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Abstract: The cationic Pd(ll) complexes, [(phen)Pd(gH)] T[BAr's]~ phen= 1,10-phenanthroline; L= Et,O,
MesSiC=CSiMe;; Ar' = 3,5-(CR),CgH3) catalyze the hydrosilation and dehydrogenative silation of olefins.
Hydrosilation of ethylenetert-butylethylene, 1-hexene, and cyclohexene by HER= CH,CHjs, CsHs) occurs in

the presence of 1 mol % [(phen)Pd(€H.)] T[BAr's]~. The reaction otert-butylethylene with HSi¢Pr); in the
presence of [(phen)Pd(GHL)]"[BAr'4]~ yields neohexane andBuCH=CHSI(-Pr). Low-temperature NMR
experiments revealed that the catalyst resting state for the silations of ethylene and alkyl-substituted olefins is [(phen)-
Pd(SiR)(r?-H,C=CHR)]*[BAr'4]~. Evidence for rapid, reversible silyl migration a0 °C was observed biH

NMR spectroscopy. Deuterium labeling studies show that the intermediate Pd(ll) alkyl complexes can isomerize
via a series off-hydride eliminations followed by reinsertions of olefin prior to reaction with DSiEStyrene
undergoes both hydrosilation and dehydrogenative silation in the presence of [(phergPI|CHBAr'4]~ or [(phen)-
Pd@;3-CH(CHs)CsHs)] T[BAr 4]~ yielding ethylbenzene, §8iCH,CH,CsHs and transR3SiCH=CHPh (R= CH,-

CHs, CH(CH)2). H NMR spectroscopy revealed that thebenzyl complexes [(phen)PgCH(CH,SiRs)CeHs)] -

[BAr's]~ and [(phen)Pdf*-CH(CHs)CsHs)] F[BAr'4] ™ are the catalyst resting states for the silation reactions of styrene.

R

Hydrosilation of olefins (eq 1) can be achieved either through HSRg + 2 —/ RaSi
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(D
hydrosilation'®~1® Because of the utility of vinylsilanes in

| organic synthesi& the dehydrogenative silation reaction is of
interest. The ChalkHarrod mechanism does not account for
dehydrogenative silation, and a number of groups have proposed

mechanisms based on silyl (rather than hydride) migration to
O|eﬁn_8,13,15,1?19

a free radical process or with the use of a transition meta
catalyst, typically an electron-rich complex of a late transition
metal such as Co, Rh, Pd, or¥t.More recently, zirconocene
derivatives®* lanthanide complexés,” and electrophilic late
transition metal complex&have been reported to catalyze the . L . .
hydrosilation of olefins. _One_ such pos,_5|ble mec_hanls_m is sh(_)wn in Sc_heme 2 Silyl
A variety of mechanisms have been proposed for this IoroCess_mlgratlon to olefin results m_ﬁ-snylalkyl mtermedlate, whlc_h_ _
A widely accepted mechanism was first proposed by Chalk and can then undergo two possible reactions. The first possibility

Harrod (Scheme 191° The key feature in the ChatHarrod is p-hydride elimination to form an olefirhydride complex.
mechanism is migratory insertion of an olefin hydride complex If reinsertion of the olefin with opposite regiochemistry occurs,

followed by reductive coupling of the alkyl and silyl frag- iSomerization of the alkyl complex results. Displacement of
ments®10 [f the intermediate alkyl complex undergoes revers- the olefin from the metal results in dehydrogenative silation.
ible -hydride elimination and reinsertion with opposite regio- 1h€ second possibility is cleavage of ifissilylalkyl fragment
chemistry, then the ChatkHarrod mechanism provides an by r(_agctlon bY HSIR This reaction may proc‘?e‘_" via oxidative
explanation for the olefin isomerization and deuterium scram- addition of silane followed by reductive elimination of the
bling observed in many hydrosilation reactidns. hydrosilated product or via a-bond metathesis reaction.
However, many catalysts form vinylsilanes and alkanes in Efforts to detect intermediate species in many transition metal
addition to the hydrosilation product (eq ZY+4 In some catalyzed hydrosilation reactions have been hindered by ex-

cases, dehydrogenative silation occurs more readily thantrémely high reaction ratésnd heterogeneous systeffisin
an earlier study from these laboratories, the cationic cobalt
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Palladium(ll)-Catalyzed Hydrosilation

Scheme 1. Chalk—Harrod Mechanism for the Hydrosilation
of Olefins
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Scheme 2. Silyl Migration Mechanism for Hydrosilation
and Dehydrogenative Silylation of Olefins

+ :/R‘

[MI—SiRs [MI—SiRs

7
, + HSIR,
Rosi " /
SiRs R
™ R ™ sk,
['T']—H [M]—H
ReSi™ ™ g

ReSi,

R'

complex [Cp*Co(P(OMe)(CH,CHz-u-H)] [BAr' 4]~ was found

to be an efficient precatalyst for the hydrosilation of 1-hexene.
Deuterium labeling studies and spectroscopic observation o
intermediate species in this system suggested that the reactiory

proceeds by silyl migration to olefin followed by a series of
fS-hydrogen elimination and reinsertion reactions. The termina
cobalt alkyl complex [Cp*Co(ChCH--H(CH,).SIEt)(P(O-
Me)s)] T[BAr' 4]~ then reacts with HSikgtto form E§Si(CH,)s-
CHs (eq 3). Thus, silane adds with overall 1,6 regiochemi&try.

Meg Mes

" +
=7 1 =7 |
C|7 -CyHg Cly isomerization
Co Co- C4H -
(MeO)P~ H> + HSiEty (MeO)P” ¢ o
+ = (.
CaHo SiEt;
:,Mes 1+
Clo + HSiEty c cH 3
C —_— Et;Si
(MeO)aP/H_7 FHETES )
(CHy)SiEty

Cationic square-planar Pd(ll) complexes have been found to

be efficient catalysts for the formation of carbecarbon bonds,
including the dimerizatiot-22and polymerization ofi-olefing??
and the alternating co-polymerization @folefins with carbon
monoxide?4~28 We report here that the cationic Pd(ll) com-
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plexes, [(phen)Pd(CHL)]T[BAr's]~ (phen = 1,10-phenan-
throline; L = EO (1a), MesSiC=CSiMe; (1b); Ar' = 3,5-
(CRs)2C6H3) are efficient precatalysts for the formation of
silicon—carbon bonds.

la: L =E,0
1b: L = Me;SiC=CSiMe,

Hydrosilation and dehydrogenative silation of olefins are
achieved under mild conditions (285 °C, 0.1-2 mol % 1).
The mechanisms of the hydrosilation and dehydrgenative silation
reactions were studied by a variety of low-temperature NMR
experiments and deuterium labeling experiments. The results
of these studies are presented below.

Results and Discussion

I. Survey of Silation Reactions. A. Silation of Ethylene
and Alkyl-Substituted Olefins. In the presence of a catalytic
amount of [(phen)Pd(CEL)] T[BAr'4]~, hydrosilation of olefins
proceeds at 25C in CH,Cl, (eq 4). The addition of HSifto

R

_) RqSi

1% 1aor 1b
CHaClp, 25°C

HSIRg + 4)

R

R =Et, Ph
R'=H, n-Bu, t-Bu

o-olefins proceeds with a 1,2 regiochemistrgb is a more
convenient catalyst than the thermally unstable ether adduct
sincelb is thermally stable, moderately air- and water-stable,
and stable at 28C in CH,Cl,. The results are summarized in
Table 1.

When the reaction was conducted in@tlower yields were
obtained. Likewise, only 5% yield is obtained when [(phen)-
Pd(CHs)(NCCHg)(NCCHg)] *[BAr'4]~ (10) is used as the cata-
lyst. The low yields are due to inhibition of the silation reaction

frather than catalyst decomposition; NMR studies (see below)
uggest that coordinating ligands such as acetonitrile or ether
can compete with olefin or silane for the vacant coordination

| site and thus inhibit the hydrosilation reaction.

No dehydrogenative silation is observed in the reactions of
ethylene, 1-hexene, or cyclohexene with HS{R = Et, Ph).
Some dehydrogenative silation (5%) is observed in the reaction
of tert-butylethylene with HSiEtin the presence ofa or 1b.
Efforts to increase the yield tfBuCH=CHSIE% by increasing
the t-BuCH=CH./HSIE; ratio were not successful.

The reaction of ethylene with H$iPr); in the presence of 1
mol % layields the hydrosilation produdtPrSIiEt (74% yield).

In contrast, the reaction ¢ért-butylethylene with 0.5 equiv of
HSi(i-Pr) in the presence of 1%ayieldstranst-BuCH=CHSi-
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Table 1. Summary of Reaction Conditiotsand Yield$ for the Reaction of Ethylene and Alkyl-Substituted Olefins with HSiRthe
Presence of 1 mol % [(phen)Pd(€KL)]"[BAr'4]~ (1a L = EtO; 1b, L = MesCCSiMe; 1c, L = CH3CN)

HSIRs substrate ratio,
entry no. = olefin catalyst HSiRs/olefin solvent product yield %
1 Et ethylene la c CHxCl, SiEl 85
2 Et 1-hexene 1b 1.1 CHCl, Et:Si(CH,)sCHs 88
3 Et cyclohexene 1b 11 CHCl, Et:Si(Cy) 88
4 Et t-BUuCH=CH; 1b 11 CHCl, Et;SiCH,CH,-t-Bu? 79
5 Et t-BuCH=CH, 1b 1.0 CHCl, Et;SiCH,CH,-t-Bud 80
6 Et t-BUCH=CH; 1b 11 EtO Et;SiCH,CH,-t-Bud 14
7 Et t-BuCH=CH, 1c 11 CHCl, Et;SiCH,CH,-t-Bud 5
8 Ph cyclohexene 1b 1.1 CHCI, PhsSi(Cy) 78
9 Ph t-BuCH=CH; 1b 1.1 CHCI, PhSiCH,CH-t-Bu 2C¢
10 i-Pr ethylene la c CH.Cl, Si(i-Pr)Et 75
11 i-Pr t-BuCH=CH, la 0.5 CHCl, (i-PrSiCH=CH-t-Bu 82
12 i-Pr t-BuCH=CH, la 1.1 CHCI, (i-PrySiCH=CH-t-Bu 94

a24 h, 25°C.PYields were calculated based on the limiting reagé@:H, was bubbled through the solution untibi; uptake ceased.
4 EtsSICH=CH-t-Bu (5%) was also formed.Recrystallizedf An equivalent amount af-BuCH,CH; was also produced.

i 0/ /i At _ Table 2. Reaction Conditior?$ and Product Ratid<or the
(1-Pr)s (82% yield) (eq 5). The hydrosilation producBuCH; Reaction of Styrene with HSIRR = Et, i-Pr) in the Presence of
) i 1 mol % [(phen)Pd{3-CH(CHs)CeHs)]T[BAr'4]~ (7)
- _ /B 1%1a (i-Pr)3St -
HSi(iPrls + 2 =/ —— = N—= g, T FBUCHCHs () substrate product ratio,
2Clz, 25 tBu entry HSIR ratio, T, yield»¢ PhCHCH,SIRy/
B _ ) o no. R= styrene/HSIR °C solvent % PhCH=CHSIR;
CHaSI(i-Pr)s, is not observed. When a s_llghF excess of HSi( 1 Et 14 35 CHCl, 27 100:0
Pr)s (1.1 equiv) was used, no hydrosilation is observed. 2 Et 1:1 35 CHCl, 50 4555
B. Silation Reactions of Styrene. The reaction of styrene 3 Et 2:1 35 CHCIl, 58 25:75
with HSiEt; in the presence ofb or [(phen)Pdf3-CH(CHs)- 4 Et 4:1 35 CHCl, 77 13:87
CeHs)]* (7)2° was investigated. The results are summarized in 2 Et ﬁ‘ gg none 22 ng;
Table 2. Both hydrosilation and dehydrogenative silation of t : non® :
R . 7 Et 2:1 85 noné 84 32:68
styrene occur, yielding a mixture of ethylbenzeneSEEH,- 8 Et 41 85 none 88 21:79
CH,Ph, andrans-Et;SiCH=CHGCsHs (eq 6). The product ratio 9 i-Pr 1:4 85 none 58 41:59
EtsSiCH,CH,PhtransEt;SiCH=CHC;Hs is dependent on the 10 i-Pr 1:1 85 none 52 13:87
styrene/HSiEtratio. Hydrosilation predominates when styrene/ 11 i-Pr 2:1 85 none 82 9:91
HSiEt < 1 (entry nos. 1 and 5). Dehydrogenative silation 2 1-Pr 41 85 none 97 0:100
predominates when styrene/HSEt 1. At 85 °C, yields are 224 hours? Yield = (PhCHCH,SiIR; + PhCH=CHSIRs). The
higher. yield is calculated based on the limiting reagent. For the reactions of
equimolar amounts of HSERand styrene, the isolated yield will be
Ph . <100% due to the conversion of styrene into ethylbenzeAe.85
HSRy + —/ 1%1bor7 °C, 7 is soluble in neat HSifstyrene and no additional solvent was
) : used.d Ethylbenzene was removeéa vacuoduring product isolation.
RaSi\__ 4+ RaSi{ + PhCH,CHy  (6) For this reason, the yield of ethylbenzene was not calculated but was
Ph Ph assumed to be equal to the yield of PHEEHSIRs.

The reaction of HSi¢Pr); with styrene in the presence of 1 Scheme 3. Possible Structures fat

mol % 7 was investigated. Higher temperatures (&) are ,SiR3—| * g5 ng\ﬂ +
required. Under identical conditions, the proportion of dehy- (phem)Pd_ -, =——= (phen)Pd_
drogenative silation observed is higher than in analogous RaSi” SiRs
reactions of HSikEt
II. Silation of Ethylene and Alkyl-Substituted Olefins. Rq _‘ +

A. NMR Studies. The hydrosilation and dehydrogenative St

o . . . or (phen)Pd 4
silation reactions were investigated by low-temperature NMR s
spectroscopic methods in order to gain mechanistic insight. Rs
Complexes containing the [BAt~ anion frequently exhibit
enhanced stability and solubility and are well-suited for low-  In the presence of only 1 equiv of silane, a 1:1 mixture of
temperature NMR studieis??.25.29.30 andlais obtained. Ir2athe two SiEt fragments are equivalent

The reaction of the precatalysa with 2 equiv of HSIR (R by IH and3C NMR spectroscopy at temperatures downr-85
= Et, Ph) at—78 °C in CD,Cl, proceeds with loss of methane °C. A singlet is observed at = —9.99 @a) or —12.13 @b)
and formation of a new complex with the general formation and is attributed to SiH. At —95 °C no 2°Si satellites are
[(phen)Pd(SiR)2(H)] T[BAr's]~ (2a, R = Et; 2b, R = Ph) (eq observed, but the peak is quite broad &ffi—H coupling

7). constants less than 40 Hz would not be detected. Based on the
spectroscopic evidenc2a and 2b are either Pd(IV) hydrides
CD,Cly, -78°C i + 11—
[(phen)Pd(CH)(OEt)]* + 2 HSIR, 2% “[(phen)Pd(SiRg)a(HI* Wlth the ggneral formula .[(phen.)Pd(S;E-[] [BAr.4] or a
- Et;0, - CHy rapidly fluxional Pd(ll) species which containssgssilyl group
2a: R = Et o and an?-silane (Scheme 3). A less likely possibility is that the
2b: R =Ph hydride is symmetrically bridged between the silyl groups, as
(29) Rix, F. C.; Brookhart, M.; White, P. S. Am Chem Soc 1996 (30) Brookhart, M.; Grant, B.; Volpe, A. FOrganometallics1992 11,

118 2436. 3920.
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shown in Scheme 3. The reaction Id with 2 equiv of HSi-
(i-Pr)s in CD,Cl, at —78 °C does not yield any well-defined
species, although Cfevolution is observed. It is possible that
the larger steric requirements of iSRr); prevent formation of
a species with the general formula [(phen)Pd¢Bi(s)(H)] -
[BAr'4]~.

HSIiEt is readily displaced fron2a by a variety of ligands,
allowing the formation of a variety of cationic Pd(ll) silyl
complexes. Addition of triphenylphosphine &a results in
formation and isolation of [(phen)Pd(SEHPPR)] T [BAr'4]~
(3a) (eq 8). When allyldiphenylphosphine is added2m at

+

7
vy | O N\Pd/SiE’s 3a L=PPh, @
a + P~
- HSiEts AW L 3b L=phoP” 7
\)

—78°C, orange [(phen)Pd(Sig(PhPCHs)] T[BAr'4]~ (3b) is
isolated. H and 3P NMR spectroscopy suggest that 3ip
allyldiphenylphosphine is coordinated to palladium via phos-
phorus rather than through the olefin. The isolable Pd silyl
complexes3ab are not suitable hydrosilation precatalysts; no
reaction of cyclohexene with HSifEtwas observed in the
presence of 1 mol 98a or 3b (CH,Cl,, 25 °C).

Addition of ethylene to a solution dfaat —78 °C results in
displacement of HSiktand formation of [(phen)Pd(Sigi{r?-
CoH4)1T[BAr'4]~ (48) (eq 9). No hydrosilation is observed at
—78°C. Inthe presence of excess ethylene, exchange betwee
free and bound ethylene is observed-&8 °C and only a single
averaged signal can be observéd<5.0 ppm). Inthe absence

of excess ethylene, the coordinated ethylene ligand displays an

AA'BB' pattern centered at 4.9 ppm. The olefinic doublets
collapse to a singlet as the temperature is raised. At the
coalescence temperatug,= —70(1)°C, k= 3.9 x 1 s},

AGF = 9.2 kcal/mol. The fluxional behavior ofais similar

to that observed for the cationic alkyl complexes [(phen)-
Pd(R)(GH4)]T[BAr's]~ (R = CHs, AG* = 9.2 (0.2) kcal/mol;

R = CoHs, AG* = 9.2 (0.2) kcal/mol$t25

Z +

. SiEty |
Pd
, \l
R
H

R’
R

)
R' ° N.

CD,Cly, -78°C

2a —; 212 (9)

- HSiBty

S8 /N
=Z

won

t-Bu

Addition of tert-butylethylene to a CBELI, solution of2a at
—78 °C results in displacement of HSiEand formation of
[(phen)Pd(SiE)(172-CH,CH-t-Bu)] T[BAr'4] ~ (4b). At —78°C,
no exchange is observed between free and badmdylethyl-
ene.

The reaction ofla with 1 equiv of HSIE}$ followed by
addition of HC=CHR' (R' = H, t-Bu) at —78 °C yields 4a
and 4b, respectively. This method permits the generation of
silane-free solutions oftab as well as the generation of tri-
(isopropyl)silyl analogues of; the reaction ofla with 1 equiv
of HSi(i-Pr); at —78 °C followed by addition otert-butyleth-
ylene results in formation of [(phen)Pd(BRr))(172-CH,CH-
t-Bu)]T[BAr'4]~ (40).

The rapid reaction of the precatalyist with 2 equiv of HSIR
to form 2 and the subsequent displacement of H3iR olefin
to form 4 demonstrate how catalyst generation occurs in the
silation reactions. Additionally, the reaction b with HSiR3
suggests that alkyl complexes of the general formula [(phen)-
PdR'(L)]* (R" = alkyl) react readily with silane to form alkane

J. Am. Chem. Soc., Vol. 119, No. 5, 1999

10% kgpey ™

0
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Figure 1. A plot for kos vs [HSIEt] for the reaction of [(phen)Pd-
(SiEt)(H.C=CH-t-Bu)]* (4b) with HSIiEt to form 2a andt-BuCH,-
CH,SIEt (—38 °C; [4b] = 0.014 M;Kops = 1.7 x 1073 571 [HSIEL]).

and regenerate a Pd(ll) silyl complex; this reaction is a key step
in the catalytic hydrosilation reaction (see below).

In the presence gfaand excess HSigand ethylene (210
equiv), hydrosilation proceeds readily at40 °C. During
catalysis4ais the only organometallic species observedidy
NMR spectroscopy. Upon complete consumption of ethylene,
2ais regenerated. Similar results were obtained in the reaction
of 4b with excesgert-butylethylene and HSikgt These results
establish that the silylolefin complexes [(phen)Pd(SiRr?-
CH,CHR)][BAr'4]~ are the catalyst resting state for the silation

' olefins. This led us to propose a mechanism consisting of

silyl migration to olefin followed by reaction of the-silylethyl
complex with HSIR to form the hydrosilation product and
regenerate [Pd]-SiR(eq 10).

. rate-determining R
[Pd]/SIRa step [Pd])VSiRs
~
R
! (10)
. _JH.
MR pa-siRy .~ 4
fast + fast
R ~_SiRs

Based on the rapid reaction b& with HSiEt; and the rapid
formation of 4 from 2, it was anticipated that the rate-
determining step would be the silyl migration to olefin, and the
hydrosilation reaction would be zero-order in [HSJEtCD,-

Cl, solutions of 4a and 4b were monitored by!H NMR
spectroscopy in the temperature ranrg@0 to —20°C. It was
found that in the absence of HSgEtomplexegtab arestable

in CD,Cl, at temperatures up to ca:20 °C. Neither the
B-silylalkyl complexes [(phen)Pd(CHRH,SIER)]* (R' = H,
t-Bu) nor any other species attributabletailyl migration was
observed. This result suggested tadlyl migration @ == [Pd]-
R") may be rapid and reversible, favorirgin the catalytic
cycle. To examine this possibility, the kinetics of the reaction
of 4b with HSiEt; under pseudo-first-order conditions (180
equiv of HSIEg) was monitored at-38 °C. A first-order rate
dependence on [HSigtwas observed at all silane concentra-
tions. Kobs= 1.7 x 1073 M~1 s71 [HSIEt3]) (Figure 1).

A crossover experiment was performed to determine whether
the silyl and olefin fragments in complexdsare coupled in
the hydrosilation product or if the bound olefin fragment is in
some way attacked by free HSiR4b was generated in CB
Cl, at —78 °C; care was taken not to introduce excess HSIEt
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Scheme 4. Nondegenerate Silyl Scrambling and Olefin Displacement Reactions in [(phen)Rd(3iRH,=CHCH,SiR 3)] "

SiEt; | *

(phen)Pd(| [ (phen)Pd

5a CHaSIPh

Z > CH,SiPhy O CH,SiEt,

_SiEty |
(phen)F’d\|

5c CH,SiEt,
or tert-butylethylene. HSiPhwas added and the solution was
allowed to warm to 25°C. The hydrosilation product was
analyzed by'H and 13C NMR spectroscopy and found to be
exclusively t-BUuCH,CH,SIiEt; (eq 11). The results of this

.
SiEtg 7 t+-BUCH,CH,SiEts
(phen)Pd + xs HSiPhg

w L ——44———~ tBUCH,CH,SIPh,

experiment suggest that intramolecular silyl migration to olefin
occurs rather than an intermolecular reaction of botert
butylethylene with HSiPh

The results of the kinetics and crossover experiments strongly
support rapidreversiblesilyl migration. To test the reversibility
of the silyl migration, a silyl scrambling experiment was
performed (Scheme 4). [(phen)Pd(S)Ep?-H,C=CHCH,-
SiPhy)]T[BAr's]~ (548) was generated in CITI, at —78 °C by
addition of allyltriphenylsilane to a solution dfa. If silyl
migration to olefin occurs with a 2,1 regiochemistry (as is
suggested by the regiochemistry of the hydrosilated products),
the Pd(ll) alkyl intermediate would have two nonequivalent
[-silyl substituents. [§3-silyl elimination occurs it would be
nondegenerate and would result in formation of a mixture of
5a and a new complex, [(phen)Pd(Sgy?-H,C=CHCH,-
SIE)] t[BAr'4] .

5a was generated at78 °C and the NMR sample was
inserted into a precooled-78 °C) NMR probe. Initially,~95%

H5a was observed, but as the sample was allowed to warm to
—60 °C, a mixture of5a (87%) and a new speciés (13%)
whose'H NMR spectrum closely resembled that B& was
formed. [(phen)Pd(SiR)(;?>-H,C=CHCH,SIEt)] "[BAr's]~ was
independently generated-a#8 °C and its NMR spectrum was
identical with that of complexsb. At —60 °C, 5b rapidly
equilibrated to a mixture oba (87%) and5b (13%). For the
equilibrium 5a = 5b, K(eq) = 0.15 at —60 °C. These
observations clearly establish that rapid and reversible silyl
migration is occurring at-60 °C.

After an hour at-60 °C, two new species were also observed
and identified as [(phen)Pd(Sigity?-H,C=CHCH,SiEt)]*-
[BAr'4]~ (5¢) and [(phen)Pd(SiR(;2-H,C=CHCH,SIiPh)] *-
[BAr'y]~ (5d) (based on independent generation of these
complexes).

The observed preference f6a may be due to preferential
binding of the more electron-rich silyl fragment SjEb the
electrophilic Pd(ll) cation. The eventual formation 5¢ and
5d results from nondegenerate exchange of allylsilane. The
exchange may be explained by either an associative or dis-
sociative mechanism in the presence of traces of free allylsilane.
Mechanistic studies in related cationic Pd(ll) systems suggest

(1)
t-Bu

that olefin displacement proceeds by an associative mecha-

nism?23.29

SiEty siPhy |
_— hen)Pd” 3
SiPhg (phen)Pdy
s, CHeSiEL
Z CHySiEty || #7 CH,SiPh,
T
_SiPh
(phemPd(, s
g CHaSPhs

Scheme 5. Reactions ofi-Olefins with DSIE$ in the
Presence olb

H
1% 1b D
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\@ SiEty
[Pd] SiEty
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At —70 °C, the equilibration of5a and 5b occurred
competitively with the displacement of HSilRom 2. Accurate
rate constants for the interconversion5a and 5b could not
be obtained.

B. Deuterium Labeling Studies. Deuterium labeling studies
were conducted to determine whetjfeinydride elimination and
reinsertion reactions occur in tifesilylalkyl intermediates prior
to cleavage by silane. The reactions of cyclohexeré;
butylethylene, and 1-hexene with DSifi# the presence dfb
were investigated. The catalyst and substrate concentrations
were similar to those used in the bulk hydrosilations. The
deuteriosilated products were isolated and analyzéd®}NMR
spectroscopy. The results are shown in Scheme 5.

For cyclohexene, deuteriosilation occurs, with a 1,2 regio-
chemistry and<5% deuterium incorporation is observed at any
other position. These results are consistent with migratory
insertion of cyclohexene followed by reaction of the Pd
cyclohexyl intermediate with DSigtas shown in Scheme 5.

In contrast, the deuterosilation reactionteft-butylethylene
proceeds with a net 1,1 regiochemistry, a@UCH,CHDSIE%
is the only product observed BYC NMR spectroscopy. A
plausible mechanism is proposed consisting of migratory
insertion oftert-butylethylene, followed by-hydride elimina-
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Scheme 6. Proposed Mechanism for the ruthenium silyl complex is formed via extrusion of ethylene
(phen)Pd-Catalyzed Hydrosilation and Dehydrogenative from a S-silylethyl intermediate (eq 12}
Silation of Alkyl-Substitutedo-Olefins and Ethylene
= - CoH

([Pd] = [(phen)PdY) (CHPPha(CO)RU—H + =\ 2Hq

Hydrosilation Dehydrogenative Silation SiMe3 - PPh,

. (CI)(PPh3)2(CO) Ru— SiMes (12)
=~ JSRs AN
[Pd]—SiR3 [Pd]\ [Pd]—SiR3

The deuterium labeling studies suggest that {/Rl] (R" =
alkyl) can undergo rapids-hydride elimination reactions.

o
R
RCHCH, Reinsertion of the bound olefin with opposite regiochemistry
g\ SR results in isomerization of the Pd(ll) alkyl intermediate. -A38
HSiRs HSiRy °C, the reaction oftb with HSiEt; proceeds fairly rapidlykps
= 1.6 x 103 M1 s 1[HSIEt)); the deuterium labeling studies
suggest that isomerization of the alkyl fragment occurs prior to

_ o reaction with HSIiB. The isomerization of the Pd(Il) alkyl
SiRg N N J_sm, L intermediate must th_ere_fore b_e occurring qL_Jite rap_idly even at
Pd] 1 low temperatures. Similar evidence for rapid “chain-running”

Ao
reactions has been observed in Pd(ll)- and Ni(ll)-catalyzed
/ polymerization ofo-olefins23
The final step in the proposed catalytic cycle is the cleavage

[Pd]

M sirg = N of [Pd]—R" with HSiRs. The deuterium labeling studies suggest
[Pd]\f el that the regiochemistry of this reaction is dependent on the steric
R Q demands of both HSiRand [Pd}-R"; typically, the least
. hindered isomer of [Pd{R" reacts with HSIR.
ReSi In the reaction oftert-butylethylene with HSi¢Pr);, both
\;R‘ possible isomers of [Pe]R" have bulky substituents to Pd

(eq 13); in this situation, the reaction of [PdR"" with HSi(i-

tion and reinsertion of-BUuCHCHSIE% with opposite regio- N
. N + +Bu —l + HSIi(£Pr)3
chemistry and subsequent cleavage by DSIEt _Si(P; | Asien y
The reaction of 1-hexene with DSifinh the presence ofb PN ——[Pd] ? T BUCH ORI
yields EgSi(CeH12D). Deuterium is incorporated at all positions 4 “tsu
along then-hexyl chain except &8H,SiEt;. This result suggests “ (13
that “chain-running” is facile. However, unlike the other
examples shown in Scheme 5, the reaction is not regioselective. .., 4+ I~ Si(m)] - 20°C __ tBu
The deuterium labeling studies suggest that revergiiig- - j\,t.su — \J (i-Pr)3S/_/
dride elimination/olefin reinsertion reactions can occur prior to +8u
eventual cleavage of the Pd alkyl intermediate with HSIEt
Steric factors appear to predominate in these systems; e.g., thérs is predicted to be disfavored, in agreement with the
least congested alkyl intermediate is the most likely to react experimental results. To test this hypothesis, a@psolution
with silane. Fortert-butylethylene and cyclohexene the differ- of 4cwas prepared at 78 °C and the solution was warmed to
ence in reactivity of the- andg-silylalkyl intermediates is large ~ —20 °C. Dissociation oftrans-(i-Pr)SiCH=CH--Bu occurs
enough that only the most accessible isomer reacts with kISiEt both in the presence and absence of HBif. No hydrosilation
For 1-hexene, there is not a significant steric difference betweenis observed. The results of this NMR experiment are consistent
the various alkyl intermediates of the general formula [(phen)- With both the proposed mechanism and the results of the
PACH(GHazn+1)(CsnH2sm)SIE]* and thus the reaction of catalytic silation of tert-butylethylene by HSi¢Pr)s. The

+

1-hexene with DSiRtis not regiospecific. dehydrogenative silation reaction will be discussed in greater
C. Mechanism of Silation Reactions of Ethylene and  detail in the next section. o _
Alkyl-Substituted Olefins. A mechanistic scheme for the lll. Silation Reactions of Styrene. The silation reactions

(phen)Pd(IlY-catalyzed silation reactions of alkyl-substituted Of styrene were investigated by low-temperature NMR spec-
olefins and ethylene can be proposed based on the results ofroscopy and deuterium labeling studies in an attempt to gain a
the low-temperature NMR studies, kinetics experiments, and mechanistic understanding of this system. To our knowledge,
deuterium labeling studies. This mechanism is shown in N0 mechanistic studies on dehydrogenative silation have been
Scheme 6. The key features of this mechanism are (1) rapid,reported. We were particularly interested in determining why
reversible silyl migration to olefin, (2) isomerization of the dehydrogenative silation occurs much more readily for styrene
intermediate alkyl complexes through a seriesfelydride than for alkyl-substituted olefins such as cyclohexen¢edr
elimination reactions and reinsertion of the bound olefin with butylethylene.
opposite regiochemistry, and (3) cleavage of the alkyl complex ~A. NMR Studies. The reaction oRawith styrene in C-
by HSIRs. Cl, at —78 °C yields a new complex (eq 14). H and13C
Although there have been several examples of silyl migration NMR data for6 are consistent with the formulation [(phen)-
to olefins18%including the cobalt-based hydrosilation catalyst Pdé7*-CH(CH;SiEt)CsHs)] "[BAr's]~ based on comparisons
described abov%,there have been Only a few well-defined with the related, Structura”y CharacteriZREbenzyl CompleX
examples ofg-silyl elimination reactions. Wrighton and co-  [(Phen)Pd*-CH(CH,CHs)CeHs)] “[BAr's]~ which is formed in
workers observed reversible insertion of ethylene into the Fe- the reaction oflawith styrene?® In the absence of HSiEbr

Si bond upon photolysis of (Cp)Fe(CS)Me; under ethylgné? (31) Wakatsuki, Y.; Yamazaki, H.; Nakano, M.; Yamamoto,JYChem
In an example of an irreversibfgsilyl elimination reaction, a Soc, Chem Commun 1991, 703.
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Et3Si
+
CeHs  -78°C 1
2a + — _— (Phen)F’d—> + HSiEty (14)
CDCly

6

styrene, CCI; solutions of6 are stable for several days at 25
°C; however, when solutions & were concentrated, decom-
position to palladium black anttans-Et3SICH=CHGCsHs oc-
curred.

Then?-styrene complex, [(phen)Pd(Sifl>~H.C=CHCsHs)] *-
[BAr's]~, was not observed in the reaction 2d with styrene
at —78 °C. Thus, silyl migration is quite rapid even at low
temperatures. This result is in agreement with the results from
the silyl scrambling experiments described above. Following
silyl migration to styrene, isomerization of the initially formed
o-benzyl intermediate to the more stabtebenzyl complex6
occurs (eq 15). Qualitatively, the silyl migration to styrene is

CeHs ]+

)\/siEtg

Et3Si
+ —‘l +

SiEts

h

(phen)Pd—)
6

(Pd]

f—— [Pd] -

CeH
65 a15)

faster than the analogous methyl migration to styrene in [(phen)-
Pd(CHy)(>-H,C=CHGCsHs)] 1[BAr's]~ (AH* = 16.6+ 1.3 kcal/
mol, AS" = —6.6 & 5.4 eu)?®

The reaction ob with excess HSiktresults in formation of
PhCHCH,SiEt; and regeneration &a. The rate was measured
under pseudo-first-order conditions (80 equiv of HSIE$)
at 13°C and found to be first order in HSiEtkops = 1.1 x
104 M~1 s7! [HSIEt;] (Figure 2). The rate is much slower
than that observed for the reactionddf with HSIiEt; (—38 °C;
kobs= 1.7 x 103 M1 s71[HSIEts]). Since the steric demands
of atert-butyl group are actually greater than that of a phenyl
group, the low reactivity 06 with HSiEt; must be attributed to
the equilibrium between the- ands-benzyl isomers o8, which
strongly favors ther-benzyl isomer.

In the presence of excess styrene at°25 6 reacts with
styrene to productrans-EtzSiCH=CHCsHs and [(phen)Pdg-
CH(CHs)CgHs)]T[BAr'4]~ (7), (eq 16). The displacement of

EtsSi
al -
(phen)Pd—> (phen)Pd—)
6 Keq = 26 7
E— (16)
+ +
Ph Etgsi\H

Ph

trans-EtzSiCH=CHGCsHs is reversible, but the equilibrium lies
in favor of the less-crowded-benzyl complex7 (25 °C; Keq
= 26). In a related reaction, [(phen)R&CH(CH,CHy)-
CeHs)]T[BAr'4]~ reacts with excess styrene to produté25
°C; Keg= 249) andransmethylstyrené? Mechanistic studies

LaPointe et al.

7 + HSIE —
2a + CgH{CH,CH,

10* Ky 5™

6+ HSIE; ==
2a -+ CgHsCHyCH,SiEl

e "’"‘ﬁ'ﬂ'.f
P

T T T T T 1

02 04 06 08 1 12
[HSiEt;], M
Figure 2. Plots ofkeps vs [HSIEt] for the reaction of [(phen)Pgg-
CH(CH;SiEt;)CeHs)] ™ (6) and [(phen)Pdf*-CH(CH;)CeHs)] ™ (7) ([6
or 7] = 0.027 M) with HSIEt at 13 °C. (6 + HSIEt — 2a +
PhCHCH,SiEt; kops = 1.1 x 107* s [HSiEts]; R? = 0.995.) ¥ +
HSiEt; — 2a + PhCHCHgz; kops = 7.1 x 107% s71 [HSIEt]; R? =
0.998.)

Scheme 7. Proposed Associative Benzyl Exchange
Mechanism for the Reaction of
[(phen)Pdf3-CH(CH,SiRs)CgHs)]* (6) and Styrene
([Pd] = (phen)Pd)

RSi

Yy

6

B-H Elim.

{[Pd]{sma ]
Ph

styrene

SiRg

trans-R3SICH=CHPh

[Pd%

7

H
[Pd] jl/

Ph

B-H Mig.

H
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The kinetics of the reaction & with excess styrene were
measured at 13C. The results are shown in Figure 3. The
system approached saturation at higher styrene concentrations.
The saturation rate constant was obtained as the reciprocal of
the intercept of the plot of kips vs 1/[styrene] Ksa:= 1.1 x
10 s71). The rate dependence on [styrene] suggests that
displacement ofrans-EtsSiCH=CHPh occurs via an associative
mechanism. Similar kinetic behavior was observed in the
reaction of [(phen)Pd-CH(CH,CHz)CsHs)]*[BAr's]~ with
styrene®® In a typical catalytic reaction (Table 2), [styrenel]
> 2 M, so saturation behavior is assumed.

The n-benzyl complex7 reacts with HSIEf to produce

ethylbenzene an@a. The reaction of7 with HSIEt; was
monitored under pseudo-first-order conditions (0.027,M0—
30 equiv of HSIE$) at 13°C. The reaction of7 with HSIEt;
was found to be first order in bothand HSIE$ (kops= 7.1 x
104 M1 st [HSIEt)) (Figure 2).

IH NMR spectroscopy of a working catalyst solution revealed

for this process suggest that the benzyl transfer reaction proceedshe presence of boté and7 in the presence of excess styrene

via 3-hydride elimination followed by associative displacement
of transCH;CH=CHPh by styrene -Hydride migration and
rapid isomerization produces the newbenzyl complex?7.

Based on the kinetics experiments (see below) and the similari-

ties between the two systems, it is likely that the interconversion

and HSiEt. Thus, ther-benzyl complexe$ and 7 are the
catalyst resting state for the silation reactions of styrenean

be recovered ir-90% yield (based orib) from the reaction
mixture by precipitation with hexane upon completion of the
catalytic reaction.

of 6 and7 proceeds through a similar series of reactions (Scheme B. Deuterium Labeling Studies. The hydrosilation and

7).

dehydrogenative silation reactions of styrene with D&viitre
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Scheme 8. Reactions of Styrene with DSifin the 9 =
Presence olb 8] L]
Ph 1% 1b )
= + 3 DSiEtg CgHsCHDCH,SIEts 7] [ ]
EtsSi Ph 6
PAd— )" et —OSEl o CHDCH,SIE 5]
[Pd] SiEt3 615 29IEl3 10° Kopor o1 A
4
Ph 1% 1b EtsSi.  H 37
2 =/ + DSiEtg — + CgH5CH,CHLD P
H Ph
) Ph>— H "
[Pd]— B CHg [Pd]’ — 0
b (Pd] \ﬂ o 05 1 15 2 25
Ph
+ DSIEt [styrene], M
Pa " =2 GgHsCH,CH,D
1.4
investigated (Scheme 8). The reaction of a 3-fold molar excess 13
of DSiEt; with styrene in the presence of 1% yielded GHs- ~
CHDCH,SIEt. In contrast, the reaction of excess styrene with
DSiEt in the presence of 1%b yielded GHsCH,CH,D as the 127
only deuterated product. No evidence for deuterium incorpora- .
tion into trans-CeHsCHCHSIEf was observed. The reaction 1/10Kobs 1.1 B

of 7 with 4 equiv of DSiE$ in CD,Cl, yielded GHsCH,CH.D.
Once again, steric factors appear to govern the regiochemistry
of cleavage by silane.

C. Mechanism of Hydrosilation and Dehydrogenative
Silation of Styrene. A mechanistic scheme can be proposed
based on the results of the NMR experiments and the deuterium

14

0.9

0.8

T T T T T T 1
0 01 02 03 04 05 06 07 0.8

labeling studies. This mechanism is shown in Scheme 9. As

was the case with the hydrosilation, silyl migration to coordi- 1/ [styrene]

nated olefin is a key feature in the silation reactions of styrene. Figure 3. (A) A plot of ks Vs [styrene] for the reaction of

However, rapid isomerization to thebenzyl comple)6 occurs, [(phen)Pdf3-CH(CH,SIEL)CsHs)] * (6) ([6] = 0.027 M) and styrene

so that the complexes [(phen)Pd(S)&p2-CH,CHPh)]" and yielding [(phen)Pd¢3-CH(CHs)CsHs)] * (7) andtrans-PhCH=CHSIEk.

[(phen)Pdf1-CH(CH,SiEt)(CgHs)], which are plausible inter- (B) A plot of 1/kops Vs 1/[styrene] for the conversion 6fto 7. Theksat

mediates in the conversion @& to 6, are not observed. was determined from the inverse of the intercept of the inverse plot
The concentration-dependent rate constants for the conversiorfkeat = 1.1 x 107 s7%). See ref 29 for the derivation of the kinetic

of 6 to 7 and the reaction o6 and7 with HSIE at 13°C can  SxPression for the benzyl exchange reaction.

be compared directly (Scheme 10). The reaction ofitfenzyl behavior is observed in the conversion ®fto 7. For the

complexes6 and 7 with excess HSikt show a first-order conversion 0610 7, kgr= 1.1 x 1074s7L. In a typical catalytic

dependence on [HSigtand no evidence of saturation kinetics reaction (Table 2), the initial styrene concentratio? M and

under the reaction conditions (Figure 2). In contrast, saturation saturation is assumed.

Scheme 9. Proposed Mechanism for the [(phen)Pd}atalyzed Hydrosilation and Dehydrogenative Silation of Styrene {Pd]
(phen)Pd)

Hydrosilation

=/ _SiR
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Scheme 10. Comparison of the Concentration-Dependent
Rate Constants for the Rate-Determining Steps of the
Hydrosilation and Dehydrogenative Silation Reactions of
Styrene with HSiEfat 13°C

Keat, = 1.1x 10771, 13°C

EtsSi Ph
=/
[Pdl—) [Pd%
6 l 7
EtsSi
Ph
HSIEty | kops = 1.1 x 107*M s '[HSIEt5] HSIEty | kops = 7.1 x 10™*M s [HSIEts]
13°C 13°C
EtgSiCH,CHoPh PhCH,CHj

Hydrosilation Dehydrogenative Silation

As shown in Scheme 10, the displacementrahs-CsHs-

CH=CHSIE% from 6 results in dehydrogenative silation of

styrene, and the reaction 6fwith HSIEt results in hydrosi-

LaPointe et al.

suggests thai-silyl elimination may be a facile reaction of other
transition metal3-silyl(alkyl) complexes. The silyl migration
and elimination reactions are similar to hydride and alkyl
migration reactions and-hydrogen angs-methyl abstraction
reactions, respectivefy.

(3) The deuterium labeling studies and formation of vinyl
silanes suggest that in addition to the rapid, the degenerate
B-silyl migrations, g-hydrogen elimination and reinsertion
reactions are operative in this system. Both fhslyl migra-
tions and thef-hydride migrations are operative at low
temperatures<—40 °C).

(4) The eventual reaction of the Pd(ll) alkyl intermediate
([Pd]—R ") with HSiRz appears to be governed by steric factors,
with the most accessible isomer reacting the fastest. If
intermediate [Pd}R" and/or the silane HSiRare too bulky,
the cleavage of [P]R" by HSIiRs is disfavored and associative
displacement of vinylsilane by alkene can occur, resulting in
dehydrogenative silation. In this systerdehydrogenatie
silation results when the reaction with HSiR inhibited rather
than when associative displacement is promoted (e.g., by
addition of a coordinating ligands such as BPh

(5) The proposed mechanism of styrene hydrosilation and

lation. The similarities in the rates of the two processes and dehydrogenative silation is similar to that proposed for the

the fact that the rate of displacementi@insCsHsCH=CHSIE%

saturates at high styrene concentration suggest that the distribu*

silation reactions of ethylene and alkyl-substituted olefins. The
main difference is that in the silation reactions of styrene, the

tion of hydrosilation and dehydrogenative silation in the catalytic catalyst rzestin_g states are thebenzyl comple2xe§ a2d7 rathfr
reactions might be significantly altered by changing the relative than they=olefin complexes, [(phen)Pd(SiRy*-H.C=CHR)]™.

ratios of styrene and HSigt This was observed in the catalytic

The stability of ther-benzyl complexes results in a slow reaction

silations of styrene (Table 2), in agreement with the proposed with HSIRs. As a result of the low reactivity & with HSIRs,
mechanism. No quantitative predictions of product distributions the @ssociative displacement of vinylsilane by styrene becomes

were possible since the rates were determined 4Cli& CD»-

Cl, and the preparative scale silations were conducted at highe

temperature (3585 °C).

The difference in the rate constants for the reactivity of the

m-benzyl complexe$ and7 with HSiEt; may be due to steric

competitive with cleavage by HS§Rand significant amounts

,of dehydrogenative silation are observed, despite the relatively

low steric demands of Sig&and phenyl groups.
(6) It should be emphasized that the catalysts used in this
study are highly electrophilic, cationic Pd(Il) complexes. The

factors. If this is the case, then it suggests that the reaction of Pd(Il)-catalyzed hydrosilation and dehydrogenative silation

the -benzyl complexe$ or 7 with a bulkier silane (such as

HSi(i-Pr)) would be even slower. This was confirmed quali-

tatively by noting that no reaction was observed betwéand
excess HSi¢Pr) in CD,Cl, at 25 °C. Since the rate of

reactions reported here may proceed by a different mechanism
than Pd(0)-catalyzed hydrosilation of olefins, in which dehy-
drogenative silation is not observed and hydrosilation of styrene
occurs with silation of the benzylic carbon.

associative displacement of styrene would be unlikely to change ~ TNe results reported here contribute to an understanding of
as much, the use of bulkier silanes should favor the dehydro-the factors that govern hydrosilation and dehydrogenative
genative silation reaction rather than the hydrosilation reaction. Silation reactions. Using the mechanistic information obtained
This was observed in the reactions of styrene with HBils in this study, we are curre_ntly |nvest|gat|ng the developmgnt
(Table 2). Similar results were recently observed in a Rh- o_f new catalysts that are highly selective for dehydrogenative
catalyzed dehydrogenative silation of styrépe. silation.

Even when steric factors are taken into account, the silation
reactions of styrene proceed much more slowly than the silation
reactions of alkyl-substituted olefins. It is likely that this
difference results from the high stability of the-benzyl
intermediate$ and7. The relatively low reactivity o6 toward
HSIRs allows an alternate reaction, the displacemertrars
R3SICH=CHPh by styrene, to occur at a similar rate. Thus,
dehydrogenative silation is competitive with hydrosilation in
this system.

Experimental Section

General. Unless otherwise noted, all reactions were conducted under
an atmosphere of dry, deoxygenated argon or nitrogen using standard
Schlenk techniques or in a Vacuum Atmospheres glovebox. Pentane,
hexane, ether, toluene, and tetrahydrofuran were distilled from sodium
benzophenone ketyl under a nitrogen atmosphere prior to use. Dichlo-
romethane was distilled fromy®;, under a nitrogen atmosphere. €D
Cl, (CIL) was dried over Cakunder argon and was degassed and
vacuum transferred. CDgWwas used as received. (phen)Pdi¥fe
H(OER),BAI'4,%° [(phen)Pd(CH)(OEL)] T[BAr'4~ (1a),° [(phen)Pd-
(CH3)(NCCHg)][BAr'4]~ (1¢),%8 and [(phen)Pdf3-CH(CHs)CeHs)] -

Several conclusions can be drawn from the results of the [BAr'al™ (7)** were prepared according to reported procedures. Eth-
mechanistic studies and deuterium labeling studies. ylene (polymer grade) was purchased from Matheson Gases. Unless

(1) In the silation reactions of alkyl-substituteeblefins and Ztlze_r\mse noted, S|Ia_nes, chIorosﬂanes_,' anq oleflns_ were purchased from

. . . rich and used without further purification. §SiD was prepared
ethylene, th? cagalyst resting ftate !S _W?eolefln complex, from E&SiCl and LiAID, in EO2 H NMR of the product revealed
[(phen)Pd(SiR)(7*-H,C=CHR)]". This is true for both hy- <5% H incorporation. Allyltriethylsilane was prepared from allyl-
drosilation and dehydrogenative silation.

! _ _ 1atl _ _ magnesium bromide and §8iCl in THF.
(2) Silyl migration to olefin is rapid and reersible at—60 H and*3C chemical shifts were referenced to residual protio solvent
°C. The ease ofs-silyl elimination reactions in this system

peaks and solvent’C peaks, respectively. Coupling constants are

Conclusions
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reported in hertz; routine coupling constants are not listed. Elemental was bubbled through the solution and the mixture was allowed to warm

analyses were performed by Oneida Laboratories.
Atom labeling schemes for the phenanthroline and §§H3)B~
counterion resonances are as follows:

to room temperature. After 20 min, a precipitate of Pd black had
formed and ethylene addition was stopped. Solvent was removed in
vacuo, yielding a colorless oil that was pure iy 'H NMR (1.20

g, 85%).

Si(i-Pr)s(Et). Si(i-Pr)(Et) was prepared in a procedure similar to
that used for Sigt The resulting colorless oil was pure Hy and*3C
NMR (yield 75%). 'H NMR (CDClz, 20 °C) 6 1.0 (m, 24,i-Pr +
SiCH,CH3), 0.82 (q, 2, Si€l,CHs). 3C NMR (CDCk, 20°C) 6 18.0
(CHMe,), 10.0 CHMey), 7.33, 0.0 (SiEt). Anal. Calcd for &H26Si:

C, 70.87; H, 14.06. Found: C, 70.66; H, 14.63.

SiPhCy. In a drybox, solid HSi(6Hs)s (1.37 g, 5.27 mmol) and

1b (76 mg, 0.05 mmol) were loaded into a Schlenk flask. The solids

TheH NMR resonances were assigned into groups of a, b, ¢, d or a, Were then dissolved in 10 mL of GBI, at =78 °C and cyclohexene
d, b, 1, ¢ ¢, d,d according to their characteristic coupling patterns. (300xL, 5.0 mmol) was added. The solution was warmed to room

The3C NMR resonances were assigned in pairs such,as Cy and
C4 or C,, based on their chemical shifts alidn. The relation between

temperature and allowed to stir overnight. Solvent was removed in
vacuo, yielding a gray solid. The solid was dissolved in 50 mL of hot

the IH and 1°C assignments and the stereochemistry with respect to hexane and filtered. The volume of the filtrate was reduced to 20 mL,

the ligands X and Y has not been ascertained.
H and °C data attributed to the counterion BAr (Ar' =

3,5-(CR)2CeHs) follow. These are consistent for all examined cationic

at which point crystals began to form. Colorless crystals were collected
and dried (1.37 g, 78%3H NMR (CDCl;, 20°C) ¢ 7.3—-7.5 (m, 15,
SiPhy), 1.94 (br d, 2, €Iy, 1.7 (br s, 2, Ely), 1.6 (t, 1, GHSiPhy),

complexes and are not included in each compound characterized below14-1.1 (br m, 6, G1). *C NMR (CDCk, 20 °C) 6 136.0, 134.6,

IH NMR (CD.Cl,) 6 7.72 (s, 8, H), 7.56 (s, 4, Kf). H chemical shifts
are accurate to within=0.02 ppm. C NMR (CD,Cl,) 6 162.1 (q,
Jes = 50 Hz, G), 135.2 (G), 129.3 (9,2Jc-r = 31 Hz, Gy), 125.0 (q,
Jer= 272 Hz,CF3), 117.8 (G). *3C NMR chemical shifts and coupling
constants are consistent to withirl ppm and+2 Hz, respectively.
[(phen)Pd(CHs)(Me3sSiC=CSiMes)] *[BAr 'j]~ (1b). Solid (phen)-
Pd(CH), (116 mg, 0.37 mmol) and [H(OBt] *[BAr'4]~ (365 mg, 0.37
mmol) were combined. The reaction flask was coolee-8D °C and
Et,O (10 mL) and CHCI, (5 mL) were added. The resulting slurry
was allowed to warm to 25C to dissolve solid (phen)Pd(GH, and
then the solution was cooled te30 °C. Bis(trimethylsilyl)acetylene

129.2, 122.7 (Ph), 28.2, 28.1, 26 8H_), 24.1 CHSIPh).
SiPhg(CHCH2-t-Bu). Si(CsHs)s(CH.CH,-t-Bu) was prepared using
the same procedure described for $HE)s(CesHi1). A colorless oil
was obtained which crystallized from hexane-&0 °C after 2 months
(recrystallized yield 20%).*H NMR (CDCl;, 20 °C) 6 7.3—-7.5 (m,
15, SiPh), 1.55 (br s, 2, @-t-Bu), 1.32 (br s, 2, €,SiPh;), 0.85 (s,
9,t-Bu). 3C NMR (CDCk, 20°C) ¢ 135.7, 135.4, 129.3, 127.8 (Ph),
37.6 CHx-t-Bu), 31.3 CMe3), 28.8 (QMe3), 7.5 (CH.SiPhy). Anal.
Calcd for G4HpeSi: C, 83.66; H, 8.19. Found: C, 83.07; H, 7.92.
t-BUCH=CHSI(i-Pr);. lawas generated in situ at78 °C from
phenPdMe (31 mg, 0.1 mmol) and [H(OBk] [BAr's]~ (101 mg, 0.1

(85 L, 0.37 mmol) was added and colorless microcrystals formed. mmol) in CHCl. HSi(-Pr)s; (2.0 mL, 10 mmol) and-BuCH=CH,
The mixture was allowed to warm to room temperature, and the solid (2.6 mL, 20 mmol) were added via syringe. The mixture was allowed

dissolved. The mixture was stirredrft h and then the volume was
reduced to 5 mlin vacuoand cooled slowly to-78 °C. Colorless
needles formed and were washed with 10 mL of colgDEtollected,
and dried (yield 285 mg, 59%)*H NMR (CD,Cl,, 20°C) 6 8.95 (d,
1, phen H), 8.71 (d, 1, phen K, 8.59 (dd, 1, phen k), 8.54 (dd, 1,
phen H), 8.05 (s, 2, phen §J, 8.00 (dd, 1, phen §}, 7.92 (dd, 1, phen
Hp), 1.06 (s, 3, PdB3), 0.32 (s, 18, Si(Bl3)3). °C NMR (CD.Cly, 20
°C) 0 147.2, 145.2 ( Cy), 146.2, 143.2 (¢ C4), 139.7, 138.4 (&
Ce), 129.9, 129.3 (¢ Cr), 126.8, 126.5 (& Cy), 124.6, 124.4 (¢
Cy), 103.6 (MgSIC=CSiMe3), 7.9 (PCCH3), —1.7 (SMes). Anal. Calcd
for CssHaiNoBF4PdSh: C, 47.67; H, 3.09; N, 2.10. Found: C, 47.83;
H, 3.04; N, 1.94.

Hydrosilation with HSiEt 5. General Procedure. In a glovebox,
solid [(phen)Pd(CH)(MesSiCCSiMe)] *[BAr's]~ (150 mg, 0.10 mmol)

to warm to room temperature and stir for 24 h. £ andt-BuCH,-
CHs were removed in vacuo. The resulting oil was dissolved in hexane
(10 mL) and filtered through a pipet of alumina 41 cm). Hexane
was removed in vacuo, leaving a colorless oil that was pure
t-BUCH=CHSi(-Pr); by 3C NMR spectroscopy (1.97 g, 82%)H
NMR (CDCl) 6 6.07 (d, 1,d4.1 = 19 Hz, (H-t-Bu), 5.37 (d, 1, I
=19 Hz, CHSI(i-Pr)), 1.0 (br m, 30 total, SiPr) + t-Bu). °C NMR
(CDCl;) 6 159.9 (c.v = 145 Hz,CH-t-Bu), 115.7 {c.h = 134 Hz,
CHSi(i-Pr)), 35.4 CMes), 29.1 (QVes), 18.6 (CHMe),), 10.9 CH-
(Me),). Anal. Calcd for GsHs,Si: C, 74.91; H, 13.41. Found: C,
74.16; H, 13.24.

Reactions of Styrene. In a typical procedurelb or 7 (0.05 mmol)
was loaded into a flask that was fitted with a Teflon plug. For the
reactions conducted at 3%, CHCI, (1 mL) was added to dissolve

was loaded into a Schlenk flask. The flask was removed from the the catalyst. For the reactions conducted at’85the catalyst was

glovebox and 5 mL of CkCl, was added. Olefin (10.0 mmol) was
added to the solution and HS§#1.80 mL, 11.2 mmol) was then added.
The yellow solution was stirred overnight. @El,, HSiEt, and olefin

soluble in styrene/silane and no solvent was added. Styrene and HSIR
(R = C;Hs, CH(CH),) were then added and the reaction was allowed
to stir for 24 h. CHCI,, ethylbenzene, and unreacted styrene and ESIiR

were removed in vacuo, leaving a clear oil and a precipitate of Pd black were then removed in vacuo, leaving a pale yellow oil and a yellow
and deactivated catalyst residue. The oil was dissolved in hexane (5solid. The oil was dissolved in hexane and passed through a pipet full

mL) and passed through alumina 41 cm). Hexane was removed
in vacuo, leaving a colorless oil which was pure’syNMR. Yields
and NMR data for the hydrosilation products are given below.

SiEtsCy. Yield = 88%. 'H NMR (CDCls;, 20 °C) ¢ 1.70 (m, 6),
1.17 (m, 4, G,CHSIE%), 0.92 (t, 9, SICHCHj3, 0.7 (t, 1, GISIEt),
0.49 (g, 6, SiCl,CHz). *C NMR (CDCk, 20°C) 6 28.4, 27.9, 27.2,
23.6 CeH11), 7.7 (SICHCHs3), 2.0 (SCH2CHj).

SiEtz(CH,CH2t-Bu). Yield = 79%. 'H NMR (CDCls, 20°C) ¢
1.1 (m, 2, G4-t-Bu), 0.90 (t, 9, SiCHCH3), 0.82 (s, 9t-Bu) 0.5 (m,
2, CH,SiEt), 0.47 (q, 6, SiEI,CHg). *C NMR (CDCk, 20°C) ¢ 37.8
(CH,-t-Bu), 31.1 CMej3), 28.8 (Me3), 7.47 (SiCHCH3), 5.05 CH,-
SiEts), 3.20 (SCH.CHg).

SIiEt3([CHZ]sCH3). Yield = 88%. NMR data matched reported
data®

SiEts. In a modification of the above procedurga (0.1 mmol)
was generated from (phen)Pdiand [H(OEt),][BAr's at —78 °C in
10 mL of CHCl,. HSIEg (1.55 mL, 9.8 mmol) was added. Ethylene

of alumina (4x 1 cm) to remove any remaining Hexane was then
removed in vacuo, leaving a colorless oil that was a mixturegfsC
CH,CH,SiR; and transCsHsCH=CHSIR;. 'H and *C NMR data
matched reported valués. Yields and product distribution are given
in Table 1. The hexane-insoluble yellow solid isolated from the reaction
mixture was washed with hexane and drietH NMR data for the
solid matched that of.

[(phen)Pd(SIE)(HSIEts)] T[BAr "4~ (2a). [(phen)Pd(CH)(OER)]*-
[BAr'4]~ (53 mg, 0.042 mmol) was loaded into a NMR tube. LD
(700 uL) was added at-78 °C, the mixture was shaken to dissolve
the solid, and HSIikt(14 L, 0.11 mmol) was added. The sample
was inserted into a precooled NMR prob&d NMR (CD,Cl,, —60
°C) 6 9.05 (d, 2, phen), 8.54 (d, 2, phen), 7.96 (br. s, 4, phen), 1.00
(m, 30, SiGH,CH; + SiCH,CH3), —9.99 (s, 1, SH-Si). °C NMR
(CD,Cl,, —60 °C) 6 151.8, 144.4, 140.3, 130.0, 127.6, 125.8 (phen)
9.2 (SICH,CHjy), 8.5 (SiICHCHz). 'H and3C NMR revealed that the
two silyl groups were equivalent at80 °C.
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[(phen)Pd(SiPh)(HSiIPhs)] F[BAr "4~ (2b). Solid [(phen)Pd(Ch)-
(OEL)]"[BAr's]~ (30 mg, 0.024 mmol) and HSiRH18 mg, 0.069
mmol) were combined in an NMR tube. GO, (700uL) was added
at —78 °C and the tube was shaken briefly to dissolve the solids. The
sample was inserted into a precooled NMR prokid.NMR (CD.Cl,,
—80°C) 6 10.2 (br s, 2, phen &) 8.2—7 (36, phent+ SiPh), —12.13
(s, 1, SiH).

[(phen)Pd(SIE)(PPhe)] *[BAr "4~ (3a). Solid (phen)Pd(Ch), (64
mg, 0.20 mmol) and [H(OEY]*[BAr's]~ (210 mg, 0.21 mmol) were
combined. CHCI, (10 mL) was added at-78 °C and the mixture

LaPointe et al.

Table 3
[4a], M [HSIEts], M vol of HSIEts, uL 104 Kops S2
0.014 0.14 15.6 2.25
0.014 0.21 24 3.43
0.014 0.30 35 5.46
0.013 0.40 48 6.54

probe. The concentration éb was monitored as a function of time;
the Ar Hpararesonance at 7.25 ppm was used as an internal standard.

was stirred until the solids had dissolved and methane evolution ceasedRate constants were obtained from a plot of4b][vs time. Reaction

HSIEt (65 uL, 0.40 mmol) was added to generé&ea A solution of
PPh (62 mg, 0.20 mmol) in CkCl, (3 mL) was added to the solution

conditions and observed rate constants are shown in Table 3. The rate
dependence on [HSigtwas determined from the slope of the line

of 2aat—78°C. The mixture became orange and was stirred for 20 qptained from a plot okess Vs [HSIEE] (Figure 1) kops= 1.7 x 103
min. The volume was reduced to 3 mL and pentane (5 mL) was added. \j-1 5-1 [HSjEty], R? = 0.979).

An orange microcrystalline solid formed. The solid was collected,
washed with 5 mL of pentane and dried (145 mg, 48%). NMR
(CD.Cly) 6 7.2—9.0 (m, 23 total, pher- phenyl), 0.82 (t, 9, SiCkCH5),
0.65 (g, 6, Si€1,CH3). 3P NMR (CDCl,) 6 37.8. Anal. Calcd for
CesHsoN2BF24PPdSi: C, 53.47; H, 3.30; N, 1.83. Found: C, 53.03;
H, 2.89; N, 0.75.

[(phen)Pd(SIEt)(Ph,PCH,CH=CH,)] [BAr ‘4]~ (3b). 3b was
prepared in a manner similar to that described3a(yield 74%).*H
NMR (CD,Cl,) ¢ 8.52, 8.50 (br s, 4 tot., pheh Ph), 7.99 (s, 2, phen),
7.1~-7.8 (m, 12, phen- Ph), 5.93 (m, 1, C=CHCH,PPh), 5.20 (dd,

1, CHH=CHCH,PPh), 5.07 (dd, 1, CkH,=CHCH,PPh), 3.42 (m,
2, CH,PPh), 0.95 (m, 15, SiE). 3P NMR (CD.Cl,) 6 29.3. Anal.
Calcd for GsHsoN2BF.4PPdSi: C, 52.35; H, 3.38; N, 1.87. Found:
C, 52.12; H, 3.20; N, 0.98.

[(phen)Pd(SiEt)(n>CoHJ)] "[BAr 4~ (4a). [(phen)Pd(CH)(OER)]*-
[BAr'4]~ (10.2 mg, 0.08 mmol) was loaded into a NMR tube. LCD
(700 uL) was added at-78 °C, the mixture was shaken to dissolve
the solid, and HSIiEt(2.0uL, 0.015 mmol) was added. Ethylene (0.50

Reaction of 4b with HSiPh;. A CD,Cl, solution (700uL) of 4b
was generated froma (52 mg, 0.042 mmol), HSiEgt(7 uL, 0.043
mmol), andtert-butylethylene (6uL, 0.046 mmol) at—78 °C. A
solution of HSiPh (24 mg, 0.09 mmol) in 30@L of CD,Cl, was then
added and the solution was allowed to warm to room temperature.
t-BUCH,CH,SIEt; was observed byH and 3C NMR spectroscopy;
t-BuCH,CH.SiPh; was not detected.

Observation of [(phen)Pd(SiEt)(5>-HC=CHCH ;SiPh)] "[BAr '4]
(5a). 1la(33 mg, 0.027 mmol) was loaded into a 5-mm NMR tube
and dissolved in CECl, (400 4L) at —78 °C. HSIEt (8 uL, 0.05
mmol) was added and the mixture was shaken briefly to gen2eate
Allyltriphenylsilane (10 mg, 0.033 mmol) was dissolved in 3d0of
CD.Cl, and added to the solution @a at —78 °C. The sample was
inserted into a precooled-78 °C) NMR probe. 'H NMR (CD.Cl,,
—60°C) 6 5.85 (br m, 1, HC=CHCH;,SiPhy), 4.22, 3.43 (d, 1 each,
H,C=CHCH,SiPh), 2.20 (dd, ®G1-H,SiPh), 1.62 (t, 1, CHH,SiPhy).
Because of the equilibrium betweeda and 5b, the resonances
associated with SiBhphen, and Siktare quite complicated and are

mL, 0.022 mmol) was added via syringe. The sample was inserted not listed here.

into a precooled£90 °C) NMR probe. 'H NMR (CD.Cl,, —90 °C)
0 8.74, 8.37 (d, 1 each, phen,}), 8.65, 8.51 (d, 1 each, phen.},
8.05, 7.88 (dd, 1 each, phen k), 7.99 (s, 2, phen i), 5.12, 4.70 (br
d, 2 each, @Hy4), 0.88 (t, 9, SICHCH3), 0.55 (q, 6, Si€l,.CHg). In the

Observation of [(phen)Pd(SiPh)(5?-H.C=CHCH ,SiEt3)] T[BAr '4]~
(5b). A solution of5b in CD.Cl, was prepared in a manner similar to
that described foba. 'H NMR (CD,Cl,, —60 °C) ¢ 4.8 (br m, 1,
H,C=CHCH;,SIEt), 4.05, 3.67 (d, 1 each{,C=CHCH;SiEt), 2.32

presence of excess gthylene, exchange betweer_1 free and bound ethyleng@d, GH.H,SIiEt), 1.78 (t, 1, CHH,SIEL). Because of the equilibrium
occurs and only a single averaged resonance is observed at 5.0 ppmpetween5a and 5b, the resonances associated with $jRihen, and

[(phen)Pd(SiEt)(y%-CH=CH-t-Bu)] "[BAr '4]~ (4b). [(phen)Pd-
(SiEt)(?-CH,~=CH-t-Bu)]"[BAr's]~ was generated at78 °C using
a procedure similar to that described for [(phen)PdgRIEH.,)] T[BAr'4] ™.
IH NMR (CD.Cl,, —80 °C) ¢ 9.33, 9.25 (d, 1 each, phen, k), 8.50
(m, phen Hy), 9.93 (phen By and Hig), 4.17 (dd, 1, HC=CH-t-
Bu), 3.63 (d, 1H.H,C=CH-t-Bu), 3.12 (d, 1, FH,C=CH-t-Bu), 1.02
(s, 9,t-Bu), 0.78 (t, 9, SiCHCH3), 0.61 (q, 6, Si€l,CH3). 3C NMR
(CDClp, —60°C) 6 152.2, 151.5 (phen &), 144.1, 143.2 (phen &),
139.8, 139.5 (phen &), 130.0, 129.7 (phensg), 127.7, 127.5 (phen
Cuya), 125.9, 125.85 (phenyg), 94.2 (HC=CH-t-Bu), 55.0 (HC=CH-
t-Bu), 35.8 CMe3), 30.1 (QMe3), 15.5, 9.9 (Fits).

[(phen)Pd(Si(-Pr)s)(n?>-CH;=CH-t-Bu)] T[BAr ‘4]~ (4c). In a5-mm
NMR tube, 1a (52 mg, 0.042 mmol) was dissolved in @Cl, (700
uL) at =78 °C. HSi(-Pr) (8.5uL, 0.042 mmol) was added and the
mixture was shaken once to mixtert-Butylethylene (6uL, 0.046

SiEt; are quite complicated and are not listed here.
[(phen)Pd(SiEt)(?-H,C=CHCH ;SiEts)] '[BAr '4]~ (5c). 1a(33
mg, 0.027 mmol) was loaded into a NMR tube. £ (700uL) was
added at—78 °C, the mixture was shaken to dissolve the solid, and
HSIEt (4.2 uL, 0.036 mmol) was added. The mixture was shaken
briefly and allyltriethylsilane (5.4uL, 0.27 mmol) was added via
syringe. The NMR sample was then inserted into a precootet8 (
°C) NMR probe and the spectra were acquirédth NMR (CD.Cly,
—78°C) ¢ 9.17 (d, 2, phen), 8.49 (d, 2, phen) 7.92 (s, 2, phen) 7.90
(m, 2, phen), 4.8 (br m, 1, €=CH,CH,SIiE%), 3.64, 3.36 (d, 1 each,
H,C=CH,CH,SiEt), 1.74 (d, 1, HC=CH,CHH,SiEt), 1.20 (t, 1,
H,C=CH,CH:H,SiEt), 0.86 (t, 18, SICHCH3; note that the two Sikt
resonances are apparently coincident), 0.63, 0.55 (q, 6 each,SiCH
CHa); 13C NMR (CD:Cl,) 6 150.7 (phen &), 136.3 (phen €¢), 139.4
(phen Gy), 129.6 (phen &), 125.4 (phen gy), 90.0 (HC=CHCH.-

mmol) was added, yielding a yellow solution. The sample was inserted SiEt), 61.8 (HC=CHCH,SIEt), 21.0 (-C=CHCH_SIE%), 8.3, 8.2

into a precooled{65 °C) NMR probe. 'H NMR (CD.Cl,, —65 °C)
0 9.28, 9.00 (d, 1 each, phen, k) 8.55 (overlapping doublets, 2 total,
phen H), 9.95 (s, 2, phen kk), 7.86 (m, 2, phen k), 3.68 (d, 1,
HHy=CH-t-Bu), 1.2 (br s, 30 totali-Pr + t-Bu). Note: the peaks
associated with BH,=CH-t-Bu and HC=CH-t-Bu were not located

(SICH,CHg), 6.9 (SiICHCHs); note that the two Siktresonances are
apparently coincident).

[(phen)Pd(SiPhy)(n?-H,C=CHCH ;SiPhs)] "[BAr 's]~ (5d). Solid
HSiPh (15 mg, 0.05 mmol) anda (33 mg, 0.027 mmol) were loaded
into a NMR tube. The solids were dissolved in 400 of CD.Cl, at

and were assumed to be obscured by the free ether peak at 3.4 ppm=78 °C. Allyltriphenylsilane (20 mg, 0.067 mmol) was dissolved in

13C NMR (CD,Cly, —65°C) 6 154.3, 152.4 (g4) 146.2, 144.3 (Gq),
139.5, 139.1 (), 130.2, 129.8 (&), 127.4, 127.3 (Gu), 126.1, 125.5
(Cbp), 72.0 (HC=CH-t-Bu), 37.5 (HC=CH-t-Bu), 30.2 CMe3), 29.4
(CMey), 18.3, 18.2 (CHey), 11.3 CHMe,). Freet-BuCH=CHSI(-
Pr); was observed when a solution 4¢ was warmed to-20 °C.

Kinetic Study of the Reaction of 4b with HSiEt;. 1a (12 mg,
0.01 mmol) was loaded into a 5-mm NMR tube and dissolved in 700
uL of CD,Cl, at =78 °C. HSIiEg was added via syringe to generate
2a; t-BuCH=CH, (1.2 4L, 0.009 mmol) was added and the NMR tube
was shaken briefly and inserted into a precoote@g + 1 °C) NMR

400 uL of CD.Cl, and added via syringe to the cold solution of
[(phen)Pd(SiP¥(HSIiPh)]T[BAr's]~. The NMR tube was shaken
briefly to mix the solution and then inserted into a precoote@q °C)
NMR probe. 'H NMR (CD.Cl,, —60 °C) 6 4.08, 3.42 (d, 1 each,
H,C=CHCH,SiPh), 4.0 (br m, 1, HC=CHCH,SiPh;), 3.08 (d, 1,
CH.HpSiPhy), 2.35 (t, 1, CHH,SiPh). The peaks associated with
phenyl, Arf, and phen are not listed.

[(phen)Pd(m*-CH(CHSiEts)CeHs)] [BAr "4~ (6). [(phen)Pd(CH)-
(OEL)]*[BAr's~ (60 mg, 0.049 mmol) was loaded into a NMR tube.
CD,Cl, (700uL) was added at-78 °C. HSIEg (13 uL, 0.081 mmol)
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Table 4 Table 5
[6], M [HSIEts], M vol of HSiEts, uL 10%ops ST [7, M [HSIEt3], M vol of HSIEts, uL 10%Kops St
0.0263 0.49 60 0.53 0.0272 0.287 34 2.12
0.0286 0.87 98 1.05 0.0267 0.414 50 3.07
0.0273 1.18 141 1.30 0.026 0.560 70 4.12
0.0252 0.742 95 5.18

was added via syringe to the cold solution. The mixture was shaken

briefly to dissolve the solid and generate [(phen)Pd@EXBSi- Table 6

Ets)] T[BAr's]~. Styrene (6uL, 0.0525 mmol) was added*H NMR [6], M [styrene], M vol of styreneuL 10°%Kops S7*
(CDLCl, —60°C) 6 9.02, 8.56, 8.45, 8.41, 7.38, 7.22,6.38 (d, 1 each, ™ 5 ygg 1.25 100 714
phen+ CGH5), 7.97 (dd, 1, phen), 7.93 (d, 2, phen), 7.56 (m, 2 phen), 0.0266 1.75 150 8.33
7.29 (t, 1, phen), 4.11 (dd, 1,HCH,SIEE), 1.32 (m, 2, GI,SIEt), 0.025 2.18 200 8.62

0.93 (t, 9, SICHCHs3), 0.60 (g, 6, Si®,.CHs). *C NMR (CD:Cl,
—60°C) 0 150.0, 149.9, 148.9, 147.7, 147.6, 146.5, 145.4, 144.0, 140.9, . . R
140.8, 139.5, 139.2, 135.3, (phenCeHs), 64.2 CHCH,SIEL), 14.6 the samp!e was inserted into a precoqled 3 °C) NMR probe.
(CHCH,SIER), 7.13 (SICHCHS), 2.64 (SICHCHs). Note: [(phen)Pd- The methine signals & and7 were monitored. Rate constants were

CH(CH,SIEt)(CeHs)] F[BAIr'4] - is stable at 25C in CD,Cl, solution obtained as the slope of the line ein ([6]/[6]+[7]) vs time. Two
but in the solid state it decomposes to form Pd black and (2- Tuns were performed at each styrene concentration and the rates were

triethylsilyl)styrene. For this reason it could not be isolated in ?V‘?’_aged- The results are show_n in Table 6 and in F'gufe 3. The
analytically pure form. limiting rate constantk,) was obtained as the inverse of the intercept

Kinetic Study of the Reaction of 6 with HSiEt;. 6 (0.02 mmol) of the plot of 1kops ;/shl/[styr?rtl)e_]. Ksat = 1.1 x %cﬂ 51 R
was generateth situ as described above. When the total volume of Determlnatlgn of the Equilibrium Sonstant or6 + Styrene <=
HSIE% to be added was 100uL, 700uL of CD,Cl, was added; when [ trans—/?-TnethyIS|Iylstyrene (20 °C). A 5‘"‘”? NMR. tube was
the volume of HSiEfwas >100 uL, 600 uL of CD,Cl, was added. charged with7 (21.5 mg, 0.0171 mmol)transﬁ-trlethylmIylsty_rene
Mesitylene (0.5:L) was added as an internal standard and the solution (45 mg, 0.204 mmol), and GIl, (7004L). The tube was subjected

was cooled to-78°C. HSIEt was added via a gas-tight syringe and to three freezepump-thaw cycles and then flame-sealed under
the sample was inserted into a precooled 3 °C) NMR probe vacuum. ThéH NMR spectrum was monitored until equilibrium was

The concentration 06 was monitored as a function of time. Rate reached (ca. 7 _days)._ The equilibrium constant was calculat_ed from
constants were obtained as the slope of the fitre[6] vs time. Two Keq = [trans-triethylsilylstyrene]V}/[styrene]B]; the concentrations

runs were performed at each HSjEbncentration and the rates were were determined by the relative integraleq = 26.

- - Reactions of RCH=CH, with DSiEts: General Procedure. 1b
averaged. The results are shown in Table 4 and in Figure 2. The rate 2 =S :
dependence on [HSifftwas determined from the slope of the line (15 mg, .0'01 mmol) was dissolved in 1 mL of €., QIefm (1 mmol)
obtained from a plot okoss VS [HSIEY] (Kops= 1.1 x 104 M~1 s and DSiE$ (1.2 mmol) were added and the reaction was allowed to

[HSIEL)). \s,\t/i;]overnight at 25C (1—gexer;]e, cyglohexenﬁ, ami_t—k;]qtylethylene). o
Pt : ; ; en styrene was used as the substrate, the stoichiometry was varie
Kinetic Study of the Reaction of 7 with HSIEL. 7 (25 mg, 0.02 (styrene/DSiEf = 0.33 and 2) and the reaction was stirred at°85
overnight. CHCI, was removed in vacuo and the resulting oil was
analyzed by3C NMR spectroscopy. The results are shown below (only
the peaks showing D incorporation are listed).
Cyclohexene/DSiES. 3C NMR (CDCk) 6 27.8 (t, Jc.o = 19,
CHDCHSIES).
t-BUCH=CH,/DSiEts. *C NMR (CDCk) § 4.78 (t,Jcp = 17,
t-BuCH,CHDSIE®,).
1-Hexene/DSIEs. °C NMR (CsDe) 6 34.6, 32.6, 24.9, 15.0 (1).
Styrene (2 equiv)/DSiEt. 3C NMR (CDCk) 6 26.5 (t,Jco = 19
Hz, PhCHCH,D).
Styrene (1 equiv) DSIE§ (3 equiv). *C NMR (CDCk) 6 11.9 (t,
Jc.o = 19, PhGDCH,SIER).

mmol) was loaded into a 5-mm NMR tube. Mesitylene (05 was
added as an internal standard. When the total volume of KiRifte
added was<100uL, 700 4L of CD.Cl, was added; when the volume
of HSiEt was >100uL, 600 uL of CD,Cl, was added. The solution
was cooled to—78 °C and HSIEf was added via gas-tight syringe.
The sample was inserted into a precooled 13 °C) NMR probe.
The concentration of was monitored as a function of time. Rate
constants were obtained as the slope of thetifre[7] vs time. Two
runs were performed at each HSjEbncentration and the rates were
averaged. The results are shown in Table 5 and in Figure 2. The rate
dependence on [HSifftwas determined from the slope of the line
obtained from a plot 0kobs VS [HSIEL] (kops = 7.1 x 104 Mt s

[HSIEt].)
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