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ABSTRACT 

 
Oxidative addition of a nonpolar Si–H bond to the rhodium dicarbonyl 

{PhB(OxMe2)2ImMes}Rh(CO)2 is an unusual example of this kind, as it is accompanied by thermal 

dissociation of CO. The reaction was found to be reversible, and kinetic measurements model the 

approach to equilibrium. The oxidative addition is first-order in both 

{PhB(OxMe2)2ImMes}Rh(CO)2 and primary silane, with rate constants for oxidative addition of 

PhSiH3 and PhSiD3 revealing kH/kD ~ 1. The reaction is significantly inhibited in the presence of 

externally added CO. The reverse reaction, reductive elimination of Si–H from 

{PhB(OxMe2)2ImMes}RhH(SiH2R)CO, also follows a second-order rate law (first-order in both the 

reactants). Equilibrium constants are measured from equilibrium concentrations of all the species 

in the reaction mixture over a 30° C temperature range, provide ΔH° = –5.5 ± 0.2 kcal/mol and 

ΔS° = –16 ± 1 cal·mol–1K–1. Activation entropy for both forward and reverse reaction are negative 

(ΔS‡ = –26 ± 3 cal·mol–1·K–1 and ΔS‡ = –10 ± 3 cal·mol–1·K–1 respectively), suggests a highly 

associated transition state containing {PhB(OxMe2)2ImMes}Rh(CO)2 and RSiH3.  

 RuHCl(PPh3)3 catalyzes cross-dehydrogenative coupling between various silane-alcohol 

and silane-amine pairs in homogeneous reaction conditions under ambient temperature and low 

catalyst loading (1 mol%). Catalysis was further extended to functionalize silica material. Surface 

silanol (ºSiOH) successfully reacts with hydrosilanes (primary, secondary and tertiary) in 

presence of a catalytic amount of RuHCl(PPh3)3 under ambient reaction conditions to produce 

ºSiOSiR3. Infra-red spectroscopy measurement confirmed the disappearance of isolated ºSiOH 

(3747 cm-1) and the appearance of new Si–H stretching in the case of primary and secondary 

hydrosilanes. The amount of silane grafted was measured via elemental analysis, 29Si DPMAS 
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study and titration of the remaining ºSiOH with Mg(CH2Ph)2(O2C4H8)2. Newly created Si–H 

bonds further successfully reacted with N–H of amines in the presence of RuHCl(PPh3)3 to 

produce unique ºSi–O–Si–N– bonded functionalized materials. Notably, the synthesis of surface 

silazanes from silica material was successfully achieved in a one-pot technique. 

 A new ruthenium tris(oxazolinyl)borato complex is synthesized by stirring TlToM and 

Ru(NCPh)4Cl2 at 80° C. Resulting complex shows a Cs symmetric geometry around the ruthenium 

center. Further, the ruthenium complex efficiently catalyzes cycloisomerization of diethyl 

diallylmalonate to produce exo-methylenecyclopentane isomer selectively. A significant solvent 

effect was observed as the only cycloisomerization occurred in protic solvent (iPrOH) and a side 

product resulting from olefin isomerization was found in CH2Cl2. In addition, a range of different 

1,6-heptadienes with different functional groups was tested to successfully produce 

cycloisomerization products in high yield. 
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CHAPTER 1.     INTRODUCTION 

General Introduction 

A specific class of chemical compounds containing both metal and organic moieties with 

at least one bonding interaction between them are called organometallic compounds. Even though 

the first organometallic compound was synthesized in 1760,1 world had to wait for another 70 

years to get its first structurally recognized organometallic compound made by W.C Zeiss in 1827. 

Later, at the beginning of the 20th century, starting with Grignard several organometallic reagents 

were developed that have been highly useful in organic synthesis since then. In addition, 

organometallic compounds have been known to effectively catalyze reactions in both 

homogeneous and heterogeneous conditions. Historically, the word ‘catalyst’ was synonymous 

with heterogeneously catalyzed reactions as opposed to the literal definition. Later, since the mid 

20th-century, homogeneous catalysis has been established and has been a useful tool in catalytic 

organic transformations.  

One of the most studied catalytically active class of organometallic compounds is transition 

metal complexes. Over the last few decades, transition metal catalysis has been well developed 

and is nowadays applied in both bulk and fine chemical industries. One of earliest examples of 

transition metal catalysis was reported by Fujii et. al. where catalytic hydrogenation was achieved 

by a palladium-catalyst.2 Since then hundreds of different transition metal-based catalytic systems 

have been developed: metathesis reaction catalyzed by metal alkylidene compounds,3,4 palladium 

catalyzed cross-coupling reactions,5,6 asymmetric hydrogenation reactions,7-9 etc.  

The above-mentioned transition metal-based catalytic systems provide excellent 

advantages over heterogeneous catalysis in terms of tunability. Small or massive changes made to 

the coordinating ligand affect catalytic activity in small or moderate amounts. Ligands with 
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different donor atoms such as N, O, P and C have been studied and developed over the years to 

achieve a higher level of fine-tuning in reactivity as well as high selectivity. For example, rhodium 

complexes with simple phosphine ligand (triphenylphosphine) were successful in the 

hydrogenation of olefins,10 whereas a modified chiral phosphine ligand (BINAP) based rhodium 

complex reduced olefins and carbonyls with high enantioselectivity.11  

Modification of ligand systems has been a keen subject of interest due to its effects on the 

reactivity of the metal centers. Depending upon the particular reaction of interest, the electronic 

and steric properties of the ligand system can be modified to increase the reactivity. One of the 

most useful reactions in organometallic chemistry is oxidative addition.12 The process involves 

breaking of a s-bond (preferably a less polar and strong bond like H–H, C–H, Si–H, etc.) 

 

along with increasing the oxidation state of the metal center by +2 (Figure 1-1).  Oxidative addition 

has been established as a key step in several transition metal-catalyzed reactions. For example, the 

oxidative addition of Si–H was found to be a key-step in hydrosilylation and silane 

dehydrogenative coupling reactions.13 Similarly, H–H bond cleavage is enrooted within different 

hydrogenation reactions.  Reactivity of any metal towards oxidative addition reaction can be 

directly corelated to the electronic configuration and electronic density of the corresponding metal 

center. Metal centers with high electron density and low coordination number tend to undergo 

M X Y M YX

Oxidative 
addition

Oxidation state n

Oxidation state n + 2

Figure 1-1. General oxidative addition reaction.  
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oxidative addition more frequently. In addition, an important way to tune the electron density of 

the active metal center is by introducing different donor atoms as the coordinating ligand system.  

Nitrogen donor-based ligand system has been widely studied due to its strong donating 

ability as well as powerful coordinating capabilities. Initially, coordinating organic molecules like 

amines as found to be effective. For example, rich literature could be found based on pyridine 

coordinated transition metal chemistry. Strong s-donation as well as p-accepting abilities favors 

strong coordination bonds between pyridine and transition metals. Further, bipyridines and 

pyrrole-based ligands were developed to synthesize metal complexes and to study their catalytic 

activities. Later, Trofimenko designed the first generation of tris(pyrazolyl)borato ligands (Tp) as 

well as its metal complexes involving Mo, Fe and W.14 Presence of three strongly donating 

pyrazole rings elevates the catalytic activities. Mantovani et. al. reported a highly efficient catalytic 

polymerization of ethylene in the presence of Tp-palladium complexes.15 Also, Graham reported 

an efficient C–H activation with a tris(pyrazolyl)borato rhodium compound. However, 

unsymmetrically substituted Tp derivatives (like 5-mesitylpyrazolyl) are susceptible to 

isomerization processes, giving a mixture of Tp complexes (3- and 5- substituted 

tris(pyrazolyl)borato). In addition, ligand decomposition (in zirconium-based Tp complexes) 

through B–N cleavage hinders possible utility in catalysis. A possible alternate of these ligand 

systems was thought to be achieved by changing the individual pyrazolyl rings with a different 

heterocycle.  
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Oxazoline and its derivatives have been widely used over the years as a coordinating ligand 

unit in various substituted bis-oxazoline based ligands. Further, a range of bis-oxazoline ligands 

was reported having various substitution on methylene (–CH2–) backbone. Also, metal complexes 

with various chiral bis-oxazolines are widely used as chiral catalyst to achieve high 

enantioselectivity (Figure 1-2). For example, Nishiyama was able to improve iron-catalyzed 

asymmetric hydrosilylation by introducing bulky substituents on the oxazoline rings.16 To avail 

the advantages of excellent reactivity of oxazoline rings and to avoid decomposition mechanisms 

faced by Tp ligand, an analogue of the ligand was synthesized where the pyrazolyl rings were 

replaced by three oxazoline rings to produce anionic tris(oxazolinyl)borato ligand.17  

Metal complexes of tris(oxazolinyl)borato ligand with metals like rhodium, iridium, and 

magnesium were found to be active catalysts for C–H bond activation and intramolecular 

hydroamination.18, 19 Also, chiral versions of the ligand were synthesized with iPr and tBu 

substitutions on the oxazoline rings.20 In addition, metal complexes (magnesium, calcium, and 

zinc)21,22 of chiral tris(oxazolinyl)borato ligands are also catalytically active species. In order to 

further tune the electronic properties of the oxazolinyl(borato)ligand system, one of the oxazoline 

rings was replaced by an imidazole ring with a B–N bonding connectivity, producing a neutral 

ligand. Upon deprotonation followed by salt metathesis reaction, rhodium and iridium complexes 

Figure 1-2. Evolution of bis-oxazoline ligands.  
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of the ligand containing a imidazole C–Metal bond were synthesized. Further, these complexes 

were successfully able to undergo oxidative addition of Si–H bond under thermal conditions which 

was a unique reactivity compared to its analogues (Tp and ToM).23 

Also,  ruthenium complexes of tris(pyrazolyl)borato ligand and its derivatives were 

synthesized by Trofimenko et al in form of ruthenium hydrido compounds.14 Later, a comparative 

study of reactivities was done between cyclopentadienyl ruthenium complexes and 

tri(pyrazolyl)borato ruthenium complexes. The study found Cp coordinated ruthenium carbyne 

complexes to stabilize Ru(II) metal center at a higher extent than the Tp system.24 Although, 

ruthenium complexes of various Tp derived ligands had catalytic activities, in a lot of cases these 

complexes failed to show any significant reactivities. Therefore, it is of great interest to see if the 

presence of an oxazoline ring in the supporting ligand system makes any difference. 

Applications of different homogeneous catalytic systems can be also applied to 

functionalize solid materials such as silica. Modified silica with the functionalized surface has 

great importance in analytical chemistry, pharmaceutical industry and semiconductor industry.25 

While common methods to synthesize these functionalized materials are efficient, most of them 

involve harsh reaction conditions (high temperature and strong basic conditions) and highly 

sensitive precursors. Also, these pathways produce chemically hazardous side products. Therefore, 

a new efficient and atom economic pathway is necessary. 

This thesis contributes to the synthesis and characterization of a range of rhodium hydrido 

silyl complex supported by a bis(oxazolinyl)imidazole borato ligand via oxidative addition of Si–

H bond to a Rh(I) metal center. A detailed study was done to understand different parameters of 

the reaction and to propose a plausible mechanism. In addition, a new ruthenium 

tris(oxazolinyl)borato ligand was synthesized and its catalytic activity was measured in 
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cycloisomerization of 1,6-dienes. Finally, a novel catalytic method was developed to synthesize 

functionalized silica material using hydrosilanes to obtain chemically active Si–H bonds on the 

surface. 

Thesis organization 

 This thesis contains five chapters that include published manuscript as well as unpublished 

work. Chapter 1 provides a general introduction to organometallic chemistry, development of 

coordinating ligand systems, transition metal complexes and their application in different 

homogeneous and heterogeneous catalysis for different transformations. Chapter 2 presents work 

from a published manuscript whereas chapters 3 and 4 consists of unpublished works. Chapter 5 

provides general conclusions.  

 Chapter 2 consists of a published manuscript in Inorganic Chemistry titled “CO 

displacement in an Oxidative Addition of Primary Silane to Rhodium(I)”. This work focuses on a 

detailed kinetic study of an unusual oxidative addition of the Si–H bond, accompanied by CO 

dissociation under thermal conditions. The X-ray structures were solved by Dr. Ellern. 

 Chapters 3 and 4 consists of unpublished works and thus are manuscripts in progress. In 

chapter 3 a new catalytic route has been developed to efficiently functionalize silica materials 

using various silanes. This work also extends the route to synthesize new surface silazane 

materials. The silica material (SBA-15) used in the study was provided by Younghun Park. Solid-

state NMR was measured by Dr. Zhuoran Wang and Dr. Takeshi Kobayashi. 

 Chapter 4 describes the synthesis and characterization of a new ruthenium 

tris(oxazolnyl)borato complex and demonstrates its catalytic activity in selective 

cycloisomerization of 1,6-dienes. Several dienes required for the study were synthesized by Jacob 

Brunton. 
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CHAPTER 2.    CO DISPLACEMENT IN AN OXIDATIVE ADDITION OF PRIMARY 
SILANES TO RHODIUM(I) 

Modified from a manuscript published in Inorganic Chemistry 2019, 58, 6, 3815-3824 
 

Abhranil Biswas, Arkady Ellern, Aaron D. Sadow 

Abstract 

The rhodium dicarbonyl {PhB(OxMe2)2ImMes}Rh(CO)2 (1) and primary silanes react by 

oxidative addition of a nonpolar Si–H bond, uniquely, in concert with a thermal dissociation of 

CO. These reactions are reversible, and kinetic measurements model the approach to equilibrium. 

Thus, 1 and RSiH3 react by oxidative addition at room temperature in the dark, even in CO-

saturated solutions. The oxidative addition reaction is first-order in both 1 and RSiH3, with rate 

constants for oxidative addition of PhSiH3 and PhSiD3 revealing kH/kD ~1. The reverse reaction, 

reductive elimination of Si–H from {PhB(OxMe2)2ImMes}RhH(SiH2R)CO (2), also follows a 

second-order rate law (first-order in both [2] and [CO]). The equilibrium concentrations, 

determined over a 30 °C temperature range, provide ΔH° = –5.5 ± 0.2 kcal/mol and ΔS° = –16 ± 

1 cal·mol–1K–1. The rate laws and activation parameters for oxidative addition (ΔH‡ = 11 ± 1 

kcal·mol–1 and ΔS‡ = –26 ± 3 cal·mol–1·K–1) and reductive elimination (ΔH‡ = 17 ± 1 kcal·mol–1 

and ΔS‡ = –10 ± 3 cal·mol–1K–1), particularly the negative activation entropy for both forward and 

reverse reactions, suggest a highly associated transition state containing 

{PhB(OxMe2)2ImMes}Rh(CO)2 and RSiH3. Comparison of a series of primary silanes reveals that 

oxidative addition of arylsilanes is ca. 5× faster than alkylsilanes, whereas reductive elimination 

of Rh–Si/Rh–H from alkylsilyl and arylsilyl rhodium(III) occur with similar rate constants. Thus, 

the equilibrium constant Ke for oxidative addition of arylsilanes is greater than 1, whereas reductive 

elimination is favored for alkylsilanes. 
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Introduction 

 

Oxidative addition of nonpolar bonds (H–H, C–H, Si–H) to low valent rhodium and iridium 

metal complexes has been widely studied because this elementary step, and the resulting metal 

hydride, alkyl, or silyl species, are invoked in many catalytic reactions including 

hydroformylation,2, 3 hydrosilylation,4-8 and silane dehydrocoupling.9-15 Such transformations 

often involve carbon monoxide directly or metal carbonyls as catalysts, but catalytic steps 

involving CO dissociation are notably absent in their proposed mechanistic cycles. Instead, open 

coordination sites for oxidative addition are generated via product-forming reductive elimination 

steps, and CO itself is frequently an inhibitor in many catalytic reactions. For example, the catalytic 

hydroformylation of 1-hexene with HRhCO(PPh3)3, a reaction in which CO is consumed as a 

reactant, shows inverse dependence of the rate on CO pressure.2, 3, 16-18 This inhibition is attributed 

to the strong binding affinity and π-acidity of CO to the rhodium(I) species, which decreases its 

reactivity.  

The strong coordination of CO must also be overcome to affect catalytic decarbonylation 

chemistry. Stoichiometric reactions of aldehydes and esters typically provide metal-carbonyl 

compounds (e.g., Ni–CO or Rh–CO),19-22 and in fact, oxidative addition of polar C–O bonds of 

esters to Ni(0) is reversible upon addition of CO.22 Catalytic processes involving decarbonylation 

of aldehydes,23, 24 ketones,25, 26 acyl halides,21, 27-30 esters,31-35 and amides36 require high 

temperatures or photochemical activation. Key intermediates proposed in catalytic cycles for these 

decarbonylative transformation include oxidized metal carbonyls, resulting from de-insertion of 

metal acyl species, and low valent, electron-rich metal sites that react with polar substrates by 

oxidative addition. Likely, low valent metal carbonyl compounds are present, considering that low 

valent metal species readily bind CO, formed from the decarbonylation process. Ancillary ligand 
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effects in these systems are, as expected, significant. For example, bidentate trialkyl phosphines 

give decarbonylation in palladium-catalyzed reductions of acyl fluorides and in nickel-catalyzed 

cross-coupling of aryl esters and aryl boronate esters, while monodentate trialkyl phosphines give 

carbonyl-containing products.29, 35 However, the diarylphosphine PPh2Me is more effective than 

the trialkylphosphine PCy3 in acylfluoride cross-coupling, as well as in the rate of decarbonylation 

to nickel(0)-carbonyl.21 Likely, trends are obscured by changing reaction conditions (reagents, 

temperatures, reactants) and complex, multistep mechanisms. 

 In contrast, the active species are well defined in photochemically activated oxidative 

additions of nonpolar bonds. Photolytic dissociation of CO is a prerequisite for reactions of 

Cp*Rh(CO)2 or Tp*Rh(CO)2 (Cp* = C5Me5; Tp* = tris(3,5-dimethyl-1-pyrazolyl)borate) with C–

H or Si–H bonds.37-44 For example, Tp*Rh(CO)2 and Et3SiH react under photochemical conditions 

to give Tp*RhH(SiEt3)CO and CO (Figure 1).45 A sequence of photolytic CO dissociation 

followed by C–H cleavage is invoked here, as well as in rhodium- or iridium-catalyzed 

carbonylations of benzene, which occur under continuous irradiation.46, 47 Detailed time-resolved 

spectroscopic and computational studies of the mechanism of C–H and Si–H bond activation by 

CpRh(CO),48-51 Cp*Rh(CO),41, 42, 52 TpRh(CO),53 Tp*Rh(CO),50, 54-57 and Tp*Rh(CNR),44 formed 

via photolytic ligand dissociation, reveal details and lifetimes of the activation process. 

Interestingly, bidentate and tridentate coordination of pyrazolylborate ligands modulate the 

electronic structure of rhodium to affect C–H bond oxidative cleavage.  
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Figure 2-1. Photochemical and thermal pathways for oxidative addition of C–H and Si–H bonds 
to rhodium(I). 

In addition, competition studies of the bond activation processes mediated by the low-

coordinate photo-dissociated species provide valuable insight into relative Rh–C bond dissociation 

energies.58, 59 Experimental studies probing the overall thermodynamic constraints imposed by the 

rhodium(I) dicarbonyl species, however, are limited. A recent study compares {κ3-

Tp}Rh(CNR)(η2-RNCNR) and hydrocarbons to the (photochemically-mediated) oxidative 

addition products and the carbodiimide byproduct, showing the process is unfavorable by ca. 13-

15 kcal/mol (for cyclopentane).44 

Although these studies elucidate the influence of ancillary ligands on C–H bond oxidative 

addition steps, new strategies are needed to affect both the bond activation and CO displacement 

for development of new, thermal conversions. Oxidized or electron-poor metal centers that are 

poorly π-back-donating disfavor CO binding; however, such species are also less likely to react by 
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oxidative addition. Alternatively, a nucleophilic metal complex could interact with the E–H bond, 

and σ-coordination might reduce the π-back donating ability to CO and promote its dissociation. 

This idea implies, perhaps counter-intuitively, that a strongly σ-donating ligand that generates an 

electron-rich, nucleophilic rhodium species, even when coordinated by CO, could be reactive in 

thermal oxidative additions and accelerate the dissociation of CO. 

 The trend in electron-donating ability for tridentate, fac-coordinating ligands in rhodium 

dicarbonyl compounds, based on CO stretching frequencies, is Tp < Tp* < ToM (ToM = tris(4,4-

dimethyl-2-oxazolinyl)phenylborate, Figure 1);60, 61 however ToMRh(CO)2 does not appear to react 

with hydrocarbons or silanes under thermal conditions, and we concluded that the 

tris(oxazolinyl)borate ligand was not sufficiently electron donating to test this idea. In order to 

further increase the electron-donating ability of the fac-coordinating ligand system, we replaced 

one oxazoline in ToM with a N-heterocyclic carbene to give the bis(oxazolinyl)(NHC)borate ligand 

PhB(OxMe2)2ImMes (Figure 1, OxMe2 = 4,4-dimethyl-2-oxazolinyl, ImMes = 1-(2,4,6-

trimethylphenyl)imidazole).62 In fact, PhSiH3 and  {PhB(OxMe2)2ImMes}Rh(CO)2 (1) react in the 

dark to give {PhB(OxMe2)2ImMes}RhH(SiH2Ph)CO (2a) and CO.63  

 Tp*Rh(CO)2, ToMRh(CO)2, and 1 all contain monoanionic, multidentate ligands, which 

coordinate either in fluxional bidentate or tridentate modes. The carbonyls are photochemical 

labile, and all undergo C–H bond oxidative addition upon photolysis. Both four- and five-

coordinate ground state structures contain photolabile carbonyl ligands and access states needed 

for C–H bond activation. For example, the related square-planar tris(pyrazolyl)borate rhodium 

di(isocyanide) mediate C–H bond activation upon photolysis,64 giving six-coordinate rhodium(III) 

products. 
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 Here we study the kinetic and thermodynamic features of Si–H bond oxidative addition to 

1 and Rh–Si/Rh–H bond reductive elimination from 2a. These investigations of the thermal 

processes provide contrast with photochemical-promoted Si–H and C–H bond oxidative 

additions.37-40 

 

Results and Discussion 

Synthesis of rhodium silyl compounds 

The reaction of 1 and 3 equiv. of PhSiH3 gives 2a over 18 h in benzene at room temperature 

in 94% isolated yield.63 Similarly, 1 and primary alkylsilanes (R = C6H13, C12H25) or arylsilanes 

RSiH3 (R = p-MeC6H4, p-MeOC6H4) react to give {PhB(OxMe2)2ImMes}RhH(SiH2R)CO (R = 

C6H13 (2b), C12H25 (2c), p-MeC6H4 (2d), p-MeOC6H4 (2e); Scheme 1). The reactions of 

alkylsilanes and 1 are slower than the corresponding reactions of arylsilanes under equivalent 

reaction conditions. For example, the reaction of 1 and hexylsilane (10 equiv) in benzene requires 

1 d at room temperature to form 2b quantitatively, whereas the reaction of PhSiH3 under equivalent 

conditions affords 2a quantitatively after 6 h. 

Scheme 2-1. Thermal reactions of {PhB(OxMe2)2ImMes}Rh(CO)2 (1) and primary silanes. 

 

In the solid-state structure of 2d (Figure 2), the Rh1–N1 interatomic distance trans to the 

hydride is shorter by 0.05 Å than that of the oxazoline trans to the silyl group. The CO ligand and 
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the NHC group are trans. This configuration and the shorter Rh–N interatomic distance trans to H 

are consistent across the solid-state structures of 2a63 and 2b (see Figure S17). In contrast, the 

reaction of {PhB(OxMe2)2ImMes}Ir(CO)2 and benzene, which occurs under photochemical 

conditions, results in CO trans to an oxazoline and the phenyl trans to the NHC.63 These distinct 

configurations of the two products suggest distinct mechanisms for thermal and photochemical 

processes. 

Contamination by residual arylsilane hinders reproducible isolation of 2d and 2e as pure 

species. These compounds are instead spectroscopically characterized in the presence of RSiH3. 

Attempts to increase the rate of oxidative addition of p-MeC6H4SiH3 or p-MeOC6H4SiH3, by 

performing the reactions at 60 °C, result in organosilane rearrangement to give (p-MeC6H4)2SiH2 

or (p-MeOC6H4)2SiH2. Neither triarylsilanes nor the SiH4 product expected from redistribution 

were detected by NMR spectroscopy or GC-MS; however, additional SiH and RhH signals suggest 

that these species, if formed, might have undergone further reaction. The majority of redistribution 

products appear in the latter stages of the reaction after almost all of 1 is consumed, suggesting 

that 2d and 2e are involved in redistribution. This process is faster for p-MeOC6H4SiH3 than for 

p-MeC6H4SiH3, and only the oxidative addition pathway is observed at room temperature. 

Interestingly, neither PhSiH3 nor the alkylsilanes appear to undergo rearrangement to Ph2SiH2 or 

R2SiH2 at 60 °C, instead giving the desired rhodium silyl hydride product selectively. 
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Figure 2-2. Thermal ellipsoid plot of {PhB(OxMe2)2ImMes}RhH(SiH2C6H4Me)CO (2d) at 35% 
probability. One of two positions of the disordered tolyl group is shown. H atoms bonded to Rh1 
and Si1 were located objectively in the difference Fourier map, refined isotropically, and were 
included in the representation. Selected interatomic distances (Å): Rh1–Si1, 2.336(1); Rh1–C11, 
2.070(4); Rh1–C36, 1.888(3); Rh1–H1r, 1.58(4); Rh1–N1, 2.197(3); Rh1–N2, 2.242(3). 
 

Kinetic studies of oxidative addition. Initial kinetic studies, in which concentrations of PhSiH3 

and 1 were monitored by 1H NMR spectroscopy, suggested first order dependence of reaction rate 

on [PhSiH3] and [1]. Unfortunately, reactions in sealed NMR tubes do not result in complete 

conversion, even with excess PhSiH3. For example, 15 equiv. of PhSiH3 (140 mM) vs 1 (9 mM) 

gives 92% yield of 2a after 70 min. (1:2a = 0.085:1). Although the concentration of 1 follows an 
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exponential decay over the first few half-lives, the composition of the reaction mixture changes 

more slowly in the later stages of the reaction than expected for a pseudo-first order reaction. 

Moreover, a plot of pseudo-first order rate constants vs [PhSiH3] provides only a rough trend, and 

considerable scatter suggests additional factors influenced the rate. 

 A unimolecular decomposition via reductive elimination of the rhodium silyl hydride is 

ruled out because compound 2a is isolable and persistent in pure form. In contrast, the reaction of 

2a and CO (1 atm) results in ca. 30% conversion to 1 and PhSiH3 at room temperature after 1 d. 

This observation indicates that oxidative addition of Si–H to 1 is reversible in the presence of CO. 

Thus, the reproducible kinetics for reactions of 1 might be complicated by slow and variable loss 

of CO into the NMR tube headspace. An addition complication to studying the CO-promoted 

reductive elimination from 2a involves the formation of PhB(OxMe2)2ImMesH as a side product 

under conditions with higher CO pressures or high temperature (>60 °C). In contrast, the reaction 

produces only 1 and PhSiH3 under ambient conditions. Apparently, the number of CO ligands 

coordinated to Rh increases at higher pressure, leading to reductive elimination of C–H rather than 

Si–H. Note that the harsher conditions required for C–H reductive elimination indicate that the Si–

H reductive elimination is kinetically preferred. 

 Solution-phase IR and UV-vis spectroscopies were tested as alternative methods to study 

the reactions, with the latter method appearing to be most promising. UV-vis spectroscopy 

provides the advantage that the disappearance of 1 could be monitored in sealed cuvettes with 

negligible headspaces, eliminating one of the issues associated with the NMR kinetic studies. In a 

first experiment, spectra (250 – 700 nm) of a reaction mixture of 1 and PhSiH3 were acquired at 

15 min. intervals over the reaction (Figure 3). The signal at 385.5 nm systematically decreased, 

while the center of the band at 301 nm blue-shifted and appeared non-Gaussian in the final 
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spectrum of 2a. Subsequent kinetic experiments monitored the absorption at 385.5 nm. While 

photolysis of 1 in benzene affords the cyclometalated {κ4-PhB(OxMe2)2ImMes’CH2}RhH(CO),63 

that process was not observed in the spectrophotometer. That is, a series of UV-vis spectra for 1 

acquired under otherwise equivalent conditions, but without PhSiH3, were all identical to the first 

spectrum. 

 

Figure 2-3. Electronic absorption spectra of 1 ([1]ini = 2.7 × 10-4 M) during its reaction with 
PhSiH3 (1.1 × 10–3 M) at room temperature in benzene acquired at 15 min. intervals. PhSiH3 
does not absorb at >250 nm. 
 

Under conditions employing large excesses of PhSiH3 (ranging from 25 to 140 equiv vs 1) for 

reactions monitored at 296 K, plots of [1] vs time followed an exponential decay for 3 half-lives, 

indicating first-order dependence on [1]. Under the conditions of these experiments, particularly 
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with dilute [1] and high [PhSiH3], the final concentration of 1 approach zero (Figure 4). Non-linear 

least-squares fits were superior for experiments with higher concentrations of PhSiH3, while some 

deviation was observed at longer reaction times with lower [PhSiH3]ini. This observation suggests 

that at longer reaction times, [CO] increases and the reverse reaction contributes to the observed 

rate constant (see below for studies with non-zero initial CO concentrations). Thus, the initial 

portion of the time course approximates the reaction as irreversible under conditions where [CO]ini 

= 0 M. 

 

Figure 2-4. Plots of [1] vs time in its reaction with PhSiH3 in benzene at 296 K, monitored at 385.5 
nm, with [PhSiH3] = (a) 4.0, (b) 5.8, (c) 10.0, and (d) 25.5 mM. Non-linear least-squares regression 
fits to exponential decay curves [Rh]t = [Rh]ini e–kt confirm first-order dependence. 
 

Plots of kobs vs [PhSiH3] provide a forward rate constant kapp (given in Figure S21, 

constrained by the approximation that the rate of reductive elimination is negligible at [CO]ini = 0 

M). In addition, a plot of log[PhSiH3] vs. log(kobs) is linear with a slope of 1 (Figure S23), 
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indicating first-order dependence on phenylsilane concentration. The rate constants were measured 

over five temperatures (up to 322 K, Table 1) to determine the activation parameters of ΔH‡H-app 

= 11 ± 1 kcal·mol–1 and ΔS‡H-app = –30 ± 3 cal·mol–1K–1 (Figure S24). For comparison, the ΔS‡ for 

oxidative addition of Si–H bonds in tertiary silanes to photolytically-generated CpMn(CO)2 range 

from –6 to –10 cal·mol–1K–1;65 however, these values vary considerably with the cyclopentadiene-

based ancillary ligand.66  

The same approach provides the second-order rate constants for the addition of 1 and 

PhSiD3. The activation parameters, determined from an Eyring plot, are ΔH‡D-app = 10 ± 1 

kcal·mol–1 and ΔS‡D-app = –34 ± 4 cal·mol–1K–1. These two sets of values are experimentally 

indistinguishable, thus kH/kD ~ 1 for all accessible reaction temperatures. 

Table 2-1. Second-order rate constants k1app from pseudo-first order kinetic studies 

Temp. (K) kHapp M–1s–1 (×10-2) kDapp M–1s–1 (×10-2) kH/kD 

296.0 1.1 ± 0.1 1.1 b 1 

297.4 1.2 b 1.3 ± 0.1 0.9 

308.3 2.0 ± 0.1 2.3 ± 0.1 0.9 ± 0.1 

312.3 2.9 ± 0.3 3.0 ± 0.1 1.0 ± 0.1 

316.8 3.7 ± 0.1 3.7 ± 0.3 0.99 ± 0.02 

322.3 4.2 ± 0.4 5.0 ± 0.1 0.9 ± 0.1 

a k1app is the rate constant for the forward, oxidative addition of PhSiH3 to 1, determined at 
[CO]ini = 0. b Calculated from corresponding Eyring plots. 
 

Equilibrium kinetic studies. Additional evidence that oxidative addition of phenylsilane is 

reversible in the presence of CO comes from the reaction with PhSiH3 in a CO-saturated benzene 

solution (7.3 mM).67 Under otherwise equivalent conditions, the reaction shows an apparent 

decrease in rate and final concentration (Figure 5). 
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Figure 2-5. Plots of [1] vs time for its reaction with PhSiH3 (260 equiv.) in benzene saturated with 
(a) ca. 35 equiv. of CO and (b) without CO at 296 K, measured by UV-Vis spectroscopy at 385.5 
nm. [CO]ini = 7.3 mM, [1]ini = 0.2 mM, [PhSiH3]ini = 52.0 mM. 
 

 Clearly, mechanisms of both forward and reverse reactions are of interest. Note that the 

observed rate constant for a first-order reaction that approaches equilibrium is the sum of forward 

and reverse rate constants (ke = k1 + k–1).68 In the present case, the observed pseudo-first order rate 

constant (ke) is equal to the sum of the oxidative addition and reduction elimination rate constants, 

multiplied by concentrations of flooded reagents, respectively (eq. 1). 
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Under high [PhSiH3] and [CO] (flooding conditions), eq. 1 simplifies into eq. 2, where the 

observed rate constant ke depends on both [PhSiH3]e and [CO]e (which are defined by their initial 

concentrations). The forward and reverse rate constants are related to the equilibrium constant Ke 

= k1/k–1. 

 

 To determine Ke, 1 (0.1 – 0.2 mM) and PhSiH3 (4.8 – 8 mM) are allowed to react in CO-

saturated benzene solution (7.3 mM) over 1 – 2 days, until the absorbance of 1 becomes static and 

corresponds to [1]e. [2a]e is determined from the relationship [1]ini – [1]e. At 297 K, Ke is 2.8 ± 0.2 

(from four independent measurements). The equilibrium constants were measured from 297 to 328 

K, and a van’t Hoff plot provides ΔH° = –5.5 ± 0.2 kcal/mol and ΔS° = –16 ± 1 cal·mol–1K–1 

(Figure S25). The van’t Hoff plot also allows the prediction of equilibrium constants for other 

temperatures. 

 The concentration of 1 vs. time was measured under conditions of excess PhSiH3 and 

excess CO (7.3 mM). Non-linear least-squares regression of the data to eq. 3 provides ke. 

 

 The rate constants k1 and k–1 are determined using eq. 2 and ke, Ke, [PhSiH3]e and [CO]e 

values. Measurements of [1] vs time from 297 to 328 K (four measurements at each temperature) 

provide temperature-dependent ke (Table S1). These rate constants, combined with the Ke from the 

van’t Hoff analysis, provide k1 and k–1 over a 30 K range. Here, we note that the rate constant k1296 

K of 0.01 M–1s–1 (calculated from the Eyring equation and van’t Hoff plot for a reaction occurring 

at 296 K) and the kapp (0.012 M–1s–1, measured experimentally at 296 K) are in good agreement, 

indicating that the approximate rate constant at [CO]ini = 0 is a reasonable estimate of k1. 

ke = k1 PhSiH3[ ]e + k−1 CO[ ]e   =  k1 PhSiH3[ ]e +
k1

Ke

CO[ ]e     (2)

[1]= [1]e + [1]o − [1]e( )e−ket      (3)
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 The activation parameters for oxidative addition of 1 and PhSiH3 are determined to be ΔH‡ 

= 11 ± 1 kcal·mol–1 and ΔS‡ = –26 ± 3 cal·mol–1·K–1 (Figure 6). These values are also equivalent 

to those determined above from rate constants kapp in which the reverse direction is neglected at 

[CO]ini = 0. The second-order rate law indicates that 1 and PhSiH3 are present in that transition 

state, while this negative entropy of activation suggests that CO is not dissociating from the 

rhodium complex as the rate-controlling step occurs. The reverse reaction also features a negative 

entropy of activation (ΔH‡ = 17 ± 1 kcal·mol–1 and ΔS‡ = –10 ± 3 cal·mol–1K–1), and the rate law 

is also second-order (∝ [2a][CO]). These data, and the principle of microscopic reversibility, 

indicate that the composition of the transition state for forward and reverse processes is 

[{PhB(OxMe2)2ImMes}Rh(CO)2·PhSiH3]. Thus, the reverse pathway involves associative 

coordination of CO to 2a, as expected because 2a persists in the absence of CO. 

 

Figure 2-6. Eyring plots (ln(k/T) vs 1/T) for (a) k1 representing oxidative addition and (b) k–1 
representing reductive elimination. 
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Rates and equilibrium constants for organosilane addition. The equilibrium constant Ke, 

forward rate constant k1, and reverse rate constant k–1 are determined for the reaction of 1 and four 

primary silanes (Table 2). Comparison of Ke values reveals that oxidative addition of arylsilanes 

is more favorable than alkylsilanes. The forward rate constant (k1) is nearly five times faster for 

arylsilanes than for alkylsilanes, whereas the rate constants for the reverse reaction are similar 

across all silanes. Because the reverse rate constants are relatively similar, the difference in 

equilibrium constant between alkylsilanes and arylsilanes results from the difference in forward 

rate constant. 

 The rate constant for oxidative addition of alkylsilanes is smaller than that for reductive 

elimination, whereas reductive elimination of arylsilanes occurs with a lower rate constant than 

the oxidative addition. Even though this thermodynamic assessment predicts that compounds 2d 

and 2e would be stable while 2b and 2c would be unstable, somewhat ironically, the latter 

compounds are the isolable species. Clearly, the unfavorable thermodynamic bias may be 

overcome under synthetic conditions by removing CO from the system. 

Table 2-2. Ke, k1, k–1 for reaction of 1 and RSiH3 measured at 297 °C. 

RSiH3 Ke k1 (M-1s-1) (×10-2) k–1 (M–1s–1) (×10–2) 

n-hexylsilane 0.53 ± 0.01 0.23 ± 0.01 0.43 ± 0.01 

n-dodecylsilane 0.48 ± 0.01 0.25 ± 0.02 0.53 ± 0.05 

phenylsilane 2.8 ± 0.3 1.25 0.49 

p-methoxyphenylsilane 2.1 ± 0.1 1.34 ± 0.02 0.64 ± 0.01 

p-tolylsilane 4.5 ± 0.1 1.4 ± 0.1 0.32 ± 0.02 
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Conclusion 

The equilibrium between 1 and 2 allows an experimental determination of the 

thermodynamic constraints in a transformation that dissociates a metal-carbonyl and breaks an Si–

H bond. First, we note that the ΔH° is –5.5 ± 0.2 kcal/mol for oxidative addition of the Si–H of 

PhSiH3 and dissociation of CO. The bond dissociation enthalpy (BDE) for an Si–H bond in PhSiH3 

is ca. 88 kcal/mol, whereas the value in MeSiH3 is ca. 90 kcal/mol.69 Jones has shown that Rh–C 

BDEs vary only a small amount relative to the corresponding differences in C–H BDE.58 Assuming 

the small variation of M–X BDEs, in comparison to Si–H BDEs, extends to Rh–Si bonds for the 

series of silyls, the difference in equilibrium constants for the two sets of silanes may be attributed 

to stronger Si–H bond in alkylsilanes.  

The BDE for the benzylic C–H in toluene is also ca. 88 kcal/mol.69 If Rh–C and Rh–Si 

BDE values are equal, then compound 1 should be thermodynamically competent for C–H bond 

oxidative addition of toluene; however, this reaction is not observed. It is likely that the Rh–Si 

bond is stronger than the Rh–C bond in a benzylic organometallic, and that the equilibrium for 

toluene oxidative addition in the presence of CO would strongly favor 1. This conclusion is further 

supported by thermal rearrangement of CpRhH(CH2CH2SiHEt2)CO, generated under ultrafast 

UV-pump conditions, into CpRhH(SiEt3)CO.57 

Comparison of the forward and reverse rate constants between reaction of arylsilanes and 

alkylsilanes, as well as the rate laws and activation parameters for PhSiH3 oxidative addition and 

reductive elimination, provide considerable insight into the pathway and mechanisms. First, 

reductive elimination follows a second-order rate law. The rate law is first-order in [CO], and the 

reaction does not occur in the absence of CO. Thus, two CO groups are present in the transition 

state of the rate-limiting step on the pathway for reductive elimination (eq. 6 of Scheme 2, in 
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reverse). Alternative mechanisms, in which one oxazoline dissociates from 2 to give a high energy 

16-electron rhodium(III) species that is trapped by CO or undergoes Si–H bond reductive 

elimination, are ruled out by the dependence on CO in the rate law.  

Two additional observations suggest that coordination of CO to 2 is the rate-limiting step 

of the reductive elimination process. In this reaction, ΔS‡ is negative (–10 ± 3 cal·mol–1K–1), which 

is consistent with an ordered transition state. Loss of the H–SiH2R group during or prior to the 

rate-limiting step would result in a positive entropy term. In addition, the rate constants are similar 

for the reductive elimination reactions of 2a-e, where the alkylsilyl and arylsilyl ligand is varied. 

A rate-determining step involving either Rh–Si bond cleavage, and especially Si–H bond 

formation, would be expected to vary significantly with the silyl substituent. On the basis of these 

ideas, we conclude that the rate-limiting step for the reductive elimination pathway involves CO 

coordination to give a high-energy, 20-electron species {κ3-

PhB(OxMe2)2ImMes}RhH(SiH2R)(CO)2. This step is the first step in the overall pathway from 2 

back to 1. 

This interpretation limits the possible mechanisms of the oxidative addition (forward) 

pathway (Scheme 2). In oxidative addition of Si–H to 1, two CO ligands are present up to the rate-

limiting step, at which point CO dissociates from rhodium, as required by the principle of 

microscopic reversibility. Thus, low coordinate species, analogous to photochemically generated 

κ2-Tp*RhL or κ3-Tp*RhL (L = CO, CNR), are never accessed in this transformation.  
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Scheme 2-2. Proposed pathway for oxidative addition of Si–H bonds under thermal conditions. 

 

 

In addition, the Si–H bond is cleaved during or prior to the rate-limiting step in the reaction 

of 1 and silanes. The evidence for this aspect of the mechanism includes the second-order rate law 

which contains first-order dependence on silane concentration. The activation entropy (ΔS‡ = –26 

± 3 cal·mol–1·K–1) is more negative than for the reverse direction, which is consistent with the loss 

of entropy resulting from creation of the rhodium-silane interaction. Finally, the rate constants for 

oxidative addition to 1 are 5× greater with arylsilanes than alkylsilanes, indicating that the relative 
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energy of the starting material vs. that of the rate-determining transitions state is affected by the 

nature of the silane. Thus, we attribute the change in rate of oxidative addition for 1 and silanes to 

large changes in the energy of the silane (variation in the ground state). This interpretation is 

consistent with the similar rates for reductive elimination over the series 2a-e, which indicates the 

energies difference between 2 and the rate-limiting transition for reductive elimination are similar.  

In contrast, we note that kH/kD is ~1. The most straightforward interpretation of these data 

is that the Si–H is broken prior to the rate-determining step. A second possibility is that Si–H bond 

cleavage occurs during the rate-determining step, and an inverse equilibrium isotope effect from 

the formation of a silane-rhodium σ-complex balances a normal kinetic isotope effect for Si–H 

oxidative cleavage.70 The data cannot unambiguously distinguish these alternatives, but we favor 

the former pathway of Scheme 2 because the observed kinetic isotope effect is unity over a range 

of temperatures and this scheme provides the simplest kinetically consistent mechanism. 

The thermodynamic and kinetic data are entirely inconsistent with a mechanism resembling 

the photochemical activation and E–H bond oxidative addition chemistry of the classical 

cyclopentadienyl and tris(pyrazolyl)borato rhodium and iridium species. The newly proposed 

mechanism invokes associative steps to access the trivalent rhodium intermediate, which is then 

susceptible to displacement of CO by a chelating oxazoline. This work shows that thermal 

pathways for catalytic functionalization are plausible, even in the presence of CO, but such 

reactions still face considerable challenges due to kinetic and thermodynamic constraints on bond 

activation. Moreover, CO dissociation from a low valent metal complex is not a necessary pre-

requisite for oxidative addition. The presence of coordinating groups, either as part of polar 

substrates, may also facilitate coordination, oxidative addition, and CO dissociation during 

catalytic conversions. 
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Experimental Section 

General. All reactions were performed under a dry argon atmosphere using standard Schlenk 

techniques or under a nitrogen atmosphere in a glovebox. Benzene, toluene, methylene chloride, 

pentane, and tetrahydrofuran were dried and deoxygenated using an IT PureSolv system. Benzene-

d6 was heated to reflux over Na/K alloy and vacuum transferred. [Rh(μ-Cl)(CO)2]2,71 

{PhB(OxMe2)2ImMes}Rh(CO)2 (1), {PhB(OxMe2)2ImMes}RhH(SiH2Ph)CO,63 and p-

methoxyphenylsilane were synthesized according to the literature procedure.72 Phenylsilane, n-

hexylsilane, n-dodecylsilane and p-tolylsilane were synthesized by reducing corresponding 

trichlorosilanes with LiAlH4. PhSiD3 was synthesized from PhSiCl3 and LiAlD4. Potassium benzyl 

was synthesized by reacting potassium tert-butoxide with n-BuLi in toluene.73 

1H, 13C{1H}, 11B and 15N spectra were collected on Bruker Avance III 600 or AVNEO 400 

MHz NMR spectrometers. NMR signals (1H, 13C, and 15N) were assigned based on COSY, 

HMQC, and HMBC experiments. 15N chemical shifts were determined by 1H−15N HMBC 

experiments. 15N chemical shifts were initially referenced to NH3 and recalibrated to the CH3NO2 

chemical shift scale by adding −381.9 ppm. Infrared spectra were recorded on a Bruker Vertex 

spectrometer. Elemental analyses were performed using a PerkinElmer 2400 Series II CHN/S in 

the Iowa State Chemical Instrumentation Facility.  

{PhB(OxMe2)2ImMes}RhH(SiH2C6H13)CO (2b). n-Hexylsilane (185 mg, 1.6 mmol) was added to 

a solution of 1 (100 mg, 0.158 mmol) in benzene to give a pale-yellow solution. The resulting 

solution was allowed to stir for 24 h. The volatile materials were evaporated in vacuo giving 

{PhB(OxMe2)2ImMes}RhH(SiH2C6H13)CO (88 mg, 0.123 mmol, 78%). 1H NMR (benzene-d6, 600 

MHz): δ 8.40 (d, 3JHH = 7.8 Hz, 2 H, o-BC6H5), 7.54 (t, 3JHH = 7.8 Hz, 2 H, m-BC6H5), 7.39 (t, 

3JHH = 7.3 Hz, 1 H, p-BC6H5), 6.83 (s, 1 H, m-C6H2Me3), 6.78 (s, 1 H, m-C6H2Me3), 6.53 (d, 3JHH 

= 1.6 Hz, 1 H, N2C3H2Mes), 5.94 (d, 3JHH = 1.6 Hz, 1 H, N2C3H2Mes), 4.91 (t, 2JHH = 6.8 Hz, 1JSiH 
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= 168 Hz, 1 H, SiH), 4.43 (t, 2JHH = 6.8 Hz, 1JSiH = 180 Hz, 1 H, SiH), 3.60 (m, 3 H, 

CNCMe2CH2O), 3.36 (d, 2JHH = 8.3 Hz, 1 H, CNCMe2CH2O), 2.23 (s, 3 H, p-C6H2Me3), 2.09 (s, 

3 H, o-C6H2Me3), 2.02 (s, 3 H, o-C6H2Me3), 1.55 (br, 2 H, SiCH2CH2), 1.33-1.40 (br, 6 H, 

CH2CH2CH2), 1.23 (s, 3 H, CNCMe2CH2O trans to H), 1.16 (s, 3 H, CNCMe2CH2O trans to H), 

1.10 (s, 3 H, CNCMe2CH2O trans to Si), 0.99 (s, 3 H, CNCMe2CH2O trans to Si), 0.95 (t, 3JHH = 

7 Hz, 3 H, CH2CH3), 0.41 (m, 1 H, SiH2CH2), −0.12 (m, 1 H, SiH2CH2), −13.70 (dd, 1JRhH = 22.4 

Hz, 3JHH = 1.5 Hz, 1 H, RhH). 13C{1H} NMR (benzene-d6, 150 MHz): δ 195.05 (d, 1JRhC = 51.9 

Hz, 2C-N2C3H2Mes), 179.24 (d, 1JRhC = 40.5 Hz, CO), 138.49 (br, ipso-BC6H5), 137.58 (p-

C6H2Me3), 136.70 (o-C6H2Me3), 136.64 (o-BC6H5), 136.36 (o-C6H2Me3), 129.58 (m-C6H2Me3), 

129.51 (m-C6H2Me3), 127.50 (m-BC6H5),127.03 (p-BC6H5), 124.60 (4,5C-N2C3H2Mes), 121.12 

(4,5C-N2C3H2Mes), 80.40 (CNCMe2CH2O), 80.39 (CNCMe2CH2O), 68.79 (CNCMe2CH2O), 

66.64 (CNCMe2CH2O), 33.64 (CH2), 32.32 (CH2), 29.88 (CNCMe2CH2O), 28.37 

(CNCMe2CH2O), 28.08 (CNCMe2CH2O), 27.03 (CNCMe2CH2O), 23.29 (CH2), 21.16 (p-

C6H2Me3), 19.52 (o-C6H2Me3), 19.37(o-C6H2Me3), 18.01 (CH2), 17.99 (CH2), 14.50 (CH3). 

15N{1H} NMR (benzene-d6, 61 MHz): δ −160 (CNCMe2CH2O trans to Si), −172 (CNCMe2CH2O 

trans to H), −188 (N2C3H2Mes). 11B NMR (benzene-d6, 192 MHz): δ −9.7. IR (KBr, cm–1): 3135, 

3043, 2959, 2923, 2733, 2359, 2279, 2041, 2011, 1652, 1595, 1458, 1275, 967, 820. Anal. Calcd 

for C35H50BN4O3RhSi: C, 58.66; H, 7.03; N, 7.82. Found: C, 58.68; H, 7.21; N, 7.61 

{PhB(OxMe2)2ImMes}RhH(SiH2C12H25)CO (2c). n-dodecylsilane (318 mg, 1.59 mmol) was added 

to a solution of 1 (100 mg, 0.159 mmol) in benzene to give a pale yellow solution. The resulting 

solution was allowed to stir for 24 h. The volatile materials were evaporated in vacuo resulting a 

white solid which was washed with pentane to give pure 

{PhB(OxMe2)2ImMes}RhH(SiH2C12H25)CO (65 mg, 0.08 mmol, 50%). 1H NMR (benzene-d6, 600 
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MHz): δ 8.41 (d, 3JHH = 7.8 Hz, 2 H, o-BC6H5), 7.54 (t, 3JHH = 7.2 Hz, 2 H, m-BC6H5), 7.4 (t, 3JHH 

= 7.2 Hz, 1 H, p-BC6H5), 6.84 (s, 1 H, m-C6H2Me3), 6.80 (s, 1 H, m-C6H2Me3), 6.54 (d, 3JHH = 1.6 

Hz, 1 H, N2C3H2Mes), 5.94 (d, 3JHH = 1.8 Hz, 1 H, N2C3H2Mes), 4.26 (t, 2JHH = 7.2 Hz, 1JSiH = 

160 Hz, 1 H, SiH), 3.81 (t, 2JHH = 6.6 Hz, 1JSiH = 180 Hz, 1 H, SiH), 3.64-3.57(m, 3 H, 

CNCMe2CH2O), 3.35 (d, 2JHH = 8.4 Hz, 1 H, CNCMe2CH2O), 2.26 (s, 3 H, p-C6H2Me3), 2.09 (s, 

3 H, o-C6H2Me3), 2.03 (s, 3 H, o-C6H2Me3), 1.58 (br, 2 H, SiCH2CH2), 1.33-1.29 (br, 21 H, 

CH2CH2CH2), 1.23 (s, 3 H, CNCMe2CH2O trans to H), 1.16 (s, 3 H, CNCMe2CH2O trans to H), 

1.10 (s, 3 H, CNCMe2CH2O trans to Si), 0.99 (s, 3 H, CNCMe2CH2O trans to Si), 0.93 (t, 3JHH = 

7.2 Hz, 3 H, CH2CH3), 0.44 (m, 1 H, SiH2CH2), –0.07 (m, 1 H, SiH2CH2), –13.68 (dd, 1JRhH = 22.2 

Hz, 3JHH = 1.8 Hz, 1 H, RhH). 13C{1H} NMR (benzene-d6, 150 MHz): δ 195.06 (d, 1JRhC = 52.8 

Hz, 2C-N2C3H2Mes), 185.79 (br, CNCMe2CH2O), 179.23 (d, 1JRhC = 40.7 Hz, CO), 138.49 (p-

C6H2Me3), 137.60 (ipso-C6H2Me3), 136.70 (o-C6H2Me3), 136.66 (o-C6H2Me3), 136.39 (o-BC6H5), 

129.59 (m-C6H2Me3), 129.52 (m-C6H2Me3) 127.51 (m-BC6H5), 127.04 (p-BC6H5), 124.61 (4,5-

CN2C3H2Mes), 121.12 (4,5-CN2C3H2Mes), 80.40 (CNCMe2CH2O), 80.39 (CNCMe2CH2O), 

68.79 (CNCMe2CH2O), 66.64 (CNCMe2CH2O), 34.00 (CH2), 32.38 (CH2), 30.37 (CH2), 30.31 

(CH2), 30.26 (CH2), 30.19 (CH2), 29.94 (CH2), 29.87 (CH2), 28.37 (CNCMe2CH2O), 28.08 

(CNCMe2CH2O), 28.02 (CNCMe2CH2O), 27.03 (CNCMe2CH2O), 23.16 (CH2), 21.18 (p-

C6H2Me3), 19.53 (o-C6H2Me3), 19.38 (o-C6H2Me3), 18.02 (CH2), 18.01 (CH2), 14.41 (CH3). 

15N{1H} NMR (benzene-d6, 61 MHz): δ −160 (CNCMe2CH2O trans to Si), –172 (CNCMe2CH2O 

trans to H), −175 (N2C3H12Mes), −188 (N2C3H2Mes). 11B NMR (benzene-d6, 192 MHz): δ −9.9. 

IR (KBr, cm–1): 2957, 2922, 2852, 2149, 2044, 2013, 1595, 1463, 1365, 1316, 1183, 1160, 968. 

{PhB(OxMe2)2ImMes}RhH(SiH2C6H4Me)CO (2d). p-tolylsilane (195 mg, 1.6 mmol) was added 

to a solution of 1 (100 mg, 0.158 mmol) in benzene to give a pale yellow solution. The resulting 
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solution was allowed to stir for 24 h. The volatile materials were evaporated in vacuo giving 

{PhB(OxMe2)2ImMes}RhH(SiH2C6H4Me)CO with some residual p-tolylsilane. This mixture was 

characterized by NMR and IR spectroscopy; the residual silane hindered 13C{1H} NMR 

assignments in the aryl region. An X-ray quality crystal was obtained from a pentane solution; 

however, this approach was not reliable for purification from residual p-tolylsilane. 1H NMR 

(benzene-d6, 600 MHz): δ 8.43 (d, 3JHH = 7.8 Hz, 2 H, o-BC6H5), 7.56 (t, 3JHH = 7.2 Hz, 2 H, m-

BC6H5), 7.52 (d, 3JHH = 7.8 Hz, 2 H, o-C6H4Me), 7.41 (t, 3JHH = 7.2 Hz, 1 H, p-BC6H5), 6.95 (d, 

3JHH = 7.8 Hz, 2 H, m-C6H4Me), 6.55 (d, 3JHH = 1.8 Hz, 1 H, N2C3H2Mes), 6.54 (s, 1 H, m-

C6H2Me3), 6.41 (s, 1 H, m-C6H2Me3), 5.94 (d, 3JHH = 1.8 Hz, 1 H, N2C3H2Mes), 4.91 (t, 2JHH = 4.8 

Hz, 1JSiH = 170 Hz, 1 H, SiH), 4.45 (t, 2JHH = 4.8 Hz, 1JSiH = 186 Hz, 1 H, SiH), 3.57-3.65 (m, 3 

H, CNCMe2CH2O), 3.37 (d, 2JHH = 8.4 Hz, 1 H, CNCMe2CH2O), 2.18 (s, 3 H, p-C6H2Me3), 2.03 

(s, 3 H, o-C6H2Me3), 2.00 (s, 3 H, o-C6H2Me3), 1.90 (s, 3 H, p-C6H4Me), 1.16 (3 H, 

CNCMe2CH2O), 1.16 (3 H, CNCMe2CH2O), 1.08 (3 H, CNCMe2CH2O), 1.02 (3 H, 

CNCMe2CH2O), –13.22 (dd, 1JRhH = 21.6 Hz, 3JHH = 2.4 Hz, 1 H, RhH). 13C{1H} NMR (benzene-

d6, 150 MHz): δ 194.48 (d, 1JRhC = 52.9 Hz, 2C-N2C3H2Mes), 178.40 (d, 1JRhC = 40.8 Hz, CO), 

138.29 (ipso-SiC6H4Me), 136.96 (p-C6H2Me3), 136.68 (ipso-C6H2Me3), 136.67 (o-BC6H5), 129.34 

(o-SiC6H4Me), 129.31 (m-SiC6H4Me), 127.54 (m-C6H2Me3), 127.07 (m-C6H2Me3), 124.60 (4,5C-

N2C3H2Mes), 121.50 (4,5C-N2C3H2Mes), 80.49 (CNCMe2CH2O), 80.31 (CNCMe2CH2O), 68.80 

(CNCMe2CH2O), 66.70 (CNCMe2CH2O), 28.38 (CNCMe2CH2O), 28.07 (CNCMe2CH2O), 27.78 

(CNCMe2CH2O), 27.03 (CNCMe2CH2O), 21.48 (p-C6H2Me3), 21.04 (p-SiC6H4Me), 19.49 (o-

C6H2Me3), 19.08 (o-C6H2Me3). 15N{1H} NMR (benzene-d6, 61 MHz): δ −161 (CNCMe2CH2O 

trans to Si), –172, (CNCMe2CH2O trans to H), −174 (N2C3H2Mes), −188 (N2C3H2Mes). 11B NMR 
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(benzene-d6, 192 MHz): δ −9.8. IR (KBr, cm–1): 2962, 2923, 2855, 2279, 2104, 2016, 1917, 1652, 

1605.  

{PhB(OxMe2)2ImMes}RhH(SiH2C6H4OMe)CO (2e). p-methoxyphenylsilane (220 mg, 1.6 mmol) 

was added to a solution of 1 (100 mg, 0.158 mmol) in benzene to give a pale yellow solution. The 

resulting solution was allowed to stir for 24 h. The volatile materials were evaporated in vacuo 

giving {PhB(OxMe2)2ImMes}RhH(SiH2C6H4OMe)CO with some residual p-methoxyphenylsilane. 

This mixture was characterized by NMR and IR spectroscopy; the residual silane and its slow 

catalyzed redistribution hindered 13C{1H} NMR assignments in the aryl region. 1H NMR 

(benzene-d6, 600 MHz): δ 8.42 (d, 3JHH = 7.2 Hz, 2 H, o-BC6H5), 7.55 (t, 3JHH = 7.2 Hz, 2 H, m-

BC6H5), 7.50 (d, 3JHH = 8.4 Hz, 2 H, o-C6H5OMe), 7.40 (t, 3JHH = 7.2 Hz, 1 H, p-BC6H5), 6.74 (d, 

3JHH = 8.4 Hz, 2 H, m-C6H5OMe), 6.57-6.54 (2 H, m-C6H2Me3 + N2C3H2Mes), 6.43 (s, 1 H, m-

C6H2Me3), 5.94 (d, 3JHH = 1.2 Hz, 1 H, N2C3H2Mes), 4.93 (t, 2JHH = 6 Hz, 1JSiH = 172 Hz, 1 H, 

SiH), 4.45 (t, 2JHH = 6 Hz, 1JSiH = 180 Hz, 1 H, SiH), 3.65-3.57 (m, 3 H, CNCMe2CH2O), 3.39 (s, 

3 H, C6H6OMe), 3.38 (d, 3JHH = 8.4 Hz, 1 H, CNCMe2CH2O), 2.02 (s, 3 H, p-C6H2Me3), 2.01 (s, 

3 H, o-C6H2Me3), 1.96 (s, 3 H, o-C6H2Me3), 1.17 (s, 3 H, CNCMe2CH2O), 1.16 (s, 3 H, 

CNCMe2CH2O), 1.09 (s, 3 H, CNCMe2CH2O), 1.04 (s, 3 H, CNCMe2CH2O), −13.24 (dd, 1JRhH = 

18 Hz, 3JHH = 2 Hz, 1 H, RhH). 13C{1H} NMR (benzene-d6, 150 MHz): δ 194.23 (d, 1JRhC = 76.5 

Hz, 2C-N2C3H2Mes), 178.12 (d, 1JRhC = 60 Hz, CO), 80.11 (CNCMe2CH2O), 79.95 

(CNCMe2CH2O), 68.42 (CNCMe2CH2O), 66.33 (CNCMe2CH2O), 54.50 (p-C6H4OMe), 28.01 

(CNCMe2CH2O), 27.72 (CNCMe2CH2O), 27.41 (CNCMe2CH2O), 26.65 (CNCMe2CH2O), 20.70 

(p-C6H2Me3), 19.12 (o-C6H2Me3), 18.74 (o-C6H2Me3). 15N NMR (benzene-d6, 61 MHz): δ –161 

(CNCMe2CH2O trans to Si), –172 (CNCMe2CH2O trans to H), –176 (N2C3H2Mes), –188 
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(N2C3H2Mes). 11B NMR (benzene-d6, 192 MHz): δ −9.9. IR (KBr, cm–1): 2961, 2933, 2836. 2562, 

2531, 2170, 2016, 1903. 

NMR kinetic study. A stock solution of 1 (0.011 M) and Si(SiMe3)4 (0.097 M) as an internal 

standard in benzene was prepared. Portions of this solution were placed in an NMR tube, and the 

initial concentration of [1] was verified by the integrated spectrum. Excess PhSiH3 (to give 

concentrations greater than 0.1 M) was added by syringe through the septum of the NMR tube. 

The NMR tube was placed in the NMR probe, which had been pre-heated and calibrated to the 

desired temperature for the reaction. 1H NMR spectra were acquired at regular programmed 

intervals, and concentrations were determined by integrating appropriate signals in each spectrum. 

Plots of [1] versus time were fit using non-linear least-squares regression to an exponential decay 

curve based on the equation [1] = [1]o e–kt for the analysis.  

UV-vis kinetic experiments: (a) Pseudo-irreversible conditions, (b) CO-saturated approach to 

equilibrium, and (c) equilibrium constant measurements. 

(a) Pseudo-irreversible conditions. Four UV-Vis cuvettes, completely filled with phenylsilane 

dissolved in benzene at four concentrations (0.0192, 0.0238, 0.0291, 0.0348 M), were capped in 

the glovebox. The temperature of the UV-Vis chamber was set to 308.3 K, and the sample was 

placed in the cavity and allowed to reach the preset temperature. Approximately 20 μL of a solution 

of 1 (40 mM) was added to the cuvette through a syringe. The absorption of the reaction mixture 

was measured at 385.5 nm at programmed time intervals, and [1] was calculated using Beer’s law. 

A plot of [1] versus time was fit to the equation [1] = [1]o e–kt using non-linear least-squares 

regression analysis, to determine pseudo first-order rate constants. Subsequent experiments varied 

[PhSiH3], a plot of kobs versus [PhSiH3] was linear, and the slope provided the second-order rate 
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constant k1app. This procedure, performed over a range of temperatures from 296 K to 322.3 K, 

provided the temperature-dependent second-order rate constants for an Eyring plot.  

(b) CO-saturated approach to equilibrium. Solution of PhSiH3 (14 mM, 15 mM, 18 mM, 19 

mM) in benzene were degassed by three freeze-pump-thaw cycles, and then saturated with CO by 

stirring under a CO atmosphere (298 K, 1 atm). The solutions were transferred to nitrogen-flushed 

and dried UV-Vis cuvettes using air-free syringe technique. These samples were used for the 

kinetic study, following the procedure above, to determine ke by non-linear least-squares analysis. 

The series of experiments, combined with Ke (determined below) provide forward (k1) and reverse 

(k–1) rate constants. This procedure was repeated for the three other temperatures (308.4, 318.4, 

328.4 K). For the silane p-tolylsilane, p-methoxysilane, hexylsilane, and dodecylsilane, this 

procedure was applied at room temperature to determine forward and reverse rate constants. 

(c) Equilibrium constant measurement. Reactions of 1 and PhSiH3 (3.2 mM, 3.8 mM, 4 mM, 

11.9 mM), in CO-saturated benzene solution, were monitored by UV-Vis, as described above, until 

the reaction mixture reached equilibrium. [1] was determined from Beer’s law, [2a]e was 

determined from difference between [Rh]total and [1]e, and [PhSiH3]e and [CO]e were approximated 

to be equal to their initial concentration (in large excess of [Rh]total). This procedure was repeated 

for other temperatures (296, 301.5, 318.4, 328.4 K) to provide data for a van’t Hoff plot to 

determine ΔH and ΔS. 
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Additional Information 

 

 
Figure 2-7. Thermal ellipsoid plot of {PhB(OxMe2)2ImMes}RhH(SiH2C6H13)CO (2b) with 
ellipsoids at 35% probability. H atoms bonded to Si1 and to Rh1 were found objectively in a 
difference Fourier map and refined using an isotropic approximation. H atoms are not plotted 
(for clarity) with the exception of H bonded to Rh1 and Si1. Selected interatomic distances (Å): 
Rh1–Si1, 2.3231(7); Rh1–C21, 2.067(2); Rh1–C60, 1.876(2); Rh1–H1r, 1.50(3); Rh1–N1, 
2.190(2); Rh1–N2, 2.230(2). 
 
 

 

Figure 2-8. Plots of [1] vs. time for a series of [PhSiH3] = (a) 19.2, (b) 23.8, (c) 29.1, and (d) 
34.8 mM in benzene at 308.3 K, monitored at 385.5 nm. [CO]ini = 0 mM. kobs values are 
calculated from a non-linear least-squares regression analysis. 
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Figure 2-9.  Plots of [1] vs. time for [PhSiH3] = (a) 19.2, (b) 23.8, (c) 29.1, and (d) 32.9 mM in 
benzene at 312.3 K, monitored at 385.5 nm. [CO]ini = 0 mM. kobs values are calculated from a 
non-linear least-squares regression analysis. 

 

Figure 2-10. Plots of [1] vs. time for [PhSiH3] = (a) 19.2, (b) 23.8, (c) 29.1, (d) 34.8 mM, in 
benzene at 322.3 K, monitored at 385.5 nm. [CO]ini = 0 mM. kobs values are calculated from a 
non-linear least-squares regression analysis. 
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Figure 2-11. Plot of kobs vs. [PhSiH3] (4.0, 5.8, 10.0, 25.5 mM) from reactions performed at 296 
K. Values were obtained by non-linear least-squares regression analysis from data given in 
Figure 2-4. 

 

Figure 2-12. Plot of kobs vs. [PhSiH3] (19.2, 23.8, 29.1, 34.8 mM) from reactions performed at 
308.3 K. Values were obtained by non-linear least-squares regression analysis from data given in 
Figure 2-11. 
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Figure 2-13. Plot of log[PhSiH3] vs. log(kobs) at 296 K. The slope ~ 1 indicates first-order 
dependence on [PhSiH3]. 

 

Figure 2-14. Eyring plots (ln(kapp /T) vs 1/T) for (a) kHapp from reactions of 1 and PhSiH3 and (b) 
kDapp from reactions of PhSiD3. 
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Figure 2-15. van’t Hoff plot of the temperature dependence of Ke to derive the free enthalpy 
(ΔH°) and entropy (ΔS°) from reaction of 1 and PhSiH3 in [CO]ini=7.3 mM. 
 
 
 

 

Figure 2-16. Plots of [1] vs. time for [PhSiH3] = 14.0, 15.0, 15.7, 18.0 mM in presence of [CO] 
= 7.3 mM, in benzene at 308.3 K, monitored at 385.5 nm. 
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Table 2-3. Ke, k1, and k-1 values for 1 and PhSiH3 ⇌ 2a and CO; [CO]e = 7.3 mM. 

Temperature (K) Ke k1 k–1 

297.4 2.8 ± 0.1 0.011 ± 0.001 0.0040 ±0.0003 

301.5 2.1 ± 0.3 0.014 ± 0.001 b 0.0058 ± 0.0004 b 

308.4 1.8 ± 0.2a 0.019 ± 0.001 0.011 ± 0.001 

318.4 1.4 ± 0.1 0.041 ± 0.002 0.030 ± 0.002 

328.4 1.1 ± 0.1 0.078 ± 0.002 0.075 ± 0.002 

a From van’t Hoff analysis. b From Eyring analysis 
 
 

 

Figure 2-17. Plots of [1] vs. time for [MeOC6H4SiH3] = (a) 12.2, (b) 20.5, (c) 33.3, (d) 40.5 mM, 
in benzene at 297 K, monitored at 385.5 nm. [CO]ini = 0 mM. kobs values are calculated from a 
non-linear least-squares regression analysis. 
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CHAPTER 3.    SILICA SURFACE MODIFICATION VIA A RU CATALYZED 
DEHYDROCOUPLING REACTION WITH SILANES 

Abhranil Biswas, Zhouran Wang, Igor Slowing, Marek Pruski, Aaron Sadow 

Abstract 

A new silica surface functionalization technique is reported using RuHCl(PPh3)3 (1) catalyzed 

dehydrocoupling reactions between surface silanols (ºSiOH) and hydrosilanes. 1 efficiently 

catalyzes the cross-dehydrocoupling reaction between primary- and secondary- hydrosilanes and 

alcohols in homogeneous conditions with high selectivity towards mono(alkoxy)hydrosilane. 

Also, 1 can catalyze the cross-dehydrocoupling reaction between hydrosilanes and amines to form 

selective silazane moieties containing Si–N bonds. The similar method used to modify Si–OH by 

reacting it to various hydrosilanes in the presence of 1 to produce mostly Si–O–SiR3. The resulting 

product shows the disappearance of isolated O–H stretching at 3747 cm-1 as well as the presence 

of new Si–H stretching at ~ 2150 cm-1. More conclusive evidence was found by studying solid-

state NMR of the grafted material. Si–H bonds on the surface were further reacted with amines in 

presence of 1 to produce the first surface silazane compound. The product was characterized using 

DRIFT. Elemental analysis of the material confirms the presence of nitrogen on the surface. 

Notably, starting from silica material to the silazane synthesis was successfully done in a one-pot 

technique.  

  

Introduction 

Surface modification of predesigned silica has gained great attention in last few decades 

because of its ubiquitous applications in biosensing,1, 2 surface chemistry,3-5 analytical 

chemistry,7,8 drug delivery,9-13 photonics,14 electronics15 and optics.16, 17 The most common 

technique to achieve these modifications is based on attaching an organic self-assemble monolayer 
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which gives an excellent control to tune the surface properties.18 The technique involves the 

reaction between surface silanol (Si-OH) and a functionalized organosilicon moiety like 

chlorosilane, resulting in a material with Si–O–Si bonded species via a substitution reaction on the 

silicon center. The commonly used organosilicon compounds for this process are chlorosilanes,19 

alkoxysilanes,20 silazanes21, 22 and other halosilanes23 (Scheme 3-1). Despite its simplicity, the 

process involves the formation of undesirable polysiloxanes.24 In addition, the precursors are often 

air- and moisture sensitive and difficult to purify.25  

 

Scheme 3-1. General synthetic routes for silica functionalization. 

 

An alternate route to achieve the desired grafted species is via a dehydrogenative 

coupling with Si–H activation of organosilanes. In one of the earliest examples, Buriak and co-

workers have successfully used early transition metal catalysts to couple silicone 

surface Si–H with heterosilanes,26 resulting in a new functionalized silicone material. 

A more recent example was from Veinot where he and his co-workers have used a Rhodium 

complex as a catalyst to couple organohydrosilanes with H-terminated Si nanoparticles.27 Even 

though functionalization of surface Si–H bonds via dehydrogenative coupling with organosilanes 

have been widely reported, not many studies were found for surface Si–OH bonds (from silica 

material) functionalization using a similar method. In fact, the only examples of creating Si–H 

Si OH Cl SiR3
base
r.t Si OSiR3 HCl–base

Si OH RO SiR3 Si OSiR3 ROH100°C

Si OH base
r.t Si OSiR3NH

SiR3
SiR3
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bonds on silica surface involves reacting the silica material with Hydrogen gas at very high 

temperature (1273 K)28 or putting the silica material through multiple chemical reactions also at 

high temperature (3 steps, 800 K).29 A new catalytic route was needed to functionalize surface 

silanols effectively as well as to create Si–H on the silica surface.  Moitra and co-workers have 

shown that B(C6H5)3 can be used as an effective catalyst to modify surface silanols via 

dehydrogenative coupling with tertiary silanes.30 Not surprisingly the catalyst was only able to 

activate mostly tertiary silanes and secondary silanes in few cases but was unreactive towards 

primary silanes.31, 32 

In this work, we describe a novel catalytic process to functionalize silica via 

dehydrogenative coupling with primary, secondary and tertiary silanes. We have further 

demonstrated an efficient route to functionalize surface Si–H bonds via dehydrocoupling with 

amines to make Si–N bonds on the surface. 

 

Results and discussions 

Cross dehydrocoupling reactions of Si–H and O–H bonds are widely studied. A number of 

transition metal-based catalysts include titanium,32-34 manganese,35 zinc,36 iron,37 rhenium,38 

copper,39, 40 rhodium,41 ruthenium,42, 43 gold44 and platinum complexes45 are known for efficient 

dehydrocoupling of silane and alcohol to produce siloxanes and hydrogen gas (Scheme 3-2).  

 

Scheme 3-2. General dehydrocoupling reaction of silanes and alcohols. 

 

RuHCl(PPh3)3 (1) was found to be most effective in silane-alcohol dehydrocoupling 

reaction in comparison to a few highly efficient homogeneous catalysts reported in the literature 

RR’SiH2 R”OH ’RRHSi OR”
cat

solvent
H2
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(Table 3-6). A mixture of PhSiH3 and 2-propanol in presence of 1 mol % 1 at room temperature 

produces PhSiH2OiPr as the major product (95% selectivity) with 100% conversion within 5 mins 

(Table 6, Entry 9). For comparison, Cp2TiCl2/nBuLi system converts all Si–H bonds of primary 

and secondary silanes into silyl ether linkages in presence of alcohol (Table 6, Entry 1) and a more 

selective catalyst, ToMZnH need higher temperature and longer reaction time to for the reaction to 

go to completion (Table 6, Entry 6).  

 

Table 3-1. RuHCl(PPh3)3 catalyzed cross-dehydrocoupling of hydrosilanes and alcohols.a 

entry substrates cat  

(% mol) 

time  

(min) 

Product 

alcohol (0.9 eq) silane 

1 iPrOH PhSiH3 5 <5 PhSiH2OiPrb 

2 MeOH PhMeSiH2 5 <5 PhMeSiHOMe 

3 iPrOH PhMeSiH2 5 < 5 PhMeSiHOiPr 

4 iPrOH PhMeSiH2 1 <5 PhMeSiHOiPr 

5 iPrOH PhMeSiH2 0.1 60 PhMeSiHOiPr 

6 tBuOH PhMeSiH2 1 20 PhMeSiHOtBu 

7 tBuOH PhMeSiH2 1 <5 PhMeSiHOtBu 

8 EtOH PhMeSiH2 1 <5 PhMeSiHOEt 

  a Reaction was monitored using 1H NMR spectroscopy; b produced iPrOSiH2Ph as the major 
product (95%). 
 

Compound 1 catalyzes dehydrocoupling reaction of phenylmethylsilane with primary, 

secondary and tertiary alcohols. Initial catalysis was carried out with 5 mol % catalyst, which can 

be reduced to 1 mol% without affecting the conversion and reaction time (Table 1, Entry 4). 



www.manaraa.com

54 
 

Expectedly in presence of 0.1 mol% 1, the reaction takes a longer time to achieve high conversion 

(Table 1, Entry 5). In the case of tertiary alcohol, the reaction appears to be slower at room 

temperature compared to primary and secondary alcohol (Table 1, Entry 6, 7, 11). Importantly, 

secondary silanes produced only mono dehydro-coupled product (such as PhMeHSi–OEt) and no 

di-dehydro-coupled products (e.g., PhMeSi(OEt)2) was detected in the reaction mixture.  

Having an excellent catalyst in hand we began to explore grafting experiments. The silica 

support, in the form of SBA-15 type MSN characterized by a hexagonal array (p6mm) of 9.7 nm 

diameter pores and a surface area of 782 m2/g, was produced by hydrolysis−condensation of 

tetramethyl orthosilicate using the Pluronic P104 template, calcined at 550 °C, washed with water, 

then heated at 500 °C under vacuum, and subsequently stored in a glovebox away from ambient 

air and moisture. The SiOH group surface concentration of 1.8 mmol/g was determined by 

measuring the concentration of toluene produced in a titration Mg(CH2Ph)2(O2C4H8)2.46 The 

DRIFT spectra showed a sharp absorption at 3747 cm–1 assigned to isolated silanol νO-H (Figure 

3.1A).  

 

Thus, prepared silica material (2) was reacted in methylene chloride with 10 eq of 

phenylsilane in presence of 1 (4% mol) for 12 h at room temperature, producing a silane grafted 

material (G1). After the reaction, the material was filtered and was washed vigorously to remove 

any residual phenylsilane as well as Ru catalyst. ICP-OES measurement confirms the removal of 
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Scheme 3-3. Grafting of hydrosilanes on silica surface via dehydrocoupling reaction. 
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ruthenium from the material. An IR spectrum of the product contains several new peaks at 3073 

cm-1, 3016 cm-1 which corresponds to nC-H  of C–H and 2176 cm-1 (Figure 3-1B) which can be 

assigned to Si–H. Significantly the characteristic peak for isolated Si–OH (3747 cm-1) was 

diminished during this reaction which suggests a successful cross-coupling reaction with phenyl 

silane. 

 
Figure 3-1. Infra-red absorption spectra of (A) SBA-15 heated at 500°C under vacuum for 12 h 
(2), (B) phenylsilane grafted on SBA-15; G1, (C) n-hexylsilane grafted on SBA-15, G2. 
 

The amount of silane grafted on the surface can be determined by measuring the remaining 

Si–OH on the surface after grafting. The difference in Si–OH concentration between the free silica 

and grafted silica will give the amount of Si–OH that been grafted with silica. The Si–OH 
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concentration on the grafted material was measured by titrating it against Mg(CH2Ph)2(O2C4H8)2. 

Maximum silanol covered for G1 found to be 0.84 mmol/g (Table 4, Entry 1). Also, elemental 

analysis of G1 shows carbon weight % of 4.7 which corresponds to organic loading of 0.64 

mmol/g. The lower organic loading compared to findings from titration could be attributed to 

multiple modes of grafting (Scheme 3). Additionally, excess of 2 was added to 15 mg of 1 in 0.6 

ml 0.009 M solution of hexamethylbenzene in CD2Cl2. The total amount of silane reacted with the 

silica is 0.01 mmol which gives a silane loading of 0.67 mmol/g. 

Grafting process was further studied in different solvents and methylene chloride found to 

be most effective with 0.84 mmol/g Si–OH covered in 12 h (Table 2, Entry 1). For comparison 

grafting in benzene with phenylsilane gives 0.48 mmol/g and in diethylether gives 0.68 mmol/g 

Si–OH covered at the same reaction time (Table 2, Entry 3,4).  At reduced catalyst loading (1 mol 

%) in 12 h, only 0.45 mmol/g silanol was grafted with phenylsilane and IR spectra of the material 

show the absorption of both isolated silanol (3747 cm-1) as well grafted Si–H (2174 cm-1) 

confirming a partially grafted species (Figure 3-5).  

 A number of different primary, secondary and tertiary silanes tested for the silane 

grafting process (Table 2). To compare, n-hexylsilane reacts with 1 in 6 h to get the grafted product 

(G2) compared to phenylsilane which takes 12 h (Table 2, Entry 5). Infra-red spectra of G2 shows 

a peak at 2168 cm-1 assigned to grafted Si–H bond (Figure 3-1.C). Notably, dodecylsilane gave 

full conversion in 12 h to form grafted product (G3) which could be attributed to the steric 

bulkiness of the silane. Reaction with secondary and tertiary silanes proved to be slower than 

primary silanes and produced partially grafted silane material. For example, reaction with 

diethylsilane resulted in only 0.55 mmol/g Si–OH grafting (G5) whereas triethylsilane resulted in 

0.27 mmol/g Si–OH grafted (G6) (Table 2, Entry 8, 9). Notably absence of Si–H absorbance in 
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the DRIFT spectra of triethyl silane grafted material confirms that the Si–H bond has reacted with 

Si–OH (Figure 3-6). 

 

Table 3-2. Catalytic silica surface modification via dehydrogenative coupling of silanols and 
hydrosilanes using 1 as catalyst.a 

 

entry  

(Product) 

silane  

(10 eq) 

solvent time (h) Si-OH 

covered 

(mmol/g)b 

nSi-H 

stretching 

(cm-1) 

C 

loading 

(%) 

Si-R  

loading 

(mmol/g)c 

1 (G1) PhSiH3 CH2Cl2 12  0.82 2174 4.6 0.64 

2 PhSiH3 Benzene 12  0.48 - - - 

3 PhSiH3 Ether 12  0.65 - - - 

4 d PhSiH3 CH2Cl2 12  0.45 - - - 

5 (G2) n-hexylsilane CH2Cl2 6  0.80 2165 4.8 0.70 

6 (G3) dodecylsilane CH2Cl2 12  0.78 2166 10.7 0.74 

7 (G4) PhMeSiH2 CH2Cl2 12  0.82  2157 6.3 0.76 

8 (G5) Et2SiH2 CH2Cl2 12  0.52 2148 2.5 0.52 

9 (G6) Et3SiH CH2Cl2 12  0.27 - 1.8 0.25 

10 (G7) Ph2MeSiH CH2Cl2 12  0.41 - 6.4 0.41 

11 (G8) (tBu)3SiH CH2Cl2 12  0.11 - 1.4 0.09 

a 4% cat loading, b measured from titration, c measured from elemental analysis, d 1% cat loading. 

 

In order to further characterize the material 1H solid-state NMR of G1 was measured. In 
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Figure 3-2, the peak resonating at 4.6 ppm is assigned to Si–H and the peaks resonating at 7.1 ppm 

is assigned to protons of Ph- group. The 29Si CPMAS spectra of G1 (Figure 3-3A) shows that the 

silane was grafted in both mono-podal and bipodal ways (M site and D site respectively) with a 

predominant presence of mono-podal species. The four carbon peaks in 13C CPMAS resonating in 

the range of 120 ppm – 140 ppm (Figure 3-3B) agree well with the four types of carbons in 

phenylsilyl (C6H5SiHn–) groups. However, there is another weak and broad carbon peak resonating 

around 152 ppm. This may indicate a minor amount of phenyl groups attached to the silica surface 

through an oxygen link. 

 

 

Figure 3-2. (A) 1H Hahn echo spectra of G2. The spectra were obtained using MAS 36kHz, 10s 

recycle delay, 16 scans, 100 kHz (1H 90˚), 20.48ms acquisition, 27.8µs echo delay. 
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The thermal stability of the newly grafted material was measured in an in-situ IR apparatus 

where the material was heated at different temperatures for 1 h time and absorption spectra were 

measured. In case of G2 the absorption spectra show decent stability till 200° C (Figure 3-3.A-B) 

whereas at a higher temperature (300° C) peaks corresponding to the organic moieties started to 

disappear (Figure 3-3C) and at 400° C the organics got decomposed and the isolated SiOH grew 

back at 3747 cm-1. A similar trend was also observed for G1 (Figure 3-9). Thus, the existence 

absorption corresponding to silane moiety even at 200° C definitely proves that the primary silane 

is actually grafted and not just absorbed on the surface. 

Figure 3-3. (A) 29Si CPMAS and (B) 13C CPMAS spectra of PhSiHn@MSN acquired with 
B0 = 9.4 T, nR = 8 kHz, nRF(1H) = 36 kHz for the 90˚ and CP pulses,nRF(1H) = 25 kHz for 
SPINAL-64 heteronuclear decoupling, nRF(29Si) = nRF(13C) = 27 kHz for CP pulses, tCP = 
5 ms (A), tCP = 4 ms (B), tRD = 7.8 s, ns = 3072 (A) and ns = 2048 (B). 
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Figure 3-3. Infrared spectra of G2 heated under vacuum at temperature (A) 100°C, (B) 200°C, 
(C) 300°C, (D) 400°C. 

The silane grafted silica material was further modified via catalytic cross-coupling 

reactions with amines. Metal catalyzed homogeneous dehydrocoupling reaction between silanes 

and amines has been an efficient way to form Si–N bonds.48-51 In our studies, we found that 1 is 

significantly effective in catalyzing dehydrogenative coupling between silanes and amines. At 5 

mol % catalyst loading, the coupling between iPrNH2 and phenylsilane gives 100% conversion in 

5 minutes at room temperature (Table 3-3, Entry 1). Catalyst loading can be reduced to 1 mol % 

without altering the conversion (Table 3-3, Entry 2). 1 also effectively catalyzes coupling between 

iPrNH2 and PhMeSiH2 to provide 100 % conversion within 5 minutes. 
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Scheme 3-4. General dehydrocoupling reaction of silanes and amines. 

 

To functionalize the grafted silanes, a mixture of G1 and iPrNH2 in presence of 1 was 

stirred in methylene chloride for 6 h. The resulting material was filtered and dried under vacuum 

at room temperature to produce novel surface silazane grafted silica material (G11). The reaction 

was monitored via IR spectra which reveals that the Si-H absorption of G1 disappeared and new 

absorption for alkyl C–H stretching (2952, 2923 and 2865 cm-1) was observed (Figure 3-4C). Also, 

the absorption of aromatic C–H stretching corresponding to phenyl moiety remained unchanged. 

The amount of grafted amine was measured via elemental analysis. From elemental analysis data, 

the amine loading G11 was found to be 0.58 mmol/g which is lower than Si-H loading. The 

difference in the loading of Si–H and amines can be attributed to different modes of coupling 

(Scheme 4). 

 

Scheme 3-5. Catalytic dehydrocoupling reaction of grafted Si–H and N–H of amines. 
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Figure 3-4. Infra-red absorption spectra of (A) treated SBA-15 (2), (B) G1, (C) G1 + iPrNH2 
(G10). 
 

The grafted Si–H bond functionalization with various combinations of silanes and amines 

(Table 3-5) was performed, and corresponding grafted silyl-amine (silazane) loading was 

measured via elemental analysis. For example, a mixture of G4 and iPrNH2 in presence of 4 mol 

% of 1 gives a silazane grafted product (G11) with nitrogen loading 0.58 mmol/g. Reaction works 

even at low catalyst loading (1 mol%) at a longer reaction time to reach full conversion. Both 

aromatic and aliphatic silane grafted materials showed similar reactivity towards coupling 

reactions with different amines. Significantly aromatic amines found to be less reactive compared 

to aliphatic amines. Reacting G1 with aniline and toluidine produced silazane with N loading of 
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0.15 mmol/g and 0.33 mmol/g respectively. 

 

Table 3-5. Synthesis of grafted silazane compound via catalytic dehydrocoupling reaction 
between different silane-amine combinations. 
 

silane grafted amine (10 eq) (Product) 

cat 

loading 

(mol %) 

time (h) 

N loading 

(mmol/g)a 

PhSiH3 iPrNH2 (G10) 4 6 0.58 

PhSiH3 iPrNH2 1 20 – 

PhMeSiH2 iPrNH2 (G11) 4 6 0.46 

n-C12H25SiH3 cyclohexylamine (G12) 4 6 0.61 

PhSiH3 cyclohexylamine (G13) 4 6 0.64 

n-C6H13SiH3 cyclohexylamine (G14) 4 6 0.57 

PhSiH3 Et2NH (G15) 4 6 0.58 

n-C12H25SiH3 Et2NH (G16) 4 6 0.54 

PhSiH3 toluidine (G17) 4 12 0.33 

PhSiH3 aniline (G18) 4 12 0.15 

a measured from elemental analysis 

In addition, a one-pot conversion from silica material (2) to surface silazane (G10) was 

successfully carried out (Scheme 3-6). 2 was stirred with excess phenylsilane at room temperature  
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Scheme 3-6. One-pot route for synthesis of surface silazane. 

 

 

for 12 h in methylene chloride in presence of 1. The resulting mixture was dried under vacuum to 

remove solvents and excess silane leaving the active catalyst on the material (G19). To a 

suspension of G19 in methylene chloride, 10 eq of isopropyl amine was added and the mixture 

was stirred for 12 h. Drying under vacuum followed by vigorous washings (3 x 5 ml) with 

methylene chloride provided a Ru-free (measured via ICP-OES) product (G10). 

 

Conclusion 

Above we have described the excellent catalytic activity of 1 in dehydrogenative coupling 

reaction for silane-alcohol and silane-amine in solutions forming Si–O, and Si–N bonds.  Further, 

the efficient catalyst was utilized to modify silica surface via the dehydrocoupling reaction of 

silanol Si-OH and Si–H bond of different silanes with hydrogen as a side product. Both aromatic 

and aliphatic silanes successfully produce grafted silica material. Reactions with primary and 

secondary silanes form unique Si–H bonds on the surface. Notably, primary silanes react more 

efficiently than secondary and tertiary silanes. Newly formed grafted Si–H bonds are chemically 

active and were successfully further modified. 1 catalytically converted Si-H bonds to Si-N bonds 

via dehydrocoupling reactions with different amines to produce first-ever reported silazane grafted 

silica material. We have also established a one-pot efficient route for conversion of silica to 

silazane grafted silica material using 1 as the catalyst. We believe that this process can be extended 
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to functionalize other metal oxides and polymeric materials, giving it greater potential in 

therapeutic technologies and lithographic techniques. 

 

Experimental Procedures 

 

General 

All reactions were performed under a dry argon atmosphere using standard Schlenk 

techniques or under a nitrogen atmosphere in a glovebox. Benzene, methylene chloride and 

pentane were dried and deoxygenated using an IT PureSolv system. Benzene-d6 was heated to 

reflux over Na/K alloy and vacuum transferred. Methylene chloride-d2 was refluxed and distilled 

over anhydrous CaH2 and stored under nitrogen atmosphere. Phenylsilane, n-hexylsilane, n-

dodecylsilane, and phenylmethylsilane were synthesized by reducing corresponding 

trichlorosilanes with LiAlH4. SBA-15 was synthesized according to the literature, calcined at 550 

°C, washed with water, and then heated to 500 °C under vacuum. 

1H spectra were collected on Bruker Avance III 600 or AVNEO 400 MHz NMR 

spectrometers. Infrared spectra were recorded on a Bruker Vertex spectrometer. Infrared spectra 

were recorded on neat MSN samples using a Bruker Vertex 80 spectrometer with a Harrick Praying 

Mantis Diffuse Reflection Accessory in an ambient chamber with ZnSe windows. These samples 

were prepared and maintained under an inert N2 atmosphere. Elemental analyses were performed 

using a PerkinElmer 2400 Series II CHN/S in the Iowa State Chemical Instrumentation Facility. 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was performed on 3 

samples to measure the ruthenium loading in R3SiH@SBA-15. The samples (2.0−4.0 mg each) 

were digested for 24 h in aqueous HF and HCl solution (0.18% and 5% respectively) and analyzed 

in a PerkinElmer Optima 2100 DV ICP-OES instrument. 
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Solid-state NMR (SSNMR) experiments were performed on a 400 MHz (9.4 T) Varian 

NMR spectrometer equipped with a 5.0-mm magic angle spinning (MAS) probe. The performed 

experiments included one-dimensional (1D) 29Si cross-polarization (CP)MAS, 29Si direct 

polarization (DP)MAS and 13C CPMAS. The experimental parameters are labeled by the following 

symbols: B0 denotes the external magnetic field; nR denotes the MAS rate; nRF(X) denotes the RF 

irradiation strength at the frequency of X nuclei; tCP denotes the CP contact time; tRD denotes the 

recycle delay; and ns denotes the number of scans. The experimental parameter values are given 

in the corresponding caption for each figure. 

 

Catalytic NMR scale dehydrocoupling reactions. 

General. All the reactions were done under nitrogen atmosphere in a glovebox using 

NMR tubes as a reaction vessel. The reaction was followed by the disappearance of silane 

species in the reaction mixture. 

Catalyst stock solution preparation: 230 mg of 1 was transferred to a 25 mol marked 

volumetric flask and was filled up to the mark with benzene-d6 and the mixture was made 

homogeneous.  

Catalytic NMR dehydrocoupling reaction: 0.9 eq of appropriate silane was transferred to 

an NMR tube with a syringe followed by 0.5 ml of stock solution of 1. To this mixture, 1 eq 

appropriate of alcohol/amine was added and the reaction was monitored via 1H NMR. Resulting 

products (PhSiH2OiPr, PhMeSiHOMe, PhMeSiHOiPr, PhMeSiHOtBu, PhMeSiHOEt, 

iPrNHSiH2Ph, iPrNHSiHMePh) are known compounds.37, 52, 48 
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General synthesis of G1 - G9 

To a suspension of 2 (100 mg) in methylene chloride, appropriate silane (10 eq, 1.8 mmol) 

was added followed by 6.7 mg of 1 (0.007 mmol). The mixture was stirred for 6-12 h at room 

temperature. Resulting pale yellow suspension was filtered, washed with methylene chloride (3 x 

5 ml) and dried in vacuo to afford the product as a white powder. Compound G1-G9 was 

characterized via infra-red absorption spectroscopy. 

 

General synthesis of G10 - G18. 

To a suspension of silane grafted silica (G1 - G5) (50 mg) in methylene chloride, the 

required amine was added followed by 3.5 mg of 1 (0.004 mmol). The mixture was stirred for 6-

12 h at room temperature. The resulting white suspension was filtered, washed with methylene 

chloride (3 x 5 ml) and dried in vacuo to afford the product as a white powder. Compound G10-

G18 was characterized via infra-red absorbance spectroscopy.  

 

General one-pot synthesis of (G10 - G11) from 2 

To a suspension of 2 (100 mg) in methylene chloride, required silane (10 eq, 1.8 mmol) 

was added followed by 6.7 mg of 1 (0.007 mmol). The mixture was stirred for 12 h at room 

temperature. The solvent from the resulting suspension was removed under vacuum to produce a 

pale-yellow solid. The solid residue was washed with pentane (3 x 5 ml), dried in vacuo and 

suspended in methylene chloride. To the suspension required amine (10 eq, 1.8 mmol) was added 

and stirred for 12 h at room temperature. The final suspension was filtered, washed with methylene 

chloride and dried in vacuo to provide grafted silazane product (G10 – G11). The product was 

characterized via infra-red spectroscopy. 
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Additional information 

 

Table 3-6. Comparison of reported catalytic dehydrocoupling reactions. 

entry catalysts (cat loading %) substrate condition product yield (%) 

1 Cp2TiCl2/nBuLi (5 %)32 PhMeSiH2 + 

EtOH 

r.t, 10 min MePhSi(OEt)2 95 

2 [Ir(H)2(PPh3)(THF)2]SbF6 

(1 % )53 

Et3SiH + MeOH r.t, 1 h Et3SiOMe 95 

3 RhCl(PPh3)3 (1 %)54 Et3SiH + glycol r.t, 30 min Et3SiO-(CH2)n-

OSiEt3 

100 

4 PdCl2.2H2O (5 %)55 Et3SiH + MeOH 60 °C, 10 min Et3SiOMe 100 

5 Ru2(µ-

Cl)2Cl2(CO)4(PMe3)243 

Et3SiH + iPrOH r.t, 10 min Et3SiOiPr 90 

6 ToMZnH (10 %)36 PhMeSiH2 + 

MeOH 

45 °C, 10 h PhMeSiHOMe 100 

7 AuCl(Xanthphos) (1 %)44 Et3SiH + 

HOCH2CH2Ph 

r.t, 2 h Et3SiOCH2CH2Ph 100 

8 Ru2(µ-Cl)2Cl2(CO)4(PPh3)2 

(1 %)42 

PhMeSiH2 + 

MeOH 

r.t, 30 min PhMeSi(OMe)2 100 

9 RuHCl(PPh3)3 (1 %) PhMeSiH2 + 

MeOH 

r.t, 5 min PhMeSiHOMe 100 

 



www.manaraa.com

74 
 

 

Figure 3-5. Infrared spectra of G1 at different reaction time (A) free SBA-15, (B) reaction with 
phenylsilane for 6h, (C) reaction with phenylsilane after 12 h.  
 

 

Figure 3-6. Infrared absorption spectra of G3.  
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Figure 3-7. Infrared absorption spectra of G4. 

 

 

 

Figure 3-8. Infrared absorption spectra of G5.  
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Figure 3-9. Infrared absorption spectra of G6.  

 

 

Figure 3-10. Infrared absorption spectra of G7. 
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Figure 3-11. (A) 1H Hahn echo spectra of G2. The spectra were obtained using MAS 36kHz, 10s 
recycle delay, 16 scans, 100kHz (1H 90˚), 20.48ms acquisition, 27.8µs echo delay and (B) 29Si6 
CPMAS spectra of G2. The spectra is obtained using MAS 10kHz, 83kHz (1H CP) and 63kHz (29Si 
CP), 4ms contact time, 1.3s recycle delay, 83kHz SPINAL-64 1H decoupling. 
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Figure 3-12. 1H DQSQ correlation spectra of G2. The spectra are obtained using MAS 36kHz, 100kHz 
(1H 90˚), 4 scans, 6s recycle delay, 27.8µs dwell time and 512 point in indirect dimension 
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Figure 3-13. Infrared spectra of G1 heated under vacuum at temperature (A) 100°C, (B) 200°C, 
(C) 300°C, (D) 400°C.  
 

Table 3-7. RuHCl(PPh3)3 catalyzed cross-dehydrocoupling of hydrosilanes and amines. 

Entry substrates cat (% mol) time(min) Product 

 aminesb silanes 

1 iPrNH2 PhSiH3 5 < 5 iPrNHSiH2Ph 

2 iPrNH2 PhSiH3 1 < 5 iPrNHSiH2Ph 

3 iPrNH2 PhMeSiH2 1 <5 iPrNHSiHMePh 

4 iPrNH2 PhMeSiH2 0.25 20 iPrNHSiHMePh 

a reaction was monitored via 1H NMR spectroscopy, b 0.9 eq of amine was used. 
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Figure 3-14. Infrared absorption spectra of G11. 

 

 

Figure 3-15. Infrared absorption spectra of G12. 
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Figure 3-16. Infrared absorption spectra of G13. 

Figure 3-17. Infrared absorption spectra of G15. 
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CHAPTER 4.    SYNTHESIS OF A NEW TRIS(OXAZOLINYL)BORATO RUTHENIUM 

COMPOUND AND ITS APPLICATION IN CATALYTIC CYCLOISOMERIZATION 

OF 1,6-DIENES 

Abhranil Biswas, Jacob Brunton, Aaron Sadow* 

Abstract 

A new tris(oxazolinyl)borato (ToM) ruthenium compound has been synthesized from ToMTl and 

Ru(NCPh)4Cl2. Compound ToMRu(NCPh)2Cl (4) shows a Cs symmetric geometry around the 

ruthenium center concluded from NMR spectral data. Further, 4 demonstrates excellent catalytic 

activity for cycloisomerization of 1,6-dienes to produce cyclopentane derivatives upon heating in 

an appropriate solvent. Significantly, an internal alkene (5) was observed as side product resulting 

from an olefinic isomerization in aprotic solvent CH2Cl2 where only cyclization was observed in 

protic solvent iPrOH. Reaction conditions were further optimized using diethyl diallylmalonate 

(6) to obtain exo-methylenecyclopentane (6a) products in high yield. The study was further 

extended to successfully cyclize 1,6-dienes with various functional groups (7-17) with high yield 

under optimized reaction conditions. In addition, at higher catalyst loading the reaction shows less 

selectivity towards exo-methylene isomer in iPrOH whereas in CH2Cl2 the selectivity remains 

unaffected. On the basis of previously reported studies, a ruthenium hydride intermediate can be 

proposed. Also, the significant difference in product selectivity in solvents CH2Cl2 and iPrOH 

concludes that the pathways might have different intermediates and a detailed study is required. 

 

Introduction 

Dienes,1-4 diynes5-7 and enynes8-10 are very powerful synthetic precursors for the construction of 

homonuclear and heteronuclear cyclic compounds,11, 12 which are important building blocks for 
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the synthesis of various natural products, pharmaceutical compounds, and functional materials. 13-

16 Metal-catalyzed activation of an alkene C–H bond followed by intra-molecular hydrovinylation 

(i.e., cycloisomerization) provides an effective, atom economical17  route for the synthesis of cyclic 

compounds.18, 19 In seminal work for example, Molander and co-workers reported organoyttrium-

catalyzed selective reductive cyclization/silylation of 1,5- and 1,6-dienes to produce substituted 

carbocycles.2, 20 There are a few challenges, however, including isomerization of either olefin in 

the diene without cyclization, terminal vs internal vinylic C–H bond activation to give internal or 

exocyclic alkenes, access to larger-than-five membered rings, stereoselective cyclization including 

enantioselectivity and/or diastereoselectivity.21 Early reported catalytic systems generally lacked 

the requisite isomeric selectivity and the general substrate scope.22 Notably, control over 

selectivity is more easily achieved in α,ω-enyne cycloisomerization compared to reactions of α,ω-

dienes because of the reactivity difference between terminal alkenes and alkynes.23  

Transition metal-catalyzed cycloisomerization of 1,6-dienes can provide valuable exo-

methylenecyclopentane, and significant efforts have been devoted to identification of selective and 

versatile catalyst systems for this transformation. In one of the earliest examples Bogdanovic, 

Wilke and co-workers reported a nickel-phosphine catalyzed cycloisomerization of diallylether,  

Scheme 4-1. Products from olefin isomerization and cycloisomerization of 1,6-diene 

along with olefin isomerization as the major product.24, 25 High selectivity towards the single exo-

methylenecyclopentane isomer was achieved via [Rh(cod)Cl]2 and nickel-phosphine catalyzed 

X X X X X

Olefin iomerization cycloisomerization

X

exo-methylene most-substituted
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reactions.21, 26-28 Palladium is also known to catalyze cycloisomerization, but predominantly 

furnish the more substituted olefin.21 Dixneuf and co-workers used ruthenium allenylidine based 

complexes as catalyst for selective exo-methylenecyclopentane products from 1,6-dienes.29 Also, 

Grubbs catalyst and its derivatives have been utilized for selective cycloisomerization in presence 

of an external olefin producing exo-methylene isomer as the major product.30 [RuCl2(cod)]n, the 

first non-metathesis ruthenium catalyst for diene cycloisomerization, reported by Itoh and co-

workers, converts diallylmalonate in iPrOH at 90 °C.31 Focused microwave heating improves the 

overall yield of cycloisomerization product as well as the selectivity towards exo-

methylenecyclopentane isomer.32  Although several reports have demonstrated effective 

ruthenium-based catalysis for cycloisomerization (of dienes and allenens),33 few of the 

catalytically active ruthenium complexes contain ancillary, non-labile ligands (other than cod and 

Cp), limiting the possibility of ligand modification to improve catalytic activity, regioselectivity, 

diastereoselectivity, and enantioselectivity, as well as access new rings and heterocycles. As a first 

step to access such improved conversions, we targeted new tris(4,4-dimethyl-2-

oxazolinyl)phenylborato (ToM) ruthenium compounds as possible catalysts for 1,6-diene 

cycloisomerization. These compounds could provide a platform for the preparation of C3 and C1-

symmetric optically active catalysts, as well as systematically modifying the steric properties of 

the metal center. Here, we describe the synthesis and catalytic performance of these new ruthenium 

compounds.  

 

Results and Discussion 

The reaction of equimolar Ru(NCMe)4Cl237 (1) and ToMTl39 (2) in CH2Cl2 at 60 °C for 12 h gives 

a new species, as identified by 1H and 11B NMR spectroscopy and tentatively assigned as 

ToMRuCl(NCMe)238 (3). Unfortunately, both the reactants were present even after heating for 48 
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h. The reaction of 2 and two equiv. of 1 gives full conversion of 2 to product, however, residual 1 

remains in the mixture. Even though 3 can be synthesized in high yield, its purification from the 

mixture of 1 and 3 by crystallization, solvent extraction, or chromatography was not successful. 

Equation 4-1. Synthesis of [ToMRu(NCPh)2Cl]. 

 

Instead, we attempted to prepare derivatives. We noticed that Ru(NCMe)4Cl2 is a mixture of cis 

and trans isomers, and we speculated that the cis isomer was less reactive toward 1. Stereo 

chemically pure trans-Ru(NCPh)4Cl2 is accessible and was allowed to react with 1 at 80 °C in 

methylene chloride over 12 h, from which ToMRuCl(NCPh)2 (4) and TlCl (white solid) were 

formed. In methylene chloride-d2, a sharp resonance in 11B NMR was observed at –19.32 ppm and 

was assigned to 4. In 1H NMR, resonances due to two phenyl groups from benzonitriles 

(coordinated) and one phenyl group on ToM ligand appears from 7.09 – 7.81 (multiplet, 15 H) 

ppm. Further analysis of 1H NMR spectra of 4 shows a Cs-symmetric geometry around the metal 

center. As a result of the mirror plane that includes Cl, ruthenium center, trans-oxazoline, the –

CMe2– and –CH2– groups on that ring are equivalent and appear as singlet resonances (1.50 and 

3.96 respectively, labeled as trans in the Newman projection in Figure 4-1). Although the other 

two oxazoline rings are related by the mirror plane, the –CH2– within each ring are endo or exo 

with respect to the chloride and were observed as two coupled doublets (3.83 and 4.08 ppm, 2JHH 

= 11.76 Hz). The methyl substituents in the CMe2 groups of these oxazolines are also inequivalent 

N
O

O
N

O
N

BPh Tl trans-Ru(NCPh)4Cl2
CH2Cl2, 80 °C

12 h

– TlCl
– 2 PhCN

N
O

O
N
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(but not coupled), resulting in two singlet resonances (1.39 and 1.61 ppm, for endo and exo 

although unable to determine which one is which)   

 
Figure 4-1. Newman projection illustrating Cs-symmetry of [Ru(k3-ToM)(NCPh)2Cl]. The groups 
attached to N represent CH2 and CMe2 substituents on the oxazoline. 
 

The catalytic activity of various ruthenium complexes along with solvent effect was 

measured with respect to the cycloisomerization of 6 to 6¢ (with three probable regio-isomers 6¢a, 

6¢b, 6¢c) under inert atmosphere (Ar and N2). As reported by Yamamoto et al, [RuCl2(cod)]n 

catalyzes cycloisomerization of 6 in protic solvent (iPrOH) at 90 °C (Table 1, entry 3) with high 

yield of 6¢, whereas after heating at 90 °C in an aprotic solvent (CH2Cl2) for 48 h only starting 

material was recovered (Table 1, entry 2). Significantly, 4 catalyzes cycloisomerization of 6 in 

CH2Cl2 to produce 6¢ at a moderate yield along with an internal alkene (5) as side product resulting 

from olefin isomerization. For comparison, ruthenium complexes such as Ru(cod)(NCMe)2Cl2, 

[Ru(CO)2Cl2]n and [Ru(p-cymene)Cl2]2 show low conversion of 6 to 6¢ in CH2Cl2 (Table 4-1, 

Entry 4-6) whereas in presence of RuClH(PPh3)3 and 1 only olefin isomerization was observed 

(Table 1, entry 7, 9). Further, in a protic solvent (iPrOH) compound 4 catalyzes cycloisomerization 

of 6 to produce 6¢ exclusively at high yield (Table 1, entry 12). Also, reduced catalytic activity was 

Ru

NCPhPhCN

N

NN
exoexo

endoendo Cl

transtrans
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observed in the presence of air as the yield for cycloisomerization was found to be 42 % in 2-

propanol and <5 % in methylene chloride. The above observation is in accordance with the 

previously reported work by Yamamoto. 

Table 4-1. Cycloisomerization of 6 under various conditions.a 

entry catalyst solvent conversion 
(%) 

selectivity 
(%) 

5 6¢ 

1 4 CH2Cl2 70 10 90 

2 4b CH2Cl2 <5 50 50 

3 [RuCl2(cod)]n CH2Cl2 0 - - 

4 [RuCl2(cod)]nc iPrOH 90 - 100 

5 Ru(cod)(NCMe)2Cl2 CH2Cl2 10 0 10 

6 [Ru(CO)2Cl2]n CH2Cl2 <5 0 5 

7 [Ru(p-cymene)Cl2]2 CH2Cl2 10 trace 10 

8 RuClH(PPh3)3  CH2Cl2 38 45 0 

9 RuClH(PPh3)3 iPrOH 100 100 0 

10 RuCl2(NCMe)4 CH2Cl2 60 60 0 

11 RuCl2(NCPh)4 CH2Cl2 0 - - 

O

O
EtO

EtO
O

O
EtO

EtO
O

O
EtO

EtO
O

O
EtO

EtO
O

O
EtO

EtO

5
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cat (1 mol %), solvent

90° C, 12 h
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12 4 iPrOH 96 trace >99 

13 4 b iPrOH 42 trace >99 

a reactions were carried out under N2 atmosphere, all isolated yields are reported, b reaction was 
carried out in the air, c reaction in 24 h (from literature report)31 
 

 Catalytic cycloisomerization of 6 using 4 as catalyst was further explored with respect to 

the relative yields of the individual cyclic isomers (a, b and c) as well as overall cycloisomerization 

yield. In presence of 1 mol % of 4, 6¢ was obtained from 6 in 63% yield in CH2Cl2 with high 

selectivity towards 6¢a (exo-methylene isomer) upon heating at 90 °C for 12 h. Isolated products 

were identified via 1H NMR in CDCl3, as 6¢a showed two sharp olefinic peaks at 4.79 and 4.90 

ppm (accounting for one H each) assigned to exo-methylene =CH2. In contrast, endo-methylene 

product 6¢b showed a sharp singlet at 5.42 ppm resulting from the only olefinic proton. In addition, 

most substituted product 6¢c shows no olefinic peak as expected and a sharp singlet at 1.24 ppm 

corresponding to –CH3 on cyclopentene ring was observed. With increased catalyst loading (5 

mol%) the selectivity does not change however overall yield of 6¢ got lowered to 60%. Further, 

with longer reaction time selectivity as well as the yield of cycloisomerization remains the same. 

In a protic solvent (iPrOH) the product 6¢ was obtained in 95% yield upon heating at 90 °C for 12 

h with decent selectivity towards 6¢a (96%). Both higher catalyst loading (5 mol %) and longer 

reaction time (24 h) resulted in olefinic bond isomerization of exo-methylene isomer to obtain less 

selectivity (Table 2, entry 5-6). On the basis of the above result, cycloisomerization in iPrOH in 

presence of 1 mol % of 4 proved to be the best choice for further studies. 
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entry solvent cat loading (mol %) yielda (%) selectivity (%)  

(6¢a / 6¢b / 6¢c) 

1 CH2Cl2 1 63  >99 / - / - 

2 CH2Cl2 5 60  >99 / - / - 

3 CH2Cl2 1 62  >99 / - / - 

4 iPrOH 1 95  96 / 4 / - 

5 iPrOH 5 97 68 / 15 / 17 

6 iPrOH 0.1 70 >99 / - / - 

7 iPrOH 1 96 52 / 18 / 30 

a isolated yield reported 

As mentioned above functional group tolerance in catalytic cycloisomerization of 1,6-

dienes is of particular interest as these cyclic products are of synthetic significance. Here we 

investigate functional group compatibility of current protocol for 1,6-heptadiens with various 

functional groups at the 4-position. Compounds 7-21 were subjected to cycloisomerization under 

the optimized reaction conditions (Table 2, entry 4). Cycloisomerization products were obtained 

for compounds 7-17 in very high yield (Table 3). As observed with 6, compounds with groups like 

sulfone (7), a dinitrile (9), a cyclic ester (14) and acyclic ester (16) gave very high selectivity 

towards exo-methylenecyclopentane products (7¢a, 9¢a, 14¢a and 16¢a). In contrast, dienes like 8 

and 15 with functional groups ketone and ester produced internal alkenes 8¢b and 15¢b in high 

O

O
EtO

EtO
O

O
EtO

EtO
O

O
EtO

EtO
O

O
EtO

EtO4 (1 mol %), solvent

90° C, 12 h

6 6’a 6’b 6’c

Table 4-2. Selectivity in cycloisomerization of 6 under various conditions. 
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selectivity. Also, compounds 11 and 12 with functional groups amide and ketone respectively 

produced the most substitute olefinic isomers (11¢c and 12¢c) with a yield of 98% and 95%. In 

addition, a diallyl fluorene (13) having no coordinating group underwent cycloisomerization to 

furnish 13¢a in excellent yield. These results are in marked contrast to the palladium-catalyzed 

silylative cyclization, in which only dienes possessing at least one homoallylic ester, ketone or 

ether group underwent cyclization. The current protocol was further tested to heterocycle 

formations. 1,6-dienes with heteroatoms like N, O, S and Si at the 4-position (compounds 17-21) 

were subjected to cycloisomerization and only N,N-diallylacetoamide 17 was converted to an N,N 

pyrrolidine derivative 17¢b in 98% yield as a mixture two different rotamers in a ratio of 3:2 . The 

diallyl ether 20 and diallyl sulfane 21 however, gave no cyclization product using the 4 as the 

catalyst, indicative of the substituents at the 4-position being essential for the cyclization (Table 

3). The successful cyclization of the diallyl compounds with secondary or tertiary centers on the 

tether connecting two alkene termini could be assigned to the Thorpe-Ingold effect. Also, failure 

to cyclize sulfane 21 could be resulting from the strong coordination by the sulfur atom and 

deactivating the ruthenium catalyst.  Surprisingly, diene 18 failed to cyclize whereas it has a 

tertiary center at the 4-position (Table 3). The failure might be ascribed to the elongation of the 

tether by the two Si–C single bonds. In addition, a tetraallyl ammonium salt under optimized 

cycloisomerization condition produced an olefinic isomerized product instead of cyclization.  

 

Table 4-3. 4 catalyzed cycloisomerization of 1,6-heptadienesa.  

X X X X

a b c

4 (1 mol%)

iPrOH, 12h,
 90 °C
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a reactions were carried out under N2 atmosphere, all isolated yields are reported. 

 

Controlling the stereoselectivity in diene-cyclization is significant because of its 

application in organic synthesis. Even though early transition metal like Ti was reported to have 

high diastereoselectivity in cycloisomerization, diastereocontrolled diene-cycloisomerization 

using late-transition-metal catalyst has been rarely achieved33, 34. Here we examine distereocontrol 

of 4 as a cycloisomerization catalyst, with respect to dienes possessing a pro-chiral center at 4-

position. Compounds 14 and 16 in presence of 4 produces exo-methylenecyclopentane products 

O

O
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NC NC
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O
PhO2S

PhO2S

overall yield (a+b+c) :

a/b/c :

dr:

7 8 9 10 11
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overall yield (a+b+c) :

a/b/c :

dr:
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-

95%

91 / 9 / -

1.2:1

97%

37 / 63 / -

1.9:1

95%

- / 26 / 74

-
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>99 / - / -

2.1:1

N
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NBr
O SSi

overall yield (a+b+c) :

a/b/c :

dr:

17 1918 20 21

98%

- / >99 / -

-

- - - -
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14¢a and 16¢a in high yield with diastereoselectivities 2.1:1 and 1.2:1 respectively. Further, 

catalysis on compounds 10 and 15 showed low selectivity towards exo-methylene isomer 

producing 10a (55 % selectivity) and 15a (35% selectivity) with diastereo-selectivity of 3:1 and 

1.9:1 respectively. In contrast, the internal olefinic product 10b shows diastereo-selectivity of 1:1 

whereas for 15b only one diastereomer was obtained (Table 3). The configuration of these isomers 

was not established. 

 

Conclusions 

In summary, this work presents the synthesis of a new tris(oxazolinyl)borato ruthenium 

compound. The Cs symmetric molecule was shown to catalyze cycloisomerization of 1,6-dienes 

with moderate selectivity. A significant difference in product selectivity in deferent solvents refers 

to different mechanisms. Formation of exo-methylenecyclopentane has been proposed to follow 

two 

 

Figure 4-2. General mechanisms of cycloisomerization leading to exo-methylenecyclopentane. 

 

X

X M
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principle mechanisms (Figure 4-1). One of the pathways involves a metal-hydride moiety 

(mechanism A), whereas the other takes place via a metallacycle intermediate (mechanism B). 

Yamamoto previously postulated that [RuCl2(cod)]n in protic solvent iPrOH forms a catalytically 

active ruthenium hydride intermediate. A similar ruthenium hydride species can be proposed for 

4 to form ToMRuH that resulted in the isomerization of exo-methylene isomers and provided low 

selectivity. Although ruthenium species are well known for olefin isomerization, a detailed study 

is needed to identify active catalysts as well as a plausible mechanistic pathway. Further, catalysis 

in CH2Cl2 produces exo-methylene isomer with high selectivity and a further olefin isomerization 

was not observed. The change in reactivity in CH2Cl2 might result from a significantly different 

mechanism and a further in-depth investigation is needed. In addition, reactivity of 

tris(oxazolinyl)borato ruthenium compound can be further extended to various existing chiral 

ligand systems and it would be interesting to see how the selectivity changes in the presence of 

these ligands. 

Experimental Procedures 

General 

All manipulations were performed using either Schlenk techniques, or in a glovebox under an inert 

atmosphere of nitrogen unless otherwise indicated. Dry, oxygen-free solvents were used 

throughout.  Methylene chloride, pentane, and tetrahydrofuran were dried and deoxygenated using 

an IT PureSolv system. iPrOH was dried over activated Mg, distilled and stored under N2. 

Dichlorophenylborane was purchased from Aldrich and distilled prior to use. 4,4-dimethyl-2-

oxazoline, dienes (6, 20 and 21) were purchased from Acros and used as received. RuHCl(PPh3)36, 

Ru(NCMe)4Cl237, trans-Ru(NCPh)4Cl238, ToMTl39, dienes 7-1940-52 were synthesized following 

literature procedures. Dienes 6, 20 and 21 were purchased from Alfa Aesar, dried over molecular 
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sieves (4 Å) and stored under N2 atmosphere. Products 6¢a, 7¢a, 9¢a, 10¢a, 10¢b, 13¢a, 14¢a, 15¢a, 

16¢a, 16¢b and 17¢b are known compounds. 31, 52-54 

1H, 13C{1H}, 11B, and 15N spectra were collected on Bruker Avance III 600. NMR signals 

(1H, 13C, and 15N) were assigned based on COSY, HMQC, and HMBC experiments. 15N 

chemical shifts were determined by 1H−15N HMBC experiments. 15N chemical shifts were initially 

referenced to NH3 and recalibrated to the CH3NO2 chemical shift scale by adding −381.9 ppm. 

Infrared spectra were recorded on a Bruker Vertex spectrometer. 

Synthesis of ToMRu(NCPh)2Cl (4). In the glovebox 1 (0.200 g, 0.341 mmol) and trans-

Ru(NCPh)4Cl2 (0.200 g, 0.341 mmol) were combined in a 100 mL Schlenk flask containing a 

magnetic stirring bar. Methylene chloride (50 mL) was added to the flask, and the solution was 

allowed to stir 12 h at 80 °C. The cloudy yellow solution was filtered, and the solvent was removed 

from the filtrate under vacuum. The resulting yellow solid was washed with 1:1 CH2Cl2/pentane 

mixture to produce 4 (94 % yield) with trace amount of benzonitrile remining. 1H NMR (methylene 

chloride-d2, 600 MHz): δ 1.40 (s, 6 H, CNCMe2CH2O trans to Cl), 1.51 (s, 6 H, CNCMe2CH2O 

cis to Cl), 1.60 (s, 6 H, CNCMe2CH2O cis to Cl), 3.82 (d, 2JHH = 7.9 Hz, 2 H, CNCMe2CH2O cis 

to Cl), 3.97 (s, 2 H, CNCMe2CH2O trans to Cl), 4.09 (d, 2JHH = 7.9 Hz, 2 H, CNCMe2CH2O cis 

to Cl), 7.50 (m, 6 H, C6H5CN), 7.69 (m, 4 H, C6H5CN), 7.68-7.61 (m, 3 H, C6H5B), 7.81 (d, 2JHH 

= 7.4, 2 H, o-C6H5B), 13C{1H} NMR (methylene chloride-d2, 150 MHz): δ 25.61 (CNCMe2CH2O 

trans to Cl),  26.37 (CNCMe2CH2O cis to Cl), 27.56 (CNCMe2CH2O cis to Cl), 70.22 

(CNCMe2CH2O trans to Cl), 70.80 (CNCMe2CH2O cis to Cl),  79.99 (CNCMe2CH2O trans to 

Cl), 80.77 (CNCMe2CH2O cis to Cl), 113.62 (NCPh), 129.21 (NCC6H5), 129.11 (NCC6H5) , 

132.13 (NCC6H5), 132.17 (C6H5B), 132.22 (NCC6H5), 132.75 (C6H5B), 135.30 (C6H5B). 15N{1H} 
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NMR (methylene chloride-d2, 61 MHz): δ −200.5 (CNCMe2CH2O trans to Cl), –187.3 

(CNCMe2CH2O cis to Cl). 11B NMR (methylene chloride-d2, 192 MHz): δ −19.3. IR (KBr, cm-1): 

n 3045, 2967, 2931, 2877, 2230, 2210, 1606, 1586, 1487, 1463, 1445. ESI-HRMS (m/z): [M]+ 

calcd for C35H39BClN5O3Ru, 725.1878, found, 725.1899. 

General procedure for catalytic cycloisomerization. In a glovebox 10 mmol of appropriate 1,6-

diene was dissolved in 5 ml of dry iPrOH and the mixture was transferred to a storage tube. To the 

mixture 72.5 mg of 4 (0.1 mmol) was added and the resulting solution was heated at 90 °C for 12 

h. The yellow colored solution was passed through a celite plug, concentrated under vacuum and 

was purified by column chromatography.  

(6¢). yield 95 % (2.28 g, 9.5 mmol), ethylacetate : hexane = 30 : 70 (Rf = 0.28) 

6¢a:  1H NMR (CDCl3, 600 MHz): δ 1.10 (d, 3JHH = 6.4 Hz, 3 H, CHMe), 

1.24 (m, 6 H, CH2CH3), 1.74 (m, 1 H, CH2CHMe),  2.56 (m, 2 H, CH2CHMe, 

CHMe), 2.93 (m, 1 H, CH2CCH2), 3.03 (m, 1 H, CH2CCH2), 4.18 (m, 2 H, 

CH2CH3), 4.79 (br, 1 H, CCH2), 4.90 (br, 1 H, CCH2). 13C{1H} NMR (CDCl3, 150 MHz): δ 14.03, 

17.99, 37.29, 40.51, 42.13, 58.23, 61.42, 61.43, 105.39, 153.45, 171.89, 172.01. 

 

(7¢). yield 97 % (3.65 g, 9.7 mmol), ethylacetate : hexane = 40 : 60 (Rf = 0.34) 

7¢a:  1H NMR (CDCl3, 600 MHz): δ 1.08 (d, 3JHH = 5.9 Hz, 3 H, CHMe), 

2.22 (m, 1 H, CHMe),  2.75 (m, 2 H, CH2CHMe),  3.27 (br, 1 H, 

CH2CCH2),  4.72 (s, 1 H, CCH2),  4.77 (s, 1 H, CCH2),  7.57-8.08 (m, 10 

H, PhSO2). 13C{1H} NMR (CDCl3, 150 MHz): δ 17.35, 37.69, 38.46, 39.37, 91.07, 106.42, 128.72, 

128.77, 131.25, 131.30, 134.56, 134.67, 136.06, 136.92, 150.39. 

O

O
EtO

EtO

PhO2S

PhO2S
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(8¢). yield 95 % (1.64 g, 9.1 mmol), ethylacetate : hexane = 25 : 75 (Rf = 0.33) 

8¢b: 1H NMR (CDCl3, 600 MHz): δ 1.04 (d, 3JHH = 6.8 Hz, 3 H, CHMe), 1.74 

(s, 3 H, CHCMe), 1.82 (m, 1 H, CH2CHMe ), 2.10 (s, 3 H, COCH3), 2.13 

(s, 3 H, COCH3), 2.67 (m, 2 H, CH2CHMe), 5.56 (s, 1 H, CHCMe). 

13C{1H} NMR (CDCl3, 150 MHz): δ 13.61, 14.95, 26.89, 27.09, 38.58, 41.90, 

79.38, 128.80, 151.81, 206.72, 207.28. ESI-HRMS (m/z): [M+H]+ calcd for C11H16O2, 181.1229, 

found 181.1219. 

8¢c: 1H NMR (CDCl3, 600 MHz): δ 1.59 (s, 6 H, CMe), 2.12 (s, 6 H, COMe), 

2.81 (s, 4 H, CH2CMe). 13C{1H} NMR (CDCl3, 150 MHz): δ 14.29, 26.66, 

43.01, 71.64, 122.04, 207.40. ESI-HRMS (m/z): [M+H]+ calcd for C11H16O2, 

181.1229, found 181.1219. 

 

(9¢). yield 95 % (1.38 g, 9.5 mmol), ethylacetate : hexane = 40 : 60 (Rf = 0.41) 

9¢a: 1H NMR (CDCl3, 600 MHz): δ 1.24 (d, 3JHH = 6.7 Hz, 3 H, CHMe),  

1.99 (m, 1 H, CH2CHMe),  2.75 (m, 1 H, CH2CHMe),  2.84 (m, 1 H, CHMe), 

3.10 (d, 2JHH = 10 Hz, 1 H, CH2CCH2), 3.05 (d, 3JHH = 11 Hz, 1 H, CH2CCH2), 5.06 (s, 1 H, CCH2), 

5.14 (s, 1 H, CCH2). 13C{1H} NMR (CDCl3, 150 MHz): δ 17.96, 31.88, 36.58, 44.75, 45.70, 

109.92, 116.02, 116.20, 147.51. 
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(10¢). yield 95 % (1.78 g, 9.2 mmol), ethylacetate : hexane = 30 : 70 (Rf = 0.30) 

10¢a: 1H NMR (CDCl3, 600 MHz): Diastereomer A. δ 1.18 (d, 3JHH = 6.6 

Hz, 3 H, CHMe), 1.33 (m, 3 H, CH2CH3), 1.87 (m, 1 H, CH2CHMe), 2.51 

(m, 1 H, CH2CHMe), 2.84 (m, 1 H, CHMe), 2.97 (m, 1 H, CH2CCH2), 3.13 (m, 1 

H, CH2CCH2), 4.26 (m, 2 H, CH2CH3), 4.94 (br, 2 H, CCH2). Diastereomer B. δ 1.18 (d, 3JHH = 

6.6 Hz, 3 H, CHMe2), 1.33 (m, 3 H, CH2CH3), 1.87 (m, 1 H, CH2CHMe), 2.51 (m, 1 H, 

CH2CHMe), 3.07 (m, 1 H, CHMe), 3.13 (m, 1 H, CH2CCH2), 4.26 (m, 2 H, CH2CH3), 4.91 (br, 2 

H, CCH2). 

 

10¢b: 1H NMR (CDCl3, 600 MHz): δ 1.18 (d, 3JHH = 6.6 Hz, 3 H, CHMe), 

1.33 (m, 3 H, CH2CH3), 1.87 (m, 1 H, CH2CHMe), 2.51 (m, 1 H, 

CH2CHMe), 2.84 (m, 1 H, CHMe),  3.03 (s, 1 H, CHCMe), 4.26 (m, 2 H, 

CH2CH3),  5.08 (s, 1 H, CHCMe). ESI-HRMS (m/z): [M+H]+ calcd for C11H15NO2, 194.1176, 

found 194.1172. 

 

(11¢). yield 95 % (2.32 g, 9.8 mmol), ethylacetate: hexane = 40 : 60 (Rf = 0.46) 

11¢c:   1H NMR (CDCl3, 600 MHz): δ 1.64 (s, 6 H, CH2CMe), 2.92 (s, 

4 H, CH2CMe), 3.31 (s, 6 H, CONMe). 13C{1H} NMR (CDCl3, 150 

MHz): δ 13.20, 28.96, 50.03, 53.32, 127.85, 151.52, 172.83. ESI-

HRMS (m/z): [M+H]+ calcd for C15H18O2, 231.1385, found 231.1385. 
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(12¢). yield 95 % (2.15 g, 9.5 mmol), ethylacetate : hexane = 25 : 75 (Rf = 0.28) 

12¢b: 1H NMR (CDCl3, 600 MHz): δ 1.19 (d, 3JHH = 7 Hz, 3 H, CHMe), 

1.78 (s 3 H,  CHCMe) 1.81 (m, 1 H, CH2CHMe), 2.45 (m, 1 H, 

CH2CHMe), 2.98 (m, 1 H, CHMe), 4.95 (s, 1 H, CHCMe), 7.83 (m, 2 

H, m-C6H4-), 7.97 (m, 2 H, o-C6H4-). 13C{1H} NMR (CDCl3, 150 MHz). ESI-HRMS (m/z): [M]+ 

calcd for C15H14O2, 226.0921, found 226.0908.  

 

12¢c: 1H NMR (CDCl3, 600 MHz): δ 1.65 (s, 6 H, CH2CMe), 2.66 (s, 4 

H, CH2CMe), 7.83 (m, 2 H, m-C6H4-), 7.97 (m, 2 H, o-C6H4-). ESI-

HRMS (m/z): [M]+ calcd for C15H14O2, 226.0921, found 226.0908. 

 

(13¢). yield 95 % (2.34 g, 9.5 mmol), ethylacetate : hexane = 10 : 90 (Rf = 0.27) 

 

           13¢a. 1H NMR (CDCl3, 400 MHz): δ 1.32 (d, 3JHH = 4 Hz, 3 H, CHMe), δ 

1.99 (m, 1 H, CH2CHMe), δ 2.17 (m, 1 H, CH2CHMe), δ 2.71 (d, 2JHH = 

10.8 Hz, 1 H, CH2CCH2), δ 3.05 (d, 2JHH = 11 Hz, 1 H, CH2CCH2), δ 

3.18 (m, 1 H, CHMe), δ 5.08 (d, 2JHH = 7.5 Hz, 2 H, CCH2), δ 7.27-7.73 (m, 8 H). 

13C{1H} NMR (CDCl3, 150 MHz): δ 19.71, 38.45, 45.15, 50.24, 55.41, 105.83, 119.61, 119.69, 

122.67, 123.18, 126.93, 127.09, 127.32, 127.43, 139.33, 139.83, 150.28, 153.47, 157.09. 
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(14¢). yield 95 % (1.95 g, 9.1 mmol), ethylacetate: hexane = 25 : 75 (Rf = 0.45) 

          14¢a. 1H NMR (CDCl3, 600 MHz): Diastereomer A.  δ 1.22 (d, 3JHH = 6.7 Hz, 

3 H, CHMe), δ 1.69 (m, 1 H, CH2CHMe), δ 2.46 (m, 1 H, CH2CHMe), δ 

2.71 (d, 2JHH = 10 Hz, 1 H, CH2CCH2), δ 3.02 – 3.13 (br, 2 H, CHMe, 

CH2CCH), δ 4.95 (s, 1 H, CCH2), δ 5.00 (s, 1 H, CCH2), δ 7.08-7.30 (m, 4 H, 

C6H4). 13C{1H} NMR (CDCl3, 150 MHz): δ 17.52, 37.23, 44.84, 46.86, 49.62, 105.87, 110.50, 

122.71, 124.43, 128.55, 132.36, 152.43, 153.65, 180.91.  Diastereomer B. δ 1.27 (d, 3JHH = 6.6 Hz, 

3 H, CHMe2), δ 2.03 (m, 1 H, CH2CHMe), δ 2.17 (m, 1 H, CH2CHMe), δ 2.63 (d, 2JHH = 10 Hz, 1 

H, CH2CCH2), δ 3.02 – 3.13 (br, 2 H, CHMe, CH2CCH), δ 5.03 (s, 1 H, CCH2), δ 5.06 (s, 1 H, 

CCH2), δ 7.08-7.30 (m, 4 H, C6H4). 13C{1H} NMR (CDCl3, 150 MHz): δ 19.12, 37.66, 44.58, 

47.63, 50.63, 107.27, 110.63, 122.97, 124.36, 128.53, 133.57, 152.05, 153.28, 180.02. 

 

(15¢). yield 95 % (2.23 g, 9.7 mmol), ethylacetate: hexane = 25 : 75 (Rf = 0.3) 

15¢a: 1H NMR (CDCl3, 600 MHz): Diastereomer A. δ 1.13 (d, 3JHH = 

6.6 Hz, 3 H, CHMe), 1.51 (m, 1 H, CH2CHMe), 2.35 (m, 1 H, 

CH2CHMe), 2.70 (m, 1 H, CH2CCH2), 2.76 (m, 1 H, CHMe), 3.29 (m, 

1 H, CH2CCH2), 3.61 (s, 3 H, COMe), 4.84 (s, 1 H, CCH2), 4.96 (s, 1 H, CCH2). 

7.19-7.34 (m, 5 H, C6H5C), Diastereomer B. δ 1.10 (d, 3JHH = 6.6 Hz, 3 H, CHMe), 2.16 (m, 1 H, 

CH2CHMe), 2.43 (m, 1 H, CH2CHMe), 2.73 (m, 1 H, CHMe), 3.54 (m, 1 H, CH2CCH2), ), 3.62 

(s, 3 H, COCH3), 4.82 (s, 1 H, CCH2), 5.00 (s, 1 H, CCH2). 7.19-7.34 (m, 5 H, C6H5C), 

 

 15¢b: 1H NMR (CDCl3, 600 MHz): Diastereomer A. δ 0.98 (d, 3JHH = 

7.2 Hz, 3 H, CHMe), 1.64 (s, 3 H, CHCMe), 2.48 (m, 1 H, CH2CHMe), 
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2.84 (m, 1 H, CHMe), 2.57 (m, 1 H, CHMe), 3.22 (m, 1 H, CH2CHMe), 3.65 (s, 3 H, COMe)  5.66 

(s, 1 H, CHCMe), 7.19-7.34 (m, 5 H, C6H5C). Diastereomer B. δ 1.06 (d, 3JHH = 7.2 Hz, 3 H, 

CHMe), 1.78 (s, 1 H, CHCMe), 2.48 (m, 1 H, CH2CHMe), 2.84 (m, 1 H, CHMe), 2.57 (m, 1 H, 

CHMe), 3.22 (m, 1 H, CH2CHMe), 3.63 (s, 3 H, COMe), 5.69 (s, 1 H, CHCMe), 7.19-7.34 (m, 5 

H, C6H5C). ESI-HRMS (m/z): [M]+ calcd for C15H19O2, 231.1385, found 231.1380. 

 

(16¢). yield 95 % (1.86 g, 9.5 mmol), ethylacetate : hexane = 20 : 80 (Rf = 0.30) 

 16¢a: 1H NMR (CDCl3, 400 MHz): Diastereomer A. δ 1.12 (d, 3JHH = 

6.4 Hz, 3 H, CHMe), 1.64 (m, 1 H, CH2CHMe), 2.17 (s, 3 H, COOMe), 

2.52 (m, 3 H, CH2CHMe, CHMe, CH2CCH2), 2.92 (m, 1 H, 

CH2CCH2), 3.75 (s, 3 H, COMe), 4.92 (br, 2 H, CCH2); 13C{1H} NMR (CDCl3, 

150 MHz): δ 17.75, 26.55, 27.44, 38.95, 41.14, 52.76, 64.95, 105.57, 153.21, 173.31, 203.61. 

Diastereomer B. δ 1.10 (d, 3JHH = 6.4 Hz, 3 H, CHMe), 1.77 (m, 1 H, CH2CHMe), 2.20 (s, 3 H, 

COOMe), 2.80 (m, 3 H, CH2CHMe, CHMe, CH2CCH2), 2.92 (m, 1 H, CH2CCH2), 3.78 (s, 3 H, 

COMe), 4.80 (m, 2 H, CCH2); 13C{1H} NMR (CDCl3, 150 MHz): δ 17.91, 26.02, 37.09, 39.07, 

40.75, 52.68, 64.24, 105.51, 153.17, 173.9, 203.61. 

 

(17¢). yield 95 % (1.36 g, 9.8 mmol), ethylacetate : hexane = 25 : 75 (Rf = 0.26) 

 

17¢b: 1H NMR (CDCl3, 400 MHz): Rotamer A. δ 1.11 (d, 3JHH = 7 Hz, 3 

H, CHMe), 1.73 (s, 3 H, CHCMe), 2.10 (s, 3 H, CH3CON), 2.86 (m, 1 H, 

CHMe), 3.42 (m, 1 H, CH2CHMe), 4.05 (m, 1 H, CH2CHMe), δ 6.12 (s, 

CHCMe); 13C{1H} NMR (CDCl3, 150 MHz): δ 11.73, 18.77, 21.56, 38.87, 53.05, 123.66, 126.91, 

O

O
MeO

N
O
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165.43. Rotamer B. δ 1.15 (d, 3JHH = 7 Hz, 3 H, CHMe), 1.71 (s, 3 H, CHCMe), 2.03 (s, 3 H, 

CH3CON), 2.97 (m, 1 H, CHMe), 3.34 (m, 1 H, CH2CHMe), 4.05 (m, 1 H, CH2CHMe), δ 6.67 (s, 

CHCMe); 13C{1H} NMR (CDCl3, 150 MHz): δ 10.90, 17.31, 21.86, 40.62, 54.73, 122.07, 125.86, 

165.02.  

 

Additional Information 

 

Figure 4-3. 1H NMR spectrum of ToMRuCl(NCPh)2 (4) in methylene chloride-d2. 
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Figure 4-4. 11B NMR spectrum ToMRuCl(NCPh)2 (4) in methylene chloride-d2. 

 

 

 

 

Figure 4-5.  13C{1H} NMR spectrum ToMRuCl(NCPh)2 (4) in methylene chloride-d2. 
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Figure 4-6. 1H NMR spectrum of product 11¢c in CDCl3. 

 

 

Figure 4-7. 13C{1H} NMR spectrum of product 11¢c in CDCl3. 
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Figure 4-8. 1H NMR spectrum of product 15¢a and 15¢b in CDCl3. 

 

 

 

Figure 4-9. 1H NMR spectrum of product 12¢b and 12¢c in CDCl3. 
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CHAPTER 5.    CONCLUSION 

General conclusion 

  Photochemical oxidative addition of Si–H to metal carbonyl complexes follows a standard 

pathway involving a CO dissociation to create an empty reactive side on the metal center. In 

contrast, our study shows that under thermal condition (in presence of a strong donor ligand) 

rhodium dicarbonyl compound undergoes oxidative addition of the Si–H bond followed by CO 

dissociation. Also, the presence different substituent on Si affects the rate of oxidative addition as 

aromatic silanes reacts significantly faster compared to aliphatic silane. 

 Functionalized silica materials are powerful tools for different chemical, semiconductor, 

and medical industries. Successful surface modification via ruthenium-catalyzed dehydrocoupling 

with primary and secondary silanes produced a new functionalized silica material containing 

chemically active Si–H bonds. Also, utilization of the surface Si–H bonds in dehydrocoupling 

reactions with external amines produced a unique surface silazane material containing Si–O–Si–

N bonding. 

 Finally, the ruthenium tris(oxazolinyl)borato complex showed excellent catalytic activity 

for cycloisomerization of 1,6-heptadienes with moderate selectivity towards exo-methylene 

isomer. Further, a significant solvent towards product selectivity is also observed. 
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