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Platinum and Palladium Complexes with Metal-Silicon Bonds.
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Studies on the Pt and Pd complexes with Si-containing ligands by the authors are reviewed. trans-[Pt(SiHPh,),-
(PMe3), ], the first Pt(Il) complex with two silyl ligands at trans positions, is equilibrated with the thermodynamically
more stable cis isomer in solution. The reaction of dimethyl acetylenedicarboxylate (Z-C=C-Z, Z = COOMe) with
[Pt(SiHPh;),(PMes),] produces 3-sila-1-propenylplatinum complex, cis-[Pt(CZ=CZSiHPh,)(SiHPh,)(PMe3),], and
4-sila-3-platinacyclobutene, [Pt(CZ=CZSiPh,)(PMes),], depending on the reaction conditions. The former product is
turned into the latter, accompanied by elimination of H,SiPh,. The spectroscopic data of cis-[Pt(CZ=CZSiHPh,)-
(SiHPh,)(PMes),] as well as the crystallographic structure of the 3-sila-1-propenylplatinum with a chelating bisphos-
phine, [Pt(CZ=CZSiHPh,)(SiHPh;)(dmpe)] (dmpe = 1,2-bis(dimethylphosphino)ethane), indicate intramolecular inter-
action of the y-Si—H hydrogen of the ligand with the Pt center. The 4-sila-3-platinacyclobutene reacts with mono-sub-
stituted alkynes to produce various 5-sila-2-platina-1,4-cyclohexadienes via insertion of the C=C bond into the Pt-Si
bond of the four-membered ring. [Pt(SiHPh;),(PMes),] reacts with nitriles to cause double addition of the Si—H bonds
to the C=N triple bond, yielding [Pt{SiPh,N(CH,R)SiPh; }(PMes),] (R = Me and Ph). The reactions of H,SiPh, and
H,SiPhMe with [PdEt,(PMes),] afford dinuclear Pd complexes with bridging silyl ligands, [{Pd(PMes)}{Pd(PMe3), }-
(-HSiPhR);] (R = Me and Ph; n = 1 and 2). Pd—Pt heterobimetallic complexes with bridging diphenylsilyl ligands,
[{Pd(PR3)} {Pt(PR3), }(;-HSiPh,),] (R = Et and Cy (cyclohexyl); n = 1 and 2), are obtained from the reactions of
bis(silyl)platinum(II) complexes with palladium(0)-phosphine complexes. The heterobimetallic complex with PEts
ligands reacts with #-butyl isocyanide to afford a new disilaplatinacyclopentane, [Pt{SiPhy CH,N(s-Bu)SiPh, }(PEt3)-
(CN--Bu)]. Heating of [Pt(SiHPh;),(PMes),] at 80 °C in solution produces a trinuclear Pt complex with bridging
diphenylsilylene ligands, [{Pt(PMe3)}3(14-SiPhy)s], which was characterized by X-ray crystallography, NMR spectros-
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copy, and theoretical calculations.

Background

Studies of Pt—Si complexes began with the discovery of
bis(silyl)platinum complexes by Chatt and Eaborn in 1966.!2
These complexes have attracted attention because they are re-
lated to the mechanism of the hydrosilylation of alkenes cata-
lyzed by Pt complexes.® Although the active species of hydro-
silylation catalysts such as H,PtClg are considered to be colloi-
dal Pt metals, formed by the reduction of Pt(II) or Pt(IV) com-
pounds of Si-H groups of the substrates,*° the molecular Pt
complexes also promote the hydrosilylation of olefins and
many other unsaturated compounds.””!" Chalk and other re-
searchers proposed two mechanisms for the hydrosilylation
of olefins catalyzed by Pt complexes.'>!*> One mechanism in-
volves the initial formation of a hydrido(silyl)platinum(II) in-
termediate, followed by the insertion of olefin into the Pt—H
bond, and the reductive elimination of alkylsilane (Chalk—
Harrod mechanism). The insertion of olefin into the Pt—Si bond
of the intermediate also leads to the formation of a hydrosilyl-
ation product (modified Chalk—Harrod mechanism). Theoreti-

cal studies on the pathway of hydrosilylation of ethylene pro-
moted by a Pt(0)-PH3 complex indicate that the Chalk—Harrod
mechanism is more favorable due to a high energy barrier dur-
ing insertion of ethylene into the Pt—Si bond in the modified
Chalk—-Harrod mechanism.'#-!® The alkyl(silyl)platinum com-
plexes'”!® and silylpalladium complexes'® undergo several
important reactions that include the insertion of alkynes into
the M-Si bond.

The chemical properties of compounds with M—Si bonds
differ from those with M—C bonds. Scheme 1 depicts the fun-
damental reactions of late transition-metal complexes having
M-C and M-Si bonds. Two alkyl or silyl ligands at cis posi-
tions of late transition-metal complexes undergo coupling to
induce the reductive elimination of the corresponding alkanes
or disilanes. Although the high stability of the Pt—C bond pre-
vents the smooth reductive elimination of alkanes from the di-
alkylplatinum complexes, thermal reactions of diarylplatinum
complexes induce the reductive elimination of biaryls.?® Disi-
lanes cause smooth oxidative addition to low valent transition-
metal complexes, leading to cleavage of the Si—Si bond, al-
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Scheme 1. Fundamental reactions of transition-metal com-
plexes having M—C and M-Si bonds (M = metal center
with supporting ligands).

though the oxidative addition of alkanes, accompanied by C-C
bond cleavage, occurs only in limited cases (Scheme 1(i)).
Many alkyl complexes of transition-metals undergo S-hydro-
gen elimination to form hydrido complexes and olefins very
easily, while the B-hydrogen elimination of the silyl metal
complexes does not occur, probably due to instability of the
transition state that has a partial C=Si double-bond character
(Scheme 1(i1)).

Over the last these few decades, many research groups have
reported the chemical properties of new transition-metal com-
plexes with Si-containing ligands, as summarized in the review
articles.>!~23 We turned our interest from mono- and di-nuclear
Rh complexes with Si-ligands®® to Pt-Si complexes in 1997.
The results obtained over the last decade are described in this
article.

Mononuclear Silylplatinum Complexes

Previous studies of the silyl complexes of Pt(II), formulated
as [Pt(SiR3)>(PR’3),] and [PtH(SiR3)(PR’3),] by X-ray crystal-
lography and NMR spectroscopy, indicate that these com-
plexes have a strong tendency to form a cis structure.”’-3!
The hydrido and silyl ligands exhibit larger trans influence
than alkyl and many other ligands, as shown in the bond pa-
rameters and the NMR coupling constants of the complexes.
The exclusive formation of the cis isomer of the above
complexes was attributed to a large trans effect of the ligands.
The 2:1 reaction of H,SiPh, with cis-[PtR,(PMes),] (R = Me
and Et) affords [Pt(SiHPh,),(PMes),] (1) as a mixture of the
trans and cis isomers, as shown in Eq. 1.2 The recrystalliza-
tion of the products results in isolation of trans-[Pt(SiHPh;),-
(PMes),] (trans-1) as the first Pt complex having two silyl
ligands at trans positions. X-ray crystallography indicates the
trans geometry with a long Pt—Si bond distance (2.407(2) A).
Dissolution of trans-1 readily regenerates a mixture of the
cis and trans isomers. The NMR studies in the solution
indicate the presence of equilibrium between the cis and
trans isomers. The trans isomer is more stable than the cis,
with thermodynamic parameters: AH® = 5.7(3)kJmol~' and
AS° =6.7(7)Jmol~! deg™' in CD,Cl,, and AH® =3.8(2)
kKImol~! and AS° = 3.5(6) JTmol™! deg’1 in THF-dg. Analo-
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gous complexes with SiHAr, ligands (Ar = C¢Hs-4-Me,
C¢H4-4-OMe, and CgHy-4-F) and with PEt; also exist as
mixtures of the cis and frans isomers in solution.

EMe?,
MengI‘thR + 2 H,SiAr, ——
R
R = Me, Et
PMe; PMes
MesP—Pt-SiHAR + ArpHSi—Pt—SiHAr ()
SiHAr, PMe;
Ar = CgHs (1)
CgHg-4-Me
C6H4'4-OMe
CgHg-4-F

Very recently, Perutz et al. reported the preparation of
trans-[PtH(SiMe;_,,Cl,)(PCy3),] (n = 1-3) from chloro(meth-
ylsilanes and [Pt(PCy3),] (Cy = cyclohexyl).>* The reaction
at —78 °C forms cis-hydrido(silyl)platinum complexes, which
have the reasonable configuration as the product of concerted
oxidative addition of the Si—H bond to platinum. cis Isomer is
easily converted into the frans isomer at 20 °C, indicating that
the latter is thermodynamically more stable than the former.
X-ray crystallography of cis-[PtH(SiHPh;,)(PCy3),] shows a
highly distorted square-planar structure due to severe steric re-
pulsion between the bulky phosphine ligands, which is prob-
ably related to the stability of the trans complex being higher
than that of the cis. Kang and his co-workers reported another
example of the Pt complex with two silyl ligands at trans
positions. Both the trans and cis isomers of the Pt complex
were obtained by employing P-Si chelating ligands with bridg-
ing carboranediyl groups.’*3> There seems to be no steric rea-
son to stabilize the trans isomer because stereochemical cir-
cumstances around the P atom and Si atom of the ligands
are similar to each other. Their DFT studies of the complex
support the higher thermodynamic stability of the frans isomer
compared to that of the cis.

Several research groups investigated stoichiometric reac-
tions of alkynes with silylplatinum complexes and discussed
the insertion of alkynes into the Pt-Si bond in detail. 360
The reaction of dimethyl acetylenedicarboxylate (Z-C=C-Z,
Z = COOMe) with 1 produces two complexes depending on
the reaction conditions, as shown in Scheme 2.#'*> The equi-
molar reaction with [Pt] = 67 mM for 5 min and the quick iso-
lation of the products afford a 3-sila-1-propenylplatinum com-
plex, cis-[Pt(CZ=CZSiHPh,)(SiHPh,)(PMe;),] (2), via inser-
tion of the alkyne into the Pt-Si bond. The reaction with
[Pt] = 5.5 mM for 12 h produces a four-membered silaplatina-
cyclobutene, [Pt(CZ=CZSiPh,)(PMes),] (3). Dissolution of 2
converts it into 3, suggesting that the formation of 3 in
Scheme 2 involves 2 as the intermediate. Since addition of
H,SiPh; to the solution of 3 regenerates 2, complexes 2 and
3 are in equilibrium in the above reaction mixture. Formation
of the silaplatinacyclobutene is favored at low concentration of
these complexes and at high temperature.

Complex 3 is the first isolated silacyclobutene containing a
transition-metal atom in the four-membered ring. The exis-
tence of such complexes was predicted as a reasonable inter-
mediate of the synthetic organic reactions using Si-containing
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Scheme 3. Silametallacyclobutenes characterized with spec-
troscopy.

substrates catalyzed by Pt, Pd, and Ni complexes. Sakurai and
Seyferth independently reported the ring expansion reactions
of silacyclopropenes with alkynes catalyzed by Pd complexes
and proposed the silapalladacyclobutene intermediates in their
reactions.*3#6 Ni-catalyzed reactions of silacyclopropenes*’—*
and Pd-catalyzed reactions of silacyclopropanes®®>! with al-
kynes afforded a variety of four-, five-, and six-membered cy-
clic compounds containing Si atoms. Formations of the sila-
metallacyclobutene intermediates via insertion of a metal cen-
ter into the three-membered ring molecules and their further
reactions with unsaturated compounds account for the products
of the catalytic reactions. Pt-catalyzed cyclization of disilane
with alkynes was reported by Kumada at first>> and investigat-
ed in detail by Tanaka, who proposed the silylene—platinum
intermediates and 4-sila-3-platinacyclobutenes.>® In spite of
these early reports, isolation of 4-sila-3-metallacyclobutene
has not been successful to date. Fink reported preparation of
benzocyclobutene containing Pt and Si atoms (Scheme 3(i)).>*
This complex is extremely sensitive to H,O, and undergoes
hydrolysis very easily. Ohshita and Ishikawa prepared a sila-
nickelacyclobutene, which was characterized by NMR spec-
troscopy in the solution (Scheme 3(ii)).>>® Although the Si
atom bonded to the metal center of these complexes was pro-
tected by bulky SiMej substituents, the high reactivity prevent-
ed the isolation and determination of the structures by X-ray
crystallography. Scheme 4 depicts the bond parameters of 3
and a related silaplatinacyclobutane formed by the reaction
of 4-fluorophenylallene with 1 (vide infra).>’” The four-
membered rings are planar trapezoids composed of Pt, Si,
and two C atoms. The bond distances in these metallacycles
are quite different due to covalent radii of the elements,
Pt-Si > Pt-C > Si-C > C=C. The C-C bond distance of 3
(1.345(9) A) is reasonable as the common C=C double bond,
while the C—C bond of the silaplatinacyclobutane (1.52(1) A)
shows a single C—C bond character.
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Scheme 4. Bond parameters of silaplatinacyclobutene and
silaplatinacyclobutane.
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A reaction of dimethyl acetylenedicarboxylate with
[Pt(SiHPh,),(dmpe)]  (dmpe = 1,2-bis(dimethylphosphino)-
ethane) also yields the two complexes via insertion of the al-
kyne into the Pt—Si bond, as shown in Scheme 5. The reaction
at room temperature gives a 3-sila-1-propenylplatinum com-
plex, [Pt(CZ=CZSiHPh,)(SiHPh;)(dmpe)] (4). Heating a solu-
tion of 4 results in partial conversion of it into 4-sila-3-platina-
cyclobutene, [Pt(CZ=CZSiPh;)(dmpe)] (5). The reaction at 90
°C forms a mixture of 4 and 5 in approximately 30:70 ratio.
This behavior is contrasted with the more facile conversion
of 2 into 3 at room temperature. X-ray crystallographic results
of 4 indicate an intramolecular close contact of the Si—H group
of the 3-sila-1-propenyl ligand with the Pt center. The Pt--H
distance between the hydrogen positioned at the ideal geome-
try in the crystal structure and the Pt center is 2.40 A, which is
within the sum of the van der Waals radii of these elements.*®
The first review article of the C—H.-M interaction®® cited the
Pd(II) complex as having such interaction of the hydrogen with
the apical coordination site of square-planar d® metal center.*’

The following IR and NMR data of 2 and 4 suggest the pres-
ence of Si—H--Pt interaction in the solid state and in solution.
The 3-sila-1-propenylplatinum complexes show lower wave-
numbers of the V(Si—H) vibration (2098 and 2116 cm™') in
IR spectra (KBr) and smaller J(Si—H) values of y-Si—H bonds
in the "HNMR spectra (197 and 196 Hz) compared with those
of diphenyl(vinyl)silane (2124 cm~' and 206 Hz). Recent re-
ports on the complexes of d® transition-metals, Pt(I), Pd(II),
and Rh(]), indicated existence of the three-center-four-electron
bond between C—H bonds of the ligand and the filled d,» orbital
of the metal center.5'%7 These complexes also show slight
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Scheme 6. Possible mechanisms for formation of silaplat-
inacyclobutene.

decreases of V(C-H) wavenumber and J(C-H) coupling con-
stants. This tendency is differentiated from the C-H--M
three-center-two-electron interaction that causes significant
change of the IR and NMR parameters.?!-23

The formation of 4-sila-3-platinacyclobutene in our study
involves initial insertion of alkyne into a Pt-Si bond of the
bis(silyl)platinum complex, as shown in the upper route of
Scheme 6. It is closely related to the Ni complex-catalyzed cy-
clizative addition of diorganosilanes to alkynes, giving 1-sila-
cyclopentadienes.®®% It may involve the 4-sila-3-metallacy-
clobutene intermediates which react with alkyne to form the
products with a five-membered ring via extrusion of the metal
atom. The activation of the y-Si—H bond of the 3-sila-1-pro-
penyl ligand of 2 by the Pt center is geometrically favorable
and would cause the subsequent formation of silaplatinacyclo-
butene 3, accompanied by the easy elimination of H,SiPh,.
Another pathway to silaplatinacyclobutene involves the initial
formation of a silylene—platinum intermediate, followed by
[2 4 2] cycloaddition of the Si=Pt double bond to the C=C
triple bond of alkyne, as shown in the lower route of
Scheme 6. Several research groups have proposed this mecha-
nism to account for C—Si bond-forming reactions catalyzed by
Pt complexes. One of the grounds for this pathway is that the
Pt complexes catalyze not only coupling of alkyne with orga-
nosilanes”? but also conversion of the organosilanes into oligo-
silanes via polymerization of SiR, fragments.”® The isolation
and full characterization of silylene-coordinated Pt complexes
was achieved by Tilley et al.”!~7* They prepared both the three-
coordinated neutral Pt(0) silylene complexes and the cationic
Pt(IT) silylene complexes with non-coordinating borate anion.
Bulky substituents at the Si atom bonded to the Pt center serve
to stabilize the Pt=Si bond. The isolated Pt-silylene com-
plexes undergo addition of H, to the Pt=SiR; bond to give
the Pt—silyl complexes with hydrido and secondary silyl li-
gands. Although the lower reaction pathway in Scheme 6
may still be possible for the reactions of organosilanes with al-
kynes other than dimethyl acetylenedicarboxylate, the results
of our study indicate the reaction pathway that involves an
initial insertion of dimethyl acetylenedicarboxylate, followed
by a ¥-Si-H bond activation to release the organosilane.

Scheme 7 depicts plausible pathways for the reversible con-
version between 2 and 3 in the presence of H,SiPh,. The upper

MesP™" gipi,H
Scheme 7.

pathway involves a hexa-coordinated (hydrido)bis(silyl)plati-
num(I'V) intermediate, formed via intramolecular y-Si—H bond
activation by Pt(II) center of 2 or oxidative addition of
H,SiPh, to 3. The 3-sila-4-platinacyclobutene 3 is formed
smoothly from coupling of the hydrido and diphenylsilyl li-
gands at the cis positions. Recently, Shimada and Tanaka re-
ported that the Pt(IV) and Pd(IV) complexes with organosilyl
ligands.”’® The lower pathway in Scheme 7 shows concerted
hydrogen migration between two Si atoms of 2, which also
forms the 4-sila-3-platinacyclobutene and H,SiPh,. We do
not have the experimental results to compare plausibility of
the two reaction pathways in Scheme 7. The lower pathway,
involving o-bond metathesis, appears to be more probable
than the upper one because oxidative addition of the Si—H
bond to Pt(Il) centers of 2 and 3 would require distortion of
the four-membered ring during the formation of the hexa-coor-
dinated intermediate. The chelating dmpe ligand of 4 and 5
(Scheme 5) also renders the formation of a hexa-coordinated
intermediate less kinetically favorable than that of the inter-
mediate in lower pathway of Scheme 7. Ozawa proposed sim-
ilar two reaction pathways, involving o-bond metathesis and
oxidative addition of the Si—H bond, to account for the result
of the reactions of alkyl(silyl)platinum with organosilanes.!’

Complex 3 reacts with mono-substituted alkynes such
as PhC=CH, MeOOCC=CH, and FcC=CH (Fc=
ferrocenyl) to afford the six-membered cyclic compounds,
[Pt{CR=CHSiPh,C(COOMe)=C(COOMe)}(PMe3);] (R =
Ph, MeOOC, and Fc) (Eq. 2).

MeOOC COOMe MeOOC COOMe
- MesP. —
MesP-Rt-SiPh,  + Rp.czc-H — " 3P\’Pt SiPh,
o _
MeP SR PO
3

=
R = Ph, COOMe, Fe
L=

These products are composed of a single regioisomer with the
substituents at -position of the metallacycles. The regioselec-
tivity is consistent with insertion of alkyne into the metal—
carbon bond.””’® The silaplatinacyclohexadiene having two
ferrocenyl groups, [Pt(CFc=CHSiPh,CH=CFc)(PMe3),] (6),
was obtained from the reaction of 1 with excess ethynyl-
ferrocene (Eq. 3). The reaction probably takes place via
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the stepwise formation of the silaplatinacyclobutene,
[Pt(CFc=CHSiPh,)(PMes),], and the insertion of another
alkyne into the Pt—Si bond. The pendent ferrocenyl groups in
6 show some electrochemical communication at —40 °C.”
Two reversible redox peaks are observed at Ej, = —0.08
and 0.07 V (vs Ag*/Ag). They are assigned to the oxidation
of the first and second ferrocenyl groups, indicating the pres-

ence of a mixed-valence state.
@Fe H
PM93 M33P\ .

| &—C=C-H )
MesP—Pt-SiHPh, + 2 Fe — Pt___SiPh,
L — MesP™ = €
SiHPh, H
@Fe
1 6

A C=C double bond of 4-fluorophenylallene inserts
into a Pt=Si bond to yield a 2-sila-1-platinacyclobutane,
[Pt(CH,C(=CHC¢H4-4-F)SiPh,)(PMes),] (7), accompanied
by reductive elimination of diorganosilane, as shown in
Scheme 8.7 The bond parameters of the complex are shown
in Scheme 4. Heating of 7 at 50 °C in the presence of H,SiPh,
produces the disilaplatinacycle with a five-membered ring,
Pt(SiPh,C(=CHC¢H,-4-F)CH,SiPh,)(PMes), (8). The reac-
tion of 1 with excess arylallene affords a 4-sila-1-platinacyclo-
hexane, Pt(C(=CHCgHy4-4-F)CH,SiPh,C(=CH,)CCgH-4-F)-
(PMes), (9), as shown in Eq. 4.

PMes I \
| . Me
Me3P—Pt-SiHPh, + \ — °Upt siph, (D)
SiHPh, 0 MesP § S
F
(excess) =
1 9

The reaction does not involve initial formation of the four- and
five-membered complexes, because orientation of the substitu-
ents of 9 is different from that of 7 and 8.

The reactions of acetonitrile and benzonitrile with 1
produce  unexpected  3-aza-2,4-disilaplatinacyclobutane,
Pt(SiPh,N(CH,R)SiPh,)(PMe3), (10), (R = Me and Ph) via

F
Ph,
MesP_ /Si
Pt )—
/ MesP H

7
E)Meg H + stlphz
Me3Pf|?thiHPh2 + " 50 °C
1 F Phﬂ
50 °C > MegP Si J/
Pt
MegP” i
Ph,
8

Scheme 8. Reactions of arylallene with a bis(silyl)platinum
complex.
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double addition of the Si-H bonds to a C=N triple bond
(Eq. 5).%0

Ph
PMes MesP. Si-
MegP*F"t*S|HPh2 + N=C—R — Pt "N-c-R
SiHPh, R = Me, Ph Mesp” si H, ()
(excess) Ph,
1 10

The reaction mixture does not contain any other products
formed via insertion of nitrile into the Pt—Si bond. The met-
al-catalyzed hydrosilylations of the C=N bonds are much less
common compared with those of C=C bonds. Corriu and Kira
independently reported the Si—-N bond formation by the reac-
tion of the silyl ligand bonded to transition-metals (Fe and
Ru) with nitriles.!82 The reaction of ¢-butyl isocyanide with
1 causes displacement of one phosphine ligand, but does not
cause insertion of the triple bond into the Pt—Si bond nor into
the Si—H bond.® This results indicate that isonitriles undergo
facile insertion into metal-carbon bond.

Dinuclear and Trinuclear Complexes

There have been many reports on the dinuclear transition-
metal complexes with the bridging Si-ligands.?>>> The substi-
tuted silylene (SiR;) groups coordinate to two metal centers
via two M-Si single bonds. The bridging coordination is much
more stable than that of the silylene ligands in the mononu-
clear transition-metal complexes. The silyl groups with Si—H
bonds (SiR;H or SiRH,) also form a stable bridging coordina-
tion with two metal centers via the M-Si single bond and the
M-H-Si three-center-two-electron bond. The transition-metal
complexes with bridging silyl ligands are thermally stable,
but they exhibit high fluxionality due to the facile cleavage
and formation of the Si—H bond promoted by the metal centers.
Eisenberg and Fryzuk independently reported structures of the
dinuclear Rh complexes with bridging Si-ligands and proposed
reversible exchange between the bridging silyl ligand and the
silylene and hydrido ligands.®*3® This process accompanies
rapid cleavage and formation of the Si-H bond by a Rh center,
as shown in Scheme 9(i). Suzuki prepared a series of the
dinuclear Ru complexes having different coordination modes
of the bridging ligands such as the silane ligand with two
Ru-H-Si bonds, the silyl ligand with one Ru-Si bond and
one Ru-H-Si bond, and the silylene ligand with two Ru-Si
single bonds, using the same Cp*—Ru-Ru-Cp* framework

U R R R R
Si—H _—— Si H
/N /
M—M M—M
(i) R R R R R R
\: \: \:
H—Si—H Si—H Si
N/ N/ /N / /\
M—M M—M M—M
(i) R
R
[~
g
/ N\
Mi
Scheme 9.
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(Scheme 9(i1)).3*%° The formation of these Rh and Ru com-
plexes involves coordination and activation of the Si—-H bonds
of organosilane by the transition-metal centers. Bridging coor-
dination of a tertiary silyl group (SiR3) is much less common
than that of SiHR, and SiR, groups. The Rh complexes with a
bridging triarylsilyl ligand, having a hypervalent Si center, are
isolated and fully characterized (Scheme 9(iii)).”"*> The com-
plexes are regarded as the intermediates for the migration
of the tertiary silyl ligand from one metal to the other in the
dinuclear transition-metal complexes.’>~%

Most of the dinuclear Pt complexes reported so far contain
Pt,Si, four-membered rings. Scheme 10(i) shows a typical
structure which includes two bridging silylene ligands. The re-
actions of H3SiR having bulky organosilyl substituents with
[PtMe,(PMe, Phs_,),] (n = 1-3) form the silylene-bridged di-
nuclear Pt complexes.”” The two metals are somewhat separat-
ed from each other (3.96-4.05 A) and do not have metal-metal
bonds.”>?7-1% Contrastively, the two Si atoms of the com-
plexes show close contact (2.55-2.72 A). The Si-Pt-Si bond
angles of the above complexes are acute (64.4—68.9°) due to
access of the two Si atoms. Such a close contact of the two
Si atoms of the Si—X-Si group is not unique to the dinuclear
complexes and is observed in the mononuclear complexes with
chelating Si—0-Si'%" and Si-N-Si® ligands also. The reactions
of primary silanes with Pt(0)-PPh; complexes, however, yield
the diplatinum complexes whose two metal centers are bridged
by SiHR; ligands, as shown in Scheme 10(ii). Short Pt-Pt dis-
tances (2.68-2.72 A) suggest the presence of a metal-metal
bond between two Pt(I) centers with d° configuration. One
of the two Pt-Si bonds of the bridging silyl ligands is elongat-
ed by the Pt—H-Si three-center-two-electron bond. The reac-
tion of 2-isopropyl-6-methylphenylsilane with [Pt(CH,=CH,)-
(PPh3),] produces the dinuclear Pt complexes [{Pt(PPhs)},(1t-
SiH,Ar),] (Ar = 2-isopropyl-6-methylphenyl) whose bridging
silyl ligands are coordinated to one Pt via the Pt—Si bond and
to the other Pt via the Pt-H-Si bond.'%> The exchange from a
PPh; ligand to a more basic PMe,Ph leads to the formation
of the diplatinum species with bridging silylene ligands, [{Pt-
(PMe,Ph)},(u-SiHAr),], accompanied by the elimination of
H,.!% Hexylsilane reacts with [Pt(PEt3)s] to yield a mixture
of the dinuclear Pt complexes with bridging silylene ligands,
[{Pt(PEt3)}2(1t-SiHhex),], and with bridging silyl ligands,
[{Pt(PEt3)},[14-SiHhex { PtH(PEt3), }1,]./%* The Si atoms of the
latter complex are stabilized by coordination to three Pt centers.

The dinuclear Pd complexes with the above structures were
known only by using N-substituted silylene ligands.!?>!%® The
crystal structures of the complexes did not show close contact
between the Si atoms. We conducted the reactions of H,SiPh,
and H,SiPhMe with [PdEt;(PMes),]| and obtained the dinu-
clear Pd complexes, [{Pd(PMes)},(u-HSiPhy),] (11), with
the bridging diarylsilyl ligands bonded to one Pd center by a
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Pd-Si single bond and to the other by a Pd—H-Si bond, as

shown in Eq. 6.107:108
F‘)Meg
MezP-Pd-Et * H SIPhR ——
Et R = Me, Ph
Ph, R Ph, Ph
Si—H Si—H 6
MeP— / \I / MezP< é,\lé (6)
PdPd-ppe, ™ Mep-F9Fd~pue,
H-Si H-Si
R Ph PH Ph
R = Ph (11) 12
R = Me

[{Pd(PMe3)}{Pd(PMe;), }(-HSiPhy),] (12) was also ob-
tained by fractional recrystallization of the crude products.
Complex 12 contains two PMes ligands at one Pd center and
one PMej ligand at the other in the solid state. An analogous
Pt complex with unsymmetrical coordination of three PPh; li-
gands was prepared and characterized by detailed NMR analy-
sis by Braddock-Wilking.!”’ The reaction of diarylsilane with
Pd(0) complex, [Pd(CH,=CHPh)(PMes),], prepared in situ
from the reaction of styrene with [PdEt;(PMe;),], also produc-
es the same complexes, indicating that the reaction in Eq. 6
proceeds via the initial formation of the Pd(0) complex by
the elimination of ethylene and ethane, followed by the oxida-
tive addition of the diarylsilanes. Complex 12 shows a single
broad 3'PNMR signal at room temperature due to exchange
of the phosphine ligands and two signals with P-P coupling
at —40 °C. The dinuclear Pd complex with two bulky PCys
ligands, [{Pd(PCy3)},(u-HSiPhy),] (13), is prepared by the
reaction of diarylsilanes with Pd(0) complex, as shown in
Eq. 7.0 The reaction takes place under milder conditions
(room temperature) than the formation of the diplatinum
complex, [{Pt(PCys)}.(-HSiPhy),] (14), from the reaction
of excess H,SiPh, with [PtMe,(PCy3),] at 70 °C (Eq. 8).'!!

p Nas @)

PtMez(PCyg)z + stIth

Since the reactivity of the Pd complexes and the Pt com-
plexes is different, the reaction of organosilanes with low va-
lent complexes of these metals cannot be directly applied to the
synthesis of the Pt—Pd heterobimetallic complex with bridging
diarylsilyl ligands. The reaction of [Pt(SiHPh;),(dmpe)] with
[PA(PCy3),] results in the successful formation of the Pt—
Pd dinuclear complex, [{Pd(PCy3)}{Pt(PCy3)}(u-HSiPh;);]
(15), as shown in Eq. 9.'1°
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The bridging coordination of the two SiHPh, ligands of the
Pt(Il) complex to Pd(0) and the replacement of dmpe with
PCy; lead to the heterobimetallic product, which is isolated
and fully characterized. The 'HNMR spectrum of 15 shows
two peaks of the Si—H hydrogens at § 1.70 and 2.49. The for-
mer signal is assigned to the hydrogen contained in the Pt—-H—
Si bond because it shows a much larger J(HPt) value (601 Hz)
than the latter signal (J(HPt) = 73 Hz). These data indicate the
structure for 15 rather than the other structures having two Pd—
H-Si bonds or two Pt—H—-Si bonds. The formation of the dinu-
clear Pd complex with bridging SiHPh, ligands suggests a
transfer of the silyl ligand from Pt to Pd during the reaction.
The choice of the starting complexes is important because
the reaction of [Pd(SiHPh,),(dmpe)] with [Pt(PCy3),] does
not produce the heterobimetallic complex at all. The reaction
of [Pt(SiHPh,),(PEt3),] with [Pd(PEt;3)3] also produces hetero-
dinuclear complexes with bridging silyl ligands, [{Pd(PEt3)}-
{Pt(PEt3) }(u-HSiPhy)>] (16) and [{Pd(PEt;)}{Pt(PEts), }(1t-
HSiPh,),] (17), as shown in Eq. 10.!"?

SiHPh,
EtsP—Rt-SiHPh, + Pd(PEty); — >
PEts
1
Ph‘ >Ph Ph‘S§Ph Ph‘ ‘\.\Pr:_l (10)
i i— I—
EtsP—. =AY EsP N/
RPO-Pet T Ep—RUPd-pey, = B RPE
H=S1 H—Si H 5
PH Ph PH Ph PH Ph
16 17 17' (at -90 °C)

The 3'P{'H} NMR spectrum of 17 at —90 °C indicates two
PEt; ligands at Pt and one PEt; ligand at Pd. The 'HNMR
spectrum of 17 at —90 °C exhibits the signal at § —8.61, which

is ascribed to the structure 17’ having a hydrido ligand bonded
to Pt. Since the signal is shifted to § 0.41 at 25 °C CHNMR
signal of the isotope labeled complex), we conclude that the
structures 17 and 17’ are in rapid equilibrium in solution.
Scheme 11 summarizes the bond distances of the four-mem-
bered cyclic core of the Pd—Pd and Pd-Pt complexes with
bridging silyl groups obtained from the X-ray crystallographic
results. Hydrogen positions of the Pd—Pd dinuclear complexes
11 and 12 are determined unequivocally. Complex 11 shows
elongation of one of the two crystallographically independent
Pd-Si bonds (2.386(2) and 2.328(2) A) owing to the presence
of Pd—H-Si three-center-two-electron bonds. The Pd—Si single
bond of the Pd with two PMes ligands of 12 (2.341(2) A) is
shorter than the Pd-Si distance of the Pd-H-Si bonds
(2.411(2) A) at the same metal. These Pd-Si distances are
longer than the corresponding distances of the bonds at the
Pd with one PMejs ligand (2.318(2) and 2.351(2) A, respective-
ly). The molecular structure of the Pt—Pd dinuclear complex 16
determined by X-ray crystallography contains the two metal
centers at disordered positions. The averaged structure of the
two disordered molecules suggests that the M-Si bonds in
M-H-Si coordination (M = Pd or Pt) are longer than the M—
Si single bonds. Crystallographic results of 17 indicated the
coordination of P and Si atoms to the metal centers shown
in Eq. 10, although the results were not precise enough for
us to determine the hydrogen positions. One Pt-Si distance
(2.415(3) A) is longer than the other (2.361(3) A) due to a
Pt—H-Si bond or the presence of a hydrido ligand close to
the Si atom. The two Pt-Si distances are significantly longer
than the Pd-Si distances. Complex 17 reacts with z-butyl iso-
cyanide to form a five-membered platinacycle containing
Pt, Si, N, and C atoms, [Pt{SiPh,CH,N(z-Bu)SiPh,}(PEt;)-
(CN-#-Bu)] (18), and a diplatinum complex with bridging
silylene ligands, [{Pt(PEt;)(CN-#-Bu)},(u-SiPhy),] (19), as
shown in Eq. 11."'"2 A plausible mechanism for the formation
of the five-membered ring of 18 involves insertion of isonitrile
into a Pd-Si bond, followed by formation of the Si-N bond via
insertion of the C=N double bond into the Si—H bond of the
other silyl ligands. The reaction of the same isocyanide with
diplatinum complex 14 produced a corresponding dinuclear
complex, [{Pt(PCy3)(CN-#-Bu)},(1t-SiPh;),], exclusively.
No insertion of isonitrile into the Pt—Si bond was observed.
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The reaction of bis(silyl)platinum complex 1 with [RhCI-
(PMe3)3] forms a mixture of the Pt—Rh heterobimetallic com-
plexes, [{Pt(SiClPh;)(PMes)} {Rh(PMes); } (-H)(-HSiPhy)]

(20) and mer-[RhH,(SiClPhy)(PMes);], as shown in
Eq. 13.114115
SiHPh; PMeg
MesP—Rt-SiHPh, + CI-Rh-PMes
|
PMe; PMes
1
PhPh (13)
Ph_PhL/ Ph\é?[‘CI
=SV "gh PMEs L H T PMey

MegP” » 1 “PMe
¥ Hpme; °
20

The latter product is attributed to initial formation of mer-
[RhCI(H)(SiHPh,)(PMes)s] via silyl ligand transfer from Pt
to Rh and subsequent migration of the Cl ligand from Rh to
Si.'!® Variable temperature NMR spectra of 20 indicate flux-
ional behavior of the molecule caused by exchange of two hy-
drido ligands and three PMe; ligands bonded to Rh on the
NMR time scale. Scheme 12 displays one possible mechanism
to account for change of the NMR spectra. Cleavage of the Pt—
H and Si—H bond of 20 forms an intermediate complex with a
three-coordinated Pt center and a Rh center with two non-
bridged hydrido ligands. The Rh—Si single bond between the
bridging silylene ligand and Rh rotates freely to cause the ex-
change of the relative positions of the two hydrido and two
phosphine ligands. The formation of the Pt—H and Si—H bonds
with the pairs different from those in the original complex re-
sults in an exchange of the hydrido and PMej; ligands. A dinu-
clear complex with three-coordinated Pt center, {Pt(PMe3), }-
{Rth(SiAI‘QCl)(PMe3)2}(,LL—SiAI‘z) (21 Ar = C6H4—4—F),

raphy.

Heating complex 1 at 100 °C affords a trinuclear Pt com-
plex, [{Pt(PMes)}3(1t-SiPh;)s] (22), with bridging diphenyl-
silyl ligands, as shown in Eq. 14.117

hoe,
. P P
SiHPhy Si-Pt=siiph
MesP—Pt-SiHPh, ——  Ph"31/\7
¥ z Pt—Pt (14)
PMes MesP” s “PMes
PH Ph
1 22

Braddock-Wilking and co-workers also reported the prepara-
tion of the similar triplatinum complex, [{Pt(PPhs)}s(u-
SiCi,Hg)3], from the reaction of H,SiC,Hg with
[Pt(CH,=CH,)(PPh3),].!% The cyclic triplatinum complexes
reported so far were stabilized by strong sr-acceptor ligands
such as CO and CNR. The organosilyl groups with a strong
o-donor character may be mismatched with electron-rich
low valent cyclic Pt3 centers. Complex 22, however, is isolated
as crystals and exhibits high thermal stability in solution. Crys-
tallographic study of 22 shows a C3, triangular structure with
bridging w-SiPh, ligands and terminal PMes ligands on each
Pt atom. The phenyl planes are almost perpendicular to the
plane which is composed of the Pt, Si, and P atoms.
[{Pt(PPh3)}3(u-SiCi,Hg)s] shows a bending structure of a
Pt—Si—Pt group from the Pt; plane.'?”

Table 1 summarizes the bond and spectroscopic parameters
for triplatinum complexes, [{Pt(PR3)}s;(u-L)3], with various
bridging ligands. The average Pt—Pt bond distances (2.708(1)
A) of 22 is in the range for those of trinuclear Pt complexes,
[{P(PCy3)}3(11-S02)3] (average 2.814(1) A), [{Pt(PCy3)}s-
(-CNCgHo)3] (average 2.6855(6) A), and [{Pt(PCy3)}s-
(£-CO»)3] (average 2.655(2) A), indicating the presence of
Pt—Pt bonds in 22. The J(PtPt) of 22 (2950 Hz) is much larger
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Table 1. Bond and Spectroscopic Parameters of the Triangular Triplatinum Complexes
[{Pu(PR3)}3(pe-L)s]

118) 119) 120,121) 117)
PCys PCys PCys PMes
CSHQN(i\//Pt\\/(iNchg ozs\//Pt\\/so2 oc\//Pt\\/co PhZSi\//Pt\\/Sith
_Pt—Pt_ _Pt—Pt_ Pt—Pt PP
CysP” 'c” 'PCys CysP” " "PCys CysPp” ¢ “PCy; MesP” 'si "PMe;
NCgHg 0, o Ph,
X-ray
Pt-Pt/A 2.6855(6) 2.814(1) 2.655(2) 2.708(1)
Pt-P/A 2.289(3) 2.287(6) 2.549(8) 2.240(5)
Pt-Pt-Pt/deg  60.00(1) 60.00(3) 60.0(1) 60.00(3)
NMR
J(PtPt)/Hz — 700 1560 2950
J(PPt)/Hz 4693 3760 4410 2959
2J(PPt)/Hz 418 330 426 418
3J(PP)/Hz 52 49 60 86
Overlap Population Charge Population
P
St l"/1’—0‘555 ISi__ Pt/ 0243
~ 0.546
P—P£/|\5t P_"/I\S‘/ 10723

\\ v
\— P 087

Scheme 13.
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than those of the complexes with bridging CO and SO, ligands
(1560 and 700 Hz), while the J(PPt) value of 22 (2959 Hz)
is the smallest among the complexes in Table 1. The
2Si{'H} NMR spectrum of 22 exhibits one signal in low field
magnetic field with the coupling constant of 'SPt nucleus
(6 279, J(SiPt) =922 Hz). The silylene-coordinated Pt
complexes [Pt=SiMes,(PR3),] (R = Cy and i-Pr) show their
signals at extremely low field positions (§ 358 and 367) in
the 2Si{'H} NMR spectrum.”>"*

Triplatinum complex 22, which contains both strong elec-
tron-donating SiPh, and PMej ligands, is expected to possess
a unique electronic state. Scheme 13 shows the diagram of a
C3, model compound, [{Pt(PH3)}3(ut-SiHz)3] (23), as ob-
tained from extended Hiickel molecular orbital (EHMO) calcu-
lations. The electronic structure is consistent with 42-electron
clusters in three platinum centers with metal-metal bonds. The
frontier orbitals of the organosilyl groups are located at higher
energy levels than those of the complexes with 7T-acceptor
bridging ligands. These orbitals of Si atom cause an increase
of the HOMO-LUMO band energy gap.

Conclusion

Although platinum(Il) complexes with Si-ligands have been
known for almost a half century, studies conducted by several
distinguished research groups in the last decade have revealed
novel and exciting chemical properties of these complexes.
Our contribution to the progress of this field is shown in this
account. The study of classical bis(silyl)platinum complexes
has provided a solution to long-standing problems, such as iso-
lation of the silametallacyclobutene and elucidation of its for-
mation mechanism. Intramolecular activation of the y-Si-H
group plays an important role in the formation of the four-
membered metallacycles from alkynes and the silyl group
bonded to Pt. The Si-ligands bridging the two metal centers
were employed to prepare new homo- and hetero-bimetallic
complexes of Pd and Pt. The facile formation of the dinuclear
and cyclic trinuclear complexes from the mononuclear com-
plexes of Pt, Pd, and Rh suggests their potential roles as the
precursors of multimetallic complexes with the bridging Si-
ligands. A study of new transition-metal clusters composed
of many metal-silicon bonds is now in progress.
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