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Abstract: The synthesis and spectro-
scopic characterisation of the products
obtained by treatment of N,N'-dimethyl-
imidazolidine-2-thione (1), N,N'-dimeth-
ylimidazolidine-2-selone (2), N,N'-di-
methylbenzoimidazole-2-thione (3) and
N,N'-dimethylbenzoimidazole-2-selone
(4) with Br2 in MeCN are reported,
together with the crystal structures of
the 10-E-3, T-shaped adducts 2 ´ Br2 (12),
3 ´ Br2 (13) and 4 ´ Br2 (14). A conducto-
metric and spectrophotometric investi-
gation into the reaction between 1 ± 4
and Br2, carried out in MeCN, allows the
equilibria involved in the formation of
the isolated 10-E-3 (E� S, Se) hyper-
valent compounds to be hypothesised.
In order to understand the reasons why
S and Se donors can give different
product types on treatment with Br2

and I2, DFT calculations have been
carried out on 1 ± 8, 19 and 20, and on
their corresponding hypothetical
[LEX]� cations (L� organic frame-
work; E� S, Se; X�Br, I), which are
considered to be key intermediates in
the formation of the different products.
The results obtained in terms of NBO
charge distribution on [LEX]� species
explain the different behaviour of 1 ± 8,
19 and 20 in their reactions with Br2 and

I2 fairly well. X-ray diffraction studies
show 12 ± 14 to have a T-shaped (10-E-3;
E� S, Se) hypervalent chalcogen nature.
They contain an almost linear Br-E-Br
(E� S, Se) system roughly perpendicu-
lar to the average plane of the organic
molecules. In 12, the Se atom of each
adduct molecule has a short interaction
with the Br(1) atom of an adjacent unit,
such that the Se atom displays a roughly
square planar coordination. The SeÿBr
distances are asymmetric [2.529(1) vs.
2.608(1) �], the shorter distance being
that with the Br(1) atom involved in the
short intermolecular contact. In con-
trast, in the molecular adducts 13 and
14, which lie on a two-fold crystallo-
graphic axis, the Br-E-Br system is
symmetric and no short intermolecular
interactions involving chalcogen and
bromine atoms are observed. The ad-
ducts are arranged in parallel planes;
this gives rise to a graphite-like stacking.
The new crystalline modification of 10,
obtained from acetonitrile solution, con-

firms the importance of short intermo-
lecular contacts in determining the
asymmetry of Br-E-Br (E� S, Se) and
I-Se-I groups in hypervalent 10-E-3
compounds. The analogies in the con-
ductometric and spectrophotometric ti-
trations of 1 and 2 ± 4 with Br2, together
with the similarity of the vibrational
spectra of 11 ± 14, also imply a T-shaped
nature for 11. The vibrational properties
of the Br-E-Br (E� S, Se) systems
resemble those of the Br3

ÿ and IBr2
ÿ

anions: the Raman spectrum of a sym-
metric Br-E-Br group shows only one
peak near 160 cmÿ1, as found for sym-
metric Br3

ÿ and IBr2
ÿ anions, while

asymmetric Br-E-Br groups also show
an antisymmetric Br-E-Br mode at
around 190 cmÿ1, as observed for asym-
metric Br3

ÿ and IBr2
ÿ ions. Therefore,

simple IR and Raman measurements
provide a useful tool for distinguishing
between symmetric and asymmetric Br-
E-Br groups, and hence allow predic-
tions about the crystal packing of these
hypervalent chalcogen compounds to be
made when crystals of good quality are
not available.

Keywords: density functional calcu-
lations ´ selenium ´ structure eluci-
dation ´ sulfur ´ titrations ´ vibra-
tional spectroscopy

Introduction

In recent years, the study of the donor ± acceptor interaction
between a variety of organic compounds LE containing atoms

of Groups 15 and 16 (L� organic framework of the donor
molecule, E� chalcogen atom) and halogens X2 (X� I, Br)
and interhalogens XY (X� I; Y�Br, Cl) has received great
attention.[1±28] The growth of interest in this field of chemistry
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has been stimulated not only by the
use of halogens and interhalogens to
enhance the electric properties of S- or
Se-based molecular conductors,[29] but
also by an intrinsic interest in the dif-
ferent classes of compounds obtaina-
ble from reactions of the type LE� X2

(or XY). In fact, together with charge-
transfer (CT) adducts (10-X-2 hyper-
valent halogen compounds) bearing the
linear E-X-X group,[2] donor oxidation
products with chalcogenÿhalogen ter-
minal bonds (LEX),[3f, 11b, 16a, 24] 10-E-3
hypervalent chalcogen compounds
bearing the X-E-X linear group, two-
coordinated halogens(i) with chalco-
gen ligands ([LE-X-EL]�)[3b] and dications containing a
chalcogen-chalcogen single bond ([(LE)2]2�)[4a, 11d] represent
the most common types of product characterised crystallo-
graphically. In many cases, a very small change in the chemical
environment of the donor atom or in the experimental
conditions is enough to produce each of the above-mentioned
products. New interest in this matter stems from the ability of
halogen and interhalogen CT complexes to oxidise powdered
metals in solvents of low polarity and under mild conditions to
give complexes in which the metal exists in unusual oxidation
states and coordination geometries.[30±32] Finally, interesting
perspectives have also been found in the field of crystal
engineering, since the different classes of halo-organo com-
pounds can interact with halogens/halide anions, particularly
I2 and polyiodides, through soft ± soft X ´´´ Y, E ´´´ X and E ´´´ Y
interactions to give fascinating three-dimensional architec-
tures.[3a, 4, 13b] This makes further exploration of reactions of
the type LE � X2 (or XY) very attractive in view of making
predictions on the final products for each possible donor ±
acceptor couple. A first attempt in this direction was made by
Husebye et al.,[12] although the chemical reaction diagram
that they proposed needs to be
supported by more experimental
data. In the past, we have con-
tributed to this type of chemistry
mainly using thiones and selones
as well as thioethers and seleno-
ethers as donors and I2 as accep-
tor. More recently, our studies
have dealt with the use of the more acidic Br2, IBr and ICl
acceptors in reactions with the same sulfur and selenium
donors. This paper reports on the synthesis and spectroscopic
characterisation of the products obtained by treatment of 1 ± 4
with Br2, and the crystal structures of the T-shaped adducts 2 ´
Br2 (12), 3 ´ Br2 (13) and 4 ´ Br2 (14). While several crystal
structures of hypervalent T-shaped selenium compounds with
Br2 are reported in the literature,[2, 3e, 11a, 13b, 23±27] only one
hypervalent T-shaped sulfur com-
pound with Br2 has yet been fully
characterised by X-ray diffrac-
tion;[13a] hence 13 represents the
second fully characterised, hyper-
valent, T-shaped sulfur compound.

Results and Discussion

Solution studies : We have recently[5] reported the character-
isation of the solid products obtained by treatment of N-
methylthiazolidine-2(3 H)-selone (6) and N-methylbenzothi-
azole-2(3 H)-selone (8) with Br2 (see Formula 1). Compound
8 always gives the corresponding 10-Se-3 hypervalent com-
pound 10, bearing the Br-Se-Br linear group, independently of
the molar ratio between the reagents and the solvent (MeCN
or CH2Cl2). In the same solvents, 6 gives the hypervalent
compound 9 when a 1:1 molar ratio of Br2 to 6 is used, and the
ionic compound 15 when a 2:1 or higher reaction molar ratio
is used. Interestingly, treatment of 8 with ICl in CH2Cl2

solution in a 1:1 molar ratio gives the CT adduct 8 ´ ICl,[3c]

whereas compound 16[10b] is obtained only if a 1:2 molar ratio
of 8 to ICl is used. Analogous cations, such as 17 and 18, have
recently been obtained by treatment of N,N-dimethyl-
selenourea[10a] and 4,5-bis(methylsulfanyl)-1,3-dithiole-2-
thione,[13a] respectively, with Br2. The cations 15 ± 18 are
formally derived from a carbon-chalcogen double-bond
cleavage promoted by the halogen or the interhalogen.

Conductometric and spectrophotometric titrations of 6 and
8 with Br2 in MeCN proved very useful in identifying the
various species in solution, and allowed us to hypothesise the
equilibria reported in Scheme 1.[6] We therefore carried out
analogous titrations on 1 ± 4. Figure 1a shows the results of
conductometric titrations in MeCN between Br2 and the
sulfur donors 1 and 3. As can be seen, the conductivity
remains very low up to molar ratio of 1:1. Beyond this ratio it

Scheme 1. Proposed equilibria involved in the reaction between Br2 and compounds 6 and 8.
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Figure 1. Conductometric titrations of a) S donors 1 and 3 and b) Se
donors 2 and 4. ([1], [2]� 1.8� 10ÿ2, [3]� 8.4� 10ÿ3, [4]� 2.7� 10ÿ3 m)
with Br2 (8.823� 10ÿ2 m) (MeCN; T� 298 K). In b), the conductometric
titration of 20 ([20]� 2.16� 10ÿ3 m) has been included for comparison.

increases with addition of Br2; this indicates that ionic species
are being formed in solution. The stable, nonconducting
compounds formed in the first part of the titration were
isolated as solids on coincidence of the 1:1 molar ratio and, in
the case of 3, identified by X-ray diffraction analysis as the 10-
S-3 hypervalent T-shaped adduct 3 ´ Br2 (13) (see later).
Unfortunately, no crystals suitable for X-ray crystal-structure
determination were obtained for the adduct 1 ´ Br2 (11), but
the conductometric titration curve, similar to that found for 3,
and the vibrational properties of 11 (see below) also suggest a
T-shaped nature for 11.

Interestingly, the shape of the conductometric titration
curves in Figure 1a resembles that found for the titration
curve of 8,[6] for which the equilibria reported in Scheme 1
were hypothesised. At present, this scheme should be
considered a very simple model that accounts for the
experimental data. However, the situation in the reaction
medium could be much more complex. In particular, cation
formation in the second step could be caused by different
simultaneous processes, such as interaction of the hypervalent

compound with a Br2 molecule or interaction between two
molecules of the hypervalent compound. Under these con-
ditions, Scheme 1 should also be considered valid for the
reactions of sulfur donors 1 and 3 with Br2. In fact, the first
equilibrium is proved to exist by the fact that spectra of
solutions obtained by dissolving solid samples of 11 and 13
clearly show peaks related to the starting S donors 1 and 3 (see
Table 1). Moreover, the extinction molar coefficients of the

bands typical of 11 and 13 change on varying the concen-
tration, and the absorbance values do not obey the Lambert ±
Beer law for solutions at different dilutions. The formation of
the Br3

ÿ anion, easily detected by UV-visible spectroscopy
(see below), agrees well with the strong increase in con-
ductivity beyond the 1:1 molar ratio (see Figure 1a). On the
other hand, as in the case of 8,[6] the very low but detectable
conductivity values recorded in the first part of the titrations
can be considered proof of the existence of the dissociation
equilibrium of the T-shaped hypervalent compounds to give
[LSBr]� and Brÿ ionic species (according to Scheme 1). The
hypothesis of the formation of [LEBr]� cations in solution is
also supported by the fact that [LEX]� (E� S, Se; X� halo-
gen) cations have in some cases been isolated in the solid state
and characterised crystallographically.[3f, 11b, 16a]

The conductometric titration curves obtained for the
selenium donors 2 and 4 are shown in Figure 1b. These curves
show a different shape in the first part of the titration,
resembling those found for conductometric titrations of 20 ±
22 (the curve relating to 20 has been included in Figure 1b for
comparison). For 20, the conductivity values increase strongly
on addition of Br2, reaching a maximum for a Br2/20 molar
ratio of 0.5:1.[7] On further addition of Br2, conductivity starts
to decrease and reaches a minimum at a Br2/20 molar ratio of
1:1.[7] The same behaviour is observed for 21 and 22, with the

Table 1. UV absorptions of 1 ± 4 and their adducts 11 ± 14 with Br2

recorded in MeCN (loge in parentheses). Br2 and Br3
ÿ bands are also

included.

Compound Absorption bands [nm]

1 219(4.64), 242(4.94)
1 ´ Br2 (11)[a] 218(4.50), 270(4.57)
2 234(4.21), 260(4.15)
2 ´ Br2 (12)[a] 206(4.24), 259(4.40)
3 230(4.46), 245(4.46), 311(4.70)
3 ´ Br2 (13)[a] 228(4.59), 277(4.51), 311(4.44)
4 230(4.32), 252(4.29), 322(4.62)
4 ´ Br2 (14)[a] 222(4.75), 266(4.61), 304(4.38)
Br3

ÿ 269(4.75)[b]

Br2 268(2.16), 393(2.19)

[a] The positions of the bands of the hypervalent compounds 11 ± 14 are
taken from their spectra in MeCN solutions at concentrations of 4.4� 10ÿ5,
7.13� 10ÿ5, 4.73� 10ÿ5 and 2.473� 10ÿ5m, respectively (T� 298 K). As
discussed in the text, the spectra contain both the bands due to the
hypervalent compounds and those due to the free 1 ± 4, in different
amounts for the four compounds. The values for the molar extinction
coefficients of the hypervalent compounds 11 ± 14 must therefore be
considered as only indicative, since they are involved in the equilibrium
reactions shown in Scheme 1. Their solutions do not follow the Lambert ±
Beer law at different dilutions. [b] This value, measured on a freshly
prepared solution of tetrabutylammonium tribromide (4.0� 10ÿ5m), is very
close to that (4.74) reported by A. I. Popov.[33]
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difference that the maximum conductivity value is reached for
a 1:1 molar ratio, both these donors having two>C�Se groups
in the molecule. For 20 ± 22, the isolated solid products
corresponding to the maximum and minimum conductivity
values proved to be the compounds 23 ± 25 and 26 ± 28,
respectively;[7] this indicates the almost quantitative forma-
tion of [(LE)2]2� dication species featuring an SeÿSe single
bond in the first part of the
titrations. In the second part,
the dication species 23 ± 25 are
quantitatively transformed into
the 10-Se-3 hypervalent com-
pounds 26 ± 28.

Close inspection of the con-
ductometric titration curves in
Figure 1b shows that only com-
pound 4 behaves like com-
pound 20, with much lower
values for molar conductivity.
Interestingly for compound 2,
the conductivity reaches its
minimum value at a Br2/2 molar
ratio of about 0.8:1 (the max-
imum having been reached at a
molar ratio of about 0.4), and
then begins to increase, first
slowly and then very rapidly
when the 1:1 molar ratio is
reached. For either 2 or 4, the
maximum molar conductivity
values remain below
15 Wÿ1 cm2 molÿ1, and the ad-
ducts 2 ´ Br2 and 4 ´ Br2 were
isolated as crystals from the
solutions corresponding to 1:1
molar ratios and identified by
X-ray diffraction as the 10-Se-3
hypervalent T-shaped adducts
12 and 14 (see later). The be-
haviour of compounds 2 and 4
therefore seems to be inter-
mediate between that of 20 ±
22 and that of 1, 3, 6 and 8 :
the shape of the titration curves

in the first part can be explained
by the simultaneous formation of
[(LE)2]2� dication species and 10-
Se-3 hypervalent compounds. In
both cases, however, the dications
and the hypervalent compounds
should be in equilibrium with the
free donors 2 and 4, since the
spectra of solutions obtained by
dissolving the solid samples of 12
and 14 clearly show the presence
of peaks originating from free 2
and 4 (see Table 1), while the
Lambert ± Beer law is not obeyed
on dilution.

The formation of the Br3
ÿ anion beyond the 1:1 molar

reaction ratio, according to Scheme 1, was proved easily by
spectrophotometric titrations in MeCN. The absorption bands
of 1 ± 4 and 11 ± 14 recorded in MeCN solutions are listed in
Table 1, together with those of Br2 and Br3

ÿ. In all four
spectrophotometric titrations (see Figure 2), the following
common features can be observed: i) a general absorption

Figure 2. UV spectra of solutions with constant concentrations of the donors 1 ± 4 with increasing quantities of
Br2 (T� 298 K; MeCN). a) [1]� 1.84� 10ÿ5 m ; [Br2]/[1]� 0, 0.6, 1.2, 1.8, 2.4, 3.0, 3.3, 3.6, 3.9, 4.5, 5.1. b) [2]� 5.4�
10ÿ5 m ; [Br2]/[2]� 0, 0.2, 0.3, 0.4, 0.42, 0.44, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4. c) [3]� 2.92� 10ÿ5 m ; [Br2]/[3]� 0,
0.36, 0.55, 0.73, 0.92, 1.1, 1.46, 1.8, 2.2, 2.6, 2.9, 3.7. d) [4]� 2� 10ÿ5 m ; [Br2]/[4]� 0, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0,
2.25, 2.5.
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decrease in the bands due to the free molecules 1 ± 4 and a
concurrent absorption increase in the bands due to the 10-E-3
adducts, ii) even if only those spectra of solutions with a Br2/
donor molar ratio up to 1:1 are considered, no isosbestic
points are observed; this indicates the presence in solutionÐ
in low concentrationsÐof other species besides the free
starting compounds and their 10-E-3 hypervalent adducts
(E� Se, S) and iii) all the titrations are characterised by the
appearance of a very strong absorption near 270 nm, due to
the fact that either Br3

ÿ or the adducts 11 ± 14 show a strong
band near this value; however, this band increases more than
the formation of 11 ± 14 would lead us to expect. Its further
increase when Br2 is added beyond the complete formation of
11 ± 14 clearly indicates an increasing amount of Br3

ÿ, (see
Table 1) which is formed in solution according to Scheme 1.
To this purpose, it should be pointed out that during the
titrations of the sulfur donors 1 and 3, the spectrophotometric
curves take on the appearance of those of the corresponding
hypervalent compounds only when the molar ratio is far
above 1:1 (about 3:1 for 1 and 5:1 for 3); this confirms that the
formation of 11 and 13 is an equilibrium process. This seems to
be in disagreement with the results of the conductometric
titrations for the S donors, but it should be remembered that
the two sets of titrations were carried out at very different
concentrations: about 10ÿ3m in the conductometric titrations
and 10ÿ5m in the spectrophotometric ones. On the other hand,
only a small excess of Br2 is enough to transform 2 and 4
almost completely into the corresponding Se-hypervalent
compounds 12 and 14. Thus, Scheme 1 also appears to account
for the results of the spectrophotometric titrations of 1 ± 4
with Br2. In all four cases, the absence of isosbestic points in
the spectrophotometric titrations corroborates the presence
in solution of significant amounts of the various species as
outlined in Scheme 1.

In order to understand the different chemical behaviour of
1 ± 4, 6, 8 and 20 ± 22 in the first part of the conductometric
titrations, we carried out density functional theory (DFT)
calculations[34±41] on compounds 1 ± 8, 19 and 20, and also on
the corresponding hypothetical [LEX]� cations (L represents
the organic framework; E� S, Se and X�Br, I). Extension of
the calculations to the [LEI]� species is useful in view of the
large variety of solid products also obtained on treatment of
these substrates with I2. In fact, [LEX]� species were
considered by Husebye[12] to play a key role as intermediates

in the processes leading to the different types of products
when LE organic donors were allowed to react with halogens.
Furthermore, [LEX]� species can be regarded as deriving
formally not only from the initially formed 10-E-3 hyper-
valent compound, but also from the 10-X-2 CT adduct by
heterolytic breaking of an XÿX bond. For the donors
considered in this paper, calculations were aimed at predict
ing the products most likely to be formed if [LEX]�

species are considered as key intermediates. Table 2
shows the NBO charges on the carbon, chalcogen and
halogen atoms calculated at optimised geometries. On the
basis of the charge distribution, the following observations
can be made:
i) Comparison of the fractional charges on the chalcogen

atoms in the hypothetical intermediate [LEBr]� species (in
the range 0.191 ± 0.281 e for S donors and 0.346 ± 0.438 e
for Se donors) and the charge on the terminal bromine
(ÿ0.074 ± 0.048 e) clearly indicates that the attack of a
nucleophile on the [LEBr]� cation is likely to occur on the
chalcogen atom. If the nucleophile is Brÿ, the correspond-
ing chalcogen-hypervalent adduct is formed. Consequent-
ly, CT adducts between the donors under consideration
and Br2 are not to be expected. In fact, adducts featuring
the Se-Br-Br linear group are unknown and only a very
few cases have been reported for sulfur donors.[2]

ii) In contrast, the fractional charges on the chalcogen and
iodine atoms in the [LEI]� cation show that the charge on
the terminal iodine is always positive (from 0.131 to 0.183 e
for the S donors and from 0.051 to 0.094 e for the Se
donors), while that on the chalcogen is lower than that
found in [LEBr]� (from 0.075 to 0.156 e for the S donors
and from 0.233 to 0.314 e for the Se donors). Of the
examined compounds, only 5 and 7 are likely to undergo
attack of Iÿ on the sulfur atom in the corresponding [LSI]�

cation to form hypervalent sulfur compounds that feature
the I-S-I group, but this type of compound has never been
isolated. In agreement with the experimental evidence so
far collected, this seems to support the preferential
formation of CT adducts from the reaction between
sulfur donors and I2. In contrast, for the examined
selenium donors, the high positive charge on the selenium
atom (from 0.346 to 0.438 e) compared with that on the
terminal iodine (from 0.051 to 0.094 e) in [LSeI]� indicates
a preferential tendency to form Se-hypervalent com-

Table 2. NBO charges Q [e] on C(2), E (E� S, Se), X (X�Br, I) atoms in LE (1 ± 8, 19 and 20) and in their corresponding [LEX]� ions. The last two columns
give the differences DQE [e] between the QE in [LEX]� and LE.

L�E E QC QC QC QE QE QE QBr QI DQE DQE

L�E [LEBr]� [LEI]� L�E [LEBr]� [LEI]� [LEBr]� [LEI]� [LEBr]� [LEI]�

1 S 0.307 0.401 0.405 ÿ 0.256 0.196 0.075 0.046 0.179 0.452 0.331
2 Se 0.259 0.342 0.347 ÿ 0.228 0.356 0.233 ÿ 0.038 0.091 0.584 0.461
3 S 0.283 0.310 0.320 ÿ 0.229 0.191 0.083 0.001 0.131 0.420 0.312
4 Se 0.235 0.253 0.263 ÿ 0.208 0.346 0.236 ÿ 0.070 0.055 0.554 0.444
5 S ÿ 0.080 ÿ 0.025 ÿ 0.020 ÿ 0.131 0.281 0.156 0.048 0.183 0.412 0.287
6 Se ÿ 0.154 ÿ 0.095 ÿ 0.090 ÿ 0.100 0.438 0.314 ÿ 0.037 0.094 0.538 0.414
7 S ÿ 0.103 ÿ 0.095 ÿ 0.086 ÿ 0.120 0.232 0.116 0.017 0.151 0.352 0.236
8 Se ÿ 0.181 ÿ 0.163 ÿ 0.155 ÿ 0.088 0.396 0.280 ÿ 0.059 0.069 0.484 0.368

19 S 0.270 0.277 0.288 ÿ 0.283 0.196 0.085 0.004 0.135 0.479 0.368
20 Se 0.225 0.216 0.226 ÿ 0.268 0.355 0.244 ÿ 0.074 0.051 0.623 0.512
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pounds rather than CT I2 adducts; however, both types of
adducts have been isolated.[2]

iii) The formation of [(LE)2]2� dicationic species featuring a
chalcogenÿchalcogen single bond, obtained in the case of
compounds 20 ± 22 and hypothesised in solution as the
conducting species in the cases of 2 and 4, could be
explained by a nucleophilic attack of the negatively
charged chalcogen atom of a neutral LE molecule on the
positively charged chalcogen atom of the [LEBr]� inter-
mediate, with elimination of Brÿ. From a qualitative point
of view based on FMO theory,[42] the symmetries of the
HOMOs of the donors, which in all the examined cases are
p orbitals (out of molecular plane for 3 ± 5, 7, 19 and 20, and
in the molecular plane for 1, 2, 6 and 8), and the LUMOs of
the [LEBr]� acceptors, which spread along the EÿBr bond
direction (see Figure 3 for 20 and [20ÿBr]�), are appro-
priate for this nucleophilic attack, which should be

Figure 3. Representations of the HOMO of compound 20 (left) and the
LUMO of the corresponding boromoselenide cation [20ÿBr]� (right).

favoured by a high value of the difference DQE (Table 2)
between the charge on E in [LEBr]� and the charge on E
in LE. As can be seen, the highest value of DQE (�0.623 e)
is calculated for 20, for which dication formation on
treatment with Br2 in MeCN solution is, as already
mentioned, almost quantitative, and the salt 23 can be
crystallised from solutions of molar ratios of 1:0.5 20/Br2.
For the compounds containing >C�S bonds given in
Table 2, DQE is reduced to a value ranging from 0.352 to
0.479 e and no formation of [(LS)2]2� dications has been
experimentally observed for these donors, either in the
solid state or in solution. Calculated values of DQE slightly
higher than those found for the S donors are obtained for
Se donors 6 and 8, for which, once more, no dication
formation has been observed. The DQE values calculated
for 2 and 4 (0.584 and 0.554 e, respectively) are inter-
mediate between the value calculated for 20, and those
calculated for 6 and 8. Indeed, the conductometric titration
curves in Figure 1b indicate the formation of significant
quantities of dication species in the first part of the
titration for 2 and 4 (see discussion above). On the basis of
the DQE parameter, the tendency to form the [(LE)2]2�

dication species follows the decreasing order:

20> 2> 4� 6> 8� 19> 1> 5� 3> 7.

In the last column of Table 2, the DQE values calculated in
the case of [LEI]� cations are also reported. The decreasing
order is the same as that found for [LEBr]� . Accordingly, the

direct reaction of 20 with IBr and ICl[3g] produced the same
dication as for 23 but with different counteranions; whereas
treatment of 2 with I2 allowed the isolation of a mixed-valence
compound in the solid state, in which an I2 adduct unit is
present together with a dication species [22]2� with I3

ÿ as
counter-ion.[3d]

As already mentioned, Husebye et al.[12] have very recently
reported a chemical diagram collecting the different types of
compounds that can be formed in reactions of the type LE �
X2 (L� organic framework; E� chalcogen atom; X� halo-
gen) with the desirable aim of predicting the final products for
each particular system of reagents. In that diagram, the
formation of the dication [(LE)2]2� was hypothesised as
deriving from the attack of the LE donor on the chalcogen
atom of the [LEX]� acceptor. These DFT calculations also
support that hypothesis and also account for the fact that in
some cases the dications can be formed in preference to the
T-shaped hypervalent chalcogen compounds. In the diagram
proposed by Husebye, however, the formation of the hyper-
valent compounds was explained by nucleophilic attack of an
X3
ÿ ion on the E atom of the [LEX]� cation, with elimination

of an X2 molecule. Since, in reactions between Br2 and
compounds 1 ± 4, 6 and 8, hypervalent chalcogen compounds
are the only adducts formed before the 1:1 acceptor/donor
molar ratio is exceeded, as shown by conductometric titra-
tions, it is reasonable to propose that 10-E-3 hypervalent
adducts might also be formed by the attack of an Xÿ ion on the
chalcogen atom of the [LEX]� cation (reverse reaction of the
second equilibrium in Scheme 1). At present, it is difficult to
hypothesise all the possible pathways for transforming the
[(LE)2]2� dication into the corresponding hypervalent com-
pounds on addition of Br2, as observed for the donors 20 ± 22.
One way to do this might be the reverse reaction of dication
formation: breaking of the chalcogen-chalcogen bond pro-
moted by Xÿ with formation of the [LEX]� cation and a
molecule of LE, which undergoes an oxidative addition of Br2

according to the first step in Scheme 1.

Solid state : On treatment of 1 ± 4 with dibromine in MeCN,
1:1 adducts have been separated in the solid state. With the
exception of 1 ´ Br2 (11), the X-ray crystal structure determi-
nations of these compounds show their 10-E-3 T-shaped
hypervalent chalcogen adduct natures. Views of 12 and 13 are
shown in Figures 4 and 5, respectively. Compound 14 is
isostructural with 13 and the same labelling scheme as shown
in Figure 5 has been adopted for it. Interatomic distances and
angles for the three compounds are reported in Tables 3 and 4.
The molecule of 12 contains an almost linear Br-Se-Br system
[172.81(3)8], which is roughly perpendicular to the average
plane of the molecule [Br(1)-Se-C(1)-N(1), torsion angle
93.6(6)8]. The arrangement of the molecules in the crystal is
shown in Figure 6, in which a projection of the crystal packing
along [010] is shown. The Se atom of each molecule is engaged
in a short interaction with the Br(1) atom of an adjacent
molecule [Se ´ ´ ´ Br(1) (x, 1/2ÿ y, 1/2� z)]. 3.456(1) �], so that
the Se atom achieves a roughly square planar coordination.
The SeÿBr distances are asymmetric [2.529(1) vs. 2.608(1) �],
the shortest distance being that with the Br(1) atom involved
in the short intermolecular contact.
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Figure 4. Molecular structure and atom labelling scheme of the T-shaped
adduct 12 formed between N,N'-dimethylimidazoline-2-selone (2) and Br2.
The thermal displacement ellipsoids are given at the 30 % probability level.

Figure 5. Molecular structure and atom labelling scheme of the T-shaped
adduct 13 formed between N,N'-dimethylbenzimidazole-2-thione (3) and
Br2. The thermal displacement ellipsoids are given at the 30 % probability
level.

The molecular adducts 13 and 14 lie on a twofold crystallo-
graphic axis and therefore the Br-E-Br (E� S, Se) system,
which is essentially linear, is symmetric. For them, no short
interactions involving the chalcogen or bromine atoms of
adjacent molecules are observed (Br ´ ´ ´ E> 4.1 �) and the
molecules are arranged in parallel planes; this gives rise to a

graphite-like stacking. The Br-E-Br moiety is almost perpen-
dicular to the remaining part of the molecule, which is planar:
the dihedral angles Br-S-C(1)-N(1) and Br-Se-C(1)-N(1) are
76.0(1) and 72.2(2)8, respectively. The value of the SeÿBr
distance [2.572(1) �] is exactly the average of the two
asymmetric bonds found in 12. Whilst in 13 and 14 the four
CÿN bond lengths in the five-membered ring are fairly
similar, in 12 N(1)ÿC(1) is shorter than the other CÿN bonds,
which are otherwise similar to each other. The CÿSe bond in
12 [1.931(6) �] is very close in length to those found in 10[5, 10a]

and in the new modification of 10 [1.930(7) �] (Table 5),
whilst in 14 the CÿSe bond is significantly shorter
[1.889(1) �]. In addition, the CÿS bond in 13 [1.753(1) �] is
greatly lengthened with respect to the value found in 3
[1.671(8) �].[43] On the whole, the carbonÿchalcogen bonds
can be considered as being very close to those corresponding
to a single bond.

The crystal structures of 12 ± 14 support the importance of
the intermolecular contacts in generating asymmetry within
the Br-E-Br (E� S, Se) group. In fact, in 12, where a short

Table 3. Selected interatomic distances [�] and angles [8] for
C5H10Br2N2Se (12)

Br(1)ÿSe 2.529(1) N(1)ÿC(11) 1.440(10)
Br(2)ÿSe 2.608(1) N(2)ÿC(1) 1.293(8)
SeÿC(1) 1.931(6) N(2)ÿC(3) 1.466(9)
N(1)ÿC(1) 1.306(8) N(2)ÿC(21) 1.462(13)
N(1)ÿC(2) 1.459(8) C(2)ÿC(3) 1.515(11)
Br(1) ´ ´ ´ Se 3.456(1)
Br(1)-Se-Br(2) 172.81(3) C(1)-N(2)-C(21) 128.8(7)
Br(1)-Se-C(1) 85.6(2) C(3)-N(2)-C(21) 121.2(8)
Br(2)-Se-C(1) 87.4(2) Se-C(1)-N(1) 124.2(5)
C(1)-N(1)-C(2) 111.3(6) Se-C(1)-N(2) 122.8(5)
C(1)-N(1)-C(11) 127.6(6) N(1)-C(1)-N(2) 113.0(6)
C(2)-N(1)-C(11) 121.0(6) N(1)-C(2)-C(3) 101.8(6)
C(1)-N(2)-C(3) 109.8(6) N(2)-C(3)-C(2) 103.9(6)

Table 4. Selected interatomic distances [�] and angles [8] for
C9H10Br2N2E.

E�S (13) E� Se (14)

BrÿE 2.493(1) 2.572(1)
EÿC(1) 1.753(1) 1.889(1)
N(1)ÿC(1) 1.337(2) 1.336(3)
N(1)ÿC(2) 1.386(3) 1.390(4)
N(1)ÿC(5) 1.465(3) 1.466(3)
C(2)ÿC(2') 1.391(4) 1.393(5)
C(2)ÿC(3) 1.398(3) 1.388(4)
C(3)ÿC(4) 1.377(3) 1.364(4)
C(4)ÿC(4') 1.418(5) 1.410(6)
Br ´ ´ ´ E 4.183(1) 4.139(1)
Br ´ ´ ´ Br 4.016(1) 4.077(1)
Br-E-Br' 179.38(4) 178.14(2)
Br-E-C(1) 89.69(2) 89.07(1)
C(1)-N(1)-C(2) 108.4(1) 108.8(2)
C(1)-N(1)-C5 126.6(2) 126.6(3)
C(2)-N(1)-C5 124.9(2) 124.6(2)
E-C(1)-N(1) 125.11(7) 125.3(2)
N(1)-C(1)-N(1') 109.8(1) 109.5(3)
N(1)-C(2)-C(2') 106.7(1) 106.5(1)
N(1)-C(2)-C(3) 131.2(2) 132.0(3)
C(2')-C(2)-C(3) 122.1(1) 121.5(2)
C(2)-C(3)-C(4) 115.9(2) 116.7(3)
C(3)-C(4)-C(4') 122.0(1) 121.7(2)
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Br(1) ´ ´ ´ Se contact of 3.456(1) � is present, the Br-Se-Br
moiety is asymmetric [Br(1)ÿSe 2.529(1) �, Br(2)ÿSe
2.608(1) �], while in 13 and 14 the shortest intermolecular
contacts are 4.183(1) and 4.139(1) �, respectively, and no
asymmetry is found (Table 4). Also, the linearity of the
Br-E-Br (E� S, Se) moiety is affected by these contacts, the
angle being very close to 1808 for 13 and 14 but only
172.81(3)8 for 12. A survey of the literature on Br-E-Br (E�
S, Se) and I-Se-I systems shows that the situation observed in
12 is analogous to that found in (C6H11)3PSeBr2,[10b] in 1,2-
bis(3-methyl-4-imidazolin-2-ylium dibromoselenanide)-
ethane,[7] and in the hypervalent selenium diiodine adducts
with 1,3-dialkyl-4-imidazolin-2-selone (alkyl�Me,[3e] iPr[11a]).
In all these cases, only one of the two halogen atoms shows a
contact with an adjacent adduct molecule, and the shortest
halogen-chalcogen distance is that associated with the halo-
gen atom involved in the short intermolecular contact,
independently of the nature of the interacting atom. On the
other hand, the structures of compound 10 (in the modifica-
tion obtained from dichloromethane solutions[5, 10a]), of di-
bromo(tetramethylthiourea)selenium(ii)[44] and of the adduct
1,2-bis(3-methyl-4-imidazolin-2-ylium diiodoselenanide)eth-
ane,[3e] feature two short intermolecular contacts with for-

mation of a four-membered,
square-planar ring involving
two selenium and two bromine
atoms. The importance of the
contacts in determining asym-
metry in Br-E-Br (E� S, Se)
moieties is further demonstrat-
ed by the new structural mod-
ification of 10 crystallised from
acetonitrile solution (Table 5).
In the structures of 10 reported
earlier,[5, 10a] the presence of two
dichloromethane molecules in
the unit cell is crucial in deter-
mining the crystal packing.
Compound 10, when crystal-
lised from MeCN solution, has
only one Br atom engaged in
interaction with the Se atom of
an adjacent molecular adduct
[3.354(1) �]; this forms sinu-
soidal chains which propagate

along the [001] direction (see Figure 7). Once again, the
shortest SeÿBr distance [SeÿBr(1) 2.569(1); SeÿBr(2)
2.593(1) �] is that with the Br(1) atom involved in the short
intermolecular contact.

Figure 7. Crystal packing of the new crystalline modification of compound
10, obtained from acetonitrile solution. The thermal displacement ellip-
soids are given at a 50 % probability level. Unlike in the previously
reported structures for this compound, only one Se ´ ´ ´ Br(1) short
intermolecular contact is present in this modification.

Different situations have been found in the bromine
adducts of 1-thia-4-selenacyclohexane,[25] 4,5-bis(methylsul-
fanyl)-1,3-dithiole-2-thione,[13b] and selenocyanate anion,[23] in
which both bromine atoms are involved in several short
intermolecular contacts. The final result is either a practically
symmetrical Br-Se-Br group [2.545(5) ± 2.548(5) �] in the
adduct of 1-thia-4-selenacyclohexane,[25] or a quite asymmet-
ric one [2.624(2) ± 2.530(2) �] in the (SeCN)Br2

ÿ anion.[23] In
the 4,5-bis(methylsulfanyl)-1,3-dithiole dibromine adduct re-
ported by Bricklebank et al. ,[13b] the asymmetry of the Br-S-Br
group was attributed to the short intermolecular interactions,
which also involved the sulfur atoms in the ring of the donor

Figure 6. Crystal packing of compound 12, showing the short Se ´ ´ ´ Br(1) intermolecular contacts.

Table 5. Selected interatomic distances [�] and angles [8] for
C8H7Br2NSSe (10).

Br(1)ÿSe 2.569(1) NÿC(8) 1.489(10)
Br(2)ÿSe 2.593(1) SÿC(1) 1.683(7)
SeÿC(1) 1.930(7) SÿC(3) 1.753(7)
NÿC(1) 1.325(8) C(2)ÿC(3) 1.403(10)
NÿC(2) 1.394(9)
Br(1) ´ ´ ´ Se 3.354(1)
Br(1)-Se-Br(2) 175.74(5) C(1)-S-C(3) 91.8(4)
Br(1)-Se-C(1) 88.62(2) S-C(3)-C(2) 108.4(6)
Br(2)-Se-C(1) 87.66(2) Se-C(1)-N 125.3(6)
C(1)-N-C(2) 113.6(7) Se-C(1)-S 121.2(4)
C(1)-N-C(8) 124.4(7) S-C(1)-N 113.5(6)
C(2)-N-C(8) 122.0(6) N-C(2)-C(3) 112.7(6)
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molecule. For the four asymmetric structures containing the
Br-Se-Br system reported by Akabori et al. ,[26] it is not
possible to verify the origin of the asymmetry, since the
authors did not report the short intermolecular contacts.
However, they did correlate the increasing asymmetry of the
SeÿBr bonds with the increasing total lengths of the Br-Se-Br
group. Consequently, 13 and 14 represent the only known
structures without intermolecular Br ´ ´ ´ E (E� S, Se) and
Br ´ ´ ´ Br contacts; compound 13 in particular represents the
first example reported in the literature of a 10-S-3 hypervalent
sulfur adduct with two equal SÿBr bonds. In contrast, the
equality of the two SeÿBr bonds found in the adduct of 2,3,7,8-
tetramethoxyselenanthrene with Br2 arises from the equiv-
alence of the Se ´ ´ ´ Br intermolecular contacts involving both
the bromine atoms.[27]

Compounds 11 ± 14 have also been characterised by FT-IR
and FT-Raman spectroscopy. Figure 8 shows the superim-
posed infrared and Raman spectra of 11 ± 14 in the 300 ±
50 cmÿ1 range. The Raman spectra of the four compounds

Figure 8. Superimposed FT-IR (top) and FT-Raman (bottom) spectra of
compounds 11 ± 14 in the low frequency region.

look very simple, since they are dominated by one or two
peaks in the anticipated region of the frequencies of the Br-E-
Br linear groups. In particular, 13 and 14, the crystal structures
of which suggest the presence of equal BrÿE bond lengths,
show only one peak, at 156 and 161 cmÿ1, respectively (see
spectra 3 and 4 in Figure 8), while 12, which has an asym-
metric Br-Se-Br group, shows two Raman peaks at 157 and
177 cmÿ1 (spectrum 2). The FT-IR spectra of these three

compounds show one absorption close to the frequency of the
most intense Raman peak and another broad absorption over
175 cmÿ1; these can be attributed to the symmetric (ns) and
antisymmetric (nas) stretching vibrations of Br-Se-Br, respec-
tively.[45] It is important to note that the FT-Raman spectra of
26 ± 28 look very similar to that of 12, showing two peaks at
186� 6 and 152� 6 cmÿ1, attributable to nas and ns of the Br-
Se-Br three-body system, respectively. Accordingly, the
crystal structures of 26[15] and 28[7] show asymmetries in the
Br-E-Br bond lengths analogous to that found in 12. The
Raman spectrum of compound 11 (spectrum 1 in Figure 8)
also looks similar to that of compound 12, with the difference
that the two peaks overlapÐthe one at the higher energy
appearing as a shoulder. This also supports the T-shaped
nature of 11, probably with a slightly asymmetric Br-S-Br
group. The vibrational properties of the Br-E-Br (E� S, Se)
system resemble those of the [Br-X-Br]ÿ (X� I, Br) anions. In
fact, the Raman spectrum of a symmetrical Br-E-Br group in
the presence of an inversion centre only shows one Raman
peak near 160 cmÿ1, as found in the symmetric Br3

ÿ and IBr2
ÿ

anions, while asymmetric Br-E-Br groups display an addi-
tional antisymmetric Br-E-Br mode at around 190 cmÿ1, as
found in the asymmetric Br3

ÿ and IBr2
ÿ anions.[3f, 7, 46]

Conclusion

The reaction of LE (E� S, Se) chalcogen donor molecules
with halogens and interhalogens can give different and
unpredictable products. On the basis of all the types of
products so far isolated and characterised, many authors have
attempted to judge whether they could be formed from the
same type of intermediate species . Husebye[12] hypothesised
that this species was the [LEX]� (X� I, Br) cation derived
from the initially formed 10-X-2 CT adduct or 10-E-3
hypervalent compound. The results described in this paper
concerning the reactions between Br2 and 1 ± 4, 6, 8 or 20 ± 22
that produce 10-E-3 hypervalent adducts or [(LE)2]2� dicat-
ions, clearly fit with the actual formation in solution of
[LEX]� intermediate cations, at least for the restricted class of
S donors and Se donors examined. In order to better
understand both the role played by the [LEX]� cation and
the reasons why the donors considered show different
tendencies in forming [(LE)2]2� dicationic species, 10-E-3
hypervalent adducts or 10-X-2 CT adducts when treated with
I2 or Br2, we performed DFT calculations on the correspond-
ing [LEX]� species. If we consider that [(LE)2]2� dicationic
species, 10-E-3 hypervalent adducts or 10-X-2 CT adducts
can derive from a nucleophilic attack of the appropriate
nucleophile on the [LEX]� cation from the chalcogen or
halogen site, the calculated NBO charge distribution largely
takes account of the experimental results. In fact, the charge
distribution calculated for [LSI]� cations clearly indicates that
for S donors the product most likely to be formed from the
interaction of [LSI]� with Xÿ is the 10-I-2 CT adduct featuring
the linear E-I-X group. In the case of Se donors, both 10-Se-3
hypervalent adducts with the I-Se-I group and 10-I-2 CT
adducts could be formed, as confirmed experimentally. The
formation of [(LS)2]2� dication species from the attack of an
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LS molecule on the sulfur atom of [LSX]� is very unlikely. On
the other hand, the charge distribution calculated for [LEBr]�

cations clearly indicates that 10-E-3 hypervalent compounds
are very likely to occur as a consequence of the interaction of
the [LEBr]� cation with Brÿ. Indeed, Br2 CT adducts with Se
donors are unknown, and only a few cases have been reported
for S donors. Considering the formation of [(LE)2]2� dications
as the result of a nucleophilic attack of an LE molecule on the
chalcogen atom of [LEBr]� with elimination of Brÿ, the
parameter DQE (the difference between the charges on the
chalcogen atom E in [LEBr]� and in LE) may be taken as a
indication of the tendency of the considered donors to give
dicationic species on treatment with Br2. On the basis of this
parameter, the following orderÐ20> 2> 4� 6> 8� 19> 1>
5� 3> 7Ðcan be given for the tendency of the considered
donors to produce [(LE)2]2� dications. This order largely
agrees with the experimental observations. In conclusion, as
also demonstrated by DFT calculations, the [LEX]� species
plays a key role in the complex system of equilibria involved
in the reactions of chalcogen donors with halogens and
interhalogens. Extension of DFT calculations to a larger class
of donors and to corresponding products obtainable on
reaction with I2, Br2, IBr and ICl would be of great help in
confirming this role and elucidating mechanistic aspects.

Experimental Section

Synthesis of 1 ± 4 : N,N'-dimethylimidazolidine-2-thione (1), N,N'-dimethyl-
imidazolidine-2-selone (2), N,N'-dimethylbenzoimidazole-2-thione(3) and
N,N'-dimethylbenzoimidazole-2-selone (4) were prepared according to the
literature.[47]

Synthesis of 10 ± 14 : These compounds were prepared from MeCN
solutions of the appropriate ligand and Br2 in a 1:1 molar ratio. All the
analytical data were consistent with the formulation of 1:1 molecular
adducts 8 ´ Br2 (10), 1 ´ Br2 (11), 2 ´ Br2 (12), 3 ´ Br2 (13) and 4 ´ Br2 (14),
respectively.

Spectroscopic measurements : Spectrophotometric measurements were
carried out in MeCN solutions by using a Varian model Cary 5 UV/Vis-
NIR spectrophotometer equipped with a temperature controller accessory
and connected to an IBM Personal System 2 Type 8513 TKQ S/N 55-
DMR89. For 1 ± 4, spectra of several solutions with a constant donor
concentration and increasing concentrations of Br2 were recorded in the
200 ± 400 nm range at a temperature of T� 298 K. The upper limit of the
Br2 concentration was chosen in order not to exceed an absorbance of
2.5 units at about 270 nm. The spectra of the hypervalent compounds 11 ±
14 were recorded in MeCN solutions at concentrations of 4.4� 10ÿ5, 7.13�
10ÿ5, 4.73� 10ÿ5 and 2.473� 10ÿ5m, respectively, (T� 298 K). The shapes of
the spectra in solution change on changing the concentration, and the
solutions at different dilutions do not follow the Lambert ± Beer law.

Conductivity measurements : Conductometric titrations were carried out at
T� 298 K in MeCN solution in a standard thermostatted cell with a
Model 120 microprocessor conductivity meter analytical control. The k cell
(1.23 cmÿ1) was determined by measuring the conductivity of three
solutions of KCl (previously kiln-dried for 12 hours) in doubly distilled
water of 0.1, 0.01 and 0.001m at T� 298 K. Conductivity was recorded
5 minutes after each Br2 addition in order to allow the temperature to
stabilise. The Br2 concentration in MeCN was measured with a standard
aqueous Na2S2O3 solution (0.100m) according to traditional methods.

DFT calculations : Quantum chemical calculations were carried out by
using the commercially available Gaussian 94 suite of programs.[34] Density
functional calculations[35] were performed by using the hybrid Becke 3LYP
functional (which uses a mixture[36]of Hartree ± Fock and DFT exchange
along with DFT correlation: the Lee ± Yang ± Parr correlation functional
together with Becke�s gradient correction).[37] For all calculations, Schafer,
Horn and Ahlrichs� pVDZ[38] basis sets were used for C, H, N, O, S and Se,
while LANL2DZ basis sets together with effective core potentials (ECP)[39]

were adopted for halogen atoms. Numerical integration was performed by
using the FineGrid option, which indicated that a total of 7500 points were
used for each atom. In order to achieve SCF convergence for compounds 1

Table 6. Crystallographic data.

Compound 10 12 13 14

formula C8H7Br2NSSe C5H10Br2N2Se C9H10Br2N2S C9H10Br2N2Se
mass [amu] 387.99 336.93 338.08 384.97
space group P21/c (n.14) P21/c (n.14) C2/c (n.15) C2/c (n.15)
a [�] 8.296(2) 12.768(9) 13.101(4) 13.260(3)
b [�] 19.139(6) 9.925(5) 9.777(2) 9.947(2)
c [�] 7.788(3) 8.211(9) 9.411(2) 9.178(2)
b [8] 115.23(3) 100.34(6) 109.58(1) 108.52(1)
V [�3] 1118.6(6) 1024(1) 1135.7(5) 1147.9(4)
Z 4 4 4 4
F(000) 728 632 656 728
1calcd [g cmÿ3] 2.304 2.186 1.977 2.227
m(MoKa) [cmÿ1] 106.4 113.1 72.1 101.0
T [K] 293(2) graphite monochromatised MoKa [0.71073 �] Enraf-Nonius CAD4
radiation
diffractometer
scan mode w w w w

scan speed [8minÿ1] 0.5 ± 2 2 ± 3 0.5 ± 2 0.5 ± 2
scan width [8] 1.4� 0.350 tanq 1.1� 0.350 tanq 1.0� 0.35 tanq 1.0� 0.35 tanq

q range [8] 3 ± 27 3 ± 26 3 ± 27 3 ± 27
independent reflections 2425 1993 1240 1335
observed reflections
[I> 3s(I)] 1012 1171 982 952
transmission factors 0.73 ± 1.00 0.50 ± 0.97 0.71 ± 1.53 0.50 ± 1.00
parameters refined 118 105 65 66
final R and Rw indices[a] 0.029, 0.031 0.041, 0.047 0.029, 0.041 0.033, 0.042
largest diff. peak 0.47(11) 0.96(14) 0.45(9) 0.91(13)

hole [e�ÿ3] ÿ 0.48(11) ÿ 0.60(14) ÿ 0.60(9) ÿ 0.78(13)

[a] R� [S(Foÿk jFc j )/SFo], Rw� [Sw(Foÿk jFc j )2/SwF 2
o ]1/2.
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and 19, the Vshift option was employed, thus shifting Kohn ± Sham orbital
energies by 100 mHartrees. Moreover, the maximum number of SCF cycles
was raised from the default value (64) to 512 and 768 for 19 and 20,
respectively. After geometry optimisation, NBO[40] calculations were
performed for each molecule by using the converged density matrix
corresponding to the equilibrium geometries. The Kohn ± Sham orbital
drawings reported in Figure 3 were elaborated with Molden 3.6.[41]

Calculations were performed on an IBM Risc 6000 550 H, DECServer 4000
and a VAIER Intel Pentium III 450 MHz personal computer running Linux
Suse 6.3.

X-Ray crystal structure determination : Details of the data collection and
refinement of the structures are reported in Table 6. Crystals were mounted
on a glass fibre in a random orientation. Preliminary examination and data
collection were performed with graphite monochromatised MoKa radiation
(0.71073 �) on an Enraf ± Nonius CAD4 computer-controlled kappa axis
diffractometer. Cell constants and an orientation matrix for data collection
were obtained from least-squares refinement by using the setting angles of
25 reflections. The data were collected at room temperature by using a
variable scan rate (2 to 20 8minÿ1 in omega). Three representative
reflections were measured every hour to check the stability of the crystals
under X-ray exposure: these measurements revealed no decay of the
scattering power of the crystal. Lorentz and polarisation corrections,
together with an empirical absorption correction performed as described in
[48], were applied to the data. The structures were solved by using direct
methods (MULTAN) and difference Fourier syntheses, and refined in full-
matrix, least-squares, the function minimised being Sw( jFo jÿjFc j )2. All
the hydrogen atoms were seen in a difference Fourier map and introduced
into the structure model. Scattering factors were taken from Cromer and
Waber.[49] Anomalous dispersion effects were included in Fc ; the values for
df' and df'' were those of Cromer.[50] All calculations were performed on an
80486/33 computer with Personal SDP software.[51] Atomic coordinates,
displacement parameters, bond lengths and angles for 12, 13, 14 and the
new modification of 10 have been deposited at the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-155182 to
CCDC-155185. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax:
(�44) 1223-336033; e-mail : deposit@ccdc.cam.ac.uk
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