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Summary: The first structural characterization of toluene com-
plexes of zinc is reported. The (perfluoroaryl)zinc compounds
Zn(C6F5)2‚(toluene) and Zn(C6F4-2-C6F5)2‚(toluene) show tolu-
ene inη2 andη1 coordination modes, respectiVely. On the other
hand, charge distribution calculations, Mulliken oVerlap popu-
lation analysis, and bonding energy data suggest that the
interactions between the Zn and the toluene ring are rather
similar in both cases.

The propensity of zinc to formπ complexes withanionic
organometallic moieties is, of course, well-known.1-7 Probably
the best example of this type of complex is bis(cyclopentadi-
enyl)zinc, with its polymeric [Zn(η2-C5H5)2]∞ structure.5 Similar
asymmetricη2 interactions have also been documented for zinc
allyls7 and, most recently, for zinc divinyl compounds, where
η2 coordination leads to the formation of coordination polymers
in the solid state.8 In contrast, although the Zn2+ ion and many
zinc(II) compounds are known for their Lewis acid behavior
and readily bind polar molecules, well-characterized complexes
of zinc coordinated toneutralCdC π systems are remarkable
for their scarcity. In early pioneering studies on the system
Zn(SbF6)2/arene in liquid SO2, Damude and Dean9 isolated solid
1:1 products of the composition Zn(SbF6)2‚(arene) for electron-
rich arenes (C6HMe5 and C6Me6); solution spectroscopic studies
showed labile zinc-arene interactions which, in analogy to the
known copper(I)10 and silver(I)11 systems, were interpreted as
localized bonding of the arene to the metal cation. Weak

intramolecular interactions between Zn(II) centers and aryl
substituents have been structurally identified, as in Power’s
thiolato complexes Zn(SC6H3-2,6-Ar2)2 (Ar ) 2,4,6-R3C6H2,
R ) Me, Pri)12 or in core-modified porphyrin complexes.13

Adducts between zinc porphyrinato complexes and toluene are
also known, although in this case this is aπ-stacking interaction
with the planar porphyrinato system, rather than specific toluene
coordination to the metal center.14

A few years ago we described the synthesis of Zn(C6F5)2‚
(toluene), where toluene could be readily displaced by more
electron rich arenes such as hexamethylbenzene.15 At the time,
no crystals suitable for X-ray diffraction could be obtained, and
the nature of the zinc-arene bonding, if any, could therefore
not be ascertained. We now report the first structurally
confirmed examples of isolable zinc complexes withη1- and
η2-coordinated toluene.

As reported earlier, the reaction of B(C6F5)3 with ZnMe2 in
toluene provides a convenient route to Zn(C6F5)2‚(toluene) (1)
in high yield. The compound is usually isolated as colorless
needles.15 Leaving a toluene solution of1 standing in an NMR
tube has now provided colorless block-shaped crystals of the
compound that proved suitable for crystallographic examina-
tion.16 The structure (Figure 1) shows a slightly angled Zn(C6F5)2

molecule (angle C(11)-Zn-C(1) 162.35(6)°). The two C6F5

ligands are oriented almost perpendicular to the C(1)-Zn-C(11)
plane. The third coordination site on zinc is occupied by a
toluene molecule that is asymmetrically bonded to the metal
center, with the bond distance to the C atom in an ortho position
being shorter than that to meta C. Although the distances Zn-
C(25) ) 2.784(2) Å and Zn-C(26) ) 2.6847(15) Å are 0.74
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Figure 1. View of a molecule of Zn(C6F5)2‚(toluene) (1), indicating
the atom-numbering scheme. Hydrogen atoms have been omitted
for clarity. Thermal ellipsoids are drawn at the 50% probability
level. Selected bond distances (Å) and angles (deg): Zn-C(1) )
1.9436(14), Zn-C(11)) 1.9419(15), Zn-C(25)) 2.784(2), Zn-
C(26) ) 2.6847(15); C(11)-Zn-C(1) ) 162.35(6).
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and 0.84 Å longer, respectively, than the average Zn-C6F5

bonds, they are shorter than the sum of the zinc and carbon
covalent radii and are clearly within bonding range.

Attempts were made to prepare a bulkier analogue of
Zn(C6F5)2, bis(2-perfluorobiphenylyl)zinc. Initial reactions be-
tween LiC6F4-2-C6F5

17 and ZnCl2 gave only intractable products.
However, the reaction of EtZnCl with LiC6F4-2-C6F5, generated
in situ from 2-bromononafluorobiphenyl andnBuLi in a light
petroleum/diethyl ether mixture, gave a clean white solid. We
assume that the initial product, EtZn(C6F4-2-C6F5), dispropor-
tionates into Et2Zn and an ether adduct of Zn(C6F4-2-C6F5)2,
which was not isolated. Residual diethyl ether was removed by
heating this solid with toluene at 90°C while passing a nitrogen
stream over the solution (Scheme 1).18

Cooling to -26 °C afforded colorless crystals of Zn(C6F4-
2-C6F5)2‚(toluene) (2) (Figure 2).19 The Zn-aryl bonds are
comparable to those in1. However, the toluene ligand in2 is
bonded to zinc via the para C atom, not via the ortho and meta
C atoms, and the Zn-C(toluene) bond length in2 is significantly
shorter than in1, 2.524(3) Å. In agreement with a stronger
metal-toluene interaction, the C(1a)-Zn-C(1b) angle is more
acute, 153.26(11)°.

The bonding of toluene to zinc in these systems was explored
in more detail using molecular orbital calculations.20 In par-
ticular, we wished to establish whether in theη1-toluene complex
there was a significant contribution from a zwitterionic reso-
nance structure (Scheme 2), akin to the formation of the well-
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Scheme 1

Figure 2. View of a molecule of Zn(C6F4-2-C6F5)2‚(toluene) (2),
indicating the atom-numbering scheme. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond distances (Å)
and angles (deg): Zn-C(1a)) 1.951(3), Zn-C(1b) ) 1.949(3),
Zn-C(24) ) 2.524(3); C(1b)-Zn-C(1a) ) 153.26(11), C(1a)-
Zn-C(24) ) 112.96(11), C(1b)-Zn-C(24) ) 93.55(11).
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toluene.21,22A single-point calculation on2 gives a natural charge
for the zinc atom of 1.37. The natural charges on the C atoms
of the toluene ring, starting from C(Me), are 0.00 (ipso),-0.19
(ortho), -0.22 (meta), and-0.33 (para), with the last being
the C atom bonded to the Zn. There is therefore no evidence
for a Wheland-type structure, with would imply positive charge
delocalization over the toluene ring. For theη2 complex, the
Zn has a charge of 1.35. As one goes around the toluene ring,
starting from C(Me), the charges are-0.02, -0.20, -0.19,
-0.21,-0.25, and-0.28, where the last two are the C atoms
bonded to the Zn. Hirshfeld charge analysis, while producing
absolute values different from those of the natural approach,
also finds little difference between the charges on corresponding
atoms in1 and2. Hence, the calculations suggest that, despite
the differences in Zn-C distances and bonding modes apparent
from the solid-state structure, the charge distributions in
compounds1 and2 are quite similar.

Mulliken overlap populations may be considered to be the
number of electrons covalently bonding between two atoms.
The Zn-C(C6F5) overlap populations in2 are 0.74 and 0.77 e,
not unsurprising for single bonds. In contrast, the overlap
populations between the Zn atom and the C of the toluene rings
in 1 and2 are much smaller; 0.12 e in2 and 0.06 and 0.08 e in
1. This suggests not only that there is comparatively little Zn-
toluene covalent bonding in both1 and2 but also that, as noted
in the charge analyses, the interactions between the Zn and the
toluene rings are rather similar in both cases.

The zinc-toluene bonds are weak: the interaction energy
between the toluene ring and the Zn-containing fragment in1
is 25.4 kJ mol-1. The value for theη1 complex 2 is rather
similar, 27.9 kJ mol-1. To probe this further, geometry
optimizations of1 and2 in the gas phase were performed, using
the ADF code and starting from the crystallographic coordinates.
Both calculations readily converged to geometries that were very
similar to the starting structures, except for the Zn-C(toluene)
distances, which were ca. 0.2 Å longer than in the crystal
structures. A further geometry optimization of1, in which the
toluene was initially placed in anη1 arrangement, also readily
converged to a structure in which theη1 coordination was
retained. This structure is only 1 kJ mol-1 less stable than the
η2 coordinated optimized1, indicating that the potential surface
for toluene coordination is very flat.

π stacking between toluene and C6F5, as suggested by a
reviewer, is unlikely to be significant in these structures. In1
the best planes between C6F5 and toluene form an angle of 16.2°,
with a centroid-centroid distance of 4.05 Å. There are no near-
parallel oriented arene moieties in2. To further probe the
possible contribution of toluene-C6F5 attractive forces, the
energies of interaction between the toluene ring and the closest
perfluorophenyl ring in both systems were calculated, yielding
2.7 kJ mol-1 for 1 and 3.1 kJ mol-1 for 2. We believe these
values are too small to be structure directing.

The overall conclusion, therefore, is that, while the crystal-
lographic data point to a distinct difference between the Zn-
toluene bonding in1 and2, the computed electronic structures
indicate relatively weak zinc-areneπ bonding and emphasize
the similarity of arene bonding in both cases.
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