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Abstract

The polycyclic Group 14 amides [P(l-NtBu)2P(tBuN)2]M, M = Ge (4), Sn (5) were synthesized from cis-[P(l-NtBu)2P(tBuN-
Li � THF)2] and GeCl2 � dioxane or SnCl2, respectively. Oxidation of these heterocarbenoids or of the analogous diazastannylene
[MeSi(l-tBuN)2SiMe(tBuN)2]Sn with O2, S8 and Sen furnished the chalcogenides {[P(l-NtBu)2P(tBuN)2]GeO}2 (6), {[P(l-NtBu)2-
P(tBuN)2]SnE}2, E = O (7), S (8), Se (9), {[SP(l-NtBu)2P(tBuN)2]SnS}2 (10), and {[MeSi(l-tBuN)2SiMe(tBuN)2]SnE}2, E = S (11), Se
(12), respectively. All products (6–12) were shown by single-crystal X-ray methods to consist of dimeric molecules with central
(M–E)2 rings, M = Group 14 element, E = chalcogen. The exclusive formation of dimeric compounds with bridging M–E–M bonds,
vs. alternative monomeric structures with terminal M@E bonds, is rationalized in terms of the thermodynamic favorability of the dimers.
The case is made that most, if not all, currently known Group 14 chalcogenides, even those labeled ‘‘kinetically stabilized”, are really
thermodynamic products.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

N-Heterocyclic carbenes (NHCs), such as the imidazol-
2-ylidenes A in Chart 1, are remarkably stable, divalent,
two-coordinate carbon compounds [1–4]. Although these
molecules were first reported in the 1960s [5–7], they have
only recently become the focus of intense research interests
because of their outstanding ligand properties [8–11]. Thus,
heterocarbenes are successful ligands in a wide range of
catalytic reactions, such as Heck and Suzuki couplings
[12–14], olefin metathesis [15–18], and C–H bond activa-
tion [19], to name a few.
0022-328X/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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While less well known than heterocarbenes, the hetero-
carbene analogues of the heavier Group 14 elements
(E = Ge, Sn, Pb, B) are also a mature research area, dating
back to the pioneering work of Lappert and coworkers in
the early 1970s [20,21]. Related N-heterocyclic Group 14
carbenoids, like C [22] and D [23], were reported slightly
later by Veith et al. and those of structure type E somewhat
later still by Herrmann, Denk, and West [24]. All of these
compounds are readily synthesized from the Group 14
halides and the appropriate lithium amides or -diamides,
and like NHCs, these carbenoids have a well-developed
coordination chemistry with transition metals [25–29].

One of the most obvious transformations of the hetero-
carbene analogues B–E, namely their oxidation with chalc-
ogens, was not investigated until Veith et al. reported the
reactions of the germanium(II) bis(tert-butylamido)cyclo-
disilazane 1 (Scheme 1) with oxygen and sulfur [30,31]. In
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both reactions, the germylene was transformed cleanly to
the corresponding germanium(IV) chalcogenide. However,
while the oxide crystallized dimeric with a bridging (Ge–
O)2 rhombus (2), the sulfide was monomeric (3), featuring
the shortest terminal Ge@S bond (2.062(3) Å) reported to
that date. The unusual stability of the terminal Ge@S bond
was attributed to the intramolecular Lewis base-stabiliza-
tion originating from one of the MeSi(l-tBuN)2SiMe het-
erocycle’s nitrogen atoms. Since this donor interaction is
present in both, monomer 3 and dimer 2, the authors were
presumably implying that the substantially shorter donor
bond in 3 (2.050(5) Å) vs. that in 2 (2.396(6) Å) is sugges-
tive of a stronger interaction in the germanium sulfide,
which therefore remained monomeric.

The discovery of this first terminal Group 14 chalcogen-
ide bond in a molecular compound spawned research on
related Group 14 chalcogenides – Chart 2 displays some
of these – which showed that such double bonds between
Group 14 metal(loids) and chalcogens are less difficult to
stabilize than had been imagined [32–56].

Compounds 2 and 3 constitute the two limiting struc-
tures of Group 14 chalcogenides, namely dimers (or oligo-
mers) with bridging chalcogen atoms (2) and monomers
with a doubly-bonded, terminal chalcogen atom (3). While
compounds of both structural types are potentially useful
as precursors for Group 14/16 materials, terminal metal-
chalcogenides of the heavier Group 14 elements have also
elicited interest from chemists for their unusual structure
and bonding. Such compounds violate the ‘‘double bond
rule”, namely, that elements past the 2nd period of the peri-
odic table are not involved in double-bond formation [57].

We have been investigating the main-group and transi-
tion-metal chemistry of the bis(amino)cyclodiphosphazane
L, which is isoelectronic with the bis(tert-butylami-
do)cyclodisilazane ligand M of 1–3. The lone difference
between these two heterocyclic ligands is the substitution
of both MeSi groups with trivalent phosphorus atoms.
Phosphorus is slightly smaller (1.06 Å) than silicon
(1.11 Å) and also somewhat more electronegative than
the metalloid, namely 2.19 vs. 1.90 on the Pauling scale
[58]. The structures adopted by the germanium chalcoge-
nides 2 and 3 are obviously influenced by minor steric
and electronic factors. We therefore wondered if even the
small ligand modifications on going from M to L would
be sufficient to favor Group 14 chalcogenides with terminal
M@E bonds (see Chart 3).

Below we report on the syntheses and structures of ger-
manium and tin heterocarbenoids and their oxidations by
elemental chalcogens, with a particular emphasis on the
structures of the ensuing chalcogenides. In our discussion
of these compounds we will attempt to show that the struc-
tures adopted by Group 14 chalcogenides presented herein,
and those of Group 14 chalcogenides in general, are the
result of thermodynamic, rather than kinetic, factors. The
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commonly used terms ‘‘kinetically-stabilized” and ‘‘base-
stabilized” double bonds to differentiate seemingly different
types of terminal Group 14 chalcogenides are therefore, in
our opinion, not useful and potentially misleading.

2. Results

2.1. Syntheses

Germanium(II) chloride mono-dioxane and tin(II) chlo-
ride reacted with cis-[P(l-NtBu)2P(tBuNLi � THF)2] [59],
Scheme 2, to afford, respectively, the germylene cis-[P(l-
NtBu)2P(tBuN)2]Ge (4) and the stannylene cis-[P(l-NtBu)2-
P(tBuN)2]Sn (5) as analytically-pure, light-yellow solids.
Efforts to isolate these compounds in single crystal form
suitable for X-ray diffraction studies failed, just as they
had for the cyclodisilazane analogues.

While the multinuclear (1H, 13C, 31P) NMR studies of
both 4 and 5 do not provide definitive answers regarding
the solution structures of these heterocarbenoids, they
strongly suggest that these compounds are analogues of
1. Thus, the 1H NMR spectra showed only two sharp sing-
lets; for the tertiary butyl substituents of the amido and
imino nitrogen atoms, respectively. These spectra do not
change significantly, even at �80 �C, but we believe them
to be due to fluxional solution structures rather than sym-
metrical ground-state structures. Asymmetric ground state
structures in which the Group 14 element is slightly dis-
placed from the molecular center, as shown in Scheme 2,
have been observed for all X-ray structurally-characterized
derivatives of L. Based on the variable-temperature NMR
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data we estimate an upper limit for the activation energies
of the equilibrating motion of ca. 6 kcal mol�1.

Despite their electron-deficiency both 4 and 5 are rapidly
oxidized by elemental chalcogens (Scheme 3), the reaction
of the germanium compound being significantly faster than
that of the tin analogue. Thus, when a stream of dioxygen
was bubbled through a solution of 4, an insoluble, white
solid (6) formed almost instantly.

The analogous O2 oxidation of [P(l-NtBu)2P(tBuN)2]Sn,
5, proceeded expectedly slower than that of the diazager-
mylene, but was still comparatively fast, while the oxida-
tions of the diazastannylene with sulfur and grey
selenium required prolonged heating. In all three oxida-
tions rather insoluble, crystalline solids were recovered in
Scheme

Scheme
high yields, suggestive of dimeric, rather than monomeric,
structures. The dimeric nature of these compounds was
confirmed by mass spectral data, which showed molecular
ion peaks for the dimers. Prolonged interaction of the
stannylene 5 with excess sulfur at elevated temperatures
caused one of the phosphorus atoms of the ligand to
become oxidized also, (Scheme 4) furnishing the isomeric
cyclodiphosph(III/V)azane derivatives 10a and 10b.

The mass spectral and microanalytical data of 10 dem-
onstrated that only two of the four phosphorus atoms
had been oxidized. Based on the multitude of NMR signals
we suspected that both the trans-(10a) and the cis-isomer
(10b) were present, and this assumption was corroborated
by the X-ray crystallographic data.
3.

4.
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Although the stannylene analogue of 1, namely [MeSi(l-
NtBu)2SiMe(tBuN)2]Sn, had been reported previously [23],
its sulfide and selenide derivatives were unknown. To have
these compounds available for structural comparisons, we
synthesized them as shown in Scheme 5, and obtained the
sulfide (11) and the selenide (12) derivatives as relatively
soluble, light-yellow and colorless crystalline solids,
respectively.

2.2. Solid-state structures

With the exception of 4 and 5 and the cyclodisilazane-
based 11 and 12, all of the title compounds have very
low solubilities in conventional solvents. Their structural
characterizations thus rest mainly on X-ray diffraction
studies. A single-crystal study of 6 showed that, like the
cyclodisilazane analogue, this germanium oxide is dimeric,
but unlike 2 it crystallizes in the cubic crystal system, space
group Pa�3, with the four dimeric molecules of the unit
cell located on threefold rotoinversion (�3) axes [60]. The
molecular symmetry is not commensurate with such a high
site-symmetry, however, indicating a disordered solid-state
structure. This disorder naturally limits the precision of the
bond parameters derived from the refinement of the X-ray
data, and makes detailed comparisons of its bond parame-
ters with those of its analogues impossible.

A perspective view of the structure of 6 (with the �3 axis
drawn as a thin, horizontal line) is shown in Fig. 1, while
Scheme

Fig. 1. Thermal–ellipsoid (35% probability) and partial labeling scheme of diso
the molecule is disordered. The tert-butyl group on N2 and hydrogen atoms h
crystal and refinement data and selected bond parameters
are listed in Tables 1 and 2, respectively. This structural
analogue of 2 is a dimer of two [P(l-NtBu)2P(tBuN)2]GeO
moieties that are connected by a central (Ge–O)2 rhombus.
In Fig. 1 the chemically unique bonds are labeled 1–7, and
this labeling scheme will be retained in the discussion of all
molecular structures discussed below. The germanium-
oxide bonds are 1.78(1) and 1.84(1) Å long and thus similar
in length to the corresponding bonds in 2, which are
1.809(4) and 1.825(4) Å long. The coordination sphere of
the germanium atoms is completed by two sets of chemi-
cally inequivalent, but crystallographically-equivalent,
nitrogen atoms. On chemical grounds the germanium-
amido bonds (3) are expected to be considerably shorter
than the donor bond (7), but here these bonds are rendered
equivalent, both bond types appearing to be 1.936(12) Å
long. This value is unrealistically long for the germa-
nium–amido bonds (bond 3) and much too short for the
donor bond (bond 7), c.f., the respective bond lengths of
1.887(6) Å and 2.369(6) Å in 2.

The tin chalcogenides {[P(l-NtBu)2P(tBuN)2]SnE}2,
E = O (7), S (8), and Se (9), which were obtained as
mono-toluene solvates, crystallize isotypically and ordered
in the monoclinic space group C2/m. Crystal data and
refinement parameters of these compounds are listed in
Table 1, while selected bond lengths and angles appear in
Table 2. These dimeric molecules have crystallographic 2/
m symmetry, which is compatible with the molecular
5.

rdered 6. The horizontal line represents the rotoinversion axis about which
ave been omitted to improve clarity.



Table 1
Crystal and refinement data for compounds 6–12

6 7 8 9 10 11 12

Chemical formula C32H72N8O2P4Ge2 C39H80N8O2P4Sn2 C39H80N8P4S2Sn2 C39H80N8P4Se2Sn2 C32H72N8P4S4Sn2 C36H84N8S2Si4Sn2 C36H84N8Se2Si4Sn2

Formula weight 870.02 1054.37 1086.52 1180.32 1058.48 1042.95 1136.74
Space group Pa�3 (No. 205) C2/m (No. 12) C2/m (No. 12) C2/m (No. 12) Pbca (No. 61) P21/n (No. 14) P21/n (No. 14)
T (�C) 24 �60 �80 �80 �80 20 20
a (Å) 16.4765(19) 24.0752(6) 23.7096(1) 23.6374(1) 15.961(2) 10.007(2) 9.976(2)
b (Å) 16.4765(19) 11.6275(3) 11.7950(1) 11.8163(1) 10.790(1) 17.086(6) 17.086(6)
c (Å) 16.4765(19) 9.8462(2) 9.8365(1) 9.9063(1) 27.207(3) 15.289(3) 15.417(3)
b (�) – 112.883(1) 109.216(1) 108.541(1) – 94.772 95.359(2)
V (Å3) 4473.0(9) 2539.4(1) 2597.56(4) 2623.28(4) 4685(1) 2605(1) 2616.2(9)
Z 4 2 2 2 4 2 2
qcalc (g cm�3) 1.379 1.384 1.489 1.501 1.330 1.443 1.288
k (Å) 0.710 73 0.710 73 0.710 73 0.710 73 0.710 73 0.710 73 0.710 73
l (cm�1) 1.523 11.48 11.99 24.96 14.14 11.60 24.60
R(F)a [I > 2r(I)] 0.038 0.0643 0.0305 0.0437 0.0459 0.0502 0.042
wR2 (F2)b (all data) 0.1847 0.0880 0.0976 0.0941 0.0968 0.046 0.042

a R =
P

|Fo � Fc|/
P

|Fo|.
b Rw = {[

P
w(Fo

2 � Fc)
2/[
P

w(Fo
2)2]}1/2; w = 1/[r2(Fo)2 + (xP)2 + yP] where P = (Fo

2 + 2Fc
2)/3. For 11 and 12 Rw = {

P
|Fo � Fc|

2/
P

|Fo|2}1/2; w = 1/
r2(Fo).

Table 2
Selected bond lengths (Å) and angles (�) for 6–12

Bond type 6 7 8 9 10 11 12

Bond lengths

M–N(3, avg.) 1.936(12), disordered 2.070(2) 2.084(3) 2.075(3) 2.098(3) 2.083(5) 2.107(4)
M–N(7) 1.936(12), disordered 2.327(3) 2.403(4) 2.420(4) 2.539(3) 2.487(5) 2.514(5)
M–E (2) 1.772(12) 1.997(3) 2.4157(12) 2.5420(6) 2.4146(10) 2.412(2) 2.5428(9)
M–E0 (1) 1.846(13) 2.014(3) 2.4601(12) 2.5930(6) 2.4542(10) 2.487(5) 2.6097(9)
P(Si)-l-N(5, avg.) 1.938(12) 1.778(2) 1.791(3) 1.787(3) 1.746(4) 1.769(6) 1.778(5)
P(Si)-l-N(6, avg.) 1.831(6) 1.728(2) 1.726(2) 1.723(3) 1.702(3) 1.743(6) 1.741(5)
P(Si)-l-N(4, avg.) 1.945(12) 1.690(2) 1.691(3) 1.697(3) 1.668(3) 1.726(6) 1.729(5)
P@S 1.888(3)

Bond angles

N(amido)–M–N(amido) 84.8(5) 105.67(14) 105.6(2) 105.68(18) 105.08(12) 108.2(2) 108.3(2)
E–M–E0 84.6(6) 83.56(12) 90.75(4) 91.353(19) 90.33(3) 88.74(6) 89.45(3)
M–E–M0 95.4(6) 96.44(12) 89.25(4) 88.647(19) 89.67(3) 91.26(6) 90.55(3)
N(amido)–Sn–E 100.9(6) 111.28(8) 109.33(8) 109.29(9) 111.63(9) 108.3(2) 108.1(1)
N(amido)–Sn–E0 136.7(6) 121.37(8) 120.09(8) 119.85(9) 118.34(9) 120.2(2) 120.0(1)
N(imino)–Sn–E 172.2(5) 179.80(11) 173.37(9) 172.65(10) 174.16(8) 175.6(1) 177.3(1)

1086 I. Schranz et al. / Journal of Organometallic Chemistry 693 (2008) 1081–1095
symmetry. The solid-state structure of the oxide
{[P(l-tBuN)2P(tBuN)2]SnO}2 (7), together with its partial
atom and bond labeling schemes, is shown representatively
for all three compounds in Fig. 2.

The coordination geometry about the tin atoms is
intermediate between distorted trigonal-bipyramidal and
distorted tetrahedral, plus an additional donor bond.
Because of the variability of the donor bond lengths and
their weakness (vide supra), we prefer to consider the
Group 14 elements to be four-coordinate and having a fifth
(weak) contact with one of the heterocyclic nitrogen atoms.
The symmetrical tin amide bonds are rather insensitive to
their environment, ranging from 2.070(2) Å for 7 to
2.098(3) Å for 10, with a mean value of 2.085(3) Å. These
bonds are somewhat shorter than those reported by Chi-
vers et al. for Sn(IV)–N bonds in related Sn–N seco-hetero-
cubes, which range from 2.116(4) to 2.157(5) Å [54–56];
they are also shorter than the Sn(IV)–N bonds in an amidi-
nate tin sulfide [35], which were reported to be from 2.09(1)
to 2.264(4) Å long.

The solid-state structure of 10 is shown in Fig. 3; it dif-
fers from those of 6–9 only in that one phosphorus atom of
each ligand has been oxidized by sulfur. Pertinent crystal
and refinement data are listed in Table 1, while Table 2
contains selected bond parameters. The isolated molecules
of this compound are located on the inversion centers of
the space group Pbca, and although the trans isomer 10a

can satisfy this site symmetry requirement, the cis isomer



Fig. 2. Thermal–ellipsoid (35% probability) plot and partial labeling scheme of 7. The sulfide (8) and selenide (9) analogues are isotypic. Hydrogen atoms
have been omitted for clarity.
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10b cannot. It is likely that the unit cells of the crystal con-
tain both, disordered 10a and disordered 10b, because the
structure refinement revealed that the P@S moieties are dis-
tributed over all four phosphorus atoms, leading to unreal-
istically short P@S bond lengths of 1.888(3) Å [61].

In contrast to the almost constant tin-amide bonds, the
N ? Sn donor interactions (7) are much more variable,
falling into three distinct groups: namely, the short donor
interaction (2.327(3) Å) of 7, the intermediate-length con-
tacts of 2.403(4) and 2.420(4) Å for 8 and 9, respectively,
and the rather long separation of 2.539(3) Å in 10. Com-
pounds 8 and 10 differ only in the presence of two P@S
bond in 10, and we therefore ascribe the significantly longer
contact in 10 to the somewhat lower basicity of its cyclo-
diphosph(III/V)azane ring. The short contact of 7, by con-
trast, is likely due to the much lower steric demands of the
oxygen atoms. Although these donor interactions span the
fairly wide range of 0.2 Å, the significance of this difference
Fig. 3. Thermal–ellipsoid (50% probability) plot and partial labeling scheme of
are drawn in wire-format for improved clarity.
should not be overstressed. Based on X-ray structural data
of related bis(tert-butylamido)cyclodiphosph(III)azanes
the potential energy curve for the position of the central
atom in these seco-heterocubic compounds must be fairly
flat. This is demonstrated, for example, by the solid-state
structure of [P(l-NtBu)2P(tBuN)2]SiCl2 where the silicon
atoms of two crystallographically-independent molecules
make contacts of 2.168(3) and 2.423(3) Å, respectively,
with the nitrogen atom of the P(l-NtBu)2P heterocycle
[62]. Because compounds 7–9 are isotypical, the P–N bond
lengths of their cyclodiphosph(III)azane ligands are almost
isometric. Expectedly, the presence of the pentavalent
phosphorus atoms has shortened all P–N bonds of 10 com-
pared to those in 7–9, but due to the disorder a detailed dis-
cussion of their values would not be meaningful.

Like the cyclodiphosphazane-based tin chalcogenides
7–9, the cyclodisilazane analogues 11 and 12 crystallize
isotypically, but they do so with the same �1 site symmetry
10a. Hydrogen atoms have been omitted and two of the tert-butyl groups



Fig. 4. Thermal–ellipsoid (50% probability) plot and partial labeling scheme of 12; the sulfide analogue (11) is isotypic. The hydrogen atoms and the tert-
butyl group on N3 have been omitted to improve clarity.
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as 2. Fig. 1 shows representatively the thermal–ellipsoid
plot of the tin–selenide dimer 12, and its partial labeling
scheme. Pertinent crystal and refinement data for both
compounds are listed in Table 1, while Table 2 contains
selected bond parameters. The thermal–ellipsoid plot
shows that these compounds are structural analogues of
the germanium oxide dimer 2 and of the cyclodiphosphaz-
ane dimers 6–10. Among the bond parameters of 11 and 12

only the Si1–N3 and Si2–N4 bonds (bond 4) are noticeably
longer than the corresponding bonds of the cyclodiphosp-
hazane-based analogues 8 and 9, which is a typical increase
seen for cyclodisilazane derivatives [59] (see Fig. 4).

Because of the central role of the Group 14 element-to-
chalcogen bonds, their bond lengths, together with those of
the previously reported compounds 2 and 3, are listed in
Table 3. All of these slightly rhombically-distorted, four-
membered rings are located on special positions (�1 or 2/
m) of their respective space groups, and they are therefore
completely planar. To differentiate the bond parameters of
the dimers having cyclodiphosphazane ligands from those
having cyclodisilazane ligands, the values for the latter
compounds are rendered in italic font. Two trends emerge
from these data, namely the M–E bond lengths are essen-
tially independent of the ligands, and the asymmetry of
the M–E–M bonds, albeit small, increases on going from
Table 3
Bond lengths (Å) for selected Group 14 chalcogenide bonds of the title
compounds and related chalcogenides

Bond type Ge–O Ge–S

(terminal)
Sn–O Sn–S Sn–Se

Bond
lengths
(Å)

6 3 7 8 9

1.77(1), 2.063(4) 1.997(3), 2.4157(12), 2.5420(6),
1.85(1) 2.014(3) 2.4601(12) 2.5930(6)
2 10 12

1.825(5), 2.4146(10), 2.5428(9),
1.809(5) 2.4542(10) 2.6097(9)

11

2.412(2),
2.487(2)
oxygen to selenium. The former observation demonstrates
that neither the size nor the electronegativity differences
between Si and P have any effect whatsoever on the struc-
tures of the central (M–E)2 rings. The bond asymmetry, by
contrast, is an indication of the increasing steric shielding
of the Group 14 element by the larger chalcogenides and
the concomitant inability of the metal(loid) to form two
symmetrical M–E single bonds.

Thus, for example, the tin–oxide bonds of 7 are almost
symmetrical at 1.997(3) and 2.014(3) Å, respectively; they
are also equidistant (1.987(5), 2.001(5) Å) with those
reported for a tin oxide dimer supported by octa-
methyldibenzotetraaza [14] annulene ligands (F, M = Sn,
E = O) [34]. The tin–sulfur and tin–selenium bonds of 8
and 9, however, are noticeably more asymmetrical, forming
bond pairs of (2.4157(12), 2.4601(12) Å) and of (2.5420(6),
2.5930(6) Å), respectively. The average tin–sulfur bond
lengths of 8, 10 and 11 are quite similar to those observed
for {[CyNC(Me)NCy]2SnS}2, where values of 2.434(2) and
2.476(2) Å were found [35]. The average tin–selenium bond
lengths of 9 (2.568(6) Å) and of 12 (2.576(1) Å) are isomet-
ric with each other and only slightly longer than those
found in the less sterically encumbered dimer {[(Me3Si)2N]2
SnSe}2, whose Sn–Se bonds are 2.541(1) Å long [63].

2.3. Solution-phase NMR data

Just like the 1H NMR spectra of the heterocarbenoids 4

and 5, the 1H NMR spectra of 6–12 display either three or
two signals, depending on whether the tert-butylimino sub-
stituents of the P(l-NtBu)2P heterocycle are diastereotopic
(N) or isotopic (O), as shown in Chart 4. Characteristic for
the first case are three signals (a, b and c) in a 2:1:1 ratio,
for the tert-butylamido, and the two inequivalent tert-
butylimino groups, respectively. The appearance of two
signals of equal intensity is indicative of a fluxional behav-
ior in the fast-exchange limit, with N presumably being the
transition state of the equilibrating molecules. Both, the
cyclodisilazane-based germanium oxide (2) and the germa-
nium sulfide (3) exhibited asymmetric ground states, but
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upon heating to 307 K the signals of 3 coalesced, yielding
an estimated activation energy of 16.3(2) kcal mol�1. For
the dimeric germanium oxide 2, by contrast, the coales-
cence temperature of signals b and c was reportedly too
high to be observed.

The very low solubility of 6–10 in common solvents
made the recording of even 1H NMR spectra, difficult.
We were, however, able to confirm that compounds 6

and 9 have asymmetric ground-state solution structures
that are analogous to the solid-state structures of all
dimers, while 7, 8, and 10 are fluxional at room
temperature.

Low solubility also prevented us from freezing out the
ground-state structures for the fluxional dimers, and the
compounds with low-symmetry ground states (N) showed
no fluxionality up to readily attainable temperatures
(80 �C).

The cyclodisilazane-based dimers 11 and 12 were more
soluble, and thus much more amenable to solution phase
NMR studies than their cyclodiphosphazane counter-
parts. Both compounds showed almost identical 1H
NMR spectra, with one singlet each for the tert-butyl-
amido, tert-butylimino and methylsilyl groups. This pat-
tern confirms that just like the cyclodiphosphazane
derivatives 7, 8, and 10, but unlike 2, the cyclodisilazane
analogues have fluxional solution structures (O) at room
temperature.

3. Discussion

The heterocarbenoids of the heavier Group 14 elements
are divalent compounds with electron deficient metal cen-
ters and strong tendencies to increase both the oxidation
state and the coordination number of the central element.
Above we showed that elemental chalcogens cleanly oxi-
dize germylenes and stannylenes, supported by bis(tert-
butylamido)cyclodiphosph(III)azane and -cyclodisilazane
ligands, to the corresponding Group 14 chalcogenides. At
room temperature these heterocarbenoids were rapidly
oxidized with dioxygen, while the oxidations with sulfur
and selenium were substantially slower, even at elevated
temperatures. In one case excess sulfur partially oxidized
the bis(tert-butylamido)cyclodiphosph(III)azane ligand as
well, thereby furnishing a cyclodiphosph(III/V)azane
derivative. Once oxidized, the Group 14 chalcogenides
dimerized to the isolated final products, irrespective of
whether the reactions were done at room temperature (6,
7) or elevated temperatures (80 �C) as for 8–12. These
observations are an indication that the dimers are the ther-
modynamic products in these reactions and that the energy
barriers to dimerization must be low.

The completely parallel results for the cyclodisilazane-
and cyclodiphosphazane-based Group 14 carbenoids were
not entirely unexpected, as previous studies had shown that
these heterocyclic ligands have almost identical steric and
electronic properties [59]. All seven oxidation products
are dimeric with central, four-membered (M–E)2 rings,
and never were we able to isolate a monomeric germanium-
or tin chalcogenide with a terminal double bond, as found
in 3.

Our extensive (but not comprehensive) data thus show
that the bis(tert-butylamido)cyclodisilazanes and the
isoelectronic bis(tert-butylamido)cyclodiphosphazanes are
not particularly suitable for stabilizing the chalcogenides
of their germanium and tin derivatives in monomeric form.
The isolation of the first molecular compound with a termi-
nal Ge@S bond (3) by Veith et al., was thus fortuitous and
not the result of superior steric or electronic properties of
the bis(tert-butylamido)cyclodisilazane ligand. Almost all
of the ligands shown in Chart 2 are obviously better suited
for stabilizing terminal Group 14 element chalcogenides
than the heterocyclic diamines L and M. It is, of course,
unfortunate that we failed to synthesize the bis(tert-buty-
lamido)cyclodiphosphazane analogue of 3, as this would
have further supported the notion that the unique combi-
nation of germanium and the larger chalcogen, sulfur, is
responsible for the stability of the terminal Ge@S bond
in 3.

Terminal Group 14 chalcogenides have traditionally
been labeled ‘‘base-stabilized” or ‘‘kinetically-stabilized”
depending on whether they were considered thermody-
namic or kinetic products, respectively. Thus, terminal
Group 14 chalcogenides in which the Group 14 element
bears two very bulky aryl groups (I, Chart 2) are com-
monly called ‘‘kinetically-stabilized”, while those in which
the Group 14 element bears N-donor ligands and has



Table 4
M@E bond energies (kcal) for H2M@E homologues, (M = Ge, Sn;
E = chalcogen), based on data from reference [49]

O S Se Te

Ge

r-Bond energy 101.5 74.1 67.8 59.1
p-Bond energy 45.9 41.1 36.3 30.3
(as % of r-bond energy) (45.2) (55.5) (53.5) (51.3)

Sn

r-bond energy 94.8 69.3 64.3 56.4
p-bond energy 32.8 33.5 30.6 26.3
(as % of r-bond energy) (34.6) (48.3) (47.6) (46.6)
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higher coordination numbers (4 or 5) are called ‘‘base-sta-
bilized” Group 14 chalcogenides (P). As early as 1998,
Kuchta and Parkin had asserted, that ‘‘it is imprudent to
assume that the isolation of a particular terminal chalco-
genido complex has either a kinetic or thermodynamic
origin”, and thus apparently questioned for the first time
the validity of this division [64].

A monomeric Group 14 chalcogenide with a terminal
M@E bond may be said to be a kinetic product if it
converts to the dimer at elevated temperatures, as shown
in Scheme 6. Applying this standard definition of kinetic
stabilization, we were able to find merely one example
of a kinetically-stabilized Group 14 chalcogenide in the
literature [42], and even in that case the evidence is
circumstantial.

Sufficiently precise theoretical calculations may also pro-
vide a good indication of the bond energetics in Group 14
chalcogenides and the relative tendencies of terminal chalc-
ogenides to dimerize or to oligomerize. Using computational
studies at the B3LYP/TZ(d,p) level Tokitoh et al. investi-
gated the bond energies for the r- and p-bonds in formalde-
hyde and its homologues of the type H2M@E, where M is a
Group 14 element and E is a chalcogen [49]. A partial listing
of the r- and p-bond energies for the germanium and tin
homologues, obtained from this study, is given in Table 4.
While the p-bond in formaldehyde is actually stronger
(95.3 kcal mol�1) than the r bond (93.6 kcal mol�1), it is
substantially weaker for all germanium- and tin chalcoge-
nides, and usually less than half as strong.

These data indicate that formaldehyde’s heavier homo-
logues have a strong thermodynamic preference for the for-
mation of single bonds over double bonds, and that they
are therefore thermodynamically unstable with respect to
dimerization or oligomerization. This tendency is strongest
for the oxides and weaker for the heavier chalcogens, all of
which have approximately equal tendencies for single-bond
formation over double-bond formation.

Data, like those in Table 4, bias the reader into believing
that in the face of this seemingly overwhelming thermody-
namic driving force for dimerization (or oligomerization),
monomeric Group 14 chalcogenides must be kinetic prod-
ucts. For the sterically much more encumbered molecules
shown in Chart 2 and in this work, however, the Gibbs free
energies of dimerization are likely considerably less nega-
tive than suggested by the data in Table 4, and often they
are obviously positive. The importance of steric bulk in
Scheme 6.
the degree of aggregation of Group 14 chalcogenides is
impressively demonstrated by comparing formaldehyde
with acetone. Thus, while acetone is stable to head-to-tail
dimerization, formaldehyde is unstable to trimerization
by ca. 10 kcal per mole of formaldehyde [65].

Even with this reduction in dimerization energies
because of substituent effects it may be expected that the
overall thermodynamic trends will remain the same as for
the formaldehyde homologues. Namely, for any given class
of homologous Group 14 chalcogenides the oxides will
exhibit the greatest tendency to dimerize, while the heavier
chalcogenides will have lesser tendencies to do so [66]. The
data in Table 4 also predict germanium chalcogenides to be
less prone to dimerize than the tin analogues, and this trend
is indeed observed empirically.

Double bonds between Group 14 and Group 16 ele-
ments differ from conventional double bonds in that the
coordination number of the chalcogen is invariably one,
while that of the Group 14 element may vary from three
and five [50]. Steric stabilization of Group 14 chalcogenides
is therefore mainly imparted by both the number and the
nature of the substituents on the Group 14 element. Steric
protection against dimerization may also be provided by
the size of the chalcogen, with large chalcogens coordi-
nated to small Group 14 elements being particularly effec-
tive in stabilizing monomeric structures.

This is shown in Fig. 5 where Ge@E moieties (E = O, S,
Se, Te) obtained from various solid-state structure determi-
nations are depicted [67]. It is obvious that the largest chal-
cogen, tellurium, effectively blocks a much larger portion of
the germanium atom’s surface than oxygen, thereby hin-
dering the formation of additional bonds. These size differ-
ences become even more important in sterically congested
Group 14 chalcogenides, such as those shown in Chart 2.

As Table 4 shows, formaldehyde and its heavier homo-
logues are inherently unstable to dimerization or oligomer-
ization, and this instability is a factor of both the Group 14
element and the chalcogen. While high-level calculations of
real Group 14 chalcogenides, such as those shown in Chart
2, are not available, it is clear from empirical studies that
their thermodynamic driving force to dimerize is signifi-
cantly reduced by the steric and electronic factors imparted
by the substituents. Thus, the free energies for the dimer-



Fig. 5. Space-filling drawings of germanium chalcogenide moieties,
demonstrating the substantially greater steric demands of the heavier
chalcogens.

Chart 5.
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ization of ‘‘real” Group 14 chalcogenides are often very
close to zero.

For example, dimeric 2 and monomeric 3 differ solely in
the chalcogen. Here obviously the germanium sulfide 3 is
sufficiently sterically encumbered to remain monomeric,
while the oxide, whose Ge@O moiety is inherently more
prone to dimerize, is still insufficiently sterically-protected
and therefore dimerizes. Similar observations were made
by Chivers and associates for the seco-heterocubic com-
pounds of type K [55], which are close structural relatives
of the title compounds. The sulfide derivative of K was iso-
lated in dimeric form, while the telluride was monomeric
with a terminal Sn@Te bond. The selenide, by contrast,
existed in solution as an equilibrium mixture of monomers
and dimers.

The tin–sulfide and the tin–selenide derivatives were syn-
thesized by the relatively short (30 min) interaction of
tin(II) complex and the appropriate chalcogen at low tem-
perature (40 �C). The terminal tin–telluride, which was syn-
thesized by heating the tin(II) compound with tellurium for
16 h at 100 �C, is obviously a thermodynamic product.
Because these compounds, just like 2 and 3, differ only in
the chalcogen, their degree of aggregation is controlled
by the bond enthalpies of the M@E and M–E bonds and
the size differences of the chalcogens.

Even more subtle factors have been observed to control
the dimerization of related Group 14 chalcogenides. For
example, Richeson et al. isolated the tert-butyl-substituted
amidinato-tin sulfide [CyNC(tBu)NCy]SnS (Cy = cyclo-
hexyl) in monomeric form, while the methyl-substituted
analogue{CyNC(Me)NCy]SnS}2 was dimeric [35], sugges-
tive of very delicate steric and/or electronic factors.
We thus conclude that the chalcogenides of Group 14
heterocarbenoids and related divalent Group 14 com-
pounds bearing N-donor ligands are thermodynamic prod-
ucts. We do, however, believe that the label ‘‘base
stabilized” is an over-interpretation of the available data.
The term ‘‘base stabilization” is usually meant to imply
that the coordination of a Lewis base to an M@E bond sta-
bilizes the buildup of positive charge on the Group 14 elec-
tronically, as shown in P (Chart 5), thereby preventing
dimerization. Such donor interactions, however, are seen
in all of the title compounds, in addition to 2 and 3, yet
only the germanium sulfide 3 was isolated with a terminal
Ge@S bond. The much shorter distance for this donor
interaction in 3 compared to those in its structural ana-
logues is, in our opinion, the result of and not the reason

for its monomeric structure.
If Lewis-base stabilization were indeed important for

stabilizing terminal Group chalcogenide bonds it should
be most developed in the more polar Ge@O, rather than
the less polar Ge@S, bond. A more likely reason for the
unique reluctance of 3 in this class of compounds to dimer-
ize is the precipitous drop in the relative magnitude of the
p-bond energy on going from germanium sulfide to germa-
nium oxide. If this is indeed so, then the selenide and the
telluride analogues, which have similar bond energies as
the sulfide but feature even larger chalcogens, should also
be monomeric. It is not difficult to predict that this will
likely be the case.

The label ‘‘kinetically-stabilized”, terminal chalcogenide
bond is used almost exclusively in conjunction with the
‘‘heavy ketones”, i.e., diarylelement chalcogenides of
Group 14 (Chart 6), although in principle it should be
applicable to any type of terminal Group 14 chalcogenide.
If one were to find kinetically-stabilized terminal Group 14
chalcogenides, then it would certainly have to be among
this class of compounds. We, therefore, scrutinized all
available data on ‘‘heavy ketones” for definitive evidence
of kinetic stabilization [42–53], namely the conversion of
monomeric to dimeric chalcogenides at elevated tempera-
tures. But among the approximately one dozen of such ter-
minal chalcogenides described in the literature we found
circumstantial evidence of kinetic stabilization in only
one case [53]. There was, however, clear experimental
evidence that most isolated ‘‘heavy ketones” are really ther-
modynamic products.

Thus, we are told that compounds Ib, Ic, and Id were
synthesized by treating the germylene (Tip)(Tbt)Ge at
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90 �C with elemental chalcogen for 7 (S, Se) [51] and 25
(Te) days [47], respectively. The germanethione Ib, which
melts at 163–165 �C without decomposition, was report-
edly recovered unchanged even after it had been kept at
160 �C in a sealed tube for 3 days [51]! The authors describe
the silanethione Ia as thermally stable to its melting point
of 185–189 �C and reluctant to dimerize upon refluxing in
hexane for 2 h [49]. These observations are textbook cases
of thermodynamic stability and leave little doubt that the
isolated ‘‘kinetically-stabilized” Group 14 chalcogenides
are really thermodynamic products.

In summary, the heavier homologues of formaldehyde
have an inherent thermodynamic tendency to dimerize or
oligomerize. For any given Group 14 element this tendency
is largest for oxides and significantly smaller for the heavier
chalcogenides, which, as a group, have similar tendencies
to dimerize. This thermodynamic driving force is reduced,
or even negated, by the ligands on the Group 14 elements
and by the steric bulk of the chalcogen atoms. As a conse-
quence, numerous molecular Group 14 chalcogenides, fea-
turing terminal M@E double bonds, are now known. It is
not yet possible to ascertain how much of this stabilization
is due to the inherent energetics of the M@E moieties, the
steric and electronic factors exerted by the ancillary
ligands, or the size of the chalcogen. It does appear, how-
ever, that most if not all, currently known Group 14 chalc-
ogenides are thermodynamic, rather than kinetic, products.

4. Conclusion

Bis(tert-butylamido)cyclodiphosphazanes and -cyclodis-
ilazanes of Group 14 elements are structurally interesting
heterocarbenoids, that are characterized by high reactivity
and a potentially rich coordination chemistry. Despite their
electron-deficiency, the two-coordinate, divalent Group 14
elements are readily oxidized by elemental chalcogens to
form dimeric polycycles with central (M–E)2 rings. The
reluctance of these compounds to exhibit monomeric struc-
tures with terminal M@E double bonds, as had been
observed for the germanium sulfide (3) of one of these
ligands, is due to the thermodynamic unfavorability of
such structures and the kinetic labilities of the monomers
to dimerization.

All terminal Group 14 chalcogenide, including those
labeled ‘‘kinetically-stabilized”, should be considered ther-
modynamic products, unless a good case for kinetic stabil-
ization can be made. While the label ‘‘base-stabilized”

double bond is less troublesome, it is, in our opinion, an
over-interpretation of the available data. The descriptive
and unambiguous terms ‘‘terminal Group 14 chalcoge-
nides” and ‘‘bridging Group 14 chalcogenides” would
therefore seem superior to distinguish between the two
structural variants of Group 14 chalcogenides.

5. Experimental

5.1. General considerations

All operations were performed under an atmosphere of
argon or prepurified nitrogen on conventional Schlenk
lines. The hydrocarbon or ethereal solvents were predried
over molecular sieves or CaH2 and distilled under a nitro-
gen atmosphere from sodium or potassium benzophenone
ketyl immediately before use. Anhydrous stannous chloride
[68], and cis-[P(l-tBuN)2P(tBuNLi � THF)2] [59] were syn-
thesized according to previously published procedures.
GeCl2 � dioxane was purchased from Gelest and used as
received. Mass spectra were recorded on a VG Micromass
7070E-HF double-focusing spectrometer, in the FAB
mode, using an MNBA (meta-nitrobenzyl alcohol) matrix,
or in the chemical ionization mode, using methane as the
reacting gas. NMR spectra were recorded on Varian
VXR-300 and Bruker Avance 500 spectrometers. The 1H,
13C and 31P NMR spectra are referenced relative to
C6D5H (7.15 ppm), C6H6 (128.0 ppm), and external
P(OEt)3 (137.0 ppm), respectively, with shifts to higher fre-
quency (lower field) given a more positive value. Melting
points were recorded on a Mel-Temp melting point appara-
tus; they are uncorrected. E&R Microanalytical Labora-
tory, Inc., Parsippany, NJ, performed the elemental
analyses. Mass spectral data were recorded on a VG
7070E-HF instrument at the Mass Spectral Service Labora-
tory of Montana State University, Bozeman, MT.

6. Syntheses

6.1. [P(l-NtBu)2P(tBuN)2]Ge, 4

A solution of germanium dichloride � dioxane (0.61 g,
2.6 mmol) in THF (5 mL) was cooled to 0 �C and treated
dropwise with [P(l-tBuN)2P(tBuNLi � THF)2] (1.4 g,
2.8 mmol), dissolved in 20 mL of THF. The reaction mix-
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ture was then refluxed for 14 h, allowed to cool, filtered
through a medium-porosity frit and concentrated in vacuo

to ca. 5 mL. After the solution had been stored at �21 �C
for several days, 0.98 g (88%) of a yellow, amorphous solid
precipitated.

M.p..: 188–194 �C. 1H NMR (300 MHz, benzene-d6,
26 �C) d = 1.43 (s, 18H), 1.41 (s, 18H). 13C{1H} NMR
(75 MHz, benzene-d6, 26 �C) d = 57.51 (s), 55.87 (s),
33.34 (d, J = 8.6 Hz), 27.61 (t, J = 6.7 Hz). 31P{1H}
NMR (121 MHz, benzene-d6, 26 �C) d = 118.97 (s). Anal.
Calc. for C16H36GeN4P2: C, 45.86; H, 8.66; N, 13.37.
Found: C, 45.95; H, 8.86; N, 13.18%.

6.2. [P(l-NtBu)2P(tBuN)2]Sn, 5

A solution of anhydrous SnCl2 (0.74 g, 3.9 mmol) in
5 mL of THF was cooled to 0 �C and treated dropwise with
a solution of [P(l-tBuN)2P(tBuNLi � THF)2] (1.97 g,
3.91 mmol), dissolved in 20 mL of toluene. After a few
drops of the dilithium salt had been added, the reaction
mixture turned bright yellow and a precipitate of lithium
chloride formed. The solution was stirred at room temper-
ature for 24 h, and the solvents were removed in vacuo.
The solid residue was redissolved in 15 mL of hexanes
and the filtrate was evaporated to dryness, resulting in
1.57 g (3.38 mmol) of a bright-yellow, semi-crystalline
solid. Overall yield: 88.5%. M.p.: 86 �C. 1H NMR
(300 MHz, benzene-d6, 26 �C): d 1.436 (s, 18H), 1.396 (s,
18H). 13C{1H} NMR (75 MHz, benzene-d6, 26 �C): d
54.16 (d, J = 15 Hz), 53.74 (t, J = 38 Hz), 34.68 (d, J =
38 Hz), 28.04 (t, J = 27 Hz). 31P{1H} NMR (121 MHz,
benzene-d6, 26 �C): d 196.65 (s). Anal. Calc. for
C16H36N4P2Sn: C, 41.31; H, 7.80; N, 12.05. Found: C,
41.35; H, 7.96; N, 11.64%.

6.3. {[P(l-tBuN)2P(tBuN)2]GeO}2, 6

A toluene-solution of 4 (0.42 g, 1.0 mmol) was saturated
with O2 by continuously bubbling the gas through the solu-
tion for 10 min. As the yellow color of the solution faded, a
colorless solid precipitated. The flask was closed and stored
at 2 �C for several hours while a colorless solid formed.
Removal of the supernatant yielded 0.32 g (0.73 mmol) of
a colorless, crystalline solid (73%). Colorless, octahedral
crystals, suitable for X-ray diffraction studies, were grown
from a warm (50 �C) toluene solution.

M.p.: 226 �C (dec.). 1H NMR (500 MHz, benzene-d6,
21 �C) d = 1.75 (s, 18H), 1.67 (s, 9H), 1.33 (s, 9H). 31P
{1H} NMR (202 MHz, benzene-d6, 21 �C) d = 162.8 (s).
Anal. Calc. for C32H72Ge2N8O2P4: C, 44.17; H, 8.34; N,
12.88. Found: C, 43.75; H, 8.10; N, 12.81%.

6.4. {[P(l-tBuN)2P(tBuN)2]SnO}2 � CH3C6H5, 7

A solution of 5 (0.426 g, 0.916 mmol) in toluene
(50 mL), was saturated with O2, delivered via pipet from
a tank of highly-pure oxygen. The yellow color of the solu-
tion was discharged almost immediately. The solution was
stirred for 6 h, then concentrated in volume, and cooled to
�18 �C to afford 0.444 g of colorless, needle-shaped crys-
tals. Yield: 92%. M.p.: 254–256 �C. 1H NMR (300 MHz,
benzene-d6, 26 �C): d 1.655 (s, 36H) 1.509 (s, 36H).
13C{1H} NMR (75 MHz, benzene-d6, 26 �C): d 55.39 (t,
J = 30 Hz), 54.60 (d, J = 31 Hz), 35.15 (t, J = 22 Hz),
30.23 (m). 31P{1H} NMR (121 MHz, benzene-d6, 26 �C):
d 151.44 (s). Mass spectrum (FAB, MNBA): m/z
965.3 = [M+H]+. Anal. Calc. for C39H80N8O2P4Sn2: C,
44.42; H, 7.65; N, 10.63. Found: C, 44.27; H, 7.41; N,
10.46%.

6.5. {[P(l-tBuN)2P(tBuN)2]SnS}2 � CH3C6H5, 8

A mixture of 5 (0.524 g, 1.13 mmol) and elemental sulfur
(0.036 g, 1.13 mmol) was heated in toluene (100 mL) at
80 �C for 48 h. The solution was allowed to cool to RT,
concentrated to 50 mL and kept at �18 �C for 1 day to
afford extremely insoluble, plate-like, yellow crystals.
Yield: 0.54 g, 88%. M.p.: 238 �C. 1H NMR (300 MHz, ben-
zene-d6, 26 �C): d 1.47 (s, 36H), 1.39 (s, 36H). 13C{1H}
NMR (75 MHz, benzene-d6, 26 �C): d 54.98 (m), 53.45
(m), 33.31 (m), 29.67 (m). 31P{1H} NMR (121 MHz, ben-
zene-d6, 26 �C): d 91.23 (s). Mass spectrum (FAB, MNBA):
m/z 994.8 = [M+H]+. Anal. Calc. for C39H80N8P4S2Sn2:
C, 43.11; H, 7.42; N, 10.31. Found: C, 43.29; H, 7.21; N,
10.16%.

6.6. {[P(l-tBuN)2P(tBuN)2]SnSe}2 � CH3C6H5, 9

In a manner identical to that used for the synthesis of 8,
5 (0.392 g, 0.841 mmol) and grey selenium (0.066 g,
0.84 mmol) were allowed to react in 100 mL of toluene
for 48 h.

Yield: 0.41 g, 82%. M.p.: 236–238 �C. 1H NMR
(300 MHz, benzene-d6, 26 �C): d 1.653 (s, 36H), 1.117
(s, 18H), 1.083 (s, 6H), 1.078 (s, 12H). 13C{1H} NMR
(75 MHz, benzene-d6, 26 �C): d 54.98 (m), 53.45 (m),
32.50 (d, J = 26 Hz), 31.73 (t, J = 17 Hz), 31.06 (t, J =
20 Hz). 31P{1H} NMR (121 MHz, benzene-d6, 26 �C): d
81.62 (s). Anal. Calc. for C39H80N8P4Se2Sn2: C, 39.69; H,
6.83; N, 9.49. Found: C, 39.84; H, 6.81; N, 9.19%.

6.7. {[(SP(l-tBuN)2P)(tBuN)2]SnS}2, 10

In a manner identical to that used for the synthesis of 8,
5 (0.753 g, 1.62 mmol) and elemental sulfur (0.104 g,
3.45 mmol) were allowed to react in 100 mL of toluene.
Light-yellow plates (0.67 g, 78%) were isolated upon refrig-
eration of the solution at �18 �C for 2 days. M.p.: 236–
238 �C. 1H NMR (300 MHz, benzene-d6, 26 �C): d 1.96
(s, 9H), 1.62 (s, 9H), 1.584 (s, 18H), (incomplete).
13C{1H} NMR (75 MHz, benzene-d6, 26 �C): d 35.16 (m),
34.75 (m), 30.24 (m). 31P{1H} NMR (121 MHz, benzene-
d6, 26 �C): d 92.72 (d), 62.25 (d). Mass spectrum (FAB,
MNBA): m/z 1061.1871 = [M+H]+. Anal. Calc. for
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C32H72N8P4S4Sn2: C, 36.31; H, 6.86; N, 10.59. Found: C,
36.32; H, 6.85; N, 10.41%.

6.8. {[MeSi(l-tBuN)2SiMe(tBuN)2]SnS}2, 11

A sample of [MeSi(l-tBuN)2SiMe(tBuN)2]Sn (0.129 g,
0.264 mmol) and excess sulfur (0.729 g, 22.7 mmol) were
dissolved in 25 mL of toluene and stirred at 70 �C for
24 h. The reaction mixture was then filtered warm through
a medium-porosity frit, and the yellow solution was kept at
2 �C until crystals had formed. Yield: 0.122 g (88.6%) of
rhombic crystals.

M.p.: 302 �C. 1H NMR (300 MHz, benzene-d6, 25 �C):
d = 1.814 (s, 18H; NtBu), 1.375 (s, 18H; NtBu), 0.665 (s,
6H; SiMe). 13C{1H} NMR (75 MHz, benzene-d6, 25 �C):
d = 55.0 (s, NCMe3), 52.5 (s, NCMe3), 36.3 (s, NCMe3),
33.7 (s, NCMe3), 7.0 (s, SiMe). Mass spectrum (FAB,
MNBA): m/z (%) 1038.49 (0.3), 1039.49 (0.5), 1040.70
(0.8), 1041.72 (0.8), 1042.71 (1.0), 1043.71 (0.9), 1044.71
(1.0), 1045.69 (0.6), 1046.71 (0.5), 1047.71 (0.2), 1048.72
(0.3). Anal. Calc. for C36H84N8Si4Sn2S2: C, 41.46; H,
8.12; N, 10.74. Found: C, 41.07; H, 8.21; N, 10.12%.

6.9. {[MeSi(l-tBuN)2SiMe(tBuN)2]SnSe}2, 12

In a manner identical to that used for the synthesis of
11, [MeSi(l-tBuN)2SiMe(tBuN)2]Sn (0.22 g, 45 mmol) and
grey selenium (0.042 g, 0.53 mmol) were allowed to react
in 25 mL of toluene. The solution was kept at 70 �C for
24 h, filtered through a medium-porosity frit and stored
at 2 �C. Yield: 0.209 g, (81.8%) of colorless, rhombic
crystals.

M.p.: 304 �C. 1H NMR (300 MHz, benzene-d6, 25 �C):
d = 1.847 (s, 18H; NtBu), 1.339 (s, 18H; NtBu), 0.654 (s,
6H; SiMe). 13C{1H} NMR (75 MHz, benzene-d6, 25 �C):
d = 55.5 (s, NCMe3), 52.3 (s, NCMe3), 36.6 (s, NCMe3),
33.9 (s, NCMe3), 7.35 (s, SiMe). Mass spectrum (FAB,
MNBA): m/z (%) 1135.86 (4.0), 1136.85 (4.6), 1137.86
(4.1), 1138.85 (4.1), 1139.85 (3.2). Anal. Calc. for
C36H84N8Se2Si4Sn2: C, 38.04; H, 7.45; N, 9.86. Found: C,
38.39; H, 7.61; N, 9.52%.

7. X-ray crystallography

7.1. Compounds 6–10

All crystals were grown from supersaturated solutions
at the indicated temperatures. Suitable, single crystals
were coated with oil, affixed to a glass capillary, and cen-
tered on the diffractometer in a stream of cold nitrogen.
Reflection intensities were collected with a Bruker
SMART CCD diffractometer, equipped with an LT-2
low-temperature apparatus, operating at 193 K (213 K
for 7, and 297 K for 6). Data were measured using x
scans of 0.3� per frame for 30 s until a complete hemi-
sphere had been collected. The first 50 frames were recol-
lected at the end of the data collection to monitor for
decay. Cell parameters were retrieved using SMART [69]
software and refined with SAINT [70] on all observed reflec-
tions. Data were reduced with SAINT, which corrects for
Lorentz and polarization effects and decay. An empirical
absorption correction was applied with SADABS [71]. The
structures were solved by direct methods with the SHELXS-90
[72] program and refined by full-matrix least squares
methods on F2 with SHELXL-97 [73], incorporated in SHELXTL

Version 5.10 [74].

7.2. Compounds 11 and 12

Crystal data were collected at 293 K on an Enraf-Non-
ius CAD 4 diffractometer using graphite-monochromated
Mo Ka radiation (k = 0.71069 Å). The structures were
solved with Patterson methods and refined by full-matrix
least squares against F. Data reductions, structure solu-
tions and least-squares refinements were performed with
the software programs NRCVAX DATRDR, NRCVAX SOLVER

and NRCVAX LSTSQ [75].
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Appendix A. Supplementary material

CCDC 671134, 671135, 671136, 671137, 671138, 671139
and 671140 contain the supplementary crystallographic
data for 6, 7, 8, 9, 10, 11 and 12. These data can be
obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif. Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
j.jorganchem.2007.12.031.
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