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The metal-silicon bond in silylene complexes is highly
polarized in a M®*-Si** manner. Accordingly, silylene com-
plexes show high reactivities toward nucleophiles, such as
water, alcohols, ketones, isocyanates, and phosphorus
ylides. The metal-silicon double bond can also activate
aromatic carbon-hydrogen bonds. Among the various
silylene complexes, silyl(silylene) complexes occupy a
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unique position; these complexes undergo intramolecular
1,3-migration, which is postulated as a key step in the
metal-mediated redistribution of substituents on organo-
silicon compounds. Alkyl(silylene) complexes are not
stable and undergo 1,2-alkyl migration to yield alkylsilyl
complexes.
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1. Introduction

Over the past few decades, considerable attention has been
focused on the chemistry of silylene complexes with metal—
silicon double bonds,! which could participate in various
transformation reactions of organosilicon compounds, such as
dehydrogenative coupling of hydrosilanes,? redistribution of
substituents on silicon atoms,®> Rochow’s direct process,* and
silylene transfer to unsaturated organic compounds.® Since
silylene complexes can provide valuable information for these
transformation reactions, preparation of transition-metal
silylene complexes have proven to be an important synthetic
target. Significant development was attained in 1987, in which
two base-stabilized silylene complexes (CO),Fe=Si(O'Bu),
HMPA (1, HMPA = hexamethylphosphoramide)® and [Cp*-
(PMe,),Ru=SiPh,-NCMe](BPh,) (2)7 were independently syn-
thesized and characterized by X-ray diffraction studies (Scheme
1). In 1988, we reported on the synthesis of a unique type
of silylene complex, specifically base-stabilized bis(silylene)
complex Cp*(CO)Fe[SiMe, *++ OMe - -+ SiMe(OMe)] (3).2
Subsequently, not only the related adducts, but also base-free
silylene complexes, have been synthesized.® Herein we present a
timely review of the reactivities of these silylene complexes.

2. Nucleophilic attack on the silylene silicon atom

Reactivity of silylene complexes is intriguing to investigate, not
only because of the practical applications toward transform-
ation reactions of organosilicon compounds, but also by pro-
viding insight to our understanding of the unique bonding.
Theoretical studies on silylene complexes have predicted that
silylene complexes, in which the metal-silicon bonds are highly
polarized in a M*—Si®* manner, are more reactive than the
comparable Fischer-type carbene complexes.' Taking into
account this highly polarized nature, the metal-silicon double
bond is expected to be highly reactive towards various
nucleophiles.

2.1. Reactions with water

Most silylene complexes show high reactivities toward mois-
ture. Furthermore, reactions with water usually result in a com-
plex mixture of products, which is attributable to additional
reactions of the resulting hydroxysilyl complexes with water, as
well as condensations, to form siloxane bonds. In some cases,
the product(s) have been characterized (Table 1).

Base-stabilized silyleneruthenium complex 2 reacted with
water to produce acetonitrileruthenium complex 4 and
disiloxane [Ph,SiH],0 [eqn. (1)]."!

+ +
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MesP Ph PMeg
2 4
+ [Ph,SiH],0

The reaction was initiated by the nucleophilic attack of the
water oxygen on the electron-deficient silylene silicon atom,
followed by cleavage of the silicon—-ruthenium bond. In con-
trast, treatment of methoxy-bridged bis(silylene)ruthenium
complex 5 with water did not result in the cleavage of the
ruthenium-silicon bond, but rather rapidly yielded metalla-
cycle 6, followed by a very slow conversion to tetrasiloxane
complex [Cp(Ph;P)Ru(H),SiMe,0SiMe,],O (7) in the presence
of excess water (Scheme 2).!* As illustrated in Scheme 3, a
plausible mechanism to explain the formation of 6 and 7 from
the reaction between 5 and water involves a nucleophilic attack
of the water oxygen at one of the silylene ligands to give
water addition product 8. Subsequently, intramolecular con-
densation with elimination of MeOH affords metallacycle 6,
which undergoes another nucleophilic attack of water on the
silyl silicon atom to give the ring-opened product. Finally,
dehydration between two molecules affords condensation
product 7.

Jutzi et al. have reported that the hydrolysis of silylene-
molybdenum complex 9 afforded hydrido(hydroxysilyl)molyb-
denum complex 10 via regioselective 1,2-addition of water to
the molybdenum-silicon double bond [eqn. (2)]."* Complex 10
is a water addition product, and is analgous to 8 in Scheme 3.
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2.2. Reactions with alcohols

Silylene complexes are also highly reactive towards alcohols
(Table 2). Treatment of 2 in dichloromethane with excess ROH
(R =Me, Et, ‘Bu) led to the rapid and quantitative formation of
acetonitrileruthenium complex 4 and alkoxyhydrosilane HSi-
Ph,OR [eqn. (3)].1%
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. +
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Scheme 1
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Table 1 Reactivity of silylene complexes towards water

siLN, = fBu-N" “N-'Bu
Silylene complexes Conditions Products Ref.
[Cp*(PMej,),Ru=SiPh,-NCMe]BPh, rt [Cp*(PMe,),Ru(NCMe)]BPh, + [Ph,SiH],O 11
Cp(PPh;)Ru{QSiMe, - -+ O(Me) - - - SiMe,} rt Cp(PPh;)Ru(H)(SiMe,0SiMe,) + MeOH 12
rt, excess H,0 {Cp(PPh,)(H),RuSiMe,0SiMe,},0 + MeOH 12
(PCy,),Pt=SiMes, rt Pt(PCy;), + Mes,SiH(OH) 13
Cp,Mo=SiL¥, rt Cp,MoH(SiLY,0H) 14
Table 2 Reactivity of silylene complexes towards alcohol
Silylene complexes Conditions Products Ref.
[Cp*(PMe,),Ru=SiPh,-NCMe]BPh, rt, ROH (R = Me, Et, Bu)  [Cp*(PMe,),Ru(NCMe)]BPh,+ HSiPh,OR 15
Cp*(CO)Fe{SiMe, - - O(Me) --- SiMe,} rt, MeOH Cp*(CO)FeH(SiMe,OMe), 16
(CO),Fe=SiPh,-DMI hv, excess MeOH Ph,Si(OMe), 17
hv, excess '‘BuOH Ph,SiH(O'Bu) 17
(CO)Fe=SiHAr-DMI (Ar = Ph, 1-Np) rt, MeOH ArSi(OMe), 18
rt, 'BuOH ArHSi(O'Bu), 18
[(CO),Fe=SiPhAr™]|(PFy) hv, excess MeOH, dppe (CO);Fe(dppe) + Ar~PhSi(OMe), 17
hv, excess '‘BuOH, dppe (CO);Fe(dppe) + ArNPhSiH(O'Bu) 17
Cp(CO),Fe=SiMeArN rt, MeOH [Cp(CO),SiMe(OMe){2-(Me,N(H)CH,)C¢H,} |(PF,) 19
Cp(PPhy)Ru{SiMe, - - - O(Me) - - - SiMe,} rt, MeOH Cp(PPh,)RuH(SiMe,0Me), 12
rt, excess MeOH Cp(PPh;)RuH,(SiMe,OMe) + SiMe,(OMe), 12
(PCy,),Pt=SiMes, rt, ROH (R = Me, Et) Pt(PCy;), + Mes,SiH(OR) 13
Cp*(CO)Fe[SiMe, - -+ {O(2-CsH,N)} - - - SiMe,] rt, 2-hydroxypyridine Cp*(CO)FeH{SiMe,0(2-C;H,N)}, 20
ArN = 2-(Me,NCH,C¢H,); DMI = 1,3-dimethylimidazolidinone.
Me Me Me\ /Me
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Scheme 3
3) maintained (Scheme 4). Intermediate 11 was tentatively
l}lCMe assigned to either oxidative addition product, cis-[Cp*(PMe;),-
.I%u_Si.,, + ROH 4 + HSiPh,OR Ru(H)SiPh,OR]BPh,, or a complex containing n>-HSiPh,OR
MesP" 4 v'P CHClp as a ligand. As the temperature was raised above —60 °C,
MesP P intermediate 11 was converted to a mixture of 4 and HSiPh,OR
R = Me, Et, Bu [£,, = 40 min at —40 °C].

Reaction between methoxy-bridged bis(silylene)iron complex
12 and MeOH afforded a thermally stable product, hydrido-
bis(methoxysilyl)iron complex Cp*(CO)FeH(SiMe,OMe), (13)
[eqn. (4)1,"

It was shown using variable temperature NMR studies that
the reaction proceeded at —60 °C, through the formation of
intermediate 11, in which the ruthenium-silicon bond was
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Me Me 4) metal silylene complexes (Table 3). Thermal reaction of 16 in
Sli/\ 7~ SiMe,0Me Fh.e. presence of MeOH to aﬁ“or{i dihydrido(methoxysilyl)-
\_Fe/: ‘OMe + MeOH .Fe;\H iridium(1r) complex 17, in quantitative yield [eqn. (5)],
oc S OC" ’siMe;0Me
Me Me 13 Mes H H Mes OMe H (3)
12 SI,, - \PMe3 to|uene SI,, ‘\H
[ + MeOH [ I
which can be regarded as a 1,2-MeOH addition product across th PMe3 Ph2 pMe3
the iron-silicon double bond (Scheme 5). 16a: R =Me. 60 °C. 80 h 17

Me Me
L/ Sl - OM
S /ST +MeoH F €
12 - .Fe\ . e — H
oc’  Si—OMe / \ —OMe
Me/ e Me Me
13
Scheme 5

For studies on the reactivity of methoxy-bridged bis-
(silylene)ruthenium complex 5 toward MeOH, addition of
MeOH to a benzene solution of 5 resulted in the immedi-
ate formation of hydridobis(methoxysilyl)ruthenium com-
plex 14 in good yield (Scheme 6).> When the reaction mixture
of 14 in C;Dy was allowed to stand in the presence of excess
MeOH at room temperature for 4 days, complex 14 was con-
verted to a mixture of dihydrido(methoxysilyl) complex 15
and SiMe,(OMe),. In the secondary reaction, one of the silyl
ligands in 14 apparently undergoes nucleophilic attack by
MeOH, resulting in the cleavage of the ruthenium-silicon
bond.

Based on these experimental results, alcohols have since been
recognized as efficient trapping agents of transient transition-

16b: R=Et, 60 °C,6 h

can be explained using the transient formation of hydrido-
(silylene)iridium(1) complex 19, as shown in Scheme 7.2 The

Mes
sH pug, 2SN Mes‘sl /H o
| e
16a or 16b > r\PM i — P>I\PM :
_ e e
RH Ph, 3 Ph, 3
18 19
+MeOH
17
Scheme 7

mechanism initially involves the generation of coordinatively
unsaturated (hydrosilyl)iridium(1) complex 18 via reductive
elimination of the alkane, followed by the subsequent 1,2-
hydride-migration from silicon to iridium to produce 19, which
is then trapped by MeOH to give 17.

2.3. Reactions with polar unsaturated compounds

Reactivities of silylene complexes toward several polar unsatur-
ated compounds have been examined. Reactions of silylene
complex 2 with enolizable ketones provided acetonitrile-
coordinated complex 4 and silyl enol ethers in quantitative
yields [eqn. (6)],

Me Me

s P

/ /s.\ + MeOH g SiMe,OMe  , peOH \R o

RI" OMe RU\H — S8 SiMe,0Me

o o o rt,4days o o %

: /SI\ immediately ' > SiMe;OMe 3 1
Me Me s

5 14 N

SiMe,(OMe),
Scheme 6
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21

Ref.

Cp(CO)FeH(SiMe,0Me),(55%) + FpSiMe,0Me (13%) + Fp,(12%) +

MeOSiMe,H (9%)
IrH, {n*-Mes(MeO)Si(CH,),PPh,} (PMe,),

L, IrH(SiMe,OMe)(PMe;)
L,Ir(Me)(H)(PMe;) + HSiR(OMe), + H,

Products

SiMe,}

O(Me) ---

SiMe,)

SiRH)

IrH {n*MesSi(CH,),PPh,} (PMe;)

Proposed silylene intermediate
Cp(CO)Fe{SiMe, - - -
L,IrH(SiMe;)(

L,IrHy(

Conditions

60 °C
45°C
45°C

hv

Me, Et)

Cp(CO),Fe; L, = {n>-Me,Si(CH,),PPh,} (PMe;).

Table 3 Alcohol trapping of transiently generated silylene complexes

L,Ir(Me)(H)(PMe;) + H,SiR + MeOH (R = n-C,H,, n-C5H,,, n-

IrH(R){n%-Mes(H)Si(CH,),PPh,} (PMe;,), + MeOH (R
CGH 1 3)

L,IrH(SiMe,SiMe;)(PMe;) + MeOH

FpSiMe,SiMe,0Me + MeOH

Reactants

Fp

(6)
CH,CI R_O.
2 4+ )O.\ _2¥2 4+ Y SiPhyH
Me” "R CH,
R = Me, Ph

and although intermediates have not been observed, the
authors have assumed that coordination of the carbonyl moiety
of the ketones to the electron-deficient silylene silicon atom is
critical.®

Methyl isocyanate reacted cleanly with silyleneruthenium
complex 20 to form 21 [eqn. (7)].

— +

L (M
R
Me&pw F"“\\Si,SpTol + MeN=C=0
e \
¥ ePTol
20
- + +
ﬁéf Tl ‘Q?Z’ _ ST
Me3PWIRuQS 5: -~ Me3PWIRu\\S'/ /C
Me3P =~ Me;P N
PTOIS  Me PTolS  Me

21

Although the detailed structure of 21 is unclear, it is certain that
21 was formed via 1,2-diploar addition to the silicon—sulfur
bond of 20 across the isocyanate moiety. Complex 21 can be
regarded as a base-stabilized silylene complex.

In contrast to complex 20, treatment of dimethylsilylene
complex 22 with methyl and phenyl isocyanate led to a rapid
and quantitative formation of the 2 + 2 cycloaddition product
23 [eqn. (8)].

()
+
F F
\ Me \ Gl
_a —C= Ru_ _NR
MesP‘“Rtj _S|‘Me + RN=C=0 MesP" | \ﬁe
MesP 2
PMes R = Me, Ph s
22 23

Reaction of 22 with ylide CH,PPh; proceeded spontaneously to
afford pure product 24, in which the ylide was coordinated to
the silylene ligand through the carbon atom [eqn. (9)].%

@ Hy ©9)
\ Lt

X N
22 + PhP—CH, — Me3P"”'/Ru_?i» PPhs
® © MesP Me M€
24

The X-ray crystal structure analysis described complex 24 as a
cationic silylruthenium complex with the positive charge local-
ized on the phosphorus atom.

3. Reactions with HX (X = Cl, H, SiR;)

3.1. Reaction with hydrogen chloride

Pyridine-stabilized silylenetungsten complex, Cp*(CO),HW=
SiPh,-Py (25), reacted rapidly with HCl to give the 1,2-addition
product, Cp*(CO),H,W(SiPh,Cl) (26) [eqn. (10)], in which
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Table 4 Dissociation of silylene fragments from silylene complexes

siLt, = Bu-N

Si
“N-1Bu

Silylene complexes Conditions Products Ref.
(0C),Fe=SiR,-HMPA (R = Me, O'Bu) 120 °C Polysilanes (M, = 550 + 10) + Fe,(CO),, 3la
hv, PPhy Fe(CO),(PPh,), + polysilanes 3la
(0OC),Fe=SiR,-HMPA (R = O'Bu, S'Bu) hv, 2,3-dimethylbutadiene silacyclopentene + (2,3- 3lc
dimethylbutadiene)Fe(CO);
(CO)sCr=Si(O'Bu),-HMPA hv, PPh, Cr(CO),(PPhy), + polysilanes 3la
(0OC)sCr=Si'Bu,-HMPA-Na(CF;SO;) -2THF pyr Cr(CO)s(pyr) + (Si'Bu,); 31d
CO Cr(CO)g + (Si'Bu,); 31d
(0OC),Fe=SiPh,-DMI hv, 2,3-dimethylbutadiene silacyclopentene 17
hv, Et-C=C-Et silole [diphenyl-1,2,3,4-tetraethylsilacyclopent-2,4- 17
diene]
120 °C, 0.1 mmHg (SiPhy), (n=3,5, 6) 17
(CO),Fe=SiPh(Ar™) hv, MeOH (excess), dppe Ph(Ar™)Si(OMe), + Fe(CO),(dppe) 17
hv, 'BuOH, dppe Ph(Ar™)SiO'Bu(H) 17
(Cy;P),Pt=SiMes, R,P(CH,),PR, (R = Ph, 'Pr) PtL, + “SiMes,” (L, = (R,P(CH,),PR;), or 13
or PMe; (PMe,),)
Pd(SiLY,), rt SiLN, + Pd,(u-SiL™,),(SiLY,), 32

HMPA = Hexamethylphosphoric triamide; Ar™ = 2-(Me,NCH,)C¢H,; pyr = pyridine; dppe = Ph,P(CH,),PPh,.

the orientation of the 1,2-addition was consistent with the
M?®"=Si®* polarization.”’

(10)

== ==

|
OC/{W\:SiPhZ +HCI

OC H )
25 SiPh,CI
26

we W+ PyH*CF
toluene O(S:C/ \H

3.2. Reaction with hydrogen

The formation of hydrido(hydrosilyl)platinum(ir) complex 28
from platinum(o) silylene complex 27 and H, (1 atm) was
demonstrated by Tilley et al. [eqn. (11)].

()
CysP. _Mes rt., 2 days H /PCV3
Pt=Si + H ——— Pt
CysP Mes 1 atm Cy3p/ SiHMes,
27 28

As shown in Scheme 8, a mechanism was proposed that involved
the oxidative addition of dihydrogen to the metal center,
followed by 1,2-hydride migration to the silylene ligand. Com-
peting with this reaction, simultaneous decomposition of 27

H
*Ha ey / 1,2-H-migrati
3 , migration
27— \Pt/H 28
C P/ \3'
Mes ¥s AN
o . H " |/ "Mes
—.SI\ 2 es
Mes
H PCys
AN
Pt
CY3P H
29
Scheme 8
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occurred via loss of the :SiMes, fragment to form trans-
(CysP),PtH, (29) in 50% yield.

3.3. Reactions with hydrosilanes

Reaction of pyridine-stabilized silylenetungsten complex
Cp*(CO),W(H)(=SiEt, Py) (30) with MePhSiH, led to the form-
ation of silylene exchange product Cp*(CO),W(H)(=SiMePh-
Py) (31) and Et,SiH,.”® To account for this silylene exchange
reaction, a four-center transition state via interaction between
the Si-H bond of the dihydrosilane and the tungsten—silicon
double bond has been proposed (Scheme 9).

Base-stabilized bis(silylene)iron complex 32 reacted with
hydrosilane (Me;Si);SiH at 80 °C to form Cp(CO),FeSiMe,-
O'Bu (33) and HSiMe,Si(SiMe;); [eqn. (12)].° The proposed
mechanism for this reaction involves a four-membered ring
opening,* followed by an addition of SiH to the iron-silicon
double bond to form intermediate 34 which subsequently
results in reductive elimination of disilane and coordination of
CO, which is liberated from decomposition pathways of the
complexes, to produce 33.

Me me

A S
S /,'S'

Fe  JOBu
CON .

(12)

80°C é\

+ (Me3Si)zSiH ——> OC/Fle—SiMezofBu

ocC /Sl\ OC 33
Me  Me + HSiMe,Si(SiMes)s
32

ﬂ Si(SiMe3)3

©~SsiMe,H
SiMe,0'Bu

34

4. Dissociation of silylene fragments from the metal
center

For some silylene complexes, the silylene fragment dissociated
under thermal or photochemical conditions (Table 4).

Zybill et al reported that heating (OC),Fe=SiR,-HMPA
(1 or 35) at 120 °C (10™* bar) caused the dissociation of HMPA
to give Fey(CO),, and polysilanes [eqn. (13)].%!
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| Py
W
0C~ \ ikt
C H
30

-py
+MePhSiH,

e

=%

=%

L=
W
OC~ \ siMePh
OC H
31

!

+py
-Et,SiH,

; i [ ;
oc——/wx-/--'s'\ — oc—;w(S'HEtz == oc—W Si,
oc” | “gj-H oc” |, siMePhH oc” | NgjH
H MePhH H MePh
Scheme 9
‘BUOH [ O'Bu
— si + PhaP( PPhy
4 H Fe
Q NMe, (CO)s
h 39
Si=Fe(CO)s ——
4 dppe
NMe, Q
38 MeOH Si/OMe + 39
} ~OMe
NMe,
Scheme 10
HMPA oo R, R,
(OC)sFe=Si~g Fes(COz + [ N\arSinarSing”
\ -HMPA Si Si Si
R Ra R2 R |, (13)
R =BuO
R =0Bu (1) i
Me (35) M, = 550(10)
HMPA OC CO OoC co
hv
1or35 — 1Y 5  R,Si=Fe—PPh; ——» PhsP—Fe—PPh,
+ PPhy + PPhy
-Co co - SiR; co
R = Me, 'BuO - HMPA 37 (14)
+
Ry Ry
Si._.Si._
Ngihgi s
Ro Ry Ra Ip
Me me ~:SiMeQOMe
ﬁ s “Ri PPh !
2 [ u + 3 Ru—ai
\,Rui ome 130°C.2days o P/ SSiMe,  —— PhgP| T SIMe:
PhsP  Si 2 PhyP (15)
/
Me Me
41a
5 40
+
HSiMe,OMe

During the thermal reaction of 35 (R = Me), transient form-
ation of silylene-bridged diiron complex [Fe(CO),l,(u-SiMe,),
(36) was observed.’” Under photochemical conditions, the
apical CO and silylene ligands of 1 and 35 were displaced step-
wise by triphenylphosphine [eqn. (14)], in which the silylene
fragments were converted into polysilanes.®!

In contrast to the examples mentioned above, intramolecu-
larly base-stabilized silylene(carbonyl) complex 38 was less

reactive towards alcohol. However, UV-photolysis in the
presence of dppe induces the reaction to give dppe-coordinated
iron complex 39 and alkoxysilanes (Scheme 10)." 1t was likely
that free silylene species were generated upon photolysis and
trapped with alcohols. Free silylene fragments that were gener-
ated from 38 upon photolysis were also trapped using acetylene
and 2,3-dimethylbutadiene (Scheme 11).
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Me2
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38

Scheme 11

5. Carbon-hydrogen bond activation by the
transition metal-silicon double bond

Intramolecular C-H bond can be activated by ruthenium-—
silicon double bonds.** When a solution of methoxy-bridged
bis(silylene)ruthenium complex 5 was heated in a sealed tube
at 130 °C, a five-membered silametallacycle 40 was formed
[eqn. (15)].

The sequence of steps to account for this remarkable carbon—
hydrogen bond activation is shown in Scheme 12. The four-

Me
P 3 e
\Rb-/ShoMe ﬁ-,Si-OMe
5 AN O — Ru, — > 40
Ph,P S\'*Me pth“ \i‘Me

7 e Me

Scheme 12

membered ring opening of bis(silylene) complex 5 at the ele-
vated temperature generates the base-free silyl(silylene) com-
plex.® As a result, the electron-deficient silylene silicon atom
electrophilically attacks the ortho-carbon of a phenyl group of
the PPh; ligand. The proton on the ortho position subsequently
migrates to the electronegative ruthenium center to give 40.
Heating a solution of 40 and PPh; resulted in complex 41a and
HSiMe,OMe [eqn. (15)]. Thermolysis of 5 in the presence
of various two-electron-donor ligands at 130 °C directly gave
41a—e [eqn. (16)].

(16)
130°C
 — L..--"RU‘SiMeZ

Ph,P

+ HSiMe,OMe

L = PhsP, MegP, EtsP

(MeO)3P, lBUNC
41a: L = PhsP, 41b: L = Me3P, 41c: L = Et3P

41d: L = (MeO)3P, 41e: L = ‘BuNC

For the reaction of OsHCI(CO)(PPh;), and Hg(SiMe,),,
silylene complex OsHCI(=SiMe,)(CO)(PPh;) (42) is postulated
as a key intermediate to give intramolecular C-H bond activ-
ation product 43 [eqn. (17)].3*

(17

D
PhyP... | \Si

Os
PhsP” | ‘PI>
co

h2

OsHCI(CO)(PPh3), + Hg(SiMe3z),

_—

43
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6. Reaction with chloroalkanes

In the direct processes, the silylene fragments are believed to be
generated on the surface to react with chloroalkanes to give
alkyl(chloro)silanes, and therefore, silylene complexes may
serve as a good model for surface-bound silylene fragments.*
Dissolving solid silyleneosmium complex [Cp*(Me;P),0s=
SiMe,|B(C¢Fs), (44) in CH,CI, resulted in a complex mixture
of compounds, including paramagnetic species.®® Immediate
addition of reducing agent Cp,Co to this mixture afforded
Cp*(Me;P),0sSiMe,Cl (45) as a major product. A proposed
mechanism involves a radical-based step, in which the silylene
silicon atom possessing Lewis acidity abstracts a chloride from
CH,Cl,, whereas the osmium center is oxidized from the +1
to the +mr state. The resulting paramagnetic intermediate
[Cp*(Me,P),0sSiMe,Cl]* (46) is reduced by Cp,Co to produce
45.

7. Rearrangement of substituents on silyl(silylene)
complexes

7.1. 1,3-Migration on silyl(silylene) complexes

The photolysis reactions of FpSiMe,SiR; [Fp = Cp(CO),Fe, R,
= Ph;, MeEt,] to produce three types of monosilyliron com-
plexes, FpSiPh;, FpSiMePh, and FpSiMe,Ph for R; = Ph; and
FpSiMe,;, FpSiMe,Et and FpSiMeEt, for R; = MeEt,, have
been reported by Pannell et al*® and our laboratories.***” As
outlined in Scheme 13, a suggested mechanism for the photo-
lysis of FpSiMe,SiMeEt, involves four successive reactions: (i)
photochemically induced dissociation of one carbonyl ligand,
(ii) 1,2-silyl migration to generate a silyl(silylene) complex, (iii)
1,3-alkyl-migrations from the silyl group to the silylene group
and (iv) silylene displacement by CO. It is likely that the
proposed silyl(silylene) intermediates are stabilized by the
electron-donating group. Observations that the photolysis of
FpSiMe,SiMe(OMe),, which contains internal donors, can
result in the formation of methoxy-bridged bis(silylene) com-
plex 3 (Scheme 1) support the mechanism in Scheme 13.2
Related base-stabilized bis(silylene), (silylene)(germylene)
and bis(germylene) complexes have also been isolated for Ta,®
Cr,s()d MO,30d Wsoc Mn,” Fe,8’40 Ru,30e’41’42 Os® and Ir2 (Fig. 1).

Silyl(silylene) complexes that are generated upon photolysis
can also be stabilized by an external base. Irradiation of a
toluene-dy solution of Cp*(CO),FeSiMe,SiMe, and HMPA
afforded HMPA-stabilized silyl(silylene) complex Cp*(CO)-
Fe(=SiMe,- HMPA)SiMe; (47) [eqn. (18)].

(18)
,ﬁ I;IMPA
; o= SiMe;Site; + HMPA — /é‘Fe$SiMe2
- N
0C co OC “siMe,
47

1,3-Methyl migration from the silyl ligand to the silylene
ligand in 47 was confirmed by variable temperature '"H NMR
studies. As the temperature was gradually increased from 250 to
280 K, two singlet signals, which are assignable to the two dia-
stereotopic methyl groups on the silylene ligand, broadened
then coalesced into a singlet due to exchange of the methyl
groups in the SiMe, ligand. Another spectral change is
observed above 280 K. The two singlets of the SiMe, and SiMe,
ligands gradually broadened, then coalesced at 318 K, and
became a sharp singlet at 360 K. This dynamic behavior can be
explained as the 1,3-methyl migration from the silyl ligand to
the silylene ligand on the base-free silyl(silylene)iron complex
(Scheme 14).

We have recently succeeded in the synthesis of base-
free silyl(silylene)tungsten complex 48 by photolysis of
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Scheme 14

Cp*(OC);WMe in the presence of HMe,SiSiMeMes,. It is
likely that the formation mechanism of 48 involves 1,2-silyl and
1,3-methyl migrations (Scheme 15).*

Ojima et al. have reported on the observations of transition
metal-mediated disproportionation of dihydrosilanes.® The
reaction may be explained as the transient formation of a
silyl(silylene) complex, in which the 1,3-migration of the R
substituent on the complex, followed by reductive elimination
of hydrosilane, results in scrambling of substituents on the
silicon atom (Scheme 16). Our experimental results clearly
support the 1,3-R-migration step on the transient silyl(silylene)
complex.

Several transformation reactions that are mediated by vari-
ous transition-metals (W, Fe, Co, Rh, Ir, Ni, Pd and Pt) have
been reported to proceed through 1,3-migration on the silyl-
(silylene), silyl(germylene) and germyl(germylene) complexes
(Table 5).

In eqn. (19), the redistribution of the substituents of hydro-
disilanes was mediated by an iridium complex in which
iridium(1) complex 54 reacted with HPhMeSiSiMe; to give 55
via rearrangement of the substituents on a disilanyl ligand.?
Prolonged heating of the solution at 45 °C for 5 days led to the
rearrangement of the hydrodisilane to yield an isomeric 2 : 3
mixture of HPhMeSiSiMe,; and HMe,SiSiMe,Ph.
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-PMey [eqn. (20)]. Formation of 57 strongly supports the proposed
Me  y 1,2-silyl- Me mechanism (Scheme 17). Pannell ez al. reported the Cp(CO)-
Si,,, | ..SiMePhSiMe; migration Si_ | _-SiMes (Ph;P)FeSiMe;-catalyzed isomerization of HMe,SiSiMe,Ph
M?:, - IIF\PMe P E—— Mép /||r:\\\\s ki fmd HPhMeSiSiMe;, in V.Vhid.l they ha\{e proposed a mechanism
Phz PMe, 3 Phy pite e involving a silyl(silylene)iron intermediate.**
3
56
(20)
.. -OM
-PMe, 1,3-Me-migration Me Me2Si =5
+HPhMeSiSiMe, 45°C Si,, |'_.siMe,
54 + HSiMe(OMe)SiMe Me oI
® _2PMe; o | H
Me 4 Phz PMe,
Si_ | __SiMe, 57
54 55 e g
+PMe 1,2-silyl- sl \ \SiMezPh . . )
HM e;SiSiM e,Ph migration Phy P, Schmid and Welz have reported on the formation of diethyl-
B amine-stabilized silylene complex 58 by the irradiation of
. Fe(CO)s and HSiMe,(NE,) [eqn. (21)].>*
Scheme 17

As outlined in Scheme 17, the isomerization mechanism can
be explained involving the oxidative addition of hydrodisilane,
followed by 1,2-silyl migration. The resulting silyl(silylene)
intermediate causes successive 1,3-Me, 1,2-silyl migrations,
followed by the ligation of PMe; to afford disilanyl complex
55, which releases the isomeric hydrodisilane by reductive
elimination. To confirm the existence of the silyl(silylene)
intermediates, iridium(1) complex 54 was allowed to react with
HSiMe(OMe)SiMe, to yield hydridobis(silylene) complex 57

@n

NEt,H
hv k:

+ _—

Fe(CO)5 HSiMezNEtz

/
(OC)4Fe=SiMe,
58

Braunstein e al. also examined the related photo-reaction
of Fe(CO),{P(OEt);} and HSi(NMe,); that yielded amine-
stabilized silyleneiron complex 59, in which the two ethoxy
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groups of the phosphorus were exchanged with two amino
groups of the silicon [eqn. (22)].%

(22)
Et,N OQ_ cO /NHMeZ
h \ - !
Fe(CO)4{P(OEt)3} + HSi(NMey)3 . Eto —P—Fe=Si{
-CO Et,N | \O EOtEt

59

The formation mechanism of 59 involves the initial form-
ation of (CO);{(EtO);P}Fe=Si(NMe,),-NMe,H (60), which
corresponds to Schmid and Welz’s silylene complex 59. The
remarkable redistribution of the substituents on the silicon and
phosphorus, the sequence of repeated steps involving dissoci-
ation of NMe,H from the silylene ligand, 1,3-migration on the
silylene(phosphine) complex, coordination of NMe,H to phos-
phorus and H-migration is postulated as shown in Scheme 18.
In summary, it is likely that the 1,3-migration of substituents
generally occurs in the compounds with a R,E-M=E'R,,
framework, in which the sp*> E’ atoms are electron-deficient.*

7.2. 1,2-Migration on silylene complexes

Thermal reaction of hydrido(methyl)iridium(1) complex 61
with H;SiR was monitored spectroscopically to yield 62 and
H,MeSiR, in which the methyl group was transferred from
iridium to silicon [eqn. (23)].%*

(23)
Meo T Me, T
Si,, | . PMe; 45°C Si,, H
.. ol + HSR — =~ et
~ 3
P | “Me EF'/ ‘\PM93
Pha pMe, Phz PMe,
61 62
(R = n-butyl, pentyl, or hexyl) + H,MeSIR

The reaction is very important from the viewpoint of function-
alization of alkanes. Complex 61, which contains hydride and
methyl ligands can be regarded as an activation product of
methane. Therefore, the occurrence of eqn. (23) indicates that
dehydrogenative silylation of alkane is possible. It is interesting
to note that the reaction did not afford the expected hydrido-
(silyl) complex, IrH(SiH,R){n?-Me,Si(CH,),PPh,}(PMe,),, via
reductive elimination of methane and oxidative addition of
H,SiR. To illustrate the formation of 62, a conventional mech-
anism might explain the unusual silicon—carbon bond form-
ation that involves an Si-H oxidative addition and an Si-C
reductive elimination. However, if this mechanism is operating,
carbon-silicon reductive elimination has to occur preferentially
over carbon- or hydrogen-hydrogen reductive elimination from
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IrH,(Me)(SiH,R){n?-Me,Si(CH,),PPh,} (PMe,). This assump-
tion is in contradiction to the expected tendency of reductive
elimination,* and to our DFT calculation results [model sys-
tem: Ir(H)(Me){n*H,Si(CH,),PPh,}(PH;), + H;SiMe; AEfc »
= +21.0 kcal mol™!, AE g ¢ = +30.2 kcal mol '].>” An altern-
ative mechanism, as shown in Scheme 19, involves the transient

-PM Me
€3 H M
+ HaSiR Siy [ M. -Hy si_ | _siHR
61 ————— [ _Ir—SiHaR iz
P” | H B AcH
PMes PMeg
62 H
+ PMeg Sl [h +H, | _si SiHMeR
+ Ir— SiHMeR | ~—— >~
5 = - NG
HoMeSiR PT | H P” | H
PMe3 PMeg
Scheme 19

formation of a methyl(silylene) complex. The carbon-silicon
bond forms via 1,2-migration of the methyl group on the methyl-
(silylene) intermediate. In this case, the proposed mechanism
is supported by the DFT calculations on the model system, in
which the activation barrier of the 1,2-migration is estimated to
be adequately small (3.8 kcal mol™').>” Experimentally, when
the reaction is carried out in the presence of MeOH, which is a
trapping agent of silylene complexes, the silicon—carbon bond
formation reaction is completely suppressed. This result
strongly supports the generation of silylene complexes.

1,2-Alkyl-migration on the transition metal-silylene complex
was also recently reported by Ozawa et al. [eqn. (24)].%
Furthermore, reverse 1,2-alkyl-migration on a silyl complex to
generate an alkyl(silylene) complex was reported by Bergman
and Tilley [eqn. (25)].5%°

PhMe,P.__Bu PhMe,P._ (24)
- Pt
H™  Ssiph, H”  “SiBuPh,
(_\/R +/R
Cp*(MesP)Ir—Si—R Cp*(Me3P)Iry (25)
‘R SiRs

R3 = Meg, Phs, PhMe,, PhoH

8. Summary and outlook

Since 1987, various transition metal-silylene complexes have
been synthesized and characterized. However, in order to



obtain the products in their thermally stable form, various
chemical modifications have been carried out. As a result,
silylene complexes have lost their reactivities, as originally
expected in the catalytic transformation of organosilicon com-
pounds. In order to obtain information on how they behave in
the catalytic reactions, we should examine the syntheses and
reactivities of silylene complexes which are similar to those
existing in real catalytic reactions.

Theoretical studies on the properties of early transition
metal-silylene complexes have been reported by Nakatsuji
et al® They concluded that the Schrock-type metal-silylene
complex L,Nb=SiR, is more stable than the Fischer-type L,M=
SiR, (M = Fe, Cr). The reactive center of the silylene-niobium
complex for both nucleophiles and electrophiles is predicted to
be at the niobium atom; however, a nucleophilic attack on the
silicon atom cannot be ruled out. The fact that all silylene
complexes synthesized to date are of the Fischer-type, in which
the metal-silicon bond is polarized toward M®™ and Si**,
necessitates synthesis and reactivity studies of early transition
metal-silylene complexes.
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