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A 1,3-Diaza-2,4-distannacyclobutanediide:
Synthesis, Structure, and Bonding**

Hazel Cox,* Peter B. Hitchcock, Michael F. Lappert,*
and Luc J.-M. Pierssens

There is much current interest in four-membered ring
compounds containing heteroatoms that are isoelectronic
with a cyclobuta-1,3-dienediide; the first thermally robust
parent compound {[C(SiMe3)]4}

2� was only reported in 2000.[1]

Homocyclic “aromatic” inorganic compounds include [E4]
2+

(E=S, Se, Te),[2] ({B(NMe2)[B(NMe2)2]}2)
2�,[3]

{[Al(Cl)(NH3)]4}
2�,[4] and [Ga4{C6H3(C6H2iPr3-2’,4’,6’)-2,6}2-

1,3]2�.[5] Particular attention has focused on analogues with
alternating heteroatoms that have a biradicaloid electronic
structure and a feature of interest is the relative stability of
the triplet and singlet states; an early example was the labile
[SN]2,

[6a] a 6p-electron aromatic molecule.[6b] A trigger was the
discovery by Niecke et al. of the modestly robust, diamagnetic
1,3-diphosphacyclobutane-2,4-diyl 1,[7] which was followed by
the related compounds [C(Cl)P(TMP)]2,

[8a] [C(H)P(Mes*)C-
(SiMe3)P(Mes*)],

[8b] [C(Cl)P(Mes*)C(SiMe3)P(Mes*)],
[8b]

[C(SiMe3)P(Mes*)C(AlMe3)P(Mes*)]
� ,[8c] [C(Mes*)P-

(Me)C(Mes*)P(tBu)],[8d] [C(SiMe3)P(Mes*)]2,
[8e] and

{[C(SiMe3)P]2}
2�.[8e] The Group 13/15 isoelectronic system

was initially represented by the planar ring compound 2 of
Bertrand et al.;[9] puckered ring analogues [B�(R)P+R0

2]2 (R,
R’=Dur, iPr; tBu, Ph; Dur, Et; Ph, Ph) were subsequently
described.[10a,b] The bonding in compounds of the type 1 and 2
has already been discussed.[11a,b]

Herein we report on the 1,3-diaza-2,4-distanna-cyclo-
butadienediide 3. It is unprecedented on two counts: 1) pre-
viously reported three-coordinate tin compounds were ionic,
free radical, or cluster [as in, for example, SnCl3

� ,
[Sn{Si(Me)tBu2}3] (radical or cation),

[12a] [Sn{N(SiMe3)2}3],
[12b]

[(SnR2)3Sn2],
[12c] [(SnR2)3(SnR)2Sn2] (R=C6H3Et2-2,6)],

[12d]

or one of the bonds was dative [as in 4[12e] or [{Sn(CH(Si-
Me3)2)2}2],

[12f]] ; 2) it is the first alternating heteroatom ana-
logue of a cyclobuta-1,3-dienediide featuring a 5p-block
element.

X-ray-quality crystals of the colorless, diamagnetic (4–
298 K) compound 3 were isolated in modest yield from the
reaction according to Equation (1); monitoring the reaction

by 119Sn NMR spectroscopy showed that 3 was the major tin-
containing product. It is assumed that Ag and CO2 had been
eliminated.
The above reaction was unexpected in the light of our

prior observations on Sn(X)X’/AgY systems. Thus, we had
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found: 1) metathetical exchange with (a) 4 + AgOTf, to yield
[{Sn[N(SiMe3)2](m-OTf)}2] (OTf=OS(O)2CF3),

[13a] (b) SnX2
+ 2AgOCN, to give [{Ag(m-X)}4] [X=N(SiMe3)2 or
TMP];[13b] 2) oxidative addition to the SnX2 by AgY to
afford [Sn{CH(SiMe3)2}2Y2] (Y= I or NCO) or [Sn{2,6-
(NMe2)2C6H3}2Y2] (Y=NCO or NCS);[13c] or (iii) adduct
formation between [Sn{CH(SiMe3)2}2] + AgY!
[Ag(CN){Sn(CH(SiMe3)2}2]¥ or [{Ag(SCN)[Sn(CH(Si-
Me3)2)2]2(thf)}2].

[13c] We attribute the driving force of the
reaction of 4 with AgOCN to be the oxophilicity of silicon. A
common intermediate in each of the above reactions is
suggested to be a 1:1 X(X’)Sn!AgY adduct. For X=

N(SiMe3)2, X’=Cl, and Y=OCN, this leads to a redox
reaction, yielding Me3SiN=C=NSiMe3 and [Sn{N(SiMe3)}Cl]
(which dimerises!3) + Ag + Me3SiOCN. The latter is
believed to be transformed into bis(trimethylsilyl) carbodii-
mide + CO2, possibly under the catalytic influence of silver.
We note that the same carbodiimide has been obtained from
NaN(SiMe3)2 and CO2 and that Me3SiOCN was suggested to
have been an intermediate.[14]

The NMR spectra of 3 were recorded at 298 K both in
solution (PhMe/C6D6:

1H, 13C, 29Si, 119Sn) and in the solid state
by cross- polarization magic-angle spinning (CPMAS) spec-
troscopies (13C, 29Si, 119Sn). The 119Sn NMR chemical shift
showed that the structure of 3 in PhMe/C6D6 was temper-
ature-invariant in the range 298 (d=�83 ppm) to 183 K (d=
�104 ppm). The 119Sn chemical shift at 298 K was solvent-
dependent: d=�87 (C6D6), �83 (PhMe-C6D6), �102
(CD2Cl2), �140 (thf/C6D6), �285 ppm (HMPA/PhMe/C6D6;
HMPA is hexamethylphosphoramide). The CPMAS NMR
chemical shifts (d) were observed at lower frequencies than
equivalent solution shifts (PhMe/C6D6; shown in parenthe-
ses): d 13C, �9 (2.62); 29Si, �28 (22.0); 119Sn, �17 (�84).
Evidently the “solvent” donates to the Sn centers, consistent
with ligating strengths decreasing in the sequence HMPA>

thf>CD2Cl2>PhMe>C6H6.
The 119Sn-MIssbauer spectra of 3 and 4 were measured.[15]

The values of the isomer shift were similar: 3.21 (3), 3.28
(4) mms�1, but those for the quadrupole splitting deviated
significantly: 1.76 (3), 3.10 (4) mms�1; this result indicates
that 3 and 4 have similar s-electron density at the Sn nucleus,
but that their bonding differs.
The molecular structure of 3 shows it to be a monomer

(Figure 1a),[16] with long-range (Sn···Cl’’)2 (3.29 K) contacts
(Figure 1b) to a neighboring molecule.
The monomer has a planar centro-symmetric four-mem-

bered {(SnN)2} ring, with trans-silicon atoms only 68 out of this
plane; the trans-chlorine ligands are disposed orthogonally.
The Sn–Sn’ separation of 3.398 K shows that there is no
transannular bonding (see the data reported in reference [17]
in which the Sn–Sn distance is 2.810 K in a-tin). The
endocyclic bond angles in 3, as well as the mean Sn�N bond
length, are similar to those in the tin(ii) complex [{SnI(m-N=
PPh3)}2] (5): 78.3(1) and 101.78 at Sn and N, respectively, and
2.163(4) K.[18] The Sn�Cl bond length in 3 is significantly
shorter than that in the hypothetical chloro-analogue of 5
(about 2.60 K, which is based on the ionic radii of Cl� and I� ;
l(Sn�I) in 5, 2.9085(5) K[18]). The Si�N, Sn�N, and Sn�Cl
bond lengths in 3may be compared with those in 4 (which has

a planar {(SnCl)2} ring) of 1.729(3), 2.069(3), and 2.598(1) K,
respectively.[12c]

Electronic structure calculations were performed to
answer the following questions posed by the experimental
results: 1) what is the bonding in 3, 2) what are the relative
energies of the singlet and triplet states, and 3) what is the
explanation for the discrepancies between the solid-state and
solution NMR spectroscopic data?
The bonding: Geometry optimizations on 3 were per-

formed,[19, 20] and in no case was a Sn�Sn’ bond implicated and
hence no buckling of the geometry was found. Each N atom
and each Sn atom is three-coordinate leaving each N atom to
donate two electrons to the ring and each Sn atom one
electron. Thus the most appropriate description of 3 is as a
pseudo six-p-electron four-center system.
The valence bond structure shown in 3’ (this is one of four

resonance structures) is consistent with the calculated molec-
ular orbitals in which three of the four p molecular orbitals,
two almost nonbonding orbitals, and a bonding orbital, are

Figure 1. Structure of 3 (H atoms not shown; a) the monomer ;
b) showing close Sn···Cl contacts to a neighboring molecule. Selected
interatomic distances [C] and angles [8]: Sn-N 2.120(3), Sn-N’ 2.179(3),
Sn-Cl 2.470(2), Si-N 1.666(3), Si-Cl 1.859(5), Sn···Cl’’ 3.29, Sn···Sn’
3.398(1), N-Sn-N’ 75.57(14), N-Sn-Cl 88.71(10), N’-Sn-Cl 91.53(11), Si-
N-Sn’ 130.2(2), Sn-N-Sn’ 104.43(14), Sn’-Sn-Cl 90.1
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filled and the antibonding orbital is
empty.[2] These four orbitals arising
from the four ring atoms consist of
combinations of p orbitals on the
N atoms (++ and +�) and combi-
nations of sp3 hybrids on the Sn atoms
(again ++ and +�). Of these four
orbitals, three are filled: the ++

combination of the tin atoms and
both N-centred orbitals. This is in

basic agreement with the schematic representation of the
p orbitals of a delocalized p complex given by Niecke, et al.
for 1.[7]

Table 1 shows the percentage contribution of N and Sn
atoms to the frontier orbitals. As the Sn atom is less
electronegative than the N atom, the bonding orbitals have
greater N character whilst the antibonding orbitals have
greater Sn character.[21]

The electronic and geometric structure: Initially, a single-
point energy calculation was performed on the X-ray crystal
structure (Ci symmetry). However, although SCF conver-
gence was obtained, the filling of the orbitals was non-aufbau:
the Sn-centred orbitals, although lower in energy than the
lone pair on the nitrogen atoms (�5.81 and �5.67 eV,
respectively), were not filled. It was possible to force the
electrons into the Sn-centred orbital but this resulted in a
destabilization of the Sn orbital and a destabilization of the
molecule as a whole. Thus, a full geometry optimization of
structure 3 was performed; the results are shown in Table 2,
from which it is evident that the singlet state is favored by
over 57 kJmol�1 regardless of whether scalar relativistic
effects are included or not.* This is in accord with the study
by Schoeller, et al.[22] on substituted derivatives of 2,4-
diphosphacyclobutane-diyl-1,3, which showed that s-donat-
ing substituents at the phosphorus atom tend to increase the
singlet–triplet energy separation.
Surprisingly, however, the optimized geometry differed

substantially from the X-ray crystal structure. Selected geo-
metric parameters are compared in the Supporting Informa-

tion. The Sn�N and N’�Sn bond lengths are reasonably
reproduced, within an error of 5%, although this is poor for
current density functional methods. However, the Sn’-Sn-Cl
bond angle is hugely inaccurate (119.48) and this, along with
the shortening of the Sn�Sn’ bond (3.06 K), could be
responsible for the deviations in the Sn-N-Sn’ and N-Sn-N’
angles (96.18 and 83.98, respectively). It is pertinent to note
that these optimized bond angles are comparable with the
bond angles in the isoelectronic {C2P2} system: P-C-P= 92.28
and C-P-C= 87.88.[7]

To investigate these substantial differences, a series of
single-point energies was performed on the experimental
geometry with the Sn’-Sn-Cl bond angle varied at 108 intervals
in the range 908 to 1308. A smooth continuous curve was
produced with a minimum at 1208, from which a floppy Sn’-
Sn-Cl bending mode was estimated. Two alternative methods
(the semiempirical method PM3 and the hybrid functional
B3LYP with a Gaussian effective core potential[20]) also
predicted a Sn’-Sn-Cl bond angle of 120� 48.
However, the X-ray crystal structure revealed close

intermolecular Sn···Cl’’ contacts (Figure 1b), which may be
the cause of the constraint of the Sn’-Sn-Cl bond angle in the
X-ray crystal structure.
It was noted by Janssen that out-of-plane distortions

factor considerably in the stability of these electron-rich four-
membered rings in the free molecule.[23] Thus, an extensive
ab initio study was performed to establish whether inorganic
six-p-electron four-membered rings (with and without sub-
stituents), are more stable than corresponding organic rings. It
was concluded that the concept of resonance stabilization, in
general, does not fully account for the geometric preferences
of six-p-electron four-membered rings that contain atoms
from the second-row of the periodic table. Other effects,
including s-bond strengths and especially energy-lowering
out-of-plane distortions, are at least of equal importance.
Zandwijk, et al.[24] had also shown that low-frequency out-of-
plane vibrational modes of substituents on the ring are of
major significance for the stability of these electron-rich, six-
p-electron, four-membered rings.
NMR chemical-shift calculations: Calculations of the

chemical shifts of both the geometry-optimized structure
and the X-ray crystal structure were performed. It was
proposed that if the electronic-structure calculations were
correct and the true relaxed geometry would be that predicted
by theory, then this structure would be the most probable in
solution in an inert solvent. Thus, the constrained (X-ray)
crystal structure would produce different chemical shifts to
those of the latter. To test this proposition, NMR chemical
shifts were calculated for both the X-ray crystal structure

Table 1: Percentage contribution of nitrogen and tin atoms to the frontier
orbitals.

Orbital Energy [eV] Atom s px py pz

Lumo �5.037 Sn 30.36 3.23 10.94 6.56
N 5.30 16.90 11.40

Homo �6.201 Sn
N 72.22

Homo-1 �6.343 Sn 34.87 10.59 6.16 4.19
N 1.80 1.48 1.97 4.62

Homo-2 �6.817 Sn 4.40
N 39.22 2.83

Table 2: Calculated singlet–triplet energy difference (relativistic and
nonrelativistic)

Non-relativistic Relativistic

Singlet (S) [eV] �158.832 �158.097
Triplet (T) [eV] �158.041 �157.505
D(T-S) [eV] 0.791 0.592
D(T-S) [kJmol�1] 76.3 57.1

* Note that all further discussion will refer to the ADF scalar relativistic
singlet geometry.
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(single-point energy calculations SPE) and the possible
solution (monomeric) structure (optimized geometry).
The calculated relative chemical shifts are compared with

the experimental data in Table 3. In each case, the total

isotropic shielding constant for each atom in the molecule was
calculated and the average was compared to that of the
corresponding shift of SiMe4 (for C, H, and Si) and to that of
SnMe4 (for Sn) to compare with the experimental relative
shifts.
A negative shift indicates that there is more shielding, and

a positive number indicates that there is less shielding, in the
specified molecule than in the reference molecule. Thus, as
expected, there is more shielding in the solid (as evinced by
the SPE calculation) than in the solution (to be compared
with the optimized geometry). With the exception of Sn, in
each case the relative shift follows the trend of the exper-
imental data, and in the case of 13C the shifts are within 8 ppm
of the experimental values. This favorable comparison gives
credence to the assumption that the relaxed (geometry
optimized) structure is indeed the “free” structure that
appears in solution, and that in the solid state, intermolecular
forces play an important role in fixing the Cl atoms in
optimum positions for the interaction with neighboring Sn
atoms.
In summary, we have presented the synthesis of

the first 1,3-diaza-2,4-distanna-cyclobutanediide [NK (SiMe3)-
Sn(Cl)N’(Si’Me3)SnL ’Cl’] (3) by the unusual reaction between
[Sn{N(SiMe3)2}(m-Cl)]2 and AgOCN. Compound 3 was shown
to be diamagnetic in the crystal and in solution. Crystalline 3
has a planar four-membered {(SnN)2} ring with the trans-
chlorine ligands orthogonal to this plane. There are long
range (Sn···Cl)2 contacts between neighboring molecules. The
CPMAS NMR 13C, 29Si, and 119Sn chemical shifts were
observed at lower frequency than those recorded in PhMe/
C6D6; and the

119Sn signal was particularly sensitive to solvent,
the frequency decreasing in the sequence PhMe/C6D6<
CD2Cl2< thf/C6D6!HMPA/PhMe/C6D6, attributed to an
interaction from the “solvent” donor to the tin atom,
probably at the limit disrupting the virtual dimer in the
crystal. The computational studies show that the singlet
ground state is substantially favored over the triplet. The
optimized geometry showed considerable disparity between
the calculated and the experimentally determined Sn’-Sn-Cl
angle, which is attributed to the constrained geometry of the
monomer (Figure 1a) and does not take into account the
intermolecular contacts with the neighboring molecule (Fig-
ure 1b). Calculated 13C- and 29Si-NMR chemical-shift differ-
ences as between the solid-state and the PhMe/C6D6 solution

qualitatively reproduce the experimental observations. Note
added in proof: the compound [{Ge(R)N(SiMe3)}2] [R=

C6H3(2,6-iPr2-C6H3)C6H3] was recently described.
[25]

Experimental Section
All manipulations were carried out under vacuum or argon by using
Schlenk techniques.
Silver cyanate (2.47 g, 16.5 mmol) was added to a stirring solution

of [Sn{N(SiMe3)2}(m-Cl)]2 (5.18 g, 8.2 mmol) in diethyl ether (150 mL)
at room temperature. The brown, cloudy reaction mixture was stirred
in darkness for about 16 h. A brown–grey precipitate was removed by
filtration and the filtrate concentrated under vacuum. A second
filtration and storage of the filtrate at �5 8C yielded a beige solid,
which was extracted with refluxing toluene (50 mL). The colorless
extract yielded colorless microcrystals of 3 (0.96 g, 24%), mp 53–56 8C
(decomp), which on recrystallization from benzene gave large
colorless plates of X-ray quality.
NMR (PhMe + C6D6, 303 K):

1H, d= 0.09 ppm; 13C{1H}, d=
2.62 ppm; 29Si{1H}, d= 22.0 ppm; 119Sn{1H}, d=�84 ppm. CPMAS-
NMR: 13C, d=�9 ppm; 29Si, d=�28 ppm, 119Sn, d=�17 ppm. 119Sn
Mossbauer (90 K): IS, 3.21 mms�1; QS, 1.76 mms�1.

N,N’-Bis(trimethylsilyl)carbodiimide, bp 158–1628C; MS (70 eV,
EI): m/z (%): 180 (10) [M+], 171 (100) [M�Me]+; IR: ñmax=
2190 cm�1, was isolated among the volatile products.
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