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ABSTRACT: Pincer-type [P2Si]Rh complexes featuring a rhodium–silicon bond are shown to facilitate well-defined stoichiometric 

reductions of CO2 with Si–O bond formation by two different pathways: (a) hydride transfer to CO2 followed by formate migration 

to silicon, or (b) complete scission of the C=O bond at the Rh–Si unit to afford a product with siloxide and carbonyl ligands. A 

combined experimental and computational study shows that the latter process occurs by anomalous insertion of CO2 into the polarized 

Rhδ––Siδ+ bond, a finding that is confirmed by extending the reactivity to an unchelated system. The siloxide carbonyl product can be 

further elaborated by reaction with water or pinacolborane to give structurally distinct CO2 reduction products. Taken together, these 

results demonstrate how metal/main-group bonds can be tuned to direct migratory insertion reactivity.

INTRODUCTION 

Small-molecule oxygenates such as carbon dioxide, carbon 

monoxide, and nitrous oxide represent appealing targets for cat-

alytic transformation due to their high stability, ready availabil-

ity, and roles as pollutants and/or greenhouse gases. CO2 in par-

ticular represents a ubiquitous and potentially useful C1 source, 

so significant efforts have been invested in devising new strat-

egies for its modification. In spite of its stability and high C=O 

bond strength, the Cδ+=Oδ– bond polarization renders it suscep-

tible to synergistic activation, e.g., in the 1,2-addition of main-

group frustrated Lewis pairs (FLPs) to the C=O bond.1 Alt-

hough FLPs represent a recent area of intense study, these trans-

formations closely resemble migratory insertions that are a 

ubiquitous in organometallic chemistry (Figure 1),2 where nor-

mal insertions to give metal carboxylates are by far the most 

common as a predictable consequence of the Mδ+–Xδ– polariza-

tion of the bonds.3 

We have been exploring whether metal–silicon single and 

multiple bonds, incorporated as central units in a pincer-type 

[P2Si] scaffold, can be used to access new biphilic modes for 

cooperative small-molecule activation, akin to FLPs.4 In such a 

context, so-called “anomalous” insertions of CO2 exhibiting a 

reversed regiochemical preference are appealing reaction tar-

gets (Figure 1), since an electronegative metal and electroposi-

tive silicon might be tuned to reveal a Mδ––Siδ+ façade for sub-

strate activation. Migratory insertions of CO2 into metal–silicon 

bonds are known,5 yet all reported examples of well-defined in-

sertions of CO2 follow the normal pathway in spite of the well-

known oxophilicity of silicon and the propensity of aldehydes 

and ketones to insert into M–Si in anomalous fashion.6,7 In this 

contribution, we show a pathway for CO2 scission and further 

elaboration initiated by anomalous insertion into a Rh–Si bond 

and explore the electronic characteristics that engender such re-

activity. 

 

Figure 1. FLP and migratory insertion approaches to CO2 activa-

tion 

RESULTS 

CO2 Insertion into an Si–H Bond at [P2Si]Rh. Several 

years ago, we reported that the pincer-type complex 

[CyP2SiOTf]Rh(nbd) (1-OTf) featuring a central triflatosilyl do-

nor undergoes facile Si–OTf cleavage, rearranging in the pres-

ence of H2 to a hydrosilyl product, [CyP2SiH]Rh(H)(OTf) (2-

OTf), formally splitting H2 across the Rh–Si bond. Once acti-

vated in this way, H2 can be transferred to strained alkenes, re-

generating the triflatosilyl starting material (Scheme 1).4c Cata-

lytic alkene hydrogenation was investigated, though Rh/Si co-

operation was not implicated in the catalytic process. 

Given the high oxophilicity of silicon, we wondered whether 

a highly fluxional system such as 2-OTf might afford new 

routes to functionalization of oxygen-containing molecules, 

namely CO2. Indeed, exposure of 2-OTf to CO2 (1 atm) results 

in net insertion of CO2 into the Si–H bond, giving formatosilyl 

complex 3-OTf (Scheme 2) in addition to a minor product (6-

OTf, vide infra). Although we were unable to crystallize 3-OTf, 

its identity was corroborated by an independent synthesis from 

formic acid as well as its numerous spectroscopic handles, in-

cluding a prominent infrared (IR) band associated with the for-



 

mate carbonyl (νCO = 1697 cm–1) and 1H NMR hydride reso-

nance (δ −23.00 ppm (dt, 1JRhH = 32.7 Hz, 2JPH = 13.2 Hz)) quite 

similar to that of 2-OTf and related complexes. 

Scheme 1. Cooperative H2 activation and transfer with 

[CyP2SiOTf]Rh4c 

 

 

We envisioned two general pathways through which 3-OTf 

could form, distinguished by whether hydride transfer to CO2 

involves silicon assistance (Scheme 2): 

(a) CO2 inserts at Rh–H to make a rhodium formate complex 

that rearranges to place the formate on silicon, or 

(b) Rearrangement of 2-OTf via α-H migration unmasks a 

highly Lewis-acidic silicon with proximal Rh–H, allowing si-

lylene-assisted hydride transfer to CO2 and affording 3-OTf di-

rectly. 

Scheme 2. Possible mechanisms for CO2 insertion into Si–H of 

2-OTf 

 

Mechanism (a) would be consistent with a previous reports 

showing CO2 reduction by pincer-type RhH2 complexes where 

metal/ligand cooperation is not implicated8 as well as studies of 

alkene hydrogenation by [P2Si]Rh complexes.4c,9 Mechanism 

(b) would closely resemble recent findings from our group 

showing silylene-assisted hydride transfer to CO2 at ruthe-

nium4b and would feature an intermediate that is structurally 

analogous to a rhodium silylene previously proposed by Mil-

stein.10 To distinguish between mechanisms, we added CO2 (1 

atm) to our recently reported dihydrogen complex, 

[CyP2SiMe]Rh(H2) (4-CH3),9 which features a robust Si–CH3 

bond rather than the labile Si–H. The complex reacts instantly 

to give the hydrido formate complex 5-CH3 (eq 1), strongly 

suggesting by analogy that CO2 insertion at complex 2-OTf 

does not require silicon assistance and occurs via mechanism 

(a). 

 

Rh/Si Cooperative Scission of CO2: Experimental Find-

ings. Although hydride transfer to CO2 did not implicate Rh/Si 

cooperation, we consistently observed a minor byproduct (6-

OTf) during reaction of 2-OTf with CO2 indicating loss of H2 

and cleavage of the Si–Rh bond (as evidenced by an upfield 29Si 

NMR shift exhibiting no 29Si/103Rh coupling). Complex 6-OTf 

could be cleanly obtained by reaction of the norbornadiene 

(nbd) adduct 1-OTf with CO2 in dichloromethane. In this case, 

formation of 6-OTf is accompanied by expulsion of nbd. 

 

Figure 2. Deoxygenation of CO2 by complexes 1-X and molecular 

structures of siloxide complexes 6-OTf (left) and 6-DMAP+ (right) 

with hydrogen atoms, co-crystallized solvents, and counterions re-

moved and phosphine substituents truncated for clarity (isotropi-

cally refined atoms of 6-OTf shown as spheres, anisotropically re-

fined atoms rendered as 50% probability thermal ellipsoids). Se-

lected bond lengths (Å) and angles (deg) for 6-OTf: Rh–C1, 

1.86(3); Rh–O2, 2.10(2); Si–O2, 1.552(18); O2–Rh–C1, 177.8(9); 

P1–Rh–P2, 162.1(2); Si–O2–Rh, 100.2(9). For 6-DMAP+: Rh–C1, 

1.822(7); Rh–O2, 2.057(3); Si–O2, 1.579(4); O2–Rh–C1, 

177.3(3); P1–Rh–P2, 160.24(6); Si–O2–Rh, 105.7(2). 

Complex 6-OTf was identified by a variety of spectroscopic 

methods as the siloxide pincer complex 

[CyP2Si(OTf)(μ-O)]Rh(CO),11 the product of CO2 scission at the Si–

Rh bond (Figure 2). As noted above, the upfield shift of the 29Si 

NMR signal (δ –42.1 ppm (3JSiP = 7.5 Hz)), combined with a 

lack of 29Si/103Rh coupling, strongly indicated a loss of the Si–

Rh bond. IR spectroscopy showed a prominent metal carbonyl 

stretching mode (νCO = 1955 cm–1). The 13C-labelled isotopo-

logue 6-OTf-13C, prepared from 13CO2, exhibited a 45 cm–1 red 

shift (νCO = 1910 cm–1 (1912 cm–1 predicted)) relative to 6-OTf 

and a prominent Rh–CO NMR signal (δ 194.3 ppm (dt, 1JRhC = 



 

71.9 Hz, 2JPC = 13.0 Hz)). After numerous crystallization at-

tempts, a low-quality crystal structure of 6-OTf was obtained 

(Figure 2). Although the low quality of the structure precluded 

anisotropic refinement of atoms other than Rh, P, Si, and S, the 

connectivity was established. A subsequent high-quality struc-

ture of 6-DMAP+ (Figure 2, vide infra) also provides strong 

support for the formulation presented. 

Complex 6-OTf features a square-planar Rh center with 

trans-disposed carbonyl and siloxide ligands. The Si···Rh dis-

tance (2.8255(4) Å) is sufficiently long that no significant solid-

state interaction can be inferred, consistent with the lack of 
29Si/103Rh coupling by NMR. The loss of a Si/Rh bonding inter-

action is accompanied by a slight shortening of the Si–OTf bond 

in 6-OTf (1.73(2) Å) relative to 1-OTf (1.796(3) Å). The incor-

poration of a siloxide within the pincer framework leads to an 

extraordinarily more acute Si–O–Rh angle (100.2(9)°) com-

pared with other rhodium siloxides (average of 152° for three 

structurally characterized examples12), suggesting a significant 

degree of strain in the siloxide linkage of 6-OTf and possibly a 

higher reactivity. The acute Si–O–Rh angle seems to be primar-

ily a consequence of the constraints imposed by the pincer, 

since Milstein’s related complex shows a nearly identical Si–

O–Pt angle (100.5(3)°).11b 

To probe the mechanism of the 1-OTf→6-OTf transfor-

mation, the effect of added nbd and triflate on the reaction rate 

was examined. When 1-OTf was exposed to CO2 in the pres-

ence of added nbd (30 equiv), no reaction was observed, con-

sistent with the expectation that nbd dissociation from the 18-

electron complex precedes reaction with CO2. However, reac-

tions conducted in the presence of excess [nBu4N][OTf] or 

[nBu4N][PF6] (30 equiv) occurred at the identical rates, indicat-

ing that the triflate is not outer-sphere during the rate-determin-

ing step. Finally, the reaction rate shows a pronounced solvent 

dependence: the reaction of 1-OTf with CO2 in dichloro-

methane reached 50% conversion to 6-OTf in <1 h, whereas the 

same reaction in benzene took 4 h to reach 50% conversion. 

Taken together, the above findings point toward interaction 

of CO2 with the 14-electron T-shaped [CyP2SiOTf]Rh intermedi-

ate  (Scheme 3, Silyl Pathway) or an isomer thereof. Reaction 

of the triflatosilyl complex would involve anomalous 1,2-inser-

tion of CO2 into the Rh–Si bond, followed by CO deinsertion 

(α-siloxide elimination) from the siloxyacyl to afford 6-OTf. 

Anomalous insertion of CO2 into a M–Si bond has been previ-

ously proposed13 but not conclusively demonstrated, and 

Wolczanski has reported the microscopic reverse of the CO de-

insertion step (CO insertion into a Re siloxide).14  

Alternatively, CO2 could react with [CyP2Si=]Rh(OTf), the 

neutral silylene isomer of [CyP2SiOTf]Rh accessed through 

Si→Rh triflate migration. In this case, [2+2]-cycloaddition 

would occur at the Rh=Si unit, followed by cycloreversion and 

rearrangement to the observed product (Scheme 3, Silylene 

Pathway). Although [2+2]-cycloaddition of CO2 to a metal si-

lylene is not known, Grubbs and Hill have described related 

processes at an iridium carbene15 and ruthenium carbyne,16 re-

spectively, and Banaszak Holl has reported the reversible 

[2+2]-cycloaddition of CO2 at a platinum germylene.17 Tilley 

has also studied a net [2+2] of aryl isocyanates at a Ru si-

lylene.18 

To explore the generality of this unusual reaction and shed 

further light on the mechanism, several variants of 1-OTf were 

tested: base-stabilized silylene complexes 1-DMAP+ and 1-

Et2O+ and the neutral methylsilyl complex 1-CH3.4c,19 The cat-

ionic complexes reacted with CO2 to afford cationic siloxide 

carbonyl products, 6-DMAP+ and 6-Et2O+, that are structurally 

analogous to 6-OTf. Unlike 6-OTf, complex 6-DMAP+ crys-

tallizes readily and afforded a high-quality structure (Figure 2), 

lending further support to the formulation of 6-OTf based on 

NMR and a low-quality structure. As expected based on data 

for related cobalt silyl/silylene complexes,4a the 29Si chemical 

shifts for 6-Et2O+ (–26 ppm) and 6-DMAP+ (–34 ppm) are 

downfield of the neutral 6-OTf (–42 ppm). In spite of their dif-

ferent stabilities (1-DMAP+ > 1-OTf > 1-Et2O+) and charges, 

the DMAP and OTf– complexes react with CO2 at nearly iden-

tical rates.20 In contrast, the methylsilyl complex 1-CH3 did not 

react with CO2 to give 6-CH3.21 The divergent reactivity of 1-

CH3 could support either mechanism, since the methylsilyl 

complex features both a non-labile Si–C bond (disfavoring the 

silylene pathway) and a less electrophilic silicon (disfavoring 

the anomalous insertion in the silyl pathway). 

Scheme 3. Plausible mechanisms for oxygen-atom extrusion 

from CO2 by 1-OTf 

 

Rh/Si Cooperative Scission of CO2: Computational Elab-

oration of an Anomalous Insertion Mechanism. With this in-

formation in hand, we turned to density functional theory (DFT) 

calculations to elucidate the intimate mechanism of O-atom ab-

straction. Calculations were performed with the B97-D3BJ 

functional and the def2-TZVP basis set, using the SMD solvent 

model for dichloromethane. This method has been used suc-

cessfully by Leitner and us to model the reactivity of related 

rhodium complexes.9,22 



 

We first set out to discriminate between silyl and silylene re-

action pathways. Experimental studies implicated the need for 

a labile group on the Si atom (OTf, DMAP, or Et2O), so our 

computational studies began with the silylene pathway (Figure 

3). Since nbd dissociation is required for reaction with CO2, we 

chose the T-shaped, 14-electron complex [P2SiOTf]Rh (C-1), 

formed upon nbd dissociation, as a starting point. Migration of 

triflate to Rh occurs by an ion pair, such as C-2, leading to si-

lylene complex C-3. We consider ion pair C-2 to be an estimate 

of the barrier to triflate migration (other configurations of the 

ion pair are possible), since no concerted triflate migration path-

way could be located. Neutral silylene C-3 undergoes [2+2] cy-

cloaddition with CO2 with a barrier of about 17 kcal/mol to give 

a relatively stable cycloadduct C-5. Formation of a rhodium si-

loxide then occurs in two steps: cleavage of the C–O bond to 

give CO/silanone complex C-7, followed by formation of the 

siloxide O–Rh bond to give C-9. This latter complex is high in 

energy, which could be a consequence of the arrangement of 

ligands23 and/or the unusual Rh/silanone bonding interaction 

(see Supporting Information for an orbital analysis of C-9). The 

high energy of C-9 means that the barrier to CO2 splitting by 

this mechanism is nearly 37 kcal/mol (from C-5), which would 

be impossible at room temperature. In short, computations pre-

dict that silyene complex C-3 is accessible and can react readily 

with CO2 via [2+2]-cycloaddition; however, the silylene path-

way is not likely to lead to the observed product 6-OTf due to 

the high barrier to form a rhodium siloxide (TS-8). 

We next turned to direct insertion (silyl pathway), beginning 

again with T-shaped complex C-1 (Figure 4). Reaction with 

CO2 occurs by nucleophilic attack of Rh toward CO2 to form 

η1-CO2 complex C-11, which is slightly exergonic. CO2 binds 

nearly perpendicular to the plane of the pincer ligand, which is 

consistent with interaction with the 𝑑𝑧2 HOMO of complex C-

1 (vide infra). Complex C-11 features a relatively strong Rh–

CO2 interaction, based on the short Rh–C bond (2.06 Å) and a 

decreased O=C=O angle (137°) showing significant rehybridi-

zation at carbon. Leitner has computationally studied a number 

of 5-coordinate Rh(I) η1-CO2 complexes where the O=C=O an-

gle ranges from 133° (for anionic complexes) to nearly 180°;22b 

therefore, the structure of C-11 suggests a relatively nucleo-

philic Rh center. 

Unlike the rhodium alkyl complexes reported by Leitner, 

which undergo normal migratory insertion, C-11 undergoes 

anomalous insertion of CO2 via TS-12 with a barrier of about 

14 kcal/mol. TS-12 involves an electrophilic attack of silicon 

on the oxygen of CO2 to form a 4-membered ring in C-13. 

Therefore, reaction with CO2 in the silyl pathway can be de-

scribed as a stepwise cycloaddition involving nucleophilic at-

tack of Rh, followed by electrophilic attack of Si. 

 

Figure 3. Silylene pathway for cycloaddition of CO2 with silylene complex C-3 (derived from 1-OTf). Gibbs free energies and enthalpies 

(in parentheses) in kcal/mol, calculated with B97-D3BJ/def2-TZVP/SMD(dichloromethane). 



 

 

Figure 4. Silyl pathway for reaction of CO2 with triflatosilyl complex C-1 to form 6-OTf. Gibbs free energies and enthalpies (in parentheses) 

in kcal/mol, calculated with B97-D3BJ/def2-TZVP/SMD(dichloromethane). Cyclohexyl groups and hydrogen atoms are hidden in 3D struc-

tures for clarity. 

The structure of C-13 is unusual: the Rh–Si distance has elon-

gated by about 0.2 Å and the Si–OTf distance has elongated by 

about 0.15 Å compared to C-11. The Si atom is approximately 

trigonal bipyramidal with apical Rh and OTf groups (sum of 

equatorial bond angles = 359°). The Rh–Si bond has clearly 

weakened, but a hypervalent interaction remains. Natural bond 

orbital (NBO) analysis was used to quantify this change: the 

NAO Wiberg Bond Index for the Rh–Si bond decreases from 

0.77 for C-11 to 0.51 for C-13. Thus, while the formation of C-

13 would formally be considered a migratory insertion, the re-

sidual Rh/Si interaction suggests that it is similar to a cycload-

dition that weakens (but does not break) the Rh–Si bond. Based 

on computations with an unchelated analogue (vide infra, Fig-

ure 5), we believe that the Rh–Si bond in C-13 remains mainly 

due to chelation in the pincer ligand. 

For comparison, we also considered the normal migratory in-

sertion of CO2 with C-1 to form Si–C and Rh–O bonds. While 

this process has been observed for nickel and copper silyl com-

plexes,5c,d for C-1 this migratory insertion is highly disfavored 

(endergonic by >40 kcal/mol). This finding is consistent with 

orbital and charge analyses indicating that Rh is the nucleo-

philic atom in this system (vide infra). 

Continuing on the reaction pathway, cycloadduct C-13 leads 

to the observed CO complex 6-OTf in a single step. CO-

deinsertion via TS-14 is the rate-limiting step with a barrier of 

about 23 kcal/mol (from C-11), consistent with a rapid reaction 

at room temperature. IRC analysis suggest that CO-deinsertion 

is an asynchronous process that begins with C–O bond cleavage 

at TS-14. This allows the Si to rehybridize to a tetrahedral ge-

ometry, the siloxide to form an O–Rh bond, and the CO ligand 

to migrate trans to the siloxide, all without significant addi-

tional barrier (see Supporting Information for details). The for-

mation of 6-OTf is highly exergonic and the computed structure 

agrees well with experiment.  

Experiments show that the reaction with CO2 requires a mod-

erately polar solvent (dichloromethane) and the reactivity is 

greatly decreased in benzene. While this might seem to impli-

cate triflate migration or dissociation (i.e., a silylene pathway), 

computations show it is instead due to the asynchronous transi-

tion state for CO deinsertion (TS-14). Since C–O bond cleavage 

precedes O–Rh bond formation, a great deal of charge builds up 

on the siloxide oxygen. A polar solvent is therefore critical to 

stabilizing this polar transition state (dipole moment for TS-14 

= 17.6 D, nearly twice that of C-1 = 10.0 D). Indeed, when the 

direct insertion pathway is calculated using benzene in place of 

dichloromethane as the solvent model, the energy of TS-14 in-

creases by about 6 kcal/mol, greatly slowing the overall reac-

tion.  



 

To further understand electronic effects of the silyl group, we 

studied several derivatives computationally (see the Supporting 

Information). In general, silyl groups with electron-withdraw-

ing substituents (triflate and DMAP) are more reactive, under-

going CO-deinsertion more rapidly than carbon groups (Me or 

Ph). This trend is the opposite of what has been reported by 

Driess for CO2 cleavage by Cu silyl complexes, where more nu-

cleophilic silyl ligands react more rapidly.24 However, this dif-

ference is expected in light of the different regiochemistries 

(normal versus anomalous) observed for CO2 insertion. In the 

present case, the trend is again explained by the polar, asynchro-

nous nature of TS-14 and the buildup of negative charge on the 

siloxide oxygen, which is stabilized by a more electrophilic silyl 

group. 

CO2 Scission by an Unchelated Rh–Si Complex. To this 

point, our studies had been motivated by the idea that con-

strained pincer-type complexes featuring M–Si bonds can pro-

mote unusual reactions. However, the findings above imply that 

unchelated complexes featuring appropriate M–Si bonds might 

undergo anomalous migratory insertion in the same manner as 

1-OTf and its congeners. Thus, we decided to probe whether 

the pincer ligand was important for reactivity with CO2. 

Surprisingly, the T-shaped triphenylsilyl complex C-15 with 

simple trimethylphosphine ligands (Figure 5), is predicted by 

computation to undergo more rapid reaction with CO2 than C-

1, with a rate-limiting barrier (TS-19) of only about 15 kcal/mol 

(from C-16). While the mechanism of the reaction is the same, 

the structure of the CO2 insertion product C-18 is quite different 

from C-13. Freed from the constraints of chelation, C-18 exhib-

its no residual Rh–Si interaction (distance of 3.09 Å, NAO Wi-

berg Bond Index of 0.07) and features a tetrahedral rather than 

trigonal bipyramidal silicon center. Furthermore, while a labile 

group on Si (TfO–, DMAP, or Et2O) appeared to be important 

for reactivity of the pincer complex, the unchelated triphenylsi-

lyl complex does not exhibit the same requirement. In addition 

to providing additional support for an unusual anomalous inser-

tion mechanism of CO2 into Rh–Si, the calculations on an un-

chelated complex provide grounds for checking the validity of 

our computational predictions. 

The unchelated complex Ph3Si–Rh(PMe3)3 (7) was prepared 

by the method of Thorn and Harlow.25 As predicted, exposure 

of 7 to CO2 (1 atm) resulted in immediate reaction as judged by 
31P NMR spectroscopy. Although the product is unstable in the 

absence of PMe3, both NMR and IR spectra confirm formation 

of the siloxide product trans-Ph3SiO–Rh(PMe)2(CO) (8, Eq 2). 

In particular, the 29Si spectrum of 8 shows a significant upfield 

shift relative to 7 (δ –26.4 ppm for 8 versus 12.2 ppm for 7), 

with a loss in Rh/Si coupling, and the IR spectrum of 8 exhibits 

a characteristic carbonyl stretch at 1950 cm–1. Together, these 

findings confirm that 7 reacts with CO2 in a fashion analogous 

to 1-OTf, though much faster, lending further credence to an 

anomalous insertion mechanism since the Si–Ph bond cleavage 

to form a silylene is unlikely. The overall process closely re-

sembles the CO2 scission at a rhodium boryl complex described 

by Kalläne et al.,26 which was proposed to proceed through an 

insertion pathway but no mechanistic or computational studies 

were reported. 

 

 

Figure 5. Direct addition of CO2 with triphenylsilyl complex C-16 (derived from 7) to form 8. Gibbs free energies and enthalpies (in paren-

theses) in kcal/mol, calculated with B97-D3/def2-TZVP/SMD(dichloromethane). Hydrogen atoms are hidden in 3D structures for clarity. 



 

Factors Controlling the Regiochemistry of CO2 Insertion. 

We next sought to understand the interaction of C-1 with CO2 

in greater detail by examining the molecular orbitals involved. 

As expected for low-valent rhodium, the HOMO of C-1 is a Rh-

centered 𝑑𝑧2 orbital (Table 1), which will interact favorably 

with LUMO of CO2 to form adduct C-11. The metal-centered 

HOMO supports the description of this interaction as a stepwise 

cycloaddition rather than migratory insertion, which would in-

volve the Rh–Si σ bond.27 Further evidence for the nucleophilic-

ity of Rh and electrophilicity of Si in complex C-1 is found by 

examining natural population analysis (NPA) charges: –0.62 on 

Rh and +1.56 on Si. Unchelated complex C-15 has an even 

more negatively charged Rh center, in line with the greater re-

activity of Ph3Si–Rh(PMe3)3 (7). We also calculated the total 

charge on the silyl group, as computed in previous studies of 

silyl complex reactivity;27a however, we found this parameter to 

have little correlation to the observed reactivity in our system. 

Seeking to generalize the factors that control regiochemistry 

of CO2 insertion, we computed the HOMO and NPA charges 

for several related complexes. Tonzetich and co-workers very 

recently reported an Fe(II) silyl complex (C-20) capable of re-

ducing CO2 to form an Fe(CO) complex.13 Though the detailed 

mechanism has not been fully explored, it is postulated to in-

volve anomalous insertion of CO2 to form a siloxyacyl complex 

analogous to C-18. In line with our Rh complexes, we find C-

20 has NPA charges of –0.34 on Fe and +0.99 on Si.  

Next, we considered several complexes reported to undergo 

normal migratory insertion of CO2, where a silyl or alkyl ligand 

attacks the carbon of CO2. Leitner has studied several alkylrho-

dium complexes, such as C-21, and found that more negative 

NPA charge on carbon led to lower computed barrier for migra-

tory insertion.22b Our calculations are in line with that trend, 

though it is worth noting that in C-21 Rh also bears a negative 

charge of similar magnitude to that of C. Similarly, Ni5d and 

Cu5c silyl complexes C-22 and C-23 have been demonstrated 

by Tilley and Marder, respectively, to undergo normal migra-

tory insertion of CO2. In the case of Ni complex C-22, the regi-

oselectivity is well rationalized by a negative charge on Si. 

However, Cu complex C-23, which bears a positive NPA 

charge on Si, appears to be an outlier. As Yates has previously 

noted, summing the charges on the entire Ph3Si ligand of C-23 

gives a negative charge, in line with a nucleophilic silyl 

group.27a  

Bearing in mind the importance of frontier orbitals in govern-

ing the reactivity of C-1 (Figure 6), we also calculated the 

HOMO of each complex (shown in Table 1). In all cases but Cu 

complex C-23, the HOMO is a metal-centered d-orbital. In C-

23 the HOMO is a Cu–Si σ-bonding orbital, which is consistent 

with a normal migratory insertion and may account for its ap-

parent outlier status when charge distributions alone are consid-

ered.  

Taken together, simple charge and orbital analyses can lend 

insight into the reactivity of each complex, but no single prop-

erty can describe the reactivity completely. For complexes in 

which the HOMO is metal-centered, one can use the charge on 

the Si (or C) atom to predict whether the silyl (or alkyl) is nu-

cleophilic. Nevertheless, exceptions may exist and caution must 

be used in predicting reactivity from computed properties, 

which are no substitute for experimental studies.

 

Table 1. Highest-occupied molecular orbital and NPA charge analysis for rhodium silyl and related complexes. 

 

NPA charge on:       

Rh (or metal) –0.62 –0.76 –0.34  (Fe) –0.56 +0.32  (Ni) +0.20  (Cu) 

Si (or C) +1.56 +1.48 +0.99 –0.50 (C) –0.64 +0.91 

silyl (or alkyl) –0.62 –0.04 +0.25 –0.22  (Et) –0.55 –0.47 

 

Reactivity of the CO2 Scission Product. A preliminary re-

activity study of 6-OTf shows that the siloxide unit obtained via 

oxygen-atom transfer from CO2 is amenable to further elabora-

tion. Unlike 1-OTf, complex 6-OTf is quite sensitive to water, 

giving complex 9-OTf with an unusual Rh-coordinated silanol 

(Scheme 4). The most closely related example is a (PSiOHP)Ir 

complex reported by Sola and co-workers that was obtained by 

hydrolysis of an Ir–Si bond.28 Ozerov has also reported Pd pin-

cer complexes with coordinating silanols.29 In the solid state, 9-

OTf shows two-point hydrogen bonding with the triflate coun-

terion (Figure 6), and its moderate solubility in benzene sug-

gests that a strong interaction is maintained in nonpolar sol-

vents. The OH chemical shifts show a substantial solvent de-

pendence (δ 10.93 and 6.78 ppm in C6D6 versus δ 9.35 and 5.60 

ppm in CD2Cl2), suggesting that the triflate may not be closely 

associated in polar solvents. 

  



 

Scheme 4. 

 

A solid-state structure of 9-OTf was obtained (Figure 6), 

showing several points of distinction relative to the siloxide 

product 6-OTf from which it is prepared. Most importantly, the 

Si–O–Rh bond angle is relieved (107.7(1)° for 9-OTf versus 

100.2(9)° for 6-OTf), leading to a considerably longer Si···Rh 

distance (3.0264(9) Å for 9-OTf versus 2.8255(4) Å for 6-

OTf). We have observed that 9-OTf decomposes under vac-

uum, but clean reactivity has not yet been observed. 

The acute Si–O–Rh bond in 6-OTf, combined with the ex-

pected low Rh–O bond strength, suggests that Rh–O bond 

cleavage may be effected with appropriate reagents. By analogy 

with Sadighi and Marder’s use of diborane and silylborane rea-

gents to cleave Cu–OBR2 and Cu–OSiR3, we found that 6-OTf 

reacts cleanly with pinacolborane (HBpin), forming a new B–O 

bond, cleaving the O–Rh bond, and reforming the Si–Rh link-

age with migration of triflate to rhodium to afford 10-OTf 

(Scheme 4 and Figure 6). This reaction closely resembles 

Driess’s reported hydroboration of a Ni–O bond in a nickel-

bound silanone.30 To this point, further reactions to liberate ox-

ygenated product by cleaving the Si–O bond have been unsuc-

cessful, likely due to the high Si–O bond strength. 

 

Figure 6. Molecular representations of (a) 9-OTf and (b) 10-OTf 

with thermal ellipsoids at 50% probability. Most hydrogen atoms 

have been removed and phosphine substituents are truncated for 

clarity. Selected bond lengths (Å) and angles (deg) for 9-OTf: Rh–

C1, 1.793(3); Rh–O2, 2.092(2); Si–O2, 1.641(2); O2–Rh–C1, 

175.28(13); P1–Rh–P2, 158.38(3); Si–O2–Rh, 107.72(10). For 10-

OTf: Rh–Si, 2.2718(19); Rh–C1, 1.936(9); Rh–O5, 2.336(4); Rh–

H, 1.29(4); Si–Rh–H1, 83.6(18); Si–Rh–O5, 165.90(12); P1–Rh–

P2, 156.82(6). 

DISCUSSION 

The anomalous 1,2-insertion of CO2 is an unusual pathway, 

occasionally observed for M–H bonds31 but not conclusively 

demonstrated for M–Si bonds due to the kinetic nucleophilicity 

of the silyl unit that can dominate over silicon’s thermodynamic 

oxophilicity.5c,24,27a This closely resembles the situation encoun-

tered with metal boryls,32 which have been examined in the con-

text of CO2 activation.27b,33 Even in cases such as the (NHC)Cu–

E systems examined by Sadighi and Marder (E = BR2, SiR3), 

which give nearly identical overall transformations to those pre-

sented here, the mechanism involves a normal insertion of CO2 

followed by 1,2-boryl or –silyl migration to form the B–O or 

Si–O bond.5c,27b,33 

The present system has been tuned such that silicon acts as a 

kinetic electrophile during the insertion reaction. This pathway 

is supported by the electron-rich, d8 rhodium center, and the rel-

atively electrophilic silicon center working in concert. The fact 

that the more electron-rich methylsilyl complex 1-Me does not 

react in the same way as 1-OTf, 1-DMAP+, and 1-Et2O+ pro-

vides strong support for the notion that a sufficiently electron-

poor silicon center is required in order for the reaction to take 

place. Computations support a Siδ+–Rhδ– polarization and sug-

gest that replacement of Si with C would reverse the polariza-

tion sufficiently to favor a normal insertion of CO2. By compar-

ison with copper boryl and silyl work from Sadighi and Marder 

(where normal insertion is implicated), the metal is more elec-

tron-rich and the silicon more electron-poor. 

The anomalous insertion pathway presented here provides a 

more efficient route to CO2 deoxygenation than normal-inser-

tion routes that give the same net reaction, since CO deinsertion 

should be a lower-barrier process than 1,2-silyl migration. This 

is borne out in the reactions described, for which overall barri-

ers are low and no intermediates are observable; in fact, the un-

chelated version reacts instantly with CO2. In contrast, the 

(NHC)Cu–SiR3 complexes described by Marder afford observ-

able (NHC)Cu–OC(O)SiR3 intermediates that slowly convert to 

the siloxide products.5c 

Far from being unexpected, the anomalous insertion of CO2 

is likely to be favored in general for properly tuned metal silyl 

complexes with Siδ+–Mδ– polarization, particularly those with 

electron-rich, unsaturated metals. In fact, our findings suggest 

that the most closely related transformations from the literature 

(deoxygenation of CO2 by a rhodium boryl and desulfurization 

of COS by a rhodium germyl)26,34 probably occur by a similar 

anomalous insertion route, though no mechanistic details were 

provided in the original manuscripts. Such a pathway has also 

been proposed by Tonzetich for stoichiometric CO2 reduction 

by an iron(II) silyl complex13 based on observation of an Ojima-

type7b 2,1-insertion of benzaldehydes, though thorough mecha-

nistic studies were not conducted. These proposals are con-

sistent with computations by Yates and co-workers predicting 

that palladium silyl, germyl, and stannyl complexes featuring 

phosphine and alkyl co-ligands should undergo anomalous in-

sertion of CO2.
27a Furthermore, we propose that anomalous in-

sertion into M–C bonds may be promoted by strategic integra-

tion of electron-withdrawing groups at carbon and choice of an 

electronegative metal with electron-donating supporting lig-

ands. 

Comparison with the related cleavage of CO2 at a Zr/Co het-

erobimetallic complex reported by Thomas also proves illumi-

nating.35 In fact, both the structure of Thomas’ μ-oxo product 

and its subsequent reactivity (cleavage of the Co–O bond by 



 

silane to afford a zirconium siloxide) closely resemble the trans-

formations reported here. The close analogy highlights the pos-

sible similarities between M–M and M–Si bonds. 

We have not yet been able to develop the pathway presented 

in this manuscript into a catalytic reaction. Although the CO2 

cleavage product 6-OTf is reactive, the Si–O bond is quite 

strong. We have not yet seen evidence for Si–O cleavage, even 

with strong reductants, though we are continuing to pursue this 

avenue. More promisingly, the findings presented here suggest 

that similar pathways may be accessible for elements with more 

labile bonds to oxygen, allowing O-atom transfer from CO2 

cleavage products.  

CONCLUSIONS 

In conclusion, this work has shown that CO2 can be activated 

and reduced at polarized Rhδ––Siδ+ bonds via anomalous inser-

tion to give a siloxyacyl intermediate, followed by CO deinser-

tion. Although previous examples of CO2 insertion into M–Si 

bonds exhibited a normal insertion mode (forming M–O, and 

C–Si bonds), we see no evidence for the normal process and 

instead calculate it to be a prohibitively high-energy pathway. 

Although the net process closely resembles CO2 deoxygenation 

at (NHC)Cu–SiR3 complexes previously reported by Marder,5c 

the fact that a 1,2-silyl migration is not required here leads to 

much lower barriers for the reaction (allowing the unchelated 

complex to react instantly at ambient temperature, compared 

with 22 h for the (NHC)Cu system). 

For both chelated and unchelated P2Rh–SiR3 complexes, in-

teraction with CO2 appears to be initiated by a nucleophilic and 

coordinatively unsaturated Rh center rather than by a nucleo-

philic Rh–X σ bond. The “anomalous” regiochemistry of the 

insertion process is a predictable consequence of the polarized 

Rhδ––Siδ+ façade. This finding suggests that silicon lies right on 

the line dividing preference for normal and anomalous insertion 

pathways, so the regiochemistry of CO2 insertion can be con-

trolled by tuning related systems. We expect that the more elec-

tronegative late metals (Ru, Os, Rh, Ir, Pd, Pt) may all exhibit a 

similar anomalous insertion process with CO2, including at 

other metal/main-group σ bonds (e.g., boryl, germyl, and phos-

phide complexes). This notion is supported by the recent report 

of CO2 splitting in a similar fashion to that reported here at the 

Fe–P bond of an iron(0) phosphinine complex.36  In general, this 

work has demonstrated how the electronic façade of a 

metal/main-group unit impacts the selectivity of insertion reac-

tions. Further explorations will be focused on understanding the 

generality of these findings and extending them to catalytically 

useful systems. 

EXPERIMENTAL SECTION 

General Considerations. All manipulations were carried out 

in a nitrogen-filled glove box. Routine solvents were purchased 

from commercial suppliers and were deoxygenated and dried 

using a Glass Contour Solvent Purification System and were 

stored over 4-Å molecular sieves in an inert-atmosphere glove 

box. Benzene and pentane were purchased in anhydrous and ox-

ygen-free form from Aldrich and used as received. Fluoroben-

zene was dried via reflux over CaH2, vacuum-transferred, and 

stored over 4-Å molecular sieves. 1-OTf4c and 1-CH3
19 were 

prepared according to published methods. NMR solvents were 

vacuum transferred from sodium/benzophenone (benzene-d6) 

or heated to reflux over calcium hydride and vacuum transferred 

(dichloromethane-d2), then stored in a nitrogen-filled glove box 

prior to use. Other reagents were purchased from commercial 

vendors and used without further purification. 

Characterization Methods. NMR spectra were recorded at 

ambient temperature on a Bruker Avance III HD 400 High Per-

formance Digital NMR spectrometer. 1H and 13C NMR chemi-

cal shifts were referenced to residual solvent; 19F, 29Si, and 31P 

NMR chemical shifts are reported relative to external standards 

of neat trifluoroacetic acid (−78.55 ppm), tetramethylsilane (0 

ppm), and 85% H3PO4 (0 ppm), respectively. IR spectra were 

recorded on a Thermo Scientific Nicolet iS5 FTIR spectrometer 

using a solution IR cell with NaCl windows. Microanalysis was 

carried out by Midwest Microlab, LLC. 

Computational Methods. DFT calculations were performed 

with Gaussian 09.37 Computed structures are illustrated using 

CYLView,38 and molecular orbitals are rendered with Chem-

Craft.39 Calculations were performed with the B97-D340 func-

tional and the def2-TZVP basis set, using the SMD solvent 

model for dichloromethane. Density fitting was enabled using 

the W06 fitting set, which is designed for use with the def2-

TZVP basis set.41 Thermal corrections were calculated from un-

scaled vibrational frequencies at the same level of theory using 

a standard state of room temperature (298 K) and 1 mol/L. The 

nature of transition states was verified by the presence of a sin-

gle imaginary frequency. IRC calculations were performed to 

verify the transition state connected to the appropriate interme-

diates. 

 [(CyP2SiDMAP)Rh(nbd)][OTf] ([1-DMAP][OTf]). Complex 

1-OTf (131.2 mg, 0.143 mmol) and norbornadiene (ca. 15 μL) 

were dissolved in benzene (2 mL) in a 20-mL scintillation vial. 

4-(Dimethylamino)pyridine (18 mg, 0.15 mmol) was dissolved 

in benzene (2 mL) and added to the solution of 1-OTf with stir-

ring, causing a precipitate to form. After 30 min, pentane (5 mL) 

was added and undissolved solids were collected by filtration, 

redissolved in dichloromethane (2 mL), filtered, and concen-

trated in vacuo to afford [1-DMAP][OTf] as a light yellow 

powder. Yield: 126.3 mg (85%). 1H NMR (CD2Cl2, 400 MHz): 

δ 7.78 (d, J = 7.3 Hz, 2H), 7.48 (dd, J1 = 7.2 Hz, J2 = 1.1 Hz, 

2H), 7.45–7.35 (m, 6H), 6.59 (d, J = 7.8 Hz, 2H), 5.34 (s, 2H), 

3.42 (s, 2H), 3.17 (s, 6H, –N(CH3)2), 2.79 (t, 11.4 Hz, 2H), 2.40 

(s, 2H), 2.20–2.06 (m, 4H), 1.97–1.69 (m, 12H), 1.69–1.55 (m, 

6H), 1.55–1.02 (m, 20H), 0.91 (q, J = 12.1 Hz, 2H). 13C{1H} 

NMR (CD2Cl2, 101 MHz): δ 156.7, 150.7–150.0 (m), 148.4–

147.9 (m), 144.3, 132.5 (t, J = 10 Hz), 130.2, 130.1, 129.9, 

128.8, 121.6 (q, J = 322 Hz, CF3), 76.2, 64.5, 48.1, 42.9 (t, J = 

11 Hz), 39.0 (t, J = 3.7 Hz), 34.2–33.1 (m), 31.2, 30.2, 29.6, 

29.5, 28.3 (t, J = 4.4 Hz), 28.2 (t, J = 5.5 Hz), 27.8 (t, J = 5.3, 

Hz), 27.6 (t, J = 5.1 Hz), 27.2, 26.4. 19F{1H} NMR (CD2Cl2, 

376 MHz): δ–78.9. 29Si{1H} NMR (CD2Cl2, 80 MHz): δ 86.0 

(dt, 1JRhSi = 46 Hz, 2JPSi = 17 Hz). 31P{1H} NMR (C6D6, 162 

MHz): δ 57.8 (1JPRh = 134 Hz). Anal. calcd. for 

C51H70F3N2O3P2RhSSi: C, 58.84; H, 6.78; N, 2.69. Found: C, 

58.65; H, 6.89; N, 2.50. 

(CyP2SiO2CH)Rh(H)(OTf) (3-OTf).  

Method A: Complex 1-OTf (31.3 mg, 0.0341 mmol) was 

dissolved in dichloromethane (ca. 4 mL) in a 20-mL scintilla-

tion vial, and a stock solution of formic acid in benzene (0.28 

mL, 141.3 mM, 0.040 mmol) was added via syringe, causing an 

immediate lightening of the solution to pale yellow. After 30 

min, volatiles were removed in vacuo to form a yellow film that 

was redissolved in diethyl ether (2 mL) and recrystallized at –

35oC to afford analytically pure 3-OTf as a mixture (96:4) of 

isomers; due to overlapping signals, only selected NMR data 



 

are presented for the minor isomer. Yield: 23.1 mg (78%). Ma-

jor Isomer: 1H NMR (C6D6, 400 MHz): δ 8.65 (d, J = 7.4 Hz, 

2H), 7.68 (s, 1H, O2CH), 7.30 (dt, J1 = 6.4 Hz, J2 = 2.8 Hz, 2H), 

7.23 (tq, J1 = 7.4 Hz, J2 = 1.1 Hz, 2H), 7.08 (tq, J1 = 7.6 Hz, J2 

= 1.1 Hz, 2H), 2.99 (t, J = 12.0 Hz, 2H), 2.59 (d, J = 13.3 Hz, 

2H), 2.49–2.38 (m, 2H), 2.27 (d, J = 13.5 Hz, 2H), 2.19–2.04 

(m, 2H), 1.89 (d, J = 12.1 Hz, 2H), 1.81 (d, J = 10.2 Hz, 2H), 

1.72–1.56 (m, 8H), 1.50 (d, J = 12.8 Hz, 4H), 1.39–1.01 (m, 

14H), 0.91–0.64 (m, 4H), –23.00 (dt, 1JRhH = 32.7 Hz, 2JPH = 

13.2 Hz, 1H). 13C{1H} NMR (C6D6, 101 MHz): δ 159.7 (d, J = 

28 Hz), 151.1 (td, J1 = 22 Hz, J2 = 5.0 Hz), 141.3 (td, J1 = 23 

Hz, J2 = 3.9 Hz), 135.4–134.8 (m), 131.1–128.5 (m), 34.4 (m), 

33.7 (dt, J1 = 19 Hz, J2 = 9.7 Hz), 31.0, 29.3, 28.9, 27.3, 27.0, 

26.3. 19F{1H} NMR (C6D6, 376 MHz): δ–77.6. 29Si{1H} NMR 

(C6D6, 80 MHz): δ 48.3 (dt, 1JRhSi = 42.1 Hz, 2JPSi = 5.2 Hz). 
31P{1H} NMR (C6D6, 162 MHz): δ 59.4 (1JPRh = 116 Hz). IR 

(CH2Cl2, cm−1): v 1697 (formate C=O). Minor Isomer: 1H 

NMR (C6D6, 400 MHz): δ –19.44 (dt, 1JRhH = 28.3 Hz, 2JPH = 

12.4 Hz, 1H). 31P{1H} NMR (C6D6, 162 MHz): δ 59.8 (d, 1JPRh 

= 114 Hz). Anal. calcd. for C38H54F3O5P2RhSSi: C, 52.29; H, 

6.24. Found: C, 51.99; H, 6.53. 

Method B: Complex 2-OTf was prepared as previously de-

scribed4c from 1-OTf (10 mg, 0.011 mmol) in diethyl ether 

(0.75 mL) in a J Young NMR tube. The reaction was monitored 

by 31P NMR spectroscopy to ensure complete conversion to 2-

OTf. The resulting solution was subjected to one freeze–pump–

thaw degas cycle and placed under CO2 (1 atm). After 90 min, 

the formation of 3-OTf in 78% yield (with the remaining prod-

uct being primarily 4-OTf) was noted by 31P NMR spectros-

copy. 

(CyP2SiMe)Rh(H)(κ2-CO2H) (5-CH3). Complex 1-CH3 (ca. 

20 mg) was dissolved in benzene (0.75 mL) and transferred to 

a J Young NMR tube. The sample was subjected to one freeze–

pump–that cycle and the atmosphere backfilled with H2 (1 atm), 

causing the solution to darken considerably then lighten as the 

H2 adduct formed, as reported previously. After complete con-

version to (CyP2SiMe)Rh(H2) (4-CH3) was confirmed by 31P 

NMR spectroscopy (δ 74.3 (br d, 1JRhP = 128 Hz)), the solution 

was subjected to another freeze–pump–thaw cycle and the 

headspace replaced with CO2 (1 atm). Complete conversion to 

formate complex 5-CH3 occurred within 10 min. Although 5-

CH3 was not isolated in pure form, its identity was confirmed 

by comparison to the closely related hydrido formate complex 

reported by Milstein8a and its purity was >99%, as judged by 31P 

and 1H NMR spectroscopies. 1H NMR (C6D6, 400 MHz): δ 8.87 

(s, 1H, O2CH), 8.02 (dd, J1 = 7.4 Hz, J2 = 1.5 Hz, 2H), 7.45–

7.40 (m, 2H), 7.26 (tq, J1 = 7.3 Hz, J2 = 1.2 Hz, 2H), 7.18–7.13 

(m overlapping with C6HD5, 2H), 2.54 (d, 12.2 Hz, 2H), 2.39 

(apparent q, J = 11.5 Hz, 2H), 2.28 (t, J = 12.4 Hz, 4H), 2.12–

2.06 (m, 2H), 1.91–1.81 (m, 4H), 1.72–1.61 (m, 6H), 1.60–1.46 

(m, 8H), 1.39–1.17 (m, 10H), 1.09–0.90 (m, 6H), 0.88 (s, 3H, 

Si–CH3), –21.22 (dt, 1JRhH = 25.0 Hz, 2JPH = 14.8 Hz, 1H, Rh–

H). 13C{1H} NMR (C6D6, 101 MHz): δ 170.1 (CO2H), 157.9 

(td, J1 = 24 Hz, J2 = 4.1 Hz), 141.6 (td, J1 = 23 Hz, J2 = 4.7 Hz), 

131.9 (t, J = 10 Hz), 130.0, 129.1, 124.4, 38.3, 36.4, 35.6 (t, J = 

13 Hz), 35.5 (t, J = 9.0 Hz), 30.0, 29.7, 29.3, 28.8, 27.5, 27.4–

27.0 (m), 26.7, 26.1, 6.2 (Si–CH3). 
29Si{1H} NMR (C6D6, 80 

MHz): δ 48.7 (dt, 1JRhSi = 33 Hz, 2JPSi = 5.0 Hz). 31P{1H} NMR 

(C6D6, 162 MHz): δ 61.8 (d, 1JRhP = 120 Hz). 

[CyP2Si(OTf)(μ-O)]Rh(CO) (6-OTf). Complex 1-OTf (140.0 

mg, 0.152 mmol) was dissolved in dichloromethane (5 mL) and 

transferred to a 25-mL Schlenk-style pressure tube. The solu-

tion was subjected to one freeze–pump–thaw cycle and the 

headspace was backfilled with CO2 (1 atm). The reaction was 

allowed to proceed with stirring for 2.5 h at ambient tempera-

ture. Volatiles were removed in vacuo to afford a yellow film, 

which as redissolved and crystallized from a minimal volume 

of 4:1 diethyl ether/dichloromethane to afford pure 6-OTf. Sin-

gle crystals suitable for X-ray diffraction were obtained by slow 

cross-diffusion of dichloromethane/hexane at –35 °C. Yield: 

42.2 mg (32%). 1H NMR (CD2Cl2, 400 MHz): δ 8.05–7.98 (m, 

2H), 7.51–7.43 (m, 6H), 2.62–2.52 (m, 2H), 2.51–2.41 (m, 2H), 

2.30 (d, J = 12.8 Hz, 2H), 2.05 (d, J = 12.9 Hz, 2H), 4.05 (m, 

4H), 1.81–1.13 (m, 32H). 13C{1H} NMR (CD2Cl2, 101 MHz): δ 

194.2 (dt, 1JRhC = 72 Hz, 2JPC = 13 Hz, Rh–CO), 143.8 (t, J = 

9.5 Hz), 139.4 (t, J = 17 Hz), 136.3 (t, J = 5.9 Hz), 131.4, 130.3 

(t, J = 3.0 Hz), 129.5, 119.1 (q, 1JCF = 319 Hz, CF3), 37.9 (t, J = 

11 Hz), 32.9, 32.6 (td, J1 = 12 Hz, J2 = 2.1 Hz), 28.5–28.2 (m), 

28.0–27.8 (m), 27.5, 27.2 (dt, J1 = 12 Hz, J2 = 6.0 Hz), 26.9, 

26.3. 19F{1H} NMR (C6D6, 376 MHz): δ –77.1. 29Si{1H} NMR 

(C6D6, 80 MHz): δ –42.1 (t, 3JPSi = 7.5 Hz). 31P{1H} NMR 

(C6D6, 162 MHz): δ 39.6 (1JPRh = 125 Hz). IR (CH2Cl2, cm−1): v 

1955 (CO). NOTE: The product was quite hydrolytically sensi-

tive and unstable to extended storage at ambient temperature, 

so suitable microanalysis was not obtained. 

[(CyP2Si(DMAP)(μ-O))Rh(CO)][OTf] ([6-DMAP][OTf]). Com-

plex [1-DMAP][OTf] (25.3 mg, 0.0243 mmol) was dissolved 

in dichloromethane (3 mL) and transferred to a 25-mL Schlenk-

style pressure tube. The solution was subjected to one freeze–

pump–thaw cycle and the headspace was backfilled with CO2 

(1 atm). The reaction was allowed to proceed with stirring for 

2.5 h at ambient temperature, then volatiles were removed in 

vacuo to afford a yellow powder. Single crystals of [6-

DMAP][OTf] suitable for X-ray analysis was obtained by ben-

zene/hexamethyldisiloxane vapor diffusion at ambient temper-

ature. Crystallized yield: 18.4 mg (76%). 1H NMR (CD2Cl2, 400 

MHz): δ 7.78 (d, J = 7.4 Hz, 2H), 7.68–7.62 (m, 2H), 7.59 (t, J 

= 7.4 Hz, 2H), 7.54–7.48 (m, 4H), 3.19 (s, 6H, –N(CH3)2), 2.60 

(t, J = 10.6 Hz, 2H), 2.32–2.13 (m, 4H), 2.04 (t, J = 11.1 Hz, 

4H), 1.91 (d, J = 11.8 Hz, 2H), 1.82 (d, J = 8.9 Hz, 2H), 1.78–

1.68 (br m, 6H), 1.68–1.52 (m, 10H), 1.52–1.42 (m, 4H), 1.42–

1.26 (m, 4H), 1.26–1.10 (m, 8H). 13C{1H} NMR (CD2Cl2, 101 

MHz): δ 157.4, 144.1, 141.5 (t, J = 9.3 Hz), 140.5 (t, J = 16.5 

Hz), 136.5 (t, J = 5.8 Hz), 132.6, 131.2 (t, J = 2.8 Hz), 129.8, 

108.1, 40.6, 38.4 (t, J = 10 Hz), 33.7 (t, J = 12 Hz), 32.6, 28.6, 

28.4 (t, J = 6.8 Hz), 28.3, 27.9 (t, J = 5.2 Hz), 27.1 (dt, J = 13 

Hz, J = 6.1 Hz), 26.7, 26.2. 19F{1H} NMR (CD2Cl2, 376 MHz): 

δ –78.9. 29Si{1H} NMR (CD2Cl2, 80 MHz): δ –34.0 (t, 3JPSi = 

6.9 Hz). 31P{1H} NMR (CD2Cl2, 162 MHz): δ 38.7 (1JPRh = 127 

Hz). IR (CH2Cl2, cm−1): v 1948 (CO). Anal. calcd. for 

C45H62F3N2O5P2RhSSi: C, 54.43; H, 6.29; N, 2.82. Found: C, 

54.67; H, 6.33; N, 2.89. 

[(CyP2Si(Et2O)(μ-O))Rh(CO)][B(C6F5)4] ([6-Et2O][BArF]).  

Method A. Complex 4-OTf (22.7 mg, 0.026 mmol) was dis-

solved in dichloromethane (1 mL), and a solution of 

LiB(C6F5)4·2.5Et2O (22 mg, 0.026 mmol) in dichloromethane 

(2 mL) was added to it with stirring. The reaction was allowed 

to proceed 1 h, and all volatiles were removed in vacuo to give 

a yellow oil. The oil was extracted into benzene (2 mL) and fil-

tered to remove LiOTf, then lyophilized to afford semi-pure [6-

Et2O][BArF] as a fluffy yellow powder. Yield: 24.1 mg (63%). 

The compound was not sufficiently stable for crystallization or 



 

further purification, but identification was confirmed by com-

parison of spectroscopic data to those of [6-DMAP][OTf] and 

6-OTf. 1H NMR (CD2Cl2, 400 MHz) [NOTE: Integrations are 

estimated for aliphatic signals due to presence of impurities]: δ 

7.93–7.88 (m, 2H), 7.65–7.52 (m, 6H), 4.18 (q, 3JHH = 7.0 Hz, 

4H, O(CH2CH3)2), 2.64–2.52 (m, 2H), 2.32–2.21 (m, 4H), 2.01 

(t, J = 14.1 Hz, 4H), 1.94–1.80 (m, 10H), 1.76–1.66 (m, 8H), 

1.63–1.51 (m, 8H), 1.49–1.07 (m, 18H), 1.37 (t, 3JHH = 7.0 Hz, 

6H, O(CH2CH3)2). 
13C{1H} NMR (CD2Cl2, 101 MHz): For cat-

ion portion only: δ 141.2 (t, J = 16 Hz), 139.2 (t, J = 9.3 Hz), 

135.0 (t, J = 5.5 Hz), 133.3, 132.3, 130.4, 73.1, 38.4 (t, J = 10 

Hz), 33.4 (t, J = 12 Hz), 32.7, 28.9–28.3 (m), 28.2, 28.1 (t, J = 

5.1 Hz), 27.5, 27.2–26.9 (m), 26.7, 26.1, 13.3. 19F{1H} NMR 

(CD2Cl2, 376 MHz): δ –133.22 , –164.01 (t, J = 20.6 Hz), –

167.83 (t, J = 18.9 Hz). 29Si{1H} NMR (CD2Cl2, 80 MHz): δ –

25.8 (t, 3JPSi = 7.4 Hz). 31P{1H} NMR (CD2Cl2, 162 MHz): δ 

39.0 (1JPRh = 124 Hz). IR (CH2Cl2, cm−1): v 1970 (CO). 

Method B. Complex 1-OTf (35.6 mg, 0.039 mmol) was dis-

solved in dichloromethane (1 mL), and a solution of 

LiB(C6F5)4·2.5Et2O (22 mg, 0.026 mmol) in dichloromethane 

(2 mL) was added to it with stirring. The reaction was allowed 

to proceed 5 min, and the volume of the reaction was reduced 

to ca. 1 mL in vacuo. The entire mixture was transferred to a J 

Young NMR tube, subjected to one freeze–pump–thaw cycle, 

and the headspace evacuated and backfilled with CO2 (1 atm). 

The reaction was allowed to proceed overnight, affording [6-

Et2O][BArF] in 67% purity, as judged by 31P NMR spectros-

copy. 

Ph3Si–Rh(PMe3)3 (7). Complex 7 was prepared according to 

published methods.25  Since NMR data are not available in the 

original report of 7, we include them here and reproduce them 

in the Supporting Information. 1H NMR (C6D6, 400 MHz): δ 

8.17 (dd, J1 = 8.0 Hz, J2 = 1.5 Hz, 6H), 7.28 (m, 6H), 7.18 (tt, 

J1 = 7.3 Hz, J2 = 1.6 Hz, 3H), 0.95 (br m, 27H). 29Si{1H} NMR 

(C6D6, 80 MHz): δ 12.2 (dq, 1JRhSi = 42 Hz, 2JPSi = 28 Hz). 
31P{1H} NMR (C6D6, 162 MHz): δ –18.1 (br d, 1JRhP = 141 Hz). 

Ph3SiO–Rh(PMe3)2(CO) (8). Complex 7 (41 mg, 0.069 

mmol) was dissolved in C6D6 (0.7 mL) and transferred to a J 

Young NMR tube. The solution was subjected to one freeze–

pump–thaw cycle and the headspace was backfilled with CO2 

(1 atm). The reaction proceeded immediately upon warming, as 

indicated by a color change from red to yellow. Quantitative 

conversion to 8 after 5 min was confirmed by 1H NMR spec-

troscopy. Volatiles were removed in vacuo to afford 8 as a yel-

low powder. Complex 8 was unstable for extended periods in 

the absence of added PMe3, so microanalysis of the product was 

not obtained. NMR spectra of 8 (except 31P) were obtained prior 

to workup, in the presence of PMe3 (1 equiv). 1H NMR (C6D6, 

400 MHz): δ 8.05 (dd, J1 = 7.9 Hz, J2 = 1.5 Hz, 6H), 7.32–7.26 

(m, 6H), 7.26–7.21 (m, 3H), 0.90 (br s, 27H: bound and free 

PMe3). 
13C{1H} NMR (C6D6, 101 MHz): δ 191.8 (d, 2JRhC = 67 

Hz, Rh–CO), 142.6, 136.2, 128.6, 127.6, 16.2 (br, P–CH3). 
29Si{1H} NMR (C6D6, 80 MHz): δ –26.4 (s). 31P{1H} NMR 

(C6D6, 162 MHz): δ –13.1 (d, 1JRhP = 121 Hz). IR (CH2Cl2, 

cm−1): v 1950 (CO). 

[(CyP2Si(OH)(μ-OH))Rh(CO)][OTf] (9-OTf). Complex 6-OTf 

(15 mg, 0.018 mmol) was dissolved in dichloromethane (1 mL) 

and a solution of water (1 mL, 0.028 M in CH2Cl2) was added 

slowly with stirring. The reaction was allowed to proceed for 

10 min, after which quantitative conversion to 9-OTf was con-

firmed by 31P NMR spectroscopy. Most volatiles were removed 

in vacuo (note: the material was unstable to extended vacuum) 

and the resulting material was redissolved and recrystallized 

from a minimal amount of diethyl ether at −35 °C to afford 9-

OTf as yellow crystals. Crystals suitable for X-ray diffraction 

analysis were obtained from a concentrated solution of 9-OTf 

in benzene at ambient temperature. Since 9-OTf was unstable 

to extended vacuum, residual solvent could not be entirely re-

moved and precise isolated yields were not obtained. 1H NMR 

(C6D6, 400 MHz): δ 10.93 (s, 1H), 8.18 (d, J = 6.9 Hz, 2H), 

7.13–7.00 (m, 6H), 6.78 (s, 1H), 2.47–2.24 (m, 6H), 1.93 (d, J 

= 12.6 Hz, 2H), 1.88–1.31 (m, 26H), 1.22–1.01 (m, 10H). 

13C{1H} NMR (C6D6, 101 MHz): δ 194.4 (dt, 1JRhC = 81 Hz, 

2JPC = 14 Hz, Rh–CO), 143.6 (t, J = 10 Hz), 138.0 (t, J = 6.2 

Hz), 135.6 (t, J = 18 Hz), 131.1, 130.0, 129.8, 38.5 (t, J = 9.9 

Hz), 33.2–32.8 (m), 28.2, 27.5–27.3 (m), 27.1 (t, J = 5.1 Hz), 

26.9–26.6 (m), 26.2, 25.9. 19F{1H} NMR (CD2Cl2, 376 MHz): 

δ –77.8. 29Si{1H} NMR (CD2Cl2, 80 MHz): No 29Si signal was 

located for this compound. 31P{1H} NMR (CD2Cl2, 162 MHz): 

δ 38.9 (1JPRh = 119 Hz). IR (CH2Cl2, cm−1): v 3346 (OH), 2235 

(OH), 1980 (CO). NOTE: Complex 9-OTf is unstable to vac-

uum, so drying for suitable microanalysis was not possible. 

(CyP2SiOBpin)Rh(H)(CO)(OTf) (10-OTf). Complex 6-OTf 

(20 mg, 0.023 mmol) was dissolved in 1:1 dichloro-

methane/benzene (2 mL), and a solution of pinacolborane (121 

μL, 0.19 M in fluorobenzene, 0.023 mmol) was added with stir-

ring. The reaction mixture was heated in a sealed vial at 60 °C 

for 2 h. Volatiles were removed in vacuo to afford a yellow 

powder, which was washed with cold pentane (3 × 2 mL) and 

dried in vacuo. Analytically pure 10-OTf was obtained by crys-

tallization from ether/pentane vapor cross-diffusion at –35 °C. 

X-ray quality crystals were obtained in the same manner. Yield: 

9.1 mg (40%). 1H NMR (C6D6, 400 MHz): δ 8.18 (d, J = 7.0 

Hz, 2H), 7.52 (dt, J1 = 6.9 Hz, J2 = 3.1 Hz, 2H), 7.19 (tq, J1 = 

7.4 Hz, J2 = 1.3 Hz, 2H), 7.10 (tq, J1 = 7.4 Hz, J2 = 1.4 Hz, 2H), 

3.16–3.06 (m, 2H), 2.46–2.33 (m, 4H), 2.20–2.04 (m, 6H), 1.87 

(d, J = 11.8 Hz, 2H), 1.77-1.39 (m, 20H), 1.37–1.15 (m, 6H), 

1.09–0.95 (m, 4H), 0.88 (s, 12H, –CH3 from Bpin), –8.60 (dt, 
1JRhH = 12.2 Hz, 2JPH = 9.6 Hz, 1H, Rh–H). 11B{1H} NMR 

(C6D6, 128 Hz): δ 20.4 (br s). 13C{1H} NMR (C6D6, 101 MHz): 

δ 153.8 (td, J1 = 22 Hz, J2 = 4.7 Hz), 142.2 (td, J1 = 24 Hz, J2 = 

4.0 Hz), 133.3 (t, J = 9.7 Hz), 130.03, 129.99, 129.3 (t, J = 3.5 

Hz), 82.1, 36.3 (t, J = 12 Hz), 34.4 (t, J = 12 Hz), 30.2, 29.1, 

28.5, 27.9 (t, J = 4.9 Hz), 27.5, 27.1 (dt, J1 = 12 Hz, J2 = 6.6 

Hz), 26.9, 26.7 (t, J = 6.6 Hz), 26.4, 24.6. 19F{1H} NMR 

(CD2Cl2, 376 MHz): δ –76.9. 29Si{1H} NMR (CD2Cl2, 80 

MHz): 36.3 (dt, 1JRhSi = 35 Hz, 2JPSi = 3.9 Hz). 31P{1H} NMR 

(CD2Cl2, 162 MHz): δ 72.3 (1JPRh = 108 Hz). IR (CH2Cl2, cm–

1): 2082 (CO), 1988 (Rh–H). Anal. calcd. for 

C44H65BF3O7P2RhSSi: C, 52.91; H, 6.56. Found: C, 52.67; H, 

6.46. 

X-ray Crystallography. Single-crystal X-ray diffraction 

data for 6-OTf, [6-DMAP][OTf], 9-OTf, and 10-OTf were 

collected on a Rigaku XtaLAB mini diffractometer using Mo 

Kα radiation (λ = 0.71073 Å). The diffractometer was equipped 

with an Oxford Cryosystems desktop cooler (Oxford Cryosys-

tems Ltd, Oxford) for low-temperature data collection. The 

crystals were mounted on a MiTeGen micromount (MiTeGen, 

LLC, Ithaca, NY) using STP oil. The frames were integrated 

using CrystalClear-SM Expert 3.1 b2742 to give the hkl files cor-

rected for Lp and decay. Data were corrected for absorption ef-

fects using a multiscan method (REQAB).42 

All structures were solved using SHELXS-2013 and refined 

using SHELXL-2013 with the Olex2 software package.43 All 



 

non-hydrogen atoms were refined with anisotropic thermal pa-

rameters. Ruthenium and silicon hydrides were located in the 

Fourier difference maps and refined isotropically; all other hy-

drogen atoms were inferred geometrically from neighboring 

sites and refined with riding thermal parameters. Crystallo-

graphic parameters of all complexes are summarized in Table 

S1. ORTEP drawings were prepared using ORTEP-3 for Win-

dows V2013.144 and POV-Ray for Windows v3.6.45 Crystallo-

graphic data for the complexes have been deposited at the Cam-

bridge Crystallographic Data Centre (Nos. 1911566–1911569) 

and can be obtained free of charge via www.ccdc.cam.ac.uk. 

Special Crystallographic Refinement Details. The crystals 

obtained for 6-OTf diffracted poorly and yielded a low-quality 

structure. Although connectivity was well established for 6-

OTf and the structure was further corroborated by the high-

quality dataset for the related [6-DMAP][OTf], the low quality 

of the data only permitted anisotropic refinement for Rh, Si, P, 

and S atoms in 6-OTf. 
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