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Kinetic analysis of the title reaction has been made by the method of initial reaction rates. On the 
basis of the rate data, kinetic isotope effect and spectroscopic study of the reaction of the organo­
silicon hydride with the catalyst, the reaction model was proposed involving the following steps: 
the displacement of the diene by reaction with the silicon hydride to form a rhodium-arene com­
plex in an induction period of the hydrosilylation, the oxidative addition of the organosilicon 
hydride to the rhodium-arene complex, followed by the interaction of the ketone with the silyl­
hydridorhodium (Ill) species in the rate determining step. The process is characterized by the 
following activation parameters: I'1U* = 54'5 ± 8·5 kJ moI - 1 and I'1S* = -88 ± 25 J mol-I . 
. K - I . The significant role of the en tropic factor was supported by the analysis of the temperature 
dependence of the asymmetric efficiency of the catalyst. 

Enantioselective hydrosilylation of ketones is a convenient route to the synthesis of optically 
active alcohols (for recent review see reL'). The cationic rhodium complexes containing DIOP 
as a chiralligand are effective in the addition of the Si-H bond of organosilicon hydrides to the 
C= O bond2 ,3 . The asymmetric efficiency of [Rh(I,5-COD)(-)-DIOPj+BF4 was found to be 
comparable to that of a neutral Rh- DIOP complex2 and some relations between the structure 
of prochiral ketones and optical bias have been reported3

. However, the course of the enantio­
selective hydrosilylation has not been examined in detail. 

Continuing our study of the hydrosilylation of keto compounds catalysed by chiral 
rhodium complexes4

,5 we were interested in the kinetics of this reaction. Hydro­
silylation of tert-butyl phenyl ketone by diphenylsilane catalysed by (l,S-cyclo­
octadiene) [( - )-2,3-0-cyclohexylidene-2,3-dihydroxy-l,4-bis( diphenylphosphino )bu­
tane] rhodium perchlorate ([Rh(I ,S-COD)( - )-DIOprClO~) was chosen as a model 
reaction. The results obtained are discussed in the present work. 

Part LXII in the series Catalysis by Metal Complexes; Part LXI: This Journal 45, 2219 
(1980). 
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Hydrosilylation of Tert-Butyl Phenyl Ketone 2225 

EXPERIMENTAL 

Chemicals 

Benzene (Lachema, Bmo) was dried over sodium, distilled in the presence of sodiull1 or cal­
ciull1(II) hydride and stored under argon . (-)-2,3-0-Cyclohexy lid ~ ne-2,3-d ihyd rox y- I,4-bis(di­

phenyiphosphino)butane[(- )-DIOPI was from laborat ory stock. Its prepara ti on was repor ted 
elsewhere 5

; m.p. 118'5- 120°C, [()(l~o = - 19·65° (c = 0'6, benzene). 'I-I-NMR spectrum 
(£5, ppm): 7·4-7·0 m (20 H arom.), 3'90 m (2= CI-I), 2·31 d (4 CI-I 2), 1·2- 1·0 m (10 C1-I 2. 
cyclohexyl). [Rh(1 ,5-COD)(-)-DIOP1+CIOi was obtained in 96% yield from [Rh(acac) . 
. (l,5-COD)] (ref. 6 ) and (-)-DIOP according to the procedure reported? for the isopropylidene 
analogue. For C421-14SCl06PzRh (849'2) calculated: 59-41 % C, 5'70% 1-1; found : 58'81 % C, 
5'82% 1-1 . 'H-NMR spectrum (£5, ppm): 8·0-7·2 m (20 H arom.), 4'65 a~d 4·45 two broad 
singlets (2 + 2 = CH), 2'75 m (HzCP); 3·55 m (2 HCO), 2·27 and 1·73 two multiplcts (4 -1-
+ 4 CH 1 in 1,5-COD), 1·40- 1·05 m (10 H , CH z in cyclohexyl) . 

Tert-bllty l phenyl ketolle was obtained in 55% yield by the reaction of pivaloyl chloride with 
phenylmagnesium bromides as a colourless liquid boiling at 90- 92/ 1' 33 kPa, 11"&° 1·5090 (rer.8 
116° 1'5060). The product was chromatographically pure. 'I-I-NMR spectrum (£5, ppm): 1·26 s 
(9 H, --C(CH 3)3)' 7-45-7'33 m (2 H in position 3 of the phenyl groups), 7·80- 7·38 m(2 1-1 
in position 2 and 1 H in position 4 of the aromatic ring). 

Diphellylsilalle. To 120 g of 70% toluene solution of NaAIH z(OCH 1 CH 20CI-I 3 )2 diluted 
with 300 ml of benzene were added 90 g (0'41 mol) of diphenyldichlorosilane , the reaction 
mixture was refluxed for 20 min and then allowed to stand overnight. After decomposition 
of the mixture with 220 ml of 20% H 2S04, the organic layer was separated, washed successively 
with aqueous sodium carbonate solution and water, and dried over anhydrous calcium(lI) 
chloride. The solvents were evaporated on a rotatory evaporator under reduced pressure and 
the residue was distilled ill vacuo to give 62 g (0'34 mol, 83% yield) of chromatographically 
pure product, b.p. 126-127°C/l'5 kPa, n"&O 1·5780 (reported9 11"&° 1'5795). J H-NMR spectrum 
(£5, ppm): 7·66-6·88 m (10 H arom.), 4·88 s (2 H, - SiH2 ) · 

Diphellylsilalle-d 2 . To a suspension of 4·2 g (0'1 mol) of LiAID4 (98'5% purity on deuterium) 
in 200 ml of dry benzene, 50 g (0'19 mol) of diphenyldichlorosilane were dropwise added , the 
reaction mixture was refluxed for 1 h under stirring and then allowed to cool for 2 h. The product 
was isolated as in the case of diphenylsilane. A total of 33 g of chromatographically pure (C6 H slz· 
.SiDz was obtained (93% yield). lH-NMR spectrum (£5, ppm): 7'65-6'55 m (10 H, arom.), 
4·83 s (approx. 3% of - SiHl or - SiHD impurity). The estimated amount of the not fully deute­
riated silane is based on comparison of strong signals of aromatic protons with a weak signal 
of Si- H bond and is likely ladden with relatively large experimental error. 

I-Phellyl-l -diphellylsiloxy-2,2-dimethylpropalle. A Schlenk flask placed in a thermostated 
silicone oil bath was charged with 15 ml of 2.10- 3 mol /I benzene solution of [Rh(I,5-COD) . 
. (-)-DIOP]+ClOi and 1·84 g (10 mmol) of (C6 HslzSiH 2 were added at room temperature. 
After 30 min, 1·62 g (10 mmol) of tert-butyl phenyl ketone were added and the reaction mixture 
was maintained at the above temperature for 6 h and then set aside overnight. The half of the 
solvent volume was evaporated ill vacuo, the residue was diluted by twofold volume of dry 
n-hexane and evaporated ill vacuo after precipitation of the catalyst. Distillation of the residue 
yielded 1·5 g (4'3 mmoi, 43% yield) of C6HsCjOSiH(C6Hslz /C(CH3)3' b.p. I 95-196

c
Cj13-3 Pa. 

lH-NMR spectrum (£5, ppm): 7·70-6·90 m (15 H, atom.), 5·26 s (1 H, SiH), 4·30 s (1 H, 
-CHOSi). 
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2226 Kolb, Hetflejs : 

1-l'henyl-2,2-dimelhylpropanol was obtained in 87% yield by the reduction of tert-butylphenyl 
ketone with LiAIH4 in diethyl ether in the form of colourless low-melting crystals (b.p. 92- 93"C : 
: 1· 33 kPa). According to gas chromatographic analysis, the product was contaminated by less 
than 1 ~~ or the starting ketone. 

Hydrosilylation 

Procedure. Hydrosi Iylation reactions were carried out in 15 ml-Schl enk tubes which were 
topped with two layer cxchangablc silicon rubber covcr connected to the neck of the tube by means 
of a plastic screw. The tubes were placed in a thermostated bath , the temperature of which was 
maintained constant within 0' 1 0c. In each experiment , the closed tubes were repeatedly (at least 
three times) evacuat!-!d to approx. 10 Pa and filled with argon (uia side tube equipped with three­
-way valve). Individual components were introduced via hypodermic syringes purged several 
times with argon. First, the tube was charged with the solvent, the amount of which was so that 
the final volume be 10 ml. The catalyst was weighed with the precision of ± 0'2 mg, dissolved 
in benzene to 10 - 2 mol l l solution. Freshly prepared solutions were used for each set of measure­
ments. Diphenylsilane and tert-butylphenyl ketone were injected as such or were used as 1 mol l l 
benzene solutions. For the range of concentrations of individual components see Results and 
Discussion. 

Kinelic measllremenls were carried out at 15-35°C in benzene . The tube was charged suc­
cessively with the solvent, the catalyst solution and diphenylsilane. Tert-butyl phenyl ketone 
was added after 30 min and this moment was regarded as the beginning of the reaction. The 
course of the reaction was followed by removing samples at fixed time intervals. Concentrations 
of the reaction components were chosen such that these intervals be 3-5 min for the fastest 
reaction . This allowed to make simultaneously 3-5 experiments. The samples removed (50 to 
100 ~t1) were immediately solvolysed by twofold volume of the appropriate agent (see the next 
paragraph). The mixture after solvolysis was analysed on the content of 1-phenyl-2,2-dimeihyl­
propanol formed quantitatively from l-phenyl-l-diphenylsiloxy-2,2-dimethylpropane by solvo­
lysis. 

Analysis of reaclioll mixllIre. The determination of the solvolysis product, I-phenyl-2,2-di­
methylpropanol, and unreacted starting ketone was made gas chromatographically using 
Chrom 4 instrument equipped with a flame ionisation detector; 3'7 m column (3 mm i.d.) packed 
with 9% Apiezon L on Chromaton N (0'20-0'25 mm particle size), column temperature 195°C, 
injection port temperature 220-230°C, hydrogen flow rate 25 mllmin, 1·0 III samples. The 
amount of both compounds was determined from the corresponding peak areas with the aid 
of calibration which was made before the analysis of each set of kinetic measurements. The error 
in analysis did not exceed 4 rel. %. Prior to the analysis, the samples of the reaction mixture were 
solvolysed. As shown earlier4, solvolysis of silyl ethers formed by hydrosilylation of keto com­
pounds is a general acid-base reaction. The applicability and reproducibility of this process 
depends on the type of the catalyst4

• In our case the best results were obtained by using 0·5 moll l 
ammonium fluoride in 90% aqueous methanol (the error did not exceed 4 rel.%). 

Speclroscopic measurements. Electron absorption spectra of catalyst solutions were measured 
with Specord UV-VIS spectrophotometer in the 330-600 nm region, using approx . 1 . 10- 4 moll l 
concentrations and 0,5-1 cm glass cells. These were closed by special teflon stopcocks com­
posed of two parts mutually connected by thin brass screws. In both parts were 1 mm holes. The 
packing of both segments was made of silicone rubber and could be exchanged. This modifica­
tion made it possible to wash the cells with argon and to ensure inert atmosphere for measure­
ments. The applicability of these cells was verified by measuring the spectra of [RhCI{P(C6 H 5hhl 
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Hydrosilylation of Tert-Butyl Phenyl Ketone 2227 

which is known to be very sensitive to minute amounts of oxygen. Recorded spectra did not 
change with time and were in good agreement with literature data I 0. 

Catalyst sollitions for measurements were prepared in Schlenk tubes by the already described 
procedure and injected to the cells with the aid of hypodermic syringes . Prior introducin g the 
samples, the cells were purged with argon for 15 min. In spectroscopic investigati on of the reaction 
of the catalyst with diphenylsilane , the organosilicon hydride was ad ded to the catalyst solution 
prepared in Schlenk tube and the reaction mixture so obtained was transferred int~ cells. This 
procedure ensured more accurate feeding of the known amount of the silicon hydride , although 
the first record of the spectrum co uld be made after 1-- 1, 5 min after mixing the components. 

J H-NMR spectra of starting compounds and product s were recorded on Tesla BS 467 (60 MHz) 
spectrometer, using 25 % solutions in CCI4 and hexamethyldisil oxa ne as internal reference. The 
spectrum of the rhodium complex was measured with Tesla BS 487 A (80 MH z) instruJ11ent, 
using saturated solutions of the complex in CH 3 COCD3 or in CDCl 3 at 25°C and the same 
reference compound as in the previous case. 

IR spectra of rhodium complexes were recorded on UR-20 (Zeiss, Jena) spectrophotometer 
in the 3600-700 em -1 region, using KBr pellets. The spectrum of diphcnylsilane was obtained 
in substantia (thin films) . 

Determination oJ the optical purity of I-phenyl-2,3-dimethylpropanol. Parallel to kinetic 
measurements, analogical experiments were carried out under the same conditions except that 
the larger amounts of the starting compounds were used, in order to obtain approx. 10 mmol 
of the product. This was isolated by the procedure reported earlier4 For determination of optical 
purity the alcohol was dissolved in benzene. Its concentration was close to the value for which 
the specific rotation ([albo = + 25'9%) is reported in the literature I J. Since the sa mples con­
tained unreacted tert-butylphenyl ketone, the allowance was made for its amount which was 
determined by gas chromatographic analysis. 

Treatment oJ kinetic data . Kinetic analysis was made by the meth od of initial reaction rates. 
Because of the complexity of the system, kinetic equations were analysed in their dilTerential 
forms. Since reaction models of catalytic reactions generally lead to kinetic equations with 
several parameters, each involving the catalyst, some simplifying assumptions are necessary. 
In this work, an attempt was made to divide the catalytic cycle to single steps and these then 
analysed separately. Simplified forms of kinetic equations so obtained were applied to experi­
mental reaction rates; the linear dependence of reciprocal reaction rate r on a given parameter 
was verified, the other parameters being constant. The verification was made by linear regres­
sion. Although this approach is not strictIy exact fr0111 statistical point of view (reciprocal reac­
tion rate is random quantity and its distribution does have to be necessarily normal), it turned 
out to be sufficient for our purposes. For kinetic equations derived on the basis of proposed 

reaction models see Results and Discussion. 

RESULTS AND DISCUSSION 

For purposes of kinetic study we have chosen tert-butyl phenyl ketone as a model 
compound. It exhibits suitable reactivity, is not enolizable and does not form there­
fore a silylenol ether which yields the starting ketone via solvolysis2 ,5 . The latter 
fact would be inevitable complication of the course of the hydrosilylation of ketones 
having hydrogen in the It position. 
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Preliminary experiments showed that the reaction of tert-butyl phenyl ketone with 
diphenylsilane in the presence of [Rh(1,5-COD)( - )-DlOP]+ClO; is characterized 
by an induction period. In order to obtain information about the nature of processes 
taking place during this period , we examined first the interaction of the complex with 
diphenylsilane by electron spectroscopy. 

As shown in Fig. I, the electron absorption spectrum of benzene solution of th.e 
rhodium complex exhibits a band with maximum at 443 nm ( 8 443 = 2·45. 103

). 

Similarly to the solid, the dissolved complex is not sensitive to oxygen and does 
not undergo any decomposition reaction. The addition of the organosilicon hydride 
leads to colour changes of the solution (from red to lemon yellow). Time changes 
of the spectrum are illustrated in Figs 2 and 3 and involve a decrease in the ab­
sorbance of the 443 nm band with simultaneous formation of a new band having 
maximum at 347 nm. In further stage of the reaction the intensity of this band 
decreases, an absorption band at 395 nm being formed. These changes are not in­
stantaneous, which shows that the reaction proceeds at a measurable rate. The rate 
of these changes depends on diphenylsilane concentration , while the resulting 
absorbance at 395 nm is independent of this factor. 

345 385 435 500 
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1 Electron Absorption Spectrum of [Rh . 
. (l ,5-COD)(-)-DIOPj+CIOi in Benzene 

(Rh concn. = 4· 3 . 10 - 4 mol/ I, Amax = 
= 443 nm, e443 = 2·45 . 103

). 
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FIG. 

Time Changes of the Spectrum of the Catio­
nic Rhodium Complex Due to Its Reaction 
with Diphenylsilane - Formation of an Are­
ne-Rhodium Complex 

Rh concn. = 4'0 . 10- 4 mol / I, (C6HS}z' 
.SiH2 = concn. 0·25 mol / I, 30°C, benzene, 
time intervals 30 s. 
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Before entering into a discussion of the observed spectral changes, some facts con­

cerning the related interaction of hydrogen with the studied rho dium complex 

should be mentioned. In a NMR study of the reactivity of [Rh(J ,5-COD( - )-DIOP]+ . 

. ClO';-, Chaloner and Brown 1 2 reported that hydrogenation of the complex in me­

thanolleads to [Rh( - )-DIOP(CH 30H),,]+ClO';'- (/1 = 2 - 3) which does not undergo 

the oxidative addition of hydrogen to yield the corresponding dihydridorhodium 

complex [RhH 2( - )-DIOPJ +ClO~ in detectable amounts, i. e. the reaction usual 

for analogous rhodium complexes containing monodentate tertiary phosphines as 

ligands. The relevant changes in the electron spectrulll of the complex after hydro­

genation are demonstrated by curve 2 in F ig. 4. lt is evident that the displacement of the 

cycIooctadiene ligand by its hydrogena tion does not lead to a significant shift of 

absorption maximum but only to a decrease in the absorbance ( C444 = 1.3.103
). 

The addition of benzene to the solution of the complex in methan o l after hydrogena­

tion or the interaction of hydrogen with the complex di sso lved in benzene result 

in the formation of a new band with absorption maximum a t 374 nm ( £3 74 = 2·9 . 

. 102) , which situation is illustrated on the latter case as an example in Fig. 5. A simi-

333 385 455 
nm 

556 714 

A 

30 26 

FIG. 3 

The Reaction of the Cationic Rhodium 
Complex with Diphenylsilane - the Second 
Stage of the Reaction 

For conditions see Fig. 2. 
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FIG . 4 

Electron Absorption Spectrum of the Ca­
tionic Rhodium Complex in Methanol 
(curve 1) and After its Reduction with 
Hydrogen (PIh = 0· 11 kPa) (curve 2) 

Temperature 30°C, Rh concn. = 6·2 . 
. 10- 4 mol / I, 0·5 cm cell; 1 [Rh(l ,S-COD) . 
. (-)-DIOP] + CIO';-, }.max = 443 nm , 0443 = 
= 2·40. 103 ; 2 [Rh(CH 30H)n(-)-DIOP] + . 
. CIO';- (II = 2- 3, reL l3

), }'max = 444nm, 

0444 = 1· 3 . 10
3

. 
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lar bathochromic shift has been observed a lso on adding ot her substances having 

aromatic ring, such as toluene, xylene or diphenyldimethylsilane. We bel ieve that 

the 374 nm band ca n be ascribed to a rhodium-arene complex . In the light of the 
recent report by Pluth a nd coworkers l3 on the isolation of [Rh(C6H 6)(diphos)J+ . 

. BF; .C6H6 after hydrogenation of [Rh(diene)(diphos)J +BF; in benzene and the 

analogous formation of [Rh(L-L)(CH30H)n]+ X- complexes by hydrogenation 
in methanol, this as ; umption is not unreasonable . The identity of this band with that 

initially formed by the reaction of the complex with diphenylsilane further indicates 
that in the first stage the interact ion of diphenylsilane results in the displacement 

of the coordinated cyclooctadiene (likely by its hydrosilylation) to form the rho­

dium-arene complex, which then undergoes the oxidative addition to form a silyI­

hydridorhodium(lll) complex. This situation is visualized by equations (A) and (B). 

[Rh(I ,5-COD)( - )-D10P]+ 

333 1.17 556 nm 833 

'--I--;-~l 
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0. 5 ~ 
30 21. 18 emt.,a' 12 

F IG. 5 

The Spectrum of the Cationic Complex Be­
fore (curve 1) and After Its Reduction With 
Hydrogen (curve 2) in Benzene at 30°C and 
the Spectrum of the Reduced Complex. 
After Exposure to Air Oxygen (curve 3) 

O' 5 em cell, Rh concn. = 4·1 . lO - 4 mol/ I, 
PH 2 = 0'11 kPa; 1 see Fig. 1, 2 [Rh(C6 H 6 ) . 

. (-)-DIOPj+CIOi')'max = 374nrn, 8374 = 
= 2·90. lO2. 

(A) 
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FIG. 6 

Time Changes of the Spectrum of the Catio­
nic Rhodium Complex Due to Its Reaction 
With DiethylmethyJsilane in Benzene at 30°C 

Rh concn. = 4'7. lO-4, (C2 H shCH3. 
.SiH concn. = 0'22 mol/I, 0'5 ern cell, time 
intervals 7 min. 
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By contrast to the above dihydrosilane , only the first step of the react.ion has been 

observed with monohydrosilanes (Eq. (A)). As shown in Fig. 6, the interaction 

of diethylmethylsilane with the rhodium complex lead s to the corresponding rho­

dium- benzene complex. Furthermore, the reaction proceeds a t a slower ra te com­

pared to the former case, in accordance with the expected lower react ivity of m ono­

hydrosi lanes4
• 

The spectroscopic measurements further show tbat the reaction of diphenylsilane 

with the catalyst is complete after 15-20 min. This interva l agrees well with the 

induction period observed . For that reason, in kinetic measurements tbe ketone 

was added to the solution of the catalyst and diphenylsilane a fter 30 min . Under 

these conditions the conversion curves did not exbibit induction period. This can be 

taken as the further support for tbe assumption about formation of a catalytically 

active species by the oxidative addition of organosilicon hydride in the first stage 

of the reaction. 

Kinetic measurements were first centered on the determination of the reaction 

order in individual components. The dependence of the initial reaction rate /'0 

on the catalyst concentration (C~h) is documented by the results presented in Table 1. 
The linear dependence was confirmed by logarithmic treatment of these data. It holds 

2.5 

4. lagrO 

2.0 

1.5 

FIG. 

Plot of log ,.0 vs log C~h for Hydrosilylation of 
Tert-Butyl Phenyl Ketone by Diphenylsilane 
Catalysed by [Rh(l,5-COD)(-)-DlOPj+. 
.CI04' in Benzene at 25°C (c~t = C~i = 

= 0'3 mol /I) 
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FIG . 

Dependence of ,.0 on C~t/C~i (Eq. (6)) 
for Hydrosilylation of Tert-Butyl Phenyl 
Ketone by Diphenylsilane 

Reaction conditions see Table II, the 
curve corresponds to the expression,.o /C~hC~t 
= 0'12/(1 + 0'99 Y); 0 experimental data. 
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generally that r = const. C~IC~iC~b' With constant ketone and organosilicon hydride 
concentrations (C~l' C~I) the following equation can be written for ]'0 (Eq. (1)). 

log rO = const. + C log C~h • (1) 

As found by linear regression (Fig. 7), the slope ( c) has a value of 1'06, which proves 
the first order in the catalyst. 

On the other hand, a similar dependence of rO on the ketone concentration C~l 
is more complicated, as indicated by the results given in Table II. The initial reaction 
rate does not increase linearly with the substrate concentration. The apparent frac­
tional order of the reaction in this substance can likely be explained by a competitive 
equilibrium formation of the complex containing coordinated ketone. This situation 
is depicted in Scheme 1. Let us assume first that the rate determining step of the 

TABLE I 

Dependence of Initial Reaction Rate rO (mo!l - 1 S-I) on Catalyst Concentration, C~h (mol/\), 
for Hydrosilylation of Tert-Butyl Phenyl Ketone by Di phenylsi lane Catalysed by [Rb(I,5-COD) . 
. (-)-DIOP1+ClO4" in Benzene at 25°C (c~t = C~I = 0'3 moll-I) 

C~h rO . 105 C~h rO. 103 

0·75 30 5·30 
10 1-67 40 7-09 
20 3'50 50 8'65 

TABLE II 

Dependence of rO on tert-Butyl Phenyl Ketone Concentration C~l 
C~h = 2 . 10 - 3 mol/I, the other conditions see Table I. 

C~l C~l/C~I r
O .105 

I 
C~I C~I/C~i 

0·15 0·50 2'38 0·61 2'05 
0'26 0·85 3'24 0·78 2-60 
0·31 1-02 3'51 0·96 3·20 
0·44 1·47 4·29 1·25 4·15 

rO • 105 

4·87 
5·30 
5·58 
5'75 
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H ydrosilylation of Tert-Butyl Phenyl Ketone 2233 

SCHEME 1 

hydrosilylation is the reaction of the ketone to form the complex D. The reaction 
rate is then expressed by Eq. (2). 

(2) 

The concentration of the species C can be expressed by means of the analytical 
concentration C~h (Eq. (3)). 

(3) 

The concentration CD can be neglected since it should be very small compared to the 
concentrations of the other species (A - C). If the equilibria are established fast, 
then under the steady state condition Cc can be expressed by Eq. (4). By introducing 
this relation into Eq. (2) 

(4) 

one obtains Eq. (5) for the initial reaction rate rOo 

(5) 
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According to the spectroscopic measurements and C~I' C~i concentrations used, 
klC~i and K2C~t terms in the denominator of the equation are much greater than 1, 
which value could then be neglected. This simplification leads to Eq. (6) which can be 
linearised (Y = C~t/C~i' Eg. (7)). This relation has been used in the treatment of initial 
rate data. 

rO = (6) 

(7) 

Fig. 8 shows the experimental dependence C~hC~t/ro = I( Y). Linear regression gave 
the following parameters: K2 /K 1 = 0·99 and kl = 0·121 mol- 1 

S-I. The treatment 
used allowed to separate the rate constant kl' and to determine the ratio of both 
equilibrium constants K 1 and K2 • 

In the reaction scheme discussed above, it was postulated that the rate determining 
step is the interaction of the ketone with the species C. It should be mentioned that 
the assumptions made in deriving the above kinetic relations do not exclude the pos­
sibility of the process which involves the formation of the product by transfer of hy­
drido and silyl ligands to the coordinated ketone in the species D as the rate deter­
ning step (this having been considered as fast in Scheme 1). It can be easily~pown 
that this alternative leads to the relations which cannot be kinetically distinguished 
from the previous case l4

• 

In order to obtain further information concerning this possibility we made analog­
ous experiments with the deuterated analogue, diphenylsilane-d2 • Provided that the 
rate determining step is not th~ interaction of ketone with species C (Scheme 1), 
but the hydrogen transfer within coordination sphere to the ketone, one can expect 
the occurrence of kinetic isotope effect. 

The primary kinetic isotope effect depends generally on the strength of the bond 
cleaved in the rate determining step. The limiting kHjkO ratio is reported to be expres­
sed by the relation15 kH/ko = exp {(hcj2kT) Llv}, where Llv is the difference in the 
frequencies of X-H and X-D stretching vibrations. For the Rh-H and Rh-D 
bonds this difference amounts to 400-?,00cm- 1 (refs16

,17), which leads to kHjkD = 
= 3 - 4. This rate difference is large enough to ensure the use of this method as 
a tool for distinguishing discussed models. The results obtained with diphenyl­
silane-d2 are presented in Table III and in Fig. 9. The value of the rate constant kl 
is only by approx. 7% lower than in the case of diphenylsilane reaction and does not 
exceed much the experimental error. This provides support for the reaction model 
proposed in Scheme 1. 
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It is worth mentioning that in the case of the deuterated ana logue, the K21K I 
ratio is by 18% higher compared to the value found for diphenylsilane. Since Kl 
should have the same value for both cases, this increase results from the lowering 
of the Kl value. This is in agreement with the fact that for equilibria kinetic effect 
takes place in both directions, i.e. in both the formation and dissociation of the 
species C (Scheme 1). As ~ii for Si-H and Si- D bonds is greater (600-700 cm- I

) 

compared to the corresponding difference for rhodium bonds one can expect that 
the rate of the cleavage of Si-D would be slower than the cleavage of the Rh- D 
bond. This would result in the lower Kl value for diphenylsilane-d l , in accordance 
with the experimental results. 

TABLE III 
Dependence of ,0 on c~ t for Hydrosilylation of Terl-Butyl Phenyl Ketone by Diphenylsilane-d2 

C~h = 2. 10 - 3 mol/I, C~i = 0'3 mol/I, benzene, 25°C. 

C~t C~tIC~i /,°. 105 C~t C~t IC~i ,0. 105 

0·15 0·50 2·05 0·65 2'15 4'06 
0·27 0'90 3·10 0-80 2·65 4-39 

0·32 1·05 3·13 0'98 3'27 4'56 

0·46 1·52 3·58 1·21 4·03 4·66 

TABLE IV 

Temperature Dependence of /'0 for Hydrosilylation orTert-Butyl Phenyl Ketone by Diphenylsilane 

C~h = 2. 10- 3 mol/I, C~i = 0·3 mol/I, benzene. 

Temp.,oC Temp., oC 

15 0·50 1-49 30 0·50 2·21 

1·00 2·57 1·05 HI 

1·55 3·58 1'50 4-30 

2·10 4·16 2-00 4·86 

2·60 4·80 2·70 5·39 

20 0·55 1'87 35 0·50 3·33 

1·00 2·85 1-05 4·54 

1' 50 3·69 1·45 4·89 

2·05 4·40 2·05 504 

2·60 4'95 2'55 5·13 
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The temperature dependence of the rate data is represented by the results summar­
ized in Table IV and plotted against Y (Eq. (7)) in Fig. 10. The temperature region 
used in these measurements was relatively narrow, due to the lower reproducibility 
of kinetic data at higher temperatures (see e.g. data for 35°C). Calculated rate con­
stant kl and K2/K 1 ratios are listed in Table V. The former values were used to esti­
mate the activation parameters of the reaction. From the Arrhenius plot, the fol­
lowing values were obtained: 

I1U* = 54·5 ± 8'5 kJ mol - I and I1S* - 88 ± 25 ] mol - I K - I . 

TABLE V 

Temperature Dependence of Rate Constants k I (I mol - 1 s - I) and the Ratio of Equilibrium 
Constants K2 /KI (Scheme l) for Hydrosilylation of tert-Butyl Phenyl Ketone by Diphenylsilane 
Catalysed by [Rh(1,5-COD) (-)-DIOPj+CIOi 

Temp. , oC kl . 102 K 2 /K1 

- --- - ----"-- ---

15 5·80 ± 0'17 0·34 
20 7·00 ± 0·08 0-46 
25 11 '95±0'25 0·99 
30 13'55 ± 0·75 1-16 
35 26·60 ± 2'50 2·72 

TABLE VI 

Temperature Dependence of Optical Yield (} of (R)-( + )-1-Phenyl-2,2-Dimethylpropanol Ob­
tained by Hydrosilylation of tert-Butyl Phenyl Ketone by Diphenylsilane Catalysed by 
[Rh(1,5-COD)(-)-DIOPj+CIOi 

C~h = 2.10 - 3 mol / I, c~tlc~i = 0·3 mol /I, benzene. 
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Because significant deviations of In "1 values from the straight line obtained by the 
least square method, the above values are of semiquantitative nature. Nevertheless, 
the relatively small activation energy and the great activation entropy indicate 
that the latter significantly contribute to the activation free energy, specifying thus 
a process with the highly arranged transition state. This is not surprising in that it is 
a prerequisite for stereospecific course of the reaction. Further information con­
cerning this aspect has been obtained by the the study of the asymmetric efficiency 
of the catalyst. The temperature dependence of the optical bias is presented in Ta­
ble VI. According to the Curtin-Hammett principle 18

, the ratio of both enantiomers 

~ 
0.10 ~ 50 

rO \ c., c" 

FIG. 9 c:, c;, ~jl -;:;-
Dependence of "0 on C~t/C~i (Y) for Hydro- 0.05 25 

silylation of tert-Butyl Phenyl Ketone by Di-
phenylsilane-d2 

For conditions see Table II, the curve 
corresponds to the expression rO/c~bC~t = 

= 0'11/(1 + 1'17Y), points are experimental '--_"--___ ~ ____ .J 
data. 

FIG . 10 

Temperature Dependence of Reciprocal Ini­
tial Reaction Rate on Y (Eq. (7)) for Hydro­
silylation of tert-Butyl Phenyl Ketone by Di­
phenylsilane in the Presence of [Rh(l ,5-COD) 
(-)-DIOPj+CIOi 

Reaction conditions see Table IV; (8) 15°C, 
• 20°C, 0 30°C, () 35°C. 

30 

a a 
C~~ CKt 

rO 

15 
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formed (p) depends on the difference in free energies of the corresponding diastereo­
isomeric transition states flF * , which can be expressed by Eq. (8). 

(8) 

The relation can be rewritten to the expression (9) where Q is the optical yield of the 
reaction. 

In P = In {(l00 + Q)/(100 - Q)} = LI flU * /RT - LI flS *!R (9) 

The linear regression of these data (Table VI, the value for 50°C was not included) 
leads to the following values: LI flU* = -18·0 kJ mol-I and LI flS * = - 52 ·3 J . 
. mol - 1 K -I, demonstrating again the importance of the entropic factor. 

The value of the optical yield at 50°C deviates from the dependence, indicating 
an increased asymmetric effectiveness of the catalyst, in contrast to the observed 
trend. This likely results from the participation of the hydrosilylation product, 
t-C4H9[OSiH(C6Hs)2]C6Hs on the course of the reaction . It is known that diaryl­
alkoxysilanes are unreactive at room temperature2, producing however diaryldialkoxy­
silanes at elevated temperatures. A similar situation has been observed in the case 
of hydrosilylation of acetophenone with diethylsilane. Whereas the reaction leads 
exclusively to the monoalkoxysilane C6Hs(CH3)CHOSiH(C6Hsh at room tempera­
ture, at 50°C the dialkoxy derivative [C6Hs(CH3)CHO]2Si(C2Hs)2 is formed, too. 

This fact does not influence kinetic results discussed earlier, since in this ca~~: the 
low conversion of the starting ketone ensured that the concentration of such a pro­
duct is low. However, on determining optical yields, the addition was allowed 
to proceed to higher conversions (50 - 60%), so that the reaction of the ketone with 
the hydrosilylation product cannot be neglected. This process should be more stereo­
selective, resulting thus in the higher optical yield of the alcohol, as found experi­
mentally. 

Summarizing, the results obtained in this study are not at variance with the pro­
posed reaction model (Scheme 1) involving the oxidative addition of organosilicon 
hydride, followed by the reaction of ketone with the silyl(hydrido )rhodium(III) 
species in the rate determining step of the hydrosilylation . 

REFERENCES 

I. Ojima 1., Yamamoto K ., Kumada M. in the book: Aspects of Homogeneous Catalysis 
(R . Ugo, Ed.), Vol. 3, p. 186. Reidel, Dortrecht 1977. 

2. Benes J ., Hetfiejs J. : 6th lnt. Congr. on Catalysis, Paper B 42 (London, July 1976). 
3. Yamamoto K ., Hayashi T., Kumada M.: J. Organometal. Chern. 113, 127 (1976). 
4. Benes J ., Hetfiejs J.: This Journal 42, 2264 (1976). 
5. Benes J ., Hetfiejs J .: This Journal 42, 2256 (1976). 

Collection Czechoslov. Chern. Commun. [Vol. 45) [19801 



Hydrosilylation o f Ten-Butyl Phenyl Ketone 2239 

6. Cramer R.: J. Amer. Chem. Soc. 86,2 17 (1964). 
7. Sinou D. , Kagan H. B.: J. Organol11etal. Chem. 114, 325 (1976). 
8. Baker R . H. , Adkins H.: J. Amer. Chem. Soc. 62, 3305 (1940). 
9. Hanvey M. C, Nebergall W . H., Peake J . S.: J. Amcr. Chcm. Soc. 76,4555 (1954). 

10. Arai H., Halpern J.: Chem . Commun. 1971, 1571. 
11. Yamamoto K ., Hayashi T., Kumada M .: J. Organometal. Chcl11. 112,253 (1976). 
12. Brown M. J., Chaloner A. P.: J . Chem. Soc., Chem. Commun. 1978, 321. 
13. Pluth J . J., Chan S. C A., Riley P. D., Halpern J .: J. Amer. Chcl11. Soc. 99, 8055 (1977). 
14. Ko1b 1.: Thesis. Czechoslovak Academy of Sciences, Prague 1979. 
15. Alder W., Baker B., Brown J. M.: !I{echallislI/ ill Organic Chemistry. Wiley, New York 1971. 

16. Sacco A. , Ugo R.: J . Chem. Soc. 1964, 3374. 
17. Lewis J ., Nyholm R. S., Reddy G . K . N .: Chem. Ind . (London) 1960, 1386. 

18. Curtin D. Y. : Record Chem . Progr. 15, 111 ( 1954). 

Transla ted by the author (J. H. ). 

Collection Czechoslov. Chem. Commun. [Vol. 45) (1980) 




