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Abstract 

Under mild conditions (room temperature, 1.1 atm. of CO2), the silyl dihydride complexes 

[(dmpe)2MnH2(SiHR2)] {R = Ph (1Ph2); Et (1Et2)} reacted rapidly and quantitatively with carbon dioxide to 

afford [(dmpe)2MnH2{Si(κ1-O2CH)R2)}] {R = Ph (2Ph2); Et (2Et2)}; the products of apparent CO2 insertion into 

the terminal Si–H bond. In addition, room temperature reactions of [(dmpe)2MnH2(SiH2R)] {R = Ph (1Ph); 
nBu (1Bu)} with CO2 (1.1 atm.) yielded [(dmpe)2MnH2{Si(κ1-O2CH)2R)}] {R = Ph (3Ph); nBu (3Bu)} containing 

two formate substituents on silicon. The latter reactions proceeded in a stepwise fashion, rapidly forming 

[(dmpe)2MnH2{SiH(κ1-O2CH)R}] {R = Ph (4Ph); nBu (4Bu)} intermediates, which then slowly converted into 

3Ph and 3Bu. During the syntheses of 3Ph and 3Bu, significant amounts of H2 and previously reported 

[(dmpe)2Mn(CO)(κ1-O2CH)] (5) were also formed. The reaction of [(dmpe)2MnD2(SiH2
nBu)] (d2-1Bu) with 

CO2 was carried out, yielding d2-3Bu as the major reaction product, predominantly (>95%) as 

[(dmpe)2MnD2{Si(κ1-O2CH)2
nBu}] featuring two deuteride ligands. DFT calculations to probe the relative 

energies of silicate [(dmpe)2Mn(η3-H2SiR3)], trans-hydrosilane/hydride (trans-[(dmpe)2MnH(H–SiR3)]), 

trans-dihydrogen/silyl (trans-[(dmpe)2Mn(H2)(SiR3)]), and lateral-dihydrogen/silyl (cis-

[(dmpe)2Mn(H2)(SiR3)]) isomers of 2Ph2, 3Ph, and 4Ph are also reported; the lowest energy structures of 2Ph2 

and 3Ph are those of the silicate isomers, consistent with the NMR spectra obtained for 2R2 and 3R. Also, 

compound 2Ph2 was isolated, and crystallized as the silicate isomer; the solid state structure of 2Ph2 is 

qualitatively analogous to that of 1Ph2, but the Mn–Si bond in 2Ph2 is significantly shorter {2.2876(7) Å vs 

2.3176(3) Å}. 

 

 

  

 
† Part of the special issue dedicated to the element manganese, entitled “Manganese: A Tribute to Chemical 
Diversity". 
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Introduction 

Insertion of unsaturated organic reagents into an Si–H bond (hydrosilylation) is an important process to 

incorporate silicon into higher value products.1 Hydrosilylation of carbon dioxide is of particular interest, 

given that CO2 is a widely available and inexpensive C1 synthon.2 However, despite the considerable 

thermodynamic driving force for CO2 insertion into an Si–H bond to generate an Si–O bond (Si–O BDE = 

798(8) kJ mol–1),3 this reaction is kinetically disfavoured for most free hydrosilanes. These insertion 

reactions can be catalyzed by transition metals,1,2 and are most commonly reported to follow cycles akin 

to the Chalk-Harrod4 and modified Chalk-Harrod5 cycles for olefin hydrosilylation (or the closely related 

Ojima cycle6 for hydrosilylation of carbonyl compounds). In these cycles, key steps are hydrosilane Si–H 

bond oxidative addition, coordination of the unsaturated substrate to the metal center, insertion into a 

metal–hydride or metal–silyl linkage, and reductive elimination to release the hydrosilylated product. 

An alternative catalytic cycle for ketone hydrosilylation was proposed in 1995 by Zheng and Chan, 

involving direct ketone insertion into the terminal Si–H bond of a rhodium silyl complex.7 However, strong 

evidence for this mechanism has not been presented.8, 9 Recently, the Tilley group developed a new 

catalytic hydrosilylation route predicated on direct insertion of the unsaturated organic reagent into an 

‘activated’ Si–H bond; the Glaser-Tilley mechanism for olefin hydrosilylation, which involves alkene 

insertion into the terminal Si–H bond of a transition metal silylene complex (Figure 1; left).10 Similar 

catalytic chemistry based on alkene or alkyne insertion into an Si–H bond has been reported for silylene-

like transition metal η3-H2SiRH complexes.11 In addition, the Tobita group reported the overall insertion 

of acetone into the terminal Si–H bond of a tungsten silylene complex containing a hydride co-ligand, 

though a Glaser-Tilley-like mechanism (involving direct insertion of the C=O bond into a terminal silylene 

Si–H bond) was computationally determined to be higher in energy than alternative mechanisms.12 

Furthermore, the Tilley group reported overall insertion of aldehydes and ketones into the terminal Si–H 

bond in silylene iridium cations, though it is unclear if this reaction proceeds via (Glaser-Tilley-like) direct 

insertion or an alternative mechanism.13 More recently, Tilley and Lipke have demonstrated that η3-

H2SiRH complexes with a hydride co-ligand are active catalysts for ketone hydrosilylation, and proposed 

a mechanism involving initial formation of an LxRu(μ-H)3SiR2(O=CR'2) species by coordination of both a 

hydride co-ligand and the ketone to silicon, followed by insertion of the C=O bond into one of the Si–(μ-

H) bonds (Figure 1; right).9 The classes of transition metal complexes which have been shown to undergo 

direct CO2 insertion into an Si–H bond are notable in that the Si centers are significantly more electrophilic 

than those in free hydrosilanes or transition metal silyl complexes; the utility of electrophilic Si–H bond 

activation (which refers to Si–H bond activation as a consequence of substantial electrophilicity at silicon) 

is a subject of significant investigation.8 
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Figure 1. Glaser-Tilley and Lipke-Tilley hydrosilylation mechanisms. 

 

Over the past few decades, it has also been demonstrated that the Si–H bond is activated towards 

carbonyl insertion chemistry in metal-free hypercoordinate silicon species, which feature increased Lewis 

acidity of the Si centers and enhanced hydridic character of the SiH substituents relative to ubiquitous 4-

coordinate hydrosilanes.14 For example, 5-coordinate metal-free amine-substituted hydrosilanes (a in 

Figure 2) have been reported to undergo room-temperature insertion of a C=O bond (from an aldehyde, 

ketone, or carbon dioxide) into the Si–H bond.15 A 4-coordinate hydrosilane with a guanidinyl substituent 

(b in Figure 2) has also been demonstrated to undergo similar reactivity, and DFT calculations suggested 

that the pendent Lewis base coordinates to silicon to form an unobserved hypercoordinate intermediate 

prior to CO2 activation.16 Furthermore, a stable 6-coordinate silicon dihydride species stabilized by a 

tetradentate porphyrin ligand (c in Figure 2) was shown to undergo C=O insertion reactivity upon exposure 

to aldehydes or carbon dioxide under mild conditions {in this case, given that silicon is already 6-

coordinate, CO2 insertion was proposed to occur via hydride abstraction from silicon (by CO2) to generate 

a free formate anion and a 5-coordinate silyl cation, followed by formate coordination to silicon}.17 

Insertion reactions of other unsaturated organic reagents such as isocyanates,18 isothiocyanates,18 and 

imines19 into the Si–H bonds in hypercoordinate amine-substituted hydrosilanes have also been reported. 

It is notable that the proposed reactive intermediate in the Lipke-Tilley cycle for catalytic ketone 

hydrosilylation (Figure 1; right) features a hypercoordinate Si center with (in addition to the ketone donor) 

two terminal substituents on Si and three hydrides bridging between Si and the metal center.9 

 

 

Figure 2. Metal-free hypercoordinate Si species for which carbonyl insertion into an Si–H bond has been 

reported: a) 5-coordinate amine-substituted hydrosilanes,15 b) a 4-coordinate hydrosilane which 
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undergoes CO2 insertion via a 5-coordinate intermediate,16 and c) a 6-coordinate porphyrin silicon 

dihydride.17 

 

Another class of stable Si-containing species where the silicon is hypercoordinate are transition metal 

silicate complexes, where two hydride ligands bridge between the metal and an SiR3 unit. Therefore, if 

one of the terminal substituents on silicon is a hydride, it would be of interest to determine if insertion of 

unsaturated organic reagents into the terminal Si–H bond would occur. The first transition metal silicate 

complex, [(Me2PhP)3Re(CO)(η3-H2SiPh3)], was reported by the Crabtree group in 1990, though the bridging 

hydride atoms were not crystallographically located.20 Since that time, approximately a dozen 

crystallographically authenticated monometallic transition metal silicate-like complexes have been 

reported for Cr,21 Mo,22 Mn,23, 24 Fe,25 Ru,26 Co,27 and Rh.28 Of these, it is notable that [(iPr2MeP)CpFe(η3-

H2SiHMePh)] demonstrated some activity towards catalytic hydrosilylation of benzaldehyde by H3SiPh, 

though the cationic silicate-free analogue [(iPr2MeP)CpFe(NCCH3)2]+ showed higher activity.25 

Furthermore, a catalytic cycle for alkene hydrosilylation has recently been proposed (based on deuterium 

labelling and kinetic studies) involving alkene insertion into the terminal Si–H bond of a putative nickel 

silicate intermediate.29 Our group reported the manganese ‘silyl dihydride’ complexes (1), which exist in 

solution as a mixture of a silicate ([(dmpe)2Mn(η3-H2SiHRR’)]) and a trans-hydrosilane/hydride (trans-

[(dmpe)2MnH(H–SiHRR’)]) isomer; Figure 3. DFT calculations further suggested the thermodynamic 

accessibility of two more isomers; trans- and lateral- dihydrogen/silyl species (Figure 3; these isomers 

were 8−44 kJ mol−1 higher in energy than the most stable experimentally observed isomer, depending on 

the substitution pattern; for clarity, the silyl dihydride formalism and the chemical formula 

[(dmpe)2MnH2(SiR3)] will herein refer to all isomers).24 At elevated temperature, these species were active 

for ethylene hydrosilylation catalysis. However it was proposed that this chemistry proceeds via H2 

elimination to form a catalytically active manganese silylene hydride or low-coordinate silyl species.30 

Herein, we discuss the reactions of manganese silyl dihydride complexes, 1, with carbon dioxide. 

 

 

Figure 3. Isomers of silyl dihydride complexes [(dmpe)2MnH2(SiHRR’)] {R = R’ = Ph (1Ph2); R = R’ = Et (1Et2); 

R = Ph, R’ = H (1Ph); R = nBu, R’ = H (1Bu)} proposed to be accessible in solution.24 
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Results and Discussion 

Synthesis and Characterization: The manganese silyl dihydride complexes [(dmpe)2MnH2(SiHR2)] {R = Ph 

(1Ph2); Et (1Et2)} (which exist in solution as an equilibrium between silicate and hydrosilane/hydride 

isomers; vide supra) reacted with CO2 (1.1 atm.) to afford [(dmpe)2MnH2{Si(κ1-O2CH)R2)}] {R = Ph (2Ph2); Et 

(2Et2)}, in which the H substituent on silicon has been converted to a formate group (Scheme 1). These 

reactions reached completion within minutes at room temperature, with quantitative formation of 2Ph2 

and 2Et2 by NMR spectroscopy; 2Ph2 was isolated in 66% yield.  

 

 

Scheme 1. Reactions of silyl dihydride complexes [(dmpe)2MnH2(SiHR2)] {R = Ph (1Ph2); Et (1Et2)} with CO2 

to yield [(dmpe)2MnH2{Si(κ1-O2CH)R2)}] {R = Ph (2Ph2); Et (2Et2)}. Only one isomer of 1Ph2 and 1Et2 is shown. 

 

Solution 1H and 13C{1H} NMR spectra of 2Ph2 and 2Et2 in d8-toluene or C6D6 feature a single set of peaks, 

including a MnH signal at –13.5 or –13.8 ppm, respectively, an O2CH peak at 8.7-8.9 ppm, and two sets of 

signals for the diastereotopic phenyl or ethyl groups. These data (see Table 1 for selected data), along 

with observation of two broad 31P NMR resonances at approximately 70 ppm, are consistent with that 

obtained for the silicate isomer of formate-free silyl dihydride analogues 1. The observation of just one 

MnH signal and two 31P signals is indicative of fluxional solution behaviour, possibly involving a flip in the 

butterfly Mn(-H)2Si core of the molecule and 180° rotation about the Mn–Si bond, as illustrated in Figure 

4 (an equilibrium with a trans-hydrosilane hydride isomer would not explain the observed NMR spectra 

given that this would render all four phosphorus donors and both R substituents of the SiR2(O2CH) group 

equivalent). 29Si NMR resonances were observed at 39.3 and 53.9 ppm, which are shifted to high 

frequency relative to the silicate isomers of 1Ph2 and 1Et2 (10.0 and 14.2 ppm). In d8-toluene, 2Ph2 gave rise 

to signals attributable to a single silicate isomer down to 190 K. This contrasts the behaviour of 1Ph2 and 

1Et2 which exist as a mixture of the silicate and trans-hydrosilane/hydride isomers in a 6.7:1 or 3.5:1 ratio 

(at 298 K), respectively.23 

 

Table 1. Selected NMR Chemical Shifts (ppm) for the Silicate Isomers of Silyl Dihydride Complexes 

[(dmpe)2MnH2(SiHR2)] {R = Ph (1Ph2); Et (1Et2)},23 [(dmpe)2MnH2(SiH2R)] {R = Ph (1Ph); nBu (1Bu)},24 

[(dmpe)2MnH2{Si(κ1-O2CH)R2)}] {R = Ph (2Ph2); Et (2Et2)}, [(dmpe)2MnH2{Si(κ1-O2CH)2R)}] {R = Ph (3Ph); nBu 

(3Bu)}, and [(dmpe)2MnH2{{SiH(κ1-O2CH)R)}] {R = Ph (4Ph); nBu (4Bu)}. Unless otherwise indicated, spectra 

were obtained in C6D6 at room temperature (500 or 600 MHz). n.l. indicates that an environment was not 

located. 

 
silyl group(a) 

1H 13C 29Si 31P 

 (MnH) (κ1-O2CH) (SiH) (κ1-O2CH)   
1Ph2(b) SiHPh2 –12.5 – 6.6 – 10.0 71.0, 72.2 
1Et2(b) SiHEt2 –12.7 – 5.0 – 14.2 71.7, 75.2 
1Ph(b) SiH2Ph –12.8 – 6.0, 6.1 – –15.7 72.4, 74.0 
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1Bu(b) SiH2
nBu –12.8 – 5.2, 5.4 – –22.0 72.1, 74.1 

2Ph2(c) Si(κ1-O2CH)Ph2 –13.5 8.9 – 162.6 39.3 68.7, 69.6 
2Et2 Si(κ1-O2CH)Et2 –13.8 8.7 – 162.5 53.9 69.1, 72.0 
3Ph Si(κ1-O2CH)2Ph –13.9 8.5, 8.8 – 161.0, 161.8 34.2 68.2, 71.1 
3Bu Si(κ1-O2CH)2

nBu –14.0 8.6, 8.6 – 160.9, 161.5 46.5 67.9, 72.5 
4Ph(d) SiH(κ1-O2CH)Ph –13.5 8.8 6.9 n.l. 31.3 69.4, 72.1 
4Bu(d) SiH(κ1-O2CH)nBu –13.7 8.7 6.3 n.l. n.l. n.l. 

a. Not including hydrides interacting with the metal centre. 

b. Spectra were obtained in d8-toluene at various temperatures due to the need to resolve the silicate isomer from additional 

isomers in solution (values from References 23 and 24). 

c. Spectra were obtained in d8-toluene due to poor solubility in C6D6. 

d. For intermediates 4Ph and 4Bu, it is unclear whether the NMR data corresponds to the silicate isomer or to an average of 

multiple isomers in rapid equilibrium. 

 

 

Figure 4. A potential fluxional process to explain the observation of a single MnH 1H NMR signal and just 

two 31P NMR signals for 2Ph2 and 2Et2. For clarity, Mn, P, and Si atoms are not labelled. The “Mn(dmpe)2” 

fragment is shown in blue. The “SiR2(O2CH)” fragment is shown in red. The butterfly Mn(-H)2Si core of 

the molecule is shown in pink. R1 and R2 are the diastereotopic phenyl or ethyl groups in 2Ph2 and 2Et2, 

respectively. Ha and Hb are the two MnH environments that are rendered equivalent through the 

proposed fluxional process. This fluxional process involves a flip in the butterfly Mn(-H)2Si core of the 

molecule and 180° rotation about the Mn–Si bond, as illustrated in the box. 

 

X-ray quality crystals of 2Ph2 were obtained by layering a THF solution of 2Ph2 with hexanes and cooling to 

–30 °C. Compound 2Ph2 crystallized as the expected silicate isomer (A in Figure 5), in which the five organic 

substituents on silicon form an approximate square pyramid, with one of the two phenyl rings in the apical 

site (substituents in the square plane are the two hydride ligands, the formate group, and the second 

phenyl ring). The structure of 2Ph2 is qualitatively isostructural with that of 1Ph2 (B in Figure 5),23 with the 

position occupied by the terminal SiH substituent now occupied by the formate group. However, relative 

to the isostructural formate-free precursor 1Ph2,23 the Mn–Si distance in 2Ph2 is significantly shorter 

{2.2876(7) Å vs. 2.3176(3) Å}, despite the increased steric congestion around silicon. This may be due to 

increased backdonation from Mn to the silicate ligand, given that the Hirshfeld charge on silicon becomes 

more positive upon replacement of an H substituent with a formate substituent (e.g. 0.21024 in 1Ph2 vs 

0.285 in 2Ph2 or 0.18024 in 1Ph vs 0.256 in 4Ph vs 0.316 in 3Ph). 
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Figure 5. A) X-ray crystal structure of [(dmpe)2MnH2{Si(κ1-O2CH)Ph2}] (2Ph2) with ellipsoids drawn at 50% 

probability. The two metal hydride atoms and the hydrogen atom on the formate substituent were 

located from the difference map and refined isotropically. All other hydrogen atoms have been omitted 

for clarity. Bond distances (Å) and angles (deg): Mn–Si 2.2876(7), Mn–H(1A) 1.52(3), Mn–H(1B) 1.55(3), 

Si–H(1A) 1.79(3), Si–H(1B) 1.75(3), Si–O(1) 1.783(2), O(1)–C(1) 1.305(3), C(1)–O(2) 1.212(3), C(1)–H(1) 

0.97(3), H(1A)–Mn–H(1B) 94(2), H(1A)–Si–H(1B) 78(1), H(1A)–Mn–Si 51(1), H(1B)–Mn–Si 50(1), Mn–Si–

C(2) 120.08(7), Mn–Si–C(8) 119.48(7), Mn–Si–O(1) 119.46(6), Si–O(1)–C(1) 128.3(2), O(1)–C(1)–O(2) 

124.4(2), O(1)–C(1)–H(1) 117(2), plane{H(1A)–Mn–H(1B)}/plane{H(1A)–Si–H(1B)} 38.1. B) The previously 

reported X-ray crystal structure of [(dmpe)2MnH2(SiHPh2)] (1Ph2)23 is shown for comparison. 

 

Reactions of CO2 (1.1 atm.) with [(dmpe)2MnH2(SiH2R)] {R = Ph (1Ph); nBu (1Bu)}, containing two SiH 

substituents, were also explored. These reactions (Scheme 2) proceeded in a stepwise fashion, initially 

forming [(dmpe)2MnH2{SiH(κ1-O2CH)R}] {R = Ph (4Ph); nBu (4Bu)} intermediates, which then converted into 

[(dmpe)2MnH2{Si(κ1-O2CH)2R)}] {R = Ph (3Ph); nBu (3Bu)}. The first step (to form 4Ph and 4Bu) was complete 

within minutes at room temperature, whereas the second step (to form 3Ph and 3Bu) was much slower; an 

approximate 1 : 4 ratio of 4Ph : 3Ph was observed after 5 days (Figure 6), and complete consumption of 4Bu 

was observed after 2 days. During the course of these reactions, significant amounts of H2 and previously 

reported [(dmpe)2Mn(CO)(κ1-O2CH)] (5) were also formed; an approximate 1 : 0.4 ratio of 3Ph : 5 or 3Bu : 5 

was observed after two (for 3Ph) or one (for 3Bu) week(s). Compound 5 could potentially be formed via H2 

elimination from 4R or 3R to form a 5-coordinate silyl complex, [(dmpe)2Mn{SiX(κ1-O2CH)R}] (X = H or κ1-

O2CH), and we have previously proposed intermediates of this type in the synthesis of 5 from disilylhydride 

complexes ([(dmpe)2MnH(SiH2R)2]; R = Ph or nBu) and CO2.31 Indeed, upon completion of the reaction, 

some conversion of 3Ph and 3Bu into 5 was observed over the course of several days. By contrast, 5 was 

not observed in reactions of 1Ph2 or 1Et2 with CO2, and no room temperature decomposition was observed 

for 2Ph2 in C6D6 under a CO2 atmosphere over 5 days. 
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Scheme 2. Reactions of [(dmpe)2MnH2(SiH2R)] {R = Ph (1Ph); nBu (1Bu)} with CO2, resulting in initial 

formation of [(dmpe)2MnH2{SiH(κ1-O2CH)R}] {R = Ph (4Ph); nBu (4Bu)}, followed by conversion to a mixture 

of [(dmpe)2MnH2{Si(κ1-O2CH)2R)}] {R = Ph (3Ph); nBu (3Bu)} and [(dmpe)2Mn(CO)(κ1-O2CH)] (5). H2 was 

detected as a byproduct associated with the formation of 5, and ‘OSiHR’ is hypothesized (based on the 

reaction stoichiometry and related work31) but was not detected. Compounds 3Ph and 3Bu slowly converted 

to 5 at room temperature (not shown). 

 

 

Figure 6. The metal hydride region of 1H NMR spectra for the reaction of [(dmpe)2MnH2(SiH2Ph)] (1Ph) with 

CO2. The initially formed hydride product is assigned as [(dmpe)2MnH2{SiH(κ1-O2CH)Ph}] (4Ph), which 

slowly reacted with a 2nd equivalent of CO2 to afford [(dmpe)2MnH2{Si(κ1-O2CH)2Ph)}] (3Ph).  

 

NMR spectra for 3Ph and 3Bu are very similar to those of 2Ph2 and 2Et2 (see Table 1 for data), but with two 

inequivalent formate groups and one hydrocarbyl group on silicon, and 29Si resonances at slightly lower 

frequency (34.2 and 46.5 ppm, respectively). Spectroscopic analysis of intermediates 4Ph and 4Bu was more 

limited, given that samples of these compounds always contained some 3Ph and 3Bu. Nevertheless, MnH, 

SiH and O2CH signals were clearly identified in the 1H NMR spectrum, with integrations of 2H, 1H and 1H, 

respectively.  
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DFT Calculations on Products and Intermediates: Only one isomer (silicate) was observed 

spectroscopically for formate-substituted silyl dihydride complexes 2Ph2, 2Et2, 3Ph and 3Bu (and 

crystallographically for 2Ph2). By contrast, two isomers (silicate and trans-hydrosilane/hydride species) 

were observed for formate-free 1Ph2, 1Et2, 1Ph and 1Bu, and DFT calculations indicated the thermodynamic 

accessibility of two additional isomers (trans- and lateral-dihydrogen/silyl species); Figure 3.24 

Consequently, DFT calculations (ADF, gas phase, all-electron, PBE, D3-BJ, TZ2P, ZORA) were carried out on 

[(dmpe)2MnH2{Si(κ1-O2CH)Ph2}] (2Ph2), [(dmpe)2MnH2{Si(κ1-O2CH)2Ph}] (3Ph), and [(dmpe)2MnH2{SiH(κ1-

O2CH)Ph}] (4Ph) to determine the relative energies of the aforementioned isomers. For 2Ph2, 3Ph and 4Ph, 

energy minima were located for silicate, trans-hydrosilane/hydride (as described previously, these species 

can be considered to feature nonclassical hydrosilane ligands; the result of significant but incomplete 

hydrosilane oxidative addition),24 trans-dihydrogen/silyl, and lateral-dihydrogen/silyl isomers {see Figure 

7 for the structures of the four isomers of 2Ph2; equivalent figures for 3Ph and 4Ph are located in the 

supporting information (Figures S1 and S2)}. 

 

Figure 7. Geometry-optimized structures for isomers of [(dmpe)2MnH2{Si(κ1-O2CH)Ph2}] (2Ph2) determined 

by DFT. Spheres represent Mn (dark red), Si (pink), P (orange), O (bright red), C (grey), and H (white). Most 

carbon atoms are represented by grey vertices. Methyl groups on dmpe and most H atoms have been 

omitted for clarity. 

 

The structures of these minima are qualitatively similar to those previously reported24 for formate-free 

silyl dihydride complexes 1Ph2 and 1Ph (selected bond metrics and Mayer bond orders for 2Ph2, 3Ph, and 4Ph 

are tabulated in the ESI). However, as hydride substituents on silicon are replaced with formate groups, 

stronger Mn–Si interactions (evident from shorter Mn–Si distances and higher Mayer bond orders) were 

observed for all four isomers. For compounds with two phenyl groups on silicon, the Mn–Si Mayer bond 

orders for the silicate, trans-hydrosilane/hydride, trans-dihydrogen/silyl and lateral-dihydrogen/silyl 

isomers of formate-substituted [(dmpe)2MnH2{Si(κ1-O2CH)Ph2}] (2Ph2) are 0.66, 0.89, 0.97 and 0.97, 

respectively, compared with 0.63, 0.77, 0.95, and 0.91 for formate-free [(dmpe)2MnH2(SiHPh2)] (1Ph2). 

Similarly, the Mayer bond orders for the four isomers of [(dmpe)2MnH2{Si(κ1-O2CH)2Ph)}] (3Ph) are 0.76, 

0.95, 1.09 and 1.04, respectively, which are greater than those for mono-formate substituted 

[(dmpe)2MnH2{SiH(κ1-O2CH)Ph)}] (4Ph; 0.74, 0.82, 1.01, and 0.97) and formate-free 

[(dmpe)2MnH2(SiH2Ph)] (1Ph ; 0.69, 0.81, 0.96, and 0.91). 

Relative energies of the silicate, trans-hydrosilane/hydride, trans-dihydrogen/silyl and lateral-

dihydrogen/silyl isomers for 2Ph2, 3Ph and 4Ph, as well as formate-free 1Ph2 and 1Ph, are plotted in Figure 8. 

For [(dmpe)2MnH2{Si(κ1-O2CH)Ph2}] (2Ph2) and [(dmpe)2MnH2{Si(κ1-O2CH)2Ph}] (3Ph), which lack SiH 

substituents, the global minimum is the silicate isomer. The trans-hydrosilane/hydride isomer is 

approximately 12 kJ mol–1 higher in energy, and the remaining two isomers (trans- and lateral-
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dihydrogen/silyl) are 26-45 kJ mol–1 higher in energy. Consistent with these data, only the silicate isomer 

of 2Ph2 (and 2Et2) was observed by solution NMR spectroscopy, and in the X-ray crystal structure of 2Ph2. By 

contrast, for formate-free [(dmpe)2MnH2(SiHPh2)] (1Ph2) and [(dmpe)2MnH2(SiH2Ph)] (1Ph), the silicate and 

trans-hydrosilane/hydride isomers were similar in energy, and both were observed in solution NMR 

studies.24 Similar to 1Ph2 and 1Ph, the silicate and trans-hydrosilane/hydride isomers of 

[(dmpe)2MnH2{SiH(κ1-O2CH)Ph}] (4Ph) are comparable in energy (within 3 kJ mol–1), suggesting that both 

isomers of 4Ph (which was not fully spectroscopically characterized due to insertion of a second equivalent 

of CO2) may be present in solution.  

 

 

Figure 8. Relative total bonding energies (kJ mol–1) of the silicate, trans-hydrosilane/hydride, trans-

dihydrogen/silyl, and lateral-dihydrogen/silyl isomers of silyl dihydride complexes: [(dmpe)2MnH2{Si(κ1-

O2CH)Ph2}] (2Ph2; green solid line and diamonds), [(dmpe)2MnH2{Si(κ1-O2CH)2Ph}] (3Ph; black solid line and 

squares), and [(dmpe)2MnH2{SiH(κ1-O2CH)Ph}] (4Ph; red dotted line and circles), as well as previously 

reported formate-free analogues [(dmpe)2MnH2(SiHPh2)] (1Ph2; purple dashed line and crosses) and 

[(dmpe)2MnH2(SiH2Ph)] (1Ph; blue dashed line and triangles).24
 

 

Deuterium Labelling and Mechanistic Notes: Reaction of [(dmpe)2MnD2(SiH2
nBu)] (d2-1Bu) with CO2 

formed d2-3Bu as the major reaction product, and based on integration of the hydride and formate signals 

in the 1H NMR spectrum, this product is predominantly (>95%) [(dmpe)2MnD2{Si(κ1-O2CH)2
nBu}] featuring 

two deuteride ligands. This labelling experiment is consistent with a mechanism involving direct insertion 

of CO2 into a terminal Si–H bond (pathway i in Scheme 3) of the silicate isomer32 of d2-1Bu (or, for the 

second insertion, d2-4Bu),33 and similar direct CO2 insertion reactivity has been proposed for other 

hypercoordinate silicon species as discussed in the introduction. However, metal-based mechanisms that 

are consistent with the deuterium labelling experiment can also be envisaged. These mechanisms 

presumably require initial generation of a vacant coordination site to allow CO2 binding to manganese, 

either via dihydrogen dissociation (from a dihydrogen silyl isomer) or phosphine dissociation. However, 

complete conversion of 1R2 to 2R2 occurred in minutes at room temperature (under 1.1 atm. of CO2), which 

suggests that initial H2 (or HSiR3) elimination from 1R2, which we have previously shown is not rapid at 

room temperature,24 is unlikely to be involved. Consequently, the more plausible metal-based pathway 
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is: (i) phosphine dissociation to generate a vacant coordination site, (ii) coordination of CO2 to manganese 

and insertion into the Mn–Si bond, generating a Mn–C(O)OSiHRR’ linkage,34 (iii) conversion to a Mn–

Si(O2CH)RR’ isomer via Si–H bond oxidative addition followed by C–H bond-forming reductive elimination 

(or -bond metathesis), and (iv) phosphine re-coordination (pathway ii in Scheme 3).  

 

 

Scheme 3. Potential pathways for CO2 insertion into silyl dihydride complexes with terminal SiH 

substituents (1 and 4) consistent with deuterium labelling studies. Hydrogen atoms in blue represent 

environments which were replaced with deuterium in isotope labelling studies, and CO2 is shown in red. 

For clarity, only one isomer is shown in all cases. In reaction pathway i, CO2insertion is shown as a 1-step 

process; alternatively, it could proceed in 2 steps by hydride abstraction from Si to generate a formate 

anion and Si-based cation, followed by formate coordination to Si. In reaction pathway ii, [Mn] represents 

[Mn(dmpe)2] with or without dissociation of one phosphine donor. (a) this reaction could proceed in one 

step via Si–O bond-forming 1,2-insertion, or alternatively in two steps via initial Si–C bond-forming 1,2-

insertion followed by a Brook-rearrangement-like 1,2-silyl group shift.  

 

Summary and Conclusions 

This work describes the reactions of SiH-substituted silyl dihydride complexes [(dmpe)2MnH2(SiHR2)] (1R2) 

and [(dmpe)2MnH2(SiH2R)] (1R) with CO2, a widely available and inexpensive C1 synthon, to prepare 

formate-substituted silyl dihydride complexes [(dmpe)2MnH2{Si(κ1-O2CH)R2}] (2R2) and 

[(dmpe)2MnH2{Si(κ1-O2CH)2R}] (3R) under mild conditions (room temperature, 1.1 atm. CO2). Diaryl- or 

dialkyl-substituted silyl dihydride complexes 1R2 reacted with a single equivalent of CO2 within minutes to 

yield 2R2. By contrast, monosubstituted silyl dihydride precursors 1R reacted with two equivalents of CO2 

in a stepwise fashion; insertion into one terminal Si–H bond occurred rapidly to yield 

[(dmpe)2MnH2{SiH(κ1-O2CH)R}] (4R), with one formate group on silicon, while insertion of the second 

equivalent of CO2 into the remaining terminal Si–H bond to yield 3R proceeded over the course of several 

days. In the syntheses of 3R, appreciable amounts of H2 and the carbonyl formate complex trans-
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[(dmpe)2Mn(CO)(κ1-O2CH)] (5) were observed, likely formed via initial H2 elimination from 4R and/or 3R. In 

solution, compounds 2R2 and 3R were observed to exist as the silicate isomer, and compound 2Ph2 also 

crystallized as the silicate isomer. However, DFT calculations on 2Ph2, 3Ph and 4Ph indicated the 

thermodynamic accessibility of trans-hydrosilane/hydride, trans-dihydrogen/silyl, and lateral-

dihydrogen/silyl isomers (these isomers were 3−45 kJ mol−1 higher in energy than the most stable 

experimentally observed isomer, depending on the identity of the substituents), and revealed 

strengthening of the Mn–Si interactions (in all isomers) with increasing formate substitution on silicon. 

 Reaction of CO2 with [(dmpe)2MnD2(SiH2
nBu)] (d2-1Bu) formed d2-3Bu as the major reaction 

product, predominantly (>95%) as [(dmpe)2MnD2{Si(κ1-O2CH)2
nBu}] featuring two deuteride ligands. This 

labelling experiment is consistent with a mechanism involving direct insertion of CO2 into a terminal Si–H 

bond in the silicate isomer of d2-1Bu, which would bear similarity to previously reported reactions of CO2 

or ketones with transition metal η3-H2SiRH complexes or metal-free hypercoordinate hydrosilanes. 

However, a more traditional mechanism involving initial CO2 coordination to manganese and ensuing 

metal-based reactivity is also plausible. Future work will focus on experimental and computational studies 

to gain further insight into the mechanism of this reactivity, and investigation of its potential for catalytic 

hydrosilylation of CO2 (or alternative unsaturated substrates). 
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Experimental 

General Methods. An argon-filled MBraun UNIlab glove box equipped with a –30 °C freezer was employed 

for the manipulation and storage of all oxygen- and moisture- sensitive compounds. Air-sensitive 

preparative reactions were performed on a double-manifold high-vacuum line equipped with a two stage 

Welch 1402 belt-drive vacuum pump (ultimate pressure 1 × 10-4 torr) using standard techniques.35 The 

vacuum was measured periodically using a Kurt J. Lesker 275i convection enhanced Pirani gauge. Residual 

oxygen and moisture were removed from the argon stream by passage through an Oxisorb-W scrubber 

from Matheson Gas Products. 

Benzene was purchased from Aldrich, hexanes and THF were purchased from Caledon, and 

deuterated solvents were purchased from ACP Chemicals. Benzene, hexanes, and THF were initially dried 

and distilled at atmospheric pressure from sodium/benzophenone. All solvents were stored over an 

appropriate drying agent (benzene, THF, C6D6, d8-toluene = Na/Ph2CO; hexanes = Na/Ph2CO/tetraglyme) 

and introduced to reactions or solvent storage flasks via vacuum transfer with condensation at –78 °C. 

Dmpe, H3SiPh, H3SinBu, H2SiEt2, H2SiPh2, 1,4-dioxane, CO2 (99.8 %), D2 (99.96 %), and 

ethylmagnesium chloride solution (2.0 M in diethyl ether) were purchased from Sigma-Aldrich. 

Manganese dichloride was purchased from Strem Chemicals. Argon (99.999 %) and hydrogen gas 

(99.999 %) were purchased from PraxAir. [(dmpe)2MnH2(SiHPh2)] (1Ph2),23 [(dmpe)2MnH2(SiHEt2)] (1Et2),23 
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[(dmpe)2MnH2(SiH2Ph)] (1Ph),24 [(dmpe)2MnH2(SiH2
nBu)] (1Bu),24 and [(dmpe)2MnD2(SiH2

nBu)] (d2-1Bu)24 

were prepared using literature procedures.  

NMR spectroscopy was performed on Bruker AV-500 and AV-600 spectrometers. Spectra were 

obtained at 298 K unless otherwise indicated. All 1H NMR spectra were referenced relative to SiMe4 

through a resonance of the protio impurity of the solvent used: C6D6 (δ 7.16 ppm) or d8-toluene (δ 

2.08 ppm, 6.97 ppm, 7.01 ppm, and 7.09 ppm). The 2H NMR spectra were referenced relative to the 

solvent used {C6D6 (δ 7.16 ppm)}. Also, all 13C NMR spectra were referenced relative to SiMe4 through a 

resonance of the 13C in the solvent: C6D6 (δ 128.06 ppm) or d8-toluene (δ 20.43, 125.13, 127.96, 128.87, 

and 137.48 ppm). The 29Si and 31P NMR spectra were referenced using indirect referencing from a 1H NMR 

spectrum.36 

Combustion elemental analysis was performed by Midwest Microlabs in Indianapolis. 

Single-crystal X-ray crystallographic analysis of 2Ph2 was performed on a crystal coated in Paratone 

oil and mounted on a Bruker SMART APEX II diffractometer with a 3 kW sealed-tube Mo generator and 

APEX II CCD detector in the McMaster Analytical X-Ray (MAX) Diffraction Facility. A semi-empirical 

absorption correction was applied using redundant and symmetry related data. Raw data was processed 

using XPREP (as part of the APEX v2.2.0 software), and solved by intrinsic (SHELXT)37 methods. The 

structure was completed by difference Fourier synthesis and refined with full-matrix least-squares 

procedures based on F2. Non-hydrogen atoms were refined anisotropically and hydrogen atoms were 

generated in ideal positions and then updated with each cycle of refinement (with the exceptions of 

hydrogen atoms bridging between Si(1) and Mn(1), or on C(1), which were located from the difference 

map and refined isotropically). Refinement was performed with SHELXL38 in Olex2.39 

All calculated structures were fully optimized with the ADF DFT package (SCM, version 2017.207 

or 2019.305).40 Calculations were conducted in the gas phase within the generalized gradient 

approximation using the 1996 Perdew-Burke-Ernzerhof exchange and correlation functional (PBE),41 using 

the scalar zeroth-order regular approximation (ZORA)42 for relativistic effects, and Grimme’s DFT-D3-BJ 

dispersion correction.43 Geometry optimizations were conducted with all-electron triple-ζ basis sets with 

two polarization functions (TZ2P), fine integration grids (Becke44 verygood-quality), and default 

convergence criteria for energy and gradients. Bond orders were calculated within the Mayer45 formalism. 

Visualization of the computational results was performed using the ADF-GUI (SCM) or Biovia Discovery 

Studio Visualizer. Analytical frequency calculations46 were conducted on all geometry optimized 

structures to ensure that the geometry optimization led to an energy minimum. All reported 

computational values in this work were derived from restricted calculations (for modeling diamagnetic 

structures). For each structure, up to 8 energy minima were located for different potential rotamers, and 

the reported energies correspond to the global minimum for each isomer. 

All prepared complexes are air sensitive, and their products upon reaction with air are 

malodorous. Therefore, all syntheses were conducted under an atmosphere of argon or CO2. 

[(dmpe)2MnH2{Si(κ1-O2CH)Ph2}] (2Ph2). 190.1 mg (0.35 mmol) of [(dmpe)2MnH2(SiHPh2)] (1Ph2) was 

dissolved in 20 mL of benzene. The reaction mixture was freeze/pump/thawed in a 100 mL storage flask 

three times, placed under 1 atm. of CO2 at 0 °C, and then sealed. After stirring at room temperature for 

two hours, the solvent was removed in vacuo and the resulting solid was washed with toluene and 

extracted with THF, leaving behind some residual solid. The THF solution was layered with hexanes and 

allowed to sit at –30 °C for a week, yielding 83.6 mg of 2Ph2 as a yellow solid. The aforementioned residual 

solid was dried in vacuo to yield an additional 38.1 mg of 2Ph2. Furthermore, an additional 9.3 mg of 2Ph2 
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was obtained by allowing the toluene washings to sit at –30 °C for a week, and finally an additional 4.0 mg 

of 2Ph2 was obtained by concentrating the THF/hexanes mother liquors, re-layering with hexanes, and 

allowing to sit at –30 °C for a week, for a total yield of 135.0 mg (0.23 mmol; 66 %) of 2Ph2 as an analytically 

pure yellow solid. X-ray quality crystals were grown by layering a concentrated solution of 2Ph2 in THF with 

hexanes, and allowing to stand at –30 °C for a week. 1H NMR (d8-toluene, 600 MHz, 298 K): δ 8.87 (s, 1H, 

κ1-O2CH), 8.18 (d, 2H, 3JH,H 7.1 Hz, o), 7.71 (d, 2H, 3JH,H 7.2 Hz, o), 7.32 (t, 2H, 3JH,H 7.4 Hz, m), 7.22 (t, 1H, 
3JH,H 7.2 Hz, p), 7.08 (m),47 7.02 (p),47 1.48 (d, 6H, 2JH,P 5.0 Hz, PCH3), 1.26, 0.93 (2 × m, 4H, PCH2), 1.02 (d, 

6H, 2JH,P 6.0 Hz, PCH3), 0.81 (d, 6H, 2JH,P 2.8 Hz, PCH3), 0.61 (d, 6H, 2JH,P 5.7 Hz, PCH3), –13.46 (s, 2H, MnH). 
13C{H} NMR (d8-toluene, 151 MHz, 298 K): δ 162.65 (s, κ1-O2CH), 151.36, 150.21 (2 × s, i), 136.18, 134.72 

(2 × s, o), 127.73 (s, p), 127.44, 127.33 (2 × s, m and p), 127.13 (s, m), 35.54, 32.04 (2 × m, PCH2), 29.34, 

23.67, 21.05 (3 × m, PCH3), 24.46 (d, 2JH,P 16.7 Hz, PCH3). 29Si NMR (d8-toluene, 99 MHz, 298 K): δ 39.3.47 

31P{H} NMR (d8-toluene, 243 MHz, 298 K): δ 69.64, 68.70 (2 × br. s, 2P). Anal. Found (calcd.): C, 51.59 

(51.37); H, 8.14 (7.76). 

[(dmpe)2MnH2{Si(κ1-O2CH)Et2}] (2Et2). Approx. 10 mg of [(dmpe)2MnH2(SiHEt2)] (1Et2) was dissolved in 

approx. 0.6 mL of C6D6. The resulting solution was then placed in an NMR tube with a J-Young Teflon valve 

and was freeze-pump-thawed (x3). The NMR tube was then placed under an atmosphere of carbon 

dioxide at 0 °C, sealed, and allowed to sit for 45 minutes at room temperature. The resulting mixture was 

analyzed in situ without purification, with 100% conversion to 2Et2 observed by NMR spectroscopy. 1H NMR 

(C6D6, 500 MHz, 298 K): δ 8.72 (s, 1H, κ1-O2CH), 1.5-0.8 (m, 18H, PCH2, SiCH2CH3 and SiCH2CH3), 1.32, 1.28, 

1.21, 0.79 (4 × s, 6H, PCH3), –13.82 (s, 2H, MnH). 13C{H} NMR (C6D6, 126 MHz, 298 K): δ 162.45 (s, κ1-O2CH), 

35.53, 31.90 (2 × m, PCH2), 30.40 (app. t, JH,P 15.2 Hz, PCH3), 26.37, 23.95, 22.24 (3 × m, PCH3), 19.32, 19.08, 

9.37, 8.85 (4 × s, SiCH2CH3 and SiCH2CH3). 29Si NMR (C6D6, 99 MHz, 298 K): δ 53.9.47 31P{H} NMR (C6D6, 

202 MHz, 298 K): δ 71.99, 69.12 (2 × br. s, 2P). 

[(dmpe)2MnH2{Si(κ1-O2CH)2Ph}] (3Ph) and [(dmpe)2MnH2{SiH(κ1-O2CH)Ph}] (4Ph). Approx. 10 mg of 

[(dmpe)2MnH2(SiH2Ph)] (1Ph) was dissolved in approx. 0.6 mL of C6D6. The resulting solution was placed in 

an NMR tube with a J-Young Teflon valve and was freeze-pump-thawed (x3). The NMR tube was then 

placed under an atmosphere of carbon dioxide at 0 °C, sealed, and allowed to sit at room temperature. 

The resulting mixture was analyzed in situ without purification after sitting for ~15 minutes (to obtain data 

for intermediate 4Ph) or 2 weeks (to obtain data for 3Ph). After 15 minutes, 100% consumption of 1Ph was 

observed, yielding an 8 : 1 mixture of 4Ph and 3Ph. After 2 weeks, an approximate 1 : 5 : 2 mixture of 4Ph, 3Ph 

and [(dmpe)2Mn(CO)(κ1-O2CH)] (5) was observed. NMR data for 4Ph: 1H NMR (C6D6, 500 MHz, 298 K): δ 

8.84 (s, 1H, κ1-O2CH), 8.24, 7.38, 7.24 (3 × s, o, m, and p), 6.86 (s with 19Si sat., 1H, 1JH,Si 202 Hz, SiH), 1.31, 

1.21, 1.11, 0.79 (4 × s, dmpe), –13.51 (s, 2H, MnH). 29Si NMR (C6D6, 99 MHz, 298 K): δ 31.3.47 31P{H} NMR 

(C6D6, 202 MHz, 298 K): δ 72.14, 69.45 (2 × br. s, 2P). NMR data for 3Ph: 1H NMR (C6D6, 500 MHz, 298 K): δ 

8.78, 8.50 (2 × s, 1H, κ1-O2CH), 8.08 (d, 2H, 3JH,H 8.0 Hz, o), 7.27 (t, 2H, 3JH,H 7.4 Hz, m), 7.18 (t, 1H, 3JH,H 

7.5 Hz, p), 1.27 (m, 6H, PCH3),48 1.25, 1.18 (2 × m, 2H, PCH2),47 1.11 (d, 6H, 2JH,P 6.5 Hz, PCH3), 1.08 (d, 6H, 
2JH,P 6.7 Hz, PCH3), 0.94, 0.84 (2 × m, 2H, PCH2), 0.70 (d, 6H, 2JH,P 2.6 Hz, PCH3), –13.89 (s, 2H, MnH2). 13C{H} 

NMR (C6D6, 126 MHz, 298 K): δ 161.78, 160.98 (2 × s, κ1-O2CH), 148.09 (s, i), 134.45 (s, o), 128.4 (p),47 127.8 

(m),47 34.31, 31.74 (2 × m, PCH2), 29.23, 22.81 (2 × m, PCH3), 25.14 (d, 2JH,P 21.0 Hz, PCH3), 21.21 (d, 2JH,P 

19.9 Hz, PCH3). 29Si NMR (C6D6, 99 MHz, 298 K): δ 34.2.47 31P{H} NMR (C6D6, 202 MHz, 298 K): δ 71.10, 

68.24 (2 × br. s, 2P). 

[(dmpe)2MnH2{Si(κ1-O2CH)2
nBu}] (3Bu) and [(dmpe)2MnH2{SiH(κ1-O2CH)nBu}] (4Bu). 3Bu and 4Bu were 

prepared in a manner analogous to 3Ph and 4Ph, using [(dmpe)2MnH2(SiH2
nBu)] (1Bu) in place of 1Ph. The 
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resulting mixture was analyzed in situ without purification after sitting for ~30 minutes (to obtain data for 

intermediate 4Bu) or 5 days (to obtain data for 3Bu). After 30 minutes, 100% consumption of 1Bu was 

observed, yielding a 10 : 1 mixture of 4Bu and 3Bu, respectively. After 5 days, no more 4Bu remained, and 

an approximate 7.5 : 1 mixture of 3Bu and [(dmpe)2Mn(CO)(κ1-O2CH)] (5) was observed. NMR data for 4Bu: 

1H NMR (C6D6, 500 MHz, 298 K): δ 8.74 (s, 1H, κ1-O2CH), 6.31 (s with 19Si sat., 1H, 1JH,Si 190 Hz, SiH), 1.76, 

1.58, 1.33, 1.26, 1.06, 0.79 (6 × br. s, dmpe and nBu), –13.74 (s, 2H, MnH2). NMR data for 3Bu: 1H NMR 

(C6D6, 500 MHz, 298 K): δ 8.64, 8.63 (2 × s, 1H, κ1-O2CH), 1.64 (m, 2H, SiCH2CH2CH2CH3), 1.47 (quin., 2H, 
3JH,H 6.8 Hz, SiCH2CH2CH2CH3), 1.30 (d, 6H, 2JH,P 4.7 Hz, PCH3), 1.28, 1.11 (2 × 3H, PCH2 and SiCH2CH2CH2CH3), 

1.24 (br. S, 12H, PCH3), 0.99 (t, 3H, 3JH,H 7.3 Hz, SiCH2CH2CH2CH3), 0.95, 0.87 (2 × m, 2H, PCH2), 0.70 (s, 6H, 

PCH3), –14.0 (s, 2H, MnH). 13C{H} NMR (C6D6, 126 MHz, 298 K): δ 161.46, 160.89 (2 × s, κ1-O2CH), 34.64, 

31.73 (2 × m, PCH2), 31.00 (s, SiCH2CH2CH2CH3), 29.50, 25.57, 22.95, 21.78 (4 × m, PCH3), 27.49 (s, 

SiCH2CH2CH2CH3), 26.62 (s, SiCH2CH2CH2CH3), 14.40 (s, SiCH2CH2CH2CH3). 29Si NMR (C6D6, 99 MHz, 298 K): 

δ 46.5.47 31P{H} NMR (C6D6, 202 MHz, 298 K): δ 72.46, 67.94 (2 × br. s, 2P). 

[(dmpe)2MnD2{Si(κ1-O2CH)2
nBu}] (d2-3Bu). Approx. 10 mg of [(dmpe)2MnD2(SiH2

nBu)] (d2-1Bu) was 

dissolved in approx. 0.6 mL of C6D6. The resulting solution was then placed in an NMR tube with a J-Young 

Teflon valve and was freeze-pump-thawed (x3). The NMR tube was then placed under an atmosphere of 

carbon dioxide at 0 °C, sealed, and allowed to sit at room temperature for 2 days. The resulting mixture 

was analyzed by 1H and 2H NMR spectroscopy in situ without purification. Compound d2-3Bu was formed 

cleanly as the major reaction product, and based on integration of the hydride and formate regions, this 

product is predominantly (>95%) [(dmpe)2MnD2{Si(κ1-O2CH)2
nBu}] featuring two deuteride ligands. A small 

formate signal was observed in the 2H NMR spectrum, attributable to a deuterated formate group (O2CD) 

within either d2-3Bu or d1-5. A small amount of dn-5 (n = 0 and/or 1) was also observed in the 1H NMR 

spectrum (~5% relative to d2-3Bu based on integration of a PCH2 signal in dn-5 relative to signals for d2-3Bu). 
1H, 13C, and 31P NMR data for d2-3Bu matches that of 3Bu, but without the MnH 1H NMR environment. 2H 

NMR (C6D6, 77 MHz, 298 K): δ –14.18 (s, MnD). 

Appendix A. Supplementary Data 

CCDC # 2077422 contains the supplementary crystallographic data for 2Ph2. These data can be obtained 

free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: 

deposit@ccdc.cam.ac.uk. Supplementary data to this article can be found online. PDF: Tables and figures 

of computational results and crystallographic data, and selected NMR spectra. XYZ: Coordinates of 

calculated structures. 
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