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1. Introduction

In recent decades, it has generally been recognized that
carbenes play an important role as transient intermediates.
As a result of a number of stable carbenes having been
isolated and investigated in detail, it is not an exaggeration
to say that the chemistry of carbenes has been thoroughly
investigated and is now well-understood.* In addition, much
attention has also been paid to the heavier analogues of
carbenes, i.e., silylenes (R,Si:), germylenes (R,Ge:), stan-
nylenes (R,Sn:), and plumbylenes (R,Pb:). These so-called
metallylenes are monomeric species of the polymetallanes.
This is especially true of the silylenes, which are believed
to be monomers of polysilane. The metallylenes could be
expected to be of great importance in fundamental and
applied chemistry as a result of their many differences and
similarities to carbenes.
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The valency of the central atom of the heavier carbene
analogues (R;M:, M = Si, Ge, Sn, Pb) istwo. That is, its
oxidation state is M" and its stahility increases as the
principal quantum number (n) increases. In fact, dichlo-
roplumbylene and dichlorostannylene, PbCl, and SnCl,,
respectively, are very stable ionic compounds. However,
these dihalides exist as polymers or ion pairs both in solution
and in the solid state. The dichlorogermylene complex
GeCl,+ (dioxane)® is also known to be stable and isolable,
whereas the dihalosilylenes are barely isolable compounds.?
The early silylene research was concerned largely with
comparing the chemistry of the dihalosilylenes with that of
carbenes. Hence, the chemistry of the metallylenes has been
considered mainly from the molecular chemistry point of
view.*

In contrast to the carbon atom, the heavier group 14 atoms
have a low ability to form hybrid orbitals. They therefore
prefer the (ns)?(np)? valence electron configurations in their
divalent species.® Since two electrons remain as a singlet
pair in the ns orbital, the ground state of H,M: (M = Si, Ge,
Sn, Pb) isasinglet, unlike the case of H,C:, where the ground
state is a triplet (Figure 1). On the basis of theoretical
calculations, the singlet—triplet energy differences AEgr for
HoM, [AEst = E(triplet) — E(singlet)], are found to be 16.7
(M =Si), 21.8 (M = Ge), 24.8 (M = Sn), and 34.8 (M =
Pb) kcal/mol, respectively. That of H,C: is estimated as
—14.0 kcal/mol .6 Furthermore, the relative stahilities of the
singlet species of R,M: (M = C, Si, Ge, Sn, Pb; R = akyl
or aryl) compared to the corresponding dimer, R,M=MR,,
are estimated to increase as the element row descends, C <
Si < Ge< Sn < Ph. It follows, therefore, that one can expect
that a divalent organolead compound such as plumbylene
should be isolable as a stable compound. However, some
plumbylenes, without any electronic or steric stabilization
effects, are known to be thermally unstable and undergo
facile disproportionation reactions, giving rise to elemental
lead and the corresponding tetravalent organolead com-
pounds.” On this basis, it could be concluded that it might
be difficult to isolate metallylenes as stable compounds under
ambient conditions, since they generally exhibit extremely
high reactivity toward other molecules aswell asthemselves.
Metallylenes have a singlet ground state with a vacant
p-orbital and alone pair of valence orbitals. This extremely
high reactivity must be due to their vacant p-orbitals, since
6 valence electrons is less than the 8 electrons of the “octet
rule’. Their lone pair is expected to be inert due to its high
s-character. In order to stabilize metallylenes enough to be
isolated, either some thermodynamic and/or kinetic stabiliza-
tion of the reactive vacant p-orbital is required (Figure 2).
A range of “isolable” metallylenes have been synthesized
through the thermodynamic stabilization of coordinating Cp*
ligands, the inclusion of heteroatoms such as N, O, and P,
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etc. (see below), and/or the introduction of kinetic stabiliza-
tion using bulky substituents (Scheme 1).

The parent silylene (H,Si:) and derivatives having rela-
tively simple substituents such as Me,Si:, Cl,Si:, and Ph,Si:
have all been investigated using gas-phase kinetic studies
and/or spectroscopic detection in matrices at very low
temperatures.®® In particular, Leigh et al. studied the proper-
ties of simple silylenes, germylenes, and stannylenes using
laser flash photolysis of suitable precursors.® So far, the
generation of other transient and metastable metallylenes
species under specia conditions, as well as their reactions
with trapping reagents, have al been actively investigated
and reported.® 1% Although these studies are of great impor-
tance in metallylene chemistry, this review will focus mainly
on the chemistry of those compounds that are “stable” and
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“isolable” under ambient conditions in an inert atmosphere.
Since several excellent review articles are aready available
on the history of the synthesis and properties of these stable
metallylenes,”1%1! we are limiting our review to more recent
reports and the current chemistry of stable metallylenes.

@ O high s character
Hra.,,_‘l Hus,,,. < /
M = Si, Ge, Sn, Pn
triplet singlet
Figure 1. Difference between the ground states of carbenes and
metallylenes.

mesomeric effect
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E=N, O, P, Cp* ligand, etc.

Figure 2. Thermodynamic stabilization of metallylenes.
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Scheme 1. Examples of Thermodynamically Stabilized
Metallylenes

M = Si, Ge, Sn, Pb

Scheme 2. Synthetic Methods for Metallylenes
R.  SiRy
v M''X,

RLietc,, X=CIBrl,
/LiX N(SiMe;),, etc.

X =Cl,Br,1, etc.

2. Carbon-Substituted (Aryl or Alkyl Substituted)
Metallylenes

2.1. Synthesis

Since metallylenes have lower oxidation states, i.e., they
are M'" species (M = Si, Ge, Sn, Pb), their synthesis is best
approached as follows: (i) the reduction of an M'V species
as the precursor or (ii) a substitution reaction of M'' halides,
such as SnCl,, asthe starting material with an organometallic
species such as RLi or ArLi as the nucleophile (Scheme 2).
In case (i), there are several possible reduction reactions of
the R4M species, leading to the formation of the R,M:
species. (a) the photochemica reductive elimination of a
disilene from R;M(SiR'3),, (b) the thermal and/or photo-
chemical reductive elimination of an olefin or an alkyne from
the three-membered ring systems metal liranes or metallirenes,
and finally (c) the reduction of the corresponding dihalides,
R.MX, (X = CI, Br, 1), using reagents such as lithium
naphthalenide, KCg. On the other hand, method (ii) is
applicable only in the case of germanium, tin, and lead, since
thereis no suitable Si"' (i.e., easily handled) starting material.
It should also be noted that the choice of the substituent “R”
is of great importance in determining the isolability of
“stable” metallylenes.*?

Carbon substituents should lead to less electronic perturba
tion compared to heteroatom substituents such as N, O, and
P (see below). The intrinsic nature of the metallylenes will
be obscured in the cases of heteroatom-substitution due to
the electronic effects of the heteroatomsi.e., intramolecular
coordination of the heteroatom, and hapticity of the ligands
as shown in Figure 2. The result is that steric bulkiness of
the carbon substituents is necessary in order to prevent the
vacant p-orbital of the carbon-substituted metallylene from
undergoing both intra- and intermolecular reactions (Figure
3). When this steric hindrance is insufficient, the metallylene
will undergo self-oligomerization, leading to the correspond-
ing polymer, oligomer, or dimer.

In the case of silicon, it is known that the photolysis of
trisilane and cyclotrisilane derivatives leads to the generation
of the corresponding silylenes.2®1%13 When 2 2-diaryltrisilanes
1 bearing relatively bulky substituents such as Mes, Xyl, Tip,
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Figure3. Role of bulky substituents for stabilization of metallylenes.
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Figure 4. Aryl and alkyl bulky substituents.

Dis: R=H
Tsi: R = SiMey

etc. (see Figure 4) were irradiated with a low-pressure Hg
lamp, the corresponding disilenes (silylene dimers) were
obtained as stable compounds. This suggests that the steric
bulkiness of these substituents is not enough to suppress the
self-dimerization of the expected silylenes (Scheme 3).1
However, the extremely sterically hindered disilenes 6, (E)-
Tht(Mes)Si=Si(Mes)Tht and (2)-Tht(Mes)Si=Si(Mes)Tht,
prepared by the reduction of the corresponding dibromaosilane
5 using lithium naphthal enide, were found to undergo thermal
dissociation, leading to the generation of the corresponding
diarylsilylenes 7. Their generation was confirmed by intra-
and intermolecular trapping reactions (Scheme 4).1* The
reaction of the silylene 7, generated by the thermolysis of
(2)-6 a 60 °C, with aryl isocyanides was reported as
affording the corresponding silylene—isocyanide complexes
8 as stable compounds.®® In this case, the self-dimerization
of silylene 7 was suppressed to some extent by the steric
repulsion between the bulky aryl substituents. Similarly,
extremely hindered dialkyldisilene 10 was reported to exist
in solution in equilibrium between 10 and silylene 11.% Thus,
the introduction of extremely bulky substituents on the
silylene moiety may prevent it from self-dimerization, which
would lead to the formation of the corresponding disilene
due to the high reactivity of the lone pair of one silylene
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Scheme 3. Photochemical Reactions of Trisilanes
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Scheme 4. Thermal Generation of the Silylenes from

Extremely Sterically Hindered Disilenes
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toward the vacant p-orbital of the other silylene molecule.
Although the photochemical dissociation of Dis,Si=SiDis,
(13) to form the corresponding silylene, Dis,Si: (14), has
been reported,*” the only examples of athermal dissociation
of a disilene into the corresponding silylenes are the two
described here (Scheme 4).

On the other hand, to date a number of stable carbon-
substituted germylenes, R,Ge:, have been reported (Schemes
5 and 6).** Although the synthetic methods for the ger-
mylenes are similar to those of the silylenes, in solution the
former are generally in equilibrium with digermenes, the
corresponding dimers, and are dimersin the solid state. This
is in contrast to the silylenes, which form a strong Si=Si
double bond to give disilene species both in solution and in
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Scheme 5. Synthetic Methods for Stable Germylenes
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the solid state. This is the case even for silylenes with
relatively bulky substituents. This means that the germylene
lone pair exhibits high s-character compared to a silylene.
This indicates a weaker coordinating ability of the lone pair
toward the vacant p-orbital. Indeed, the reduction of the
dibromogermanes 15 with reducing reagents such as lithium
naphthalenide, and the photolysis of the cyclotrigermanes
17 or bis(trimethylsilyl)germanes 18 were both reported to
give the corresponding germylenes 22. These exist as
monomers in solution but exhibit the dimeric structure,
digermenes 16, in the solid state. On the other hand, the
photolysis of the cyclotrigermane, MessGes, afforded the
corresponding digermene, Mes,Ge=GeMes,, which was
reported as having a stable Ge=Ge double-bond structure
even in solution.!3% In contrast to the silicons, there are a
few kinds of stable divalent species available as precursors
for the germylenes. The reaction of GeCl,-(dioxane), Gel,,
and [(Me;Si)2N].Ge with RLi and RMgBr (R = Dis, Dip,
etc.) yielded the corresponding germylenes 22 with the
concomitant elimination of insoluble salts.

The first isolable monomeric dialkylgermylene 27 was
synthesized by Jutzi’s group.?° Although Dis,Ge: (23) exists
as a monomer in both solution and in the gas phase and as
a dimer in the solid state, Dis(Tsi)Ge: (27) is a monomer
both in solution and in the solid state. Similarly, bis(6-t-
butyl-2,3,4-trimethyl phenyl)germylene 28 shows a digermene
structure in the solid state, while behaving as a germylene
in solution.?* This demonstrates that the two 6-t-butyl-2,3,4-
trimethylphenyl groups are not enough to suppress the
intermolecular interaction between the lone pair and the
vacant p-orbital of the germylenes. However, the germylene
30 with two Mes* groups, which are bulkier than the 6-t-
butyl-2,3,4-trimethylphenyl group, exists as the monomer
even in the crystalline state, as confirmed by X-ray crystal-
lographic analysis.?? It follows that the crystal structure of
germylenes should be very susceptible to subtle size differ-
ences of the substituents. So far, even a few examples of
stable “monomeric” diarylgermylenesin the solid state have
been reported. In the case of RyGe: [3la, Ry = 2,4,6-
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Scheme 6. Synthesis of Stable Germylenes
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tris(trifluoromethyl)phenyl)], however, on the basis of its
structural parameters, weak intramolecular interactions be-
tween the fluorine atoms of the Ry substituents and the vacant
p-orbital of the germylene center should exist.® As described
above, Mes*,Ge: (30) exists as a monomer even in the
crystalline state;??> however, it is only marginally stable in
that it undergoes slow decomposition at room temperature
to give Mes*H. The diarylgermylenes 31 and 32, bearing
extremely bulky aryl-substituents, are stable crystalline
compounds under ambient conditions.?#> On the other hand,
a germylene having Mes and Tht groups (33) exists as an
equilibrium mixture of germylenes and the corresponding
digermene (34). The thermodynamic parameters are AH =
14.7 £ 0.2 kcal/mol and AS = 42.4 £ 0.2 kcal/mol.?®
Stannylenes and plumbylenes are similar to each other but
different to the silylenes and germylenes (Scheme 7). In the
case of tin and lead (M = Sn, and Pb), the divalent species
are easily obtained, since the M'" species are intrinsically
stable. Therefore, stable divalent tin and lead compounds
such as MCl;, (M = Sn, Pb) or :M[N(SiMe;),], are available

Chemical Reviews, 2009, Vol. 109, No. 8 3483

Scheme 7. Synthetic Methods for Stable Stannylenes and
Plumbylenes
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Scheme 8. Bis(trimethylsilyl)methyl Substituted Stannylene
and Plumbylene

Dis\ Dis\ /Dis
2 M =— /M:M\

Dis/ Dis Dis
44: M = 8n 46: M = Sn
45: M =Pb 47: M = Pb

as suitable precursors for making the stable stannylenes 35
and plumbylenes 36. The reactions of MCl, (M = Sn, Pb)
with RLi or RMg, the reduction of the dihalometallane
R.MX, (X = ClI, Br), and the thermolysis or photolysis of
the cyclotristannane 42 al give the corresponding stannylenes
and plumbylenes. This is similar to the synthesis of the
germylenes.’% Although a three-membered tin ring system,
acyclotristannane, is a stable compound,?” the corresponding
cyclotriplumbaneis generally unstable and difficult to isolate,
and to date only one example of a stable cyclotriplumbane
has been reported.?® Although the generation of a plumbylene
by either the thermal or photochemical reaction of cyclot-
riplumbane 43 has not yet been reported, three-membered
ring systems of tin are known to be good precursors for the
generation of the corresponding metallylenes, asfor silylenes
and germylenes.’®'* Thejudicial choice of bulky substituents
should make it possible to control the structure of the
metallylenes and dimetallenes as seen in the case of the
Dis,Ge: (23) and Dis(Tsi)Ge: (27). In the 1970s, Lappert et
al. reported the synthesis of Dis,Ge: as well as the tin and
lead analogues, Dis;Sn: (44) and Dis,Pb: (45). They were
found to be in equilibrium between the metallylenes and the
corresponding dimers (distannene 46 and diplumbene 47,
respectively) in solution and dimersin the solid state (Scheme
8).2° Dis,Ge: (23) showed the same behavior.?! However,
the introduction of rigid bulkier ligands than a Dis group
should make it possible for the stannylene and plumbylene
compounds to exist as monomers even in the solid state.
Hence, the stable dialkylstannylene 48% and dialkylplum-
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Scheme 9. Synthesis of Stable Stannylenes and Plumbylenes
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59 Vi
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bylene 493 reported by Eaborn et al. can exist as monomeric
metallylenes even in the solid state (Scheme 9). The
attempted synthesis of Mes*,M: (54, M = Sn; 55,3 M =
Pb), the aryl-substituted stannylene and plumbylene, which
are heavier analogues of Mes*,Ge: (30),% were reported by
Weidenbruch et a. Mes*,M: (54 and 55) were structurally
characterized as monomers in the crystalline state, while the
structure of Mes*,Ph: is yet to be determined. Moreover, in
both cases where M = Sn and Pb, they were found to
undergo intramolecular cyclization to give the arylalkyl
metallylenes 56 and 57 as stable metallylenes.3% On the
other hand, plumbylene 58 with two 6-t-butyl-2,3,4-tri-
methylphenyl groups,® which is a dlightly less-hindered
ligand than the Mes* group, was found to exist as a monomer
in the crystalline state, although stannylene 59 with the same
ligands was found to exhibit weak intermolecular interaction
between the Sn atoms and exists as adimer in the crystalline
state.3* RpM: [60a,® M = Sn; 61b,% M = Pb], were all
synthesized as monomeric metallylenes. Plumbylenes bearing
two Mes, 2,4,6-triethylphenyl, and Tip groups were reported
as existing as dimers (diplumbenes) in the solid state,”*” even
though these substituents should exhibit similar or even more
steric hindrance effects than R;. Asis the case for R,Ge:, %
the fluorine atoms of the substituent should weakly interact
with the vacant p-orbital of the metallylene centers in 60a
and 61a, respectively. A few examples of stable diarylstan-
nylenes and diarylplumbylenes bearing extremely bulky aryl
ligands have been reported so far. Some of them have been
structurally characterized, showing they exist as monomeric
structures even in the solid state (Scheme 10).%8%° It should
be noted that the bulky m-terphenyl ligand of 2,6-bis(2,4,6-
triisopropylphenyl)phenyl (Ar;,) has been found to afford
great steric protection toward the central atom. Therefore,
stannylenes and plumbylenes with one Ar, group, together
with asmaller organic substituent such as Me, Ph, t-Bu, were
found to exist as monomers even in the solid state®
Interestingly, the plumbylene with a methyl group and a 2,6-
bis(2,6-diisopropylphenyl)phenyl (Argp) group, which is a
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Scheme 10. Stable Stannylenes and Plumbylenes, Which
Exist As Monomersin the Solid State
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Scheme 11. Reactions of the Tetrathiametallolane
Derivatives with Phosphine
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slightly smaller m—terphenyl ligand than the Ary, group, was
found to exhibit adimeric structure in the crystalline state.>®
Thus, even marginal differences in bulkiness can affect the
crystalline structure of plumbylenes.

Another unique synthesis of overcrowded stannylenes and
plumbylenes has been reported (Scheme 11). Tetrathiamet-
alolanes 62b, 62d, and 63b react with an excess of
phosphines to give the corresponding metallylenes 60b, 60d,
61b, respectively.*’ This is in contrast to the reaction of
tetrathiagermol ane 64 with an excess of phosphines, leading
not to the formation of the corresponding germylene 66 but
rather to the corresponding germanethione 65.4

Recently, diazomethylstannylene 67 was synthesized as a
stable carbon-substituted stannylene by Kira et al. (Scheme
12).%2 The stannylene 67 was found to be converted into
another cyclic stannylene 70 by irradiation using a 500 W
high-pressure mercury arc lamp. A stable compound is
produced via the generation of an intermediate stannaacety-
lene 69, which is believed to be the carbene-substituted
stannylene 68.

The first isolable monomeric diakylstannylene 78 was
synthesized in 1991 by Kiraet a. (Scheme 13).* The 1,1,4,4-
tetrakis(trimethylsilyl)butane-1,4-diyl ligand 72 was found
to be a good ligand for the isolation of monomeric metal-
lylene species as evidenced by the fact that dialkylgermylene
774 and dialkylsilylene 76* have been successfully isolated
as stable compounds in 1998 and 1999, respectively. Of
particular note is the isolation of 76, the first example of a
stable dialkylsilylene. Although the stable dialkylstannylene
78 was synthesized by the reaction of SnCl, with the
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Scheme 12. Generation and Intermediacy of a Stannyne to
Afford a Cyclic Stannylene
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,.Sn—C\ —N' .Sn—C\
-N, A
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67 68
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69 ]
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Scheme 13. Synthesis of Stable Dialkylmetallylenes 76—78
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dilithiated compound 72, prepared in turn by the reductive
coupling reaction of H,C=C(SiMe3), (71), the reaction of
GeCl,-dioxane, Gel,, or GE[N(SiMe;),], with 72 failed to
give the corresponding germylene 77. Finally, the stable
dialkylmetallylenes 76—78 were successfully synthesized by
the reduction of the corresponding dihalogenated compounds
73—75, respectively, with KCg in THF at —65 °C. 1947

Recently, arelated stable stannylene 80 was isolated as a
monomer, despite the presence of intramolecular coordination
of the B—H unit to the central Sn atom via agostic
interactions.®® Interestingly, the intramolecular B—H+++Sn
agostic interactions were found to thermodynamically sta-
bilize the electron-deficient stannylene unit by 30—40 kcal/
mol (Scheme 14).

2.2. Properties

Some of the stable examples of carbon-substituted met-
allylenes introduced in the previous section have been
structurally characterized using X-ray crystallographic analy-
sis. Selected structural parameters of stable carbon-substituted
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Table 1. Selected Structural Parameters of Stable
Dialkylmetallylenes 76—78

: ;M d(C-MyA  d(C-SiyA £C-M-CP°
Me;Si SMes
M=Si 1911Q) 19112)  93.88(7)
(76) 1.904(2) 1.901(2)

1.915(2)

1.897(2)
M=Ge 2.010(2) 1.905(2) " 90.9(9)
77 2.020Q2) 1.890(2)

1.899(2)

1.894(2)
M=5n" 2218Q2) 18872y 86.16(9)
(78)  2.226(3) 1.883(2)

1.885(2)

1.885(2)

Table 2. Selected Structural Parameters of Stable Metallylenes

RoM: d(C—M)/A [C-M—-C/° ref

TsiDisGe: (27) 2.067(4) 111.3(2) 20
2.012(6)

ArmesGe: (31b) 2.033(4) 114.4(2) 38¢c

ArgipGe: 2.033(2) 113.8(2) 3ad
2.048(2)

ArypGe: (31d) 2.036(2) 102.72(9) 24
2.030(2)

Mes*,Ge: (30) 2.053(4) 18.0(2) 22
2.041(4)

Bbt(Titp)Sn: (60e) 2.196(8) 106.4(2) 38b
2.219(9)

ArmeoSN: (60f) 2.225(5) 114.7(2) 38c

Argip2Sn: (60g) 2.255(2) 117.56(8) 3ad

Argp(Ph)Sn: 2.220(3) 96.87(10) 3%
2.187(3)

Mes*,Sn: (54) 2.255(4) 103.6(1) 32
2.267(4)

48 2.286(3) 117.6(1) 30
2.284(3)

(Tpp)2Pb: (61k) 2.322(13) 98.8(5) 38a
2.327(13)

ArnpP0: (61) 2.347(4) 100.40(13) 38a
2.322(4)

57 2.344(9) 94.8(4) 33
2.476(14)

58 2.357(4) 103.04(13) 33
2.376(4)

ArmeoPhb: (61d) 2.334(12) 114.5(6) 38¢c

ArgipoPh: (61€) 2.390(8) 121.5(3) 38d
2.379(9)

49 2.397(6) 117.1(2) 31
2.411(5)

Tbt,Pb: (61c) 2.327(13) 116.3(7) 38e

Argp(t-Bu)Pb: 2.289(11) 100.5(11) 3od
2.329(14)

Arg,(Me)Pb: 2.272(9) 101.4(4) 3od
2.274(15)

Argp(Ph)PO: 2.321(3) 95.64(11) 3od
2.264(3)

metallylenes are partially summarized in Tables 1 and 2.
Although the structural parameters of metallylenes are to
some extent affected by the bulkiness of the substituents,
the characteristic structural features of the carbon-substituted
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Figure 5. Molecular structure of dialkylsilylene 76.

metallylenes R,M: (M = Si, Ge, Sn, Pb) are as follows. (i)
The C—M—C angles are smaller than 120°. This should be
the ideal bond angle for the sp>-hybridized carbon atom, i.e.,
close to ca. 90°, indicating that the intrinsic nature of the
heavier metalylenes is the (ns)’(np)?> valence electron
configuration. (ii) The C—M bond lengths are slightly greater
than those of the corresponding C—M'" compounds (typical
C—M" bond lengths are 1.87 A (M = Si), L5 A (M =
Ge), 217 A (M = Sn), and 229 A (M = Pb)).* This
suggests a higher p-character for the C—M" bond in
metallylenes compared to the C—M'" bond of tetravalent
species of the heavier Group 14 elements.®

Such structural features seem to be enhanced in the order
Si < Ge < Sn < P, reflecting the inherent (ns)?(np)? valence
electron configuration due to the size difference between the
ns and np orbitals. While the fundamental structural features
are as described above, the steric and electronic effects of
the substituents must also be considered in order to fully
understand the metallylene structures. In the first instance,
one can interpret these substituent effects in electronic and
steric terms as follows. For electronic effects, o-€electron-
donating groups such as alkyl groups are expected to make
the C—M—C angle larger, since electropositive substituents
would make the metallylene ns orbital large enough to be
mixed with the np orbital, resulting in partially hybridized
orbitals. Converdly, o-electron-withdrawing groups such as
aryl groups would make the C—M—C angle smaller. With
respect to steric effects, it can be predicted that bulky
substituents would make the C—M—C angle larger. The
larger C—M—C angle would then enhance the s-character
of the C—M bonds and the p-character of the lone pair of
the metallylene. Thus, the structural and electronic properties
are interdependent.

If we consider the series of stable dialkylmetallylenes, 76
(Figure 5),% 77,% and 78, the following interesting features
are summarized in Table 1. The C—SiMe; bond lengths in
76 (M = Si), 77 (M = Ge), and 78 (M = Sn) are ca. 1.91,
1.90, and 1.89 A, respectively, which are somewhat longer
C—Si bond lengths than typical C—Si bond lengths of ca.
1.87 A 119434 The increase in C—SiMe; bond length gets
smaller in the order 76 (M = Si) > 77 (M = Ge) > 78 (M
= Sn). This increase in adjacent C—SiMe; bonds could be
due to effective o—mr hyperconjugation between the C—Si
bond and the vacant iz orbital of the metallylene center. Thus,
it could be expected that the dialkylmetallylenes would be,
to some extent, thermodynamically stabilized by this o—x
hyperconjugation. In addition, the C—M —C angles of 76—78
also get smaller in the order 76 (M = Si) > 77 (M = Ge) >
78 (M = Sn), confirming a higher tendency to keeping the
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Table 3. Spectral Data for the Stable Metallylenes

ZQSL 119Sn’
. 207Pb
RoM: Amadnm chemical ref
shift (o)

76 440 +567 45
7 450 44
A Idi sze: 608 38d
Tht(Tip)Ge: (32) 580 53
Mes*,Ge: (30) 430 50
Dis,Ge: (23) 414 51
Ri.Ge: (31a) 374 23
Arne2Ge: (31b) 578 38c
78 486 42323 43
48 546 42299 30
AlmeSn: (60f) 553 +1971 38c, 54
ArgipzSn: (60g) 600 +2235 38d
Tht(Tip)Sn: (60b) 561 +2208 55
BbtTitpSn: (60e) 547 +1657 38b
Dis,Sn: (44) 495 +2328 51a, 56
Mes*,Sn: (54) 476 +980 32
Re2Sn: (60a) 345 +723 35a
49 610 410050 31
Tht,Pb: (61c) 610 +9751 38e
ArgpPh: (61€) 586 49430 38d
Ariip(CHoCeH4-4-i-Pr)Pb: (61i) 556 +-8858 39b
Tht(Tip)Pb: (61b) 550 +-8888 38e
Tht(Dis)Ph: 531 +-8884 38e
ArmeoPb: (61d) 526 +-8844 38c,39d
Argip(t-Bu)Pb: 520 +8275 39
Argip(CeHa-4-t-Bu)Ph: 462 +7275 39
Ariip(t-Bu)Pb: 470 +7853 39d
Argp(Me)Pb: 470 +8738 39
Arip(Me)Pb: 466 +7420 39d
Argip(Ph)Pb: 460 46657 39d
Mes* (CH,CMe;CeH,-2,5-t-Buy) Ph: 406 45067 33

(57)

inherent (ns)?(np)? valence electron configuration in the same
order Sn > Ge > Si.°

Metallylenes are generally colored in hydrocarbon solu-
tions. The stable metallylenes show weak absorption maxima
in the visible light region in their UV /vis spectra due to their
symmetry forbidden n—p electron transitions (Table 3).
Although the absorption maxima (Ane) vary with their
substituents, it can be roughly concluded that the n—p
electron transitions will be red-shifted as the central element
goes from Si < Ge < Sn < Pb. Thisis in paralel with the
singlet—triplet energy differences AEsr for the metallylenes
[AEst = E(triplet) — E(singlet)]. In addition, aryl-substituted
metallylenes have relatively longer Ams vaues than those
of the corresponding dialkylmetallylenes. For example, the
Amex Value for Mes* ,Ge: is 430 nm,*® whereas that of Dis,Ge:
is 414 nm.5! The slightly longer A Values of the diaryl-
metallylenes than the dialkylmetallylenes suggest an effective
interaction between the vacant p orbital of the diarylmetal-
lylene and the r* orbital of the aromatic substituent.

The 2°Si NMR spectrum of the stable silylene 76 showed
a dramatically down-shifted signd at +567.4 ppm.* Al-
though this is the only example of the 2°Si NMR spectrum
of a carbon-substituted silylene, it was found that the
dialkylsilylene showed extremely downfield chemical shifts
compared to both the disilenes®® and the donor-stabilized
silylenes (see below). Similarly, the *°Sn and 2 ’Pb NMR
spectra, respectively, of stable stannylenes and plumbylenes
with carbon substituents showed characteristic downfield
chemical shifts compared to both the corresponding tetrava-
lent species and dimeric and/or donor-stabilized metallylenes.
Such characteristic NMR features of these metallylenes could
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Scheme 15. Reactions of Stable Dialkylsilylene 76
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be due to the paramagnetic term in the chemical shifts
correlated with the n—p electron transitions (Amax).>

2.3. Reactivities

The reactions of stable carbon-substituted metallylenes
have been reported and some reviews have also appeared. %1157
Some representative examples of the reactions of stable
dialkylsilylene 76 are shown in Scheme 15.

The diverse range of reported reactivities of stable met-
allylenes can be roughly categorized into five types: (i)
insertion, (ii) cycloaddition, (iii) reduction, (iv) oxidation,
and (v) coordination reactions. A valid explanation of this
diverse range of reactionsisthe initial formation of a Lewis
acid—base complex between the metallylene and the reagent
with the metallylene acting as a Lewis acid with high
electrophilicity. As described above, a metallylene has two
reactive sites, namely, the vacant p orbital and the lone pair
of electrons based on its singlet ground state. However, the
lone pair is expected to be relatively “inert” as anucleophile,
since it exhibits high s character due to its (ns)%(np)? valence
electron configuration. On the other hand, due to the 6
valence electrons and the octet rules, the vacant p orbital
should make the metallylene highly electrophilic. Thus,
almost all the metallylene reactivity can be initiated by the
nucleophilic reaction of the reagents toward the vacant p
orbital.

For example, reactions of the stable metallylenes R;M:
with haloalkanes (R'X, X = halogen) such asMel or MeOH
(R'OH) are known to give the corresponding insertion
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Scheme 16. Synthesis of Lewis Base Complex of
Dimesitylgermylene
i-Pr F-Pr

l\i\ Mes, Mes N "Ge/MQS
2 || &+ Ge=Ge — 2)1 J
N Mes Mes N Mes
HPr i-Pr
920 91 92
P i-Pr ?H3M
| . -Mes { _Mes
| N\C/GS BH3 | N\C]Ge\
N Mes N Mes
i-Pr \i—Pr
92 93

products R;MR'X (X = halogen or OH) [reactivity (i)]. Such
insertion reactions can be initiated by the nucleophilic attack
of the halogen or oxygen lone pair, leading to the formation
of the Lewis acid—base complex, e.g., R;M°™—X%"—R'.®
Since the nucleophilicity of the central metallylene moiety
(M) should be enhanced by this coordination, the next step
in the nucleophilic reaction is expected to be that of the M
toward the R" moiety. Recently, Baines et al. demonstrated
that dimesitylgermylene (Mes,Ge:) was stabilized by the
coordination of an N-heterocyclic carbene (NHC), giving the
carbene—germylene complex 92. Itslone pair exhibited high
nucleophilicity toward BH; to afford the Lewis acid—base
complex germylene 93 (Scheme 16).% Other unique metal-
lylene insertion reactions toward systems such as Si—H,
Si—Cl, B—H, and B—B bonds*”*° can also be explained by
an initial interaction between the vacant p orbital and the
reactive bond with a high highest occupied molecular orbital
(HOMO) level. For example, as shown in Scheme 15, the
reaction of 76 with chlorosilanes afforded the insertion
products 85, which were good precursors for producing the
novel low-coordinated organosilicon compound, trisilaallene
86. In the case of cycloadditions with unsaturated organic
compounds such as alkenes and akynes, the corresponding
[1 + 2]-cycloadducts, metalliranes and metallirenes, are
obtained, while the [1 + 4]-cycloadducts are obtained when
the butadiene derivatives are reacted with the metallylenes
[reactivity (ii)]. In these reactions, the p-bonds of unsaturated
compounds attack the vacant p orbitals of the metallylenes.
The reaction with 1,3-butadiene, leading to the formation of
the corresponding cycloadducts, can be explained by two
possible mechanisms: a direct [1 + 4] pericyclic reaction
between the HOMO of the 1,3-butadiene and the lowest
unoccupied molecular orbital (LUMO), the vacant p orbital
of the metallylene, or aninitial [1 + 2] cycloaddition reaction
followed by arearrangement leading to the formation of the
corresponding four-membered ring system, the formal [1 +
4]-cycloadduct.® Interestingly, some carbon-substituted met-
alylenes were reported as reacting with phosphaalkyne
derivatives to give the corresponding heterocyclic com-
pounds, which are quite unique. Such unusual reactions can
also be explained by an initial coordination of the reagents
toward the vacant p orbitals of the metallylenes.

On the other hand, the vacant p orbital of a metallylene
can also accept an electron. Some photoinduced insertion
reactions of dialkylsilylene 76 have been reported (Scheme
17). This would seem to indicate a B, and *B; electron
configuration of the excited states.®? In addition, the genera-
tion of aradical anion species of carbon-substituted metal-
lylenes has also been reported.®® Again this suggests elec-
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Scheme 17. Photochemical Reactions of Stable
Dialkylsilylene 76 with Unsaturated Compounds
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Scheme 18. Chalcogenation Reactions of Metallylenes
L eading to the Formation of “Heavy Ketones’
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tronic structures where one electron isin the vacant p orbital
of the corresponding metallylene [(iii) reduction reactions].

Although reactions of metallylenes leading to the forma-
tion of the corresponding tetravalent species should also
strictly be categorized as “oxidation reactions’, since the
oxidation number of the central metal atom is changed from
M'" to M during the reaction, “(iv) oxidation reactions’
here actually means chalcogenation (O, S, Se, Te) reactions
of the metallylenes (Scheme 18). In these cases, however,
the nucleophilic oxidant acts as an oxidant toward the vacant
p orbital of the metallylene. Thus, the lone pairs of the
chalcogen atoms such as (Ss, Se, Te) and the phosphine
chalcogenides can react with the vacant p orbital of the
metallylenes. This gives the heavier ketone analogues, the
so-called “heavy ketones’ R,M=Ch (99), or the cyclic
polychal cogenides containing the heavier group 14 elements.
The latter have been shown to be precursors for producing
the corresponding “heavy ketones’ 52386485 However, at-
tempted oxidation reactions leading to the formation of stable
>M=0 species have thus far been unsuccessful 4% Reac-
tions of the 2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO)
with the stable diakylsilylene 76 afforded the 1,3,2,4-
dioxadisiletane derivative 106. Its formation was explained
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Scheme 19. Reactions of Stable Dialkylmetallylenes with
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Scheme 20. Unique Metallylene Complexes
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in terms of an intermediate, the corresponding silanone
derivative 105. Dialkylgermylene 77 and diakylstannylene
78 have been reported as giving the corresponding bis-
adducts, 103 and 104, respectively (Scheme 19).5”

Metallylenes can, therefore, be characterized by their
vacant p orbital. Accordingly, one can conclude that met-
allylenes can be stabilized by the coordination of a Lewis
base, giving the corresponding donor-stabilized metallylenes,
as described below (Scheme 20). For example, the reaction
of isocyanides with silylenes gave the corresponding
silylene—isocyanide complexes, which can be formulated as
the silaketenimine resonance structure.% |n addition, the
unique palladium complex, 109, coordinated by two mol-
ecules of diakylsilylene 76, was synthesized as a stable
compound.®® The isolation of this unique 14-electron pal-
ladium complex suggests that silylene 76 has a lone pair
relatively reactive toward transition metals and can stabilize
these low-coordinated transition metal species. In this case,
the dzz-back-donation from the Pd atom toward the vacant p
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Scheme 21. Generation of Silyl-Substituted Silylenes
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orbitals of the silylene unit effectively stabilizes the palladium
complex 1009.

3. Stable Metallylenes Bearing Hydride, Silyl,
Germyl, and Stannyl Substituents

Asdescribed in section 2, carbon-substituted metallylenes
have singlet ground states due to the intrinsic nature of the
(ns)?(np)? valence electron configuration. Those compounds
bearing electropositive substituents such as silyl groups
would be expected to exhibit asmaller AEs_t (singlet—triplet
energy gap) than carbon-substituted metallylenes due to the
fact that the p-character of the lone pair would be enhanced
by the inductive effect of the electropositive substituents.”
In addition, the bulkiness of the substituent would make the
R—M—R angle greater than 90°. Thiswould lead to a higher
s-character of the R—M bonds as well as an increased
p-character of the metallylene lone pair. It could be predicted,
therefore, that electropositive and bulky substituents will
increase, to some extent at least, the reactivity of the
metallylene as a result of this triplet character. Indeed,
theoretical calculations predicted that the triplet states of [(i-
Pr)sSi],Si: and [(t-Bu)sSi],Si: should be more stable than their
singlet states by 1.7 and 7.1 kcal/mol, respectively.”®
However, because of their increased reactivity, it may prove
difficult to synthesize such metallylenes as stable compounds.
The introduction of extremely bulky substituents on the
metallylene may make it possible to isolate stable metal-
lylenes bearing electropositive substituents. Since these
readily dimerize to give the corresponding dimetallenes
(double-bond compounds), to date there has been no example
of a stable silyl-substituted silylene reported.

There have, however, been some reports on the generation
of silylenes bearing electropositive substituents (Scheme 21).
It was found, on the basis of the trapping reactions, that [(i-
Pr)sSi12Si: (110),™ [(i-Pr)sSi[(t-Bu)sSi]Si: (111),7? and [(t-
Bu)sSi],Si: (112)" were generated by either the thermolysis
or photolysis of the corresponding hydrosilanes or silirenes
precursors. However, analysis of the products of these
trapping reactions did not lead to any definitive conclusions
as to whether these silylenes exhibit triplet ground states.
Although Sekiguchi et a. have succeeded in observing the
silyl- and metal-substituted silylenes, 118, which were found
to exhibit triplet ground states, they could not be isolated as
stable compounds under ambient conditions (Scheme 22).7

On the other hand, Sekiguchi et al. successfully synthe-
sized and isolated the radical anion species of a silylene
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Scheme 22. Anion Radical Species of Silyl- And
Germyl-Substituted Metallylenes
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bearing silyl substituents. The anion radical 120 was obtained
by the reduction of tetrasilyldisilene 119.7 In addition, the
unique radical anion of the germyl-substituted germylene,
121, was also synthesized as a stable compound.”

Monomeric germylenes, stannylenes, and plumbylenes all
bearing electropositive substituents of the heavier Group 14
elements have al been synthesized (Scheme 23).77%
Although these metdllylenes have electropositive substituents,
they exhibit singlet ground states due to much larger AEs—t
values compared to silylene. The silyl-substituted stannylenes
138 and 139 are in equilibrium with their corresponding
dimers (distannene) 140 and 141 in solution (Scheme 24),
whereas they exist as dimers in the crystaline state.?% In
contrast to stannylene 138, the bis-silylplumbylene 135 was
found to exist as a monomer in the crystalline state.®® The
basis for these metalylene syntheses is of course their
similarity to the synthesis of the carbon-substituted metal-
lylenes as described in section 2. However, the photolysis
of the bis-silyl derivatives [R;M(SiMe;3),] or the cyclotri-
metallane derivatives [(R:M);] is not applicable to the
synthesis of the corresponding metallylenes. Thisis because
when R = Si, Ge, Sn, or Pb, the R—M bonds are aso
photosensitive. Some examples of isolated stable metal-
lylenes are shown in Scheme 23.

Recently, heavier analogues of alkyne (dimetallyne), triply
bonded compounds between the heavier Group 14 elements,
have been synthesized and isolated as stable compounds. This
was achieved by taking advantage of kinetic stabilization
involving steric protection groups (Scheme 25).%° The
dimetallynes can be considered as resonance structures of
the triply bonded compounds 142 and the bis-metallylene
compounds 143 (Scheme 25). Although the Si—Si bonds of
disilynes 144 exhibit triple-bond character in the solid state
and even in solution,® the Po—Pb bond of diplumbyne 147
is reported as featuring single-bond character in the crystal-
line state. Hence, it should not be depicted as diplymbyne
147 but rather as the bis-plumbylene 148.%* The bonding
properties of the Ge—Ge and Sn—Sn bonds of the digermy-
nes 145 and distannynes 146 can be considered as triple
bonds,%~%* in spite of the fact that they are sometimes
depicted as having biradical M=M or bismetalylene :M—M:
character depending on the electronic properties of the
substituents. The reaction of digermyne 145a with (t-Bu)NC:
yielded the germyl—germylene 149 through the coordination
of the isonitrile toward one of the low-coordinated germa-
nium atoms of 145a (Scheme 26).%*

The hydrometallylenes, R(H)M: (M = Si, Ge, Sn, Ph),
are of practical interest, not only because they are unique
low-valent metal hydrides but also because they are note-
worthy metallylenes with a hydrogen atom.* Power’ s group



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org
Publication Date (Web): July 24, 2009 | doi: 10.1021/cr900093s

3490 Chemical Reviews, 2009, Vol. 109, No. 8

Scheme 23. Stable Silyl-, Germyl-, Stannyl-, and
Plumbyl-Substituted Metallylenes
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Scheme 24. Silylstannylenes in Equilibrium with Their
Corresponding Distannenes
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succeeded in the synthesis of hydrostannylene 151 as a stable
compound by taking advantage of the bulky m-terphenyl
ligand (Scheme 27).% The chlorostannylene, Ar;,SnCl (150,
see section 4), was reduced using LiAlH,4 to give hydrostan-
nylene 151 as a deep orange solid. This was found to be a
hydride-bridged dimer in the crystaline state. The Sn—H—Sn
bonds should involve a 3-center-2-electron bond, which in
turn should provide the intermolecular stabilization of the
vacant p orbitals of the metallylene center. The synthesis of
hydrostannylenes 154 bearing the dlightly different m-

Mizuhata et al.

Scheme 25. Stable Dimetallynes
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Scheme 26. Reaction of Digermyne 145a with t-Bu—NC
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terphenyl ligands al so have been synthesized. Their bridged-
dimer structures have been characterized.’” On the other
hand, the stannylstannylene 156 is a result of a hydrogen
migration in the bridged dimer of a hydrostannylene, which
in turn was obtained when the chlorostannylene dimer 155,
with the ligand Ar = 3,5-(i-Pr),-2,6-Tip,-CgH,* was reduced
with DIBAL [(i-Bu),AlH].*” The different products are
explained in terms of the steric effects of the m-terphenyl
ligands. In addition, the addition reaction of the stannynes
157 with m-terphenyl ligands and hydrogen afforded either
the corresponding hydrostannylene derivatives 151 and 154
or its isomer 156.%

In the scheme above, there are compounds 151 and 154
with Ar and Argp, groups, respectively. Further down, 151
and 154 are both under the Ar-substituted compound.

Treatment of chlorogermylene dimer 158, [Argy(Cl)Gel].
(see section 4), with L-selectride (Li[(s-Bu)sBH]) gave the
1,2-dihydrodigermene 159, which is a dimer of the corre-
sponding hydrogermylene (Scheme 28).1% Thus, it appears
that a hydrogermylene can exist as a stable isomeric dimer
of 1,2-dihydrodigermene, which isin contrast to the case of
hydrostannylene. In this latter case, the stable isomer is the
bridged dimer. Such unique differences between hydroger-
mylenes and hydrostannylenes can best be interpreted in
terms of the differencesin AEs_t values and the s-character
of the metallylene lone pair.®81%! Interestingly, the addition
of PMe;, a Lewis base, to 1,2-dihydrodigermene 159a
afforded the corresponding germylgermylene—PMe; com-
plex, 159b, via a 1,2-hydrogen shift.%

On the other hand, the attempted synthesis of the lead
analogue, a hydroplumbylene, has been reported. Here
Arip(Br)Pb: (160) was reduced with LiAlH, to give the
plumbylyne (bis-plumbylene) 147 (Scheme 29).°* In this
reaction, the formation of 147 can be interpreted in terms of
an intermediate of hydroplumbylene 161. This undergoes
ready dimerization to give 147 along with the elimination
of a hydrogen molecule (H). The synthesis of a hydrosi-
lylene dimer, 1,2-dihydrodisilene Bbt(H)Si=Si(H)Bbt (163),
was reported by Tokitoh et al.%%1% Dihydrodisilene 163 was
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Scheme 27. Synthesis of Hydrostannylene Derivatives
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found to exhibit disilene character with awell-defined Si=Si
double bond in the solid state and even in solution.

Selected structural parameters are summarized in Table
4. The structural features cannot be systematically discussed,
because the parameters depend on the substituents. The
examples that are stable are shown in Scheme 23 and Table
4, and all have unique substituents. (See Figure 6 for structure
of 135).

4. Stable Monohalogenated Organometallylenes

Asdescribed in section 2, Sn(I1) and Ph(l1) dihalides such
as SnCl, and PbCl, are well-known compounds and are stable
enough to be handled under ambient conditions. Although
it is difficult to isolate GeCl, itself, stabilization of dichlo-
rogermylene is achieved through the intermolecular donation
of a Lewis base such as dioxane and THF into the vacant p
orbital of the dichlorogermylene (Figure 7).31%31% Thus, as
described above, the dihalides of Ge(l1), Sn(ll), and Pb(I1)
species are al known to be good precursors for metallylenes.
Recently, a stable series of dihalogermylenes (164, 165, 166,
167) stabilized by the presence of a N-heterocyclic carbene
has been isolated by Baines et a.2® The synthesis of a Gel,
complex of the N-heterocyclic carbene (162) was reported
by Arduengo et al. (Scheme 30).1% By utilizing such
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Scheme 28. Synthesis and | somerization of
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Scheme 29. Attempted Synthesis of Hydroplumbylene and
Hydrosilylene
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stabilized dihalogermylenes as precursors, the unique Ge(l1)
dication species 169'% and 170'% were synthesized and
isolated. To date, no stable example of a silicon dihalide
complex has been synthesized, although trapping reactions
of transient SiCl,, species have been reported.? Reduction of
the SiCl, complex 171, coordinated by a N-heterocyclic
carbene with 6 equiv of KCg in hexane, afforded the unique
bischlorosilylsilylene 172, which is also stabilized by the
N-heterocyclic carbene (Scheme 31).1% Interestingly, 171
was also reduced with 8 equiv of KCg in THF to give the
unique Si, complex 173 bearing two molecules of the same
N-heterocyclic carbene.1%®

The monohal ometallylenes RM X (R = organic substituent,
M = heavier Group 14 element, X = halogen) have attracted
a great deal of attention. Such monohalometallylenes can
be obtained by the reaction of dihalometallylene derivatives
with an equimolar amount of an organometallic reagent such
as RLi or RMgBr. Halogermylenes, halostannylenes, and
hal oplumbylenes, which are al thermodynamically stabilized
by s-electron donation such as Cp*GeCl (Cp* = pentam-
ethylcyclopentadienide), are described below. For the isola-
tion of the monomeric halometallylenes, the introduction of
an extremely bulky steric protection group is necessary. In
this way, the two dimerization modes should be prevented
by the introduced steric repulsion. That is, halogen-bridged
dimerization through coordination of the halogen lone pair
toward the metallylene center and M=M dimerization
leading to the formation of the corresponding 1,2-dihal odi-
metallene will both be prevented (Figure 8).

In the case of silicon, only two stable compounds of the
monohalogenated Si(I1) species have been reported.®d10
However, they exist as the corresponding 1,2-dihalodisilene
dimers, 175 and 177. Both contain a well-defined Si=Si
double bond in the crystalline state and even in solution.
They were synthesized by the reduction of the corresponding
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Table 4. Selected Structural Parameters of Stable Metallylenes with Electropositive Substituents

b (11991 207Pb)

RiR:M: d(R,—M)/A d(R,—M)/A [C-M—-C/ Ama/nm (central atom of metallylene) ref
122a Ge—Ge: 2.464(1) Ge—Ge: 2.458(1) 82.11 orange 77
122b Ge—Ge: 2.693(3) Ge—Ge: 2.699(2) black 77
123 Si—Ge: 2.461(2) N—Ge: 1.832(4) 97.5(2) 460 78
124 Ge—Ge: 2.5439(7) Armes—Ge: 2.011(5) 114.87(13) 719 (e 340) 79
149 Ge—Ge: 2.3432(9) Argp,—Ge: 1.966(5) 102.77(15) 490 (& 3000) 94
160 Ge—Ge:(P) 2.5304(7) Argp,—Ge: 2.070(3) 101.59(7)  yellow 100
125 Ge—Sn: 2.7224(11)  Armes—Sn: 2.202(8) 112.7(2) 673 (¢ 400) +2960 79
126 Sn—Sn: 2.9644(3) Sn—Sn: 2.9630(3)  115.19(1) 311 (¢ 7300) +3752 80
127 Sn—Sn: 2.9688(5) Argp—Sn: 2.261(2)  108.48(6) 462 (¢ 1660) +2870 3%
128 Sn—Sn: 2.8909(2) Argp—Sn: 2.201(2)  119.30(6) 689 (e 271) +2856.9 39c
129 Sn—Sn: 2.865 Sn—Sn: 2.867 110.705 81
130 Si—Sn: 2.6691(10) Si—Sn: 2.6854(11) 92.78(3) Red-brown 82
131 Si—Sn: 2.712(1) Si—Sn: 2.712(1) 106.77(5)  Dark-green 83
132 C—Sn: 2.210(8) Si—Sn: 2.636(2) 107.0(2)  Yellow-orange +412 84
151 (X-ray)  Argp—Sn: 2.210(2) H—Sn: 1.89(3) 91.7(9) 608 (¢ 160), 395 (¢ 360) +698.7 96a

1.95(3) 93.6(9)
151 (neutron) Argp—Sn: 2.193(4) H—Sn: 1.943(7) 92.4(2) 96b
1.941(7) 91.6(2)
154a Ar—Sn: 2.221(6) H—Sn:1.82(8) 99(2) 595 (& 70) +657 97
1.99(8)
154b Ar—Sn: 2.216(4) H—Sn: 1.94(2) 91(2) 598 (& 50) +687 97
2.219(4) 1.94(2) 91.9(15)
154c Ar—Sn: 2.208(6) H—Sn: 1.93(2) 100.0(19) 594 (¢ 100) +667 97
154d Ar—Sn: 2.216(3) H—Sn: 1.95(3) 95.1(11) 582 (¢ 175), 440 (sh) 97
2.200(3) 1.90(3) 98.5(11)
156 Ar—Sn: 2.228(5) Sn—Sn: 2.9157(10) 106.37(17) 622 (¢ 220), 480 (sh), 422 (¢ 540) +34 97
2.247(6)
133 Si—Ph: 2.776(3) Si—Ph: 2.776(3) 105.8(1) Black-green 83
134 Pb—Ph: 2.9928(3) C—Ph: 2.314(3) 97.99(6) 713 (¢ 350), 402 (¢ 3400) 85
135 Si—Ph: 2.700(3) Si—Ph: 2.704(3) 113.56(10) hlack 86
136 Si—Pb: 2.7230(11)  Arg—Pb: 2.296(3)  110.82(9) 725 (e 260), 415 (& 270) +10745 3%
137 Si—Pb: 2.7120(12)  Armes—Pb: 2.290(4) 109.17(11) 720 (¢ 230), 399 (sh, ¢ 243) +10510 87
148 Pb—Pb: 3.1881(1) Argp—Pb: 2.303(2)  94.26(4) 719 (¢ 5200), 397 (¢ 29000) 91

trihalosilanes 174 and 176 since, in this case, the dihalosi-
lylene derivatives cannot be used as suitable precursors as
described above. In the case of the germanium compounds,

Figure 6. Molecular structure of [(MesSi)sSi].Ph: (135).
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Figure 7. Thermodynamic stabilization of dihalometallylenes.

Mes*GeCl (178)*° and TsiGeCl-LiCl-3(thf) [179, Tsi =
C(SiMes)3],** which were described as being monomers both
in solution and in the solid state, they have not yet been
structurally characterized (Scheme 32). Both ArpmeGeCl
(180a)*° and Arg,GeCl (180b)*2 were found to exist as
dimers with weak Ge=Ge interactions. That is, as 1,2-
dichlorodigermene 18la and 181b, respectively, in the
crystalline state, although the Ge=Ge interactions should be
weak since these dimers are cleaved into chlorogermylene
monomers in solution (Scheme 33). Interestingly, the m-
terphenyl group of the Arp group should be the limit of
intermolecular Ge=Ge interactions in the crystalline state.
ArgpxGeCl 180c afforded different types of crystals depending
on the conditions. Both the monomers 180c**® and the dimer
181c™* with Ge=Ge interactions of the Ar;;GeCl molecules
have been reported. On the other hand, the bromogermylene,
BbtGeBr (182), was synthesized as a stable compound in
solution, whereas it exists as the dimer 1,2-dibromodi-
germene 177 in the crystalline state.!™® In this case, the
equilibrium between the monomeric bromogermylene and
the 1,2-dibromodigermene in solution was confirmed by
spectroscopic methods. It should be noted that the Ge=Ge
interactions between the halogermylenes leading to the
formation of the corresponding 1,2-dihalodigermene is
favored over the halogen-bridged dimeric state.

In the case of tin (Scheme 34), two crystalline monomeric
hal ostannylenes of Ar;,SNCl (185c)*6 and ArypSnl (184)*3
have been reported (Figure 9). However, Ar;;SnCl (185c)
was found to exist as the Cl bridged dimer of Ar;xSnCl,
[AripSn(u-Cl)], (186c), in the crystalline state on the basis
of the X-ray crystallography data.’® The crystal structure
of ArgSnCl may be too fragile for the crystallization
conditions, aswas found in the case of Ar;,GeCl (180c).13114
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Scheme 30. Dihaloger mylenes Stabilized by the
Coordination of a N-Heterocyclic Carbene
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Scheme 31. Unique Low-Coordinated Organosilicon
Compounds Stabilized through Coordination with a
N-Heter ocyclic Carbene
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The stable halostannylenes ArneSnCl (185a),%¢ Arip,SnCl
(185b),*? [(MePhSi);CISnCl  (185d),"" and ArgpSnl
(185€)*¢ have all been synthesized, and their crystal
structures all indicated the presence of the hal ogen-bridged
dimers in the solid state, 186a, 186b, 186d, and 186e,
respectively. On the basis of spectroscopic analysis and their
chemical reactivities, al these halostannylenes were reported
as behaving as monomeric stannylenes in solution.

Stable haloplumbylenes are similar to the hal ostannylenes
(Scheme 35). Bromoplumbylene 187c, Ar;,PbBr, was coc-
rystallized with pyridine to give a monomeric crystalline
structure with weak coordination to pyridine (189).3% Other
haloplumbylenes, 187, are reported to exist as the halogen-
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M = Si, Ge, Sn, Pb
X = halogen
"R" is extremely bulky.
exist as a monomer

"R" is not so bulky enough to

x2 prevent it from dimerization.
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Figure 8. Dimerization modes for the halometallylenes.

bridged dimers 188 in the crystalline state.3417~119 | nteregt-
ingly, the chloroplumbylene of TsiPbCl (190) showed a
trimeric structure (191) with a Pb—Cl—Pb—Cl—Pb—Cl six-
membered ring skeleton.*”

Thus, stable halostannylenes and haloplumbylenes are
monomeric species in solution and undergo dimerization in

Scheme 32. Synthesis of 1,2-Dihalodisilenes
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Scheme 34. Synthesis of Stable Halostannylenes
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Figure 9. Molecular structure of monomeric iodostannylene 184.

the crystalline state to give, not the corresponding dimetal-
lenes, but rather the halogen-bridged dimers (or trimer) with
a few exceptions. These exist as monomers even in the
crystalline state in contrast to the halosilylenes and

Mizuhata et al.

Scheme 35. Synthesis of Stable Haloplumbylenes

R X R
SN
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a: X = Br, R = Arg,
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halogermylenes, which never form the halogen-bridged

dimers.*?® The structural and spectroscopic features of
stable halometallylenes are summarized in Table 5.

the

These stable halometallylenes with bulky substituents have
proven good precursors for making other metallylene or
dimetallyne derivatives using nucleophilic substitution reac-
tions or reductions (Scheme 36). In many cases, the stable
metallylenes described in this review were synthesized using
these stable halometallylenes as precursors (see section 3).

Table 5. Selected Structural Parameters of Stable Monohalometallylenes or Their Dimers

6 (293" 1195n’ 207Pb)

RXM:  d(R—M)A dX—MYA  dM-MYA R-M-X/ Amadnm (central atom of metallyleng) "
175  Si—Si: 2401(3)  Cl-Si: 2.091(3) 2163(4)  1208(1)  orange—red 109
177 C—-Si: 1.8851(19) Br—Si: 2.2467(6)  2.2264(8) 106.77(6) 434 (¢ 25000) 79.4 90d
180c C—Ge 1.989(5) Cl—Ge: 2.2026(19) 101.31(15) 393 (¢ 950) 113
18la C—Ge 2.000(6) Cl-Ge 2.120(2)  2443(2)  109.1(2)  orange 38c
181b C—Ge 19758(17) Cl—Ge 2.2167(5) 2.4624(4) 10251(5)  orange 112
181c  C—Ge(P) Cl—Ge 2209(2)  2.363(2)  118.03(19) 114
1.973(7)
183 C—Ge 1983(3) Br—Ge 2.3659(5) 2.5087(7) 100.04(10) 449 115
184 C—Sn: 2.213(13) |—Sn: 2.766(2) 102.6(3) 428 (e 3000) +1140 113
185c C—Sn: 2.180(2)  Cl—Sn: 2.4088(8) 90.67(6) 395 (¢ 1040), 284 (sh, & 330) +793.4 116
186a C—Sn: 2.222(5)  Cl-Sm: 2.600(2)  3.997(1) 92.35(14)  yellow +562 38c
2.685(2) 102.11(14)
186b C—Sn: 2.225(6)  Cl—Sn: 2.650(1) 91.14(7)  orange +817 112
2.967(1)
186c C—Sn: 2.214(2)  Cl—Sn: 2.5768(6) 92.61(6) 116
2.5978(7) 98.21(6)
186d C—Sn: 2.296(10) Cl—Sn: 2.596(3) 99.1(3)  orange +777 117
2.779(3) 111.1(2)
186e C—Sn: 2.2303(18) |—Sn: 2.7700(5) 90.92(5) 420, 391 +1042 116
3.1227(5)
188a C—Pb: 2.322(3)  Br—Pb: 2.8125(5) 91.23(8)  416.0 (¢ 740 3%
3.0346(5) 109.64(9)
188b C—Pb: 2.338(5)  Br—Pb: 2.9202(7) 108.02(11) 417.0 (¢ 760) 3%
2.346(4) 2.9191(7) 97.17(11)
2.8713(7) 106.82(11)
2.9419(7) 98.41(10)
188c C—Pb: 2.329(11) Br—Pb: 2.7892(16) 95.4(3) 4165 (¢ 1580) 39d
2.306(13) 3.0157(17) 98.0(3)
2.9902(17)
2.7841(16)
188d C—Pb: 2.435(10) Cl—Pb: 2.729(3) 9852  yelow 97
2.962(3) 112.02)
188 C—Pb: 2.326(6)  |—Pb: 2.9499(7)  4.603(1) 97.3(2) 118
3.2764(8) 115.1(2)
189 C—Pb: 2.322(4)  Br—Pb: 2.7063(6) 92.39(11) 417 (¢ 1760) 39d
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Scheme 36. Reactions of Stable Halometallylenes
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5. Metallylenes Stabilized by Group 15 and 16
Elements

The stabilization of metallylenes using Group 15 (N or
P) and 16 (O or S) elementsis highly effective especialy in
the case of silylenes, where the isolation of stable monomeric
forms is very difficult as described previously. Therefore,
this group have alonger history than any of the other types
described above.’?"1?% Their stabilization methods can be
summarized into three categories as follows (Figure 10): (1)
direct substitution, (2) coordination, and (3) introduction of
delocalized, monoanionic bidentate ligands [this is, in fact,
a hybrid of (1) and (2)]. In &l of these compounds, their
frontier orbitals are strongly perturbed by interactions with
the lone pair electron orbitals of the heteroatoms. Accord-
ingly, their structures and reactivities are quite unique and
different from those of their singlet carbene analogues.

5.1. Direct Substitution (Two-Coordinated)
5.1.1. Acyclic

5.1.1.1. Homoleptic (Symmetrical) Substitution. Di-
amino-substituted metallylenes have been widely investigated
since the 1970s. The acyclic germylene, stannylene, and
plumbylene diamides, M[N(SiMe&s),]. (20: M = Geg; 53: M
= Sn; 193: M = Ph), and M[N(SiMe;)(t-Bu)], (194—196b:
M = Ge, Sn, Pb), were all prepared as stable compounds by
Lappert’s group in 1974.124 As previously mentioned, these
compounds have proven useful as precursors for making
other divalent species. To date, various kinds of diamino-
substituted derivatives for Ge(I1), Sn(l1), and Pb(l1) have been
reported (Scheme 37).1%5126 Almost all of these compounds
have monomeric central atoms, as evidenced by their NMR
spectra, and in some cases aso by X-ray crystallography
data. On the other hand, the silicon analogues were found
to be relatively unstable. For example, the formation of
SI[N(i-Pr),]» (197, 1998, Kira's group)*?” and Si[N(SiMe3)2]»
(198, 2003, West's group)*?® were reported, although it was

Figure 10. Stabilization of metallylenes by heteroatoms (e.g., by
oxygen atom).
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Scheme 37. Acyclic and Symmetrical Diaminometallylenes
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a: R = R? = SiMe,(/-Pr)

b: R' = R? = SiMe,(-Bu)

c: R' = R? = SiMe,Ph

d: R' = R? = SiEt,

e: R! = R? = SiMe,(Ot-Bu)

f: R' = R% = GeMe,

g: R' = R?2 = GeEt,

h: R' = R? = GePhg

i: R' = SiMe,, R? = Si(SiMeg);
j: R' = SiMeg, R? = Bu

k: R' = SiMe;, R? = Mes

I: R' = SiMe,, R? = Dip

m: NR'R? = 2,2 5 5-tetramethylpiperidyl
n: NR'R? = N=C=NGeMes,4
0:R'=R2=tBu

p: R' = H, R? = Mes*

Scheme 38. Acyclic Diaminosilylenes
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explained that the former isin equilibrium in solution with
dislene (>Si=Si<, 199). This dimeric structure was examined
from both theoretical calculations and an experimental point
of view.'? The latter is unstable in solution above 0 °C and
decomposes to give unidentified products (Scheme 38).

A few examples of diphosphino-substituted metallylenes
are aso known (Scheme 39). Despite the incorporation of
bulky groups, such as P(SiMe3),*® and P(t-Bu),,**! phosphorus-
bridged dimers 200 or ate complexes 201 were formed. The
synthesis of Sn[P(SiPhs),], (202) was reported in 1994 by
Buhro’s group, and its monomeric structure was character-
ized using NMR spectroscopy and cryoscopy.3? In 1995,
Driess's group succeeded in synthesizing the heavier met-
allylenes 203—206 by introducing very bulky silyl groups
onto the phosphorus atoms. The monomeric structures of the
Sn and Pb derivatives were determined by X-ray crystal-
lography.® In addition, the synthesis and the structural
determination of the diarsino-substituted stannylene 207 was
achieved by using the same combination of the substitu-
ents 133

Many diaryloxy- or dialkoxy-substituted metallylenes have
been isolated as stable compounds. They have a higher
tendency to oligomerize than the diamino-substituted met-
allylenes, probably due to the decrease in the number of
substituents. The structures of their monomers as determined
by X-ray crystallography are shown in Scheme 40.134-138
Lappert’s group reported the preparation and structural
characterization of the overcrowded, monomeric aryloxy
compounds 208a (Ge) and 209a (Sn) in 1980.%%* Introduction
of less bulky substituents (Mes or Dip) resulted in dimer
formation for (Ge).** The alkoxy derivatives of (Ge and Sn)
have also been described. They are usualy found to be
cyclodimeric (R = t-Bu) or oligomeric (R = Me, Et, i-Pr).
Association is through intermolecular MO coordination and
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Scheme 39. Diphosphino- and Diarsino-Substituted
Metallylenes
R R R. R
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Scheme 40. Established Structures of Monomeric Diaryloxy-
Or Dialkoxy-Substituted Metallylenes
RO
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is monomeric (R = t-BusC, 208h) depending on the size of
the RO groups.**

Some thioalkoxy- and thioaryloxy-substituted derivatives
have also been reported. In admost all cases, dimers or higher
oligomers were formed. The 2,6-diisopropylphenyl-substi-
tuted tin and lead derivatives form trimers 211 bearing two
three-coordinated metal atoms and one four-coordinated
metal atom.**® On the other hand, the introduction of more
bulky substituents, such as 2,4,6-tri(t-butyl)phenyl, makes
it possible to isolate all the Ge, Sn, and Pb derivatives 212
as monomers (Scheme 41).1*°

5.1.1.2. Heteroleptic (Unsymmetrical) Substitution. Vari-
ous combinations of substituents, such as two different
amino-, arylamino-, aryloxyamino-, halogenoamino-, halo-
genoaryloxy-, and arylthioaryloxy-, have all been reported.

Mizuhata et al.

Scheme 41. Dithioaryloxy-Substituted Metallylenes
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Scheme 42. Isomerization of Plumbanethione (Pb=S)
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Scheme 43. Structures of Monomeric Metallylenes with Two
Different Substituents

(MegSi)oN,

\
Ge: /Ge :
/
AlpesO Argip
215 216
(MegSi)oN_ (Me3Si)aN
Sn: sn:
/
Mes—N '/N
‘B—t8 £
/ u S
(Me3Si),N
217 218
(MeSSi)gN\ (MeSSi)gN\
Sn: Sn:
/ /
(o} +-Bu Argp
t-Bu‘Q
219 Me 220

Synthesis of these unsymmetrical derivatives was generally
achieved by one of the following: (1) the stepwise reaction
of MX, (M = Ge, Sn, Pb; X = halogen) with nuclueophiles,
(2) disproportionation reactions (e.g., diamino + diaryloxy,
dihalo + diaryloxy), or (3) the deamination reaction of the
diamino derivatives with acohol. Uniquely, TbhtS—Pb—Thbt
(214) was obtained by the migration of plumbanethione 213
(lead—sulfur double-bond compound) (Scheme 42).13140 The
structures of some monomeric metallylenes, as determined
by X-ray crystallography, are shown in Scheme 43.14

In addition, some compounds with two metallylene centers
have been successfully synthesized (Scheme 44). Bisger-
mylene 221 was generated by the fractional crystallization
of diaminogermylene 194p.'¢ Similarly the u-NR type
bisstannylene 222 was obtained by the reaction of distannyne
(—Sn=Sn—, 146a) with trimethylsilylazide.** Interestingly,
a similar reaction with digermyne (—Ge=Ge—, 145a) did
not afford a bisgermylene but rather the biradical 223. The
reactions of dimetallynes with azobenzene gave novel
bismetallylenes 224 in moderate yields. Bismetallylenes
bridged by p-phenylene or cyclohexa-1,4-diyl 225—228 were
reported by Lappert’s group in 1994.14

5.1.1.3. Structures. Selected structural parameters of the
acyclic and monomeric metallylenes described in sections
5.1.1.1 and 5.1.1.2 are summarized in Table 6.
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Scheme 44. Compounds with Two Metallylene Centers
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226: R = OCgH,-2,6-(-BU),-4-Me, M = Sn

Table 6. Selected Structural Parameters of Acyclic and Monomeric Metallylenes (R*—M —R?) Substituted by Group 15 and 16
Elements

M no. R! R? d(M—RY/A d(M—R?)/A R '~M—R?%deg ref
Ge 20 N[SiMe3], R! 1.873(5) 1.878(5) 107.1(2) 125a
194a N[SiMey(i-Pr)], R! 1.897(2) 1.908(2) 105.26(8) 125h
194e N[SiMey(Ot-Bu)], R! 1.921(6) 1.939(6) 100.5(2) 125¢
194 | N(SiMe;)Dip R! 1.89 1.89 1115 125d
194m TMP R! 1.87(1) 1.90(1) 111.4(5) 125e
225a N[SiMe], N(SiMes)CsHa— 1.885(5) 1.855(2) 104.7(2) 142
215 N[SiMe;], OArmes 1.851(2) 1.8414(16) 97.59(8) 137d
224 —N(Ph)—N(Ph)— Argip 1.882(4) 2.025(5) 106.14(18) 94
1.875(4) 2.039(5) 105.06(18)
208a OAr2 R! 1.802(8) 1.812(7) 92.0(4) 134
208b OAr® R! 1.82 1.80 2.1 137a
208¢c OAIry;, R! 1.817(1) 1.822(1) 92.10(5) 135
208e OArg, R! 1.8245(13) 1.8296(14) 92.54(6) 137b
208f O(CgH;-2,3,5,6-Ph) R! 1.826(1) 1.827(1) 91.09(7) 135
208y O(binaphtyl©) R av. 1.814(2) 89.4(7) 137c
208h Ot-Bu R! 1.832(11) 1.896(6) 85.9(4) 136
216 OTMP? Argp 1.804(2) 2.033(2) 100.15(6) 141a
Sn 53 N[SiMej], R! 2.088(6) 2.096(1) 104.7(2) 126a
195¢ N[SiMePh], R! 2.124(2) 2.133(2) 101.51(7) 126b
195 N(SiMey)[Si(SiMes)4] R! 2.093(3) 2.103(3) 111.3(1) 126¢
195j° N(SiMes)Mes R! 2.058(3) 2.060(3) 105.8(1) 126d
R! 2.057(3) 2.057(3) 105.6(1)
195 | N(SiMe;)Dip R! 2.093(3) 2.095(3) 111.04(11) 126b
195m T™P R! 2.093(6) 2.111(6) 109.7(2) 125a
195p N(H)Mes* R! 1.99(2) 2.06(2) 89.6(6) 125g
227 N[SiMej], N(SiMe3)CgHio— 2.117(2) 2.062(2) 99.78(8) 142
225h N[SiMej], N(SiMe3)CeHa— 2.082(7) 2.066(6) 101.8(3) 142
217 N[SiMe;], NMes{ B(t-Bu)[N(SiMe)]} 212 2.16 106.0 141b
218 N[SiMe;], N=C=S 2.25 2.08 94.1(2) 141c
219 N[SiMe;], OArta 2.079(3) 2.055(2) 96.4(1) 141d
220 N[SiMe;], Arip 2.094(5) 2.225(5) 108.4(2) 113
222 u-N(SiMe3) Argip 2.111(6) 2.267(7) 107.0(2) 94
2.055(6) 2.250(7) 108.1(2)
209a OAr'2 R! 1.995(4) 2.022(4) 88.8(2) 134
209b OAr® R! 2.003(3) 2.044(3) 88.8(1) 137e
209d OArmes R! 2.039(3) 2.043(3) 87.32(11) 137d
209e OAT i R! 2.0450(16) 2.0493(16) 92.18(6) 137b
212 SMes* R! 2.435(1) 85.4(1) 139
Pb 193 N[SiMej], R! 2.222(19) 2.260(18) 103.557 126a
210 OC(O)(2-pyridyl) R! 2.39 82.6 138

aArt = CgH,-2,6-(t-Bu),-4-Me. P Ar? = CgH3z-2,6-(t-Bu),. °See Scheme 40. TMP = 2,2,6,6-tetramethylpiperidyl. ¢ Two independent
molecules.
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Scheme 45. Veith’s Metallylenes
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5.1.2. Cyclic

5.1.2.1. N-Heterocyclic. The chemistry of the heavier
congeners of the N-heterocyclic carbenes (NHC) has been
an active area of research in recent decades. In these systems,
cyclization gives rise to chelating effects, which leads to
increased stability of these compounds in addition to the
perturbation caused by the nitrogen atoms (similar to the
NHC systems). Therefore, these compounds are less reactive
toward the substitution reactions of the nitrogen moiety than
acyclic diaminometallylenes, which are used as the metal-
lylene sources for other divalent species.

Veith's metallylenes 229b—d (Ge—Pb) with a four-
membered ring structure are known to be stable metallylenes
(Scheme 45). Their chemistry has been widely investigated
and reviewed many times.}*® Although the corresponding
silylene 229a has & so been detected, it is known to be stable
only in a glass matrix up to 77 K.

Arduengo’s carbene 230 was reported in 1991.1 |t was
followed by the important class of heavier silicon and
germanium congeners. the first silicon example by West in
19946 was followed by germanium in 1992 (Herrmann’s
group).’*” Although the tin analogue has also been de-
scribed, ' there is no report of the corresponding plumbylene
synthesis. On the other hand, the analogues with saturated
backbones 232 (Si—Ph)*~! and a number of benzene-, %1%
pyridine-,%6157 naphthalene-*>® and acenaphthene-*° annu-
lated derivatives 233—237 (Scheme 46) have all been
reported. In addition, some bismetallylene species 238—241
(Scheme 47) were aso synthesized.’°-162 Al of these have
been reviewed several times, 1221230163

In metallylenes bearing unsaturated backbones and ring-
fused annelated systems, aromatic resonance forms A
(Scheme 48) play an important role in the stability of their
electronic structures. Both theoretical and experimental
results demonstrated that cyclic delocalization of the electrons
promoted the thermodynamic stabilization. On the other
hand, the contribution of the chelating form B, which bears
aformally zerovalent atom, increases on going from silicon
to lead. The result is a decrease in their stability.

The reactivity of these compounds has been widely
investigated,'®* especialy as ligands for transition metal
complexes. 1612185 Uniquely, silylene 232a undergoes a tet-
ramerization reaction to afford the disilene 2423149166
Similarly, the reaction of silylene 232a with germylene 232g,i
gave the digermenes 242b and c. Their regiochemistry was
found to depend on the size of the substituent. When a more
bulky substituent such as 2,6-dimethylphenyl was introduced,
the expected intermediate 243 could be isolated (Scheme
49).50 |n addition, in 2008 Hahn's group succeeded in
trapping the tin- and lead-homologues of carbon monoxide
by using bisstannylene 240d (Scheme 50) (For structure of
silicl%r; analogue of Arduengo’s carbene 231a, see Figure
11). 161

Driess s group reported the synthesis of the heterofulvene-
like silylene 244a'%" as well as the germylene 244b.1% The
results of their X-ray analyses suggest a larger contribution

Mizuhata et al.

Scheme 46. Heavier Analogues of Arduengo’s Carbene
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of the resonance form B (Scheme 51). Their syntheses and
applications are described in section 5.3.2.
Other related compounds are shown in Scheme 52,125-151.169

5.1.2.2. P- and O-Heterocyclic Compounds. P-Hetero-
cyclic metallylenes are quite rare (Scheme 53). The first
stable diphosphinyl germylene 253 was prepared by the
reaction of GeCl, - dioxane with a silaphospholane.*™ In 2008,
the synthesis and structural characterization of the benzene-
fused P-heterocyclic stannylene dianion 254 were reported.t’*

Concerning O-heterocyclic compounds, Hascall’s group
reported the divalent germanium and tin species involving
calix[4]arene systems 256—260 (Scheme 54).12 These
compounds show either exo (two ¢ + two coordination
bonds) or endo (only two ¢ bonds) forms, depending on the
oxygen atom substituents. Their exo-isomers should be
categorized as higher-coordinated metallylenes as described
in section 5.2. Interestingly, the germanium analogue 256a
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Scheme 47. Connected or Linked Systems of Some Heavier
Congeners of Arduengo’s Carbene
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Scheme 50. Trapping of Tin- And L ead-Homologues of
Carbon Monoxide
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Scheme 51. Heterofulvenelike Silylene and Germylene
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5.2. Coordination (Three-, Four-, or
More-Coordinated) Systems

N. . . .N
M+ M
OO0
)

tBu  t+Bu There are a large number of systems stabilized through
240 coordination with Group 15 or 16 elements. One of these
az_l\'\kge, >§fﬁH systems involves an intermolecular stabilization (Scheme
o M= Sn'X = CH 55)174 as represented by the GeCl,- dioxane complex.’# In
d:M=SnX=N addition, as mentioned previously, oligomeric forms of

heteroatom-substituted metallylenes, e.g., compound 200, can
be classified as thistype. Although there have been numerous
examples reported, detailed discussion is beyond the scope

o ) of this review.
R M. MR Intramolecular stabilization of the aryl or alkyl substituents
21 using Group 15 or 16 elements has been widely investigated
a:M=Ge, R =Et, X = (CHp)y (Scheme 56, Figure 12).12%217 |n addition, there are many
b= gg = gﬂ;g 53;; Xz fg:g))g examples of O- or N-containing substituents with Group 15
d: M = Sn, R = CHy(t-Bu), X = CHy(CMe,)CH, or 16 elementsin their side chains: regarded as a combination

of direct substitution (section 5.1) and coordination systems
Scheme 48. Resonance Forms of the Heavier Congeners of (Scheme 57).123%a.176

Arduengo’s Carbene Bearing Unsaturated Backbones
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Scheme 49. Reactivity Giving Disilenes or Digermenes
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K/ NR RN J Figure1l. Molecular structure of silicon analogue of Arduengo’s
’B” carbene 231a.

232a 232a,g,| (2)-242a: M = Si, R = +Bu

(2)-242b: M = Ge, R = +Bu
(E)-242¢: M = Ge, R = i-Pr

BuN__ . N#Bu
IG|e"
NR

243:R = CGH3-2,6-Me

with SiMe; groups exhibits exo/endo isomerism. Cowley’s
group reported synthesizing the monomeric stannylene 261

( Figure 12. Molecular structure of chlorogermylene with a 1,8-
using the same system.'”

dimethoxyanthracene ligand.*™"



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org
Publication Date (Web): July 24, 2009 | doi: 10.1021/cr900093s

3500 Chemical Reviews, 2009, Vol. 109, No. 8

Scheme 52. Other Examples of N-Heterocyclic Metallylenes
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Scheme 53. P-Heterocyclic Metallylene and a Related
Compound
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The principa coordination numbers found for the Group
14 metallylenes with such ligands are shown in Figure 13.
They can be summarized as follows: (A) the coordination
number (CN) is three, involving one ligand and one
substituent, (B) the CN is four with two ligands, and finally
(C) the CN is three. Case C is derived from case B and is
found in those cases where steric hindrance prevents the
ligand from attaching at the second site.

5.3. Delocalized and Anionic Bidentate Ligands

A typical example of a delocalized and monoanionic
bidentate ligand is the acetylacetonate anion (acac) that forms
complexes with many transition metal ions. Recently, using
arange of typical elements, this type of ligand was used to
synthesize and isolate various kinds of unusua metallylene
species. Pioneering work in this field are Karsch’'s metal-
lylenes (Scheme 58),177a¢ which have two diphosphi-
nomethanide ligands. Their two phosphorus atoms in the one
ligand are distinguishable in the X-ray crystallographic data
analysis. That is, they are situated at the axial and equatorial

Mizuhata et al.

Scheme 54. Divalent Germanium and Tin Species with
Calix[4]arene Systems
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Scheme 55. Examples of Intermolecular Coordination with
Group 15 or 16 Elements
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positions of trigonal bipyramidal structures, respectively. In
their 3'P NMR spectra, on the other hand, only asinglet was
observed, indicating the equilibration of the phosphorus
moieties.

The ligands used are shown in Scheme 59. In particular,
the systems with nitrogen atoms have attracted much
attention because of the ease in fine-tuning the steric or
electronic character by varying the substituents on the N
atoms.

There are a number of reviews covering the many
examples reported so far,1241230.6177-180 o5 we [imit
ourselves here to some recent examples whose structures
have been elucidated and where the characteristic features
are reported.
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Scheme 56. Examples of Intramolecular Coordination of Group 15 or 16 Elements with Aryl or Alkyl Substituents
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Scheme 57. Examples of Intramolecular Coordination by O- or
N-Subgtituents with Group 15 or 16 Elementsin the Side Chains
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Scheme 58. Karsch’'s Metallylenes
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5.3.1. 4mt Electron Systems

The amidinate (and the related guanidinate) ligands are
both important examples of this class, and some stable
examples are shown in Scheme 60.181718 The chemistry of
the silicon and germanium analogues are reviewed by Kuhl
et al.'?® and Roesky et al.***

Roesky’ s group synthesized the first silicon analogue 262
in 2006. It is noteworthy that the Cl-substituted compound
isthe first stable monomeric chlorosilylene. The compounds
264'%2 can be regarded as formal Ge(l) dimers, equivalent
to digermyne (—Ge=Ge—). Their Ge—Ge bond lengths are
2.6380(8) and 2.569(5) A, respectively. These values are
close to the typical single bond length (2.61 A) and longer
than those of the digermenes (>Ge=Ge<) (2.21—2.51 A).
This indicates a lack of multiple-bond character in the
Ge—Ge bonds in 264.

5.3.2. 6 Electron Systems

Some examples of [-diketonate ligands containing
acetylacetonate—which are common bidantate ligands, are
used to stabilize metallylenes, have structures that have been
determined—are shown in Scheme 61.1%

AN \\ Y A \
M—R M M
A B [

Figure 13. Coordination modes of substituents with heteroatoms
in the side chains.
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Scheme 59. Examples of Monoanionic Bidentate Ligands
47 electron system
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The f-diketiminate ligand, which is isoelectronic with
p-diketonate, is a particularly versatile ligand used for the

Scheme 60. Metallylenes Bearing Amidinate Ligands
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Scheme 61. Examples of Metallylenes Bearing f-Diketonate
Ligands
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stabilization of single-site metal centers in unusually low
valence states. Its coordination features resemble those of
the related N-heterocyclic ligands, which are used for the
synthesis of unusually low-coordinate metal complexes. The
low-valent (or low-coordinate) metal centers in such com-
plexes benefit from intramolecular N—M donor—acceptor
bonds and the presence of sterically demanding substituents
at the nitrogen atoms. The first application using the Group
14 elements was reported for germanium and tin systemsin
2001.1% The syntheses of silicon (2006) and lead (2007)
analogues have aready been achieved in addition to the
germanium and tin analogues, which have been widely
investigated and reviewed in detail 1211230187

The first S-diketiminato complex of the divalent silicon
271 was reported by Driess's group in 2006.'%” Because of
the lack of suitable sources for divalent silicon, a modified
synthetic route was used to make 271 (LiL + RMX, L =
pB-diketiminato, M = metal, X = leaving group). It was
obtained by the reaction of heterofulvene-like stable silylene
244a with Me;SIOTT (Scheme 62). At ambient temperatures,
271 slowly isomerized to the thermodynamically more stable
product 272.

As shown in Scheme 63,'% the reaction of silylene 244a
with water gave the second example of a S-diketiminato
complex of divaent silicon, namely, the mixed-valent
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Scheme 63. Reactivity of HeterofulveneLike Silylene 244a and Related Compounds
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disiloxane 273. It contains both Si(I1) and Si(1V) centers.!8ee
The oxygenation of disiloxane 273 by N,O or CO, afforded
the first silanoic ester 274 with a silanone (Si=0) moiety. %"
Transient silanone species postulated in the synthesis of 273
were stabilized by B(CgFs); to afford the complex 276.188
In addition, silylene 244a shows a range of reactivities such
as a stepwise P, activation giving 277 and 278,188 the C—H
activation of acetylene giving 280 with the [1 + 2]-cycload-
duct 279, and the generation of the cationic species 281
and 282.188

Various germanium and tin analogues of this type have
already been synthesized. Chlorometallylenes 283 (see Figure
14), synthesized by the reaction of lithium f-diketiminato
with MCl, (M = Ge, Sn), are key starting compounds in
their synthesis, and a summary of their reactions is shown
in Scheme 64. In the case of germanium, a broader reactivity

Figure 14. Molecular structure of chlorogermylene 283a.

Scheme 64. Synthesis and Common Reactions of the
p- Diketiminan Complexes of DivaJent Germanium and Tin
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N7 289:7=Se, X = OH
R = Ph, CgH3-2,6-Me, Dip Dip  290:z=8,X=Cl
X=CI,F 291:Z=Se, X =Cl
has been reported*® and was summarized in detail by Roesky
et al.*! These derivatives are available for the synthesis of
the unique low-vaency germanium species. germane—imine
284, thione 285, selone 286 and 287, thioacid 288, selenoacid
289, thioacid halide 290, and selenoacid haide 291. Recently,
facile syntheses for several germylenes 292—295 bearing a
phosphorus substituent have been reported (Scheme 65).18%
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Scheme 65. Synthesis of Phosphino—Germylene Derivatives
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Scheme 66. Reaction of Germylene 283a with Potassium

Dip Dip
2K Nk =N K
283a —— Ge — " "Di
—KCl i@,\j - e "
"Dip
298 299
lzssa

/&{Ge: 297 L .
N
bip 300

The reduction of 283a by potassium afforded the cyclo-
pentadienide analogue containing a germanium atom 297
(Scheme 66).1%% |ts structure was determined by X-ray
crystallographic analysis and showed a typical 7°-coordina-
tion mode. The generation of compounds 297 and 301 was
reasonably interpreted in terms of the intermediates 298—300,
and 301 was fully characterized.

Asinthe case of silicon, the heterofulvene-like germylene
244bh has also been reported.’® Germylene 244b was
generated by the direct reaction of the chloro-substituted
complex 283a with LiN(SIMes),. Alternatively, the stepwise
reaction via the cation 302 can be used. These differ from
the synthetic methods for 244a (Scheme 67). Although the
reaction of compound 244b with Me;sSIOTf gave germylene
303, the germanium analogue of 271, the stability of 244b
is much greater than that of 271. Interestingly, the reactions
of 244b with acetylenes afforded compound 305, which isa
unique structure and is quite different from that of the silicon
compound. 8%

In contrast to germanium and tin, the reaction of PbCl,
with LLi(OEt,) (L = pS-diketiminato) in an etherea solvent

Mizuhata et al.

Scheme 67. Synthesis and Reactivity of Heterofulvene-Type
Germylene 244b
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Scheme 68. Synthesis and Reactivity of f-Diketiminato
Complex&s of Divalent Lead
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gave elemental lead. Therefore, Pb(I1) diphenolate 307 was
used as an alternative precursor (Scheme 68).1%° Using the
initially generated plumbylene 308, it was possible to
synthesize other plumbylenes 310—312.1% On the other hand,
PbBr, proved useful for the synthesis of the -diketiminato
lead complex 309.%%t

6. Group 14 Metallocene Chemistry

The Group 14 metallocenes 313 (silicocene, germocene,
stannocene, and plumbocene) are sandwich-type compounds
bearing two cyclopentadienyl groups (Scheme 69). Subse-
quent to the syntheses of the parent metallocenes [M(CsHs),):
stannocene (Fisher, 1956),%% plumbocene (Fisher, 1956),'*
and germaocene (Curtis, 1973), many other ring-substituted
derivatives have been reported. However, the silicon ex-
ample, Si(CsMes), (315), which was reported by Jutzi’ s group
in 1989, is dtill the only silicon example. In 2006, however,
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Scheme 69. Group 14 Metallocenes and Related Compounds
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Scheme 70. General Syntheses of Group 14 Metallocene
Derivatives
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a series of new silicocene derivatives, 316—320, were
successfully synthesized.*% With the exception of silicon, a
number of neutral half-sandwich type compounds 314 have
been reported for the other elements. Quite recently, the aryl-
substituted silicon analogue 321 was reported as the first
example of a stable monomeric arylsilicon(11).1% Although
these compounds contain the formal M(ll) center with the
CN higher than two, they are regarded as “resting states’
for dicoordinated compounds.

The chemistry of these compounds has been widely
investigated and described in numerous articles.'® Their
syntheses, structures, and properties have all been reviewed
and summarized by Jutzi et al.'%1% Therefore, we shall limit
our discussion in this section to an overview and the most
recent results.

6.1. Synthesis

As summarized in Scheme 70, there are two approaches
to the syntheses of the Group 14 metalocenes. (i) the
reduction of dicyclopentadienyl(dihalo)metallane (Si—Sn)*®
and (ii) the direct substitution of two metal cyclopentadien-
ides with a divalent metal halide (Ge—Pb). Half-sandwich
halides 322 are obtained either by the stoichiometric reaction

Chemical Reviews, 2009, Vol. 109, No. 8 3505

X

Figure 15. Molecular structure of decamethylsilicocene 315.

of metal cyclopentadienides with a divalent metal halide or
by the disproportionation reaction of metallocene with a
divalent metal halide. These half-sandwich compounds can
be good precursors for the syntheses of asymmetrical
metallocenes 323 or other half-sandwich derivatives 324.

6.2. Structures

The most interesting feature of these compounds is their
molecular structures, which change from tilted to axial as
the steric bulk of the peripheral substituents increases.
Numerous theoretical calculations confirm that the bent
structures are energetically favored.?!

Linear structures were observed in Si(CsMes),** (crystal-
lized in both linear and bent forms), Si(CsMes)[Cs(i-Pr)s] ,**°
GCMe(SMet-BulL“(Ch), *S{CMe(SMet-Bu)],
S[Csfi-Pr)s]», " Po[CsMey(SMext-Bu)]»,*%** and Pb[CsHfi-
Pr)3]2.2% In 2006, the structure of Ge(CsMes), was deter-
mined by Schnepf’s group,?”” thus making it possible for us
to compare the Group 14 metallocenes bearing the same
ligands.

6.3. Reactivities

The reactions of the Group 14 metalocenes 315 (see
Figure 15) and 325—327 with HBF, or related reagents®®
result in the protonation and release of aligand, giving rise
to the cations 328, which can be regarded as a derivative of
metallyliumylidene cation, HM* (M = Si, Ge, Sn, Pb). In
the case of germanium?® and tin,?'° these cations exist as
monomers (Scheme 71). In the case of silicon, the proton-
ation of 315 with HBF, presumably affords the corresponding
cation 328, which decomposes to give the polymer 329. On
the other hand, the reaction of 315 with the proton-transfer
reagent [MesCsH,][B(CsFs).] yielded the free cation 331.21*
In the case of lead, the protonation of 327 with HBF, gives
the dimer 330.2*2 When Pb(CsHs), was used as the precursor,
the product was polymeric. The introduction of bulky
substituents into the cyclopentadienyl ring or the use of a
bulky counteranion prevents oligomerization. The syntheses
of the free cations 332—334 have all been reported.?'?

These species can be good precursors for the syntheses
of related compounds. The silicon analogue 331 leads to the
metallocenes 316—320. The decamethyl derivatives 334 (Sn,
Pb) react directly with Cp*,M (M = Sn, Pb) to give the
tripledecker cations Cp* M Cp*MCp* (335) (Scheme 72).214
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Scheme 71. Synthesis of Half-Sandwich Type Cations
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6.4. Recent Applications

Bridged cyclopentadienyl (ansa) ligands have been suc-
cessfully used in stabilizing and controlling the reactivity of
thes, d, and f block element metallocenes. On the other hand,
application to the p block elementsisyet to be fully explored.
Although some ansa-Group 14 metallocenes 336—339 have
been reported (Scheme 73),%° the first successful X-ray
structural determination was for 339 by Balaich’s group in
200526 Related ferrocenyl-bridged examples 340 were
reported by Castel and Riviére's group in 2004, who also
made the Ge and Sn bis(ferrocenyl)metall ocenes.?’

Riviére also prepared bhisgermocenes and stannocenes
linked through phenylene, biphenylene, or thiophene spacers
341 in 2000 (Scheme 74)213ab218

7. Conclusion

It is hoped that this review has demonstrated that a broad
range of the heavier analogues of carbenes are neither
imaginary species nor reactive intermediates but, when
appropriately stabilized by kinetic and/or thermodynamic

Mizuhata et al.

Scheme 73. ansa-Type Group 14 Metallocenes
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methods are stable, are isolable compounds. The study of a
metallylene series reveadled their characteristic electronic
structuresinvolving the inert lone pair and a vacant p orbital.
Although al these stable metalylenes have not yet been
structurally characterized, it has been established that their
molecular structures can be successfully correlated with their
reactivities. The fact that stable metallylenes can exist under
ambient conditions means we can investigate the physical
and chemical properties of metallylenes and low-coordinated
species of the heavier Group 14 elements in detail using a
suit of analytical methods such as spectroscopic and crystal-
lographic techniques. Almost al of the metallylenesisolated
exhibit “singlet” ground states due to the intrinsic nature of
the heavier Group 14 elements, which favors the (ns)?(np)?
valence electronic configuration. Theoretical studies guided
us toward ideal syntheses of “triplet metallylenes’, where
“bulky substituent” and “ electropositive substituents’ make
the AEs_t energy gaps smaller. Although a few examples
of “triplet ground state silylenes’ have been reported, the
experimental results for triplet metallylenes are not enough
for usto fully understand the properties of these metallylenes.
The combined understanding and experimental data on the
stable metallylenes described here should contribute greatly
to helping us to achieve the goal of synthesizing “stable
triplet metallylenes”.

In addition, we have demonstrated that the stable metal-
lylenes introduced in this review are good precursors and
building blocks for the creation of unique and novel species
of the heavier Group 14 elements. As a result of this, and
because of the detailed knowledge of the metallylenes
accumulated over the last three decades, there should be a
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considerable ripple effect on interdisciplinary research and
increased effort and challenges in this exciting field.
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