bulky 

tBuMe2SiH increase the activation barrier largely to be 20.7 

kcal/mol. Whereas, our results show that silanes bearing 

phenyl groups could reduce the activation barrier of the 

turnover-limiting steps. Reactions of water with Ph2MeSiH, 

Ph3SiH (13.3 and 13.5 kcal/mol) proceeded at a slightly 

higher rates than PhMe2SiH (15.2 kcal/mol), which indicated 

that the increase in activity of Ph2MeSiH and Ph3SiH 

compared to the less sterically hindered silane of PhMe2SiH. 

This can be ascribed to stabilization of the solvated 

[Me3SiOHR]+ ion by phenyl groups in the transition state 

structure. Therefore, these results indicated that a SN2 

reactions is both affected by electronic effects between 

nucleophiles and substrates, as suggested in the nucleophilic 

substitution reaction at silicon (SN2@Si) by Bickelhaupt.58 In 

this regard, species with more nucleophilic character on the 

silicon group could play an important role in lowing the 

activation free energy. 
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Pathway II: Oxorhenium(V) complex (1)-catalyzed 

hydrolysis/alcoholysis of silane via Cycle 1. As described in 

the introduction, Abu-Omar et al. proposed a reaction 

pathway involving silane attacking a rhenium hydroxo 

complex (1-OH), resulting in a concurrent hydride transfer to 

yield silanol and a oxorhenium(V) hydride (Scheme 2, Cycle 

1). However, as we tried to locate the transition state 

corresponding to abstraction of hydroxo group on 1-OH by 

silane, all the attempts for searching such four-member ring 

of σ-bond metathesis-like transition state (TS6trans or 

TS6cis, shown in Scheme 5) failed. And we believed that 

even if such a transition state existed, it would definitely be 

higher.59 Furthermore, the reaction to generate the rhenium 

hydroxo complex (1-OH) under the experimental 

environment was calculated to be highly endergonic,  

1 + 2H2O → 1-OHtrans +  H3O
+  

∆G = 34.1 kcal/mol (34.8 kcal/mol for 1-OHcis). Hence, the 

low possibility of overcoming these high barriers when more 

competitive pathways (the ionic outer-sphere mechanistic 

pathway) indicates that Cycle 1 does not contribute to the 

catalytic activity of oxorhenium(V) complex 1 catalyzed 

hydrolysis of silanes.  

Pathway III: Oxorhenium(V) complex (1)-catalyzed 

hydrolysis/alcoholysis of silanes via the oxidative addition 

pathway (Cycle 2). Abu-Omar et al. has also suggested the 

possibility of the oxidative addition of Si−H bond to yield a 

transient rhenium(VII) complex. However, our theoretical 

calculations show that the rhenium(VII) species resulting 

from the oxidative addition of silane to the oxorhenium(V) 

complex 1 is not stable due to the crowd sphere. The 

structures of TS7 and 7 (scheme 5, see Supporting 

Information for all the attempts) coud not be found. 

Moreover, the oxorhenium(VII) intermediate resulting from 

the oxidative addition of Si−H bond to the rhenium complex 

isomer with dissociation of one oxazoline ring could not be 

located either (Scheme 5, TS8-1 and 8-1). Furthermore, the 

silane rhenium complex 8 with dissociation of one oxazoline 

ring is calculated not to be a feasible intermediate since it is 

placed at 44.8 kcal/mol above complex 1 and free 

silane.Therefore, our calculated results show that Cycle 2 

involving a transient rhenium(VII) complex is energetically 

unfavorable and can be ruled out as a likely mechanistic 

pathway. 

Scheme 5 Other Si−H bond activation pathways. 

Attack of Si of the silane onto a rhenium hydroxo complex 1-
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Conclusions 

The mechanism of the high-valent cationic oxorhenium(V) 

complex [Re(O)(hoz)2]
+ (1) catalyzed hydrolysis and 

alcoholysis of organosilanes was extensively investigated 

using B3LYP-D level of theory. Remarkably, our 

computational results support that the ionic outer-sphere 

mechanistic pathway was the preferable route for the 

oxorhenium(V) complex (1)-catalyzed silane hydrolysis and 

alcoholysis. This mechanism involves the activation of Si−H 

through silane η1 bonding to the metal center and subsequent 

nucleophilic attack on η1-silane via water or alcohol. Our 

calculations indicate that the rate-determining step is the 

nucleophilic anti attack at the silane center in the η1-silane 

rhenium adduct 2cis, which results in heterolytic cleavage of 

the Si−H bond. This transition structure (TS4anti) can be 

described as an SN2-Si structure, with a silyl transfer to the 

oxygen of H2O or alcohol and the concomitant formation of a 

neutral rhenium hydride. The heterolytic cleavage of the 

Si−H bond was calculated and associated with an activation 

free energy barrier of 15.7 kcal/mol for H2O, close to that 

(18.3 kcal/mol) measurement with the experiments. During 

the ionic outer-sphere mechanistic catalytic cycle, a 

water/alcohol provides a hydride and together with a proton 

from the silane to generate H2. It is the Lewis acidic metal 

center of the present catalytic system that renders the bound 

Si−H group more polarized in an adduct of silane rhenium 

complex; thus, the electrophilic character of the formed 

silane-rhenium complex is increased and it is much more 

susceptible to the nucleophilic attack by water or alcohol.  

It is worth mentioning that the most important points that 

arose from our calculations are the that (1) the multiply 

bonded oxo ligand does not participate in the activation of the 

Si−H bond (TS10, 31.2 kcal/mol, Supporting Information), 

which is unlike the [2+2] addition mechanism, proposed by 

Toste and coworkers,60 who suggest that the [2+2] Si−H bond 

addition across the metal oxo bond accounts for the carbonyl 

hydrosilylation reaction by the di-oxo-rhenium(V) complex 

Re(O)2I(PPh3)2, and (2) the high-valent oxorhenium(V) 

complex [Re(O)(hoz)2]
+ (1) is unique with regards to the 

catalytic hydrolysis and alcoholysis of organosilanes as it 

proceeds in an ionic outer-sphere manner. We demonstrated 

that the requirement of organic substrates coordination and 

insertion into the TM−H bond in ionic outer-sphere 

mechanisms is no longer necessary, which broadens the 
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range of transition metals that can be used in such reactions. 

Finally, our calculations provide useful insight for the 

fundamental understanding of the activation of X−H bonds 

and the catalyzed reduction reactions mediated by high-

valent oxo-metal complexes.  
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The ionic outer-sphere mechanistic pathway, which is 

initiated by the formation of a cis η1-silane Re(V) adduct 

followed by the nucleophilic anti attack by either water or 

alcohol to the silicon atom, features a SN2-Si transition as 

the most favorable pathway for the high-valent 

oxorhenium(V) complex catalyzed hydrolysis/alcoholysis 

of organosilanes.  
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