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Abstract 

The ruthenium dihydride ci.s-(PMes),Ru(H)s (1) catalytically converts Ph,SiH and HOC,H,-p-OMe to the alcoholysis products 
PhsSiOC,H4-p-OMe and Hz. This reaction was studied kinetically and the rate was found to be first-order in 111, first-order in 
[HOC,H,-p-OMe], and independent of [PhsSiH]. The stoichiometric reactions of cis-(PMe3),Ru(HMOC,H,-g-X) (X = Me, 2; 
OMe, 3) with Ph,SiH were also studied in the presence of varying amounts of free para-substituted phenol. In the absence of the 
free phenol, compounds 2 and 3 reacted with PhsSiH to give Ph$iOC,H,-p-X and a compound we believe to be 
(PMe,),Ru(H)s(SiPh,) (4). In the presence of large amounts of phenol (> 10 equiv.), (PMesj4Ru(H)z (1) was formed. However, at 
intermediate concentrations of free phenol, compounds 2 and 3 exhibited divergent behavior. Complex 2 gave dihydride 1 in a 
reaction whose rate was found to be first-order in the concentration of the starting aryloxy hydride 2, first-order in phenol and 
independent of [PhsSiH]. In contrast, complex 3 reacted with less than 0.5 equiv. of g-methoxyphenol to form 1, but when 
approximately 1 equiv. of p-methoxyphenol was added to the solution of 3 and Ph,SiH a mixture of trihydride 4 and dihydride 1 
were formed. The mechanisms of these complicated transformations, and their potential relationship to the dihydride-catalyzed 
silanolysis reaction, are discussed. 
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1. Introduction 

The reaction of hydrosilanes and alcohols to form 
alkoxysilanes and dihydrogen (silane alcoholysis) has 
been an area of extensive interest due to potential 
applications to the synthesis of silyl ethers and to the 
protection of hydroxy groups in organic synthesis [l-4]. 

HSiR, + HOR’ - cata’yst R,SiOR’ + H, 

These reactions are typically run in the presence of 
either a nucleophilic or electrophilic catalyst. There 
are many known transition metal complexes that cat- 
alyze the alcoholysis reaction and a variety of mecha- 
nisms have been proposed for these processes. 
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Although primary alcohols react very quickly with 
catalysts such as (PMe,),Ru(CO),(Cl),, reactivity de- 
creases as the substitution on the alcohol increases. 
Rates are typically very slow for phenols [3-91 and, as a 
result, this reaction has not been studied extensively. 
We have now found that silane phenolysis is smoothly 
catalyzed by (PMe,),Ru(H), (1). Although the reaction 
is not rapid, it proceeds at reasonable temperatures 
and is quite clean, and the catalyst is robust. In an 
attempt to obtain information about individual steps 
expected to be involved in the mechanism of the cat- 
alytic silanolysis, we have prepared and studied the 
stoichiometric transformations of ruthenium phenolate 
hydride complexes (PMe,),Ru(HXOC,H,-p-Me) (2) 
and (PMe,),Ru(HXOC,H,-p-OMe) (3) that are poten- 
tial intermediates in the catalytic reaction. This has led 
to some unexpected results. The phenolate hydrides 
react with silanes via two competitive pathways to form 
either a complex we believe to be the ruthenium silyl 
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trihydride (PMe,),RuH,(SiPh,) (4), or a ruthenium 
dihydride, c&(PMe,),RuH, (1). The product mixture 
depends on both the nature of the phenolate ring and 
on the presence of free phenol. 

L,RuH, e L,Ru(H)(OAr) + Ph,SiH 
(1) Ar = -C,H,-p-Me (2) 

= -C,H,-p-OMe (3) 

L =PMe, 

- L,RuH,(SiPh,) 
(4) 

Because our results are relatively complicated, we 
have chosen to organize the paper in the following way. 
We first present the following experimental results: (a) 
synthesis of the ruthenium hydride catalyst, as well as 
the hydride products and potential hydride intermedi- 
ates; (b) kinetic study of the catalytic silanolysis, (c) 
studies of the reactions of potential intermediate phe- 
nolate hydrides with triphenylsilane. This is followed 
by a discussion of the catalytic and stoichiometric reac- 
tions and a summary of how they might be related. 

2. Results 

2.1. Synthesis of ruthenium hydrides 
The dihydride catalyst ci.+(PMe,),Ru(H), (1) has 

been prepared by a variety of methods [lo]. The reac- 
tion of trans-(PMe,),RuCl, with excess NaH at 90°C 
in THF forms 1 in high yield (Scheme 1, eqn. (la)) [ill. 
The dihydride 1 is easily identified by its diagnostic 
31P(‘H) and ‘H NMR spectra [lO,lll. 

b&P., F’__. PMes 
PMe, 

MespHbpMes 

NaH, THF MesP., 1 _..H 
b 

30 “C. 3 days 

Cl 
Masp+H 

PMe, 

1 

PMes 
MesP-, 1 _.-CHp 

PMe, 

tvies~+AH, 

HOC6H,-pX Me,P., t __.H 

ether, RT 

PMes 
Me,P=b%HcpX 

PMe3 

5 2, X = CHI 
3, X = OCH, 

PMe, 
MesP-, 1 _.-H 

MerPNqUtH 

PhsSiH i (PMe&RuHs(SiPhs) + PMe3 
hv, C6H,, 2 days 

PMes 
4 

Scheme 1. 

(la) 

(lb) 

(14 

The aryloxy hydride c&(PMe,),Ru(HXOC,H,-p- 
Me) (2) can be prepared by a variety of routes [12,13] 
but we have found that it is most conveniently pre- 
pared in 45% yield from the room temperature reac- 
tion of p-cresol with (PMe,),Ru(C,H,) (5) (Scheme 1, 
eqn. (lb)). Compound 3, ci.s-(PMe,),Ru(HXOC,H,-p- 
OMe), was prepared in an analogous reaction of the 
ethylene complex 5 with one equivalent of p-metho- 
xyphenol at room temperature in pentane (Scheme 1, 
eqn. (lb)). The p-methoxy complex 3 was characterized 
by NMR spectrometry. The 31P(‘H) NMR spectrum 
exhibits an A,MX splitting pattern characteristic of an 
unsymmetrical &-compound. The mutually trans 
phosphine ligands (P,) appear as a doublet of doublets 
at 6 1.63 (JAM = 26.7 Hz, JAx = 32.3 Hz). The phos- 
phine ligand trans to the hydride (the ligand with the 
strongest wuns influence [141) resonates furthest up- 
field at 6 - 12.5 (m) and the phosphine truns to the 
phenolate ligand resonates at S 15.2 (dt, J,, = 16.4 
Hz). The distinctive hydride resonance at 6 -7.69 
(ddt, J(HPx) = 102 Hz, J(HPm) = J(HPa) = 27.3 Hz) in 
the ‘H NMR spectrum verifies the presence of the 
metal-bound hydride. The phenolate ligand displays a 
singlet at 6 3.39 for the p-methoxy group on the ring 
and an AA’XX’ quartet at S 7.12 (d, J = 9.0 Hz) and 
7.04 (d, J = 9.0 Hz) for the aryl protons. The methyl 
protons on the phosphine ligands show a pattern in- 
dicative of a cis arrangement of the four phosphine 
groups: a virtual triplet at S 1.20 (J = 2.6 Hz) for the 
methyl protons on PA and doublets at 6 1.16 (d, J = 5.6 
Hz) and at S 0.99 (d, J = 7.4 Hz) for the methyl 
protons on P, and Px, respectively. The 13C{‘H) NMR 
spectrum confirms eight magnetically distinct carbon 
resonances. The aryl resonances establish that the aryl 
ring is rotating rapidly on the NMR time scale because 
both sides of the ring are equivalent. 

Complex 4, (PMe,),Ru(H),(SiPh,), was prepared by 
the photochemical reaction of (PMe,),Ru(H), and 
Ph,SiH in benzene (Scheme 1, eqn. (1~)). Although it 
could be recrystallized from pentane in 67% yield, we 
were not able to obtain successful elemental analyses 
on this material and so it was characterized primarily 
by NMR spectrometry. It appears to be analogous to 
the complex (PMe,),Ru(H),(SiMe,), which was re- 
cently prepared in a similar manner by Procopio and 
Berry [lS]. Like Berry’s complex, the three phosphines 
in compound 4 appear as a singlet in the 31P{‘H) NMR 
spectrum at 6 -5.70 and the ‘H NMR spectrum 
displays complicated multiplets for both the hydride 
and the PMe, methyl proton signals. However, the 
aromatic region of the carbon spectrum is more com- 
plicated than one would expect for a simple freely 
rotating SiPh, group. It appears from these observa- 
tions that the material either contains aromatic impuri- 
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ties or it is undergoing hindered aryl rotation on the 
NMR timescale at room temperature. The identifica- 
tion of this complex should therefore be considered 
tentative. 

2.2. Alcoholysis of Ph,SiH and HOC,H4p-OMe cat- 
alyzed by (PMe,),RuH, (1) 

When catalytic amounts ( < 0.1 mol%) of the ruthe- 
nium dihydride 1 were heated to 30.0 f 1.5”C in the 
presence of triphenylsilane and p-methoxyphenol, the 
alcoholysis products, Ph,Si(OC,H,-p-OMe) (6) and di- 
hydrogen, were catalytically formed. No reaction was 
observed between triphenylsilane and p-metho- 
xyphenol in the absence of 1. 

Ph,SiH + HOC,H,-p-OMe 
fPMe&RuH, (1) 

, 
31”C, C,D, 

Ph,SiOC,H,-p-OMe + H, 

Because of the relatively rapid rate of the reaction 
with p-methoxyphenol compared with other phenols 
(see below), this process was chosen for kinetic investi- 
gation. At 30°C the catalytic formation of the silyl 
ether 6, with 1 equiv. of catalyst 1 (4.36 X lo-’ mol, 
0.00233 M), 100 equiv. of silane (4.36 x 10m5 mol, 
0.217 M), and 10 equiv. of p-methoxyphenol (4.36 x 
lO-‘j mol, 0.0218 M) required 4 days to completely 
consume the p-methoxyphenol. However, the catalyst 
is very stable to the reaction conditions; no decomposi- 
tion of 1 was observed after 3 weeks at 30°C. Kinetic 
studies at 30.0 f 1.5”C were carried out by NMR spec- 
troscopy for the alcoholysis of triphenylsilane and p- 
methoxyphenol in C,D,. The rate was determined by 
monitoring the disappearance of free p-methoxyphenol 
and the appearance of the silylether product 6 us. an 
internal standard (Table 1). Pseudo-first order condi- 
tions were maintained by using a constant concentra- 
tion of HOC,H,-p-OMe (0.0218 M) and varying the 
catalyst concentration (5.83 X lop4 to 2.33 x 10e3 M, 

TABLE 1. Initial concentrations and rate constants a for reaction of 
PhsSiH and HOC,H,-p-OMe catalysed by (PMe,),RuH, (1) 

Exp. [Ph,SiH]M [l]M [HOC,H,-p-OMe] k,, (X 10m4) 
IlO (min-‘1 

1 0.217 0.00233 0.0218 1.71 
2 0.217 0.00175 0.0218 1.28 
3 0.217 0.00117 0.0218 0.906 
4 0.217 0.000583 0.0218 0.0540 
5 0.217 OSKtO233 0.0218 0.0680 
6 0.434 0.00233 0.0218 1.21 
7 0.325 0.00233 0.0218 1.22 
8 0.542 0.00233 0.0218 1.11 
9 0.499 0.00233 0.0218 1.28 

a Error in overall determination of k f5% ( = *0.05X 10V4 M 
min-‘). 
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Fig. 1. Plot of first order rate constants for the catalytic silanolysis 
reaction us. [(PMe,),RuH,] (1). 

runs l-4, Table 1) and the silane concentration (0.217 
to 0.542 M, runs 5-9, Table 1). 

For a particular concentration of silane and catalyst, 
a plot of the natural log of p-methoxyphenol US. time 
was linear, indicating a first-order dependence on the 
phenol. Linear first-order plots of k,, US. [l] and k, 
US. [silane] were obtained and are shown in Figs. 1 and 
2. These data are consistent with a first-order depen- 
dence on the catalyst 1 and a zero order dependence 
on silane. The reaction was also run in the presence of 
varying amounts of added PMe,. No rate dependence 
on [PMe,] was observed for the catalytic reaction.’ 

Dihydride 1 catalyzes the silanolysis reaction of 
Ph,SiH and HOC,H,-p-Me to form Ph,SiOC,H,-p- 

4 

0.1 0.3 0.5 0.7 

VWiW, 0-I) 

Fig. 2. Plot of first order rate constants for the catalytic silanolysis 
reaction US. [PhsSiH]. 
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xs PhsSiH 

no ArOH 
* (PMe&RuH#iPh,) (2a) 

4 

+ Ph3SiOCsH,-pX + PM% 

2. x = Me, 70°C 6,X=OMe 
3. x = OMe, 45 “C 7.X=Me 

PMel 
MesP., 1 

PMe3 

Flu-- 
.H Ph3SiH Me,P.. t _..H 

Mep’ 1 ‘OC8H,-pX ‘10 eq ArOH Me,Ptp+H 
+ PhoSiOCsH,T-pX (2b) 

PMe3 PMe, 
7.X=Me 

2, X = Me, 30 “C 1 6,X=OMe 

3, X = OMe. 45 “C 

Scheme 2. 

Me and H,, but the rate is much slower. No reaction 
occurred at room temperature; at T > 90°C slow 
silanolysis was observed. Because of its slow rate, full 
kinetic studies were not attempted on this reaction. 

2.3. Stoichiometric reactivity of complexes 2 and 3 with 
triphenylsilane 

The products formed from the reaction of triphenyl- 
silane and the ruthenium phenolate hydrides 2 and 3 
were influenced by both the amount of free para-sub- 
stituted phenol present and by the nature of the para- 

PMe, 
Me3P.. 1 

RU’- 

-H 
PMe3 

PhoSiH Me3P._ 1 -H 
* 

b&P 1 bsH4-pMe ~1 HO&H,-pMe Me3P’ 
Flu-- 

PMq 30.5 “C CM? 3 

2 1 

Ph3SiH 

substituent on the phenolate ring (Schemes 2 and 3). In 
all cases, complex 3 did not react with silane at room 
temperature but required a temperature of 45°C to 
undergo reaction. 

(a) No added para-substituted phenol. Treatment of 
2 or 3 with ,excess triphenylsilane formed (PMe,),- 
RuHJSiPh,) (4), free PMe, and the alkoxysilane, 
Ph,SiOC,H,-p-X (Scheme 2, eqn. (2a)). Although the 
reaction of 2 requires more vigorous conditions, both 2 
and 3 formed the trihydride in high yields. The identity 
of 4 was confirmed by independent synthesis (Scheme 
1). 

(b) Large amounts ( > 10 equiv.) added para-sub- 
stituted phenol. In the presence of large amounts ( > 10 
equiv.) of the corresponding ArOH, both 2 and 3 
reacted similarly with triphenylsilane to form (PMe,),- 
RuH, (1) and aryloxysilane (Scheme 2, eqn. (2b)). The 
rate of reaction of the p-methoxy complex is not 
strongly perturbed by the added phenol. However, the 
rate of the p-cresol reaction is dramatically catalyzed 
by free p-cresol, and proceeds at a convenient rate at 
30°C rather than the 70°C required in the absence of 
the additive. 

(c) Small amounts (I 1 equiv.) added para-sub- 
stituted phenol. The reactions of complexes 2 and 3 
with triphenylsilane differed drastically (Scheme 3) in 

+ Ph,SiOCsH4-pMe (3a) 

7 

1 HOCGH4-pOMe Me3P., 1 __;H 
r45’c Me,p,Tz + (PMe&RqUHdSiPhd (3b) 

PMe3 
Me3P-, 1 __-H 

Me3Py~bC~H4-pOMe 
PMe3 

1 

Ph3SiOCGH.,-pOMe + PMe3 

6 

3 

Ph3SiH 
co.5 HOCGH4-pOMe 

45 “C 
* (PMe3)3RuH3(SiPh3) + 

4 
@a 

Scheme 3. 

Ph3SiOCGH4-pOMe + PMe3 

6 
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PhaSiH + HOC6H,-pCH3 
140 “C 

* no reaction 

PMe3 
Me3P..j _..H 

+ Ph-,SiH 
/ 

- no reaction 

- no reaction 
+ c 0.1 HO&H,-pCH3 

the presence of small amounts of free par-a-substituted 
phenol. Complex 2 reacted under these conditions to 
form (PMe,),RuH, (1) and Ph,SiOC,H,-p-Me (7) 
(Scheme 3, eqn. (3a)). When complex 3 was treated 
with approx. 1 equiv. of HOC,H,-p-OMe, both dihy- 
dride 1 and trihydride 4 were formed (Scheme 3, eqn. 
(3b)). However, if 0.5 equiv. or less of the phenol was 
added to a solution of complex 3 and silane the only 
ruthenium product observed was (PMe,),RuH,(SiPh,) 
(4) (Scheme 3, eqn. (3~)). 

2.4. Kinetic analysis of reactions 3a and 3c 
To help understand these peculiar observations, ki- 

netic studies were performed on the reactions of 2 and 
3 with Ph,SiH in the presence of small amounts of free 
phenol. 

(a) (pMe3),Ru(H)(OC,H~~-Me). The reaction of 
(PMe,),Ru(HXOC,H,-p-Me) (2) with Ph,SiH in the 
presence of small amounts of p-cresol (0.057 to 0.190 
equiv. with respect to Ru) was studied by NMR spec- 
trometry. Prior to the kinetic study a number of control 
experiments were run. These are summarized in 
Scheme 4. No reaction occurred between triphenylsi- 
lane and p-cresol at temperatures as high as 140°C. 
The ruthenium product of reaction, (PMe,),RuH, (l), 
was treated separately with both triphenylsilane and 
small amounts of p-cresol. No reaction occurred in 
either case. It was also established that the organic silyl 
ether product 7 is unreactive towards p-cresol, com- 

TABLE 2. Initial concentrations and rate constants a for the alcohol- 
ysis reaction of 2 and Ph,SiH in the presence of catalytic amounts of 
cresol 

Exp. no. [21 (M) [p-cresol] (M) [Ph,SiH] (M) k,, (min-‘) 

1 2.25x10-* 4.29~10-~ 2.17x10-’ 5.16x 1O-4 
2 2.25x10-2 3.00x10-3 2.17x10-’ 4.59 x 10-4 
3 2.25 X lo-* 2.14 x 1O-3 2.17x 10-l 4.48x 1O-4 
4 2.25 x lo-* 1.29x 1O-3 2.17x lo-’ 4.1ox1o-4 
5 2.26x10-’ 4.29~10-~ 4.34 x lo- l 5.93 x 10-4 
6 2.26x10-* 4.29~10-~ 4.77x 10-l 5.90x 10-4 

7 2.26x10-* 4.29~10-~ 3.69x10-l 5.55x 10-4 
8 2.26x lo-* 4.29~ 1O-3 6.51 x 10-l 5.45x10-4 
9 2.26x lo-* 4.29x 1O-3 7.59x 10-l 5.97x 10-4 

’ Error in overall determination of k f 5% ( = f 0.25 x lop4 min - ‘). 

0.0 IdI 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Fig. 3. Plot of first order rate constants for the alcoholysis reaction of 
2 and Ph,SiH in the presence of catalytic amounts of cresol us. 
[Ph,SiH]. 

plex 2, and trihydride complex 4. As mentioned previ- 
ously, dihydride 1 does not catalyze the silanolysis of 
Ph,SiH and HOC,H,-p-Me at 30°C. 

In the presence of p-cresol, reaction of 2 with 
Ph,SiH (Scheme 3, eqn. (3a)) proceeds readily at 30.5 
f 1S”C and is accelerated by increasing the amount of 
the phenol. To establish the rate law for the silanolysis, 
the rate of disappearance of 2 was monitored by ‘H 
NMR spectrometry in the presence of catalytic amounts 
of p-cresol and excess triphenylsilane. These experi- 
ments established a clean pseudo-first-order disappear- 
ance of the ruthenium aryloxide 2. The concentrations 
of catalyst and silane were varied systematically (Table 
2); plots of k,, vs. [ArOH] and /cobs vs. [Ph,SiH] are 

3.5 
1 

1 
3.0: . , . , . , . , . -I- 

0.000 0.001 0.002 0.003 0.004 0.005 

1HOCdGp-Mel (MI 
Fig. 4. Plot of first order rate constants for the alcoholysis reaction of 
2 and Ph,SiH in the presence of catalytic amounts of cresol vs. 
[HO&H,-p-Me]. 
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Ph,SiH + HOC8H,-pOCH3 
140% 

F no reaction 

PMe3 

Ph3SiOC6H4-pOMe + 
Me3R_ i __.H 

Me,P~~kOC~H,-pOMe- 

no reaction 

6 
PMe3 
3 

/B no reaction 

(PMe&RuH3(SiPh3) + PhsSiH + HOC6H,-pOMe 

4 m no reaction 

(PMe,),RuH3(SiPh,) + PMe, -Jt- (PMe3).,RuH2 + Ph,Silj 

4 1 

Scheme 5. 

shown in Figs. 3 and 4. The cresol data are consistent 
with a first-order dependence of the rate on the cresol 
concentration. We observe a negligible dependence of 
the rate on the silane concentration, and believe that 
the data are most consistent with the conclusion that 
the rate law is essentially zero order in silane. 

Addition of added PMe, to the reaction solution 
diverted the course of the alcoholysis reaction from 
alcoholysis product 7 to the formation of a phosphine 
salt 8a. Compound 8a has been observed and charac- 
terized as [(PMe,),Ru(H)][OC,H,-p-Me - HOC,H,p- 
Me] in a related hydrogenolysis study [16]. 

(b) (PMe,), Ru(H) (OC, Hbp-OMe) . In contrast to 
the reaction of triphenylsilane with 2, complex 3 re- 
acted with Ph,SiH at 45°C to form either a mixture of 
dihydride and trihydride or when less than 0.5 equiv. of 
p-methoxyphenol were present, just the trihydride 4 
(Scheme 3, eqns. (3b) and (3~)). This reaction was 

TABLE 3. Initial concentrations and rate constants a for the reac- 
tion of 3 and Ph,SiH with decreasing amounts of p-methoxyphenol 

Exp. [Ph,SiHl [Rul 
no. (x10-* M) (x1O-4 MI 

[HOC,H,-p- ix;;-’ 
OMel (MI 

1 1.51 1.21 5.41 x 1o-4 6.09 
2 1.51 1.21 1.08x 1O-3 6.03 
3 1.51 1.21 1.62x 1O-3 6.09 
4 1.51 1.21 2.17x 1O-3 5.70 
5 1.51 1.21 2.71 x 1O-3 4.97 
6 1.51 1.21 1.62X 1O-3 5.79 
7 1.51 1.21 5.41 x 1o-5 6.36 
8 1.51 1.21 1.08X 1o-5 6.49 
9 1.51 1.21 3.25 X lo-’ 6.77 

10 1.51 1.21 1.08x10-4 6.42 
11 1.51 1.21 1.03x 10-7 10.7 
12 1.51 1.21 6.17 x 1O-8 11.2 
13 1.51 1.21 2.06x 1o-8 12.1 
14 1.51 1.21 2.06 x 10-9 11.6 
15 1.51 1.21 2.06 x 10-10 15.2 

a Error in overall determination of k f 5% (k 0.05 x 10m5 s-l). 

monitored at 45°C in cyclohexane-d,, by ‘H and 
31P{1H} NMR spectrometry and by UV spectroscopy, 
and was found to proceed cleanly to the products over 
the course of 12 h. 

A number of control experiments were performed 
and are summarized in Scheme 5. No reaction oc- 
curred between triphenylsilane and p-methoxyphenol 
at temperatures as high as 140°C. The organic silylether 
product, Ph,SiOC,H,-p-OMe (61, was unreactive to- 
wards the ruthenium complex 3. When the ruthenium 
trihydride product 4 was dissolved in benzene in the 
presence of both triphenylsilane and p-methoxyphenol, 
no change in concentration of any of the components, 
with respect to an internal standard, was observed. In 
addition, complex 4 did not react with free PMe, to 
generate the dihydride 1. When triphenylsilane and 
p-methoxyphenol were added to a solution containing 
complex 4 and PMe,, no reaction was observed. 

(a) 16 

,41 

h 12’ 
W 
b s 

4 I I 
0.000 4.001 0.002 0.003 

[HOC&&P-OMe] (M) 

. 

Fig. 5. (a) Plot of first order rate constants for the reaction of 3 and 
Ph$iH in the presence of small amounts of p-methoxyphenol us. 
[HOC,H,-p-OMe]. (b) Expansion showing the first four (low concen- 
tration) points in the plot in (a). 
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We attempted to study the mechanism of this reac- 
tion. Compound 3 has a distinct absorbance in the 
UV-vis spectrum at 327 nm, and so the reaction of 3 
with Ph,SiH could be followed by monitoring the de- 
crease in this absorbance at 45°C over the course of the 
reaction. The reaction was studied over a wide range of 
concentrations of added freep-methoxyphenol. The 
initial concentrations of silane and p-methoxyphenol 
were varied systematically, maintaining pseudo-first- 
order conditions in 3 by using excess silane (Table 3). 
In runs 1-15, the concentrations of 3 and silane were 
kept constant, and the concentration of cresol was 
varied from 2.71 X 10e3 to 2.06 X lo-” M. A plot of 
k Ohs us. [At-OH] (Fig. 5) shows a very unusual depen- 
dence on p-methoxyphenol. 

The effect of added phosphine on the overall reac- 
tion of 3 and silane was examined in an attempt to 
clarify the reaction mechanism. Two parallel NMR 
tube experiments were set up, one containing only 
silane, p-methoxyphenol and 3, and one containing 
silane, p-methoxyphenol, 3, and 180 equiv. of PMe, 
with respect to ruthenium. It was found that the added 
phosphine inhibited the reaction. No reaction occurred 
in the PMe,-containing sample after 5 days at 45°C and 
[(PMe,),RuH]+[OC,H,-p-OMe 
(8b, analogous to salt 8a) was not observed. 

3. Discussion 

3.1. Catalytic reaction of ttiphenylsilane and p-metho- 
xyphenol by (PiWe,), RuH, 

The reaction of triphenylsilane and p-metho-. 
xyphenol is catalyzed by (PMe,),RuH, at 30°C [3]. The 
alcoholysis reaction is thermodynamically driven. The 
bond dissociation energies for the bonds formed, a 
dihydrogen bond (BDE = 104 kcal/mol) [17] and a 
silicon-oxygen bond (BDE = 108 kcal/mol) [18] ex- 
ceeds the BDEs for the bonds broken, a silicon-hydro- 
gen bond (BDE = 90 kcal/mol) [19] and an alcohol 
O-H bond (BDE = 86.5 kcal/mol) [20]. The difference 
in these energies of - 35.4 kcal/mol predicts this to be 
an enthalpically favored reaction. 

The alcoholysis reaction is first-order in [ArOH], 
first-order in [catalyst] and zero-order in [Ph,SiH]. In 
the presence of excess ArOH, cresolate hydride 2 does 
not form trihydride 4. We therefore propose that the 
mechanism for the catalytic cycle proceeds by a proto- 
nation mechanism (Scheme 6). 

Protonation of the dihydride 1 by free ArOH, fol- 
lowed by irreversible loss of dihydrogen, generates the 
phenolate hydride complex 3 [13]. Complex 3 reacts 
with excess free phenol to form the hydrogen-bonded 
species 10 which can dissociate to the complex ion-pair 
11. Oxidative addition of silane to this species forms 

complex 12. Irreversible nucleophilic attack of arylox- 
ide at silicon and dissociation of the coordinated phe- 
nol regenerates the dihydride 1. If we assume that the 
dihydrogen elimination step from 9 to 3 is irreversible 
(Scheme 6) and is slower than the preceding protona- 
tion step, the mechanism predicts a rate law that is 
first-order in 1, first-order in HO&H,-p-OMe and 
zero-order in silane, as is observed. Assuming the k, 
step is effectively irreversible in the absence of added 
H,, the steady-state derived rate law is shown below. 

rate = k,,[ArOH] = k[l][ArOH], 

k = (k,k,)/(k-, + k,) 

Studies done on the effect of added phosphine on 
the rate of the reaction have shown that the rate is 
phosphine-independent, ruling out an initial reversible 
phosphine dissociation mechanism. The presence of 
added PMe, should also divert the hydrogen-bonded 
intermediate, [(PMe3j4Ru(H)]+[ArOH * OArI- (ll), to 
form [(PMe,),Ru(H)]+[OC,H,-p-OMe * HOC,H,-p- 
OMe] @b). To check this possibility, complex 8 was 
generated [16] and added to a solution containing 
catalyst 1, Ph,SiH and HOC,H,-p-OMe. Over the 
course of 12 h at 30.0 f 1.5”C, it was observed that the 
silanolysis product 6 formed catalytically and complex 
8b disappeared during the course of the catalytic reac- 
tion. Although the presence of added PMe, should 
drive the intermediate 11 to form Sb, we conclude from 
these experiments that the process is reversible and its 

HOAr + Ph&OAr 

12 

kg, Ph3SiH fast 

t 

9 

I -H,. k, 

i 

3 

10 IiOAr 

Scheme 6. 
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equilibrium concentration does not build up signifi- 
cantly under the catalytic conditions. 

3.2. Stoichiometric reactions of (PMe,), Ru(H) (OC, H4 
p-X) with triphenyisilane 

Reaction between (PMe,),Ru(HXOC,H,-p-X) (X 
= Me, 2; OMe, 3) and PhsSiH, in the presence of 
varying amounts of free ArOH, led to the formation of 
either (PMe,),Ru(H), (1) or (PMe,&Ru(H),(SiPh,) 
(4). 

(a) No added para-substituted phenol. In the absence 
of added free para-substituted phenol, both complexes 
2 and 3 reacted with Ph,SiH to form (PMe,),- 
RuH,(SiPh,) (4) (Scheme 3, eqn. (3a)). This complex 
can be synthesized independently from the photochem- 
ical reaction of the dihydride and free silane in a 
manner analogous to the preparation of the known 
(PMe,),RuH,(SiMe,) [15]. The reaction of 2 required 
higher temperatures than 3 to form trihydride 4. Al- 
though kinetic studies have not been performed on 
these reactions, the presence of excess free PMe, shut 
down the reaction of 3 to form 4 suggesting a dissocia- 
tive mechanism. 

(b) Large amounts (> 10 equiv.) of added para-sub- 
stituted phenol. Addition of free phenol does not affect 
the rate of the p-methoxyphenoxide (3) reaction, but it 
dramatically catalyzes the rate of the p-methyl- 
phenoxide (2) reaction, lowering the reaction tempera- 
ture from 70°C to 30°C (Scheme 2). In the presence of 
a large excess of free para-substituted phenol, for both 
2 or 3 the observed product is dihydride 1. Formation 
of dihydride 1 in the presence of Ph,SiH and p- 
methoxyphenol at 30°C results in the onset of the 
silane phenolysis catalytic process. The corresponding 
catalytic cycle involving p-cresol is very slow at 30°C. 

(c) Small amounts of added para-substituted phenol 
(< I equiv.). T reatment of 2 with Ph,SiH and small 
amounts of p-cresol led to the quantitative formation 
of dihydride 1 (Scheme 3, eqn. (3a)). The reaction of 2 
is first-order in [2], is catalyzed by added p-cresol, and 
shows a zero-order dependence on [Ph,SiHl. Our com- 
bined observations are most consistent with the mecha- 
nism summarized in Scheme 7. Reaction of 2 with 
p-cresol results in assisted ionization of the cresolate 
ion (probably via the hydrogen-bonded intermediate 
13 [5]) to give the ion pair 14. The cationic ruthenium 
center then undergoes oxidative addition of Ph,SiH to 
give 15. Attack on 15 by aryloxide at the silicon atom 
then leads to dihydride 1 and silyl ether. Alternatively, 
14 can be diverted by excess phosphine to pentakisctri- 
methylphosphinehuthenium hydride 8a. If one as- 
sumes that the rate of the back reaction from 14 (k_,) 
is much slower than the rate of oxidative addition 

k, [HOAr] _ L%,.i ,,*H 

k-l L( b0 Ar 

2 

Ar = ptol 

i : 
,3 IiOAr 

[L@JH]‘[A~OH--0ArJ & [L.+RuH]+[ArOH--0ArJ 

8a 14 

I k3 [Ph&iH] 

- ArOH ,H + 4RW * 
1 

- Ph,SiOAr 

[ 1 L&*q 
\ SiPha [ArOH--0ArJ 

H 

Scheme 7. 

(k,[Ph,SiHI), this mechanism predicts a rate law that 
is first-order in 2 and p-cresol and zero-order in silane, 
as is observed. The steady-state derived rate law is 
shown below. 

rate = k&2] = k[2][ArOH], 

k = (k,k,)/(k-, + kd 

In contrast to the reaction of 2, the reaction of the 
ruthenium phenolate hydride 3 with Ph,SiH at 45°C 
varied greatly with the added amount of p-metho- 
xyphenol. If less than 0.5 equiv. was added, the sole 
ruthenium containing product formed was trihydride 4 
(Scheme 3, eqn. (3~1). However, if approximately 1 
equiv. of p-methoxyphenol was added, a mixture of the 
dihydride and trihydride was formed. Under these con- 
ditions, dihydride 1 is an active catalyst for the silanoly- 
sis of p-methoxyphenol and triphenylsilane to form 
silyl ether 6. We attempted to study the mechanism of 
this reaction but at present we do not understand the 
inhibition observed (Fig. 5) when free p-metho- 
xyphenol is added to 3. Further study will be necessary 
to elucidate the mechanism of this stoichiometric reac- 
tion. 

We believe the difference in reactivity of 2 and 3 
with triphenylsilane, in the presence of very small 
amounts of para-substituted phenol ( < 0.5 equiv.), 
eqns. (3a) and (3~1, respectively, is due to the differ- 
ence in the acidity of p-cresol relative to p-metho- 
xyphenol. The aqueous pK, of the alcoholic proton in 
p-cresol is 18.2 and in p-methoxyphenol, it is 19.1 [21]. 
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Although this difference is not large, it appears (if we 
assume that p-cresol is also the stronger of the two 
acids in benzene) to be sufficient to allow the more 
acidic p-cresol to react with the ruthenium complex 2 
by protonating the ruthenium alkoxide to form a hy- 
drogen-bonded ion pair (Scheme 7). This complex then 
reacts with silane to form the observed products. In the 
case of 3, the acidity of p-methoxyphenol is not great 
enough to drive the protonation reaction of 3 before a 
competing reaction occurs to form trihydride 3. 

4. Summary and conclusions 

We have observed that the ruthenium dihydride 1 is 
an effective catalyst for the silanolysis of Ph,SiH and 
HOC,H,-p-OMe to form Ph,SiOC,H,-p-OMe and di- 
hydrogen. A strong substituent effect exists in this 
reaction; the corresponding p-methylphenol, HO- 
C,H,-p-Me, also undergoes this reaction, but its rate is 
much slower. Stoichiometric reactions of ruthenium 
aryloxy hydrides 2 and 3, potential intermediates in the 
catalytic reactions, with triphenylsilane were also inves- 
tigated. Ruthenium trihydride 4 was the sole metal- 
containing product observed in the direct reaction of 
complex 2 or 3 with Ph,SiH. As in the catalytic reac- 
tion, the p-methyl complex reacted more slowly than 
the p-methoxy complex. However, the presence of 
added phenol changes these reactions, dramatically 
accelerating the transformation of p-methyl complex 2 
(but not 3) and leading to polyhydrides 1 or 4, depend- 
ing on the substituents and reaction conditions. Our 
product and kinetic data are most consistent with a 
mechanism for these reactions that involves initial con- 
version of dihydride 1 and p-methoxyphenol to aryloxy 
hydride 3 by a protonation mechanism. The aryloxy 
hydrides can then undergo proton-assisted ionization 
of the aryloxide ligand leading to a hydrogen-bonded 
aryloxide and a coordinatively unsaturated cationic hy- 
dridoruthenium intermediate. This undergoes oxidative 
addition of silane, followed by reductive elimination to 
form silyl ether product and regenerate catalyst 1. 

reagents, calculated from the ideal gas law, was ex- 
panded into a bulb of known volume and then con- 
densed at - 196°C into a high pressure vessel consist- 
ing of a thick walled glass bomb attached to a Kontes 
vacuum stopcock. Benzene, toluene, tetrahydrofuran 
(THF), and diethyl ether were distilled from sodium- 
benzophenone ketyl. Pentane and hexane were dis- 
tilled from lithium aluminum hydride. C,D, and cyclo- 
hexane-d,, were obtained from Aldrich and were ini- 
tially dried by alternatively freeze-pump-thawing, stir- 
ring over CaH, for 3 days, and then storing over 
Na/benzophenone ketyl. p-Methoxyphenol was ob- 
tained from Kodak and purified by sublimation. p- 
Cresol was obtained from Aldrich and purified by 
recrystallization from petroleum ether. 1,3,5-Tri- 
methoxybenzene was obtained from Aldrich and puri- 
fied by recrystallization from hexane. (PMe,),Ru(Cl), 
[221, (PMeJ,Ru(C,HJ (5) 1231, (PMe,),Ru(HXO- 
C,H,-p-Me) (2) [12] and (PMe,),Ru(H), (1) [ll] were 
prepared by literature methods. Unless otherwise 
noted, all other reagents were obtained from commer- 
cial suppliers and used without further purification. 

UV kinetic experiments were monitored with a 
Hewlett-Packard 8450A instrument equipped with a 
891OOA temperature controller. Standard solutions 
were prepared in the drybox in volumetric flasks. Indi- 
vidual runs were prepared in the drybox by transferring 
aliquots of standard solutions using a gas-tight syringe, 
calibrated to be accurate to 1.0 ~1 by weight, into a 
quartz cuvette, which was then sealed with a Kontes 
high vacuum stopcock, removed from the box and 
placed in the spectrometer. The cuvette was allowed to 
reach temperature equilibrium with the cell holder 
before data were acquired. The solution in the cell was 
stirred with a micro-stir bar over the course of the 
reaction. Plots of absorbance versus time were fit using 
the IGOR graphics program (0 Wavemetrics). 

5. Experimental details 

5.1. General 
Unless otherwise noted, all reactions and manipula- 

tions were carried out under a nitrogen atmosphere in 
a Vacuum Atmospheres 553-2 Dri-Lab with attached 
M6-40-1H Dri-Train or under argon using standard 
Schlenk and vacuum techniques and glassware dried in 
an oven at 150°C. 

All ‘H, 31P{‘H) and 13C{‘H} NMR spectra were 
obtained at room temperature on a superconducting 
FT spectrometer incorporating Nicolet computers and 
cryomagnets assembled in the UC Berkeley NMR lab- 
oratory by Mr. Rudi Nunlist. The ‘H, 31P{‘H} and 
13C(lH) spectra were determined at 300 MHz, 121 
MHz and 75 MHz, respectively. Elemental analyses 
were conducted by the U.C. Berkeley Microanalysis 
Facility and FAB-MS was carried out on a VG-70SE 
instrument in the U.C. Berkeley Mass Spectrometry 
Facility. 

5.2. (PMe,), Ru(H) (OC, H,p-OMe) (3) 
To a pentane solution of (PMe,),Ru(C,H,) (5) (316 

Reactions involving gaseous reagents were handled mg, 0.730 mmol in 5 ml of pentane) was added a 
on a vacuum line equipped with a MKS Baratron solution of HOC,H,-p-OMe (9.17 mg, 0.740 mmol), in 
gauge. A known pressure of volatile or gaseous 2 ml pentane dropwise over 5 min. During the addi- 
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tion, the color of the solution turned from yellow to 
white. The mixture was allowed to stir for an additional 
15 min at room temperature. Complex 3 is sparingly 
soluble in pentane and is easily purified by reduction 
of the volume of solution under vacuum to 0.5 ml 
followed by cooling at -30°C. Compound 3 crystal- 
lized as a white solid to yield 174.6 mg (45% yield). iH 
NMR (C,D,); S 7.12 (d, 9.0 Hz); 7.04 (d, J = 9.0 Hz); 
3.39 (s); 1.20 (t, J = 2.59 Hz); 1.16 (d, J = 5.57 Hz); 
0.99(d, J=7.4 Hz); -7.69(dq, J=27.3 Hz, J= 102 
Hz). 31P NMR (C,D,): S A,MX 1.63 (dd, PA, JAx = 
26.7 Hz, JAM = 32.3 Hz); 15.2 (P,, m, J,, = 16.4 Hz); 
- 12.5 (dt, Px). 13C{‘H} NMR (C,D,): S 165.93 (s); 
147.80 (s); 119.89 (s); 115.41 (s); 56.23 (s); 27.3 (d, 
J= 26.6 Hz); 22.96 (dt, J= 3.81 Hz, J= 12.65 I@; 
20.60 (d, J = 12.0 Hz). IR (C,D,): v 3244, 2968, 2906, 
2823, 1845 cn-‘. Anal. Found: C, 43.06; H, 8.12. 
C,,H,O,P,Ru calcd.: C, 43.10; H, 8.40%. 

mmol) in an NMR tube. The solution was degassed 
three times and sealed under vacuum. After heating at 
45°C for 24 h, the only products observed by NMR 
spectroscopy were trihydride 4 and Ph,SiOC,H,-p- 
OMe (6). By NMR integration versus an internal stan- 
dard, complex 4 formed in quantitative yield but due to 
similar solubilities could not be separated from 6. 

5.4. Ph 3 SiOC, H4p-OMe (6) 

5.3. (PMe,),Ru(H),(SiPh,) (4) 
(a) Independent synthesis. (PMe,),RuH, (42.7 mg, 

0.105 mmol) and Ph,SiH (35.1 mg, 0.135 mmol) were 
dissolved in 0.5 ml of benzene in a thick-walled NMR 
tube. The colorless solution was degassed three times 
and sealed under vacuum. The tube was placed in a 
constant temperature bath equipped with an external 
Hg photolysis lamp. The solution was photolyzed at 
room temperature for 48 h with periodic monitoring by 
NMR spectrometry. The solvent was removed under 
vacuum and compound 4 was recrystallized to yield 
41.2 mg (67% yield) of pure product by dissolving the 
resulting white residue in a minimum amount of pen- 
tane and cooling the solution to -30°C. ‘H NMR 
(C,D,): S 7.89 (d, J = 7.57 Hz); 7.30 0, J= 7.4 Hz); 
1.38 (m); 1.25 (d, J = 4.68 Hz); 1.0 (t, J = 5.2 Hz); 0.79 
(d, J = 2.28 Hz); -9.5 (m). 31P NMR (C,D,): 6 -5.7 
(s). 13C(lH) NMR (C,D,): S 147.01 (s); 132.3 (s); 132.2 
(s); 129.68 (s); 126.04 (s); 122.99 (s) 122.79 (s); 25.7 (t, 
J = 13.35 Hz); 23.7 (t, J = 8.61 Hz); 21.1 (t, J = 14.0 
Hz). IR (CH,Cl,): Y 2956, 2904, 2140, 1919 cm-‘. 
FAB-MS (Sulfolane): m/e 591.1 (M+). In spite of 
repeated attempts, a consistent elemental analysis could 
not be obtained. 

Compound 6 was prepared independently from the 
reaction of Ph,SiCl (556 mg, 1.89 mmol) and 
KOC,H,-p-OMe (301 mg, 1.86 mmol) in THF. The 
homogeneous solution was stirred at room temperature 
for 4 h. The solvent was then removed in uucuo and 
the product was extracted with benzene. Complex 6 
was recrystallized from pentane at -30°C to give 426 
mg pure product (60% yield). ‘H NMR (C,D,): S 7.77 
(m); 7.66 (d, J= 7.23 Hz); 7.13 (m); 6.89 (d, J=8.6 
Hz); 6.52 (d, J = 8.6 Hz); 3.55 (s). 13C(‘H) NMR (C,D,): 
S 136.2 (s); 134.3 (s); 130.5 (s); 154.9 (s); 149.2 (s); 128.3 
(s); 120.9 (s); 114.8 (s); 54.96 (s). Anal. Found: C, 78.02; 
H, 5.97. C,H,,P,O,Si calcd. C, 78.50; H, 5.80%. 
FAB-MS (NBA): m/e 382.1 (M+). 

5.5. Reaction of 2 and Ph,SiH in the presence of excess 
PMe, 

To a benzene solution (0.7 ml) of 2 (13.2 mg, 0.026 
mmol), Ph,SiH (33.4 mg, 0.129 mmol) and HOC,H,-p- 
Me (14.2 mg, 0.131 mmol) were added 26 ~1 PMe, 
(0.257 mmol). The solution was allowed to stand at 
room temperature for 1 day at which time the NMR 
spectra showed the formation of phosphine salt, 
[(PMe,),Ru(H)I[OC,H,-p-Me . HO&H,-p-Mel @a) 
[241. 

5.6. Reaction of 3 and Ph,SiH in the presence of excess 
PMe, 

To a benzene solution of 3 (8.0 mg, 0.0151 mmol) 
containing Ph,SiH (12.7 mg, 0.0488 mmol) was added 
60 pl of PMe, (0.591 mmol). The solution was heated 
at 45.o”C for 2 days during which time no reaction was 
observed by NMR spectroscopy. 

(b) From 2. Treatment of 2 (12.7 mg, 0.0248 mmol) 
with excess Ph,SiH (65.6 mg, 0.252 mmol) in C,D, at 
70°C led to the formation of trihydride 4 and 
Ph,SiOC,H,-p-Me (7) after 12 h. The NMR yield of 
complex 4 was 85% versus an internal standard. Due to 
similar solubilities, complex 4 could not be isolated 
free from compound 7. Identification of the products 
was based on comparison of NMR spectral data to 
authentic samples of 7 and 4. 

5.7. Kinetic studies of the catalytic alcoholysis reaction 
with I 

‘H NMR spectrometry was used to study the cat- 
alytic formation of Ph,SiOC,H,-p-OMe from Ph,SiH 
and HO&H,-p-OMe using the dihydride 1 as the 
catalyst and mesitylene as the internal standard. The 
disappearance of methoxyphenol and the appearance 
of product were monitored as the reaction progressed 
at 30.0 * 1.5”C. 

(c) From 3. To 0.7 ml of cyclohexane-d,, was added Four stock solutions were prepared. Stock solution 
3 (11.4 mg; 0.0216 mmol) and Ph,SiH (117.3 mg, 0.451 no. 1 contained 1.9730 g (7.59 X 10e3 mol, 1.52 M) of 
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Ph,SiH in 5 ml of C,D, in a volumetric flask. Stock 
solution no. 2 contained 94.7 mg (7.64 X 10m4 mol, 
0.0764 M) of HO&H,-p-OMe in 10 ml of C,D, in a 
volumetric flask. Stock solution no. 3 contained 16.6 
mg (4.08 x lo-’ mol, 0.00816 M) of 1 in 5 ml of 
(C,D,). Stock solution no. 4 contained 36.5 mg (3.04 X 

10e4 mol, 0.304 M) of 1,3,5trimethylbenzene internal 
standard in 1 ml of C,D,. These solutions were pre- 
pared in situ for each set of kinetic runs. 

In a typical run, a nine inch NMR tube was charged 
with 100 ~1 of stock solution no. 1, 200 ~1 of stock 
solution no. 2, 200 ~1 of stock solution no. 3, 50 ~1 of 
stock solution no. 4, and 150 ~1 of C,D, to bring the 
total volume to 700 ~1. Based on the volumes used, the 
calculated concentrations of the reactants were [ll = 
2.33 x 10e3 M, [Ph,SiH] = 2.17 X 10-l M, [HOC,H,- 
p-OMe] = 2.18 X 10m2 M. The samples were sealed 
with NMR tube septa and parafilm. The solutions were 
allowed to equilibrate at room temperature for 3 min 
and then a one-pulse ‘H NMR spectrum was taken. 
The scan was baseline corrected, Fourier transformed 
and plotted with integrals. The concentrations of both 
the phenol and the product were then determined by 
integration against the internal standard. The sample 
was then placed in a constant temperature bath at 
30.0 f 1.5”C. Periodically, the samples were removed 
from the temperature bath, cooled immediately to 0°C 
and the procedure described above was used to take 
spectra. The rate constant data are presented in Table 
1. The reaction shows a first-order dependence on 
catalyst 1, a first-order dependence on p-metho- 
xyphenol and a negligible dependence on silane. 

To test for a possible phosphine dependence on the 
catalytic reaction, a set of reactions were run systemati- 
cally varying the [PMe,]. Using the standard stock 
solutions from above, each nine inch NMR tube was 
charged with 100 ~1 of stock solution no. 1, 200 ~1 of 
stock solution no. 2, 200 ~1 of stock solution no. 3 and 
50 ~1 of stock solution no. 4. PMe, and C,D, were 
syringed into each tube using a gas-tight syringe, main- 
taining a constant overall solution volume of 810 ~1. 
Based on the volumes used, the calculated concentra- 
tions of the reactants were [l] = 2.01 x lop3 M, 
[Ph,SiH] = 1.87 x 10-i M, [HOC,H,-p-OMe] = 1.89 
X lo-’ M. The samples were sealed with NMR tube 
septa and parafilm. The solutions were allowed to 
equilibrate at room temperature for 3 min and then a 
one-pulse ‘H NMR spectrum was taken. The scan was 
baseline corrected, Fourier transformed and plotted 
with integrals. The concentrations of both the phenol 
and the product were then determined by integration 
against the internal standard. The sample was then 
placed in a constant temperature bath at 30.0 f 1.5”C. 
Periodically, the samples were removed from the con- 

stant temperature bath, cooled immediately to 0°C and 
the procedure described above was used to take spec- 
tra. The solutions were kept at 0°C when not in the 
3O.O”C bath. Immediately prior to the NMR spectrum 
one-pulse acquisition, the solution was thawed and 
placed into the NMR probe. Within 1 min, the spec- 
trum was acquired and the tube was replaced in the 
ice-bath. The phosphine concentration was varied from 
0.617 M to 1.60 M. There was no rate dependence 
observed over this range. 

To test the effect of added [(PMe,),Ru(H)]+[O- 
C,H,-p-OMe - HOC,H,-p-OMe] 03b) on the catalytic 
cycle, complex Sb (30.1 mg, 0.0412 mmol) was added to 
a C,D, solution containing 1 (4.2 mg, 0.0103 mmol), 
Ph,SiH (26.8 mg, 0.103 mm00 and HOC,H,-p-OMe 
(6.4 mg, 0.0516 mmol). The solution was heated at 
30.0 + 1.5”C and monitored by ‘H NMR spectrometry. 
Over the course of 12 h at 30.0°C, the silanolysis 
product 6 was formed catalytically and complex Sb 
disappeared. 

5.8. Kinetic studies of the reaction of Ph,SiH with 2 
‘H NMR spectrometry was used to study the forma- 

tion of Ph,SiOC,H,-p-Me and (PMe,),RuH, from 
Ph,SiH and 2 using HOC,H,-p-Me as the catalyst and 
1,3,5 trimethoxybenzene as the internal standard. The 
disappearance of 2 was monitored as the reaction 
progressed at 30.0 f 1.5”C. 

Three stock solutions were prepared. Stock solution 
no. 1 contained 1.95 g (7.48 x lop3 mol, 1.50 M) of 
Ph,SiH in 5.00 ml of C,D, in a volumetric flask. Stock 
solution no. 2 contained 16.0 mg (1.481 x low4 mol, 
0.0296 M) of HOC,H,-p-Me in 5.00 ml of C,D, in a 
volumetric flask. Stock solution no. 3 contained 40.1 
mg (7.82 X 10M5 mol, 0.0782 M) of 2 and 4.2 mg of 
1,3,5_trimethoxybenzene (2.50 X low5 mol, 0.025 M) in 
1 ml C,D,. 

In a typical run, a nine inch NMR tube was charged 
with 100 ~1 of stock solution no. 1, 110 ~1 of stock 
solution no. 2, 200 ~1 of stock solution no. 3, and 290 
~1 of C,D, to bring the total volume to 700 ~1. Based 
on the weights used, the calculated concentrations of 
the reactant were [2] = 2.25 x lop2 M, [Ph,SiH], = 
2.169 X 10-l M, [HOC,H,-p-OMe] = 4.29 x lop3 M. 
The samples were sealed with NMR tube septa and 
parafilm. The solutions were allowed to equilibrate at 
room temperature for 3 min and then a one-pulse ‘H 
NMR spectrum was taken. The scan was baseline 
corrected, Fourier transformed and plotted with inte- 
grals. The concentrations of both the phenol and the 
product were then determined by integration against 
the internal standard. Two NMR spectra were plotted 
for each run and an average of the two integrations 
was used to determine the rates. The sample was then 
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placed in a constant temperature bath at 30.0 & 15°C. 
Periodically the samples were removed from the tem- 
perature bath, cooled to 0°C and the spectra were 
obtained by the procedure described previously. The 
rate constant data are presented in Table 2. 

5.9. Kinetic studies of the reaction of 3 and Ph,SiH 
UV-vis spectrometry was used to study the reaction 

of 3 and triphenylsilane. The reaction was monitored 
by observing the disappearance of an absorbance due 
to 3 over time. The temperature was maintained at 
45.0 f 05°C throughout the course of the reaction. 
Three stock solutions were prepared in the drybox. 
Stock solution no. 1 contained 2.61 g (0.201 M) of 
Ph,SiH in 50.0 ml hexane. Stock solution no. 2 con- 
tained 25.8 mg (0.00416 M) of HOC,H,-p-OMe in 
50.0ml of hexane. Stock solution no. 3 contained 25.7 
mg (9.73 x 10e4 M) of 3 in 50.0 ml hexane. 

A typical run entailed delivering specific amounts of 
the three stock solutions into a quartz cuvette equipped 
with a Kontes stopcock. The total volume was kept 
constant at 4.0 ml by the addition of hexane. The three 
portions were added to the cuvette in the drybox and 
then placed in the UV-vis cell holder and the tempera- 
ture allowed to equilibrate before the first absorbance 
measurement was taken. An absorbance measurement 
was taken every 10 min for 12 h or until the absorbance 
at 327 nm was no longer detectable. The rate constant 
data are presented in Table 3. 
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