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Abstract: The zinc hydride compound, [Tptm]ZnH, may achieve the reduction of CO2 by 

(RO)3SiH (R = Me, Et) to the methanol oxidation level, (MeO)xSi(OR)4–x, via the formate 

species, HCO2Si(OR)3.  However, because insertion of CO2 into the Zn–H bond is more 

facile than insertion of HCO2Si(OR)3, conversion of HCO2Si(OR)3 to the methanol level 

only occurs to a significant extent in the absence of CO2. 
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INTRODUCTION 

The discovery and development of transformations of carbon dioxide is not only of 

considerable interest with respect to the use of this molecule as a renewable C1 source 

for the synthesis of value added organic chemicals, but is also of relevance to efforts to 

mitigate the rising levels of atmospheric carbon dioxide, i.e. carbon capture and 

utilization (CCU).1-6  Major difficulties, however, are associated with the fact that CO2 

is both kinetically and thermodynamically resistant to chemical transformations.  In 

this regard, the hydrosilylation of CO2 is of particular interest because, in contrast to the 

thermodynamically unfavorable addition of the H–H bond to CO2,7 the addition of a 

Si–H bond is thermodynamically favorable and can occur in a stepwise manner to 

afford a series of products with different carbon oxidation levels, which include silyl 

formates (HCO2SiR3), silyl acetals (H2C(OSiR3)2), methoxysilanes (R3SiOCH3), and 

methane, as illustrated in Scheme 1.8,9  The use of hydrosilanes to reduce CO2 is also of 

relevance because inexpensive and environmentally benign hydrosilanes are available 

as by-products of the silicone industry.8,10 

An important objective pertaining to hydrosilylation of CO2 is the ability to 

control the degree of reduction because each derivative has distinct chemical 

properties.8,11  For example, the reduction of CO2 to the methanol level is of interest 

because of the potential applications for the methanol economy12 and the use of 

methanol as a liquid organic hydrogen carrier for the hydrogen economy.13,14,15 The 

ability to control the degree of reduction of CO2 by hydrosilylation depends critically on 

the use of catalysts.8,11  However, since many of these catalysts employ precious metals, 

there is interest in discovering catalysts that employ nonprecious metals, such as 

zinc.8,16,17,18  Therefore, we describe here the use of a zinc hydride compound, namely 

[tris(2-pyridylthio)methyl]zinc hydride, [Tptm]ZnH (Figure 1),19 to serve as a catalyst 

for the hydrosilylation of CO2 to the methanol level. 
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Scheme 1. Reduction of CO2 via hydrosilylation.  
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Figure 1. [Tptm]ZnH, a mononuclear zinc hydride catalyst.  

 

RESULTS AND DISCUSSION 

We previously reported the first example of the use of a zinc hydride compound as a 

catalyst for the reduction of CO2 via hydrosilylation,16a in which [Tptm]ZnH catalyzes 

the hydrosilylation of CO2 by (RO)3SiH (R = Me, Et) to afford the silyl formate, 
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HCO2Si(OR)3 (Scheme 2).19,20 Specifically, CO2 inserts into the Zn–H bond of 

[Tptm]ZnH to form the zinc formate species, [Tptm]Zn(O2CH),21,22 which subsequently 

undergoes metathesis with (EtO)3SiH to release HCO2Si(OEt)3 and regenerate 

[Tptm]ZnH, a mechanism which is analogous to that proposed for other hydrosilylation 

reactions.17,23 The catalytic synthesis of silyl formates is of interest because such 

compounds have a variety of applications, including uses in organic syntheses.24,25 The 

zinc catalyzed synthesis of HCO2Si(OEt)3 may also be conducted without the need of 

additional solvent; in this regard, the solvent-free conversion of CO2 to silyl formates 

has been recognized as an important advance26 according to the principles of Green 

Chemistry,27,28 since it minimizes the use of unnecessary solvent.29 
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Scheme 2. Catalytic reduction of CO2 to HCO2Si(OR)3.   
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In addition to the hydrosilylation of CO2, we have also reported that [Tptm]ZnH 

is an effective catalyst for the hydrosilylation of aldehydes and ketones.30,31 On the basis 

of this observation, we considered the possibility that [Tptm]ZnH could likewise serve 

as a catalyst for the reduction of HCO2Si(OR)3, thereby providing a means to effect the 

overall reduction of CO2 to lower oxidation levels.  Therefore, it is significant that we 

report that [Tptm]ZnH is indeed a catalyst for the reduction of HCO2Si(OEt)3 to the 

methanol level (Scheme 3).32,33 In this regard, while the initial methoxysilane product is 

MeOSi(OEt)3,34 the latter undergoes redistribution reaction to form (MeO)xSi(OEt)4-x, as 

previously noted for such compounds.35,36 In addition, the zinc system also catalyzes 

the reduction of HCO2Si(OMe)3 by (MeO)3SiH to afford Si(OMe)4. 
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Scheme 3. Reduction of HCO2Si(OR)3 to methoxy species.  

 

Although reduction of CO2 to methoxysilanes is known,37,38 the mechanisms of 

zinc-hydride catalyzed reductions to the methanol oxidation level have received no 

attention.  Therefore, we have investigated this transformation computationally. 

 The formation of a methoxysilane derivative from the silyl formate compound, 

HCO2Si(OR)3, conceptually requires two cycles of hydrosilylation; the first cycle 

involves reduction to the formaldehyde level (Scheme 4) while the second cycle 

involves reduction to the methanol level (Scheme 5).  On the basis of the mechanisms 

discussed previously for hydrosilyation of CO2
8,16,39,40 and R2CO,30 the initial step of the 

first cycle of the reduction of HCO2Si(OR)3 is proposed to involve insertion of the C=O 
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double bond into the Zn–H bond to afford the alkoxide, [Tptm]ZnOCH2OSi(OR)3 

(Scheme 4; step A). 
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Scheme 4. Possible mechanisms for the reduction of HCO2Si(OMe)3 to formaldehyde.  
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Scheme 5. Reduction of formaldehyde to the methanol level.  

 

The energy profile for insertion of HCO2Si(OMe)3 into the Zn–H bond of 

[Tptm]ZnH to form [Tptm]ZnOCH2OSi(OMe)3 is illustrated in Figure 2, which indicates 

that it is a kinetically feasible transformation with ΔG‡ = 21.4 kcal mol-1.  However, 

since the reduction of HCO2Si(OR)3 does not proceed effectively in the presence of CO2, 

it suggests that insertion of the C=O bond of HCO2Si(OR)3 into the Zn–H bond is less 

facile than that of CO2.  Support for this notion is provided by density functional 

theory calculations, which indicate that the barrier for insertion of CO2 (14.4 kcal mol-1) 

into the Zn–H bond is lower than that for HCO2Si(OMe)3, as illustrated in Figure 2. 
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Figure 2. Insertion of CO2 versus HCO2Si(OMe)3 into the Zn–H bond of [Tptm]ZnH (ΔG values in kcal 

mol-1 at 25˚C). 

 

 Thus, the preferential formation of [Tptm]ZnO2CH over 

[Tptm]ZnOCH2OSi(OMe)3 is consistent with there being a selectivity for the catalytic 

formation of the silyl formate, HCO2Si(OR)3, in the presence of excess CO2.  As such, 

the hydrosilylation of HCO2Si(OR)3 only becomes efficient when the CO2 is depleted 

and insertion of the C=O bond of HCO2Si(OR)3 becomes kinetically competent. 
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Interestingly, while the insertion of HCO2Si(OR)3 into the Zn–H bond of 

[Tptm]ZnH  (Scheme 6, step B) becomes more significant when CO2 is depleted, this 

transformation is not the favored reaction between [Tptm]ZnH and HCO2Si(OR)3.  

Specifically, rather than undergoing insertion of the C=O bond, [Tptm]ZnH reacts 

preferentially with HCO2Si(OR)3 to afford the formate complex, [Tptm]ZnO2CH 

(Scheme 6, step A), which is the microscopic reverse of the product forming step of the 

hydrosilylation reaction to form HCO2Si(OR)3 (Scheme 2; step B), clearly demonstrating 

that this step of the catalytic cycle for hydrosilylation of CO2 is reversible.37c  Thus, it is 

evident that formation of the zinc formate compound by both insertion of CO2 into the 

Zn–H bond and by metathesis of the Zn–H bond with HCO2Si(OR)3 is more facile than 

insertion of the C=O bond of HCO2Si(OR)3 into the Zn–H bond.  The facile generation 

of the zinc formate complex [Tptm]ZnO2CH by these reactions thereby contributes to 

the selectivity of the formation of HCO2Si(OR)3 during the initial stages of the 

hydrosilylation of CO2.  In the absence of CO2, however, [Tptm]ZnO2CH does react 

with (EtO)3SiH to form (MeO)xSi(OEt)4-x, via a sequence that is proposed to involve 

generation of [Tptm]ZnH and HCO2Si(OR)3 (Scheme 2), followed by the subsequent 

reduction of the latter (Scheme 4 and Scheme 5). 
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Scheme 6. Insertion of HCO2Si(OR)3 into the Zn–H bond versus more favorable 

metathesis to afford [Tptm]ZnO2CH.   
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Following insertion of HCO2Si(OR)3 into the Zn–H bond to achieve reduction to 

the formaldehyde level, several mechanisms may be considered to achieve overall 

reduction to the methanol level.  For example, by analogy to mechanisms proposed for 

the hydrosilylation of CO2 and R2CO,8,30 metathesis of [Tptm]ZnOCH2OSi(OR)3 with 

(RO)3SiH would release the bis(silyl)acetal, H2C[OSi(OR)3]2, thereby regenerating the 

zinc hydride catalyst, [Tptm]ZnH (Scheme 4; step B).41  The formation of 

H2C[OSi(OR)3]2 as a reactive intermediate is reasonable on the basis that there is 

literature precedent for the generation of such molecules during hydrosilylation of 

CO2.42,43  For example, we recently reported that a catalytic system comprised of 

[TismPriBenz]MX (M = Mg, Zn; X = H, Me)44 and B(C6F5)3 was effective for the selective 

hydrosilylation of CO2 to afford the bis(silyl)acetal, H2C(OSiPh3)2.45  Bis(silyl)acetal 

compounds possess carbon in the formaldehyde oxidation level and, as demonstrated 

by several studies, provide a potential means of generating incipient formaldehyde 

(Scheme 4; step C).46,47  

In addition to generating formaldehyde via a bis(silyl)acetal intermediate, it is 

also possible that the formaldehyde could be extruded directly from 

[Tptm]ZnOCH2OSi(OR)3 to form the siloxide, [Tptm]ZnOSi(OR)3, which in turn reacts 

with (RO)3SiH to regenerate [Tptm]ZnH (Scheme 4; steps D and E).  Such release of 

formaldehyde from [Tptm]ZnOCH2OSi(OR)3 (Scheme 4, step D) bears an analogy to the 

dissociation of CO2 from the silylcarbonate complex [Tptm]ZnO2COSiMe3 to afford the 

siloxide, [Tptm]ZnOSiMe3.19  Furthermore, the transformation is analogous to the 

proposed elimination of formaldehyde from a boryl counterpart, namely [{2,6-

C6H3(OPBut
2)2}Ni]OCH2OBCat.48  Therefore, we have investigated the ability of 

[Tptm]ZnOCH2OSi(OR)3 to dissociate formaldehyde by using DFT calculations, which 

indicates that the process is facile (Figure 3), and is thereby a potential pathway that is 

more facile than dissociation of formaldehyde from R3SiOCH2OSiR3. species.18e,f  
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Figure 3. Release of formaldehyde from [Tptm]ZnOCH2OSi(OMe)3 (ΔG values in kcal 

mol-1).  

 

Regardless of the mode of generation, the liberated formaldehyde would be 

subject to a subsequent hydrosilylation cycle via a mechanism akin to those for CO2 and 

R2CO, namely insertion into the Zn–H bond to form a methoxide, [Tptm]ZnOMe, 

followed by metathesis with the silane (RO)3SiH to release the methoxysilane, 

MeOSi(OR)3, and regenerate [Tptm]ZnH (Scheme 5).  

 

The ability to reduce CO2 to the methanol oxidation level in this system is of 

significance because it provides further information as to how the degree of reduction 

of CO2 may be controlled.  Thus, while examination of the literature indicates that the 

product distribution is influenced by the hydrosilane and the nature of the 

catalyst/cocatalyst,8,11,49 the present study serves to emphasize how CO2 concentration 

can have an impact by inhibiting reduction of formate species to lower oxidation levels. 
 

 

SUMMARY 

In summary, while [Tptm]ZnH catalyzes the hydrosilylation of CO2 by (RO)3SiH to 

afford the formate HCO2Si(OR)3, it is capable of effecting the overall reduction to the 

methanol level, (MeO)xSi(OR)4–x, which is promoted in the absence of CO2.  The 

preferential formation of HCO2Si(OR)3 in the presence of CO2 may be attributed to 

insertion of CO2 into the Zn–H bond of [Tptm]ZnH being more facile than the 

corresponding insertion of HCO2Si(OR)3.  
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EXPERIMENTAL SECTION 

General Considerations 

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

Schlenk techniques under an argon or nitrogen atmosphere unless otherwise specified.50  

Solvents were purified and degassed by using standard procedures.  1H NMR spectra 

were measured on Bruker 400 Cyber-enabled Avance III, Bruker 500 DMX and Bruker 

AVIII 500 spectrometers.  [Tptm]ZnH, [Tptm]ZnOSiMe3, and [Tptm]ZnO2CH were 

prepared by the literature methods.19 

 

Computational Details 

Calculations were carried out using DFT as implemented in the Jaguar 8.9 (release 15) 

suite of ab initio quantum chemistry programs.51  Geometry optimizations were 

performed with the B3LYP density functional using the LACVP** basis sets that were 

also used for obtaining thermodynamic data.  Cartesian coordinates are provided in 

the Supporting Information.  

 

Zinc catalyzed reduction of HCO2Si(OR)3 by (RO)3SiH  

(a) A mixture of [Tptm]ZnH (3 mg, 0.0073 mmol) and (EtO)3SiO2CH (15 mg, 0.071 

mmol) in benzene (ca. 0.5 mL) in an NMR tube equipped with a J. Young valve was 

treated with (EtO)3SiH (15 mg, 0.091 mmol).  The sample was monitored by 1H NMR 

spectroscopy, thereby demonstrating the immediate formation of [Tptm]ZnO2CH. The 

sample was heated at 100˚C , thereby resulting in the conversion of (EtO)3SiO2CH to 

(EtO)3SiOMe and (MeO)xSi(OEt)4-x redistribution products (TON = 10, TOF 0.2 h 1); see 

Supporting Information.   

(b) A solution of [Tptm]ZnOSiMe3 (1 mg, 0.002 mmol) in C6D6 (ca. 0.5 mL) in an NMR 

tube equipped with a J. Young valve was treated with (MeO)3SiH (20 mg, 0.164 mmol), 

resulting in the formation of [Tptm]ZnH.  CO2 (1 atm) was added and the solution was 

heated at 100˚C for 24 hours and was monitored by 1H NMR spectroscopy, resulting in 
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the formation of (MeO)3SiO2CH (TOF = 0.4 h-1).  The sample was degassed, and 

additional (MeO)3SiH (20 mg, 0.164 mmol) was added.  The solution was heated at 

100˚C for 20 hours, resulting in the complete consumption of (MeO)3SiO2CH (TOF = 0.5 

h-1); see Supporting Information.    

 

Evidence that HCO2Si(OEt)3 does not undergo facile reduction by (EtO)3SiH in the 

presence of CO2 

A mixture of [Tptm]ZnH (3 mg, 0.0073 mmol), (EtO)3SiH (15 mg, 0.091 mmol), and 

(EtO)3SiO2CH (15 mg, 0.071 mmol) in benzene (ca. 0.5 mL) in an NMR tube equipped 

with a J. Young valve was monitored by 1H NMR spectroscopy, thereby resulting in the 

immediate formation of [Tptm]ZnO2CH.  The solution was treated with CO2 (1 atm) 

and heated at 100˚C for 1 day.  Over this period, conversion of CO2 to (EtO)3SiO2CH 

was observed but there was no formation of (MeO)xSi(OEt)4-x; see Supporting 

Information.  

 

Reaction of [Tptm]ZnH with (RO)3SiO2CH: Formation of [Tptm]ZnO2CH 

(a) A mixture of [Tptm]ZnH (3 mg, 0.0073 mmol) and (EtO)3SiO2CH (15 mg, 0.071 

mmol) in benzene (ca. 0.5 mL) in an NMR tube equipped with a J. Young valve was 

monitored by 1H NMR spectroscopy, thereby demonstrating the immediate formation 

of [Tptm]ZnO2CH; see Supporting Information. 

(b) A mixture of [Tptm]ZnH (3 mg, 0.0073 mmol) and (MeO)3SiH (15 mg, 0.123 mmol) 

in benzene (ca. 0.5 mL) in an NMR tube equipped with a J. Young valve was treated 

with CO2 (1 atm).  The sample was heated at 80°C and monitored by 1H NMR 

spectroscopy, thereby demonstrating the formation of (MeO)3SiO2CH over 2 days. The 

CO2 was removed and the sample was treated with [Tptm]ZnH, which converted 

immediately to [Tptm]ZnO2CH as demonstrated by 1H NMR spectroscopy. 

 

Reaction of [Tptm]ZnO2CH with (EtO)3SiH: Formation of (MeO)xSi(OEt)4-x 
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A mixture of [Tptm]ZnH (3 mg, 0.0073 mmol) and (EtO)3SiH (15 mg, 0.071 mmol) in 

benzene (ca.0.5 mL) in an NMR tube equipped with a J. Young valve was treated with 

CO2 (1 atm), resulting in the in situ generation of TptmZnO2CH. The tube was 

immediately degassed and heated at 60˚C for 1 day and 80°C for 2 days, showing the 

formation of (EtO)3SiOMe and (MeO)xSi(OEt)4-x redistribution products; see Supporting 

Information. 
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