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Highly Selective Dehydrogenative Silylation of Alkenes Catalyzed by

Rhenium Complexes

Yanfeng Jiang, Olivier Blacque, Thomas Fox, Christian M. Frech, and Heinz Berke*!"

Abstract: Rhenium(I) complexes of
type [ReBr(L)(NO)(PR,),] (L=H,
(1), CH;CN (2), and ethylene (3); R=
iPr (a) and cyclohexyl (Cy; b)) catalyze
dehydrogenative silylation of alkenes
in a highly selective manner to yield
silyl alkenes and the corresponding al-

that two rhenium(I) hydride species of
type [ReBrH(NO)(PR;),] (R=iPr (4a)
and Cy (4b)) and [ReBr(n>CH,=
CHR)HH(NO)(PR;),] (R'=p-CH,CsH,,
R=iPr (5a), Cy (5b); R'=H, R=iPr
(5a’), Cy (5b’)) are involved in the ini-
tiation pathway of the catalysis. The

rate-determining steps of the catalytic
cycle are the phosphine dissociation
from complexes of type 5 and the re-
ductive eliminations to form the alkane
components. The catalytic cycle implies
that the given rhenium systems have
the ability to activate C—H and Si—H

kanes. Hydrosilylation products appear
only rarely depending on the type of
olefinic substituent, and if they do
appear then it is in very minor
amounts. Mechanistic studies showed

Introduction

Simultaneous C—H and Si—H bond activation to form Si—C
bonds is a very desirable, usually transition-metal-mediated
step of organosilicon chemistry.! Along these lines unsatu-
rated silyl compounds can be accessed from olefins and si-
lanes.” Such dehydrogenative silylations, according to Equa-
tion (1a), possess in most cases unfavorable chemoselectivi-
ties with respect to competing hydrosilylations of the olefin-
ic component, which alternatively can be written as a dehy-
drogenative silylation according to Equation (1b).! The
products of Equations (1a) and (1b) are thus related by a
hypothetical transfer-hydrogenation process, which allows
these processes to be compared. To create an idea of the
thermodynamics of such reactions, exploratory DFT calcula-
tions were carried out. For ethylene (R'=H) the dehydro-
genative silylation with triethylsilane (R'=Et) [Eq. (1a)]
has an enthalpy of reaction of —33.1 kcalmol ' and the hy-
drosilylation to —29.7 kcalmol™!, thus showing a preference
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bonds through the aid of a facile redox
interplay of Re' and Re™ species. The
molecular structures of 4b and 5a were
established by means of X-ray diffrac-
tion studies.

for the dehydrogenative silylation by 3.4 kcalmol . A simi-
lar result was obtained for the dehydrogenative silylation of
styrene (R'=Ph) and triethylsilane (R’'=Et), with energies
of —28.6 ((E)-silylstyrene) and —24.1 kcalmol™ ((Z)-silyl-
styrene) being obtained for the production of silyl styrene
and ethyl benzene following Equation (1a). The competing
hydrosilylation of styrene following Equation (1b) was also
exothermic and amounted to a gain in energy of —23.1 kcal
mol ™!, thus showing an energy difference of 5.5 kcalmol™
for both reactions in favor of the dehydrogenative silylation.
The dehydrogenative silylation reaction of both types of ole-
fins apparently profits from the concomitant hydrogenation
process by generation of the more stable nonsilylated satu-
rated component. Perhaps we can generalize even more and
conclude from these calculations that dehydrogenative sily-
lations and hydrosilylations are thermodynamically sound
reactions with dehydrogenative silylations somewhat ener-
getically favored over hydrosilylations. The thermodynamic
difference between the reaction channels is however too
small to be the decisive factor for the chemoselectivity in
the catalytic process. We therefore expected any respective
selectivity to be a matter of kinetics directed by the choice
of an appropriate catalytic system.

Fairly selective dehydrogenative silylations according to
Equation (1a) were achieved by catalysis of late transition-
metal complexes,* such as [M;(CO),,] species (M =Fe,
Ru, Os),! cationic [Rh(cod),]BF,/PPh; (cod = 1,5-cycloocta-

WILEY R
nterScience’

2121



CHEMISTRY

A EUROPEAN JOURNAL

R!

/:; RIS (1a)

‘ \ Transfer hydrogenation

Dehydrogenative R'5Si

silylation

R3Si—H + 2 g1 ™ X

R!
Hydrosilylation\\ /—/ s RTY (1b)

R';Si

diene),’! [RuH,(H,),(PCys),] (Cy=-cyclohexyl),!”! cationic
Pd" complexes,” [Ru(CO)CIH(PCys),],®! and Group IV
metallocenes.'”) We recently set out to explore the catalytic
potential of rhenium compounds in hydrogen-based reac-
tions and in hydrosilylations."Y! Rhenium(I) complexes of
the type [ReBr,(L)(NO)(PR;),] (L=H, (1), CH;CN (2), and
ethylene (3); R=iPr (a) and Cy (b)) were found to enable
catalytic dehydrocoupling of Me,NH-BH; and transfer-hy-
drogenations of olefins with this reagent.” The same rhe-
nium(I) complexes have now been found to catalyze dehy-
drogenative silylations of alkenes in a highly selective
manner. Detailed mechanistic studies were carried out to
shed light on the initial pathway of the reaction and the cat-
alytic cycle.

Results and Discussion

when compared with 1a,b or 3a,b. Triphenylsilane (Ph;SiH)
is less efficient than Et;SiH (entries 10 and 11 compared
with 3 and 5). Temperatures of 100°C are required in each
case. Lower reaction temperatures lead to lower yields (en-
tries 2 and 4). Other substituted styrenes, such as p-methyl,
p-chloro-, and p-fluorostyrene also afforded the correspond-
ing trans-vinylsilanes with similar yields (entries 12-14). The
highest selectivity (98%) was achieved with p-methylsty-
rene. In contrast, the reaction of Et;SiH with 2-vinylnaph-
thalene led to a lower selectivity of 84:16 (entry 15). In the
case of aliphatic alkenes a slightly higher temperature
(110°C) and higher catalyst loadings were required to reach
similar conversion rates. For example, the reaction of 4-ally-
lanisole catalyzed by 1a leads to a selectivity of 19:1 with
the E alkene as the only product. With allyltriethoxysilane
and vinylcyclohexane, dehydrogenative silylations were still
preferred, but showed less E/Z selectivity (entries 19-22).
Similarly, with simple alkenes such as n-octene the conver-
sion was still acceptable but lower selectivity was observed
(entry 16). Cyclic olefins, such as cyclooctene, gave a low
conversion of 20% under the same reaction conditions. In-
terestingly, reactions carried out with Et;SiH and two equiv-
alents of cyclohexyl vinyl ether yielded cyclohexyloxytri-
ethylsilane (92%) and ethylene.*!! Dehydrogenative silyla-
tion involving this substrate only occurred by using an

Table 1. Dehydrogenative silylation catalyzed by Re' complexes.

In an exemplary experiment,

Entry R R! [Re] (%) T[°C] t[h] Yield® [%]  Dehydro(E/Z)/hydro
complex 1a (1.5 mg, 1.0 mol %)

. . 1 Et  p-CH,0C¢H, - 100 24 0 -

was dissolved in [Ds]toluene Et  p-CH.OCH, 1a (1.0) 70 o 30 7
(0.5mL) containing EtSiH 3 Et  p-CH,OCH, 1a(10) 100 6 95 95(100/0):5

(0.25 mmol) and p-methoxysty- 4 Et  p-CH;OCH, 1b (1.0) 70 24 49 -
tene (050mmol). A comversion £ B PO R0 w0 1 ST(1000)3

o, : o p-CH;OCH, a (1. :

of 95% was achieved at 100°C Et  p-CH,OCH, 2b(1.0) 100 9 9 96(100/0):4
within 6 h. 'H NMR spectrosco- g Et  p-CHOCH, 3a(L0) 100 12 96 94(100/0):6
py and GC-MS analyses indi- 9 Et  p-CH;0C¢H, 3b (1.0) 100 6 96 92(100/0):8
cated the formation of (E)_l_@_ 10 Ph p-CH;OC4H, 1a (1.0) 100 24 99 94(100/0):6
methoxystyryl)-2-(tricthylsilyl)- 1L Ph  p-CH,0C¢H, 1b (1.0) 100 12 95 93(100/0):7
. . 12 Et  p-CH,CH, 1a (1.0) 100 9 99 98(100/0):2

cthylene and 1-(triethylsilyl)-2- ;5 Et  p-CICH, 1a(10) 100 15 99 93(100/0):7
(p-methoxystyryl)ethane in a 14 Et  p-FCH, 1a (1.0) 100 8 98 93(100/0):7
19:1 ratio. Z isomers or 15 Et 2-naphthalenyl 1b (1.0) 100 12 95 84(100/0):16
branched dehydrogenative sily- 16 Et nCsH; 1a (4.0) 110 24 99 77(79/21):23
lation products were not detect- 17 Et  p-CH;OCH,CH, 1a (4.0) 110 24 90 95(100/0):5
! 18 Et  p-CH;OCH,CH, 1b (4.0) 110 24 88 91(100/0):9

ed, and in contrast to other sys- |9 Et  (EtO),SiCH, 1a (4.0) 110 24 94 98(64/36):2
tems, addition of two equiva- 20 Et  (EtO);SiCH, 1b (4.0) 110 24 94 96(61/39):4
lents of the oleﬁn was enough 21 Et cyclohexyl la (40) 110 24 84 97(56/44)3
o ahiove high scheiviies 2, ESew @00 2w s
[Eq. (2)]. Complexes 1b, 2ab, Et  cyclohexyloxy 1b (1.0) 100 2 6410 >99(36/64):1
and 3ab proved to be of simi- 25k Et  cyclohexyloxy 1b (1.0) 100 10 82l >99(37/63):1
lar activity and selectivity 26 Et H 1a (1.0) 100 24 99 80:20
(Table 1). Complexes bearing 27 Et H 1b (1.0) 100 24 99 79:21
the bulky PCy, ligand are 28 Et  p-CH;OC¢H, 4a (1.0) 100 5 99 98(100/0):2
; 29 Et  p-CH;OC(H, 4b (1.0) 100 3 99 98(100/0):2

slightly more active than their
PiPr; derivatives, and 2ab
showed somewhat lower cata-
lytic activities (entries 6 and 7)
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[a] 0.25 mmol of silane and 0.50 mmol of olefin. [b] From 'H NMR spectroscopy integration. Hydrosilylation
byproducts add up to 100 %. [c] Determined by GC-MS. [d] 59 % isolated yield by silicon chromatography.
[e] 0.25 mmol of cyclohexyl vinyl ether with 0.375 mmol of Et;SiH. [f] Traces of C—O bond-cleavage product
formed. [g] Accompanied by 9% cyclohexyloxytriethylsilane.
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excess (1.5 equiv) of Et;SiH (entries 23-25) and the Z prod-
uct was preferably formed. In the case of ethylene, a high
yield but lower dehydro/hydroselectivity (about 4:1) was ob-
served (entries 26 and 27).

R! R!
) [Re] I
R3Si—H + 8 R /J + /—/+ RN @
[Dg]toluene R;Si R};Si

Various experiments were carried out to gain mechanistic
insight. For instance, when 1b was reacted with an excess
(2-5 equiv) of Et;SiH, the five-coordinate 16e~ rhenium(I)
hydride complex [ReBrH(NO)(PCy;),] (4b) was exclusively
generated. Complex 4b was isolated in 91 % yield and was
fully characterized by using various spectroscopic methods.
The '"HNMR spectrum of 4b exhibits a broad unresolved
triplet at 0=—17.6 ppm for the hydride ligand, and the
3P{'H} NMR spectrum exhibits a singlet at 6=234.1 ppm.
The molecular structure of 4b was fully established by using
X-ray diffraction (Figure 1).!®) The rhenium center exhibits
a square-pyramidal geometry with the hydride ligand locat-
ed in an apical position, trans to the coordination vacancy.
The two tricyclohexylphosphine ligands are arranged trans
to each other with a P1-Rel-P2 angle of 180.0°. The trans-
disposed m-donating bromide and m-accepting nitrosyl li-
gands occupy the basal sites with extra stabilization of a
“push—-pull” effect in an almost linear arrangement (Brl-

e
P1

Br1

Rel
H NT1
\%on

P2

Figure 1. Molecular structure of 4b at 30 % probability ellipsoids. Select-
ed bond lengths [A]: Rel-H 1.55(5), Rel-N11 1.737(7), Rel—P1
2.4418(6), Rel—Brl 2.4784(7), N11—-O11 1.221(8). Selected bond angles
[°]: N11-Rel-Brl 172.4(3), N11-Rel-H 95.3(17), Br1-Rel-H 92.1(17), P1-
Rel-H 95.8(18), P1-Rel-P2 180.0, O11-N11-Rel 161.8(13).
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Rel-N11=172.4(3)°).'"" The Rel-N11 bond length of
1.737(7) A is in accordance with the values found in the lit-
erature!’” and the N11—-O11 length of 1.221(8) A lies in the
range 1.10-1.38 A expected for linear NO*-type bonding.!"”
The nitrosyl ligand is slightly bent away from linear with a
Rel-N11-O11 angle of 161.8(13)°. The catalytically impor-
tant stabilization of the vacant site is at least partly due to
the strong trans influence of the hydride ligand, which leads
to a weakening of any o-type interaction at this position in
such open-shell 16e~ rhenium(I) hydride complexes.'®! The
same reaction of 1b with Ph;SiH causes the formation of
4b, but a large excess (100 equiv) was required, most proba-
bly due to its lower hydride donating ability when compared
with Et;SiH.!"”! Complex 4b was then tested as a catalyst for
dehydrogenative silylation and appeared to have the same
activity as 1b (entry 29, Table 1), as anticipated when 4b is
produced along the initial catalysis pathway. Similarly, reac-
tions of 1a with an excess (2-5 equiv) of Et;SiH yielded the
rhenium hydride complex [ReBrH(NO)(PiPr;),] (4a) in
85% yield. The '"H NMR spectrum of 4a exhibits a broad
signal at 0 =—16.7 ppm corresponding to the hydride ligand,
and the *P{'H} NMR spectrum shows a singlet at 6=
44.3 ppm. Complex 4a has also been tested as a catalyst for
the dehydrogenative silylation reaction and shows the same
catalytic activity as 1a (entry 28, Table 1).

Reactions of 4a,b with p-methylstyrene in toluene instan-
taneously and exclusively yielded their alkene adducts
[ReBr{n*-CH,=CHCH,(p-CH;)|H(NO)(PRs),] (5ab),
which were isolated and fully characterized by using various
spectroscopic methods and elemental analysis. For instance,
the *'P{'"H} NMR spectrum of 5b displayed signals with AB
patterns at 0=2.0 and —0.6 ppm (*/(P,P) =122 Hz). In addi-
tion the '"H NMR spectrum exhibited a triplet signal at 6 =
3.49 ppm (3J(H,P)=33.3, 36.7 Hz) corresponding to the hy-
dride ligand. The olefinic protons of styrenes gave rise to
signals at 0 =4.08 (dd), 3.57 (t), and 3.32 ppm (t). In a long-
range *C,'H correlation spectrum (HMBC) scalar couplings
between the hydride signal and the two C,;,,, atoms (6=43.3
and 54.1 ppm) were observed, which proved the coordina-
tion of styrene at the rhenium center. Furthermore, the
scalar coupling between the P NMR spectroscopy signal of
one PCy; ligand at §=—0.6 ppm and the styrene vinyl
proton at =3.32 ppm was established in a *P'H correla-
tion spectrum (*J(H,P)=7.3 Hz), thus confirming the struc-
ture further.

The spectroscopically derived structure of 5a was con-
firmed by a single-crystal X-ray diffraction study, as shown
in Figure 2. The coordination sphere of 5a is pseudo-octa-
hedral with the hydride trans to styrene. The bromide and
nitrosyl ligands are trans to each other with a Br1-Rel-N1
angle of 178.84(6)°. The phosphine ligands in 5a are mark-
edly bent towards the H ligand with a P1-Rel-P2 angle of
145.459(17)°. Such substantial bending of phosphine mole-
cules results not only from repulsion between the styrene
and the phosphine molecules, but mainly from the optimiza-
tion of d—st*gy., Orbital overlap between rhenium and sty-
rene. Indeed, the C=C bond length (1.419(3) A) of the Re-
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Figure 2. Molecular structure of 5a at 30 % probability ellipsoids. Select-
ed bond lengths [A]: Cl—Rel 2.215(2), C2—-Rel 2.290(2), C1-C2
1.419(3), N1-O1 1.202(2), N1-Rel 1.7429(16), P1-Rel 2.4826(5), P2—
Rel 2.4970(5), Br1—Rel 2.6182(2), Rel—H 1.58(2). Selected bond angles
[°]: C2-C1-Rel 74.55(12), C1-C2-Rel 68.78(12), C1-Rel-C2 36.68(8), N1-
Rel-P2 95.28(5), N1-Rel-Brl 178.84(6), N1-Rel-H 95.6(7), P1-Rel-P2
145.459(17), Br1-Rel-H 83.5(7), O1-N1-Rel 178.90(15).

bound styrene in Sa is substantially elongated compared
with that in free ethylene (1.337 A),'*'”) further stressing
the strong d-electron back-donation. The Re'-bound C=C
ligand is also found in a conformation parallel to the P1-
Rel-P2 axis, maximizing rt back-bonding in this orientation.
In this case the rhenium-alkene system could be considered
as approaching the rhenium-cyclopropane extreme. In addi-
tion, the bond lengths of Rel-N1 (1.7429(16) A), Re1—Brl
(2.6182(2) A), and Rel—P1 (2.4826(5) A) of 5a are all slight-
ly elongated relative to those in complex 4b (Rel—Nl11
1.737(7) A, Rel-Brl 2.4784(7) A, and Re1—P1 2.4418(6) A),
and the N1-O1 bond length (1.202(2) A) is shorter than
that in 4b (1.221(8) A). Similarly, at room temperature the
reaction of 4b with ethylene gas immediately yielded the
ethylene adduct [ReBr(n-CH,=CH,)H(NO)(PR;),] (5a’,
5b’). Complexes 5a’ and 5b’ were fully characterized. In the
'"H NMR spectrum, the Re—H signal of 5a’ and 5b’ are ob-
served as triplets at 6=3.75 (3J(HP)=324Hz) and
4.11 ppm (3J(H,P)=33.0 Hz), respectively. The two types of
protons in the C,H, ligand were observed as doublets at =
2.73 (J(H,H)=12.0 Hz) and 2.60 ppm (*J(H,H)=12.0 Hz)
for 5a’ and at 6=2.84 (*J(H,H)=9.0 Hz) and 2.60 ppm (*J-
(H,H)=9.0 Hz) for 5b'. In the *P{'H} NMR spectrum both
phosphorus atoms are chemically equivalent and exhibit a
singlet at 0 =15.7 ppm for 5a’ and at d =4.6 ppm for 5b’.
Due to the following observations, the alkene adducts of
type 5 appear to be key intermediates of the initiation path-
way and resting states of the catalytic cycle: 1) complexes of
type 5 were found to be the major organometallic species
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during catalysis using 1a,b and 3a,b, respectively. In addi-
tion, for 2a,b as a precatalyst, a structurally related CH;CN
complex is assumed to take the role of 5; 2) Complex 5ab
is as active as 4a,b in dehydrogenative silylation reactions;
3) A thermally induced reversible process involving 5a,b
was observed. When a solution of 5b in toluene was heated,
the signal in the ¥'P{'H} NMR spectrum became broader,
which indicates a fast dynamic process presumably originat-
ing from reversible phosphine dissociation. Complex Sb was
quantitatively recovered after cooling the sample to room
temperature. Addition of PiPr; (5 equiv) to the solution of
5b in toluene and heating to 100°C for 2 h caused PCyj; to
be liberated. Complex Sa became the only remaining organ-
ometallic species in solution, as established by *'P{'H} NMR
spectroscopy. An excess of PR; inhibits catalysis, but does
not prevent the conversion of 4a,b into 5a,b, which further
substantiates that reversible phosphine dissociation is in-
volved in the catalytic cycle and may be rate determining. In
addition, deuterium-labeling studies were carried out with
Et;SiD. Dehydrogenative silylation with p-methoxystyrene
then yielded the saturated isotopomers p-
CH,;0CH,CHDCH; and p-CH;0CH,CH,CH,D in a 1:1
ratio. No evidence was provided for deuterium incorpora-
tion into p-CH;0C¢H,CH=CHSIEt,.

Based on these results an initiation pathway and a catalyt-
ic cycle for the dehydrogenative silylation catalyzed by Re'
complexes 1 and 3 is proposed in Scheme 1. First the 18e~
species S is generated via the rhenium hydride complex 4.
Thermally induced dissociation of a phosphine ligand leads
to the 16e~ complex 6. DFT calculations on 5a/6a revealed
an enthalpy of reaction energy difference of only
14 kcalmol™" in favor of Sa confirming the thermal accessi-
bility of 6a from Sa. Insertion of the alkene into the Re—H
bond produces the Re-alkyl species 7 and 8, respectively.
This step is most probably prompted by recoordination of

RaP Br B Br Br
3Py, R|e’“\\ r Et,Sill RBP//"'}L"‘\\H R RP, ‘ ~‘\\H
(S R Y
7| \FR3 | \T’R: %{ ‘e\PR
NO NO NO 3
L=H, (1), C,H,s 3) 4ab R! 5a,b
R =iPr (a), Cy (b)

Br . PR, Br R! r
RiP,, | WSiR% SR, | H RIS R, | WH
Re ’ _ R

Il{e\/ TE\PR&RE—%» | e\/
NO NO PR, NO
PR; 4 12 13 RI7XSiR 6PR
Rl/\ PR34k 3
Br PR Br Br
RyP,, | . SiR} 3 RsP,, | X psiRy  RoPr, | WX
Re —% Ré Re
| e, RSi7 |y / | “pr,
NO RIT NO PR, NO
n X= *R' 9 X= SR 7
« Rl 10 TRl 8

Scheme 1. Reaction initiation pathway and catalytic cycle of the dehydro-
genative silylation with rhenium catalysts.
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the phosphine ligand, which might also account for the fact
that complexes bearing the more bulky PCy; ligands are
more active than those with PiPr;. The formation of 7 and 8
is consistent with the observation that deuterium incorpo-
rates at both the 1- and the 2-position of the vinyl group.
Subsequent oxidative addition of silane to 7 or 8 leads to
the Re'™ intermediate 9 or 10, in which the Re-alkyl ligand
is positioned cis to the less-crowded H end of the R’;Si—H
bond rather than at the R’;Si end. At this stage the selectivi-
ty for dehydrogenative silylation is decided by preferential
reductive elimination of R'CH,CH, to yield the Re-silyl
species 11. If a species related to 9 or 10 was formed with
cis-R’3Si and X groups, then hydrosilylation would prefera-
bly occur by reductive elimination. Substitution of one phos-
phine ligand by alkene gives 12, which undergoes insertion
of alkene into the Re-silyl bond to yield 13 with the bulky
silyl group attached to the less-crowded C=C end. $-Hydro-
gen elimination yields the dehydrogenative silylation prod-
uct followed by recoordination of the alkene-generating
complex 6 with closing of the catalytic cycle.'** At lower
temperatures the catalytic cycle indeed terminates at the in-
termediate 6 to form the resting state 5.

To gain further insight into the rate-determining steps of
the catalytic cycle, deuterium isotope kinetics of the dehy-
drogenative silylation of p-methylstyrene with Et;SiH and
Et;SiD catalyzed by 4b (1.0 %) were pursued at 100°C. The
two curves are somewhat different in shape (Figure 3). The
reaction with Et;SiD is a smooth exponential curve with a
higher reaction rate in the first 60 min that reveals an in-
verse kinetic isotope effect (KIE;) of 0.84 in this period of
time. In conjunction with the observation of deuterium in-
corporation into the saturated product of the dehydrogena-
tive silylation, the small KIE, value may indicate that the re-
ductive elimination from compounds 9 or 10 (Scheme 1)

1004 =
|
80+
s
]
& 604 0y KIE,
5 -
) ‘e
E ® | |
= e ™
5 401 . T
53 =
A *e "u
°, -
204 ®e, 'w KIE
®e .
LR
18000000000
0
T ¥ T i T * T ol T " T v T
4] 20 40 60 80 100 120

Reaction time (min)

Figure 3. KIE plot of dehydrogenative silylation reaction of p-methylsty-
rene with Et;SiH (m) and Et;SiD (o) catalyzed by complex 4b (1.0%) at
100°C. The Me resonances of Et;SiH,D were monitored by using
'"H NMR spectroscopy ([Dg]toluene). An inverse KIE,;=0.84 was calcu-
lated for the range of the curves up to 60 min and in the interval of 60 to
120 min a normal KIE,=1.6 was obtained.
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contributes to the overall reaction rate. As expressed above,
the predominant contribution to the overall rate is thought
to originate from phosphine dissociation from complexes of
type 5 or similar. Based on the inverse KIE, we assume the
transition state of the reductive elimination to be late and
geometrically rigid with practically fully established C—H,D
bonds. Typical for such transition state cases are narrow po-
tential-energy curves with a significantly lower-lying vibra-
tional level for the C—D bond. In accord with the theory, we
furthermore anticipate the reactant side to possess floppier
bonds with softer potential-energy curves and less of an en-
ergetic difference in the vibrational levels of the bonds to H
and D.*!! The eliminating Re—C and Re—H,D bonds of 9
and 10 are indeed expected to reflect this physical back-
ground.

Whereas the part of the curve of the reaction with Et;SiD
after 60 min is expected to possess similar trends for the
rates of the rate-determining steps, the comparable part of
the Et;SiH curve surprisingly showed an overall rate en-
hancement. Apparently due to lowered concentrations of
the starting materials one of the rate-determining steps
switches and as a consequence a small normal kinetic iso-
tope effect (KIE,) of 1.6 is obtained. This may be interpret-
ed in terms of the influence from the oxidative addition of
the Si—H,D bonds, which possess inverse characteristics of
the deuterium isotope effect in comparison with reductive
eliminations. The low value of this KIE again points to
phosphine dissociation as the main factor in the overall re-
action rate.

The proposed reaction mechanism was supported further
by the reaction of cyclohexyl vinyl ether with Et;SiH. At the
stage of intermediate 8, p-O elimination occurs to give cy-
clohexyloxytriethylsilane and ethylene. On the other hand,
oxidative addition of Et;SiH onto 8 leads to the formation
of the dehydrogenative silylation product. Apparently, the
latter process is only favored over the sp> C—O bond cleav-
age when the silane is present in excess, due to kinetic rea-
sons.

The silyl complexes of type 11 were attempted to be pre-
pared in various ways, however, this was met with no suc-
cess. We concluded that this type of species is fairly unstable
in general. One of the specific preparation routes provided
evidence that the rhenium silyl species of type 11 appear
only as a short-lived and unstable transient and tend to
quickly react further. When the hydride 4b was reacted with
vinylsilane, silyl complexes could not be detected by using
solution NMR spectroscopy. Instead, when 4b was reacted
with Me,PhSiCH=CH, (2 equiv) at 100°C, the ethylene-co-
ordinated complex [ReBr(n*-CH,=CH,)H(NO)(PCys;),]
(5b’) was quantitatively formed in a stoichiometric reaction
accompanied by the generation of the disilyl olefins (E)-
and (Z)-Me,PhSiCH=CHSiPhMe, according to Scheme 2.
Also in this case and in agreement with Scheme 1 the in-
volvement of an unstable complex of type 11 is invoked as a
primary product, but this then quickly decays through a “si-
lylative coupling” channel as proposed by Wakatsuki
et al.”* and Marciniec et al.”!
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Scheme 2. Reaction of 4b with Me,PhSiCH=CH, via the formation of
Re-silyl species.

Conclusion

Rhenium(I) complexes [ReBr,(L)(NO)(PR;),] (L=H, (1),
CH;CN (2), and ethylene (3); R=iPr (a) and Cy (b))
proved to be suitable catalyst precursors for the highly se-
lective dehydrogenative silylation of alkenes to yield silylat-
ed olefins and alkanes. Hydrosilylation products were found
only in rare cases, and if they were found then it was in
minor amounts. The initiation stage of the catalysis involves
the two types of rhenium(I) hydride species [ReBrH(NO)-
(PR;),] (4) and [ReBr(n*-CH,=CHR'")H(NO)(PR;),] (5) and
the rate-determining steps of the catalytic cycle are pro-
posed to consist predominantly of the phosphine dissocia-
tion from complexes of type 5§ and related complexes and to
a minor extent also by influences of the reductive elimina-
tion of the alkanes. The catalytic cycle implies the ability of
rhenium(I) complexes to activate C—H and Si—H bonds by
the facile Re' and Re™ redox interplay typically supported
by the specific substitution patterns of the catalysts.

Experimental Section

General: All manipulations were performed under an atmosphere of dry
nitrogen using standard Schlenk techniques or in a glove box (M. Braun
150B-G-II) filled with dry nitrogen. Solvents were freshly distilled under
N, by employing standard procedures and were degassed by freeze—thaw
cycles prior to use. The deuterated solvents were dried with sodium/ben-
zophenone ([Dg]toluene, [Dg]benzene) and vacuum transferred for stor-
age in Schlenk flasks fitted with Teflon valves. '"H NMR, “C{'H} NMR,
and *'P{'H} NMR spectroscopic data were recorded on a Varian Gemini-
300, a Varian Mercury 200, or a Bruker DRX 500 spectrometer using
5 mm diameter NMR tubes equipped with Teflon valves, which allow de-
gassing and further introduction of gases into the probe. Chemical shifts
are expressed in parts per million (ppm). '"H and “C{'H} NMR spectra
were referenced to the residual proton or *C resonances of the deuterat-
ed solvent. All chemical shifts for the *'P{'H} NMR spectroscopy data
are reported downfield in ppm relative to external 85% H;PO, at 0=
0.0 ppm. Signal patterns are reported as follows: s, singlet; d, doublet; t,
triplet; m, multiplet. IR spectra were obtained by using ATR methods
with a Bio-Rad FTS-45 FTIR spectrometer. Microanalyses were carried
out at the Anorganisch-Chemisches Institut of the University of Zurich.
ESI-MS spectroscopic data were obtained from HCT Esquire Bruker
Daltonics. [ReBry(n*-H,)(NO)(PiPr;),] (1a), [ReBry(n*-H,)(NO)(PCys;),]
(1b), [ReBr,(CH;CN)(NO)(PiPr;3),] (2a), [ReBr,(CH;CN)(NO)(PCy;),]
(2b), [ReBry(n-CGH,)(NO)(PiPr;);] (3a), and [ReBr,(n’-C;H,)(NO)-
(PCy;),] (3b) were prepared according to reported procedures.!!d
Et;SiH, Ph;SiH, alkenes, and dimethylphenylvinylsilane were purchased
from Fluka and used without further purification.

Synthesis of [ReBrH(NO)(PiPr;),] (4a): In a 50 mL Schlenk tube with a
Young valve, [ReBr,(n-H,)(NO)(PiPr;),] (280 mg, 0.40 mmol) and
Et;SiH (144 pL, 1.0 mmol) were mixed in toluene (10 mL). After stirring
at 100°C for 3 h, the solution turned violet. The solvent was dried in
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vacuo. The residue was washed with cold pentane (5x3 mL) and dried
again in vacuo. Yield: 210 mg, 85%. "H NMR (300.1 MHz, [D¢]benzene):
0=2.66 (m, 6H; P-CH(CH,),), 1.29 (br, 36 H; P-CH(CH,),), —16.7 ppm
(br, 1H; Re-H); “C{'H} NMR (75.5 MHz, [D4]benzene): 6 =26.5 (br; P-
CH(CHs;),), 21.0 (s; P-CH(CH,),), 19.9 ppm (s; P-CH(CH,),); *'P{'H}
NMR (121.5 MHz, [D¢]benzene): 6=44.3 ppm (s); IR (ATR): 7=2959
(C-H), 2875 (C-H), 2093 (Re-H), 1640 cm™' (NO); elemental analysis
caled (%) for C;sHy;BrNOP,Re (617.60): C 35.01, H 7.02, N 2.27; found:
C34.83, H7.02, N 2.34.

Synthesis of [ReBrH(NO)(PCys;),] (4b): In a 50 mL Schlenk tube with a
Young valve, [ReBr,(n>-H,)(NO)(PCy;),] (1.0 g, 1.0 mmol) and Et;SiH
(288 uL, 2.0 mmol) were mixed in toluene (15mL). After stirring at
100°C for 3 h, the solution turned violet. The solvent was dried in vacuo.
The residue was washed with pentane (5x3 mL) and dried again in
vacuo. Yield: 781 mg, 91.0%. 'HNMR (300.1 MHz, [Ds]toluene): 0=
1.19-2.72 (m, 66H; P(C¢Hy,);), —17.6 ppm (t, 2J(H,P)=12 Hz, 1H; Re-
H); BC{'H} NMR (75.5 MHz, [Dg]toluene): 6 =31.3, 30.6, 28.3, 27.1 ppm;
SP{'H} NMR (121.5 MHz, C¢Dg): 6=34.1 ppm (s); IR (ATR): 7=2926
(C-H), 2849 (C-H), 2098 (Re-H), 1649 cm™' (NO); elemental analysis
caled (%) for C3HgBrNOP,Re (857.98): C 50.40, H 7.87, N 1.63; found:
C 50.33, H 7.68, N 1.63.

[ReBr{n*-CH,=CHC{H,(p-CH;)}H(NO)(PiPr;),] (5a): In a 3 mL Young
NMR tube, [ReBrH(NO)(PiPr;),] (61 mg, 0.10 mmol) and 4-methylsty-
rene (14 pL, 1.0 mmol) were mixed in toluene (0.5 mL). The solution
turned immediately from violet to light brown. The solvent was evaporat-
ed and the residue was dissolved in hexane (2 mL). After one week light
brown crystals had formed. The crystals were collected and again dried
in vacuo (41 mg, 56 %). "H NMR (500.25 MHz, [Dg]toluene): 6 =7.30 (d,
3J(H,H)=8 Hz, 2H; Ph), 7.07 (d, *J(H,H)=8 Hz, 2H; Ph), 4.23 (dd, *J-
(H,H)=10, 15 Hz, 1H; CH,=CH-), 3.53 (m, 1 H; CH,=CH-), 3.46 (t, *J-
(H,H)=10 Hz, 1H; CH,=CH-), 3.35 (dd, %/(H,P)=31.6, 36.3 Hz, 1H;
Re-H), 2.82 (m, 3H; P-CH(CH,),), 2.75 (m, 3H; P-CH(CH;),), 2.18 (s,
3H; Ph-CH;), 1.38 (m, 9H; P-CH(CH,),), 1.24 (m, 18H; P-CH(CH,),),
0.92 ppm (m, 9H; P-CH(CH,),); "C{'H} NMR (125.8 MHz, [Dg]toluene):
0=146.0, 133.6, 128.7, 127.2, 54.5 (s; CH,=CH-), 42.8 (s; CH,=CH-),
25.7 (s; P-CH(CH;),), 25.6 (s; P-CH(CH,),), 25.5 (s; P-CH(CHs;),), 25.3
(s; P-CH(CHa),), 20.9 (Ph-CH;), 20.8 (s; P-CH(CHs;),), 20.5 (s; P-CH-
(CHy),), 19.7 (s; P-CH(CH;),), 19.2 ppm (s; P-CH(CH;),); *'P NMR
(202.5 MHz, [Dg]toluene): 6=14.2 (d, /=120 Hz, 1P), 12.6 ppm (d, J=
120 Hz, 1P); IR (ATR): #=2963 (C-H), 2921 (C-H), 2874 (C-H), 2023
(Re-H), 1662cm™' (NO); elemental analysis caled (%) for
C,;Hs;BINOP,Re (735.77): C 44.07, H 7.26, N 1.90; found: C 44.16, H
7.28, N 1.86.

Synthesis of [ReBr{n*CH,=CHCH,(p-CH;)}H(NO)(PCy;),] (5b): In a
3 mL Young NMR tube, [ReBrH(NO)(PCys;),] (86 mg, 0.10 mmol) and p-
methylstyrene (14 uL, 1.0 mmol) were mixed in toluene (0.5 mL). The so-
lution immediately turned from violet to light brown. The solvent was re-
moved in vacuo. The residue was washed with hexane (3x3 mL) and
again dried in vacuo to give a light gray powder (78 mg, 80%). '"H NMR
(500.25 MHz, [Dg]toluene): 6=7.23 (d, *J(H,H)=10 Hz, 2H; Ph), 6.95
(d, *J(H,H)=10 Hz, 2H; Ph), 4.08 (dd, *J(H,H)=10, 15 Hz, 1H; CH,=
CH-), 3.55 (br, 1H; CH,=CH-), 3.49 (t, J(H,P)=33.3, 36.7 Hz, 1 H; Re-
H), 332 (t, *J(HH)=10Hz, 1H; CH,=CH-), 2.15 (s, 3H; Ph-CH,),
1.18-2.63ppm (m, 66H; P(CH;);); “C{'H} NMR (125.8 MHz,
[Dg]toluene): 6=146.2, 133.5, 129.3, 125.6, 54.2 (s; CH,=CH-), 43.3 (s;
CH,=CH-), 36.8 (d, /=20 Hz; P-C), 35.8 (d, /=21 Hz; P-C), 322 (d, /=
18 Hz; P-C), 31.7 (d, /=12 Hz; P-C), 30.9, 30.4, 29.6, 27.9, 27.1, 26.9,
20.9 ppm; *P{'"H} NMR (202.5MHz, [Dg]toluene): 6=1.68 (d, J=
120 Hz, 1P), —1.22 ppm (d, /=120 Hz, 1P); IR (ATR): #=2920 (C-H),
2849 (C-H), 2058 (Re-H), 1670 cm™' (NO); elemental analysis calcd (%)
for C;sH7;BrNOP,Re (975.42): C 55.37, H 7.95, N 1.43; found: C 55.55, H
8.03, N 1.38.

Synthesis of [ReBr(nz-C2H4)H(NO)(PiPr3)z] (52a’): In a 30 mL Schlenk
tube with a Young valve, [ReBrH(NO)(PiPr),] (24 mg, 0.04 mmol) was
dissolved in hexane (3 mL). The nitrogen atmosphere was replaced with
1 bar of ethylene gas using a freeze—pump-thaw cycle. The mixture was
stirred at room temperature for 30 min and a yellow precipitate was
formed. The supernatant solution was removed and the residue was dried
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in vacuo. Yield: 17 mg, 66%. 'HNMR (500.25 MHz, [Dg]toluene): 6=
3.75 (t, J(PH)=32.4 Hz, 1H; Re-H), 2.73 (d, ¥/(H,H)=12 Hz, 2H; n*
CHH=CHH), 2.62 (m, 6H; P-CH(CHy,),), 2.60 (d, 2/(H,H) =12 Hz, 2H;
W-CHH =CHH), 1.20 (m, 18H; P-CH(CHS),), 1.15 ppm (m, 18 H; P-CH-
(CH,),); BC{'H} NMR (125.8 MHz, [Ds]toluene): 0=34.9 (s; n>-CH,=
CH,), 26.0 (t, J(P.C)=11.9 Hz; P-CH(CH;),), 20.4 (s; P-CH(CH,),),
19.6 ppm (s; P-CH(CHj;),); *'P{"H} NMR (202.5 MHz, [Ds]toluene): 6 =
15.7 ppm (s); IR (ATR): #=3005 (C-H), 2970 (C-H), 2871 (C-H), 2024
(Re-H), 1665cm™' (NO); elemental analysis caled (%) for
C,H;BrNOP,Re (645.65): C 37.20, H 7.34, N 2.17; found: C 37.10, H
7.38, N 2.06.

Synthesis of [ReBr(nz-CzH4)H(NO)(PCyg)z] (5b’): In a 50 mL Schlenk
tube with a Young valve, [ReBrH(NO)(PCy;),] (120 mg, 0.14 mmol) was
dissolved in hexane (10 mL). The nitrogen atmosphere was replaced with
ethylene gas (860 mbar) by using a freeze—pump-thaw cycle. The mixture
was stirred at room temperature for 30 min and a yellow precipitate was
formed. The supernatant solution was removed and the residue was dried
in vacuo. Yield: 68 mg, 55%. 'HNMR (500.25 MHz, [Ds]toluene): 0=
411 (t, 2(PH)=33 Hz, 1H; Re-H), 2.84 (d, ¥(H,H)=9 Hz, 2H; >
CHH=CHH), 2.60 (d, J(HH)=9Hz, 2H; w-CHH=CHH), 1.23-
2.59 ppm (m, 66 H; P(C¢Hyy)s); “C{'"H} NMR (125.8 MHz, [Dy]toluene):
0=36.5 (t, J(PC)=10Hz; P-C), 34.5, 30.7, 30.0, 28.0 (m; n>-C,H,),
27.1 ppm; *'P{'H} NMR (202.5 MHz, [Dg]toluene): 6=4.60 ppm (s); IR
(ATR): 7=2928 (C-H), 2851 (C-H), 2089 (Re-H), 1668 cm™' (NO); ele-
mental analysis calcd (%) for C;H;,BrNOP,Re (887.04): C 51.51, H 8.08,
N 1.58; found: C 51.73, H 8.26, N 1.55.

Catalytic dehydrogenative silylation of alkenes with R’;SiH by rhenium
complexes: In a Schlenk tube with a Young valve, substrate R’;SiH
(0.25 mmol), an alkene (0.50 mmol), and an appropriate amount of rheni-
um catalyst (0.0025 or 0.01 mmol) were mixed in [Dg]toluene (0.5 mL).
The mixture was kept stirring in the closed system at 100 or 110°C. After
an appropriate reaction time the yield and product distribution were de-
termined by '"H NMR spectroscopy and GC-MS analyses.
(E)-1-(p-Methoxystyryl)-2-(triphenylsilyl)ethylene: A catalytic amount of
1a (7 mg, 0.01 mmol), substrate Ph;SiH (260 mg, 1.00 mmol), and 4-me-
thoxystyrene (268 pL, 2.00 mmol) were added to a 30 mL Schlenk tube
with a Young valve. The mixture was dissolved in toluene (5mL) and
kept stirring in the open system at 100°C for 24 h. The solvent was
evaporated in vacuo and the residue was subjected to chromatography
on a silica gel column. Pure (E)-1-(p-methoxystyryl)-2-(triphenylsilyl)-
ethylene was isolated (230 mg, 59 %) as a white solid using a 1:20 Et,O/
pentane mixture as eluent. 'H NMR (300.1 MHz, [Dg]benzene): 6 =7.20—
7.74 (m, 17H; Ph), 6.90 (d, *J(H,H),,,,=18.9 Hz, 2H; trans-CH=CH),
6.70 (d, *J=8.7Hz, 2H), 3.23ppm (s, 3H; Ph-OCH,;); “C{'"H} NMR
(75.5 MHz, C;Dg): 6=160.6, 149.1, 136.6, 135.3, 131.4, 129.8, 128.6, 128.3,
120.2, 114.3, 54.8 ppm; MS (ESI): m/z (%): 415.1 (100) [M+Na*].
Treatment of the catalytic system with excess of PR;: A catalytic amount
of 4b (2.3 mg, 0.0025 mmol), Et;SiH (38 uL, 0.25 mmol), 4-methoxysty-
rene (67 pL, 0.50 mmol), and PCy; (7 mg, 0.025 mmol) were mixed with
[DgJtoluene (0.5 mL) in a 30 mL Schlenk tube with a Young valve. The
mixture was kept stirring at 100°C. After 12 h, the 'H NMR spectrum in-
dicated no reaction. However, the >'P NMR spectrum showed the forma-
tion of complex Sh.

Treatment of 1b with Ph;SiH: In a Young NMR tube, 1b (8.4 mg,
0.01 mmol) and Ph;SiH (260 mg, 1.00 mmol) were mixed in toluene
(0.5 mL). The mixture was heated at 100°C. After 12 h, the *P NMR
spectrum indicated the formation of 4b in 76 % yield.

Phosphine dissociation study of complex 5a and 5b: In a Young NMR
tube, 1b (8.4 mg, 0.01 mmol) and PiPr; (11 pL, 0.05 mmol) were mixed in
toluene (0.5 mL). The mixture was heated at 100°C. After 1 min, the
*'P NMR spectrum indicated the formation of liberated PCy; and 5a, as
well as unidentified complexes that might be those with mixed phosphine
ligands. After 1h at 100°C, Sb was completely transformed to Sa, which
was the only organometallic species in solution.

KIE studies of the reaction of 4-methylstyrene with Et;SiH and Et,SiD
catalyzed by 4b: In a glove box, Et;SiH (38 uL, 0.25 mmol) and 4-meth-
ylstyrene (68 pL, 0.50 mmol) were added into one Young NMR tube, and
the same amounts of Et;SiD (38 uL) and 4-methylstyrene (69 puL) were
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mixed in another Young NMR tube. Into a small vial, 4b (4.4 mg,
0.002 mmol) was dissolved in [Dg]toluene (1.0 mL), which was added
equivalently into the two Young NMR tubes. The solution was heated at
100°C and the dehydrogenative silylation reaction process was monitored
every 4 min by using "H NMR spectroscopy.

Attempt to synthesize Re-silyl species from 4b and Me,PhSiCH=CH,:
In a Young NMR tube, 1b (8.4 mg, 0.01 mmol) and Me,PhSiCH=CH,
(1.8 puL, 0.01 mmol) were mixed in toluene (0.5 mL). It immediately led
to the formation of the 18e” alkene adduct [ReBr(n>-CH,=
CHSiMe,Ph)H(NO)(PCys),] at room temperature. The solution was
heated at 100°C for 30 min. 'H and *P NMR spectra indicated the for-
mation of the ethylene-coordinated rhenium hydride 5a’ and the dehy-
drogenative silylation product Me,PhSiCH=CHSiPhMe, (0=6.35 ppm
for SICH=CHSi). The formation of this product could also be proven by
GC-MS (m/z 296.5 [M*]). After 4h at 100°C, [ReBr(n>-CH=
CHSiMe,Ph)H(NO)(PCys),] had totally disappeared and the hydride 5a’
became the only remaining organometallic species in solution, along with
an increased amount of Me,PhSiCH=CHSiPhMe,.

X-ray structural analyses of 4b and Sa: The single-crystal X-ray diffrac-
tion studies of 4b and 5a were carried out on an Oxford Xcalibur diffrac-
tometer (4-circle kappa platform, Ruby charge-coupled device (CCD)
detector, single-wavelength Enhance X-ray source with Mo, radiation,
2=0.71073 A) at 183(2) K. The crystal structures were solved with the
Patterson method by applying the software options of the program
SHELXS-972Y and full-matrix least-squares refinement on F?
(SHELXL-97).%" The program PLATON®®! was used to check the result
of the X-ray analyses and the program ORTEP®® was used to give a rep-
resentation of the structures. All software used to prepare material for
publication are included in the WINGX software.””! For 4b, the metal
center lies on an inversion center that led to the refinement of only one
half of the molecule and caused positional disorders for the bromide, ni-
trosyl, and hydride ligands. Furthermore, the nitrosyl ligand had to be
disordered once more, because it occupied two sites near to the position
of the bromide. Consequently, the nitrogen and oxygen atoms were iso-
tropically refined. All hydrogen positions were calculated after each
cycle of refinement by using a riding model except for the hydride atom,
which was located in a Fourier map and geometrically refined. For Sb,
the positions of the hydride and the ethylenic hydrogen atoms were
found in the difference Fourier map and freely refined. All other hydro-
gen positions were calculated after each cycle of refinement by using a
riding model.

CCDC-681124 (4b) and CCDC-699750 (5a) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Computational details: The geometry optimizations were performed with
the Gaussian03 program package®! using the hybrid mPW1PW91 func-
tional, which includes the modified Perdew—Wang exchange and Perdew—
Wang 91 correlation, in conjunction with the Stuttgart/Dresden ECPs
(SDD) basis set for the Re center and the extended 6-31+G(d,p) basis
set for the remaining atoms. The nature of the optimized structures was
verified by frequency calculations at the same level of theory. The rela-
tive electronic energy includes the zero-point energies calculated by
using the nonimaginary frequencies.
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