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Platinum-catalyzed reduction of amides with hydrosilanes bearing 

dual Si-H groups: a theoretical study of the reaction mechanism  

Naoki Nakatani,a* Jun-ya Hasegawa,a,b Yusuke Sunada,b and Hideo Nagashimab,c 

A platinum-catalyzed amide reduction through hydrosilylation with 1,2-bis(dimethylsilyl)benzene (BDSB) was investigated 

on a theoretical basis. While the platinum-catalyzed hydrosilylation of alkenes is well known, that of carbonyl groups rarely 

occurs. The only exception involves the use of bifunctional hydrosilanes having dual, closely located Si-H groups, which 

accelerates the hydrosilylation of carbonyl groups, leading to successful reduction of amides to amines under mild 

conditions. In the present study, we determined through density functional theory calculations that the platinum-

catalyzed hydrosilylation of the C=O bond proceeds via a Pt(IV)-disilyl-dihydride intermediate with the associated 

activation energy of 29.6 kcal/mol. Although it was believed that the hydrosilylation of carbonyl groups does not occur via 

the classical Chalk-Harrod cycle, the computational results support a mechanism involving the insertion of the amide C=O 

bond into a Pt-H bond. This insertion readily occurs because a Pt-H bond in the Pt(IV)-disilyl-dihydride intermediate is 

highly activated due to the strong σ-donating interaction of the silyl groups. The modified Chalk-Harrod mechanism that 

occurs preferentially in rhodium-catalyzed hydrosilylation as well as the ionic outer sphere mechanism associated with 

iridium-catalyzed amide reduction were both safely ruled out as mechanisms for this platinum-catalyzed amide reduction, 

because of the unexpectedly large activation barrier (> 40 kcal/mol) for the Si-O bond formation.

Introduction 

The hydrosilylation of unsaturated molecules is one of 

the most important reactions in the synthesis of organosilicon 

compounds.1 The hydrosilylation of alkenes is an industrially 

important process used to make silane coupling reagents and 

silicones,2 while the reaction of ketones has received attention 

from synthetic organic chemists as a method for the reduction 

of carbon-oxygen double bonds.3 A wide variety of transition 

metal compounds show catalytic activity toward 

hydrosilylation reactions. Among them, metal compounds, 

which include rhodium,3 ruthenium,4 and iridium complexes,5 

more ubiquitous iron, copper, zinc, and manganese 

compounds,6 as well as molybdenum and rhenium oxides7 

have been investigated as catalysts for the reduction of 

ketones.3 Progress in research of the hydrosilylation of 

carbonyl compounds led to increase of the range of substrates 

from aldehydes and ketones to carboxylic acid derivatives,8 

which are typically difficult to reduce by standard reduction 

reactions.9 Of interest is catalytic properties of platinum 

compounds, which are the most commonly used catalysts for 

the reactions of alkenes,2 but showed poor catalytic activity 

towards the hydrosilane reduction of carbonyl compounds.  

We have recently discovered the platinum-catalyzed 

reduction of tertiary amides with certain hydrosilanes, which 

offers a practical means of inducing reduction for the 
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Scheme 1. (a) A general scheme for hydride reduction of amides. (b) A scheme for 

platinum-catalysed hydrosilane reduction of amides with bifunctional hydrosilanes. 
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preparation of tertiary amines.10 It is well known that 

reduction of amides is the most difficult reaction by metal 

hydrides, and this discovery opened a practical access to 

amines from amides with commercially available and easy-to-

handle hydrosilanes and a catalytic amount of platinum 

compounds. It is also important that this is a rare example of 

the successful platinum-catalyzed reduction of carbonyl 

compounds with hydrosilanes,11 and a key discovery with 

regard to accomplishing this reaction is the use of the 

bifunctional hydrosilanes Me2HSiOSiHMe2 (TMDS) and 1,2-

bis(dimethylsilyl)benzene (BDSB) for the hydrosilylation 

reaction. In fact, it was observed that the reaction did not 

proceed when using monohydrosilanes such as PhMe2SiH and 

EtMe2SiH or with di- or trihydrosilanes.  

As shown in Scheme 1a, reduction of tertiary amides 

with metal hydrides (M-H) is generally explained by two 

elementary steps, addition of a M-H species to a C=O bond of 

the amide (step 1) and reductive deoxygenation of the 

intermediary metallated hemiaminal to the amine (step 2).9 

Step 1 and step 2 are usually continuous to give amines from 

amides; however, step 2 can be suppressed with appropriate 

reducing reagents under optimized conditions to give the 

hemiaminal intermediate, of which hydrolysis gives aldehydes. 

One of the clues for understanding the facile reduction of 

amides by platinum catalysts is the effectiveness of TMDS and 

BDSB for step 1, which was ascribed to a proximity effect 

arising from the two Si-H groups that accelerates the catalytic 

hydrosilylation of carbonyl compounds in conjunction with 

various rhodium, ruthenium, and iron catalysts.12 Studies to 

isolate metal-silyl complexes which are closely related 

compounds to active species in the catalytic cycle, suggest the 

involvement of double oxidative addition of BDSB to the metal 

complexes to form disilametallacycles. However, detailed 

mechanisms of the proximate effect, i.e. why two closely 

located Si-H groups accelerate the hydrosilylation, needed 

further investigation. Mechanisms of the catalytic 

hydrosilylation reactions have been studied both 

experimentally and theoretically, which include the 

conventional Chalk-Harrod and modified Chalk Harrod cycles 

as well as outer sphere mechanisms recently proposed (as 

briefly introduced later on).13-21 These provided us the basis to 

discuss the proximity effect in the platinum-catalyzed 

hydrosilylation, as summarized in the first part of Results and 

Discussion. In contrast, mechanisms of the catalytic 

deoxygenative reduction (step 2), in which two proximate Si-H 

groups may facilitate the reaction, have totally been 

unexplored. 

In this paper, we report the results of density functional 

theory (DFT) calculations for the platinum-catalyzed reduction 

of amides with BDSB. Our results clearly suggest that the 

reaction proceeds via the intermediate species including 

Pt(IV)- dihydride-disillyl species,”H2Pt
IV

Si2” , and that the 

catalytic cycle is initiated by the facile insertion of the C=O 

bond of the amide into the Pt-H bond (Chalk-Harrod 

mechanism). The insertion of the C=O bond into the Pt-Si bond 

(modified Chalk-Harrod mechanism) was ruled out. In the 

course of the study, we discovered a mononuclear Pt(II) 

intermediate, “HPt
II
(Si)(η2

-Si-H)”,  in which one of the Si-H 

bonds in BDSB is oxidatively added to the platinum center, 

while the other is coordinated to the metal center of the 

resulting H-Pt-Si moiety in an η2-Si-H fashion. Although this η2-

Si-H species coordinated to the Pt(II) center may be involved in 

the nucleophilic attack by carbonyl oxygen to the η2-Si-H 

moiety (outer sphere mechanism), a detailed study suggests 

that it only contributes to the formation of an H2Pt(IV)(disilyl)2 

intermediate by oxidative addition to the Pt(II) center. These 

results provide the first evidence supporting the involvement 

of the double oxidative addition of two Si-H groups to the 

metal center to produce a highly reactive metal hydride 

intermediate that promotes the reaction of carbonyl 

compounds, and in which the conventional Chalk-Harrod 

mechanism is adopted for the catalytic hydrosilylation of 

carbonyl compounds. Further study revealed mechanisms of 

the reductive deoxygenation, in which the reductive 

deoxygenation did not proceed through the silyl heminal 

intermediate but via a Pt(II)-hydride-silyl intermediate having a 

characteristic bicyclic structure (Scheme 1b).  

Computational Details 

All geometry optimizations and energy calculations were 

performed on the basis of DFT. We initially performed simple 

assessments of functional dependency.† In these initial studies, 

we examined geometries and energies using several common 

functionals, such as B3LYP, B3PW91, B97D, M06, and PBE0, 

and concluded that the functional dependency in the present 

system is very small. Hence, we simply used the B3LYP 

functional22 because it has been most commonly employed for 

the theoretical investigations of transition metal complexes 

including 4d and 5d series and tends to generate results that 

agree well with experimental findings, especially for ground 

state reactions. We employed the Stuttgart/Dresden 

(611111/22111/411) basis sets23a for the valence electrons of 

Pt atoms and the 60 core electrons were replaced by the 

effective core potentials (ECP60MWB).23b The valence triple-

zeta basis sets plus polarization functions, namely 6-311G(d, p), 

were employed for H, C, and Si atoms,24 and these sets plus 

diffuse functions, namely 6-311+G(d, p), were employed for 

anionic atoms such as N, O, and S.24 For the energies discussed 

in the following sections, a free energy correction25 was taken 

into account and solvation effects were evaluated using a 

polarized continuum model (PCM)26 with a dielectric constant 

value of ε = 7.4257 for tetrahydrofuran (THF). The Gaussian 09 

package (revision number B-01) was employed for all 

calculations.27 

Results and Discussion 

Mechanisms of hydrosilylation in the literature. 

A short review of the catalytic hydrosilylations of a C=C bond 

and a C=O bond. It is necessary for the following discussion to 

summarize the proposed mechanisms of hydrosilylation 

reactions in the literature. The Chalk-Harrod mechanism13 
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proposed for the platinum-catalyzed hydrosilylation of alkenes 

in the 1960s includes the oxidative addition of a Si-H bond to a 

metal center to form an intermediate including a H-M-Si 

moiety, followed by the insertion of the C=C bond into the 

resulting H-M bond and subsequent reductive elimination of 

the adduct, as shown in Scheme 2 (left). In the case of cobalt 

and rhodium-catalyzed processes, a modified Chalk-Harrod 

mechanism (Scheme 2, right),14 in which the insertion of the 

C=C bond into the M-Si bond of a H-M-Si species takes place, 

has been proposed.  

The hydrosilylation of carbonyl groups has a different 

mechanistic aspect due to the strong affinity of silicon for 

oxygen. Ojima and co-workers reported that the modified 

Chalk-Harrod mechanism better explains the rhodium-

catalyzed hydrosilylation of ketones compared to the Chalk-

Harrod cycle (Scheme 3, left).15 In addition, a notable proposal 

has recently appeared in which the hydrosilylation does not 

involve any oxidative additions but rather proceeds through an 

η2-R3Si-H species. In this newly-proposed, so-called outer 

sphere mechanism, Si-O bond formation occurs via the direct 

attack of the oxygen atom of the carbonyl group on the silicon 

atom of the η2-R3Si-H species. Typical examples include the 

hydrosilylation of ketones by cationic iridium or ruthenium 

complexes, in which a carbonyl group (O=CR2) attacks the Si 

atom of an (η2-R3Si-H)M+ species through this mechanism. In 

this process, Si-O bond formation produces a five-coordinate 

silicone species, R2C=O-SiR3-H���M+, which is followed by the 

generation of a silylium ion-activated carbonyl group, R3Si-

O+=CR2, and M-H. The hydride transfer from M-H to the carbon 

atom of the activated carbonyl group gives the product shown 

in Scheme 3 (right).16,17 In this case, a silylium ion, R3Si+, 

activates the oxygen atom of a carbonyl group to produce a 

siloxycarbenium ion that subsequently undergoes attack by a 

hydride at the carbon atom.20,21 These possible mechanisms 

were examined one by one to elucidate the platinum-

catalyzed hydrosilane reduction of amides to amines with 

BDSB in the following study.  

Isolation of disilaplatinacyclopentanes related to catalytic 

hydrosilane reduction of amides and a proposed mechanism.  

It should be noted that three disilaplatinacyclopentanes, 1 to 3, 

bearing Me2S or MeS(CH2)3SMe ligands, were synthesized and 

characterized as reported in our previous paper.28a All of these 

compounds showed catalytic activity for the hydrosilane 

reduction of amides with BDSB comparable to that observed in 

reactions catalyzed by the Pt(0) catalyst precursor Pt(dba)2 

(dba = dibenzylideneacetone). The Me2S or MeS(CH2)3SMe 

ligands were weakly coordinated to the platinum center, thus 

stabilizing compounds 1 to 3 without disturbing the catalytic 

reaction. These complexes were not directly involved in the 

catalytic cycle, but were instead closely related to the actual 

catalytic intermediates.  

In considering the mechanism of the hydrosilane 

reduction of amides by BDSB, three intermediates, R, A, and S 

are important (Scheme 4). The double oxidative addition of 

BDSB to a Pt(0) intermediate such as [Pt(0)(L)2] (R) occurs, 

followed by the dissociation of L to form the disilaplatina(IV) 

intermediate “H2Pt
IV

Si2(L)” (A), where L is a solvent molecule, 

substrate, or weakly coordinated ligand such as Me2S. When L 

is Me2S, the elimination of H2 gave an intermediate, 

“Pt
II
Si2(SMe2)” (S), that is a precursor of 1, 2, and 3 previously 

isolated. The ligand exchange of S with MeS(CH2)3SMe gives 1, 

whereas the oxidative addition of BDSB and subsequent 

elimination of H2 and ligand substitution explains the 

formation of 2 and 3 from S. These processes suggest that A is 

a key intermediate in the hydrosilane reduction of the amide 

during this catalytic cycle. In this context, it is helpful to first 

consider in detail the mechanistic aspects of the reactions 

 

Scheme 2. Chalk-Harrod and modified Chalk-Harrod cycles. 

 

Scheme 3. Ojima’s modified Chalk-Harrod mechanism (left) and ionic outer sphere 

mechanism (right) for the hydrosilylation of ketons. 

 

 

Scheme 4. Three key intermediates (R, A, and S) in this study and three 
isolated complexes (1, 2, and 3) closely related to the intermediates in the 
catalytic cycle in our previous study. 
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Recently, the reduction of carbonyl compounds with 

hydrosilanes catalyzed by cationic iridium or ruthenium 

tion. Although these 

reactions involve hydrosilylation of a C=O bond, mechanisms 

Harrod 

Experimental and theoretical 

studies have shown that the important intermediate is a 

H group, 

and that a lone pair on the carbonyl oxygen directly attacks the 

H group to generate activated 

), as shown in 

This reaction is 

followed by a hydride attack at the carbonyl carbon atom to 

form the corresponding silyl ether product. The reaction does 

not involve any oxidative additions and/or reductive 

of a cationic metal center is 

H moiety 

sufficiently electrophilic such that it easily undergoes Si-O 

bond formation. Although the Pt center is not cationic, A5a 

l. It would 

therefore be worthwhile to investigate the role of the outer 

catalyzed amide reduction.  

Calculations for the direct attack of amides on the 

did not provide evidence for 

ionary intermediate because the potential energy 

notonically 

O bond length of 1.9 Å, 

inversion of the silyl group stereochemistry takes place, and 

r increased by additional 

O distance. We also investigated the 

changes in the NBO charges of the Pt center, the Si and H 

H group, and the C and O atoms of the 

, right). Interestingly, the charge of 

the Pt center did not change while moving along the reaction 

coordinate, although the hydride nature of the H atom was 

increased when the Si

cationic outer sphere mechanisms proposed for Ir

complexes, the att

in cationic [Ir

nature is compensated for by the positive charge of the metal 

center. Hence, the lack of any change in the charge at the Pt 

center implies that hydrid

by a neutral Pt center. However, when the charge on the Si 

center was moderately increased (to approximately 0.18e), the 

charge on the carbonyl oxygen was slightly decreased (−0.11e) 

while that on the carbonyl carbon was 

(0.07e) as the Si
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reaction with the platinum hydride. Consequently, an anionic 

Pt-H bond is never formed in the disilaplatina(II) complex

because the Pt center possesses significant electron density 

due to the pronounced σ

ketones, Chan and co

alternative to the modifie
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hydrosilylation of a C=O bond through the Chalk-Harrod 

mechanism. Secondly, experimental results showed that 

amines were selectively formed in the platinum catalysed 

reactions, and silylated hemiaminals (and aldehydes formed by 

hydrolysis) were not observed. This is consistent with the 

calculation that reductive deoxygenation from the D1 

intermediate to the product was a reasonable pathway rather 

than the reductive elimination of the silylated hemiaminals 

from D1. Thirdly, calculations support reversible reaction 

pathways among the intermediate A, intermediate S, and 

isolated complexes, 1, 2, and 3, which explain the mechanistic 

studies on the experimental basis reported previously. 

Several examples of the proximity effect of the two Si-H 

groups enhancing the rates of hydrosilylation reactions of 

carbonyl compounds have been observed with regard to the 

use of rhodium, ruthenium, iridium, and iron catalysts. 

Involvement of the double oxidative addition of two Si-H 

groups to the metal center to generate H2MSi2 species was 

postulated, and was supported by the isolation of 

disilametallacycles as complexes that are closely related to the 

catalytically active species. The results presented in this paper 

clearly support this hypothesis theoretically, providing several 

new insights as described above. Because a silyl group exhibits 

a large trans-influence (see Table S2), the formation of two 

proximal silyl groups as a result of double oxidative addition 

must be a characteristic feature of catalytic hydrosilylation 

using bifunctional hydrosilanes that show unusual reactivity. 

We are currently performing a systematic study of these dual 

Si-H effects in other metal-catalyzed reactions.  
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