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Abstract

This paper provides a comprehensive review of the chemistry of the thermally stable bis(amino)silylenes Si[(NCH,Bu’),C.H,-
1,2] [abbreviated as Si(NN)] 1 and Si[N(Bu’)CH], [abbreviated as Si(N'N’)] 2 and the somewhat less stable Si[N(Bu’)CH,],
[abbreviated as Si(N"N")] 3. In a brief introduction, comments are made on the importance of transient silylenes in organosilicon
chemistry and on thermally stable mononuclear silicon(IT) compounds having a coordination number greater than two for silicon.
The chemistry of 1-3 is discussed under the headings: synthesis, molecular and electronic structures, and reactions. The latter are
classified into eight categories: (i) nucleophilic additions to an unsaturated organic substrate; (ii) insertions (oxidative addition
reactions to the silylene) into a compound containing an O-H, C-Cl, C-Br, C-I or B-C bond; (iii) insertions into a main group
element compound having a M-N (M = Li, Na, K), Li-C, Li-Si, or M'(I[)-X (M’ = Ge, Sn or Pb; X =C, N, O or Cl) bond; (iv)
insertions into a transition metal-X bond; (v) further (see ii) oxidative addition reactions of a chalcogen or Bu’NC; (vi) reduction
reactions; (vii) silylenes as ligands in transition or 4f block metal chemistry, and (viii) silylenes as electrophiles. © 2001 Elsevier
Science B.V. All rights reserved.

Keywords: Silylenes; Organosilicon chemistry; Coordination chemistry; Silylene transition metal complexes; Application in organic synthesis

1. Introduction

A silylene may be defined as a mononuclear, diva-
lent, silicon(IT) compound of general formula SiX,, in
which either X~ is a monoanionic, unidentate ligand or
[X,]?~ is a bidentate chelating ligand. Thus silicon is in
a two-coordinate environment.

Transient silylenes have an important role in syn-
thetic organosilicon chemistry. Atwell and Weyenberg
made the seminal discovery that heating the disilane
MeO(SiMe,),OMe at the relatively low temperature of
225°C led to a 1,2-shift of a methoxy group, the
products being SiMe,(OMe), and MeO(SiMe,),OMe
(n=3, 4, 5); the formation of the latter was attributed
to the reaction of the transient SiMe, with the initial
disilane [1]. Related thermolyses are used not only in
synthetic organosilicon chemistry, but also in funda-

* Corresponding author. Tel.: + 44-1273-678316; fax: + 44-1273-
677196.
E-mail address: m.f.lappert@sussex.ac.uk (M.F. Lappert).

mental physicochemical studies on gaseous silylenes
such as SiH, and SiMe, [2].

The most recent comprehensive review of silylenes is
by Gaspar and West [3]. Earlier reviews of transient
silylenes, referred to therein, include those by Atwell
and Weyenberg [4], Gaspar [5], Liu and Hwang on SiX,
(X=H, F or Cl) [6] and Weidenbruch on SiX, (X =
Bu’, adamantyl or C{H,Me;-2,4,6) [7] (see also Section
35).

Two notable examples of thermally stable mononu-
clear silicon(I) compounds related to silylenes but hav-
ing multidentate X~ ligands have been reported. The
first, by Karsch, et al., is Si[(PMe),C(SiMe,)], (I), which
has a distorted pseudo-trigonal bipyramidal structure
with silicon as the spiro centre [8]. The second, de-
camethylsilicocene, Si(n°-CsMe,),, has two molecules in
the unit cell, one (II) with Si at the inversion centre and
the other with an angle of 25.3° between the two CsMes
planes [9]; its wide ranging chemistry has been exten-
sively studied by Jutzi and co-workers and is sum-
marised in a recent review [10].

0022-328X/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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The first bis(amino)silylene Si[(NBu’),SiMe,] (III),
stable however only up to 77 K, was obtained by Veith,
Schndckel and co-workers in 1992, by photolysis of the
azide (Nj;),Si[(NBu‘),SiMe,] in benzene in an argon
matrix [11]. For the labile Si(NPrj), (see Section 4.2).

The major breakthrough in the chemistry of ther-
mally stable silylenes was the report by Denk, West,
Haaland and their collaborators in 1994 of the synthe-
sis and gas phase structure of Si[N(Bu’)CH], [12]. Their
use of a 1,4-diazabuta-2,3-diene ligand [13] had received
a new lease of life by the discovery in 1991 by Ar-
duengo and co-workers of the thermally stable carbene
C[N(Ad)CH], (Ad = adamantyl) (IV) [14].

Our entry into the field was disclosed in a 1995 paper
on the synthesis and the first X-ray structure of a
thermally stable bis(amino)silylene, namely N,N’-
dineopentyl-1,2-phenylenediaminosilylene  Si[(NCH,-
Bu’),C¢H,-1,2] [15]. Our interest in developing this
chemistry has the following antecedents. On the one
hand, the Lappert group has a long standing interest in
bis(amino)metallenes E(N <), of the Group 14 ele-
ments. These have included bis(amino)carbenes such as
C[N(R)CH,], as ligands [16], and their dimers, includ-
ing V [17]; and thermally stable, monomeric divalent
Ge(Il), Sn(II) and Pb(I) compounds M][N-
(SiMe;),],, which were the first heavier Group 14 metal
carbene analogues to be characterised [18]. More re-
cently, the stannylene VI has been reported [19] and the
isoleptic Ge(II) and Pb(II) compounds have also been
obtained [20]. On the other hand, Dr Gehrhus had a
useful background in studying the chemistry of various
transient silylenes [21].

An important contribution on thermally stable silyle-
nes was the report by Kira and co-workers on the
first isolable dialkylsilylene VII, which slowly iso-
merised at ambient temperature in solution to yield

Si(SiMe,):C(SiMe;)(CH,),C(SiMe,), [22].

Me
t
Me, Me, Me—@—Me r%“
P, P V4
N N Me & Me Mesi{ i
Megst\P/Sl\P /C51Me3 Me S;l Me €2 \N/
Me, Me, Me@Me Bu'
Me
I Il 111
Ad II»\/IIe Me
[ X o=
/ /
N N N
Ad Me Me
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t
CH,Bu Me,Si”  SiMey
VI viI

2. Synthesis

The thermally stable silylenes which have been pre-
pared are 1-5. The saturated compound 3 is less stable,
but sublimes as a monomer, although it was initially
thought to dimerise (but see Section 4.1) in the solid
state [23]. Molecular structural data are available for
1-4 (Section 3); evidence for 5 rests on microanalytical
and spectroscopic results [24]; in view of the fact that 1
reacts with pyridine (Section 4.1), its stability is
surprising.

CH,Bu Bu' Bu'
N »,Bu Nu Nu
\S' | \Si \5'
1 1
/ / /
R N N N
CH,Bu' Bu Bu'
1 R=H) 2 3
1a (R = Me)
CH,Bu'
BulCHzN NCHzBu (I
CH2Bu CHZBu CHzBu

The general method of synthesis involves the dehalo-
genation of the appropriate dihalogenosilane. This was
first employed for the generation of 2 from the
dichlorosilane of Eq. (1), potassium and tetrahydro-
furan (THF) at 65°C [12]; full details are in Ref. [25].
Compound 3 was originally obtained from the di-
fluorosilane of Eq. (2) and Rieke magnesium in THF
[23]; treatment of the corresponding dibromide (but less
successfully the dichloride) with potassium in THF was
later employed [26]. The use of potassium-graphite as
reducing agent at ambient temperature was found to be
more effective for the synthesis of 1 and 4 from the
appropriate dichlorosilane (Eq. (3)) or tetrachlorodisi-
lane (Eq. (4)) [27] than the reduction with potassium in
THF at 70-80°C for 2 days [15]. The preparation of
the precursor for 5 is shown in Eq. (5); the reducing
agent was K in THF [24]. Some characterising data on
1-5 are in Table 1.

Bu' Il?[ul
NLi
l SiCl, | \S'Cl )
——— 1
Pane
NLi N
Bu' Bu'
Bu' Bu
NH N\
1.2 LiBu" SiF, ( 2)
2. SiF, /
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_L2LBu" s|c12 (3)
2. chL,
CHzBu CHZBu
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Table 1
Some data on the bis(amino)silylenes 1-5

Silylene M.p. (°C) B.p. (°C/torr) J[*°Si{'H}] (C¢Dyg, 25°C) Colour Ref.
1 61-62 112-113/10~* 96.9 Yellow [15,28]
1a 88 (subl. <150/10~5) 97.7 Yellow [15,28]
2 ca. 220 (decomp.) 70/10~! 78.3 Colourless [12,25]
3 119 Colourless [23,26]
4 201-203 (decomp.) 96.6 Yellow [27]
5 64-65 (subl. 105/105) 95.1 Yellow [24]
Table 2
Selected structural parameters for the bis(amino)silylenes 1-4
Silylene ~ Si-N (A)  C() N (A)  Cyy-Cpp (A) N-Si-N' () N-C-C (°) C N-Si () CN-Si (9 Ref.
(endocyclic) (endocyclic) (exocyclic)
1? 1.752(3) 1.385(5) 1.417(5) 88.2(1) 111.3(3) 114.1(2) 122.6(3) [15,28]
1.747(3) 1.380(5) 111.9(3) 123.7(3)
2b 1.753(5) 1.400(9) 1.347(21) 90.5(10) 114.1(5) [12]
3 1.719(3) 1.489(6) 92.0(2) 106.2(7) 113.2(3) [23,30]
4 1.742(1) 1.395(4) 1.406(4) 89.02(12) 111.5(3) 113.5(2) 123.9(2) [27]
1.740(3) 1.396(4) 112.0(3) 113.8(2) 124.2(2)
& X-ray.
® GED.
tron spectroscopy. The first of such studies was on 2
and 3 in 1994 [23,31] and was followed by data on 1
BUCH,N O O NCH,Bu! [32]. The highest occupied molecular orbitals were as-
H H signed with the aid of quantum mechanical calcula-
HI(‘:IHZB“[ g}}}zBu‘ tions, as shown in.Table 3'. Such galculations were also
lzm o reported on the isodesmic reactions of model com-
¢ pounds (in which for each of 1-3 the N,N’-substituents
were replaced by hydrogen); for 2 and 3, this was the
BulCHN O O NCH.BU reaction with H, [23,31], while for 1 and 2 it was for the
v 10 “4) reaction 2NH, + 2CH, + SiH, [32]. Regarding 2 and 3,
ChSi~ N~ Si?l2 the model hydrogenation reaction was calculated to be
CHBy! CHabu ca. 14 kcal mol ~! less exothermic for the unsaturated
compound, indicative of a significant m-electron delo-
CH,Bu' CH,Bu' calisation in the five-membered ring of 2 [23,31]. For 1,
N - NN ] a 0.41 eV stabilisation of the HOMO from the silane
I —L2LBy | SiCl, . . .
A ~u 2.8iCl, A~ H,Si[(NH),CcH,-1,2] to the silylene Si[(NH),CsH,-1,2]
N CH,BY N CH,Bu' was calculated, consistent with incorporation of the
®) formally empty Si out-of-plane orbital with the m-sys-

3. Molecular and electronic structures

X-ray data are available for the bis(amino)silylenes 1,
3 and 4 and gas electron diffraction data on gaseous 2.
Selected geometric parameters are listed in Table 2. The
saturated compound 3 has a puckered ring [3,23],
whereas in the unsaturated analogue 2 the ring, as in 1
[15,28] is planar [12].

The electronic structures of the bis(amino)silylenes
1-3 have been probed by He(I) and He(II) photoelec-

tem [32], a notion supported by the isodesmic reactions.

Aromatic delocalisation in 1 and 2 was further confi-
rmed (see, however, Ref. [31]) by a number of theoreti-
cal studies, some of which have involved comparisons
between 2 and the isoleptic carbene and germylene [33].

Table 3
Observed ionisation energies (eV) for the silylenes 1-3

Photoelectron 1 [32] 2 [31] 3 [23] Assignment
band

Ist Band 7.32 6.96 7.54 b, ring ©

2nd Band 7.91 a, phenyl ©
3rd Band 8.55 8.21 8.11 a, Si lone pair
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Fig. 1. The molecular structure of the crystalline silylene 1 [28].

Table 4
Observed chemical shift tensors for the silylenes 1-3 [34]

Silylene 9, Oy, s 13 AS CSA
1 925 3164 211 —60.0 3764 3358

752 2849 —16.1 —433 3282 3146
3 1147 3507  —21  —45 3552 3540

As well as electronic factors which influence the
stability of 1-5, it is clear that steric factors also have
a role, the bulky substituents on the nitrogen atoms
shielding the silylene atom from dimerisation (for 3,
however, see Section 4.1). This is illustrated by examining
the molecular structure of the crystalline silylene 1,
shown in Fig. 1 [15,28].

Although, as will be illustrated in Section 4, the
bis(amino)silylenes behave as both nucleophiles and
(rarely) electrophiles, using the nomenclature based on
carbenes, they may be described as nucleophilic silylenes.
This is consistent with (i) the ?*Si{'"H}-NMR spectro-
scopic chemical shift for the Si(IT) nucleus being at much
higher frequency in the dialkylsilylene VII (6 567.4) [22]
than in 1-5 (Table 1); and (ii) the n(Si) - 3p,(Si) band
being at lower frequency in the red VII (4,,,,, 440 nm) [22]
than in the yellow 1, 4 or 5: 4, for 1, 344 nm [28] and
302 nm for 5 [24].

The chemical shift tensors for 1-3 were determined
from 2°Si CPMAS-NMR spectra and the results (Table
4) correlated reasonably with calculations using MO
methods, as well as with DFT-GTAO, MP2/GIAO and
IGLO calculations on models for 2 and 3 in which the
N,N’-substituents were taken as hydrogen [34]. The data
were supportive of m-delocalisation in each of 1 and 2,
with some degree of aromatic character.

Ph,C—O PhC==E
\/ /
Si Si
(NN) (NN)
VIIIa VIIIb

4. Reactions

The first reports (in 1994) of the chemical behaviour
of a stable bis(amino)silylene dealt with compound 2; it
was unreactive towards each of HSiEt,, NEt,, C;HsN,
or THF but with [Ni(CO),] formed the silylene complex
[Ni(CO),(2),], which was X-ray characterised [35]; with
Me;SiN; or Phy;CN; in THF, 2(N;)N(SiMe,), and the
X-ray characterised [2(NCPh;)(THF)] complexes were
obtained [36]. A year later it was shown that 1 formed
the oxidative adducts 1(H)OEt and 1(I)Me with EtOH
and Mel, respectively [15,28]. In the intervening years the
chemistry of 1-3 has been elaborated further, as de-
scribed in Sections 4.1, 4.2, 4.3,4.4, 4.5, 4.6, 4.7 and 4.8.

4.1. Nucleophilic addition reactions of a
bis(amino )silylene to an unsaturated organic compound

The unsaturated substrates which have proved to be
reactive are a diene, an alkyne and various carbonyls,
imines and azides, a nitrile, an isonitrile, pyridine,
quinoline and a triphosphabenzene.

Some reactions of 1 [abbreviated as Si(NN)] were
briefly summarised in a preliminary publication [37].
These included those shown in Scheme 1, for which full
details have not been published, yielding the crystalline
tetravalent silicon compounds 6-11 (Ad = adamantyl).
X-ray data are available for 7, 8 and 9 and *Si-NMR
spectral chemical shifts were recorded: 6 —9.11 (6),
19.02 and 26.33 (7), —17.84 (8), —15.96 and — 39.31
(9), —28.49 (10) and — 38.13 (11). Similarly, a review
article referred to the reactions of 2 [abbreviated as
Si(N'N’)] shown in Scheme 2 [38], giving rise to com-
pounds 12—-15. Compounds 13 (J[*Si] — 46.9) and the
X-ray-characterised 15 (5[*°Si] — 66.6) had been pub-
lished earlier [36]. It is likely that a common intermediate
in the azide reactions is the appropriate iminosilane
>Si=NR, which with 1 - 10, with AdN; — 11 or 14 and
with Me;SiN; — 13.

The reactions of 1 with various carbonyl compounds,
summarised in Scheme 3, yielded the tetravalent silicon
compounds 16—19 [39]. The diverse X-ray characterised
products 16a or 17 (a single diastereomer) from 1 and
benzophenone (dependent on the reaction conditions
employed) are particularly noteworthy. Compounds 16a,
6 and 7 (Scheme 1) were believed to have arisen via a
three-membered ring intermediate VIIIa or VIIIb, which
readily underwent Si(NN) insertion into the Ph,C-Si or
PhC-Si bond, respectively. The formation of 17 was
interpreted as involving successive intermediates VIIIa,

H
iy
Eh Ph\ /SI(NN) Ph\C/H
- \O C\O \O
/ / /
Si Si Si
H (NN) (NN) (NN)

X X XI
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its rearranged dearomatised product IX and X; a possi-
ble intermediate along the pathway IX —»X may have
been XI.

The reactions of 1 with various imines, summarised
in Scheme 4, yielded the tetravalent silicon compounds
20-25; X-ray data were provided for 22 [40]. Thus, 1
with Ph,C = NSiMe, at ambient temperature gave 20,
which slowly, or more rapidly on heating, afforded the
thermodynamic rearranged product 21. In contrast,
under similar conditions, 1 and PhCH = NBu’ fur-
nished the X-ray-characterised 2:1 adduct 22. A similar
2:1 adduct 23 from 1 and Ph,C = NSiMe, required that
the reagents be mixed in appropriate proportions, but

21 was not an intermediate along the pathway to 23 as
it failed to react with 1. Although an intermediate in
the conversion of 1+ PhCH = NBu’— 22 was not de-
tected, it was suggested that a compound XII related to
20 may have played a role. An intermediate XIII along
the pathway to 24 and 25 was proposed (analogous to
Vlilla and VIIIb).

& 2

=\ R'(H)G—NR
NBu' Si/

/

Si (NN)
H (NN)

XIifa R'=(CH),Ph,R®=Ph

XII XOIb R'=(CH)NBu,R*=Bu'
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Fig. 2. The molecular structures of the Pt-silylene complex 70 [71] and the Cu-silylene complex 71 [27].

The reactions of 1 with pyridine and quinoline [27] and
2,4,6-tri-t-butyl-1,3,5-triphosphabenzene  [41], sum-
marised in Scheme 5, yielded the crystalline compounds
26-29. Compound 26 in solution was partially dissoci-
ated. Compounds 26, 27 and 29 (Fig. 2) were X-ray
characterised. The formation of the bi- (26) or tricyclic
(28) compounds probably proceeded via a three-mem-
bered intermediate XIV, or its quinoline-based analogue,
(similar to VIIIa, VIIIb and XIII) followed by insertion
of 1 into the C-Si or N-Si bond. Compound 29 is
particularly interesting, being an example of a [1 + 4]-cy-
cloaddition of a silylene to the triphosphabenzene [41].

AN
l ’
N
SSiNN)
XIV

An aspect regarding complexes 6-29 that may be
worth exploring is to ascertain whether the (NN) or
(N'N’) substituents may be regarded as protecting
groups.

Some, but not all, of the tetravalent silicon-containing
heterocycles 6—29 have skeletal precedents. Thus, vari-
ous cyclic Si(IV) compounds have been obtained from
transient silylenes or a disilene [42]. Of the former, among
such silylenes have been SiBuj (generated photolytically
from its trimer) [43], SiMe, or SiMe(OMe) (generated
thermally) [44], Si(Me)Ph [45], Si(C4H,Me;-2.,4,6), [46],
Si(C¢H;Pr-2,6), [47], or Si(C¢H,CH,NMe,-2), [48]. The
bis(diisopropylamino)silylene was trapped by tri-
ethyl(vinyl)silane or 2,3-dimethylbuta-1,3-diene [49]. Al-
though it showed some stability at ambient temperature,
it was believed to be in equilibrium in toluene solution
with its dimer [Si(NPr}),], [49]. The latter was also
generated photolytically from the [1 + 2] cycloadduct of

Si(NPr3), and Me;SiC=CSiMe; in 3-methylpentane; its
structure was based on UV —vis bands at 335 and 438 nm.
However, the X-ray-characterised, crystalline tetramer
30 of the silylene 3 [abbreviated as Si(N"N”)] was a
component of the dynamic equilibrium shown in Eq. (6),
and 30 in hexane had similar absorption bands at 360 and
476 nm [50].

Bu' ¢
N\ NBu NBu
Si 4 : t: !
[N/ B N\Si/sl o N\Si/sl
N.3 (NN &N |,
[abbreviated as Si(N'N”)] 30

(6)

4.2. Insertion of a bis(amino)silylene into a compound
containing an O—H, C-Cl, C-Br, C—I or B—C bond

The first oxidative addition reactions of an organic
compound A-B to a stable bis(amino)silylene, yielding
the adducts =Si(A)B (31 and 32), were those with EtOH
and Mel [15,28]. Reactions with a chloro- or bromo-
alkane were later elaborated to include the adducts 33
and 34, with CH,Cl,, CH,Br, and CHCI; (Scheme 6)

. Ot st Me
MMSL ( N

H EtOH Mel I
31 . 32
CH,Bu

N
\Si
/
s T
H\ pe

H,

s c
(NN)S%/ T SiNN) s SiNN)
a  a 33a Hal=Cl  Hal  Hal

3 33b Hat=Br

Scheme 6.
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/Ge——Sl(NN)
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37
Ge[OCgH,(Bu')-2,6-Me-4)],
Ge[N(SiMes),),
Me,

Si
CH,Bu' %
z Me,SiEC”  CH,
Sn{OCsH;Bu%-2,6) Ge[CH(SiMes),] .
SnISi(NN)OCgH3Bu';2,6)]; ~—— C[ >Si S, (NN)Si—G/e\ /CHSMes),
S
¥ gH Bu' H (&N)
2
N(SiM
Sn[(CgHg(NM%)zZtS}y MIN(SiMe;)yl,
[Sn{CgH3(NMe,),-2,6} {SINN)X}] MISi(NN){N(SiMe3),},
40a X = CgHy(NMe,)-2,6 :iz I;I[ - ig
40b X = N(SiMey), =
Scheme 7.

[27]. The mechanism of at least some of the C-Hal
insertions may well be free radical, involving transient
radical pairs *Si(NN)Hal/B* (B = Me, CH,CI, CH,Br or
CHCl,), by analogy with related reactions of
Sn[N(SiMe;),],/RHal which had been studied mecha-
nistically [51]. Similar reactions of the silylene Si(N'N’)
(2) with EtOH or Mel generated the adducts 35 [25].
The X-ray characterised disiloxane O[Si(N'N")H], was
isolated from 2 and water, presumably via 35¢ as an
intermediate. The reaction of the silylene 2 with
B(C¢F5); yielded a 1:1 adduct which rearranged slowly
in toluene solution, with a half-life of about 1 month at
ambient temperature to yield the oxidative adduct
[(N'N)Si {B(CF),} (CsF5)] [52].

A

(N’N’)Si/ 35a A-B=EtO-H
N

35b AB=Mel
B 35c AB=-HOH

4.3. Insertions of a bis(amino)silylene into a compound
having an M—N (M = Li, Na, K), Li—C, Li—Si, or
M'(II)-X (M' = Ge, Sn or Pb; X=C, N, O or CI)
bond

Attempts to make heterobimetallic unsaturated com-
pounds by coupling the bis(amino)silylene with a differ-
ent Group 14 element carbene analogue (or for a
carbene, see Section 4.8) led to the chemistry sum-
marised in Scheme 7. Each of the new compounds

36-41, except 40b, has been X-ray characterised, al-
though data on 36-39 [27] are not yet published
[53,54]. The reactions leading to 36 [53], 40b [54], 41a
[53] and 41b [53] are insertions into an M(II)-N bond
(M = Ge, Sn or Pb), those for 37 and 39 involve an
M'(II)-O bond (M’ = Ge or Sn) [27] and those for 38
[27] and 40a [54] implicate an M'(I)-C bond. The
reactions leading to 36—38, which are not only inser-
tions but also oxidative cyclometallations probably pro-
ceeded via the homoleptic Ge(II) silyl-amide, -aryl or
-alkyl intermediate Ge[SiI(NN)X], [X = N(SiMe,),,
OC(H,Bu5-2,6-Me-4 or CH(SiMe;),] XV, by analogy
with the reactions of 1 and the corresponding stan-
nylene. A compound XV may have been formed from
an initial 1:1 adduct; such silylene adducts are known
for 1 and a carbene (Section 4.8) [55,56] and 2 and
B(C¢Fs); (Section 4.2) [52]. The formation of the ger-
manium(IV) hydrides 36—38 from the appropriate com-
pound XV as precursor was attributed to greater steric
strain in XV compared with its isoleptic Sn(II) com-
pound 39 or 41, causing XV to insert into a C—H bond
of the group X. Precedents for such a C—H activation
include the formation of XVI from its isomer
Ge[CcH,Bu5-2,4,6], [57]. The reaction of the silylene 2
with two equivalents of SnCl, yielded the X-ray charac-
terised compound Sn{Si(N'N")Cl},Cl (42) and elemen-
tal tin; thermolysis of 42 gave 2, Si(N'N’)Cl, and
[Si(CI)(N'N")], [58]. The silylene 3 with a germylene or
stannylene gave the X-ray characterised compounds 43
(the Ge analogue of 30) and 44, respectively [59].
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SiMe; 46a M=K x=0,n=o
(NN)SE 46b M=K, x=3n=1
Sy—MWD: 470 Motix=2.n=1
SiMe, 47b M=Na,x=3,n=1
Si(SiMey), MIN(SiMe3),}, thf /SiMe3
st NS Litmed
. Li{Si(SiMes)s}(th)s N Liltmeda)
Li(thf) \ t SiMey 48
45 gHzBU Li{N(SiMe,),], tmeda
@ \ .
/SI
Li[N(SiMe;)C(Ad)-
) cm SnMe;] N . KNPhy, thf
SiMe; CH,Bu
(NN)Si< Ad= adamantyl /NPh2
/N—Li(thf)z NN)SE 51
LiNRy, thf K (thfyn
Me,Si)C” A
NN), Si/ 49a R=Pr
( 49b R=Me
Li(thf)
Scheme 8.
Bu! o " N
- TB Me351]]\J \ /H
2 BuN.__ G /
Gé~_ S, Me,Si~ i(N'N")
f CeH,Bu's-2,4,6 NN) 1, H, .
But H N(SIMC3)2
XVI 43 44
The diverse reaction of the silylene 1 with pounds 45-53 are promising precursors to new silyl or

LiSi(SiMe;);(THF); and K[N(SiMe,),] yielded the new
silyllithium compound 45 and the unusual potassium
amide 46, respectively [60]. In the former case, the
product 45 arose from insertion of 1 into an Li-Si
bond. In the latter case, a related product XVII of
insertion of 1 into a K-N bond may have been an
intermediate, but if so then it rapidly underwent a
rearrangement to yield the isomer 46. These and further
reactions of 1 with other alkali metal amides or a
1-azaallyl, leading to the new compounds 47-51 [61],
are summarised in Scheme 8. The crystalline complexes
45 and 46a [60], as well as 46b, 48—50 [61], have been
X-ray characterised. The fact that the lithium
bis(trimethylsilyl)amide [61], like its potassium ana-
logue [60], gave the metal amide shows that the rear-
rangements of the type XVII-46 are not
metal-dependent.

The insertions of 1 into three compounds containing
Li—C bonds yielding the new silyllithium compounds 52
and 53 are illustrated in Scheme 9 [61]. The compound
53 in C4D¢-(THF-d;) slowly decomposed to give the
disilane 54. Each of the crystalline compounds 52a, 53a,
53b and 54 was X-ray characterised.

Insertions of a transient silylene into an M-N or
Li—C bond of an alkali metal (M) amide or lithium
alkyl do not appear to have been reported. The com-

amido complexes of a wide range of metals.
N(SiMes),
(NN)Si
\
K(thf),

XVII

4.4. Insertion of a bis(amino)silylene into a transition
metal-X bond

Treatment of [PtCl,(PPh;),] with the silylene 1 in
benzene at ambient conditions afforded the X-ray au-

CH,Bu'
\ A&
iR, E! ;
g B0 st
N Li(solv)
1 CcHBu
52a R =Me, solv = (OEty),
52b R = CH(SiMey),, solv = OEt,
LiBu', thf, Et,0
Bu'
NS — = fsiewBd,
Li(solv) 54
53a solv=(thf);
53b solv = (thf)(OEt,)
Scheme 9.
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thenticated, crystalline trans-platinum(Il) complex 55
(Eq. (7)) [62,63]. The »Si{'H}-NMR spectrum of 55
showed that in solution (at 213 K) 55 was in equi-
librium not only with its cis-isomer 55a but also a third
minor isomer 55b (Eq. (8)) [62]. The *Si-NMR spectral
chemical shifts assigned to the [Si(NN)CI]~ ligand in 55
and 55a were at § 53.7 and J 57.3 with 'J(®¥Si—'*°Pt) =
934 and 957 Hz, respectively; while those assigned to
the Si(NN) ligand were at 6 142.5 and 146.9 (55, 55a)
with 'J(**Si—'?°Pt) = 2265 and 2259 Hz, respectively;
and for the minor (55b) at 6 143 and 146.5 (coupling
not resolved) [62]. The major '""Pt{'H}-NMR spectral
signals in CDCI;/PhMe at 213 K were at 6 — 5474 and
0 — 5497 (55, 55a) with a minor signal attributed to
55b at 6 — 5540. In the original publication [62], the
minor isomer 55b was suggested to be the six-coordi-
nate,  20-electron  platinum(I) complex  cis-
[PtCL{Si(NN)},]. However, the similarity of the NMR
parameters for 55b to those of 55 and 55a and its
diamagnetism makes it more likely that 55 and 55b are
the conformers shown in XVIII (major, trans, symmet-
ric) and XIX (minor, trans, asymmetric), respectively
[63]. The dynamic processes are those between 55 and
55b only at 213 K, while the slower (starting at 243 K)
higher energy process is that between 55 and its cis-iso-
mer, which may be catalysed by a trace of free silylene
(by analogy with similar cis = trans isomerisations of
bis(tertiary phosphine)platinum(II) chlorides).

From 1 and [PdCI,(PPh;),] there was similarly ob-
tained the crystalline trans-palladium(I) complex 56,
which is isomorphous with its isoleptic Pt(I) complex
55 [63]. In both complexes, the neopentyl substituents
in each silylene ligand adopt a trams-configuration,
probably so as to accommodate the mutually trans-
chlorines on the [Si(NN)CI]~ ligands.

Some other silylene-based platinum(II) complexes are
known: trans-[PtH{Si(SEt),} {P(C¢H,,-c);},][BPh,]
[64a], [PtH{PPriCH,CH,PPr}}{Si(C;H,Me;-2.4,6),}]
[64b] and [Pt(PR;){Si(CcH,Me;-2,4,6),}] (R =C¢H,,-c
or Pr) [64c]; however, 56 is the first palladium
analogue.

The reaction between the silylene 2 and [M(n°’-
Cs;H;),H,] (M=Mo or W) vyielded the insertion
product 57, which for M = Mo was X-ray-characterised
[65]. An indirect insertion reaction product was 58,
obtained from [Mo(n°CsH;),{Si(N'N")}] and water; its
structural assignment was based on NMR and IR
spectra [65]. For Ru(II)Si(N'N’) complexes see Section
S.

[PICIy(PPhs);] +4 (1) trans-[P{SI(NN)CL {SI(NN)}]

(7
fas slow
55 = Minor isomer = cis-[Pt{Si(NN)CI},{Si(NN)},]
55b 55a (8)

4.5. Further (see Section 4.2) oxidative addition
reactions of a chalcogen or Bu'NC to a
bis(amino )silylene

We showed in 1996 that the silylene 1 readily under-
went oxidative addition with two equivalents of a
chalcogen in toluene yielding the crystalline dinuclear
silicon(IV) cyclochalcogenide 59-61, Eq. (9) [28]; X-ray
data for 60 and 61 were provided. Similarly, it was later
demonstrated that the silylene 2 reacted with the appro-
priate portion of S or Se to give analogous X-ray
authenticated cyclochalcogenides 62 and 63 [25]; the
former with an excess of sulfur was shown (in an NMR

/\\ Bu' Bu'
] N.,// PO /—N,,// N—
Bu'a_ Bu' S By’ Bu'a_ BY S By
ﬁ |\\\\‘ ﬁ -
N, N N, N.
Y / %
CimSi p Sifiwe-Cl Cim=Si p e
N \N N \N
‘) Bu' |”" »\\“\I By ‘
Bu S u Bu Bu~ S u Bu
/ N /
—" N — TN
Bu' \J Bu' Bu' \J
XVIII XIX

N
Nas .
[ ,Si = Si[(NCH,Bu'),C4H,-1,2]
N

N

Bu'

trans-[PA{ SINN)CI},{ Si(NN)},] [MH(’-CsHs),{ SINNIH}]

56 57 M=Moor W

[MoH(n*-CsHs), {Si(NN)OH}]

58
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CH,Bu'
N

n=4

—— [Ni(PPh3){Si(NN)}]
n C[ >Si + [NiCly(PPhy),] L SIONXCH] 65

L2232 s [Ni{Si(NN)}4]
66

Scheme 10.

N
1 CHZBllt
INI(CO),]
Bu'
N
I N\ [Fe,(CO))
Si
/
N
Bu'
[Cr(CO)3(n"CeHzMes-1,3,5)]

[Ni(CO),{SiNN)},l 67

[Fe(CO),{Si(NN)}] 68

[CH(CO),MS-CeHMes-1,3,5)(SINN)}T 69

Scheme 11.

tube experiment) to yield 2 and a polysulfide formulated
as 64. The oxygen analogue of 64 was believed to be a
minor product of the reaction of 2 with O, in toluene-d;
which probably yielded SiO, and 2 [25].

CH,But
N E
Si 7 N
i + 2E —» (NN)Si Si(NN)
N/ \E/ ©)
CH,But 59 E=$
60 E=Se
61 E=Te
E S S
/" \.. VAR ARNE
i NN
(N'N’)Sl\ /Sl(N'N’) (N'N’)Sl\ /Sl\ /Sl( )
E N S
62 E=S 64
63 E=Se

The reactions of 1 with Bu’NC in benzene, yielding the
crystalline oxidative adducts Si(NN)(Bu)CN (8) and
Bu'Si(NN)Si(NN)CN (9), were mentioned in Section 4.1
and Scheme 1 [37]. The nature of the product depended
on the order of addition rather than stoichiometry, since
the binuclear disilane 9 was obtained by adding the
isonitrile to 1 even when the reagents were mixed in 1:1
proportions. Furthermore, 8 is not an intermediate along
the pathway to 9 because 8 did not react with 1. A
common intermediate to both 8 and 9 may be the simple
1:1 adduct XX, which either undergoes a 1.3-shift of Bu’
from N — Si to give 8 or undergoes insertion of 1 into
the Si—C bond to yield XXI which isomerises to give 9.
A compound XXII related to XX was obtained from the
thermally generated silylene [Si{C;H,Me;-2,4,6} {C.H,-
(CH[SiMe;],);5-2,4,6][= Si(Mes)Tbt] from its dimer and
PhNC [66].

) ' Mes
(NN)SI\—/SI(NN) Si~— C=NPh

Tot
t
XX XXI NBu XXII

(NN)Si=C=NBu'

4.6. Reduction reactions of bis(amino )silylenes

The insertions of Sections 4.1, 4.2 and 4.5, which are
effectively oxidative additions to silylenes yielding te-
travalent silicon(IV) products, may be regarded as reac-
tions in which the silylenes function as reducing agents.
By contrast, those insertions described in Sections 4.3
and 4.4 differ in that the products contain a formally
four-coordinate silicon(II)-centred ligand [Si(NN)X]~.

Although reactions of bis(amino)silylenes with other
(e.g. chalcogen) oxidising agents such as Cl,, Br,, I,, a
peroxide or disulfide have not yet been reported (perhaps
because the derived dihalogeno-, dialkyloxy- or dimer-
capto-silanes would be of limited interest), it is likely that
they would proceed readily.

It is also probable that a bis(amino)silylene will reduce
various halogenometal complexes. However, thus far the
only such halogen-abstraction reactions to have been
reported relate to [NiCl,(PPhs;),], which with the silylene
1 in benzene under ambient conditions yielded the
silylenenickel(0) complex 65 or 66, depending on stoi-
chiometry (Scheme 10) [62]. For both the crystalline

CH,Bu! [PH(PPhy),] [Pt(PPhs)(Si(NN)},]

N
\ 70
Si —
/
[Cul(PPhy);}
—

N
1 CH,Bu' [Cu(D)(PPhy), {Si(NN)}1
71
Scheme 12.
[NI{SINN)}g] <—L—  [Nicod)] —2—» Ni(SINN)}3]
66 72
la
[Ni{SiN'N"}sl - 73
Scheme 13.
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gHzBu‘
>c XXmr {=C(NN)}
N
CHZBu' CH,Bu'
N
\..
/Sl _ (NN)C-Si(NN)
) gHzBut Ni{C(NN)} 75
Scheme 14.

Fig. 3. Molecular structure of the carbene-silylene adduct 75.

complexes 65 [62] and 66 [63], X-ray data are available.
It is interesting that under similarly mild conditions the
heavier Group 10 isoleptic complexes [MCL(PPh,),]
(M = Pd or Pt) were not reduced, cf. 55 and 56 (Section
4.4) [62,63].

4.7. Bis(amino)silylenes in d and f metal chemistry

Several reviews concerning silylene transition metal
complexes have been published in recent years [67—70].

The first example (in 1994) of a bis(amino)silylene
behaving as a ligand relates to the formation of the
X-ray characterised carbonylnickel(0) complex 67 [35].
Similar carbonyl displacement reactions were men-
tioned in a review [38] concerning an iron(0) (68) and a
chromium(0) (69) complex (Scheme 11).

Complexes of nickel(0) (65, 66), palladium(Il) (56)
and platinum(Il) (55) bearing silylene ligands 1 have
already been mentioned. A  Pt(0) complex
[Pt(PPh;){Si(NN)}s] (70) [71] and the first Cu-silylene
complex [Cul(PPh;),{Si(NN)}] (71) [27] were obtained
by reaction of 1 with [Pt(PPhs),] and [Cul(PPhs)],
respectively (Scheme 12). Both complexes have been
X-ray structurally characterised and show the metal to
be in a tetrahedral environment (Fig. 2). The nickel(0)
complex 66 was also accessible from [Ni(cod),] and 1
[62,63] and a similar methodology led to the equally

X-ray characterised complexes 72 and 73 (Scheme 13)
[72]. These results may imply that the steric demands of
the silylenes 2 and 3 are greater than those of 1.

The data cited above and also in Sections 4.4 and 4.6
demonstrate that in their transition metal chemistry
silylenes are not only able to displace carbonyl, tertiary
phosphine or alkene ligands from a metal, but also that
they can insert into M—Cl bonds (55, 56) and/or act as
chlorine atom abstractors (65, 66). A similar diversity
of bis(amino)-carbene [73], -germylene [16] or -stan-
nylene [16] behaviour is known. For each MX, ligand
(M =C, Si, Ge or Sn) including 1-3, it appears that in
its ligand behaviour in transition metal chemistry it is a
strong o-donor and weak m-acceptor, i.e. more like PR,
than CO. Another example of a phosphine displace-
ment reaction is the formation of the X-ray character-
ised  molybdenum(I)  complex  [Mo(n*-CsHs),-
{Si(N'N")}] from [Mo(n’-CsHs),(PEt;)] and 2 [65].

It is also possible for a silylene to behave simply as a
Lewis base. Thus, treatment of each of the tri(cyclopen-
tadienyl)metal complexes Ln(1*-CsHs); (Ln =Y or Yb)
with 1 in toluene at ambient temperature afforded the
appropriate X-ray characterised, crystalline complex
74a or 74b [74]. Using variable temperature *°Si{'H}-
NMR spectroscopy, it was shown that in toluene-dj
each complex readily dissociated into its factors (74a >
74b) (Eq. (10)). This trend reflects the relative Ln-Si
bond lengths: 3.038(2) A (74a) and 2.984(2) (74b).

CH,Bu'

AN

/Si + Lo -CsHyy === [La(n’-CsHy)s{SINN)}]
74a Ln=Y

74b Ln=Yb

(10)

N t
1 CHyBu

4.8. Bis(amino)silylenes as electrophiles

In all the reactions described in the preceding sec-
tions it appears that the bis(amino)silylene behaves at
least initially as a nucleophile. With the exception of
complex 75, discussed below, there appear to be no
examples as yet of simple adducts between any one of
1-3 and a Lewis base such as a tertiary amine or
phosphine, a dialkyl sulfide or one of their bi- or
tridentate analogues.

The crystalline carbene—silylene adduct 75 was pre-
pared from the silylene 1 and the carbene XXIII
[EC(NN)] or Ni{C(NN)}, (Scheme 14) [55,56]. The
X-ray structure of crystalline 75 (Fig. 3) shows it to
possess an exceptionally long C-Si bond of 2.162(5) A,
with the ligating carbon atom in an almost trigonal
planar and the silicon atom in a pyramidal environment
[55]. The corresponding isoleptic carbene-M(NN) ad-
ducts (M = Ge XXIVa, Sn XXIVb or Pb XXIVc) were
also prepared [56]. Each of the crystalline adducts
XXIV has a similar geometry. The C—M distance (M =
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Si, Ge, Sn or Pb) for each of the adducts 75 and XXIV
is more than 10% longer than in a corresponding
divalent Group 14 element(I) hydrocarbyl reference
compound; the sum of the angles at C and M is 351.4
and 291.6° (75) [55], 347.7 and 287.9° (XXIVa), 351.4
and 277.3° (XXIVb) and 350.3 and 274.5° (XXIVc).
Variable temperature C-, 2°Si-, '°Sn- and 2*’Pb-NMR
spectral data showed that in solution each of the com-
plexes was in equilibrium with its precursors (Eq. (11)).
The stability with respect to dissociation decreased in
the sequence XXIVb > XXIVe > 75 > XXIVa, i.e. Sn >
Pb > Si > Ge. Regarding the nature of the C—M bonds
in 75 and XXIV, both the crystallographic and spectro-
scopic data point to the following conclusions: (i) the
C-M bonds are weak; (ii) the attractive force between
C and M is electrostatic, and (iii) the M atom in 75 or
XXIV is the negative end of the CM dipole, the carbon
in each case being the donor site [56]. For the case of
the silylene adduct 75, these conclusions were placed on
a more quantitative basis by molecular orbital calcula-
tions on model compounds [55]. In summary, DFT
calculations at the B3LYP/6-311 + G** level on XXV
or XXVI, or even XXVII, but not XXVIII or XXIX,
showed good agreement with the experimentally ob-
served molecular geometry, the C-Si bond length and
the weak and dipolar C>*-Si®~ bond. Related calcula-
tions on H,X=YH, (X=Ge or Sn; Y =C, Si, Ge, or
Pb) have been reported [75]. Bis(amino)carbene adducts
of Gel, [76a], SnCl, [76b], Sn(C¢H,Pr;-2,4,6), [76¢] and
Pb(C¢H,Pri-2,4,6), [76d] have revealed rather similar
geometric and bonding features.

(NN)C-M(NN)

(NN)C + MQNN)
XXIII
75 M=Si, XXIVa M=Gs, (11)
XXIVb M=sn, XXIVe M=Pb
[(CH,),(NH),]C-Sil(NH),(CHy),] (H,N),C-Si(NHy),
XXV XXVI

[(CH)(NH),IC-SiH,  HyC-Si(NHy), HyC-Si{(NH);(CH), ]

XXVII XXVl XXIX

5. Concluding remarks

Despite the fact that the thermally stable bis(amino)-
silylenes have been known for less than a decade, we
trust that this account shows that this area of chemistry
may now reasonably be described as mature.

6. Note added in proof

(i) An important review (stable silylenes) has ap-
peared [77]; (ii) Ru(Il) complexes derived from 2 have
been described [78].
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