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The current state of the chemistry of mono- and bidentate N-
heterocyclic germylenes, stannylenes, plumbylenes, and re-
lated compounds is reviewed with special emphasis placed
on benzannulated derivatives. The preparation, electronic
structure, aggregation behaviour, and the coordination

chemistry of the free benzannulated carbene analogues and
their adducts with Lewis bases and complexes with transition
metals are discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The resurge of interest in the organometallic chemistry
of the heavier analogues of N-heterocyclic carbenes (NHCs)
has been triggered by the isolation of the first stable N-
heterocyclic carbenel'l derived from an imidazolium salt by
Arduengo III et al. in 1991 and by the subsequent studies
on stable carbenes and their complexes.”! The first reports
on the preparation of germanium, tin and lead analogues of
NHCs appeared, however, some time before 1991. A great
variety of N-heterocyclic silylenes,! germylenes™ and stan-
nylenes derived from different heterocycles and stable at
ambient temperature has been prepared up to now. The
interest in these compounds is based on their interesting
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electronic structures and chemical properties and on their
capability to act as spectator ligands in catalytically active
metal complexes in a manner related to N-heterocyclic
carbenes.!

In this account we review mono- and polydentate N-
heterocyclic germylenes, stannylenes and plumbylenes with
the main focus on their aggregation behaviour and coordi-
nation chemistry. We focus particularly on the recently
emerged benzannulated germylenes, stannylenes and plum-
bylenes (Scheme 1), which are the heavier group 14 ana-
logues of benzannulated N-heterocyclic carbenes.

Until very recently our knowledge about bis- or polyger-
mylenes and -stannylenes featuring cyclic or noncyclic
germylene or stannylene donor groups was limited to just a
few examples, and even fewer of these could act as a chelat-
ing ligands. This is in contrast to the situation found for
dicarbene ligands,**l where bis(carbene) chelate ligands fea-
turing two benzimidazolin-2-ylidene donor groups(® are
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Scheme 1. Mono- and bidentate benzannulated N-heterocyclic
germylenes, stannylenes and plumbylenes.
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known in addition to complexes with an [11]ane-P,CNHC
ligand! or a cyclic tetrakis(benzimidazolin-2-ylidene) li-
gand.¥] The corresponding knowledge about N-heterocyclic
polysilylenes is limited to just one example of a benzannul-
ated bis(silylene) which cannot act as a chelating ligand.”!

Electronic Structure

Generally, heavier analogues of carbenes are nonlinear,
divalent singlet species of type ER, (E = Si, Ge, Sn, Pb).
The divalent atom E possesses an unshared electron pair
and a vacant p-orbital. Different heteroatoms attached to
the group 14 atoms (E) significantly stabilize the generally
reactive divalent state. The R,N derivatives of divalent ger-
manium, tin and lead (type I, Scheme 2) developed by Lap-
pert et al. exhibit a remarkable stability when compared to
the corresponding dialkyl derivatives. They are stable at
room temperature under anaerobic conditions, and some
derivatives can even be distilled in vacuo.['”!
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Scheme 2. Electronic structures of R,N-substituted and N-hetero-
cyclic carbenes and their heavier analogues.

Apart from the steric protection of E by bulky substitu-
ents at the nitrogen atoms (e.g. SiMes), the stabilization of
the divalent state of E is caused by a reduction of the o-
electron density at E by the more electronegative nitrogen
atoms (inductive effect) and by m-electron donation of the
unshared electron pairs at the nitrogen atoms to E (meso-
meric effect).’?*!" The energy gain resulting from this type
of stabilization has been calculated by DFT methods to be
36 kcal/mol for Si(NH,), relative to SiH,.!'?l The calculated
rotation barriers about Ge-N bonds in diaminogermylene
5166
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Ge(NH,), are 10.2 and 21.7 kcal/mol, and these values are
partially suitable for the description of the energy of the N—
Ge n-interaction.[!?]

Diaminocarbenes and their analogues can gain ad-
ditional stability from the effects associated with cycliza-
tion. For example, incorporation of the divalent E atom
into an unsaturated imidazole or benzimidazole ring sys-
tems (Scheme 2, types II and III, respectively) provides an
additional thermodynamic stabilization. Various theoreti-
call'> 4 and experimental'® studies, carried out for non-
annulated rings of type II containing a divalent atom E,
demonstrated cyclic delocalization of the 6 m-electrons (aro-
maticity). This effect plays an important but not a crucial
role in the stabilization of these heterocycles. This conclu-
sion is also supported by the isolation of the saturated imid-
azolidin-2-ylidenes.?*l Replacement of the unsaturated
—~CH=CH- moiety in II with a -CH,CH,— group leads to
a destabilization of 27.4 kcal/mol for E = Si and 32.1 kcal/
mol for E = Ge.l'4al

For the ring system II an extreme chelate form IIb con-
taining a formally zero-valent atom E coordinated by a di-
imine ligand can be taken into account to describe the
bonding in these derivatives (Scheme 3).[14¢15a The contri-
bution of this resonance form increases from silicon to lead,
thereby destabilizing the unsaturated heterocycles of type
II. In contrast to its lighter analogues, the tin-containing
derivatives of Arduengo’s carbene decompose at 60 °CH'l to
yield diazadienes and Sn°. Metathesis with exchange of the
tin atom has been observed in the reaction of tin-containing
heterocycles of type II and diazadienes in solution.['®!7]
The lead-containing heterocycle of type II is still unknown,
whereas plumbylenes derived from a saturated N-heterocy-
clic five-membered ring have recently been prepared (vide
infra).
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Scheme 3. Aromatic (Ila) and E°-chelating (IIb) resonance forms
for the heavier analogues of imidazolin-2-ylidenes.

The influence of benzo, naphtho and pyrido annulation
on the stability and properties of carbenes and their heavier
analogues has been discussed by Heinicke et al.l'®!1 It has
been concluded that benzo and naphtho annulation have a
stabilizing effect. This is in contrast with the situation found
for the pyrido-annulated carbenes and their heavier ana-
logues where the unsymmetrical 10 n-electron system leads
to a decreased kinetic stability, whereas the thermodynamic
stability remains comparable to that of the benzannulated
compounds of type IIL[% Pyrido[h]-annulated analogues of
carbenes with a nodal plane through the pyridine nitrogen
atom and a rather symmetric m-charge density in the
HOMO are less destabilized. No examples of pyrido|[c]-an-
nulated carbene analogues have been isolated to date due
to their kinetic instability. Orbital correlations based on PE
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spectroscopic data show an inverse order of n- and n-orbit-
als for the NHCs with respect to their heavier analogues,
which has been used to explain the differences in reactivity
observed in orbital-controlled reactions of pyrido-annu-
lated N-heterocyclic compounds containing a divalent
group 14 atom.!]

Based on their electronic structure, the heavier analogues
of carbene are capable of forming complexes with Lewis
acids, Lewis bases and transition metals®®? (Scheme 4). In
the latter case the ER, ligands are potential o-donor and -
acceptor ligands. Theoretical investigations carried out for
complexes of the analogues of NHC showed that n-back-
donation is weak but not negligible.[>3] Recent investigations
performed on the complexes of benzannulated bis(carb-
enes), bis(germylenes) and bis(stannylenes) demonstrated
that these ligands can also function as n-donors.[>4

LB

0 0 N
R, R, Ry
n/°5@ R/(E)@_’D LA R/5®_>0M

LB = Lewis base M = transition metal
LA = Lewis acid E =Si, Ge, Sn, Pb

Scheme 4. Potential bonding interactions of carbene analogues
with Lewis bases, Lewis acids and transition metals.

Annulation of NHGes has been shown to lead to an in-
creased m-acceptor strength of the NHGe ligands.?*! Corre-
lation of the molecular electrostatic potential (MEP) to the
values of the Tolman Electronic Parameter (TEP)® indi-
cated that the m-acceptor strength of NHGe ligands is sim-
ilar to that observed for trialkylphosphanes and trialkyl
phosphites. The N-E-N n-donor interaction within the het-
erocycle becomes stronger when the ligand coordinates to a
metal center.[!¥)

Germylenes

Monodentate N-Heterocyclic Germylenes

The first N-heterocyclic germylene Al (Scheme 5) was
synthesized by Veith et al. in 1982.?7 Saturated germylenes
of type B1 and their chemical properties were investigated
by Meller et al.?®] Germylene B1 reacts with its silicon ana-
logue to give a new germylene where the N-heterocyclic sily-
lene moiety has inserted into one Ge—N bond. The resulting
N,Si-substituted germylene dimerizes with formation of a
digermene.””! The isolation of the first benzannulated
germylene of type C1 and its reactivity towards azides were
described in 1989.3% The preparation of C1 predated the
isolation of a related benzannulated N-heterocyclic carbene
in 1999 by 10 years.?! Later, the preparation of the germa-
nium analogue of Arduengo’s carbene — germylene D1 — as
well as the molecular structures of B1 and the complex
[Ni(B1),(CO),] were reported by Herrmann et al.’? The
molybdenum complex of the unsaturated N-heterocyclic
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germylene D1, fac-[Mo(D1)3(CO);], was prepared by the re-
action of D1 with [Mo(CO)4(EtCN),].?31 Germylenes B1
and D1 undergo decomposition with the formation of
[Ge].. or [Ge/GeH].. layers upon heating above 900 °C.3%
The thermal decomposition of the N-heterocyclic germyl-
enes B1 and D1 makes them interesting substrates for CVD
processes.[34
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Scheme 5. Monodentate N-heterocyclic germylenes.

Pyrido[b]- (E1) and naphtho-annulated N-heterocyclic
germylenes were prepared by Heinicke et al.l'8!%] Germyl-
ene F1, derived from 1,8-naphthalene and its homoleptic
tetrahedral Ni® complex [Ni(F1),] have also been de-
scribed.l®3! The cationic germylene G1P¢ was prepared by
the addition of B(CgFs); to Ge(Cl)(dipp,nacnac) in water.
The C4-methylene group of G1 can be deprotonated to give
the germylene derivative with a betaine structure and reac-
tivity.[?”1 The chemical properties of the cationic aminotro-
poniminate derivatives of germanium(Il) H1 and of its
chloroP®¥! and azido derivatives®**3°"! have been investi-
gated in addition to complexes of this germylene with sil-
ver(I).3%-3%] The benzannulated mixed N,S-heterocyclic
germylene I1 is thermally stable as its S,S-heterocyclic ana-
logue.’%! The N,O-stabilized germylenes of type J1 have
been prepared recently.[*”) Germanium(II) bis(amidinates)i!]
and Ge" complexes of tetradentate dianionic N, macro-
cycles*?l represent more unusual examples of N-heterocy-
clic germylenes. The germanium atoms in these derivatives
exhibit a pyramidal tetracoordination by four nitrogen
atoms.

A general route for the preparation of N-heterocyclic
germylenes comprises the dilithiation of an appropriate di-
amine or diimine followed by the reaction or the organo-
lithium compound with GeCl,1,4-dioxane (Scheme 6). Al-
ternatively, N-heterocyclic germylenes have been obtained
by the transamination reaction between a diamine and
Ge[N(SiMes),],. Finally, the reductive dehalogenation of
5167
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Ge'V compounds has been applied for the preparation of
the saturated germylene B1, which can be transformed into
the unsaturated germylene D1 by dehydrogenation of the
heterocycle.[??!
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Scheme 6. Methods for the preparation of monodentate N-hetero-
cyclic germylenes.

The benzannulated germylene of type C1 with N,N’-
(SiMes), substituents was found to be monomeric in the
solid state.*4 Other benzannulated germylenes like 1 (R =
CH,tBu) or the pyrido-annulated germylene 2 were de-
scribed as monomers in the solid state.['8] A close inspection
of the interatomic distances between the germanium atom
and the carbon atoms of the benzene rings of a parallel
oriented adjacent molecule suggests the presence of weak
intermolecular [n*(C¢Hy)*~Gel.. and [n?-(CsH;N)--Gel..
interactions (Figure 1). The intermolecular Ge--C separa-
tions fall in the range of 3.281-3.647 A for 1 and 3.308 and
3.335 A for 2.

Figure 1. Molecular structures and packing in the lattice of the
benzannulated germylene 1 and the pyrido-annulated germylene 2.

Germylene 1 reacts with its carbon NHC analogue with
formation of carbene—germylene adduct 3, thereby acting
as a Lewis acid (Scheme 7).[43] Formation of similar adducts
between the benzannulated N-heterocyclic carbene and the
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benzannulated silylene, stannylene (4) and plumbylene (5)
has also been reported,*3] demonstrating the facile forma-
tion of coordinative E-C bonds (Scheme 7).
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Scheme 7. Adducts of a benzannulated carbene with its heavier an-
alogues.

Benzannulated N-heterocyclic germylenes and acyclic di-
aminogermylenes react with p-benzoquinones in a 2:1 ratio
to give periodic copolymers with (O-Ge-Ge-0), or (O-
Ge-0), cores in high yield.** Germylene C1 (R = SiMes)
was also used for the polymerization of cyclic a,B-unsatu-
rated ketones to give the germanium-containing poly(ger-
manium enolate).[*3

Bis- and Polydentate Germylenes

Some polydentate N-substituted bis- or polygermylenes
are known (Scheme 8). The cubane-type tetrakis(germyl-
ene) K1 and some cage compounds containing Ge'' were
prepared by the oligomerization of Ge=N-R species.[?”-46]
Bis(germylene) L1 with two spiro-silicon atoms was the first
bis(germylene) with two NHGe moieties.*”) The cyclic tris-
(germylene) M1 and the germanazene N1¥°! contain
planar Ge,N, or Ge;Nj; cores in the solid state. The acyclic
bis(germylene) O1 was prepared by the reaction of
R,NGeCl with an organolithium compound by Kobayashi
et al.% and independently by Braunschweig et al.’!l Cage
compounds of type P1 with three or four pyrazolyl ligands
have been described.>?!

Bis(germylenes) of type Q1, in which two benzimidazo-
lin-2-germylene moieties are linked by different bridging
groups through the ring nitrogen atoms, have recently been
prepared.l’34 Compared to the polygermylenes K1-P1
only the compounds of type Q1 possess a backbone flexible
enough to allow the bis(germylene) to act in a chelating
fashion. Bis(germylenes) with sterically demanding substit-
uents at the nitrogen atoms (R = CH,7Bu) have been ob-
tained by the reaction between N,N',N'',N'''-tetralithiated
tetraamines and GeCl,-1,4-dioxane in yields of up to 86%.
Ge[N(SiMes),], was used as a germanium(IT) starting mate-
rial for the preparation of bis(germylenes) with the steri-
cally non-demanding N-substituents (R = Et) or a lutidine
bridging unit.

Bis(germylenes) of type Q1 exhibit various aggregation
modes in the solid state depending on the N,N’-substitu-
ents. Compound 6 with a —-(CH,),— linking unit crystallizes
as monomers (Figure 2).5% The bis(germylene) 7 with a
longer -(CH,)s— bridge exhibits a weak intermolecular

Eur. J. Inorg. Chem. 2008, 5165-5179
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Scheme 8. Bis- and polydentate N-substituted germylenes.

Ge-+Ge [3.577(2) A] interaction leading to a polymeric ar-
rangement of bis(germylene) molecules in the solid state
(Figure 2).1534

D

Figure 2. Molecular structures of the bis(germylenes) 6 and 7.

An intermolecular interaction between the vacant p-or-
bital at the Ge'" atom and the aromatic benzene m-system
of a parallel oriented adjacent molecule was observed for
the bis(germylene) 8 with a 1,2-(CH,),C¢H, linking unit
(Figure 3).153% The interatomic distances Ge+*Cg fall in the
range 3.199(3)-4.036(2) A. This interaction resembles the
one found for germylene 1 (Figure 1) and leads to a poly-
meric arrangement of the molecules 8 in the solid state. In
contrast to the situation found for 8 the bis(germylene) 9
with a 1,3-(CH,),C¢H, linker exists as a monomer in the
solid state (Figure 3).[>3b]

A different mode of aggregation was observed for
bis(germylenes) with sterically non-demanding N-CH,CH3
substituents. They crystallize as dimersP3#! or polymerst#
with formation of weak intermolecular Ge-N contacts.

Eur. J. Inorg. Chem. 2008, 5165-5179
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Figure 3. Molecular structures of bis(germylenes) 8 and 9.

The intermolecular Ge-*N separations measure 3.533(2)
and 3.532(2) A in the bimolecular aggregate of bis(germy-
lene) 10 (Figure 4). These values are indicative of weak do-
nor—acceptor interactions caused by the donation of free
electron pairs at the nitrogen atoms to the vacant p-orbitals
at the germanium atoms.

Figure 4. Molecular structure of the bis(germylene) 10.

Bis(germylenes) 1153%1 and 12051 exhibiting a Ge-N-Ge
pincer topology have been prepared. X-ray diffraction
analysis for bis(germylene) 11 with the lutidine linker and
N-CH,Bu substituents revealed an unprecedented intra-
molecular Ge-Ge interaction [3.041(5) A] and Ge***Njyidine
interactions [3.386(7) and 3.154(7) A]. Macrocyclic bis(ger-
mylene) 12 with two lutidine bridging units exhibits similar
Ge-Ge [3.337(3) A] and Ge-N [3.223(1) and 3.250(1) A]
interactions (Figure 5). Although the Ge-Ge interactions
are not particularly strong in both 11 and 12 it should be
noted that the geometry of N,Ge-*GeN, fragments is typi-
cal for the trans-bent arrangement, previously described for
the heavy alkene analogues of type R,E=ER,.[>%

It has been demonstrated that the benzannulated bis(ger-
mylenes) of type Q1 are capable to coordinate to metal cen-
ters in a chelating fashion. The complexes 1303 and 1454
with the tetracarbonylmolybdenum fragment have been iso-
lated and characterized by X-ray diffraction. The complexes
were obtained by the reaction of the bis(germylenes) with
[Mo(CO)4(nbd)] (nbd = norbornadiene). The molecular
structure of complex 13 (Figure 6) resembles that of the re-
lated bis(carbene) complex 15.1°?) The Ge-Mo bonds in 13

5169
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Figure 5. Molecular structures of the bis(germylenes) 11 and 12.

[2.5204(6) and 2.5189(6) A] are longer than the Ceyrpene—MoO
bonds in 15 [2.324(3) A]. This expansion of about 0.2 A is,
however, much smaller than the lengthening of the intra-
cyclic N-E bond lengths of about 0.4 A for the transition
E = C — E = Ge. The '"H NMR spectrum at low tempera-
ture shows that the methylene protons of 13 become dia-
stereotopic upon complex formation due to a restricted ro-
tation about the N—CH, bonds.’3¥ Vibration spectroscopy
and X-ray diffraction analysis showed the presence of two
conformers of 14 in the solid state. These conformers signif-
icantly differ from each other by the orientation of the
germylene moieties.®™ The geometry of the bridging
—(CH,)s— unit in 14 is strongly distorted compared to the
all-trans arrangement found for the free bis(germylene) 7
(Figure 2).

Figure 6. Molecular structures of complex 13 and one of the con-
formers of 14 and schematic drawing of 15.

Stannylenes

Monodentate Stannylenes

The tin analogues of germylenes Al — stannylenes A2
(Scheme 9) — were the first representatives for N-heterocy-
clic stannylenes (NHSn). They were prepared first in 1975
5170
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by Veith.B”! Stannylenes of type A2 are monomeric or di-
merize in solution or in the solid state depending on the
substituents at the nitrogen atom.[*®! They coordinate to
transition metals with formation of homo- and heteroleptic
complexes.’®) The molecular structure and the dynamic be-
haviour of the related diazastannaboretine R1 were investi-
gated later.[®) Compound R1 was prepared by the cycliza-
tion of Sn[N(R)(BR’,)], with elimination of BR’;. An X-
ray diffraction study revealed the formation of bimolecular
aggregates of stannylene R1 built from three four-mem-
bered rings and exhibiting intermolecular Sn--*N and N--B
interactions.

R
| ’l‘\ FK\ . ’\{R
N—Sh—
\S<N\Sn H'—B< Sn: </f
/ ,?( r;/ X
R R X =S;NR'
A2 R1 s
R R R
X ' a
L - o
. ¢
R R R
c2 D2 F2
R R R
N i |
{ en N\Sn: @ ——\Sn
( n'\/ o’ '
R R
n=1,2 R
T 12 H2
F.‘ F.* F.‘
(N\Sm 1.2 BuLi (MeLi) (:H SnIN(SiMeg), QSm
nl/ 2. SnCl, \H |
R R R
A2, S1(X = NR), C2, D2, F2
C2,F2,T1, 12

Scheme 9. N-heterocyclic stannylenes and their preparation.

Multinuclear NMR, Mossbauer and X-ray diffraction
investigations on base-stabilized cyclic stannylenes of type
S1 with an intramolecular Sn*S or Sn‘N interaction
showed these molecules to be monomeric in the solid state
and in solution.®l While the first NHSn compounds of
type C2 with the tin atom being part of a conjugated -
system were prepared and unambiguously characterized in
1995 by Braunschweig et al.,[” stannylenes of types C2 and
F2 were first mentioned in the literature as early as 1974.[63
Structural and spectroscopic investigations have been car-
ried out for symmetrically and unsymmetrically substituted
stannylenes of type C2 by using various alkyl- and donor-
functionalized N,N’-substituents.'®*! The tin analogue of
Arduengo’s carbene D2 has recently been isolated.['! It un-
dergoes some unusual chemical reactions such as the reac-
tion with diazadienes, which proceeds under exchange of
the tin atom between the nitrogen ligands.'”! Stannylenes

Eur. J. Inorg. Chem. 2008, 5165-5179
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F2 can act as Lewis acids coordinating a dialkylstannylene,
which acts as a Lewis base.] The free stannylenes of type
F2 are not planar but exhibit a tin atom strongly deviated
from the plane of the 1,8-naphthalenediyl moiety.l®! For
stannylene F2 with R = /Pr a one-dimensional head-to-tail
chain structure with short intermolecular Sn--Cg(aryl) in-
teraction was observed in the solid state.[®8l Saturated
NHSn compounds of type T1 possessing six- or seven-
membered heterocycles exhibit a monomer/dimer equilib-
rium in solution.l®”] Stannylene T1 with the seven-mem-
bered heterocycle was observed as a dimer with intermo-
lecular Sn---N contacts in the solid state by X-ray diffrac-
tion analysis. In addition, stannylenes of type T1 undergo
heterocumulene metathesis with zerz-butyl isocyanates to
produce a,m-bis(carbodiimides). The N,O-stabilized cyclic
stannylene 12 has recently been prepared.®®! Cationic
NHSn compounds H2 containing a 10n-electron system
feature a planar heterobicyclic C;N,Sn ring. They act as
Lewis acids towards suitable donor ligands.[?*-¢° The ma-
jority of the known N-heterocyclic stannylenes have been
prepared by either of two general methods: (i) the reaction
of lithiated diamines with SnCl, or by (ii) the transamina-
tion reaction between a suitable diamine and Sn[N(Si-
Mes),]» (Scheme 9).

It has been proposed that benzannulated N-heterocyclic
stannylenes of type C2 are formed in a trimolecular reac-
tion between a suitably N,N'-substituted o-phenylenediam-
ine and 2 equiv. of Sn[N(SiMes),],. The distannylene 1,2-
[(Me5Si),NSnNR],C¢Hy has been postulated as an interme-
diate in this reaction which upon rearrangement gives the
N-heterocyclic stannylene and 1equiv. of Sn[N(Si-
Me;),]».[021 We have isolated and characterized the related
bis(stannylene) 16, which was obtained in the reaction of
ortho-benzodithiol  instead  of  o-phenylenediamine
(Scheme 10).7! The X-ray diffraction analysis with single
crystals of 16 revealed the presence of two three-coordinate
tin(IT) atoms stabilized by Sn—N and Sn-S interactions con-
firming the trimolecular nature of the reaction.

QSH 2 Sn[N(SiMeg)l, ¢
_— -
SH - 2 HN(SiMe3),

Scheme 10. Preparation and molecular structure of stannylene 16.

The N,N'-(CHj;), substituted benzannulated stannylene
17 forms a dimer in the solid state, which exhibits strong
intermolecular interactions {distance Sn-N [2.361(2) A]
(Figure 7)}.1¥1 This behaviour is in contrast to the situation
found for its carbene analogue, which exists as dimer with
a trans-bent C=C double bond. We take this difference as
an indication for an enhanced Lewis acidity of tin(II) com-
pared to the carbon(Il) atom. A related but much weaker
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Ge-N interaction was found for bis(germylene) 10 (Fig-
ure 4). Only one signal was observed for the methylene pro-
tons of 17 in the 'H NMR spectrum which is consistent
with a fast exchange of the stannylene moieties of the dimer
or dissociation of the dimer in solution.

Me
5 e
sn g%
Sn Me% @Me
S R o
Me

17-17

Figure 7. Molecular structure and schematic representation of the
bonding situation in the dimolecular aggregate 17-17.

In contrast to the situation found for 17, stannylene 18
with the sterically more demanding N,N'-(CH,zBu), sub-
stituents does also dimerize in the solid state but by forma-
tion of intermolecular [n%-(CgH,)*Sn], interactions be-
tween parallel oriented stannylene molecules.[®? In this case
the aromatic n-system of the benzene ring donates electron
density to the vacant p-orbital at the tin atom. The intermo-
lecular Sn-+Cg(centroid) distance measures 3.23 A This
value compares well to the values found for m-complexes of
divalent tin derivatives with neutral arenes.[’!]

Stannylenes 19-21 with Lewis base functionalized N,N'-
substituents exhibit different types of aggregation in the so-
lid state (Figure 8).04 Stannylene 19 with N,N'-
(CH,CH,OCHj3), substituents is monomeric with weak in-
tramolecular Sn---O interactions [distances Sn---O 3.060(3)
and 3.120(3) A].

The structure analyses for stannylenes 20 and 21 with the
CH,CH,NMe, and CH,CH,CH,NMe, arms at the ring ni-
trogen atoms revealed the existence of inter- and intramo-
lecular Sn-+-N interactions. In 20 the ethylene side chain is
too short to allow for a strain-free interaction of the Me,N
donor with the p-orbital at the tin atom. Stannylene 21 pos-
sesses longer N,N'-(CH,CH,CH,NMe,), substituents
which enables a strain-free intramolecular coordination of
the Me,N donor group. The coordinative Sn+*N bond
lengths for 20 and 21 fall in the range 2.497(2)-2.612(2) A.

119Sn NMR investigations performed for the symmetri-
cally and unsymmetrically N,N'-substituted N-heterocyclic
stannylenes showed a strong dependence of the chemical
shift 5(''°Sn) on the type of N,N'-substituents and on the
solvent used.l** The ''?Sn NMR resonances for 17-21 fall
in a broad range between 0 = 49 and 269 ppm (Table 1).
The value of 6(''°Sn) reflects the amount of electron density
at the tin atom. The variation of the '"Sn chemical shift in
dependence on the solvent can thus serve as a probe for the
presence of additional donor interactions with the stanny-
lene tin atom.

Stannylene 17 shows a strong dependence of the !'°Sn
NMR resonance on the solvent used. The strong upfield
5171
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Figure 8. Molecular structures of stannylenes 19-21.

Table 1. 6(''°Sn) chemical shifts for the benzannulated stannylenes
C2in C6D6 and [Dg]thf

R CeDs [DgJthf
Me (17) 222 107
CH,tBu (18) 269 -
CH,CH,OMe (19) 148 89
CH,CH,NMe, (20) 49 51
CH2CH2CH2NM62 (21) 52 51

shift in thf is apparently caused by coordination of thf to
the electron-deficient tin(II) center. The chemical shift of
the ''”Sn resonance for stannylene 19 in benzene indicates
the presence of a weak intramolecular Sn*+-O coordination
in solution. In thf the ''”Sn resonance is again shifted up-
field, which was taken as an indication for thf coordination
to the tin(II) atom. The ''”Sn NMR spectra measured for
stannylenes 20 and 21 bearing amino-functionalized N,N’-
substituents show resonances at high field when compared
to the stannylenes 17-19. Both 20 and 21 give ''°Sn reso-
nances with almost identical chemical shifts in C¢Dg and
[Dg]thf. The tin centers in both stannylenes are stabilized
by intra- and intermolecular coordination of nitrogen do-
nors in the solid state (Figure 8), and this coordination ap-
pears to prevail in solution thereby rendering the chemical
shift of the '"”Sn resonance non-dependent on the type of
solvent used.

An X-ray diffraction study of the N,O-stabilized benzan-
nulated stannylene 22 shows also strong intermolecular
Sn-+*O interactions [distance Sn--O 2.240(2) and
2.235(2) A] leading to the dimer 22-22 (Figure 9).1%8] The
preferred coordination of the oxygen atoms to the tin atoms
5172
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in 22 can be rationalized by the strong Lewis basicity of the
oxygen atoms and/or by the bulky substituent at the ring
nitrogen atom, which prevents nitrogen coordination.

22-22

Figure 9. Molecular structure of the dimeric stannylene 22-22.

Benzannulated stannylenes are capable of forming ad-
ducts with various Lewis bases such as tmeda and
benzannulated N-heterocyclic carbenes.[*7?1 The dinuclear
tmeda adduct 23 was prepared by the addition of the Lewis
base tmeda to a benzannulated N-heterocyclic stannylene
of type C2 (R = SiMe;). The molecular structure analysis
for 23 shows a tmeda molecule coordinated in a bridging
fashion between two tin(I) centers (Figure 10). The
Sn**Nymeda Separation measures 2.516(5) A, which is a
value similar to the equivalent Sn+-*N distances in stannyl-
enes 20 and 21. The carbene adduct 24 (Figure 10) was pre-
pared by the reaction of the benzannulated stannylene 20
with the dibenzotetraazafulvalene of a benzannulated N-
heterocyclic carbene (Scheme 7).[72l Carbene—stannylene ad-
duct 24 is not stable in solution but crystallizes from solu-
tions containing equimolar amounts of the carbene and the
stannylene. Both carbene adducts 4 (Scheme 7) and 24 con-
tain a carbene ligand coordinated in perpendicular fashion
relative to the stannylene plane again demonstration the
Lewis acidity of the empty p-orbital at the tin center.

23 24

Figure 10. Molecular structures of the stannylene adducts 23 (with
tmeda) and 24 (with an N-heterocyclic carbene).

Bis- and Polydentate Stannylenes

A selection of polydentate N-substituted and N-hetero-
cyclic stannylenes is depicted in Scheme 11. Bis(stannylene)
Ul was prepared by the reaction of compound A2

Eur. J. Inorg. Chem. 2008, 5165-5179



Benzannulated N-Heterocyclic Germylenes, Stannylenes and Plumbylenes

Eur|IC

(Scheme 9) with the reactive tin derivative Sn=N-R gener-
ated in situ.?”l Upon heating compound U1 transforms into
the cubane-type tetrakis(stannylene) K2.*7-731 Each tin
atom in K2 possesses a chemically active unshared electron
pair, which can act as a Lewis base towards Lewis acids like
AICI;.™ Various related mixed cubane-type compounds
with tin(I) and germanium(II) or lead(II) have been de-
scribed.?”l Compared to the bis(germylene) derivative L1
(Scheme 8) bis(stannylene) L2 exhibits two additional intra-
molecular Sn-+N interactions, which lead to a pseudo-bis-
(cubane) skeleton.[*”] The macrocyclic bis(stannylene) V1
was prepared by the reaction of 1,3-(RLiN),CsH, with
[Sn(p-Cl)(SiMes)]».7>! Sn[N(SiMes),], can activate the C—-H
and N-H bonds in 1,3-(RHN),C¢Hj, to give compound W1
with two diamino- and one (dialkylstannyl)stannylene.[’>]
Bis(stannylenes) of type O2 can be prepared in a fashion
similar to the one used for the preparation of the germa-
nium analogues of type O1 (Scheme 8).°%°! Neutral and
positively charged bis(stannylenes) P2 bearing three or four
pyrazolyl ligands are known.’?I The stannylene-substituted
ferrocene X1 can coordinate in a chelating fashion to transi-
tion metals.’® N-heterocyclic bis(stannylenes) Q2 with
various bridging units and substituents R were isolated re-
cently.?*77.781 They have been prepared by the reaction of
suitable tetraamines and Sn[N(SiMejs)-],.

Bis(stannylene) 26 with a —CH,C(CH3),CH,— linking
unit between the stannylene moieties and N-
CH,CH,CH,NMe, substituents exhibits intramolecular
Sn--*NMe, contacts [Sn'N distances 2.561(4) and
2.530(4) A] along with an intermolecular interaction be-
tween the tin(II) centers and the aromatic benzene m-system
of an adjacent molecule (Figure 11).24 This interaction
leads to a polymeric arrangement of bis(stannylene) mole-
cules in the solid state. The molecular structure of the N-
CH,C(CH3); substituted bis(stannylene) 25**1 has not yet
been determined.

Both bis(stannylene) 25 and 26 containing the -
CH,C(CH3),CH,— linking unit react with [Mo(nbd)(CO),]
with formation of the heteroleptic complexes 27 and 28
(Figure 12).24 An X-ray diffraction study for complex 28
showed an intramolecular Sn--NMe, interaction
[SnNMe, distance 2.390(2) A], which is significantly
shorter than the corresponding value in the free bis(stanny-
lene) 26 [Sn-NMe, distances 2.561(4) and 2.530(4) A]. The
coordination of amino arms to the tin atoms in 28 leads to
an elongation of the Mo—Sn bonds [2.7046(6) A] compared
to complex 27 [2.6850(3) and 2.6736(4) A].

The Mo-E and E-N bond lengths and the wavenumbers
for the ¥(CO) stretching modes for bis(carbene) (15),64
bis(germylene) (13)P341 and bis(stannylene) (27)P?4 com-
plexes are listed in Table 2. As expected and according to
the increase of the atomic radii, the intracycle E-N bond
lengths increase in the following order: bis(carbene) com-
plex 15, bis(germylene) complex 13, bis(stannylene) com-
plex 27. This increase, however, is much stronger than the
observed lengthening the Mo—E bonds for the transition E
= C — E = Sn. On first sight it appears conceivable that
the heavier analogues of benzannulated carbenes act not

Eur. J. Inorg. Chem. 2008, 5165-5179

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

S(//

N—S |
VAR Y4 N\R R” 4
R/ - F{
U1 K2 L2
R Sn R R’
R . \ 7 ANN
N—Sn\ /R N N,
R NO—N R 4 | [ A
A\ / N
R/ 'Sn—N\ \ ) = // % /
R R R S8 R R
02 P2
Me3 S S|M93 Me;Si SiMes
N Ny’
N— N
S
lVIe3S|/ S|I\/Ie3 MesS? = SiMey
\'A| w1
/R
o Q 7
Fe N\ /
Sn/@ N/Sn-' .Sh—_
/ /
R
X1 Q2

Scheme 11. Polydentate stannylenes.
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Bu—/ \—tBu

Figure 11. Schematic representation of bis(stannylene) 25 and mo-
lecular structure and packing of stannylene 26 in the solid state.

exclusively as o-donors but, owing to the Lewis acidity of
the empty p-orbital particularly at the stannylenes, also
function as m-acceptor ligands. Such m-acceptor properties
would also explain the higher wavenumbers observed for
the stretching frequencies v(CO) of the carbonyl groups
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27 28

Figure 12. Molecular structures of complexes 27 and 28.

trans to the group 14 element E measured for complexes 13
and 27 compared to complex 15. DFT calculations per-
formed for model complexes 13, 15 and 27 indicated, how-
ever, that the bis(germylene) and bis(stannylene) ligands act
not only as o-donors and m-acceptors but also as n-do-
nors.?*1 This provides an alternative explanation for the
measured geometric and spectroscopic parameters of com-
plexes 13, 15 and 27. The elongated Mo—Sn bonds and the
lowered v(CO) frequencies for 28 compared to complex 27
indicate a reduced Mo—Sn bond order in 28 due to coordi-
nation of the donor-functionalized N-substituent.

Table 2. Bond lengths [A] and wavenumbers for the v(CO) stretch-
ing modes of complexes 13, 15, 27 and 28.

Qﬁ\/@

RN il JE N r
oc”™” | “~co
c
0
15 13 27 28
E=C E =Ge E =Sn E =Sn
R = Bu R=Bu R=mBu R =(CH,),NMe,
"(Mo-E) 2.324(3) 2.5204(6), 2.6850(3), 2.7046(6)
2.5189(6)  2.6736(4)
HE-N) 1.385(4), 1.8233)-  2.0182(2)- 2.033(2),
1.367(4) 1.827(3)  2.0398(2) 2.0586(2)
wCO), A, 1889 1950 1947 1928
wCO), A, 2002 2029 2038 2008

The intensely coloured homoleptic bis(stannylene)Ni®
complexes 29 and 30 were prepared by the reaction of bis-
(stannylenes) with [Ni(cod),] (cod = cyclooctadiene)
(Scheme 12).781 The ''°Sn NMR spectrum of complex 29
shows only one resonance signal both in thf (J =
440.1 ppm) and downfield-shifted in toluene (I =
492.3 ppm). Two only slightly separated resonances were
observed in the ''”Sn NMR spectrum of complex 30 mea-
sured in toluene (6 = 439.0 and 434.0 ppm, Figure 13). One
of these ''”Sn resonances is significantly shifted upfield in
thf (6 = 328.4 ppm), whereas the other one shows an almost
unchanged chemical shift (6 = 444.5 ppm) compared to the
resonances observed for 30 in toluene.
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Ni(cod),] Bu—/ 5 \_—Bu
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of \_/
29: = CH,G(CHa),CH,
30: =1,3-(CHp),CeHy

Scheme 12. Preparation of the homoleptic complexes 29 and 30.

f A THF-dg
M toluene-d;

480 420 360 ppm

Figure 13. Molecular structure and ''Sn NMR spectra for com-
plex 30.

The observation of two ''°Sn resonances indicates the
presence of two different types of tin atoms in complex 30.
X-ray diffraction studies confirmed the presence of four
identical tin atoms in 29, all of which are accessible for thf
coordination leading to the upfield shift in this solvent. The
X-ray diffraction analysis shows two different types of tin
atoms in complex 30. Two of these are accessible for thf
coordination, whereas the other two are efficiently shielded
by the 1,3-(CH,)CgH, bridging units linking the stannylene
donors (Figure 13).

It has been demonstrated that bis(stannylene) ligands in
the presence of a Lewis base are capable of replacing transi-
tion metal coordinated triphenylphosphane.l”! Bis(stannyl-
ene) 25 (Figure 11) reacts with [Pt(PPhs),] in the presence
of OPPh; to give the heteroleptic Pt° complex 31. The mo-
lecular structure analysis (Figure 14) shows one O=PPh; li-
gand coordinated to one tin atom. Surprisingly, only one
resonance was found in the ''”Sn NMR spectrum exhibit-
ing the characteristic coupling constants ['J(!!°Sn—!9°Pt)
and 2J('"”Sn—3'P)]. Apparently, the O=PPh; ligand in 31
dissociates from the tin center or is fast exchanged. Both
Pt-Sn bond lengths [2.5734(9) and 2.5868(8) A] are almost
equidistant in 31. The significant deviation of Sn—Pt vectors
from the N,Sn planes indicates that an interaction of the
empty p-orbital at the tin atoms with the d-orbitals at the
platinum atom is not feasible. Thus, geometric factors pre-
venting d—p m-interaction between the tin and platinum
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atoms are responsible for the almost equidistant Pt-Sn
bonds in spite of the fact that one tin atom is coordinated
by phosphane oxide and the other one is not.

31 32

Figure 14. Molecular structures of hetero- (31) and homoleptic (32)
platinum(0) complexes with bis(stannylene) ligands; thf molecules
coordinated to the tin atoms in 32 and the phenyl groups of the
PPh; and O=PPh; ligands in 31 are omitted for clarity.

Homoleptic Pt® complexes with bis(stannylene) ligands
were synthesized by the reaction of the ligands with
[Pt(nbe);] (nbe = norbornene).” An X-ray diffraction
study for complex 32 (Figure 14) shows a tetrahedral SnyPt
core and coordination of thf molecules to the sterically un-
protected tin atoms. The molecular structures of the
nickel(0) complex 29 (Scheme 12) and the analogous plati-
num(0) complex 32 are quite similar in the solid state. ''°Sn
NMR spectra of the platinum analogue of complex 30 indi-
cate the presence of an equilibrium between complexes with
three- and four-coordinate platinum atoms in solution.l”!

The lutidine-bridged bis(stannylene) 33 (Scheme 13) has
been prepared in analogy to the corresponding bis(germy-
lene) 11 (Figure 5). It was found that bis(stannylene) 33 re-
acts with in situ generated tin and lead homologues of car-
bon monoxide with formation of the Sn=0 and Pb=0 ad-
ducts 34 and 35, respectively (Scheme 13).77! Tin(II) mon-
oxide for the adduct formation has been generated by the
reaction of water with the benzannulated bis(stannylene) 33
or, more simply, by the reaction of water with Sn[N(Si-
Mes),],. Pb=0O was generated in situ by hydrolysis of
Pb[N(SiMes),],. The formation of various clusters exhibit-
ing Sn—O bonds during the hydrolysis of diaminostannyl-
enes has been discussed previously by Veith and Lange.[8%
The valence states of the tin atoms in complexes 34 and
35 were estimated by Mossbauer spectroscopy. The ''°Sn
Mossbauer spectrum for 34 shows the presence of non-
equivalent tin(I) atoms and can be simulated as addition
of two signals at 6 = 2.66(1) and 2.84(3) mm/s with relative
intensities 2:1. These values as well as the isomer shift ob-
served for 35 [0 = 2.63(1) mm/s] are also typical for divalent
tin atoms. The ''”Sn NMR resonance signal for the Sn=0
tin atom in 34 was observed at 6 = -95.1 ppm (in toluene).

An X-ray diffraction study of adduct 34 shows the bis-
(stannylene) 33 as a pentadentate ligand. The Sn=0O tin
atom gains electron density from three nitrogen atoms of
the bis(stannylene) moiety (Figure 15). The coordination
geometry of the central core in 34 is similar to that found
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Scheme 13. Formation of the Sn=0 and Pb=0 adducts 34 and 35.
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Figure 15. Molecular structures of the complexes of bis(stannylene)
33 with tin(II) (34) and lead(II) (35) monoxides.
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Scheme 14. Preparation and molecular structure of the mixed
germylene-stannylene 36.
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in polymeric (SnO)..,! which like 34 also contains square-
pyramidal coordinated Sn atoms. The Sn=0O bond length
[2.079(2) A] is slightly shorter than the Sngannyienc—O bonds
[2.114(2) and 2.135(2) A].

The bis(stannylene) ligand 33 in adduct 35 coordinates
to the lead(IT) monoxide in a fashion similar to its coordi-
nation to Sn=0 in complex 34. The bond of Pb=0 mea-
sures 2.157(5) A.

The hydrolysis of bis(stannylene) 33 in the presence of a
mixture of CIGeN(SiMe;),P%>!1 and Ge[N(SiMes),], gave
the unsymmetrical molecule 36 (Scheme 14) containing an
N,Cl-substituted stannylene and a benzannulated N-hetero-
cyclic germylene (Scheme 14).32) The X-ray diffraction
study of 36 shows an intramolecular donor—acceptor stabi-
lization of the tin(II) atom by the nitrogen atoms of the
lutidine and NH-CH,¢Bu groups. Related N,Cl-substituted
stannylenes featuring additional intramolecular Sn**N in-
teractions have been isolated by the reaction of stannylenes
of type A2 (Scheme 9) with HCI.[3?]

Plumbylenes

Benzannulated Plumbylenes and Their Adducts

In contrast to the chemistry of N-heterocyclic germyl-
enes and stannylenes, much less is known about their lead
analogues. The first representative of an N-heterocyclic
plumbylene, compound A3 (Scheme 15), was prepared by
Veith and Grosser!?”) by the reaction of the appropriate dili-
thiated diamine with PbCl,. Multinuclear NMR studies
indicated the formation of dimeric aggregates of A3 in solu-
tion. In the presence of the related stannylene A2
(Scheme 9) the formation of mixed dimers A2-A3 has also
been described.®¥ X-ray diffraction studies on spirocyclic
plumbylene of type A3 with R’,R’ = —(CH,);~ demon-
strated the existence of intermolecular Pb:*N interactions

again leading to dimeric aggregates in the solid state.[®>]

v 0 ;

RN AN N
s Pb E Pb: Pb:

R/ r?l/ N 'T'/

R & R

n=1,2
A3 T2 C3

Scheme 15. N-heterocyclic plumbylenes.

Saturated N-heterocyclic plumbylenes of type T2 with
five- or six-membered heterocycles have been prepared re-
cently by the transamination method or by the reaction of
PbCl, with dilithiated diamines.[®®! The first benzannulated
N-heterocyclic plumbylene C3 was isolated as a carbene—
plumbylene adduct of type 5 (Scheme 7) in 2000.M31 No
NMR or structural data of the free benzannulated plumby-
lene were reported. More recently two benzannulated N-
heterocyclic plumbylenes of type C3 (R = CH,iPr, CH,Bu)
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have been synthesized and characterized including molecu-
lar structure determination by X-ray diffraction.?” Up to
now, only for the benzannulated N-heterocyclic compounds
has the complete series of group 14 derivatives (carbene,*!1
silylene,®® germylene, 3% stannylenel®%4 and plumby-
lenel®”) been isolated and fully characterized in the free
state. The lead analogue of the cubane-type stannylene K2
(Scheme 11) has also been described.l?”]

The saturated plumbylene of type T2 featuring a five-
membered heterocycle and N,N'-(dipp), substituents (dipp
= 2,6-diisopropylphenyl) is monomeric in the solid state,
whereas the plumbylene 37 (Figure 16) bearing the steri-
cally less demanding N,N’-mesitylene substituents crys-
tallized as a dimer with strong intermolecular Pb-N inter-
actions [intermolecular distance Pb+N 2.471(2) A].[86]

¥ Pb

37

38

Figure 16. Molecular structures of the saturated N-heterocyclic
plumbylenes 37 and 38.

Another mode of dimerization was found for plumbylene
38 derived from a six-membered heterocycle and also bear-
ing N,N'-(dipp), substituents (Figure 16). Dimeric 38 is
formed by weak intermolecular interactions of the lead
atoms of one plumbylene with the benzene ring of an adja-
cent molecule.

The benzannulated N-heterocyclic plumbylenes of type
C3 were prepared by the transamination reaction between a
suitable o-phenylenediamine and Pb[N(SiMejs),],.B71 X-ray
diffraction analyses demonstrated that the plumbylenes
with the sterically demanding N,N’-(CH,tBu), (39) and
N,N’'-(CH,iPr), (40) substituents exist as dimers in the solid
state. The modes of dimerization are slightly different with
intermolecular [n°-(C4Hy)--Pb], contacts for 39 and [n>-
(CgHy)+*Pb], contacts for 40 (Figure 17). Similar intermo-
lecular interactions have been observed for the benzannul-
ated N-heterocyclic tin(I1) analogue 18.12! The plumbylene
41 with donor-functionalized N,N’-substituents crystallizes
as a polymer with strong intermolecular Pb---NMe, con-
tacts [intermolecular distance Pb-NMe, 2.826(3) A] (Fig-
ure 17).891 This behaviour is in contrast to the situation

Eur. J. Inorg. Chem. 2008, 5165-5179



Benzannulated N-Heterocyclic Germylenes, Stannylenes and Plumbylenes

found for the stannylene analogue 21 (Figure 8) which di-
merizes in the solid state with formation of intermolecular
Sn-+*Nyin, and intramolecular Sn-*NMe, interactions.

Figure 17. Molecular structures of N-heterocyclic benzannulated
plumbylenes 39-41.

The benzannulated plumbylenes of type C3 are capable
of forming donor—acceptor adducts with benzannulated
carbenes giving 513 or with lead monoxide leading to 42°°)
(Scheme 16, Figure 18). Complex 42 containing a Pb=0
molecule stabilized by three plumbylenes 40 was prepared
in a fashion similar to that of the bis(stannylene) adduct of
Pb=0 35 (Scheme 13, Figure 15).

5 42

Figure 18. Molecular structures of the adducts of plumbylenes with
a benzannulated carbene (5) and with Pb=0 (42).

Eur. J. Inorg. Chem. 2008, 5165-5179

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

The unshared electron pairs at the oxygen atom of the
Pb=0 moiety in 42 donate electron density to the vacant p-
orbitals at the lead atoms of the three plumbylenes (Fig-
ure 18). In turn, the reactive Pb"'=0 species is stabilized by
electron donation from three ring nitrogen atoms to the
lead center. The Pb-O bond in 42 [2.313(7) A] is longer
than that in the bis(stannylene) adduct 35 [2.157(5) A] indi-
cating a reduced Pb=0 double-bond character in 42.

Conclusions

Some of the heavier analogues of diaminocarbenes have
been studied long before the first N-heterocyclic carbenes
were prepared. The properties and the coordination chemis-
try of the heavier NHC analogues differ significantly from
those of NHCs. Benzannulated N-heterocyclic stannylenes
and plumbylenes have been used to trap reactive intermedi-
ates such as Sn=0O and Pb=0O. The heavier analogues of
NHCs also exhibit an ambiphilic character with a Lewis
basic filled sp?-orbital and perpendicular to this a Lewis
acidic empty p-orbital. They are promising ligands for tran-
sition metals, and both homoleptic and heteroleptic com-
plexes with monodentate or bidentate NHC analogues are
known. Given the significance of NHCs as ligands for cata-
lytically active metal complexes, it will be interesting to see
whether catalytically active complexes with N-heterocyclic
germylene, stannylene or plumbylene ligands emerge in the
future.
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