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Catalyzed Hydrosilylation of 1-Alkenes. Rhodium Hydride
Promoted Isomerization and Hydrogenation
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Rhodium(II) perfluorobutyrate catalyzes the hydrosilylation of 1-alkenes under mild conditions, and
the mode of addition determines the products that are formed. When the alkene is added to triethylsilane,
“normal” hydrosilylation occurs; reversed addition causes the formation of allyl- or vinylsilanes. Moderate
yields of isolated hydrosilylation products are obtained from reactions performed in dichloromethane. Olefin
isomerization, which requires only catalytic amounts of rhodium(II) perfluorobutyrate and triethylsilane,
competes with hydrosilylation, and an intermediate rhodium hydride species is responsible for this
transformation. Catalytic hydrogenation of 1-alkenes occurs in dichloromethane with the use of triethylsilane
and alcohol. Deuterium labeling studies establish that rhodium hydride is the reagent which undergoes
addition to alkenes and that the rhodium hydride is subject to rapid proton exchange. Hydrosilylation
of styrene and ethyl acrylate, catalyzed by rhodium(II) perfluorobutyrate or octanoate, forms either the
normal addition product or trans-disubstituted vinylsilane, depending on the mode of addition and the

reaction temperature.

Although the combination of organosilane and alkenes
in the presence of a variety of transition-metal catalysts
normally yields the corresponding addition products,??®
there have been several recent reports of vinylsilane and
allylsilane formation when these reactions are performed
in the presence of ruthenium catalysts.'®'? These
“abnormal” hydrosilylation reactions formally occur by silyl
group addition to the alkene and elimination of molecular
hydrogen (Scheme I).

Scheme I

ML,
RCH,CH=CH, + R’,SiH —
RCH=CHCH,SiR’; + H, (1)
1

MLn
RCH,CH=CH, + R/,SiH —
RCH,CH=CHSiR’; + H, (2)
2

Allylsilanes are reported to be formed by catalytic
isomerization of vinylsilanes,!® but such an interpretation
is, by no means, universally accepted.’? With Ruy(CO),,
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Table I. Hydrosilylation of 1-Alkenes by Triethylsilane
Catalyzed by Rh,(pfb)*

amt of isolated rel

Rhy(pfb),, vield, Yield%

alkene Rineq3 mol % % 12 3

1-hexene CH,(CH,), 1.0 53 14 95

1-octene CH;(CH,), 1.0 40 21 97

1-decene CH,(CHy)g 11 30 2 98

3-phenyl-1-propene CgHjy 1.0 52 4 96

3-(p-anisyl)-1- p-CH,0C.H, 1.1 48 3 97
propene

3-(n-butoxy)-1- n-BuO 1.0 54 2 98
propene

sReactions were performed under N, at 25 °C with a 60-min
addition of 2.0 mmol of alkene in 3.0 mL of CH,Cl, to 4.0 mmol of
triethylsilane in 7.0 mL of CH,Cl,. ®Product yield after distilla-
tion.

as the catalyst, vinylsilanes are the major products from
reactions, performed at 50 °C, between triethylsilane and
alkenes ranging from 1-hexene to 3-phenoxypropene; al-
lylsilanes are minor products, but they become the major
products when the same reactions are performed at 140
°C.1% Tn contrast ((1,2-1:5,8-n)-cyclooctadiene)((1-6-1)-
cyclooctatriene)ruthenium, Ru(cod)(cot), effectively pro-
motes allylsilane formation at temperatures ranging from
60 to 140 °C with no apparent temperature dependence
on the allylsilane/vinylsilane product ratio.!? Allylsilanes
and vinylsilanes are of relatively minor importance in re-
actions catalyzed by (PhyP);RhC],'® and they are not ob-
served in chloroplatinic acid catalyzed reactions.!:415
However, with Rhy(Me;C;),Cl, as the catalyst, addition of
triethylsilane to 1-alkenes gives a temperature-dependent
product distribution which favors vinylsilane and allyl-
silane products over the “normal” addition product as the
reaction temperature increases.!> However, only a few of
these “abnormal” hydrosilylation processes have been ex-
amined systematically and most often by analogy with
catalytic hydrogenation.
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Table II. Allylsilane/Vinylsilane Formation from Rh,(pfb),-Catalyzed Reactions of 1-Alkenes with Triethylsilane®

amt of Rhy(pfb),,

isolated rel yield, %

alkene Rineq 1-3 mol % yield, %?° 1° 2¢ 3
1-hexene CH,4(CH,), 1.0 60 34 (3.3) 6 61
1-octene CH;(CH,), 1.1 66 32 (3.0) 5 63
1-decene CH,(CHy)g 1.0 62 31 (2.8) 3 66
3-phenyl-1-propene sHs 1.0 49 91 (>50) 1 8
3-(p-anisyl)-1-propene p-CH;0C;H, 1.1 58 86 (>50) 1 13
3-(n-butoxy)-1-propene n-BuO 1.0 43 12 (0.35) 61 27

@ Reactions were performed under N, at 25 °C with a 60-min addition of 2.0 mmol of triethylsilane in 3.0 mL of CH,Cl; to 4.0 mmol of
alkene in 7.0 mL of CH,Cl,. ®Product yield after distillation. ¢E/Z isomer ratio in parentheses. ?Only the E isomer was observed.

We wish to report the unusual reactivity/selectivity of
rhodium(II) perfluorobutyrate, Rh,(pfb),, for the hydro-
silylation of 1-alkenes which occurs with accompanying
olefin isomerization and hydrogenation. Normal hydro-
silylation occurs when the alkene is added to triethylsilane,
but upon reverse addition of the reagents, the major
products are allylsilanes or vinylsilanes, and significant
amounts of isomeric 2-alkenes are formed. These trans-
formations implicate a reactive rhodium hydride inter-
mediate in addition/elimination reactions that produce
alkyl- and/or vinylsilanes as well as in isomerization and
hydrogenation processes.

Results and Discussion

Hydrosilylation of 1-Alkenes. Addition of 1-hexene
to a 2-fold molar excess of triethylsilane at room tem-
perature in dichloromethane containing a catalytic amount
of Rhy(pfb),'¢ produced 1-triethylhexane in moderate yield
following distillation (eq 3, R = CH;CH,CH,). Allylsilane

ML,
RCHzCH=CH2 + R’gSiH —_ RCHgCH2CH28iR’3
3
3)

and vinylsilane products were virtually absent from the
reaction mixture, and the isomeric 2-(triethylsilyl)hexane
was not formed under these conditions. Similar results
were obtained with a series of representative 1-alkenes with
essentially the same outcome (Table I). Cyclohexane was
unreactive toward Et,SiH under the same conditions.
Only moderate yields of 3 were obtained through this
procedure, which was designed to optimize selectivity
rather than isolated yield. However, under the same
conditions, use of the well-established hydrosilylation
catalysts H,PtClg? and (PhsP);RhCLY in place of Rhy-
(pfh),, resulted in lower product yields and, in some cases,
lower selectivities. For example, 1-decene underwent hy-
drosilylation catalyzed by H,PtCl; to produce 3 in 15%
isolated yield (99% selectivity), but with (Ph;P)sRhCl the
reaction products were formed in 30% yield and 81%
selectivity for 8 (15% 1, 4% 2). Similar results were ob-
tained with 1-hexene: H,PtCl; (8% yield, 98% 3);
(Ph,P);RhCl (32% yield, 94% 3). Unlike Rhy(pfb),, which
slowly decomposed to as yet unknown product(s) during
these reactions, rhodium(II) octanoate did not observably
change its constitution and was as effective as Rhy(pfb),
for the hydrosilylation of 1-hexene (56% yield, 98% 3).
In contrast, when triethylsilane was added to a 2-fold
molar excess of 1-hexene under the same reaction condi-
tions, a multiplicity of products resulted. Alkylsilane 3 (R
= CH,CH,CH,;) was the major product, but allylsilane 1
was also formed in modest yield. Product yields from

(16) Doyle, M. P.; Mahapatro, S. N,; Caughey, A. C,; Chinn, M. S.;
Colsman, M. R.; Harn, N. K.; Redwine, A. E. Inorg. Chem. 1987, 26, 3070.
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1969, 683.

Rh,(pfb),-catalyzed reactions in which triethyisilane was
added to a series of 1-alkenes are presented in Table II.
Results nearly identical to those obtained with 1-hexene
were observed with 1-octene and 1-decene. With 3-aryl-
1-propene, however, allylsilane 1 was the major product
followed, in order of importance, by alkylsilane 3 and vi-
nylsilane 2. Allyl n-butyl ether yielded the corresponding
vinylsilane as the major product. Allylsilanes were gen-
erally formed as the E sterecisomer with a high degree of
stereocontrol, and when obtained in sufficient yield to
monitor isomer compositions, vinylsilanes were produced
exclusively in the E configuration. Cyclohexene did not
react with triethylsilane under these conditions.

Hydrogenation of Alkenes. In view of the moderate
yields of organosilane products formed in Rh,(pfb),-cata-
lyzed reactions leading to allyl- and vinylsilanes (eqs 1 and
2) and the anticipated formal production of molecular
hydrogen, these reactions were subjected to more detailed
examination. Competitive hydrogenation appears to be
a common feature of hydrosilylation reactions with 1-al-
kenes catalyzed by ruthenium or rhodium compounds,!%-1?
but comparable data for hydrogenation/hydrosilylation
have rarely been provided. In the few reports that have
described quantitative results for the hydrogenation pro-
cess,'%13 alkane product yields were nearly identical to
those of vinylsilane and/or allylsilane, and accountability
for the hydrogen formally released in these processes was
obtained. A different accountability appears to be in place
for results obtained from Rh,(pfb),-catalyzed reactions of
triethylsilane with 1-alkenes. For example, the addition
of 1-decene to triethylsilane in the presence of Rh,(pfh),
gave decane in 2-4% yield, and the reverse addition pro-
vided 1-2% of this hydrogenation product. Similar results
were obtained with 1-octene. 3-Phenyl-1-propene yielded
n-propylbenzene in 3-4% yield when the alkene was added
to the organosilane and in 1-2% yield when triethylsilane
was added to 3-phenyl-2-propene. In these cases hydro-
genation probably results from Rh,(pfb),-catalyzed hy-
drolysis of triethylsilane, as explained below.

As established through control experiments, consistent
with reactivity considerations recently reported from in-
vestigations of silane alccholysis,'® water present in the
reaction medium reacts with triethylsilane to form tri-
ethylsilanol and, subsequently, hexaethyldisiloxane (eq 4).

+Rhy(pfb), +R’;8iH, Rhy(pfb),
-H; ~-H,

R/;SiOSiR’; (4)

Since these transformations are at least 5-10 times faster
than olefin hydrosilylation, organosilane product yields are
necessarily limited by the content of water or other hy-
droxylic substances in the reaction medium. Treatment
of 1-decene with a 2-fold molar excess of triethylsilane and

R’;SiH + H,0

R’;SiOH

(18) Doyle, M. P.; High, K. H.; Bagheri, V.; Pieters, R. J.; Lewis, P.
J.; Pearson, M. M. J. Org. Chem. 1990, 55, 6082.
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Table III. Ionic Hydrogenation of Styrene by Et;SiD/Et;SiH and EtOH/EtOD in the Presence of Rh,(pfb),°

no. of D atoms®

%o CGHSC2H5-nDnd

Zin amt of Zin amt of EtOZ, benzylic terminal
Et,SiZ Et,SiZ, equiv® EtOZ equiv® position position do d, d, ds
H 2.02 D 1.02 0.41 0.62 13 65 22
H 1.96 D 1.94 0.47 0.65 15 58 27
D 1.90 H 1.14 0.70 0.83 3 55 35 7
D 1.95 D 1.03 1.00 1.18 <1 25 70 25

s Reactions were performed at 25 °C with 2.0 mol % of Rhy(pfb),. ®Based on styrene (0.20 M) in dichloromethane. ¢Values are £5%.

4Values are £10% of recorded numbers.

of ethanol in the presence of 1.0 mol % Rh,(pfb), resulted
in a 94% yield of decane (eq 5, 27%) and 2-decene (73%)

. Rhy(pfb),
Et,SiH + RCH=CH, + EtOH ———
CH,Cl,

RCH,CH; + Et,SiOEt (5)

with less than 3% hydrosilylation products. trans-Cin-
namyl alcohol, which possesses its own internal hydroxyl
group, formed (3-phenyl-1-propoxy)triethylsilane quan-
titatively when treated with 2.0 equiv of Et;SiH in the
presence of a catalytic amount of Rhy(pfb),.'® Under the
same conditions as employed with 1-decene, styrene was
converted to ethylbenzene in 89% yield; however, when
styrene was maintained with 1.0 mol % Rh,(pfb), under
an atmosphere of molecular hydrogen in anhydrous di-
chloromethane for the same amount of time, no reduction
to ethylbenzene occurred. This latter observation calls into
question an earlier report that Rhy(OAc), can serve as an
effective hydrogenation catalyst'® and suggests that the
formation of alkanes from alkenes in the presence of or-
ganosilanes occurs through the process of ionic hydro-
genation, 20,2

Two mechanisms may be advanced to account for ionic
hydrogenation of alkenes. In both Rhy(pfb), initiates the
transformation by activation of triethylsilane toward al-
coholysis (hydrolysis), and these steps (eqs 6 and 7) have

Rh,(pfb), + Et;SiH = Rh,(pfb),(Et;SiH)  (6)

Rhy(pfb),(Et,SiH) + 2R’'OH —
[(pfb),Rh,H]~ + R’OSiEt; + R'OH,* (7)

been verified in our earlier investigations of silane alco-
holysis.!® In the first hydrogenation mechanism (Scheme
II), protonation of the alkene forms an intermediate car-

Scheme I1
R’OH,* + RCH=CH, = R’OH + RC*HCH; (8)

RC+HCH3 + [(pfb),‘haH]— - RCH20H3 + Rhg(pfb)4
9)

bocation that is subsequently reduced by either
[(pfb),Rh,H]™ or Et,;SiH. However, ether formation, which
should be competitive with hydride transfer to the inter-
mediate carbocation, is not observed, and control exper-
iments establish that no reaction occurs in the absence of
Et;SiH. In an alternate mechanism (Scheme III) the in-
termediate rhodium hydride undergoes Markovnikov ad-
dition to the alkene, and alkane formation occurs by
protonolysis of the organorhodium intermediate. These

(19) Hui, B. C. Y.; Teo, W. K.; Rempel, G. L. Inorg. Chem. 1973, 12,
757. Attempts to repeat these experiments using Rhy(OAc), or Rhy(pfb),
in anhydrous DMF with Et;SiH were unsuccessful.

(20) Doyle, M. P.; McOsker, C. C. J. Org. Chem. 1978, 43, 693.

(21) (a) Kursanov, D. N.; Parnes, Z. N.,; Kalinkin, M. L; Loim, N. M.
Tonic Hydrogenation and Related Reactions; Harwood Academic Pub-
lishers: New York, 1985. (b) Kursanov, D. N.; Parnes, Z. N.; Loim, N.
M. Synthesis 1974, 633.

two mechanisms differ by the order in which the elements
of hydrogen, from triethylsilane and alcohol, are introduced
into the alkene. Consequentily, when styrene is treated
with triethylsilane in the presence of EtOD and Rh,(pfb),,
or with triethyldeuteriosilane in the presence of EtOH and
Rh,(pfb),, the placement of deuterium in the ethylbenzene
product should distinguish between these two mechanisms.
In Scheme II deuterium should reside exclusively in the
methyl group when the deuterium source is EtOD, whereas
in Scheme IIT deuterium should be in the methylene group.
Alternatively, with Et,SiD as the source of deuterium, the
opposite placements should occur.

Scheme I11

[(pfb)4Rh2H]— + RCH=CH2 —
[RCH(CH;)-Rhy(pfh),]” (10)

[RCH(CH,)-Rh,(pfb),]” + R'OH,* —
RCH,CH, + Rh,(pfb), + R'OH (11)

Treatment of styrene with Et;SiH and EtOD in the
presence of Rh,(pfb), resulted in the production of
ethylbenzene possessing mainly one deuterium, which by
mass spectral and 'H NMR analyses was shown to reside
on both positions, but mainly on the terminal carbon
(Table ITI). Similar results were obtained when EtOD was
replaced by deuterium oxide, and when the amount of
EtOD was doubled, no significant increase in deuterium
incorporation was observed. However, treatment of sty-
rene with Et;SiD and EtOH in the presence of Rh,(pfb),
gave essentially the same result—deuterium incorporation
occurred at both positions, but mainly at the terminal
carbon. In addition, a larger fraction of ethylbenzene
molecules contained two deuterium atoms (35%), and
residual styrene, when the reaction was terminated prior
to complete hydrogenation, contained a fractional amount
of deuterium at the terminal vinylidene carbon (7-9% at
30% conversion). When styrene was treated with Et;SiD
and EtOD in the presence of Rh,(pfb),, mainly two deu-
terium atoms were incorporated, one each at the benzylic
and terminal positions of ethylbenzene, but a significant
amount of trideuterioethylbenzene was obtained in which
two deuterium atoms resided at the terminal position.
Also, at 80% conversion deuterium incorporation into
styrene was at 60%, all at the terminal carbon, with nearly
20% more deuterium trans to the phenyl group than cis.

Scheme II can be eliminated from further consideration
since, although reactions performed with EtOD approach
the expected result, these performed with Et;SiD do not.
By itself, Scheme III does not account for the observed
results, but if the intermediate rhodium hydride is subject
to proton (or deuteron) exchange (eq 12) with the hy-

[(pfb),Rh,H]~ + EtOD = [(pfb),Rh,D]" + EtOH (12)

droxylic solvent, EtOD or EtOH, the similarity in results
for deuterium incorporation with the use of either Et;SiD
or EtOD can be explained. Furthermore, the incorporation
of more than one deuterium into ethylbenzene from either
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Table IV. Rhodium(IT) Alkanoate Catalyzed Reactions of Styrene with Triethylsilane®

compd added other reactant rel yield, %

(amt, mmol) (amt, mmol) solvent reacn temp, °C catalyst  isolated yield, %* 4 5 6
EtySiH (1.0) styrene (2.0) CH,Cl, 25 Rhy(pfb), 59 21 4 75
Et;SiH (2.0) styrene (2.2) CH,Cl, 40 Rhy(pfb), 72 16 <1 84
EtgSiH (1.1) styrene (2.1) CHCl, 65 Rhy(pfb), 71 5 <1 95
styrene (1.0) Et,;SiH (2.0) CH,ClI, 25 Rhy(pfb), 50 65 11 24
styrene (2.1) Et;SiH (2.0) CH,Cl, 40 Rhy(pfb), 68 60 4 36
styrene (2.2) Et,SiH (2.2) PhH 80 Rh,(pfb), 55 54 3 43
Et,SiH (2.1) styrene (2.1) PhH 80 Rhy(oct), 53 68 7 25
styrene (2.1) Et,SiH (2.1) PhH 80 Rhy(oct), 75 84 5 11

¢ Reactions were performed under N, with 1.0 mol % of catalyst, relative to the limiting reagent, with an addition time of 1 h. *Product

yield after distillation.

or each of the deuterated reactants is consistent with re-
versible addition/elimination of the rhodium hydride to
styrene (e.g., eqs 13 and 14), and this process is confirmed

[(pfb);Rh,D]- + PhCH—CH, =
[PhCH(CH,D)-Rhy(pfb),]- (13)

[PhCH(CH,D)-Rh,(pfb),] =
[(pfb),Rh.H] + PACH=CHD (14)

by the observation of B-deuteriostyrene. Although
[(pfb),RhH]" is postulated here to be the catalytically
active reactant, our attempts to detect this species spec-
troscopically have not yet been successful, and the pos-
sibility exists that some other rhodium hydride species can
account for the observed results.

Alkene Isomerization. Rhodium hydride addition to
alkenes has yet another consequence in hydrosilylation
reactions catalyzed by Rh,(pfb),. The principal competing
process in reactions reported in Tables I and II is alkene
isomerization (eq 15), and the yield of these products varies

Rhy(pfb),
RCH,CH=CH, ——

ELSH RCH=CHCH; (15)

with reaction time, concentration of reactants, and mode
of addition. Thus, for example, 1-decene yielded 20-30%
2-decene (E/Z = 1.2) when triethylsilane was the limiting
reagent and 8-10% 2-decene when 1-decene was the lim-
iting reagent. 3-Phenyl-1-propene gave 35-40% 1-
phenyl-1-propene (E/Z = 3.5-4.0) when triethylsilane was
added to the reaction mixture and 20-30% 1-phenyl-1-
propene when the reverse mode of addition was performed.
Catalytic isomerization was also observed in (Ph,P)RhCl-
and H,PtCl.-catalyzed reactions.

When 1-decene was treated with a catalytic amount of
Et;SiH in the presence of 1.0 mol % Rh,(pfb), and this
dichloromethane solution was allowed to remain at room
temperature, slow conversion of 1-decene to 2-decene and
3-decene was observed (Figure 1) and, after 24 h, isom-
erization was >90% complete. The initial (<5 h) E/Z ratio
of the isomeric 2-decenes was 0.92, but subsequent con-
version of (Z)-2-decene to 3-decene increased the ratio to
>3 at 72 h; (E)-2-decene did not undergo isomerization
during this time. As suggested by the time course of this
reaction (Figure 1), there is no obvious induction period
for isomerization. Similar isomerizations were observed
with 1-octene and 3-phenyl-1-propene, but not with 3-(n-
butoxy)-1-propene (<2% in 48 h).

The mechanism for alkene isomerization is consistent
with addition of a rhodium hydride to the carbon—carbon
double bond and subsequent elimination of this reactive
intermediate (Scheme IV). Olefin isomerization occurs
preferentially with 1-alkenes and cis-disubstituted alkenes,
but not with those that are trans-disubstituted, where
steric influences probably inhibit rhodium hydride addi-
tion. The virtual absence of isomerization with 3-(n-

% Composition

0 20 40 60 80
Time, h

Figure 1. Percent composition versus time for the isomerization
of 1-decene (0.280 g, 2.00 mmol) catalyzed by Rhy(pfb), (0.020
g, 0.020 mmol) and EtSiH (0.035 g, 0.30 mmol) at room tem-
perature in 5.0 mL of dichloromethane: (®) 1-decene; (O)
(E)-2-decene; (m) (Z)-2-decene; () 3-decene.

butoxy)-1-propene, and its preferential formation of vi-
nylsilane products upon triethylsilane addition (Table II),
suggests that electronic factors play a role in reductive
elimination of rhodium hydride from the intermediate
alkylrhodium. Furthermore, olefin isomerization must
have taken place by Markovnikov addition of the rhodium
hydride followed by reductive elimination in order to have
produced the observed results. However, although this
orientation for addition could be only a minor pathway,
as it is for several monohydride catalysts of rhodium(I),2?
relative to one in which the rhodium hydride adds the
elements of rhodium and hydrogen in an anti-Markovnikov
fashion, results obtained from the hydrogenation of styrene
with Et;SiD or EtOD suggest that Markovnikov addition
is the major, if not the sole, orientation.

Scheme IV

[(pfb),Rh,H]" + RCH,CH=CH, =
[RCH,CH(CHy)~Rh;(pfb),]~ (16)

[RCHch(CHa)_ha(pfb)d_ i
RCH=CHCH; + [(pfb),Rh,H]~ (17)

Vinylsilane Formation. In the presence of catalytic
amounts of Rhy(pfb),, addition of triethylsilane to styrene
produced the corresponding vinylsilane (6) in competition
with hydrosilylation (eq 18). Increasing the reaction
temperature brought about an increase in the relative yield

(22) Mixing these reagents together at 70 °C produced the g-tri-
ethylsilyl addition product without vinylsilane: Ojima, I.; Kumagai, M.;
Nagai, Y. J. Organomet. Chem. 1976, 111, 43.
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_ Rha(ph)y
PhCH=CH, + Et,SiH
CH,
Ph
PACH,CHSiEl; + PRCHSIEt; +  \= (18)
4 5 ity

of the vinylsilane product (Table IV), which was formed
solely as the E isomer. Reversing the mode of addition
caused predominant formation of hydrosilylation products
whose composition also changed with increasing reaction
temperature. Rhodium(II) octanoate, Rhy(oct),, in re-
fluxing benzene also catalyzed the addition of Et;SiH to
styrene, but the product distributions showed 6 to be a
minor constituent, and the product ratios were only min-
imally dependent on the mode of addition. Ethylbenzene
was also formed in these reactions, but its yield relative
to hydrosilylation products was not determined; however,
in no case was this hydrogenation product formed in
greater than 10% yield. In contrast to results with Rh,-
(pfb),, (PhsP);RhCl catalysis of this same transformation
gave, at best, a 54% relative yield of 6, and even
(Ph;P);Rh(CO)H catalysis under optimized conditions
produced 6 in only 85% relative yield.!®> Use of Ruy(CO);o,
however, produced 6 without concomitant formation of 4
or 5, but hydrogenation of styrene reduced the yield of 6,
based on styrene, to 50%.1%

A mechanism for hydrosilylation that is consistent with
other chemical events that occur in Rhy(pfb),-catalyzed
reactions of trialkylsilanes with alkenes is outlined in
Scheme V. Rhy(pfb), coordination with triethylsilane (eq
6) activates silyl group transfer to the 1-alkene. Written
here as an ionic process, the cationic intermediate reacts
with the rhodium hydride to undergo either addition or
elimination. Alternatively, in the presence of excess
EtgSiH, hydride transfer may take place from the silane
in addition to or instead of the rhodium hydride, either
because of a lower reactivity for the rhodium hydride or
because addition of rhodium hydride to the alkene siphons
off this hydride donor from direct hydrogen transfer to the
carbocation. This mechanism also explains the dominant
trans addition of organosilanes to 1-alkynes, catalyzed by
Rh,(pfh),,? since hydride addition to an intermediate vinyl
cation would provide the observed selectivity, and hydride
migration could also account for the observed formation
of allylsilane products. A mechanism alternate to that of
Scheme V, similar to those proposed previously for ru-
thenium-catalyzed hydrosilylation reactions,'®!2 in which
a triethylsilyl-rhodium species is the product-determining
intermediate cannot account for olefin isomerization or
hydrogenation. However, the existence of such a species
that would undergo triethylsilyl-rhodium addition in hy-
drosilylation reactions cannot be completely excluded.

The combination of ethyl acrylate and triethylsilane in
the presence of Rh,(pfb), also resulted in competitive
hydrosilylation/vinylsilane formation (eq 19). Addition

Rhy(ph)s
H,C=CHCOOEt + El,SiH
Et,Si
== +  Et,SiCH,CH,COOE! (19)
CO,E! 6
7

of triethylsilane to ethyl acrylate at room temperature in
dichloromethane afforded 7 and 8 in 74% and 26% relative
yield, respectively (60% distilled yield). However, in-

(23) Doyle, M. P.; High, K. G.; Nesloney, C. L,; Clayton, T. W., Jr.;
Lin, J. Organometallics 1991, 10, 1225.
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Scheme V
Rha(pib)4(E138iH) + RCH,CH=CH, —=

[(PIB)RhH]™ + RCH,CH—CH,SiEt,

RCH,CH,CH,SIEt, + Rha(pib),

{or Et3SiH)
[(Pb)RAH]  +  RCH,CHCH,SIEL,
R H= \
CHoCH=CH, RCH,
- + H, + Rhy(ptb)s
SiEt,
CH,

(pib)sRh,— CHCH,R  RCH==CHCH,SiEt; + H, + Rhy(pib),
creasing the reaction temperature to 40 and to 65 °C had
no measurable influence on the product distribution
(£1%), although product yields were 70~-80%. The reverse
mode of addition at room temperature resulted in the
nearly exclusive formation of 8 (>98%), but at 65 °C even
this addition mode provided 7 as the major product (70%).
With Rus(CO),; as the catalyst, ethyl acrylate formed these
same products in a 76:24 ratio (7:8) and in an overall yield
of 51%.1% (PhyP);RhCl catalyzed the formation of these
products in a 67:33 ratio (72% yield),” and with H,PtCl,
they were produced in a 32:68 ratio (27% yield). Neither
acrylonitrile nor acrylamide underwent Rh,(pfb),-catalyzed
hydrosilylation or vinylsilane formation.

That a “free” carbocation is formed in catalytic reactions
with ethyl acrylate is unlikely in view of the products
obtained. In this case Rhy(pfb),-catalyzed oxidative hy-
drosilylation may be occurring by triethylsilyl-rhodium
addition/rhodium hydride elimination, rather than by the
pathway described in Scheme V.

Experimental Section

General Considerations. 'H NMR spectra were obtained on
a 300-MHz instrument, and mass spectra were taken on a
quadrupole GC/MS system operated at 70 eV. Rhodium(II)
perfluorobutyrate and rhodium(II) octanoate were prepared from
rhodium(II) acetate according to the established procedures,?
and rhodium(II) acetate was prepared from rhodium(III) chlo-
ride.?®  Triethyldeuteriosilane was prepared from triethyl-
chlorosilane and LiAlD,%® Dichloromethane was distilled from
P,0; prior to use, and all alkenes were purified by distillation.
Microanalyses were performed at Texas Analytical Laboratories,
Inc.

Hydrosilylation of Alkenes. General Procedure. To a
solution of 4.00 mmol of triethylsilane and 0.021 g (0.020 mmol)
of Rhy(pfb), in 7.0 mL of anhydrous CH,Cl, was added by syringe
pump 2.00 mmol of alkene in 3.0 mL of CH,Cl, at a rate of 3
mL/h. The initially green solution that was stirred at room
temperature turned brown within approximately 30 min but,
although the rate of reaction was diminished, relative yields of
products were not affected. After addition was complete, stirring
was continued for an additional 3 h, after which time the solvent
was removed under reduced pressure, and the reaction products
were isolated by Kugelrohr distillation. Reported yields were
determined by weight, and relative yields were obtained by ca-
pillary GC and 'H NMR analyses. 1-(Triethylsilyl)decane,?’
-octane,?® and -hexane,'? 1-phenyl-2-(triethylsilyl)ethane,® 1-

(24) Drago, R. S; Long, F. R.; Camano, R. Inorg. Chem. 1982, 21, 2196.

(25) Rampel, G. S.; Legzdins, P.; Smith, H.; Wilkinson, G. Inorg.
Chem. 1972, 13, 90.

(26) Doyle, M. P.; McOsker, C. C.; West, C. T. J. Org. Chem. 1976, 41,
1393

(2.7) Onopchenko, A.; Sabourin, E. T.; Beach, D. L. J. Org. Chem. 1984,
49, 3389,

(28) Cornish, A. J.; Lappert, M. F. J. Organomet. Chem. 1979, 172,
153.
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phenyl-3-(triethylsilyl)propane,?® and 1-carboethoxy-2-(tri-
ethylsilyl)ethane? have previously been characterized. Elemental
and spectral analyses were performed on previously unreported
organosilanes.

1-(p-Anisyl)-3-(triethylsilyl)propane. 'H NMR (CDCl;, 300
MHz): §7.10 (d, J = 8.7 Hz, 2 H), 6.84 (d, J = 8.7 Hz, 2 H), 3.79
(s, 3 H), 2.57 (t, J = 7.6 Hz, 2 H), 1.65-1.52 (m, 4 H), 0.92 (t, J
= 7.9 Hz, 9 H), 0.54 (q, J = 7.9 Hz, 6 H). Mass spectrum (m/e
(relative abundance)): 264 (M, 2), 235 (77, M - Et), 221 (10), 147
(9), 121 (13), 115 (60), 88 (10), 87 (100), 77 (8), 59 (89). Anal. Caled
for C,gH,508i: C, 72.66; Si, 10.62. Found: C, 72.61; H, 10.78;
Si, 10.51.

1-(n-Butoxy)-3-(triethylsilyl)propane. 'H NMR (CDCl,,
300 MHz): 53.42 (t,J = 6.6 Hz, 2 H), 3.36 (t, J = 7.2 Hz, 2 H),
1.63-1.52 (m, 4 H), 1.38 (sex, J = 7.7 Hz, 2 H), 0.92 (t, J = 7.9
Hz, 9 H), 0.91 (t,J = 7.4 Hz, 3 H), 0.51 (q, J = 7.9 Hz, 6 H). Mass
spectrum (m/e (relative abundance)): 201 (M - Et, 32), 159 (23),
145 (13), 115 (15), 103 (100), 87 (21), 75 (30), 52 (15), 57 (15). Anal.
Caled for C,3H4,08i: C, 67.76; H, 13.02; Si, 12.19. Found: C,
67.95; H, 13.11; Si, 12.20.

Allylsilane/Vinylsilanes from Hydrosilylation of Alkenes.
General Procedure. To a solution of 4.00 mmol of alkene and
0.021 g (0.020 mmol) of Rhy(pfb), in 7.0 mL of anhydrous CH,Cl,
was added by syringe pump 2.00 mmol of triethylsilane in 3.0 mL
of CH,Cl, at a rate of 3 mL/h. The initially green solution turned
brown within approximately 30 min, but although the rate of
reaction was diminished, relative yields of products were unaf-
fected. However, increasing the rate of addition increased the
relative percentage of 3. After addition was complete, stirring
was continued for an additional 3 h, after which time the solvent
was removed under reduced pressure, and the reaction products
were isolated by Kugelrohr distillation. Reported yields were
determined by weight, and relative yields were obtained by ca-
pillary GC and 'H NMR analyses. 1-(Triethylsilyl)-2-decene,
1-(triethylsilyl)-2-hexene,'® (E)-1-phenyl-2-(triethylsilyl)ethene,?
1-phenyl-3-(triethylsilyl)-1-propene,?” and (E)-1-carboethoxy-
2-(triethylsilyl)ethene!??? have previously been characterized.
Elemental analyses were performed on previously unreported
organosilanes.

1-(Triethylsilyl)-2-octene was obtained as a mixture of iso-
mers, bp 105-120 °C (0.25 Torr). Anal. Calcd for C;;HgSi: C,
74.22; H, 13.38. Found: C, 73.97; H, 13.45. E isomer: 'H NMR
(CDClg, 300 MHz) 6 5.36 (dt, J = 21.6, 6.6 Hz, 1 H), 5.26 (dt, J
=21.8,76 Hz, 1 H), 1.95 (q, J = 6.6 Hz, 2 H), 1.44 (d, J = 7.6
Hz, 2 H), 1.45-1.20 (m, 6 H), 0.93 (t, J = 7.9 Hz, 9 H), 0.88 (1,
J =17.0 Hz, 3 H), 0.52 (q, J = 7.9 Hz, 6 H); mass spectrum (m/e
(relative abundance)) 226 (M, 1), 197 M - Et, 2), 116 (8), 115
(66), 88 (10), 87 (100), 59 (50), 57 (10). Z isomer: 'H NMR (CDCl,,
300 MHz) 5 5.40 (dt, J = 14.6, 6.6 Hz, 1 H), 5.25 (dt, J = 14.6,
7.6 Hz, 1 H), 1.98 (q, J = 6.6 Hz, 2 H), 1.49 (d, J = 7.6 Hz, 1 H),
1.45-1.20 (m, 6 H), 0.92 (t, J = 7.9 Hz, 9 H), 0.89 (t, J = 7.0 Hz,
3 H), 0.50 (g, J = 7.9 Hz, 6 H); mass spectrum (m/e (relative
abundance)) 226 (M, 4), 199 (28), 197 (3), 171 (7), 116 (9), 115
(89), 87 (100), 59 (31).

(E)-1-(p-Anisyl)-3-(triethylsilyl)-1-propene. 'H NMR
(CDCly, 300 MHz): 6 7.24 (d,J = 8.8 Hz, 2 H), 6.84 (d, J = 8.8
Hz, 2 H), 6.22 (d, J = 15.9 Hz, 1 H), 6.10 (dt, J = 15.9, 7.5 Hz,
1 H), 3.78 (s, 3 H), 1.66 (dd, J = 7.5, 1.3 Hz, 2 H), 0.96 (t, J =
7.9 Hz, 9 H), 0.56 (q, J = 7.9 Hz, 6 H). Mass spectrum (m/e
(relative abundance)): 262 (M, 12), 247 (36), 233 (2), 147 (4), 115
(49), 88 (10), 87 (100), 77 (3), 59 (50). Anal. Caled for C,;Hys0Si:
C, 73.22; H, 9.98; Si, 10.70. Found: C, 72.88; H, 10.21; Si, 10.63.

3-(n-Butoxy)-1-(triethylsilyl)-1-propene was obtained as
a mixture of isomers. Anal. Caled for C,3H,08i: C, 68.35; H,
12.34; Si, 12.30. Found: C, 68.28; H, 12.36; Si, 12.20. E isomer:
‘H NMR (CDCl,, 300 MHz) § 6.11 (dt, J = 18.9, 5.0 Hz, 1 H),
5.83 (dt, J = 18.9, 1.5 Hz, 1 H), 4.01 (dd, J = 5.0, 1.5 Hz, 2 H),
3.43 (t, J = 6.6 Hz, 2 H), 1.63-1.54 (m, 2 H), 1.43-1.34 (m, 2 H),
0.95 (t,J = 7.9 Hz, 9 H), 0.91 (t,J = 7.3 Hz, 3 H), 0.57 (q, J =
7.9 Hz, 6 H); mass spectrum (m/e (relative abundance)) 199 (M
- Et, 42), 171 (31), 143 (16), 131 (29), 115 (38), 113 (11), 103 (32),

(29) Rejhon, J.; Hetflejs, J. Collect. Czech. Chem. Commun. 1975, 40,
3680

(3b) Green, M.,; Spencer, J. L.; Stone, F. G. A,; Tsipis, C. A. J. Chem.
Soc., Dalton Trans. 1977, 1625.
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99 (18), 97 (13), 89 (28), 87 (39), 75 (100), 59 (56), 57 (50). Z isomer:
'H NMR (CDCl,, 300 MHz): § 5.87 (dt, J = 6.1, 1.4 Hz, 1 H),
4.30 (dt, J = 8.5, 6.1 Hz, 1 H), 3.68 (t, J = 6.5 Hz, 2 H), 1.65-1.51
(m, 2 H), 1.46 (dd, J = 8.5, 1.4 Hz, 2 H), 1.46-1.32 (m, 2 H), 0.94
(t,J =79 Hz, 93H),092 (t,J = 72Hz 3H),052(q,J =79
Hz, 6 H).

(E)-1-(n-Butoxy)-3-(triethylsilyl)-1-propene. 'H NMR
(CDC1, 300 MHz): 5 6.08 (dt, J = 12.3, 1.3 Hz, 1 H), 4.76 (dt,
J =12.3, 8.2 Hz, 1 H), 3.60 (t, J = 6.5 Hz, 2 H), 1.65-1.51 (m,
2 H), 1.46-1.32 (m, 2 H), 1.27 (dd, J = 8.2, 1.3 Hz, 2 H), 0.94 (t,
J =17.9 Hz, 9 H), 091 {(t,J = 7.2 Hz, 3 H), 0.51 (q, J = 7.9 Hz,
6 H). Spectral characteristics match those of previously prepared
1-alkoxy-3-(triethylsilyl)-1-propenes.?

Hydrogenation of Styrene by Triethylsilane-Ethanol
Catalyzed by Rhy(pfb),. To a solution of styrene (0.108 g, 1.04
mmol), ethanol (0.099 g, 2.14 mmol), and Rhy(pfb), (0.011 g, 0.010
mmol) in 5.0 mL of anhydrous CH,Cly, contained in a 25-mL flask
sealed by a septum, was added 0.238 g (2.05 mmol) of triethylsilane
by syringe. Gas evolution was observed upon triethylsilane ad-
dition. The initially blue solution was stirred at room temperature
for 28 h, at which time the color was green. After the reaction
solution was filtered through a short plug of neutral alumina and
the plug was eluted with additional CH,Cl,, the solvent was
evaporated under reduced pressure and the residue was weighed
(0.378 g) and analyzed by GC and NMR methods to reveal 25%
ethylbenzene, 3% styrene, and 72% ethoxytriethylsilane for an
isolated yield of 63% ethylbenzene.

Hydrogenation of Styrene with Deuterated Reagents. A
solution of styrene (0.207 g, 1.99 mmol), ethanol (0.0956 g, 2.03
mmol), Rhy(pfb), (0.043 g, 0.040 mmol), and triethylsilane (0.469
g, 4.03 mmol) in 10 mL of dichloromethane was placed in a
round-bottom flask, which was sealed tightly with a rubber sep-
tum. Stirring of the blue solution was continued at room tem-
perature for 24 h, after which the solvent was distilled, and
ethylbenzene, ethoxytriethylsilane, and unreacted triethylsilane
were isolated by Kugelrohr distillation at atmospheric pressure
and then analyzed by NMR and GC/MS methods. The molar
amounts of the reagents were retained for each experiment in-
volving EtOD and Et;SiD. All reactions were complete within
4 h, and only trace amounts of hydrosilylation products were
observed. Deuterium incorporation into ethylbenzene was de-
termined by NMR integration and MS relative abundance de-
terminations. Deuterium incorporation into styrene was deter-
mined by analyses performed on incomplete reactions.

Hydrogenation-Isomerization of 1-Decene by Triethyl-
silane-Ethanol Catalyzed by Rh,(pfb),. Reaction was per-
formed as previously described with styrene, and products were
isolated by the same method. Products from 1-decene included
1-decane (27%), trans-2-decene (52%), and cis-2-decene (21%),
and the isolated yield of these products was 94%.

Alkene Isomerization. To 3-phenyl-1-propene (0.236 g, 2.00
mmol) and Rh,(pfb), (0.020 g, 0.020 mmol, 1.0 mol %) in 5.0 mL
of anhydrous CH,Cl, was added Et,SiH (0.035 g, 0.30 mmol), and
the resulting blue solution was stirred at room temperature.
Aliquots were removed at regular intervals, diluted with hexane,
passed through a short plug of alumina to remove the catalyst,
and then analyzed by GC. The amount of hydrosilylation products
was less than 5%. Isomerization was half complete within 20 h,
and the isomeric 1-phenylpropenes were formed with a E/Z ratio
of 4.0 that did not change markedly over a 120-h period. The
same procedure was performed with 1-decene, l-octene, and
3-(n-butoxy)-1-propene. With 3-(n-butoxy)-1-propene isomeri-
zation was less than 5% at 120 h.
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Dimesityl(fluorenylidene)germene (1) reacts with various a-ethylenic aldehydes and ketones to afford,
by a [2 + 4] cycloaddition, the six-membered-ring heterocycles 2-7. Hydrolysis of these germaoxacyclohexenes

leads to germylated aldehydes and ketones.

Introduction

Organometallic alkenes, such as silenes >Si=—C<! and
germenes >Ge—C<,? are now intensively studied. How-
ever, nothing is known about their reactivity toward o-
ethylenic aldehydes and ketones, except the reaction be-
tween a silene and cyclopentadienones performed by
Markl3 Moreover, both [2 + 2] and [2 + 4] cycloadditions
have been observed by Wiberg* in the reactions between
transient silenes and germenes and benzophenone, which,
in this case, behaves as a conjugated ketone.

We describe in this paper the reactivity of dimesityl-
(fluorenylidene)germene (1)° toward some a-ethylenic
aldehydes (acrolein, methacrolein, and crotonaldehyde)
and a-ethylenic ketones (methyl vinyl ketone, mesityl
oxide, and tetraphenylcyclopentadienone).

Mes,Ge=CR, Mes, : -@S , CRy:C
‘ ©)

Results and Discussion

Two reactions could occur: [2 + 2] cycloaddition to the
carbonyl group leading to germaoxetanes (I) or [2 + 4]

(1) (a) West, R. Angew. Chem., Int. Ed. Engl. 1987, 26, 1201. (b)
Raabe, G.; Michl, J. Chem. Rev. 1985, 85, 419; Chem. Org. Silicon Compd.
1989, 2, 1015.

(2) (a) Barrau, J.; Escudis, J.; Satgé, J. Chem. Rev. 1990, 90, 283. (b)
Satgé, J. J. Organomet. Chem. 1990, 400, 121.

(3) Mark!, G.; Horn, M. Tetrahedron Lett. 1983, 24, 1477.

(4) (a) Wiberg, N.; Kim, C. K. Chem. Ber. 1986, 119, 2966 and 2980.
(b) Wiberg, N.; Preiner, G.; Schieda, Q0. Chem. Ber. 1981, 114, 3518.

(5) (a) Couret, C.; Escudié, J.; Satgg, J.; Lazraq, M. J. Am. Chem. Soc.
1987, 209, 4411. (b) Lazraq, M.; Escudig, J.; Couret, C.; Satgs, J.; Driger,
M.; Dammel, R. A. Angew Chem., Int. Ed. Engl. 1988, 27, 828,
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cycloaddition with the formation of the corresponding
six-membered rings (II).

Although these carbonyl derivatives have differing steric
and electronic properties, particularly different electronic
charges on carbons 2 and 4,° we have observed in all cases

(6) Couret, C.; Escudié, J.; Satgé, J.; Nguyen Trong Anh; Soussan, G.
J. Organomet. Chem. 1975, 91, 11.
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