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14-electron Rh and Ir silylphosphine complexes and their catalytic 
activity in alkene functionalization with hydrosilanes 

Niroshani S. Abeynayake,a Julio Zamora-Moreno,a,b Saidulu Gorla,a Bruno Donnadieu,a Miguel A. 
Muñoz-Hernández*a and Virginia Montiel-Palma*a 

Herein we report an experimental and computational study of a family of four coordinated 14-electron complexes of Rh(III) 

devoid of agostic interactions. The complexes [X-Rh(3(P,Si,Si)PhP(o-C6H4CH2SiiPr2)2], where X = Cl (Rh-1), Br (Rh-2), I (Rh-3), 

OTf (Rh-4), Cl.GaCl3 (Rh-5); derive from a bis(silyl)-o-tolylphosphine with isopropyl substituents on the Si atoms. All five 

complexes display a sawhorse geometry around Rh and exhibit similar spectroscopic and structural properties. The catalytic 

activity of these complexes and [Cl-Ir(3(P,Si,Si)PhP(o-C6H4CH2SiiPr2)2], Ir-1, in styrene and aliphatic alkene functionalizations 

with hydrosilanes is disclosed. We show that Rh-1 catalyzes effectively the dehydrogenative silylation of styrene with Et3SiH 

in toluene while it leads to hydrosilylation products in acetonitrile. Rh-1 is an excellent catalyst in the sequential 

isomerization/hydrosilylation of terminal and remote aliphatic alkenes with Et3SiH including hexene isomers, leading 

efficiently and selectively to the terminal anti-Markonikov hydrosilylation product in all cases. With aliphatic alkenes, no 

hydrogenation products are observed. Conversely, catalysis of the same hexene isomers by Ir-1 renders allyl silanes, the 

tandem isomerization/dehydrogenative silylation products. A mechanistic proposal is made to explain the catalysis with 

these M(III) complexes.

Introduction 

The quest for the synthesis and isolation of elusive unsaturated 

transition metal complexes has been for years motivated by 

their involvement in crucial catalytic and fundamental 

processes. Unsaturated 14-electron species of Rh and Ir exist 

either as three-coordinated T-shaped M(I)1-4 or as four-

coordinated5-10 M(III) complexes (Chart 1). These exotic species 

are generally stabilized by agostic interactions, intramolecular 

hemilabile bonds or secondary  contacts and in general by 

bulky ligands on the transition metal center. We recently 

reported facile access to rare Rh and Ir(III) 14-electron species 

[Cl-M(3(P,Si,Si)PhP(o-C6H4CH2SiiPr2)2] (M = Rh, Rh-1 and M = 

Ir, Ir-1)11 and [MeIr(3(P,Si,Si)PhP(o-C6H4CH2SiiPr2)2)].12 

Complexes Rh-1 and Ir-1 result from the reaction of 

[MCl(COD)]2 and the isopropyl substituted pincer-like Si,P,Si 

ligand. The analogous methyl substituted ligand gives rise to 

dimeric 16-electron Rh and Ir species.13 We now report the 

structural and spectroscopic characterization of the family of 

14-electron complexes resulting from substitution reactions on 

complex Rh-1. None of these complexes exhibits significant 

agostic interactions. Additionally, their catalytic activity in 

hydrosilylation/dehydrogenative silylation of alkenes is 

presented.  

Chart 1. Reported 14-electron Rh and Ir complexes. 

Results and Discussion 

1. Synthesis and characterization of a family of 14-electron 

rhodium complexes: Rh-2, Rh-3, Rh-4 and Rh-5. To access 

complexes closely related to Rh-1, we carried out the exchange 
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of the chloride in Rh-1 by other X type ligands (I−, Br−, OTf−). 

Solutions of complex Rh-1 were reacted with the 

corresponding sodium or silver salts (Scheme 1). The 14-

electron Rh complexes of general formula 

[XRh(3(P,Si,Si)PhP(o-C6H4CH2SiiPr2)2)] (X = Br, Rh-2; I, Rh-3; 

OTf, Rh-4), depicted in Scheme 1, were synthesized in good 

isolated yields. Aiming at the formation of a cationic species by 

removal of the chloride ligand, addition of GaCl3 to Rh-1 was 

performed. The resulting complex incorporates GaCl3 as the -

Cl adduct Rh-5, also a 14-electron species. New complexes Rh-

2, Rh-3, Rh-4 and Rh-5 were fully characterized in solution by 

spectroscopic techniques, in the solid state by single crystal X 

ray diffraction and by theoretical means. Their 31P14, 15 spectra 

show a doublet signal due to coupling of the 31P nucleus with 
103Rh in a chemical shift between 30.9 ppm <  < 37.7 ppm and 

with coupling constants 1JP-Rh between 147 Hz < 1JP-Rh < 178 Hz. 

These values are close to those found in the parent Rh-1 ( 

31.07, 1JP-Rh = 147 Hz),11 indicating close similarities between all 

the species (Table 1).  

The X-ray diffraction structures of Rh-2, Rh-3, Rh-4 and Rh-5 

are gathered in Figure 1. In the solid state, all complexes exhibit 

very similar structural parameters. In all, the geometry around                              

the Rh center is best described as a distorted sawhorse. The X-

Rh bond distances gradually expand in the halogen series Rh-1 

according to the larger ionic radii of X. The X-Rh-P angles show 

small variations from those in Rh-1. Direct comparison of the 

structures of Rh-5 and Rh-1 shows an elongation of the Rh-Cl 

bond distance in Rh-5 in comparison with Rh-1 due to it 

bonding an additional metal.  

Analysis of the bond distances/contacts in all structures show 

there are no short enough H…Rh/C…Rh contacts to support the 

presence of significant agostic interactions to account for the 

stabilization of the molecules.16, 17 

Remarkably, except the GaCl3 adduct Rh-5, all the new 

complexes are air-stable in the solid state. This behavior is in 

contrast with our previously reported findings in dinuclear 

species [Cl-M(3(P,Si,Si)PhP(o-C6H4CH2SiMe2)2]2 bearing 

methyl substituents on the Si atoms.13  

The reactivity of Rh-1 towards 2-electron donor ligands also led 

to significant differences. Attempted reactions of Rh-1 with 

PCy3, PPh3 and P(OPh)3 do not lead to the observation of any 

new product. In contrast, the closely related Ir(III) dimer [-Cl-

Ir(3(P,Si,Si)PhP(o-C6H4CH2SiMe2)2)]2 undergoes an equilibrium 

in solution with its monomer and reacts with phosphine ligands 

at room temperature incorporating one equivalent of bulky 

PPh3 or PCy3.18
 It could be argued that the bulkier isopropyl 

substituents on Si do not allow for the formation of 16-electron 

species due to steric constraints.11 No conclusive evidence for 

the formation of an acetonitrile adduct of Rh-1 was obtained 

even in pure CH3CN solutions. Reaction of Rh-1 with excess 

Et3SiH (1:100 molar ratio) does not occur but in the presence 

of excess styrene (1:10), a styrene adduct is detected by NMR 

spectroscopy.  

Next, we turned to theoretical computations to gain 

understanding of the frontier molecular orbitals of the Rh 

complexes.  

2. DFT calculations. The optimized DFT structures of complexes 

Rh-1, Rh-2, Rh-3, Rh-4 and Rh-5 were computed in the gas 

phase with method wB97XD/6-31g(d) on C, H, Cl, P, Si and 

wB97XD/SDD on Br, Ga, I, Rh as detailed in the ESI. In the first 

place, NBO natural charges (Table S1) show a steady increase 

in the negative charge on the Rh atom (−0.72 in Rh-1, −0.78 in 

Rh-2 and −0.88 in Rh-3) upon going from Cl to Br or I, consistent 

with electronegativity values. As expected, comparison of the 

Rh charges on Rh-1 and Rh-5 shows a larger negative value in  

Rh-1 (−0.72) than in Rh-5 (−0.58) attributed to the larger ionic 

pair character in the latter.  

 

Scheme 1. Synthetic route to the family of 14-electron complexes of Rh-1. 

 

 

Table 1. Comparison of structural (XRD at 100K) and NMR spectroscopic parameters (C6D6, 298 K) of 14-electron Rh complexes. 

Parameter Rh-1 (X= Cl)  Rh-2 (X= Br) Rh-3 (X= I) Rh-4 (X= OTf) Rh-5 (X= ClGaCl3) 

X-Rh / Å 2.314(2) 2.4349(5) 2.6004(2),  

2.5924(2) 

2.1736(14) 2.4243(6) 

X-Rh-P / ° 164.45(8)° 164.243(19)° 161.285(18)° 170.27(4)° 167.509(17) 

      

 31P{1H} / ppm 

(C6D6) 

31.1 31.8 30.9 37.7 34.8 

1JP-Rh / Hz 147 149 147 170 178 
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We attribute the remarkable stability experimentally observed 

in complexes Rh-1 to Rh-4 to the combination of the electronic 

stabilization provided by the two excellent -donor Si atoms on 

the bis(silyl)phosphine ligand enhancing the electron density at 

the Rh center, the large HOMO-LUMO gap (Table S2, ESI), and 

the steric protection of the bulky isopropyl substituents on the 

Si atoms. 

3. Catalytic activity in alkene dehydrogenative silylation. 3.1. 

Styrene and derivatives. Silylation, including hydrosilylation, of 

internal alkenes is more challenging than that of terminal 

olefins, yet it is critical because isomeric mixtures of alkenes 

are more readily accessible than pure terminal olefins. 

Homogeneous molecular systems based on Fe,19 Co,20-23 Ni,24, 

25 Rh26 and Ir27, 28 as well as Ni and Co29 nanoparticles12 are 

known to achieve internal alkene silylations through sequential 

isomerization-hydrosilylation.21, 30 A few of these systems 

require large metal loadings, dual catalysts, additives, harder 

reaction conditions, or secondary alkylsilanes.28  

In parallel, the selective and efficient transformation of 

organosilanes to double functionality vinyl- and allyl silanes, is 

a treasured reaction because the products are versatile 

building blocks used as final products and as monomers for 

polymerizations in the plastic and fine chemical industries.31,32 
33-35 Amongst the current synthetic methods for their synthesis, 

alkene dehydrogenative silylation is one of the most desired 

routes. This is partly due to the lower cost of alkenes as starting 

materials in comparison with the corresponding alkynes for 

direct hydrosilylation. Xie and Zhang have recently disclosed 

the direct synthesis of the dehydrogenative silylation products 

of styrene, 1, and Et3SiH to triethyl(styryl)silane, 2, from the use 

of [RhCl(COD)]2 and excess PPh3 as the catalytic system 

(Equation 1).36 

We also examined the rhodium complexes Rh-1, Rh-2, Rh-3, 

Rh-4, Rh-5 and the iridium species Ir-1 as catalysts in the above 

reaction. As expected, in addition to the hydrogenation 

product ethylbenzene, employment of Rh or Ir complexes as 

catalysts afforded a mixture of dehydrogenative 

silylation/hydrosilylation products (2/3) in various ratios when 

using toluene, dichloromethane or THF as solvents (Tables 2, 

S3 and S4). Our catalysts are also highly regioselective to the E-

stereoisomer triethyl(styryl)silane, 2, as the dehydrogenative 

silylation product. Optimization of the catalytic conditions 

including addition of a sacrificial hydrogen acceptor, 

considerably enhances the selectivity of the catalytic system 

towards 2 (Table 2 and Table S3) to a 90:10 ratio when 

employing Rh-1 and to 80:20 (Table S4) with Ir-1 as catalyst. 

In the absence of sacrificial hydrogen acceptors and under the 

same conditions (solvent, temperature), there is little variation 

in the catalytic activity of the Rh complexes Rh-1, Rh-2 and Rh-

3, except in the case of the triflate complex Rh-4, which is more 

selective towards the hydrosilylation product 3 disfavoring the 

formation of the unsaturated product (Table 2 and Table S3). 

The preference of Rh-4 for hydrosilylation with respect to 

dehydrogenative silylation (in a 3:1 ratio) could be explained by 

the influence of the triflate moiety37 which in solution could 

adopt different coordination modes to Rh including 1 and 

2,37-39 therefore modifying its ability to coordinate styrene and 

undergo the proposed transformation (Scheme 2). The 

catalytic performance in hydrosilyation is enhanced when a 

bond to a ligand’s oxygen atom is established in recently 

reported NHCs Rh complexes.26 Hemilability of O- and N- atoms 

affects the catalysis outcome and product distribution.40-42 We 

postulate the enhanced selectivity towards hydrosilylation in 

the triflate system is due to the involvement of a 2 

coordination mode.  

The catalytic activity of Rh-5 could not be verified in toluene 

due to its low solubility, however, in dichloromethane as 

solvent, the ratio 2/3 is similar to that in the series Rh-1, Rh-2, 

Rh-3. In contrast, the hydrogenation product ethylbenzene 

(Table S3), increases in comparison to the halogen catalysts 

and is similar to that found upon catalysis with Rh-4. The 

possibility of the GaCl4− moiety attaining a 2 coordination 

mode43 is also invoked to explain these findings. Additionally, it 

is known that the selectivity of cationic Rh species is sometimes 

opposite to that of their neutral counterparts as seen in the 

catalyzed hydrosilylation of 1-alkynes by neutral RhCl(PPh3)3 

and or [Rh(1,5-COD)2]+/PPh3 which exhibit opposite 

stereoselectivity.44 However, other systems show little 

variations upon forming a related cationic species.26 

From Table 2 (and S3) it is evident that in our system, styrene 

is more effective than norbonene for steering the selectivity 

towards the dehydrogenative silylation product. Several 

studies have evaluated the effectiveness of sacrificial hydrogen 

acceptors, SHA, including strained bicyclic alkenes such as 

norbonene, to improve the yield of dehydrogenative silylation 

over hydrosilylation. For example, in the Ru alkylidene 

 

Figure 1. X-Ray structures of complexes Rh-2, Rh-3, Rh-4 and Rh-5, all 

showing sawhorse geometries. Ellipsoids are shown at 50% probability. All 

hydrogen atoms have been omitted for clarity. Important distances (Å) and 

angles (°) as follows. Rh-2: Rh-Br 2.4349(5), Br-Rh-Si1 89.05(2), Br-Rh-Si2 

102.429(19), P-Rh-Br 164.243(19), Si2-Rh-Si1 100.11(2). Rh-3: Rh-I 

2.6004(2), I-Rh-Si1 100.115(18), I-Rh-Si2 108.071(18), P-Rh-I 161.285(18), 

Si2-Rh-Si1 98.97(2). Rh-4: Rh-O 2.1736(14), O-Rh-Si1 96.28(4), O-Rh-Si2 

98.17(4), P-Rh-O 170.27(4), Si2-Rh-Si1 97.82(2). Rh-5: Rh-Cl 2.4243(6), Cl-

Rh-Si1 97.01(2), Cl-Rh-Si2 101.46(2), P-Rh-Cl 167.509(17), Si2-Rh-Si1 

99.265(18). 

Rh-2 Rh-3 

Rh-4 
Rh-5 
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catalyzed reaction of styrene and alkyl- or alkoxysilanes there 

is a correlation of the ring strain of the SHA with increased 

selectivity towards the dehydrogenative silylation product.45  

In contrast, our results show a competitive coordination of 

norbonene with styrene, the first required step in the proposed 

reaction mechanism (Scheme 2). Previous studies that have 

demonstrated that the selectivity to dehydrogenative silylation 

is also highly affected by the ratio of the substrate/silane.46 For 

example, Murai demonstrated that dehydrogenative silylation 

of 1,5-hexadiene was selective when using an excess of 1,5-

hexadiene/hydrosilane ratio.47 From the proposed mechanistic 

cycles (Scheme 2 and Scheme 3), it can be inferred that excess 

silane favors hydrosilation while excess styrene leads to the 

dehydrogenative silylation or hydrogenation products. 

We found that substituents in the para position of styrene (Me, 
tBu, tBuO,Cl, CF3) are well tolerated by Rh-1 and afford 

dehydrogenative silylation products with excellent selectivity 

under optimized conditions in toluene (Table 3). Notably, 

conversion of the tert-butyl substituted styrene showed a 

selectivity 93:7 when catalyzed by Rh-1. Conversion and 

selectivity are lower when employing Ir-1, also manifested in 

longer reaction times (Table 3).  

Scheme 2 shows the mechanistic proposal which incorporates 

our findings. Given that our catalysts are formally M(III), 

addition of HSiEt3 does not lead to the oxidative addition 

product as we have corroborated in stoichiometric studies. 

However, we proposed styrene coordination and formation of 

species A triggers the formation of the silyl species B in which 

migratory insertion to C is possible. Intermediate C can either 

undergo -hydrogen elimination to D and render the 

triethyl(styryl)silane product 2. Coordination of a further 

styrene molecule would lead to ethylbenzene upon hydride 

migratory insertion from E. Alternatively, species C can lead to 

the hydrosilylated product 3 and regeneration of B upon 

reaction with HSiEt3 and styrene. This proposal also explains 

the experimentally observation that excess Et3SiH favors 

hydrosilylation while excess styrene steers the reaction 

towards 2 (Scheme S1). 

3.2 Other alkenes. Other aliphatic and aromatic alkenes also 

undergo transformation when catalyzed by Rh-1 or Ir-1 in 

toluene. Most notably, remote alkenes are also selectively 

transformed by our catalysts.  

We found that Rh-1 catalyzes the hydrosilyation of several 

hexene isomers, 1-octene, 3,3-dimethylbutene and 

allylbenzene providing the products in good yields with high 

selectivities (Tables 4 and S5). For example, the reaction of 1-

hexene with Et3SiH afforded the hydrosilylated product with 

99% selectivity.  

The conversion of internal hexenes to the same linear 

hydrosilylated product is also efficiently achieved by Rh-1. 

Indeed, the hydrosilylation of internal alkenes trans-2, trans-3, 

cis-2 and cis 3-hexene renders in all cases the terminal 

hydrosilane in quantitative yields with high selectivity (Table 4). 

This transformation likely occurs through sequential 

isomerization/hydrosilylation for which several authors have 

proved isomerization is the rate determining step.26, 48-50 51  

The pentacoordinated cationic Rh(III) hydride derivatives of 

bidentate Si,S ligands of general formula [HRh(SiMe2(o-

C6H4SR))(PPh3)2]+ 27, 30 48 (R = iBu, Pe, Bn, neoPe, Me), and the 

rigid facial derivative of a Si,S,S-ligand [HRh(SiMe(o-

C6H4SR)2)(PPh3)]+.30 also selectively convert internal alkenes to 

linear silanes by tandem isomerization/hydrosilylation.27, 30, 48  

It should be noted that herein the yields and selectivities are 

significantly improved by the use of Rh-1 with respect to those 

by the [HRh(SiMe(o-C6H4SR)2)(PPh3)]+.30  

On the other hand, employment of Ir-1 as catalyst in the 

transformation of the same hexene isomers affords upon 

quantitative conversion, the allyl silane as the major product 

(Table 4). The selectivity to allyl silane ranged from 52-85% for 

the different hexene isomers. Notably cis- and trans-2-hexene 

have similar selectivities but there is a larger gap when 

converting the 3-hexene isomers. The other by-products of 

these reactions are vinylsilane and the terminal hydrosilane 

(Table S6). These conversions and selectivities are again better 

than those observed in the Si,S,S-Ir system which selectively 

converts internal alkenes to allylsilanes and comparable to 

those in the bidentate Si,S-Ir system with bulky substituents.30 

Vinylsilane formation accounts to 11-16% for the different 

hexene isomers while the ratio slightly drops to less than 8% 

using 1-octene as substrate, pointing to higher steric repulsion 

in the latter leading to more selective -hydride elimination.30 

Allylbenzene shows the same reactivity trend upon catalysis, 

hydrosilylation to the terminal silane with Rh-1 and 

dehydrogenative silylation to allyl silane upon use of Ir-1 

(Scheme ). We propose Ir-1 catalysis favors the formation of 

allylic over vinyl products, thus in styrene and other substrates 

where allylsilane generation is not possible, vinylsilanes are 

generated albeit upon longer times and with lower selectivities 

in comparison with Rh-1 catalysis.  

Hydrosilylation/dehydrogenative silylation occurs following an 

alkene isomerization process as our results indicate that both 

Rh-1 and Ir- 1 are inactive in the direct Si functionalization of 

internal alkenes. Several mechanisms have been proposed for 

olefin isomerization.21, 50, 52 Notably the 1,2- and 1,3-hydrogen 

shifts53 could be suggested. We postulate our system would 

undergo the latter allyl pathway through an inner sphere 

mechanism (Scheme 3). Our catalysts posses two vacant 

coordination sites which would allow for alkene coordination 

to the metal as in species G. The latter would subsequently 

undergo substitution of the chloride by the silyl group (species 

H). The agostic interaction of the hydrogen at the allylic 

position would render the 3-allyl coordinated complex I, 

which upon rotation and reinsertion would lead to the 

isomerized alkene J. This transformation would occur in 

internal alkenes to form terminal alkenes. The silicon 

functionalization that follows isomerization, again sees 

important differences between the use of Rh or Ir as in Scheme 

2. It should be noted that the results in Table 4 are obtained in 

the absence of SHA (Scheme 4). 

3.3 Solvent effects. Screening solvent-free conditions and 

toluene, dichloromethane and THF as solvents, results in 

similar conversions and selectivities with styrene as substrate 

and Rh-1 as the catalyst (Table S3), unlike the RhCl(COD)]2/PPh3 
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system which works significatively better in dioxane and THF 

for the dehydrogenative silylation process.36 The cationic Rh(III) 

complex [HRh(3-S,S,Si-SiMe(o-C6H4SMe)2)(PPh3)]+ leads to the 

anti-Markonikov hydrosilylation product of styrene under neat 

conditions, albeit with 48% conversion and 76% selectivity.27 In 

our case, selectivity for the conversion of styrenes is largely 

enhanced by the use of CH3CN as solvent. In contrast to the 

results previously discussed in toluene where dehydrogenative 

silylation competes with hydrosilylation by both Rh-1 and Ir-1. 

Remarkably, the regioselectivity of styrene derivatives can be 

tuned in acetonitrile by the choice of metal. Indeed, the 

employment of Rh-1 leads exclusively to the hydrosilylated 

styrene products analogous to 3 while Ir-1 mainly leads to 

dehydrogenative silylation species type 2 (Table 5).  

According to the mechanistic proposal in Scheme 2, it is expected 

that the weekly coordinating CH3CN would block the available 

coordination site in intermediate species C thereby favoring 

the hydrosilylation pathway. In contrast, in the absence of 

coordinating solvent as in toluene, the pathway involving 

species D would be preferred as it would reduce the 

unsaturation of the metal center while forming a strong M-H 

bond. 

Table 2. Optimization of the Rh(III) catalyzed dehydrogenative silylation of styrene with 

Et3SiH. 

Entry Cat Additive Solvent Conv. 

(%)a 

T/°C 2/3 

1 Rh-1 - Toluene 100 95 50/50 

2 Rh-2 - Toluene 100 95 48/52 

3 Rh-3 - Toluene 100 95 47/53 

4 Rh-4 - Toluene 98 95 25/75 

5 Rh-5 - DCM 100 80 52/48 

6 Rh-1 - DCM 100 80 44/56 

7 Rh-1 - THF 100 80 45/55 

8 Rh-1 - neat 100 95 44/56 

9 Rh-1a  nbe  Toluene 100 95 52/48 

10 Rh-1b nbe  Toluene 100 95 62/38 

11 Rh-1c - Toluene 100 95 77/23 

12 Rh-1d - Toluene 100 95 90/10 

13 - - Toluene n.c. 95   - 

See also Table S3 in Supplementary Information. Abbreviations: nbe = 

norbonene; n.c. = no conversion detected. Reaction conditions: Styrene (0.2 

mmol), Et3SiH (0.2 mmol), catalyst (1 mol %), solvent (0.2 mL). Reaction times 24 

h, except 5 h (entries 9, 12). DCM = dichloromethane, THF = tetrahydrofurane. 

[a] 2 equiv. of additive (nbe). [b] 5 equiv. of additive (nbe). [c] 2 equiv. of styrene. 

[d] 5 equiv. of styrene. The conversion and selectivity were determined by GC-

MS and 1H NMR with respect to Et3SiH.  

3.4 Silane effects. Different silanes were also investigated in 

the transformation of styrene and 1-hexene by Rh-1. 

Employment of HSi(OEt)3, HSiMe(OEt)2 or HSiMe(OSiMe3)2 and 

the equimolar amounts of alkenes in toluene as solvent, leads 

to the hydrosilylation products with excellent conversions and 

selectivity (Table 6). These results should be compared to those 

obtained under similar conditions with HSiEt3, where a similar 

ratio of the dehydrogenative silylation/silylation products was 

obtained under unoptimized conditions (Table 1 and Table S3). 

In these new reactions, the -hydride elimination step is 

disfavored while the hydrosilane formation is preferred 

(Schemes 2, 3 and S2).36, 54 Higher ratios of the hydrosilane with 

respect to the unsaturated silane have also been observed in 

other systems including the [RhCl(COD)]2/PPh3 upon the use of 

HSiMe(OR)2.36  

Table 3. Catalyzed reactions of substituted styrenes and Et3SiH in toluene as solvent 

under optimized dehydrogenative silylation conditions. 

Yields of the specified products (see also Table S5 for more details). Reaction conditions: 

Styrene substrates (1.0 mmol), Et3SiH (0.2 mmol), Rh-1 or Ir-1 (1 mol %), toluene (0.2 

mL), 95 °C. Reaction time 5 h for Rh-1, 24 h for Ir-1.  

Table 4. Rh hydrosilylation versus Ir isomerization/dehydrogenative silylation of 

aliphatic substrates by Rh-1 and Ir-1 in toluene as solvent. 

Yields of the specified products (see also Tables S5 and S6). Reaction conditions: Alkene 

substrates (0.2 mmol), Et3SiH (0.2 mmol), Rh-1 or Ir-1 (1 mol %), no additional solvent 

(neat conditions), 40 °C, 24 h. Conversion and selectivity were determined by 1H NMR. 
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Table 5. Tuning the selectivity of dehydrogenative silylation/hydrosilylation of 

styrenes in acetonitrile by the choice of metal. 

Yields of the specified products (see also SI for conversion values). Reaction 

conditions: Styrene substrates (0.2 mmol), Et3SiH (0.2 mmol), Rh-1 or Ir-1 (1 mol 

%), CH3CN (0.2 mL), 80 °C for 24 h. Conversion and selectivity were determined 

by GC-MS and 1H NMR. 

 

Table 6. Alkoxysilane and siloxysilanes as silylating agents of styrene and 1-hexene.  

Yields of the specified products (see also Table S7). Reaction conditions: alkene 

substrates (0.2 mmol), alkoxysilane or siloxysilane (0.2 mmol), Rh-1 (1 mol %), toluene 

(0.2 mL), 95 °C for 24 h. Conversion and selectivity determined by GC-MS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. The proposed mechanism for the dehydrogenative 

silylation/hydrosilation of styrene by the 14-electron Rh-1 in 

toluene. 

 

Scheme 3. The proposed mechanism for the tandem 

isomerization-dehydrogenative silylation and isomerization-

hydrosylilation of aliphatic alkenes by Rh-1 and Ir-1 in toluene. 
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Scheme 4. The different outcomes of terminal and remote alkenes upon Rh-1 or Ir-1 

catalysis. 

Conclusions 

In conclusion, we have isolated a family of four-coordinated 14-

electron sawhorse Rh(III) complexes bearing a tridentate 

semirigid bis(silyl)-o-tolylphosphine ligand with isopropyl 

substituents on the Si atoms. All five complexes display a 

sawhorse geometry around Rh and exhibit very similar 

spectroscopic and structural properties despite the fourth 

ligand spanning from Cl (Rh-1) to Br (Rh-2) to I (Rh-3) to triflate 

(Rh-4). The structure is even preserved in Rh-5, the GaCl3 1-

adduct of Rh-1. Complexes Rh-1 and Ir-1, efficiently catalyze 

the challenging Si functionalization of alkenes offering the 

option of tunability depending on the identity the metal center 

and solvent employed. 

Complex Rh-1 catalyzes the dehydrogenative silylation of 

styrene with Et3SiH in toluene while it leads to hydrosilylation 

products in acetonitrile. Rh-1 is also an excellent catalyst in the 

sequential isomerization/hydrosilylation of terminal and 

remote aliphatic alkenes with Et3SiH, leading efficiently and 

selectively to the terminal anti-Markonikov hydrosilylation 

product. With aliphatic alkenes, no hydrogenation products are 

observed. Complementary, catalysis of the same hexene 

isomers by Ir-1 renders allyl silanes, the tandem 

isomerization/dehydrogenative silylation products. 

Experimental section 

General considerations 

Experiments were performed under argon atmosphere using 

standard Schlenk methods or in an MBraun glove box unless 

stated otherwise. Laboratory solvents were dried and purified 

over MBraun column systems. Benzene-d6 and CDCl3 were 

passed through a Pasteur pipette containing molecular sieves 

and basic alumina and then degassed via three freeze–pump–

thaw cycles and stored over molecular sieves. 

[MCl{3(P,Si,Si)PPh(o-C6H4CH2SiiPr2)2}50] (M = Rh, Rh-1 and M = 

Ir, Ir-1) were synthesized according to the reported 

procedure.11  The other reagents were purchased from Sigma 

Aldrich and used as received. Nuclear magnetic resonance 

(NMR) experiments were performed on a Bruker Avance 300, 

500 and 600 spectrometers. All chemical shifts (δ) for 1H, 29Si 

and 13C are relative to TMS and are reported in parts per million 

(ppm). GC-MS analyses were performed on a GC MS-QP2010S 

instrument. 

Synthesis of [RhBr{3(P,Si,Si) PPh(o-C6H4CH2SiiPr2)2}] (Rh-2) 

In a Schlenk flask, equimolar amounts of Rh-1 (30 mg, 0.046 

mmol) and NaBr (4.7 mg, 0.046 mmol) were dissolved in 2 mL 

of dry THF. The resulted yellow solution was left stirring for 24 

hours. It was subsequently filtered through celite and the 

volatiles were removed under vacuum, the crude solid was 

washed with 3 portions of 1 mL of dry pentane and dried in 

vacuum for 6 hours. Complex Rh-2 was obtained as a yellow 

solid in 93% yield (30 mg). Crystals suitable for X ray diffraction 

were grown from C6D6/CH2Cl2 solutions. Anal. Calcd. for 

C32H45RhBrPSi2.0.67CH2Cl2: C: 51.87%, H: 6.17%; Found: 

C:51.85%, H:6.43%. 1H NMR (500 MHz, C6D6): δ 7.59 – 7.56 (m, 

2H, CHarom), 7.00 (q, JHH = 6.1 Hz, JHH = 4.8Hz, 5H, CHarom), 6.94 

– 6.89 (m, 4H, CHarom), 6.74 (t, JHH = 7.4 Hz, 2H, CHarom), 2.24, 

2.12 (AB pattern, JAB = 14.7 Hz: 2.24 (dd, 2JHH =  14.7, 3JHH = 5.9, 

2H, CH2), 2.12 (d, 2JHH = 14.7 Hz, 2H, CH2), 1.80 (sept, 2JHH = 7.4 

Hz,  2H, CH-iPr), 1.70 (sept, 2JHH = 7.4 Hz,  2H, CH-iPr), 1.59 (d, 
2JHH = 7.4 Hz, 6H, CH3-iPr), 1.16 (d, 2JHH = 7.4 Hz, 6H, CH3-iPr), 

0.94 (dd, 2JHH = 10 Hz, 3JHH = 7.4 Hz, 12H, CH3-iPr) ppm. 13C{1H} 

NMR (150.9 MHz, C6D6): 146.69 (d, JCP = 14.2 Hz, Cipso), 

134.18(d, JCP = 11.1 Hz, CHarom), 132.45 (d, JCP = 5.0 Hz, CHarom), 

131.76 (d, JCP = 8.1 Hz, CHarom),  131.19 (d, JCP = 2.3 Hz, CHarom), 

131.00 (d, JCP = 2.1 Hz, CHarom), 130.53 (d, JCP = 49.3 Hz, Cipso), 

129.31 (d, JCP = 10.0 Hz, CHarom), 126.84 (d, JCP = 55.2 Hz, Cipso), 

125.48 (d, JCP = 8.4 Hz, CHarom), 23.40 (d, JCP = 17.7 Hz, CH2), 

21.65 (s, CH3- iPr), 21.63 (s, CH- iPr), 20.74 (s, CH3- iPr), 20.10 (s, 

CH3- iPr), 18.94 (s, CH3- iPr), 18.88 (t, ǀJCP + JCRhǀ = 1.5 Hz, CH- iPr) 

ppm.  31P{1H} NMR (202.46 MHz, C6D6): 31.77 (d, JPRh = 148.6, 

JPSi = 13 Hz) ppm. DEPT 29Si{1H} NMR (99.36 MHz, C6D6): 75.6 

(dd, JSi-Rh = 38.3, JSi-P = 13 Hz) ppm.  

Synthesis of [RhI{3(P,Si,Si) PPh(o-C6H4CH2SiiPr2)2}] (Rh-3) 
In a Schlenk flask, 30 mg (0.046 mmol) of Rh-1 and 6.9 mg of 

NaI (0.046 mmol) were dissolved in 2 mL of dry THF. The 

resulted yellow solution was left stirring for 24 hours at room 

temperature. After this time, the reaction mixture was filtered 

through celite and the volatiles were removed under vacuum. 

The crude was washed three times with portions of 1 mL of dry 

pentane and dried in vacuum for 6 hours. Complex Rh-3 was 

obtained as a pale-yellow solid in 94% yield (32 mg). Crystals 

suitable for X ray diffraction were grown from concentrated 

C6D6 solutions at room temperature. Anal. Calcd. for 

C32H45RhIPSi2: C: 51.48%, H: 6.07%; Found: C: 51.79%, H: 6.22%. 
1H NMR (500 MHz, C6D6, 298 K): δ 7.63 – 7.54 (m, 2H, CHarom), 

7.04 – 6.89 (m, 9H, CHarom), 6.78 – 6.70 (m, 2H, CHarom); 2.22, 

2.12 (AB pattern, JAB = 14.8 Hz: 2.22 (ddd, 2JHH =  14.8, 3JHH = 6.9, 
4JHP = 1.9 Hz, 2H, CH2), 2.12 (d, 2JHH = 14.8 Hz, 2H, CH2), 1.76 

(sept, 2JHH = 7.5 Hz 2H, CH-iPr), 1.72 (sept, 2JHH = 7.5 Hz 2H, CH-
iPr), 1.59 (d, 2JHH = 7.4 Hz, 6H, CH3-iPr), 1.21 (d, 2JHH =  7.7 Hz, 6H, 

CH3-iPr), 0.93 (d, 2JHH = 7.4 Hz, 6H, CH3-iPr), 0.87 (d, 2JHH = 7.5 

Hz, 6H, CH3-iPr) ppm. 13C{1H} NMR (150.9 MHz, C6D6): 146.77 

(d, JCP = 14.4 Hz, Cipso), 133.90 (d, JCP = 10.8 Hz, CHarom), 132.66 

(d, JCP = 4.9 Hz, CHarom), 131.85 (d, JCP = 8.1 Hz, CHarom), 131.18 

(d, JCP = 2.5 Hz, CHarom), 130.90 (d, JCP = 2.7 Hz, CHarom), 129.82 

(d, JCP = 48.8 Hz, Cipso), 129.26 (d, JCP = 10.0 Hz, CHarom), 126.47 

(d, JCP = 55.1 Hz, Cipso), 125.49 (d, JCP = 8.2 Hz, CHarom), 23.54 (d, 
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JCP = 18.4 Hz, CH2), 22.41 (s, CH3- iPr), 21.20 (s, CH- iPr), 20.82 (s, 

CH3- iPr), 19.99 (s, CH3- iPr), 19.35 (t, ǀJCP + JCRhǀ = 1.9 Hz, CH- iPr), 

19.02 (s, CH3- iPr) ppm. 31P{1H} NMR (202.46 MHz, C6D6): 30.90 

(d, JPRh = 147.4, JPSi = 12 Hz) ppm. DEPT 29Si{1H} NMR (99.36 

MHz, C6D6): 75.77 (dd, JSi-Rh = 37.0, JSi-P = 12 Hz) ppm.  

Synthesis of [RhOTf{3(P,Si,Si) PPh(o-C6H4CH2SiiPr2)2] (Rh-4) 

In a Schlenk flask, 30 mg (0.046 mmol) of Rh-1 and 23.5 mg of 

AgOTf (0.092 mmol) were dissolved in 2 mL of dry toluene. The 

resulted brown solution was left stirring for 24 hours at room 

temperature in the dark. The solution was filtered through 

celite and the volatiles were removed under the vacuum, the 

crude was washed with 3 portions of 1 mL of dry pentane and 

dried in vacuum for 6 hours. Complex Rh-4 was obtained as an 

orange viscous compound in 66% yield (23 mg). Crystals 

suitable for X ray diffraction were grown from concentrated 

C6D6 solutions at room temperature. 1H NMR (500 MHz, C6D6): 

δ 7.64 (ddd, JHH = 11.3 Hz, JHH = 7.9 Hz, JHP = 1.6 Hz 2H, CHarom), 

7.09 – 7.03 (m, 3H, CHarom), 6.98 – 6.82 (m, 6H, CHarom), 6.70 (tt, 

JHH = 7.4 Hz,  JHP = 1.6 Hz 2H, CHarom),  2.25, 2.05 (AB pattern, JAB 

= 15.2 Hz: 2.25 (ddd, 2JHH = 15.2, 3JHH = 5.8, 4JHP = 2.5 2H, CH2), 

2.05 (d, 2JHH = 15.2 Hz, 2H, CH2), 1.83 (sept, 2JHH = 7.5 Hz,  2H, 

CH-iPr), 1.65 (sept, 2JHH = 7.7 Hz,  2H, CH-iPr), 1.45 (d, 2JHH = 7.5 

Hz, 6H, CH3-iPr), 1.08 (d, 2JHH = 7.3 Hz, 6H, CH3-iPr), 0.94 (pseudo 

dd, 2JHH = 7.5 Hz, 3JHH = 4.7 Hz, 12H, CH3-iPr) ppm. 13C{1H} NMR 

(125.76 MHz, C6D6): 145.83 (d, JCP = 13.5 Hz, Cipso), 134.44 (d, JCP 

= 10.8 Hz, CHarom), 132.76 (d, JCP = 5.9 Hz, CHarom), 131.99 (d, JCP 

= 8.4 Hz, CHarom), 131.75 (dd, JCP = 6.2, 2.6 Hz, CHarom), 129.61 

(d, JCP = 10.6 Hz, CHarom), 126.17 (d, JCP = 60.3 Hz, Cipso), 125.68 

(d, JCP = 2.1 Hz, CHarom), 21.83 (d, JCP = 14.6 Hz, CH2), 21.57 (s, 

CH3- iPr), 20.73 (s, CH- iPr), 19.09 (s, CH3- iPr), 18.67 (s, CH3- iPr), 

18.18 (s, CH3- iPr), 17.00 (t, ǀJCP + JCRhǀ = 1.5 Hz, CH- iPr) ppm. 

31P{1H} NMR (202.46 MHz, C6D6): 37.67 (d, JPRh = 169.5, JPSi = 15 

Hz) ppm. DEPT 29Si{1H} NMR (99.36 MHz, C6D6): 73.82 (dd, JSi-Rh 

= 38.4, JSi-P = 15 Hz) ppm.  

Synthesis of [Rh{3(P,Si,Si)PPh(o-C6H4CH2SiiPr2)2}ClGaCl3] (Rh-

5) 

In a Schlenk flask, 30 mg (0.046 mmol) of Rh-1 and 8.1 mg of 

GaCl3 (0.046 mmol) were dissolved in 2 mL of dry benzene. The 

resulted yellow solution was left stirring for 24 hours. The 

volatiles were removed under the vacuum; the crude was 

washed with 3 portions of 1 mL of dry pentane and dried in 

vacuum for 6 hours. Complex Rh-5 was obtained as a yellow-

brown solid in 75% yield (29 mg). Crystals suitable for X ray 

diffraction were grown from concentration CDCl3 solutions. 

Anal. Calcd. for C32H45Cl4GaRhPSi2.0.37CDCl3: C: 44.39%, H: 

5.26%; Found: C:44.45%, H:5.33%.  
1H NMR (500 MHz, CDCl3): δ 7.50 – 7.36 (m, 4H, CHarom), 7.33 

(t, JHH = 7.6 Hz, 2H, CHarom), 7.22 (t, JHH = 6.4 Hz, 2H, CHarom), 

7.15 (s, 1H, CHarom),  7.05 (t, JHH = 7.7 Hz, 2H, CHarom),  2.21, 2.06 

(AB pattern, JAB = 14.8 Hz: 2.21 (dd, 2JHH = 15.0, 3JHH = 4.7, 2H, 

CH2), 2.06 (d, 2JHH = 14.8 Hz, 2H, CH2), 1.60 (sept, 2JHH = 7.5 Hz,  

2H, CH-iPr), 1.30 (sept, 2JHH = 7.3 Hz, 2H, CH-iPr), 1.11 (d, 2JHH = 

7.3 Hz, 6H, CH3-iPr), 0.92 (d, 2JHH = 7.4 Hz, 6H, CH3-iPr), 0.84 (d, 
2JHH = 7.2 Hz, 6H, CH3-iPr), 0.67 (d, 2JHH = 7.3 Hz, 6H, CH3-iPr) 

ppm. 13C{1H} NMR (125.758 MHz, CDCl3): 145.89 (d, JCP = 13.1 

Hz, Cipso), 134.65 (d, JCP = 10.9 Hz, CHarom), 132.64 (d, JCP = 5.8 

Hz, CHarom), 131.75 (d, JCP = 8.4 Hz, CHarom), 129.65 (d, JCP = 10.7 

Hz, CHarom), 127.36 (d, JCP = 53.2 Hz, Cipso), 125.89 (d, JCP =  9.3 

Hz, CHarom), 125.04 (d, JCP = 60.0 Hz, Cipso), 21.95 (s, CH3- iPr), 

21.88 (d, JCP = 12.4 Hz, CH2), 20.75 (s, CH- iPr), 19.91 (s, CH3- iPr), 

19.89 (s, CH3- iPr), 18.96 (s, CH3- iPr), 18.21 (t, ǀJCP + JCRhǀ = 1.8 

Hz, CH- iPr) ppm.  31P{1H} NMR (202.46 MHz, CDCl3): 34.80 (d, 

JPRh = 177.6) ppm. DEPT 29Si{1H} NMR (99.36 MHz, CDCl3): 78.42 

(dd, JSi-Rh = 37.3, JSi-P = 12.6 Hz) ppm.  

Catalytic conditions. Conditions and details of the catalytic 

experiments as well as complete tables are provided in the 

Supplementary Information. 
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