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Noncovalent binding of the halogens to aromatic donors.
Discrete structures of labile Br2 complexes with benzene and toluene†
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Precise molecular structures resulting from the noncovalent
interaction of Br2 with benzene (and toluene) reveal the
unusual localized bonding to specific (one or two) carbon
centers in prereactive complexes leading directly to the
transition states for electrophilic aromatic brominations.

Noncovalent interactions of benzene donors with a variety of
small molecules including Brønsted acids (e.g. HF, HCl,
HOCH3), halogens (X2 = F2, Cl2, Br2, I2) and Lewis acids
(SO2, NO, AlCl3), etc. are under active investigation.1,2

Molecular structures of these weak (intermolecular) complexes
have been experimentally deduced with the aid of various
spectroscopic techniques,2,3 but their fine structures established
by X-ray crystallographic methods are largely restricted to the
halogen adducts.4 Since the latter are prereactive intermediates
critical to electrophilic aromatic halogenation,5 it is important to
establish the precise location of the noncovalently-bonded
halogen relative to the aromatic ring. Unfortunately, the classic
X-ray crystallography of the benzene complex of bromine by
Hassel and Strømme at 240(250) °C merely reveals the
completely delocalized ‘axial’ orientation A, in which the Br–

Br bond (2.28 Å) lies on the six-fold symmetry axis (at a
bromine separation of 3.36 Å from the mean plane) of benzene.6
(In other words, the six p electrons comprising the C–C bonds
are all equally involved in the ‘bonding’ to bromine.) Moreover,
the corresponding chlorine complex determined by the same
workers at 290 °C shows these noncovalently bound crystals to
be isomorphous with A7 (which they also considered as further
proof for their interesting axial model).

Although the axial model is generally accepted and widely
cited, it is at variance with several (recent) theoretical studies
which identify a significantly less symmetrical model B,8,9 in
which the more localized bonding locates the halogen directly
above one C–C bond (i.e. h2) or above a carbon atom (h1).10

Since a number of detailed IR studies11,12 have been unable to
resolve the ambiguity between the delocalized and localized
models of halogen binding to benzene,13 we sought the more
definitive X-ray crystallographic analysis of the bromine
complex with benzene as well as with toluene.

Owing to very weak intermolecular interactions, the requisite
(1+1) bromine complexes with benzene and toluene for our
studies were necessarily prepared in situ by (low-temperature)
crystallization in a glass capillary.6,7 Very careful temperature
modulation was the critical factor in the successful growth of
single crystals of the benzene and toluene complexes suitable
for X-ray crystallography at 2150 °C.†‡

In both the benzene and toluene complexes, dibromine is
uniformly oriented perpendicular to the aromatic planes (with

slight deviations a of typically < 8°); and the bromine approach
occurs at a distance D = 3.01–3.17 Å which is significantly
shorter than the sum of the van der Waals radii of 3.55 Å (see
Table 1†).14 Most importantly, the bromine does not coordinate
to the benzene ring symmetrically—in striking contrast to the
coaxial (delocalized) model A reported by Hassel and
Strømme.6 Instead, bromine is positioned over the rim (not
above the center) of the benzene ring, being shifted by ca. 1.4 Å
from the main symmetry axis (see Fig. 1 and d in Table 1†). In
all cases, there is an asymmetric coordination of bromine as
given by the shortest Br…C distances d1 and d2 (see the
localized structure B). However from the relative values of (d1

2

2 D2)1⁄2 and (d2
2 2 D2)1⁄2, we estimate the hapticity of

coordination as: h = 1 + 2(d1
2 2 D2)1⁄2/[(d1

2 2 D2)1⁄2 + (d2
2 2

D2)1⁄2]. Indeed, this evaluation leads to h = 1 if d1 = D (‘over-
atom’ coordination) and h = 2 if d1 = d2 (‘over-bond’
coordination).

In the benzene/Br2 complex, the calculated value of h = 1.52
(Table 1†) corresponds to coordination midway between the
‘over-atom’ and ‘over-bond’ configurations. In the toluene
complex, the hapticities vary from 1.70 to 1.86 (in four non-
equivalent moieties) and thus lie closer to the ‘over-bond’
coordination model. Moreover, the ‘over-bond’ coordinated
bromine is remarkably shifted toward the ortho- or para-
carbons (see Fig. 2) which correspond to the positions of highest
electron density.

† Electronic supplementary information (ESI) available: crystallization of
C6H6·Br2 and C6H5Me·Br2, crystal data, and their principal geometric
parameters. See http://www.rsc.org/suppdata/cc/b1/b102148f/

Fig. 1 ORTEP diagram showing the localized (over-atom/bond) coordina-
tion of Br2 to benzene. Thermal ellipsoids of nonhydrogen atoms are shown
at 50% probability level.

Fig. 2 Localized bonding of bromine to ortho- (left) and para- (right)
centers of toluene in the charge-transfer complex.
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Such an experimental location of bromine is in a good
agreement with the results of high level theoretical calculations
which consistently discriminate against the symmetrical coaxial
h6-coordination, and favor both ‘over-atom’ and ‘over-bond’
(i.e. h1 and h2) coordinations without a significant energy
barrier between them.8,9,15 It is also noteworthy that the ‘over-
rim’ coordination modes of Br2 are highly reminiscent of those
found in silver(I) complexes, as representing another general
class of electron acceptors showing charge-transfer (non-
covalent) binding to arene donors.16,17

The charge-transfer complex [C6H6,Br2] is presently the
weakest EDA complex of dibromine studied in the solid state.
Although the C…Br separation of 3.18 Å is 0.37 Å closer than
the equilibrium van der Waals distance,14 the contraction is
perceptibly less than those previously reported in a series of
complexes with slightly polarizable and weakly nucleophilic
donors.18 [For example, the X…Br distance contraction (rela-
tive to the corresponding equilibrium van der Waals separa-
tions) is 0.55 Å in the acetone/Br2 complex (O…Br 2.82 Å),20

0.56 Å in the acetonitrile/Br2 complex (N…Br 2.84 Å),21 0.57
Å in the [Te2Cl10]22/Br2 complex (Cl…Br 3.03 Å),22 and 0.60
Å in the [Se2Br10]22/Br2 complex (Br…Br 3.10 Å).22,23]
Moreover, the average C…Br separation of 3.156 Å in the
toluene/Br2 complex is somewhat shorter than that in the
benzene complex, as expected from the better donor strength of
toluene.24

The weak C(arene)…Br charge-transfer interaction is re-
flected in an almost unperturbed geometry of the coordinated
dibromine. [The Br–Br bond length is actually very sensitive to
coordination/polarization effects and readily elongates from
2.284 Å in the non-coordinated molecule (bond order n = 1) to
2.53 Å in [Br3]2 anion25 (bond order n = 1⁄2).] As such, the Br–
Br bond lengths of 2.301(2) Å in the benzene complex and an
average of 2.302(1) Å in the toluene complex do not exhibit
much elongation during complex formation. For comparison,
the Br–Br bond lengths vary within a narrow range (2.28–2.33
Å) in the weakly coordinated acetone, acetonitrile, dioxane and
methanol complexes.20,21,26,27

In the absence of significant polarization, dibromine can be
coordinated equally well from either end (owing to the s*-
orbital which is localized at both bromine centers); and this
explains why dibromine has often been found to be symmet-
rically coordinated to a pair of donor molecules (in a bridging
manner), especially in complexes with weak donors.4 In the
benzene and toluene complexes, dibromine is also positioned
symmetrically between the coordinated benzene rings forming
infinite (weak) chains …Ar…Br–Br…Ar…Br–Br…Ar…
through the crystal, and there are no specific interactions other
than van der Waals contacts between the chains. Although the
chains are highly symmetrical in the benzene/dibromine
crystals—with two-fold axes (through the diagonals of the
benzene rings and through the centers of the dibromine
molecules) across the chains, the chains in the toluene/
dibromine crystals are less so. Thus, two of the three dibromines
(Br3–Br3A and Br4–Br4A) occupy inversion centers and are
thus symmetrically coordinated, but the third dibromine (Br1–
Br2) does not show crystallographic symmetry. Indeed, the
latter exhibits some signs of larger polarization as a result of a
less symmetric coordination (Table 1), and it has the shortest
contact C…Br 3.053(4) Å as well as the longest Br–Br bond
length 2.307(1) Å in the series. Interestingly, a similar
asymmetric coordination of dibromine is found in the complex
with methanol,26 in which the O…Br distance is shorter (2.705
vs. 2.723 Å) and the Br–Br bond length is longer (2.324 vs.
2.303 Å) than those in the closely related (but symmetric)
dioxane complex.27 This structural effect predicts that polariza-
tion in isolated donor/acceptor dyads (as extant in dilute
solutions) will be somewhat stronger than that observed in
(crystalline) polymeric chains.
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