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Abstract

Recent studies of the structures and chemical properties of organosilylrhodium complexes are surveyed. Oxidative addition of
secondary and tertiary silanes to chlororhodium(I) complexes with PMe; and with P(i-Pr); ligands leads to the formation of
chloro(hydrido)silylrhodium(IIT) complexes. The resulting Rh(III) complexes are often in equilibrium with Rh(I) complexes via a
reversible reductive elimination of the organosilane and its reoxidative addition in solution. Irreversible coupling of chloro and
silyl ligands of the complexes with an octahedral or a square-pyramidal Rh(III) center occurs at room temperature when the two
ligands are at cis coordination sites. Complexes with chloro and organosilyl ligands at trans positions are thermally stable and
release chlorosilanes upon heating above 80°C. Hydridorhodium(I) complexes formed in the above reaction mixture readily
undergo oxidative addition of organosilane to give dihydrido(silyl)rhodium(III) complexes. Dinuclear silylrhodium(III) complexes,
L(H)(Ar;Si)Rh(p-H)(p-CH)Rh(SiAr;)(H)L (Ar = Ph, CiH,F; L = P(i-Pr);), prepared from the reaction of triarylsilane with RhCIl,,
cause thermally induced Si—C bond cleavage of a triarylsilyl ligand to afford L(H)Rh(p-Cl)(n-SiAr;)(p-SiAr,)Rh(H)L, accompa-
nied by the evolution of arene. The produced complexes contain a bridging triarylsilyl ligand coordinated symmetrically to the two
Rh centers. RhH(SAr)(SiHAr,)(PMe);-type complexes with thiolato and diarylsilyl ligands at trams positions undergo clean
thermal rearrangement to give complexes with the Si(SAr)Arj ligand. The Rh complex that promoted the Si—S bond forming
reaction is extended to the synthesis of a new disilarhodacyclopentane and to the RhCI(PPh,);-catalyzed polycondensation of
diarylsilane with dithiols to form new Si-containing polymers. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

There have been a number of studies on Rh complex
catalyzed reactions of organosilicon compounds such as
the hydrosilylation of ketones, alkenes, and alkynes, the
silylformylation of alkynes, the dehydrogenative cou-
pling of organosilane with alcohols and amines, and
polymer synthesis based on these bond-forming reac-
tions [1,2]. Most of the reactions are believed to involve
intermediate silylrhodium complexes whose chemical

*Tel.: + 81-45-924-5224; fax: + 81-45-924-5224.
E-mail address: kosakada@res.titech.ac.jp (K. Osakada).

properties are relevant to the mechanism involved in
the above synthetic organic reactions. Although many
mononuclear and dinuclear silyrhodium complexes con-
taining phosphine or cyclopentadienyl auxiliary ligands
were prepared before 1996 [3—17], reports of studies on
the reactions of silylrhodium complexes are much fewer
than those of their preparation and structural studies.
Recently, several research groups have investigated in
detail the fundamental reactions of silylrhodium com-
plexes and discussed their relationship to the mecha-
nism involved in the catalytic reactions. This
manuscript focuses on our studies of bond-activating
and bond-forming reactions promoted by rhodium
complexes with auxiliary phosphine ligands.

0022-328X/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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2. Si—Cl bond formation of silylrhodium complexes

The conversion of Si—H to Si—Cl bond of organosil-
icon compounds is often observed in their reaction with
chloro transition metal complexes. The hydrosilylation
of alkenes using H,PtCl, as a catalyst is actually pro-
moted by colloidal Pt(0) or Pt(II) species generated
from the reduction of the catalyst. Although alcohols
frequently used as the hydrosilylation solvent would
reduce the Pt(IV) catalyst, the reaction of hydrosilane
with Pt—Cl complexes would also afford low-valent Pt
species and chlorosilanes, as shown in Eq. (1) [18].

H.PiClg + 6 RuSiHp "PO)" + BR,SHCI + 4Hp (1)

Clear examples of the reduction of chloro transition
metals by triorganosilane have been presented in the
reactions of triorganosilanes with PtCL,(PR;), and with
IrCI(CO)(PR;), to give hydrido complexes of these
transition metals accompanied by the formation of
chlorotriorganosilanes (Eq. (2)) [19].

PPhs RaSi

H
CHr—CO  + 2 RgSH —— Ph3F?1lr/—H +  RaSiCl
PPhy Phat co (2)

One of the possible pathways of the reaction (Scheme
1) involves the oxidative addition of organosilane to
give complexes with chloro, hydrido, and silyl ligands
and the subsequent reductive elimination of
chloroorganosilanes.

The facile oxidative addition of organosilane contain-
ing an Si—H bond to low-valent late transition metals
reported so far is consistent with the pathway, while the
concerted reductive elimination of chlorosilane from
transition metal complexes containing chloro and silyl
ligands is not generally accepted and not always em-
ployed to account for the chlorination of organosilicon
compounds promoted by transition metal complexes. In
addition, organotransition metal complexes containing
chloro and alkyl (or aryl) ligands at cis positions hardly
undergo intramolecular reductive elimination of
chloroalkanes. Thus, it is of interest to determine
whether the formation of chlorosilane from organosilyl
transition metal complexes occurs via the concerted
reductive elimination or an alternative intermolecular
mechanism. Our recent study on the structure and

?iRg
M—Cl + H—-SiR3 —= H-M-CI
iR
H—-M—Ci —— M-H + CHSiRg

iRy
M-H + H=SiRg3 — H-M-H

Scheme 1.

chemical properties of silylrhodium complexes has pro-
vided some information on the above issue.

The reaction of HSiPh; with RhCIl(PMe;), proceeds
smoothly to give the oxidative addition product, mer-
RhCI(H)(SiPh;)(PMe,); (1), which has Cl and SiPh,
ligands at trans positions (Eq. (3)) [20].

P P.
UN ./,ﬂq
/PMea
MezP-Ri-H
ME3P/ IC‘

1 A3)

RhCI(PMeg)s + HSiPhg

The NMR spectra of 1 show the presence of equi-
librium between 1 and a mixture of HSiPh; with
RhCI(PMe;), via the reversible reductive elimination of
HSiPh; and its reoxidative addition in the solution.
Other Rh(III) complexes are not observed in the NMR
spectra of the mixture, indicating that complex 1 is
thermodynamically much more stable than other iso-
meric complexes. Highly electron releasing hydrido and
silyl ligands [21] tend to occupy mutual cis positions of
the octahedral coordination. A similar reaction of di-
arylsilanes with [Rh(PMe;),]Cl gives the oxidative addi-
tion product, mer-RhCI(H)(SiHAr,)(PMe;); (2-6), as
shown in Eq. (4).

r
AR /\H
$ PMe,
MMesP— f—H
e
- PMeg s

Ar= C6H5,

Ar = CgHyg-p-Me,

Ar= C5H4-p-OMe,

Ar = CgHy-p-F,

Ar = CeHy-p-CF3 4)

[Rh(PMeg)sICl + HoSiAry

oaswnN

The diarylsilylrhodium(IIT) complexes exist as equili-
brated mixtures with RhCIl(PMe,); in solution; the ther-
modynamic parameters of reaction (5) are as follows:
AH®=4.16 k] mol~! and AS°=8.2 Jmol~! K~ for
X=Me, AH°=6.51 kJ mol~! and AS°=11.7 J
mol—! K~! for X=0OMe, and AH°= —2.33 kJ
mol~!' and AS°= —53 J mol~! K~! for X=F, at
298 K.

X-CgHan, f t
RhCI(PMe3)3 + HzSi(CGHa-p-X)g MegP— H—‘H
Me:,F‘fFT

(X = H, Me, OMe, F)

©)

The large negative p value of the Hammett plot of
the reaction enthalpy versus o, (Fig. 1) suggests that
electron-withdrawing para substituents in the aryl
groups render the oxidative addition product more
stable. Since the substituents influence Si—H bond ener-
gies to a small extent, the stability of the Rh—SiHAr,
bond increases in the presence of electron-withdrawing
substituents such as F.
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Fig. 1. Hammett plots of the equilibrium constants of reaction (5).

The reaction of HSi(C,H,CF;-p); with the Rh(I)-
PMe, complex provided results that are quite different
from those of the above reactions [22]. The reaction for
15 min at room temperature gives a mixture of Rh(III)
complexes 7, 8, and 9 in 20%, 24%, and 4% yields,
respectively (Eq. (6)). The concomitant formation of
CISi(C4H,CF;-p); is observed from the *Si{'H}-NMR
spectrum of the reaction mixture.

PMe3

P\Poar
Mesp_Ffﬂ_SKAri- %%3 ITﬁ-S?j + Meap—ﬁﬁ‘m + CISiArg

7 8 9 ©)

The complexes were isolated from the fractional crys-
tallization of the products and characterized by X-ray
crystallography and NMR spectroscopy. The oxidative
addition product of the reaction, 7, has chloro and
triarylsilyl ligands at cis positions, and is different from
those of reactions (3) and (4). Complexes 8 and 9 are
the secondary products from the initially formed 7
because prolonged reaction leads to an increase in the
yields of these two complexes. Scheme 2 depicts a
plausible pathway for the reaction which involves the
initial oxidative addition of HSi(C4H,CF;-p); to give 7.

The reductive elimination of CISi(C,H,CF;-p); from
7 that has Cl and silyl ligands at cis sites probably
occurs in a concerted manner to generate RhH(PMe;,);.
Further reaction of HSiI(C,H,CF;-p); with RhH-
(PMe;,); leads to the formation of 8, while the pathway

H
RhCILs + HSiAry . lL:ﬁI"*LS\W
r

(L = PMeg; Ar = CgH4CF3-p)

7
L- 'TI’LS/\ '
_ ( .
4 \ CISiAr: R
Cer alr s + RhHLs
7

RhHL3 + HSiArz . lL/i%rﬁ-HS':\r
8

Scheme 2. A plausible pathway for reaction (6).

to 9 is not clear at present. The above mechanism is
consistent with the results that complex 1, having trans
Cl and SiPh; ligands, is not converted into other
Rh(III) complexes at room temperature. The formation
of a dihydridosilyliridium complex in reaction (2) can
also be attributed to the reductive elimination of
chlorosilane from the initially formed IrCI(H)(SiR;)-
(CO)(PPh,),, leaving IrH(CO)(PPhs;),, which further re-
acts with HSiR; in the reaction mixture.

The diphenylsilylrhodium complex 2 does not give
CISiHPh, at room temperature, but heating of its solu-
tion above 80°C led to the formation of two Rh(III)
complexes, as shown in Eq. (7).

PR PR P Ph._P
Megp-qr:HM S :: . rk?f’F’(SlIMeS
o .
eg cl M S%F‘ %%%EP%TH
2 10 1 @

The formation of 10 can be accounted for by assum-
ing the reductive elimination of HSiCIPh, from 2 and
its subsequent reactions with the formed RhH(PMe,);.
Although the direct reductive elimination of HSiCIPh,
from 2 with trans Cl and SiHPh, ligands is not plausi-
ble, the thermodynamically less favored isomer of 2
with the two ligands at cis positions may be formed in
a small amount via a repeated reductive elimination of
H,SiPh, from 2 and its rapid reoxidative addition to
RhCI(PMe;);. The reaction of HSICIPh, with
RhCI(PMe,); gives 11 quantitatively, suggesting that
reaction (7) involves the oxidative addition of HSiCIPh,
liberated from the thermal reaction of 2 to
RhCI(PMe,); which is equilibrated with 2 in solution.
The involvement of alternative intermolecular pathways
could not be excluded for the reaction which gives 10
and 11 in different ratios depending on the reaction
conditions.

RhCI[P(i-Pr);], with a 14-electron Rh(I) center is
highly coordinatively unsaturated and undergoes facile
oxidative addition of various molecules to afford penta-
coordinated Rh(III) complexes [23]. Silylrhodium(III)
complexes with a penta-coordinated structure would be
more labile and reactive than the octahedral Rh(III)
complexes with compact PMe; ligands. The reactions of
triarylsilane with RhCI[P(i-Pr);], in 1 h gave the Rh(III)
complexes 12—17 which were separated from the hex-
ane solution and obtained quantitatively (Eq. (8)) [24].

|Ar3
RhCIL, + HSiArg —— L— Rh—L
(L = P(-Pr)g) 1h,rt. cr
12: Ar = Ph;

13: Ar = CgHsMe-p,

14: Ar = CgH4OMe-p,

15: Ar = CgH4Cl-p,

16: Ar= CBH4F-p,

17: Ar = CgH4CF3-p. (8)
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Fig. 2. Molecular structures of (a) 12 and (b) 18.

X-ray crystallography of 12 (Fig. 2a) revealed the
square-pyramidal coordination with Cl and H ligands
at trans positions. The trans position of the triarylsilyl
ligand is vacant, probably due to a large trans effect of
the silyl ligand which excludes the ligand at trans site
and prefers the square-pyramidal structure rather than
the trigonal-bipyramidal one.

Complex 12 does not undergo reductive elimination
of HSiPh; at room temperature but is gradually con-
verted to a mixture of several Rh complexes including
the dinuclear L(H)(Ph;Si)Rh(pu-H)(u-C)Rh(SiPh;)(H)L
(18). The reaction of HSiPh; with 12 and the reaction
of HSiPh; with RhCI[P(i-Pr);], for over 12 h in toluene
also gave 18 (Eq. (9)).

8h,rt. \§ iAfaT SiArg
2RhCILp +3HSiAl; ——— | Rh  RAL
) - CISiPh <
(L = P(i-Pr)g) 9 C\(\l-,|
18: Ar = Ph;
19: Ar = CgH4OCF 40 )

Crystallographic study revealed the structure (Fig.
2b) with a Rh—Rh bond distance (2.815(1) A) that is
slightly longer than the usual Rh—Rh bond distance.
Since the presence of a metal-metal bond between d¢
transition metal centers is not plausible, the complex
with two Rh(III) centers probably does not contain
Rh-Rh bonds. Each Rh center is bonded to non-bridg-
ing hydrido, SiPh;, and P(i-Pr); ligands, as well as
bridging chloro and hydrido ligands. The HI-Rh-P
and H2-Rh-Cl angles (168° and 165°) suggest a dis-
torted square-pyramidal coordination with the SiPh,
ligand at the apical site rather than trigonal-bipyrami-
dal coordination. Complex 20 with a bridging disilox-
ane ligand is obtained from a similar reaction of
tetrakisisopropyldisiloxane, as shown in Eq. (10).

RhCILy + (EPr)pHSI-O __.(ihpr)zs'i/O\?i(i-Pr)z
2 + (FPr)2HSI-O-SiH(j-Pr)2 L— L
M
1]
20 (10)

The bridging coordinated disiloxanyl ligand forms a
stable dinuclear framework and renders the Rh-Rh
bond distance (2.777(1) A) shorter than that of 18
(2.815(1) A).

A plausible pathway for the reaction of HSiPh; with
the Rh(I) complex to form 18 is shown in Scheme 3.
The reductive elimination of chlorotriarylsilane gener-
ates the 14-electron RhH[P(i-Pr);], that reacts readily
with HSiAr; in the mixture to give the dihydridosilyl-
rhodium complex (C). The coupling of two Rh(III)
complexes (A) and (C) accounts for the formation of
the obtained dinuclear complex. Other conceivable re-
action pathways include the initial coupling of two
molecules of (A), followed by the conversion of the
Rh-Cl bond into the Rh—H bond upon reaction with
HSiAr;.

Thus, chlororhodium(I) complexes with phosphine
ligands convert the Si—H group of the organosilane
into the Si—Cl group under mild conditions. This is
accompanied by the generation of a highly reactive
Rh(I) species containing a hydrido ligand and a coordi-

iAr
bl_,sﬁtf <= [RhHL,] + CISiAr
(A) (B)
[RhHL2] + HSiArg — i
®) Fe

iAr3 iAr. _oL Ar3S iArg
bl—,F?ﬁ'l-li. + —,F?Wlf —i> L—% ai‘l_
H &’H H

(A) ©
Scheme 3. A plausible pathway for the formation of dinuclear Rh
complexes.
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natively unsaturated metal center. The formation of
chloroorganosilane from the Rh complex with chloro
and silyl ligands at cis positions is reasonably inter-
preted as the result of intramolecular reductive elimina-
tion from the complex with these ligands.

3. Si—C bond cleavage of dinuclear silylrhodium
complex

The dinuclear Rh(III) complex 18 with SiPh; ligands
reacts with excess amounts of HSi(C;H,F-p);, HSiPh,-
(C¢H,F-p), HSiPh(C¢H,F-p), and HSiPh(C,H,CF;-p),
to give complexes with fluorinated triarylsilyl ligands
21-24, respectively (Eq. (11)). Since the NMR spectra
of the reaction mixture show no signals due to
mononuclear Rh complexes throughout the reaction,
the exchange of silyl ligands is thought to occur in the
dinuclear form of the complexes. An attempt to prepare
21 and 24 from the direct reaction of HSi(CcH,F-p),
and HSiPh(C,H,CF5-p), with RhCI[P(i-Pr);], gave
mononuclear oxidative addition products, 16 and 17,
which were not converted into the expected dinuclear
complexes.

Phasi 1 fisiPng Atz S FlsiPhoAra.,
/F'z\ ;zh + 2 HSiPhpAra.n R /R
v %cl L _omsiph, Y Ci L
18

21: Ar=CgH4F-p, n=0;

_ p(il 22: Ar=CgH4F-p, n=2;

(L= P(-Pr)s) 23: Ar=GCgHsF-p, n=1;
24: Ar=CgH,4CF3-p, n=0.

(11)

The reactions of HSi(C¢H,-p-Me); and of HSi(C4H,-
p-OMe); with 18 gave mixtures of 18 and dinuclear
rhodium complexes with one and two tri(4-methyl-
phenyl)silyl or tri(4-methoxyphenyl)silyl ligands even
when a large excess of triarylsilane was allowed to
react. As demonstrated in reaction (5), Rh—SiHAr,
bonds in RhCI(H)(SiHAr,)(PMe,); tend to be stabilized

to a larger extent by a more electron-withdrawing
substituent on the aryl group. The smooth conversion
of 18 to 21-24 is partly due to the higher thermody-
namic stability of Rh-Si(CqH,F-p); and Rh-
Si(CcH,CF5-p); bonds than Rh-SiPh; bonds in the
dinuclear Rh complexes. The exchange of the organosi-
lyl ligand was also reported to occur in several other
mononuclear and dinuclear transition metal complexes
containing the M—Si bond and to be used as a synthetic
tool for transition metal silyl complexes which could
not be obtained otherwise. Examples of smooth silyl
ligand exchange of dinuclear metal complexes were
presented in the reaction of triorganosilane with Fe and
Ru complexes having a non-bridging triorganosilyl lig-
and which is replaced easily upon addition of tri-
organosilane [25].

Heating of hydrocarbon solutions of 18 and 21
causes thermally induced C-Si bond cleavage to give
dinuclear Rh complexes with bridging diarylsilylene
and triarylsilyl ligands and quantitative amounts of
arene (Eq. (12)) [26].

Ag Ar
Ar3Si FIS A H\ Il/A'E'
3 iAr. v Pl
N\ {\ 3 L—RfRL
- Ar-H Si >l
oi L A Ar
(L = P(i-Pr)3)
18: Ar = CgHs 25: Ar = CgHs
21: Ar=CgH4F-p 26: Ar = CgH4F-p (12)

e *'P{'"H}-NMR spectra measured during the re-
action of 18 showed signals of 18 and 25 exclusively,
indicating the quantitative conversion of the starting
complex to the product and the absence of side reac-
tions. The results of X-ray crystallographic study of 26
(Fig. 3) reveal the presence of several unique structural
features. The Rh—Si bond distances between Rh centers
and the Si atom of the triarylsilyl ligand are similar
(2.444(4) and 2.487(3) A), and are significantly longer
than the bond distances between Si of the silylene

Fig. 3. Molecular structure of 26.
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ligand and Rh centers (2.290(3) and 2.250(3) A) as well
as than the Rh—Si o-bond distances already reported
(2.203-2.379 A). They are comparable even to the
Rh-Si bond distance involved in a Rh—H-Si three-
center two-electron bond. Although the crystallography
of 26 did not reveal the positions of the hydrido
ligands, the '"H-NMR spectra of 25 and 26 show the
presence of two magnetically equivalent hydrido lig-
ands. The Rh—H bonds are stable and do not undergo
fluxional behavior on the NMR time scale. Heating up
to 90°C or addition of diarylsilane or alkynes to a
solution does not cause any changes in the NMR
signals of the complex, indicating the high stability of
the complex despite the long Rh—Si o-bond.
Dinuclear and multinuclear metal complexes with
bridging coordinated organosilyl ligands mostly contain
SiHR, or SiH,R ligands which are bonded to one metal
center in a ¢ fashion and to another via an Si-H-M
three-center two-electron bond. Such a p-n',n-coordi-
nation of the ligand (Scheme 4 (D)) renders the dis-
tances between the two M—Si bonds different [27].
The p-n',n!-bridging coordination of silyl ligand
(Scheme 4 (E)) is much less common, probably because
it includes the Si center with a larger coordination
number and a weaker coordination bond to metal than
the non-bridging coordination of the ligand to a single
metal center (Scheme 4 (F)). In most cases, the p-n',n!'-
bridging coordination would be less stable than the

R
R\ A

R R R

. A\ R \

avi clivir) B V¢ Y

— M—n M—M M—M
(D) (E) (F)

u-n' n*coordination p-n'n"coordination 1" n'-coordination

Scheme 4.
Ar Al Ar Ar
N N Y
16 LN A
A IR o
i
A/Ar A'/A\f A'/A\Ir
(L = P(i-Pr)3)
Scheme 5.
Mes SiMeg
Cp'Rllb?uCp‘ Cp'ﬂrlﬁuCp'
CI/E cr/ﬁ
2 2

1
R Si
e [ B
M2 | M2

Scheme 6.

other coordination forms shown in Scheme 4. Thus,
there have been a limited number of studies on non-
transition metal complexes with symmetrically bridging
triorganosilyl ligands and only a few reports on the
transition metal version. The bridging coordination of a
triorganosilyl group to Na, Al, and B to form the
M-Si—M bond is reported as an analog of the M—H-
M or M-CH;-M three-center two-electron bond of
non-transition metals [28]. A dinuclear platinum com-
plex with a bridging SiMeCl, ligand was reported al-
though no clear structural information was provided by
X-ray crystallography [29]. Dinuclear or tetranuclear
copper complexes with a sterically demanding
Si(SiMe;); group as the bridging ligands were charac-
terized structurally [30]. A diplatinum complex with
symmetrically bridging triorganophosphine that is
isolobal to a triorganosilyl anion suggests the possibil-
ity of the stable coordination of a triorganosilyl group
to two transition metal centers [31].

The markedly high thermal stability of the symmetri-
cally bridging coordination of the trisubstituted silyl
ligand of 25 and 26 seems to have electronic and steric
reasons. The molecular structure with a Rh—Rh bond
between two 16-electron Rh(II) centers is maintained
by the symmetrical coordination of the silyl ligand. The
sterically demanding P(i-Pr), ligands probably increase
the kinetic stability of the Rh—-Si—Rh linkage. The
conversion of the p-n',n-coordination of the silyl lig-
and of the complex into a non-bridging coordination
appears to be a facile reaction process, as shown in
Scheme 5, but does not occur even under heating due to
the steric repulsion among P(i-Pr);, SiAr,;, and SiAr,
ligands. Thus, the isolation of stable dinuclear Rh
complexes with a bridging triarylsilyl ligand was real-
ized by choosing a bulky phosphine as the auxiliary
ligand.

Although the above complexes exhibit negligible re-
activity under various conditions, their structures and
formation pathway are intriguing in terms of the mech-
anism of ligand migration reactions of dinuclear transi-
tion metal complexes. A dinuclear Rh complex with an
alkyl ligand bonded to one of the metal centers under-
goes smooth alkyl group transfer between the two
metal centers [32]. The reaction is of significant interest,
but the small number of examples of similar ligand
transfer has prevented elucidation of the reaction in
detail. Recently, analogous organosilyl ligand migration
was presented by several research groups. The Fe—Pt or
Fe—Pd heterobimetallic complexes stabilized by a
bridging diphosphine ligand undergo dissociation of a
carbonyl ligand followed by facile transfer of the silyl
ligand bonded to Fe to give the product with a newly
formed Pt—Si bond [33]. Homonuclear metal complexes
also undergo rapid silyl ligand transfer beween metal
centers [34,35]. The unsymmetrical diruthenium com-
plex with a non-bridging SiMe, ligand exhibits a flux-
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ional NMR spectrum that is ascribed to the rapid and
reversible silyl group migration (Scheme 6). The
reaction probably involves a dinuclear complex with a
symmetrically bridging SiMe; ligand as an intermediate
with similarly high energy to the transition state.

4. Stoichiometric and catalytic Si—S bond forming
reactions

The thiolato group is more nucleophilic than Cl and
seems to have a higher affinity with Si. The Rh—phos-
phine complex that promoted the Si—S bond forming
reaction was examined by using PMe; ligands and
compared with analogous Si—Cl bond formation shown
in Section 2. The oxidative addition of triarylsilanes and
diarylsilanes to Rh(SAr)(PMes); [36] afforded silyl-
rhodium complexes with hexacoordinated structures, as
shown in Egs. (13) and (14), similarly to reactions (3)
and (4) [37]. The silyl and thiolato ligands are at trans
positions of the octahedral coordination, similarly to
1-6.

Fl’MeS T[‘é’e €3
—I'i’(h-PMeg + HSIiAr'; ArS——,I hSiAr'y
A’ PMes H PMe,

27: Ar=Ph, Ar' =Ph,
28: Ar = CgHa-p-Me, Ar' = Ph,
29: Ar = CgHy-p-OMe, Ar' =Ph
30: Ar = Ph, Ar' = CgHy-m-Me
31: Ar = CgHg-p-OMe, Ar' = CgHa-m-Me
32: Ar = Ph, Ar' = Ar' = CgHs-p-Me
33: Ar = CgHa-p-Me, Ar' = Cetl-p-F  (13)

Ar' .

IIDMea Fk#l/Ar
SfPMes 4+ HpSiAr, MeaR J PMes
A Baes Hg PMes

SAr

34: Ar = CgHs, Ar' = CgHs;

35: Ar = CgHs, Ar' = CgHgMe-p;

36: Ar= CgH4OMe-p, Ar' = CgHs;

37: Ar=CgH4OMe-p, Ar' = CgHgMe-p;
38: Ar=CgH4OMe-p, Ar' = CeHaF-p;
39: Ar= CGH4OMe-p, Ar' = CsH4CF3-p;
40: Ar= CgH4Me-p, Ar' = CgHs;

41: Ar = CgHaMe-p, Ar' = CgH4F-p;

42: Ar = CgH4Me-p, Ar' = CgH4CF3-p

(14)

Complexes 43 and 44 with triarylsilyl ligands are
isolated from the mixture containing excess silane but
are in equilibrium with Rh(SAr)(PMe,); in solution via
repeated rapid reductive elimination and reoxidative
addition, as shown in Eq. (15).

PMej
ArS—,IIRFfSh{IF?ﬁg
PMeg

Rh(SAN(PMes);  +

HSiPhy —=——=

43: Ar = Ph,
44: Ar = CgHy-p-Me (15)
Thermodynamic parameters of the reaction for Ar =
C¢H,-p-Me are determined as AH°= —61.7 +0.7 kJ
mol !, AS°= —2274+15Jmol 'K~ !, and AG°=5.9
kJ mol~! at 298 K, based on the temperature-depen-

dent NMR spectra. The equilibrium in Eq. (15) is
favored to the right to a larger extent than that in Eq.
(3), probably because the thiolato ligand is more basic
than the chloro ligand and tends to stabilize the oxida-
tive addition product more significantly.

Analogous Rh(III) complexes with diarylsilyl and
thiolato ligands at trans positions are thermodynami-
cally stable and do not undergo an apparent reductive
elimination of diarylsilane at room temperature, but are
converted to new Rh(III) complexes with two hydrido
ligands and a thiolatosilyl ligand quantitatively upon
heating (Eq. (16)) [38].

H\f‘iA r A A T‘S\f‘ iA r
Me;;KHIh,PMe3 MeaKzlﬁPMeg
H”1" "PMeg H™TH
S\Ar PMeg
34: Ar = CgHs, Ar' = CgHs; 45: Ar=CgHs, Ar' = CgHs;
35: Ar = CgHs, Ar' = CgHMe-p; 46: Ar = CgHs, Ar' = CgHMe-p;
36: Ar= CgHsOMe-p, Ar' = CgHs; 47: Ar= CgHsOMe-p, Ar' = CgHs;

37: Ar=CgH4OMe-p, Ar' = CgHsMe-p;  48: Ar= CgHsOMe-p, Ar' = CgHsMe-p,
38: Ar=CgH4OMe-p, Ar' = CgHsF-p;  49: Ar=CgHsOMe-p, Ar' = CgH4F-p;
39: Ar=CgH4OMe-p, Ar' = CgH4CF3-p; 50: Ar = CgHsOMe-p, Ar' = CgH4CFa-p;
40: Ar= CgHyMe-p, Ar' = CgHs; 51: Ar= CgHsMe-p, Ar' = CgHs;

41: Ar = CgHyMe-p, Ar' = CgH4F-p; 52: Ar= CgHsMe-p, Ar' = CgH4F-p;

42: Ar= CsH4Me-p, Ar' = CgH4CF3-p 53: Ar= CGH4Me-p, Ar = CgH4CF3-p

(16)

The Si—S bond forming reactions occur at a lower
reaction temperature (ca. 50—70°C) than the analogous
reaction of thermally induced conversion of 2 with
chloro and diraylsilyl ligands at trans positions to 10 in
Eq. (7) (>80°C). The above reactions proceed very
cleanly without the formation of by-products such as
RhH(SATr)[Si(SAr)Ary](PMe,);.

Rh(SPh)(PMe,); reacts with 1,2-bis(dimethylsi-
lyl)ethane to give disilarhodacyclopentane 54 (Eq. (17))
[39]. The chelating coordination of the ligand to Rh
complexes plays an important role in the hydrosilylation
of ketones catalyzed by Rh—PPh; complexes [12].

lYIe
P Me
Rh(SPh)(PMeg); + M?S'\/\§iﬁ
Me
Meo| PMes e
_ / HSi Me
Mo hhepiey  + M8l
H2C=81 ppe Me
M62 3
54
(17)

Loss of the thiolato ligand during the reaction can be
ascribed to the elimination of the thiolatosilane via the
initial oxidative addition of an Si—H group to the Rh
center and the subsequent coupling of silyl and thiolato
ligands of the Rh(III) intermediate.

Rh-PMe; complexes containing both thiolato and
silyl ligands and their stoichiometric Si—S bond forming
reaction in Eq. (16) seem to be related to the already
reported dehydrogenative coupling of diarylsilane with
thiol catalyzed by RhCI(PPh;); (Eq. (18)) [40].

neat, r.t.

_meab LY RSiH(SR) + H
RRC(PPhgyg cat. ° (SR) + H2

(R'= Et, Ph) (18)

RySiH, + RSH'
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Complexes with silyl and thiolato ligands at trans
positions of the octahedral coordination were isolated
because the structure prevented facile coupling of these
ligands. Since the Rh(III) complex with PPh; ligands
has a more labile penta-coordinated structure, the com-
plex with silyl and thiolato ligands generated in the
above catalytic reaction would cause facile Si—S bond
formation.

The catalytic reaction was combined with hydrosilyl-
ation to obtain the product from three starting com-
pounds, as shown in Eq. (19) [41]. The accompanying
dehydrosilylation [42] is controlled by the reaction
conditions.

o + HSAr
k_ + HzSiPhz
RhCI(PPhg)s cat
g S [ Phmg
\
PH Ph PK Ph

(19)

Extension of the dehydrogenative coupling to dithiol
and diarylsilane is expected to give an Si—S bond
containing polymers whose preparation method is quite
limited [43]. Both a model reaction of H,SiPh, with two
times its molar amount of thiol (Eq. (20)) and the
polycondensation of diarylsilanes with aromatic dithiols
(Eq. (21)) proceed smoothly to give the desired prod-
ucts [44]. GPC analyses of the polymerization mixture
showed the initial formation of oligomers which are
converted to higher polymers on heating. The molecu-
lar weight of the product from bis(4-methylphenyl)-
silane with 1,3-benzenedithiol was M, = 5400 and
M, = 7000 based on polystyrene standards.

Ph»Si(SAr) , + 2H,
RhCI(PPhg); cat. (20)

A|'2
(-sps ds)—n
RhCl(PPh3)3 cat.

Ar = Ph, 1,3-benzenedithiol;
Ar = Ph, 1,4-benzenedithiol;
Ar = p-MeCgH,, 1,3-benzenedithiol;
Ar = pMeCgH,4, 1,4-benzenedithiol;
Ar = m-MeCegHs, 1,3-benzenedithiol;
Ar = m-MeCegH, 1,4-benzenedithiol

€2y

The polymers are gradually hydrolyzed in air and
converted to polysiloxane which is insoluble in organic
solvents and can be kept for several weeks without
decomposition under Ar.

Ph,SiH, + 2 ArSH

H

Ar,SiH , + HS@S

5. Conclusion

Si—Cl and Si—S bond-forming reactions are thermo-
dynamically favored and occur more easily and more
selectively by using transition metal catalysts. The stoi-
chiometric bond-forming reactions shown above

demonstrate the important roles of intermediate metal
complexes with both silyl and chloro (or thiolato) lig-
ands in these catalytic reactions. The concerted reduc-
tive elimination of chlorosilane from the complex with
chloro and triarylsilyl ligands is established, whereas
several other reactions included in this paper are left for
future investigation for the complete elucidation of the
mechanism. Si—C bond activation of a dinuclear Rh
complex takes place cleanly to afford a new type of
complex with a bridging trisubstituted silyl ligand. The
selective activation and formation of various kinds of
interelemental linkage promoted by transition metal
compounds will, with continued efforts, be achieved by
many research groups including ours in the near future.
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