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Reaction of ZnCl2 with three molar equivalents of 3{5}-tert-butylpyrazole (HpztBu) yields [ZnCl(HpztBu)3]Cl (1).
Treatment of 1 with an appropriate Ag() or Tl() salt gives [ZnCl(HpztBu)3]X (X� = BF4

�, 4; X� = ClO4
�, 5; X� =

NO3
�, 6; X� = CF3SO3

�, 7; X� = PF6
�, 8). Crystal structures of all of the complexes show a [ZnCl(HpztBu)3]

� cation,
with (for 1 and 4-7) only small deviations from C3v symmetry, with the tert-butyl groups forming a bowl-shaped cavity
on one face of the complex. The X� anion binds within this cavity, via hydrogen bonding to the three pyrazole N–H
groups. For 8, the PF6

� guest only interacts with two N–H donors, the third pyrazole ring being twisted away from
the anion. We attribute this to steric repulsions between the third ligand and the PF6

� anion, which is larger than the
other guests used in this study. 1H, 13C and 19F NMR, ESMS and IR studies provide good circumstantial evidence for
these structures being retained in solution, although the guest anions undergo rapid intermolecular exchange by
NMR that cannot be frozen out above 190 K.

Introduction
The design of ligands for anions is a field of coordination
chemistry that is still developing.1,2 Anion-selective ligands have
potential uses as sensors for biomedical and environmental
applications.2 However, the design of receptors that will bind an
anion strongly, and prediction of the geometry of bonding
interactions to an anion guest, are still challenging tasks. An
important extension of this work is to ditopic ligands that can
bind simultaneously to the cation(s) and anion(s) of a metal
salt. While there are several such ditopic ligand systems for
main group metal salts,3 it is only recently that ligands for
transition metal salts have been developed.4–10 These can have
applications in hydrometallurgy and the removal of metals
from effluent.

With this in mind, we have recently communicated that com-
plexation of ZnX2 (X� = Cl�, Br�, I�) by 3{5}-tert-butyl-
pyrazole (HpztBu) yields [ZnX(HpztBu)3]X (X� = Cl�, 1;
X� = Br�, 2; X� = I�, 3).9 The crystal structures of 1–3 show
a distorted tetrahedral Zn() complex cation, whose tert-butyl
groups are oriented so as to form a shallow bowl-shaped pocket
(Fig. 1). The charge-balancing X� anion lies within this cavity,
forming hydrogen bonds to the three pyrazole N–H groups. The
related chloride ion guest complex [HB(HpztBu)3]Cl[AlCl4] has
also been crystallographically characterised.11 1H NMR spectra
of 1–3 in different solvents, in the presence or absence of
NnBu4BF4, strongly suggested that these anion-bound struc-
tures are retained in solution.9 As an extension of this initial
work, we now present a wider investigation of the anion-
binding capabilities of the [ZnCl(HpztBu)3]

� fragment, in the
solid state and in solution.

Results and discussion

Syntheses and crystal structures

Complex 1 does not react cleanly with NaBF4, NaClO4 or
NH4PF6 in CH2Cl2 or MeCN at room temperature or under
reflux. However, treatment of solutions of preformed 1 with
appropriate Ag() or Tl() salts affords [ZnCl(HpztBu)3]X
(X� = BF4

�, 4; X� = ClO4
�, 5; X� = NO3

�, 6; X� = CF3SO3
�, 7;

X� = PF6
�, 8). All of the complexes contain HpztBu and the

appropriate X� anion by IR spectroscopy, while electrospray
mass spectrometry showed in each case a strong peak at
m/z = 471 from [64Zn35Cl(HpztBu)3]

�. Importantly, no mass
peaks corresponding to [64ZnX(HpztBu)3]

� were detected,
strongly suggesting that the X� counterion does not displace
the Cl� ligand at Zn in the MeOH matrix.

Single crystal X-ray structures were obtained from crystals of
stoichiometry 4�CH2Cl2, 5�CHCl3, 6, 7�0.5C7H8 and 8�CH2Cl2.
During the course of this work a new, unsolvated crystal form
of 1 was also obtained and analysed. The Zn centres in 1 and
4–7 are very similar, and have approximate C3v symmetry
(Fig. 1–5). Metric parameters at Zn for 1 are listed in Table 1;
corresponding data for 4–7 are available in the ESI. The Zn–Cl
bond lengths in these compounds range from 2.2196(4)–
2.2469(7) Å, while Zn–N distances are 2.002(3)–2.026(2) Å.
There are some deviations from the ideal tetrahedral value in

Fig. 1 View of the [ZnCl(HpztBu)3]Cl moiety in the crystal structure
of 1, showing the atom numbering scheme employed. Thermal
ellipsoids are drawn at the 50% probability level. For clarity, all
C-bound H atoms have been omitted.
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the N–Zn–N angles, however, which range between 106.78(5)–
119.88(16) Å between the compounds. Importantly, for 1
(Table 1) the bond angles at Zn are crystallographically equal
to those in the solvated 1�0.5C5H12.

9 This implies that the
distortion from C3v symmetry in this compound is a genuine
consequence of the N–H � � � Cl hydrogen bonding, rather than

Fig. 2 View of the [ZnCl(HpztBu)3]BF4 moiety in the crystal structure
of 4�CH2Cl2, showing the atom numbering scheme employed. Details
as for Fig. 1. Only one orientation of the disordered tert-butyl groups
and BF4

� anion is shown.

Fig. 3 View of the [ZnCl(HpztBu)3]ClO4 moiety in the crystal
structure of 5�CHCl3, showing the atom numbering scheme employed.
Details as for Fig. 1. Only one orientation of the disordered tert-butyl
groups is shown.

Table 1 Selected bond lengths (Å) and angles (�) for the crystal struc-
ture of [ZnCl(HpztBu)3]Cl (1)

Zn(1)–Cl(2) 2.2196(4)
Zn(1)–N(3) 2.0108(12)
Zn(1)–N(12) 2.0200(12)
Zn(1)–N(21) 2.0184(12)
 
Cl(2)–Zn(1)–N(3) 105.66(4)
Cl(2)–Zn(1)–N(12) 107.62(4)
Cl(2)–Zn(1)–N(21) 108.99(4)
N(3)–Zn(1)–N(12) 109.11(5)
N(3)–Zn(1)–N(21) 118.29(5)
N(12)–Zn(1)–N(21) 106.78(5)

simply arising from intermolecular steric interactions in the
crystal lattice. Unfortunately, the guest anions in the crystal
structures of 4, 6 and 7, and one of the two unique anions in 8,
are disordered. Hence, while the connectivity of host–guest
hydrogen bonding in these compounds has been reliably deter-
mined, detailed discussion of the geometries of their disordered
hydrogen bonds is not appropriate.

For 4–7, all three pyrazole ligands hydrogen bond to the X�

anions, although the topology of the hydrogen bonds varies
from compound to compound (Scheme 1). In 4, the disordered
BF4

� ion fits snugly into the cavity, with one B–F bond oriented
along the Cl(2)–Zn(1) � � � BF4

� vector (Fig. 2). Each N–H
group forms a bifurcated hydrogen bond, to F(31A) [or F(31B)
in the other disorder orientation] and to one other F atom.
Both partially occupied BF4

� sites show this mode of hydrogen-
bonding. The ClO4

� ion in 5 is crystallographically ordered.
Two N–H groups of the receptor molecule hydrogen-bond to
the same O atom; one of these donors also forms a weaker

Fig. 4 View of the [ZnCl(HpztBu)3]NO3 moiety in the crystal structure
of 6, showing the atom numbering scheme employed. Details as for
Fig. 1. Only one orientation of the disordered tert-butyl groups and
NO3

� is shown.

Fig. 5 View of the [ZnCl(HpztBu)3]CF3SO3 moiety in the crystal
structure of 7�0.75CH2Cl2, showing the atom numbering scheme
employed. Details as for Fig. 1. Only one orientation of the disordered
tert-butyl groups and CF3SO3

� anion is shown.
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bifurcated interaction to a second O atom. The third N–H
group interacts with a different O atom (Fig. 3, Table 2,
Scheme 1). We ascribe the different binding modes of BF4

� in 4
and ClO4

� in 5 to the larger radius of the ClO4
� ion,12 which is

a less good fit for the anion-binding cavity of the complex
receptor.

The NO3
� ion in 6 is badly disordered, over four orientations.

Three of the partial NO3
� molecules adopt the same pattern of

hydrogen-bonding, with all three N–H groups interacting with
the same O atom, and one forming a bifurcated hydrogen bond
to a second O atom (Fig. 4). The fourth disorder orientation is
similar, but with an additional bifurcated hydrogen bond to the
third nitrate O atom (Scheme 1). The CF3SO3

� ion in 7 also
disordered, over two orientations that were modelled as equally
occupied. Only two O atoms of one orientation interact with
the receptor N–H groups (Fig. 5, Scheme 1). However, in the
other orientation one N–H group forms a bifurcated hydrogen
bond to the third triflate O atom, in the same manner as for the
ClO4

� ion in 5.
Crystals of 8�CH2Cl2 contain two formula units per asym-

metric unit, although there are only small structural differences
between the two independent complex cations (Table 3). As for
1–7, the PF6

� anions in 8 lie within the cavities formed by the
HpztBu ligands of the complex cations. However, in contrast to
1–7, only two of the three N–H groups of each receptor form
hydrogen bonds to this anion (Fig. 6, Table 4, Scheme 1). The

Scheme 1 The different hydrogen-bonding geometries between the
[ZnY(HpztBu)3]

� (1 and 4–8, Y� = Cl�; 2, Y� = Br�; 3, Y� = I�) receptor
and the guest anion in the crystal structures of 1–8.

Table 2 Uncorrected metric parameters for the hydrogen bonds
present in the crystal structure of [ZnCl(HpztBu)3]ClO4�CHCl3

[5�CHCl3; lengths (Å), angles (�)]

 H � � � O N � � � O N–H � � � O

N(4)–H(4) � � � O(31) 2.03 2.859(2) 155.8
N(13)–H(13) � � � O(31) 2.07 2.890(2) 155.4
N(13)–H(13) � � � O(33) 2.64 3.314(3) 133.9
N(22)–H(22) � � � O(32) 2.15 2.972(2) 155.6

third HpztBu ligand has rotated about its Zn–N bond, so
the pyrazole ring is almost perpendicular to the Zn � � � PF6

�

vector, and instead hydrogen bonds to the Cl� ligand from
the other unique molecule (Table 4). Hence, 8 associates
into hydrogen bonded dimers in the crystal (Fig. 6). Space-
filling models imply that this structure is imposed by the larger
cone-angle of the PF6

� ion, which is in van der Waals con-
tact with the ‘perpendicular’ pyrazole ring. Presumably, steric
repulsions between the PF6

� guest and tert-butyl group cause
the latter to be displaced away from the anion-binding cavity.
Despite these differences, the bond lengths and angles at Zn in
8 still lie with the ranges shown by 1 and 4–7, to within 3 s.u.s
(Table 3).

NMR properties of the compounds

Unless otherwise stated, all NMR studies in this work were
carried out in CDCl3. The 1H and 13C NMR spectra of 1–8 at
290 K all show the presence of a single HpztBu environment.
This is consistent with the crystal structures of 1–4, but not of
5–8. The raised NMR symmetry of 5–8 is a consequence of
rapid intermolecular exchange of the anion guest (see below).
The spectra of the different compounds show some differences,
particularly in the chemical shift of the N–H proton resonance
(δNH; Fig. 7). The fact that δNH depends on X� in [ZnCl(Hpzt-
Bu)3]X suggests that N–H � � � X hydrogen bonding is impor-
tant in the solution structures of 1–8. There is an approximate
correlation of δNH with the identity of the hydrogen-bond
acceptor atom in the guest anion (Fig. 7):

halide [Cl�, Br�, I�] ≥ O [NO3
�, ClO4

�, CF3SO3
�] >
F [BF4

�, PF6
�]

Fig. 6 View of the two crystallographically independent [ZnCl-
(HpztBu)3]PF6 moieties in the crystal structure of 8�CH2Cl2, showing
the atom numbering scheme employed. Details as for Fig. 1. Only one
orientation of the disordered PF6

� anion is shown.

4208 J. Chem. Soc., Dalton Trans., 2002, 4206–4212



Table 3 Selected bond lengths (Å) and angles (�) for the two independent molecules in the crystal structure of [ZnCl(HpztBu)3]PF6�CH2Cl2

(8�CH2Cl2)

Zn(1)–Cl(2) 2.2349(8) Zn(37)–Cl(38) 2.2486(8)
Zn(1)–N(3) 1.994(2) Zn(37)–N(39) 1.994(3)
Zn(1)–N(12) 2.020(2) Zn(37)–N(48) 2.009(2)
Zn(1)–N(21) 2.006(3) Zn(37)–N(57) 2.010(2)
    
Cl(2)–Zn(1)–N(3) 106.01(7) Cl(38)–Zn(37)–N(39) 106.36(8)
Cl(2)–Zn(1)–N(12) 103.38(8) Cl(38)–Zn(37)–N(48) 106.34(8)
Cl(2)–Zn(1)–N(21) 119.62(8) Cl(38)–Zn(37)–N(57) 109.11(8)
N(3)–Zn(1)–N(12) 118.35(10) N(39)–Zn(37)–N(48) 119.07(11)
N(3)–Zn(1)–N(21) 107.92(10) N(39)–Zn(37)–N(57) 109.34(11)
N(12)–Zn(1)–N(21) 102.26(10) N(48)–Zn(37)–N(57) 106.31(11)

Within the halides and oxyanion series, there is a direct
correlation between δNH and the pKa of the conjugate acid
of each anion (Fig. 7), which follow the following trends in
aqueous solution: 13–15

HCl (�7) > HBr (�9) > HI (�11)
HNO3 (ca. �1) > HClO4 (ca. �9) > CF3SO3H (�11)

This is reasonable, since a more basic anion should form
stronger hydrogen bonds to the receptor complex which would
in turn lead to a higher value of δNH. It is uncertain whether the
fluoroanions also follow this trend, since HBF4 and HPF6 are
fully dissociated in water so that accurate pKa values are not
available.13,15

For 2–4, 7 and 8 δNH increases with increasing concentration
between 0.036–0.143 mol dm�3, reaching a plateau at higher
concentrations (Fig. 7). This demonstrates that these five com-

Fig. 7 Concentration dependence of δNH in CDCl3 at 293 K for 1–8.
There is no data point at 0.036 mol dm�3 for 7, because the N–H
resonance was so broad that δNH could not be measured accurately. The
black circle points correspond to 4, while the open diamonds are from
8. At 0.143 mol dm�3, the data points from these two compounds
overlie each other.

Table 4 Uncorrected metric parameters for the hydrogen bonds pres-
ent in the crystal structure of [ZnCl(HpztBu)3]PF6�CH2Cl2 [8�CH2Cl2;
lengths (Å), angles (�)]. Hydrogen bonds to the disordered anion
[P(66A)–F(72A) in Fig. 6] are not listed

 H � � � X N � � � X N–H � � � X

N(4)–H(4) � � � F(32) a 2.09 2.942(3) 163.4
N(13)–H(13) � � � F(31) a 2.44 3.196(4) 144.6
N(13)–H(13) � � � F(36) a 2.18 2.976(4) 150.9
N(22)–H(22) � � � Cl(38) b 2.40 3.277(3) 174.0
N(58)–H(58) � � � Cl(2) b 2.41 3.215(3) 151.6
a X = F. b X = Cl. 

pounds are in equilibrium in solution, most likely reflecting
only partial binding of the guest anion [‘X’, eqn. (1)]: 

This dependence is markedly more pronounced for 4 and 8
than for the other compounds (Fig. 7), strongly suggesting that
BF4

� and PF6
� bind much more weakly to [ZnCl(HpztBu)3]

�

than the halide or oxyanions in this study. In contrast 1, 5 and 6
do not undergo a detectable equilibrium under these con-
ditions, implying that these compounds bind their guest anions
more strongly. All the other 1H and 13C chemical shifts for 1–8
are essentially independent of concentration. Importantly, in
all cases the resonances for C3 and C5 of the pyrazole ring
are sharp, and have comparable intensity to that of the peak
corresponding to C4. This implies that intermolecular exchange
of HpztBu between Zn centres is not occurring significantly
under these conditions.9,16

As we have previously reported, addition of an excess of the
appropriate NnBu4X (X� = Cl�, Br�, I�) salt to NMR solutions
of 1–3 induces fluxionality at the Zn centres, as evidenced by
broadening of the C3 and C5 13C NMR peaks.9 We attributed
this to the nucleophilicity of the added halide, which could
promote ligand exchange by attacking the Zn centres. In con-
trast, addition of one molar equivalent of dry NnBu4BF4 to 4,
NnBu4NO3 to 6, NnBu4CF3SO3 to 7 and NnBu4PF6 to 8 did not
induce analogous changes in their 13C NMR spectra. This
shows that these anions cannot promote intermolecular ligand
exchange in these compounds, which is consistent with their
poorer nucleophilicity compared to the halides. Addition of
the relevant NnBu4X salt to concentrated solutions of 4 and
6–8 also caused little or no change in δNH, or any other 1H
resonance. This is additional evidence for strong binding of
these anions to the intact zinc receptor under these conditions.
Similar measurements were not attempted for 5, because of the
difficulty in obtaining rigorously dry NnBu4ClO4.

The 19F spectra of 4 and 8 both show a single resonance, at
δ �147.5 (4) and �69.4 ppm (8). These chemical shifts are dif-
ferent from those of NnBu4BF4 (�152.2) or NnBu4PF6 (�72.6)
under the same conditions, which can again be attributed to
binding of BF4

� or PF6
� to [ZnCl(HpztBu)3]

� in CDCl3. Addi-
tion of one molar equivalent of NnBu4BF4 to 4, or NnBu4PF6 to
8, afforded spectra again showing only one anion environment,
with a chemical shift close to the average of the shifts for
the two constituent salts in the sample. Thus, 4 � NnBu4BF4

yields a peak at �149.6, and 8 � NnBu4PF6 a peak at �70.5
ppm. This demonstrates that the guest anions in 4 and 8
undergo rapid intermolecular exchange on the NMR timescale.
This is consistent with the 1H NMR data on these compounds,
which strongly suggest that free and bound BF4

� or PF6
� are in

equilibrium in this solvent (see above).
Variable temperature 1H NMR studies were carried out on 1,

4 and 8 in CDCl3. Partial decoalescence of the pyrazole ring
H atom resonances was reached near 220 K for all three
complexes, consistent with the intermolecular exchange of the
guest anion that was demonstrated above. However, the slow

{[ZnCl(HpztBu)3]X}  [ZnCl(HpztBu)3]
� � X� (1)

J. Chem. Soc., Dalton Trans., 2002, 4206–4212 4209



exchange limit was not reached for either compound within the
liquid range of CDCl3. Similar studies in C7D8 also did not
give complete decoalescence above 190 K. This has meant that
detailed measurements of the association constant between
[ZnCl(HpztBu)3]

� and Cl�, BF4
� or PF6

� have not been
possible.

Concluding remarks
These studies have shown that the [ZnCl(HpztBu)3]

� receptor is
able to bind a range of anions in the solid state, whose effective
radii range from 1.8 Å for Cl� 2 to 2.3 Å for PF6

�.12 In all cases
the bound anions lie within the cavity formed by the HpztBu
tert-butyl groups although, unsurprisingly, the modes of hydro-
gen bonding of the receptor to the anion varies from compound
to compound. The crystal structure of 8 shows that PF6

� is too
large to fit within the hydrophobic cavity of [ZnCl(HpztBu)3]

�

without causing substantial structural distortions, and it is
likely that larger anions than PF6

� will bind to this receptor
more weakly.

The 13C NMR data in this work and ref. 9 demonstrate that
intermolecular exchange of HpztBu occurs for 1–8 in CDCl3 to
only a small degree. In addition, 1H NMR shows that the
chemical environment of their N–H protons in CDCl3 is very
dependent on the identity of the guest anion. These observa-
tions are good evidence for the retention of the solid-state
structures upon dissolution of 1–8, and hence for anion-
binding in this solvent. Consistent with this, anion binding in 4
and 8 has been directly observed by 19F NMR. The high affinity
of [ZnCl(HpztBu)3]

� for monoanions is reasonable, since its
positive charge, multiple hydrogen-bond donors and hydro-
phobic pocket should all combine to promote these host–guest
interactions.2 Although we have not been able to measure any
binding constants in our system, from the concentration
dependence of δNH for 1–8 we can rank the different anions in
order of their relative affinities for the [ZnY(HpztBu)3]

� (Y� =
Cl�, Br�, I�) receptor: 

Although extrapolation of aqueous acid/base behaviour to
non-aqueous systems is not always valid,17 it is noteworthy that
this ordering correlates approximately with the basicity of these
anions in aqueous solution (see above). In particular, the crystal
structure of 4 shows that the size and shape of BF4

� compli-
ments the [ZnCl(HpztBu)3]

� host better than any of the other
anions studied. Hence, it appears that the affinity of different
anions for [ZnCl(HpztBu)3]

� is governed predominantly by
their hydrogen-bond acceptor capability, rather than by their
steric complimentarity with the receptor cavity.

We are presently examining the structures of salts of
[ZnCl(HpztBu)3]

� with other, more globular anions. These are
of interest for their solid-state structures, and because they may
form only weak host–guest complexes in solution. That would
allow us to study in more detail the affinity of our receptor
for the anions in this study, or for other guests. The ready
availability of 3- and 5-substituted pyrazoles also provides
great scope for varying the steric properties and hydrogen bond-
topology within the cavity of our receptor, and for attaching a
reporter group to its periphery that may allow its use as an
anion sensor. We are also pursuing these possibilities.

Experimental
Unless stated otherwise, all manipulations were performed in
air using commercial grade solvents. HpztBu 18 and 1–3 9 were
prepared according to the published methods, while AgBF4,
AgClO4, AgNO3, AgCF3SO3 and TlPF6 were used as supplied.

[Cl�, ClO4
�, NO3

�] > [Br�, I�, CF3SO3
�] >> [BF4

�, PF6
�]

Syntheses of 4–8

The syntheses of all of these complexes followed the same basic
procedure, as described here for 4. A mixture of ZnCl2 (0.37 g,
2.6 × 10�3 mol) and HpztBu (1.00 g, 8.0 × 10�3 mol) in MeOH
(50 cm3) was stirred until all the solid had dissolved. A solution
of AgBF4 (0.52 g, 2.6 × 10�3 mol) in MeOH (10 cm3) was then
added, and the mixture stirred for 30 min. The mixture was
filtered, and the filtrate evaporated to dryness. The white
residue was redissolved in a minimum volume of CH2Cl2, and
a large excess of pentane added to the colourless solution.
Storage at �30 �C gave colourless crystals of the product.
Similar reactions using equivalent amounts of AgClO4,
AgNO3, AgCF3SO3 or TlPF6 afforded 5–8. Yields ranged
from 55–82%. [CAUTION! While we have experienced no dif-
ficulty in handling 5, metal–organic perchlorates are potentially
explosive and should be handled with due care in small
quantities].

For [ZnCl(HpztBu)3]BF4 (4): found C,44.7; H, 6.5; N, 15.2%.
Calcd. for C21H36BClF4N6Zn C, 45.0; H, 6.5; N, 15.0%. Electro-
spray mass spectrum: m/z 471 [64Zn35Cl(HpztBu)3]

�. NMR
spectra (CDCl3): 

1H δ 10.68 (br s, 3H, NH), 8.05 (d, 2.3 Hz, 3H,
pz H3), 6.24 (d, 2.3 Hz, 3H, pz H4), 1.37 (s, 18H, CCH3).
13C{1H} δ 156.8 (s, pz C 5), 142.1 (s, pz C 3), 102.9 (s, pz C 4), 31.3
(s, CCH3), 29.7 (s, CCH3). 

19F δ �147.5 (s, BF4
�). IR spectrum

(nujol): 3363m, 1559m, 1303m, 1204w, 1160m, 1114s, 1060vs,
982m, 955s, 796m cm�1.

For [ZnCl(HpztBu)3]ClO4 (5): found C, 44.1; H, 6.3; N,
14.9%. Calcd. for C21H36Cl2N6O4Zn C, 44.0; H, 6.3; N, 14.7%.
Electrospray mass spectrum: m/z 471 [64Zn35Cl(HpztBu)3]

�.
NMR spectra (CDCl3): 

1H δ 11.96 (br s, 3H, NH), 8.07 (d, 2.3
Hz, 3H, pz H3), 6.24 (d, 2.3 Hz, 3H, pz H4), 1.39 (s, 18H,
CCH3). 

13C{1H} δ 157.0 (s, pz C 5), 142.3 (s, pz C 3), 102.9 (s, pz
C 4), 31.4 (s, CCH3), 29.8 (s, CCH3). IR spectrum (nujol):
3279m, 1560m, 1303m, 1207w, 1153m, 1119m, 1090vs, 1030m,
990s, 958s, 796m cm�1.

For [ZnCl(HpztBu)3]NO3 (6): found C, 47.2; H, 6.7; N,
18.4%. Calcd. for C21H36ClN7O3Zn C, 47.1; H, 6.8; N, 18.3%.
Electrospray mass spectrum: m/z 471 [64Zn35Cl(HpztBu)3]

�.
NMR spectra (CDCl3): 

1H δ 12.97 (br s, 3H, NH), 7.96 (d, 2.2
Hz, 3H, pz H3), 6.21 (d, 2.2 Hz, 3H, pz H4), 1.38 (s, 18H,
CCH3). 

13C{1H} δ 156.6 (s, pz C 5), 141.6 (s, pz C 3), 102.7 (s, pz
C 4), 31.3 (s, CCH3), 29.9 (s, CCH3). IR spectrum (nujol):
3191m, 3168m, 1563m, 1317m, 1207w, 1158m, 1114m, 1035m,
994m, 953s, 805m cm�1.

For [ZnCl(HpztBu)3]CF3SO3 (7): found C, 42.3; H, 5.9; N,
13.4%. Calcd. for C22H36ClF3N6O3SZn C, 42.5; H, 5.8; N,
13.5%. Electrospray mass spectrum: m/z 471 [64Zn35Cl(Hpz-
tBu)3]

�. NMR spectra (CDCl3): 
1H δ 11.64 (br s, 3H, NH),

8.04 (d, 2.3 Hz, 3H, pz H3), 6.22 (d, 2.3 Hz, 3H, pz H4), 1.37
(s, 18H, CCH3). 

13C{1H} δ 156.9 (s, pz C 5), 142.0 (s, pz C 3),
119.9 (q, 318.1 Hz, CF3SO3

�), 102.9 (s, pz C 4), 31.4 (s, CCH3),
29.8 (s, CCH3). IR spectrum (nujol): 3278m, 3196w, 1567m,
1304s, 1233m, 1203m, 1168m, 1117m, 1025s, 989m, 958s, 809m
cm�1.

For [ZnCl(HpztBu)3]PF6 (8): found C, 40.6; H, 5.7; N, 13.8%.
Calcd. for C22H36ClF6N6PZn C, 40.8; H, 5.9; N, 13.6%. Electro-
spray mass spectrum: m/z 471 [64Zn35Cl(HpztBu)3]

�. NMR
spectra (CDCl3): 

1H δ 10.70 (br s, 3H, NH), 8.04 (d, 2.3 Hz, 3H,
pz H3), 6.25 (d, 2.3 Hz, 3H, pz H4), 1.36 (s, 18H, CCH3).
13C{1H} δ 157.1 (s, pz C 5), 142.2 (s, pz C 3), 103.1 (s, pz C 4), 31.3
(s, CCH3), 29.7 (s, CCH3). 

19F δ �69.4 (d, 717 Hz, PF6
�). IR

spectrum (nujol): 3403m, 3287w, 3156w, 1562w, 1301m, 1256m,
1204m, 1116s, 990m, 840vs cm�1.

Single crystal X-ray structure determinations

All crystals were grown by storage of solutions of the com-
pounds at �30 �C in the following solvents: CH2Cl2 (1);
CH2Cl2/pentane (4�CH2Cl2, 6 and 8�CH2Cl2); CHCl3/pentane
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(5�CHCl3); and toluene/pentane (7�0.5C7H8). Experimental
details for these structure determinations are listed in Table 5.
All structures were solved by direct methods (SHELXS 86 19)
and refined by full matrix least-squares on F 2 (SHELXL 97 20),
with H atoms placed in calculated positions.

CCDC reference numbers 191073–191078.
See http://www.rsc.org/suppdata/dt/b2/b207541p/ for crystal-

lographic data in CIF or other electronic format.

X-Ray structure determination of 1. No disorder was detected
during refinement of this structure, and no restraints were
applied. All H atoms were placed in calculated positions and all
non-H atoms were refined anisotropically.

X-Ray structure determination of 4�CH2Cl2. All three tert-
butyl groups in the molecule were found to be disordered
during refinement; one over two orientations with a 0.60 : 0.40
occupancy ratio; one over two orientations with a 0.70 : 0.30
occupancy ratio; and one over three orientations with occu-
pancies of 0.50, 0.30 and 0.20, two of which share a common
quaternary C atom. The BF4

� anion is also disordered, over
two equally occupied orientations. Finally, the occluded solvent
is also badly disordered, and lies near a crystallographic inver-
sion centre. Four distinct partial CH2Cl2 molecules were
incorporated into the final model. The following restraints were
applied to each individual disorder orientation: C–C = 1.53(2),
1,3-C � � � C = 2.50(2), B–F = 1.36(2), F � � � F = 2.22(2), C–Cl =
1.76(2) and Cl � � � Cl = 2.87(2) Å. All non-H atoms with occu-
pancies > 0.5 were refined anisotropically. All H atoms were
placed in calculated positions and refined using a riding model,
except for methyl groups belonging to disordered tert-butyl
groups whose torsions were not refined.

X-Ray structure determination of 5�CHCl3. One tert-butyl
group in the molecule was disordered over two orientations,
with occupancies of 0.60 and 0.40. All disordered C–C bonds
were restrained to 1.52(2) Å, and 1,3-C � � � C distances within a
given disorder orientation to 2.48(2) Å. All non-H atoms with
occupancies > 0.5 were refined anisotropically, and all H atoms
were placed in calculated positions and refined using a riding
model.

X-Ray structure determination of 6. Two of the three tert-
butyl groups in the molecule were found to be disordered
during refinement: one over three orientations with occupancies
of 0.40, 0.30 and 0.30, two of them sharing a common quater-
nary C atom; and, one over three equally occupied orientations.
All disordered C–C bonds were restrained to 1.52(2) Å, and 1,3-
C � � � C distances within a given disorder orientation to 2.48(2)
Å. The NO3

� anion is also disordered, over four equally occu-
pied orientations. Each N–O bond was restrained to 1.24(1) Å,
and O � � � O distances within a given disorder orientation to
2.15(1) Å. All non-H atoms with occupancies > 0.5 were refined
anisotropically. All H atoms were placed in calculated positions
and refined using a riding model, except for methyl groups
belonging to disordered tert-butyl groups whose torsions were
not refined.

X-Ray structure determination of 7�0.5C7H8. The asymmetric
unit contains one complex cation and one anion, lying on
general positions; and, half a molecule of toluene lying
across a crystallographic inversion centre. The CF3SO3

� anion
is disordered, over two equally occupied orientations. The
following restraints were applied to each disorder orientation
of this anion: S–O = 1.42(1), O � � � O = 2.32(1), S–C = 1.78(1),
C–F = 1.31(1), F � � � F = 2.14(1) Å. Two of the three tert-
butyl groups are also disordered, each over two equally
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occupied orientations. These were modelled using the restraints
C–C = 1.53(2) Å and 1,3-C � � � C distances within a given
disorder orientation = 2.50(2) Å. Finally, the following
restraints were applied to the toluene half-molecule: intra-ring
C–C = 1.38(2) Å and intra-ring 1,3-C � � � C = 2.41(2) Å.
All wholly occupied non-H atoms, plus the two partial
CF3SO3

� anions, were refined anisotropically. All H atoms
were placed in calculated positions and refined using a riding
model.

X-Ray structure determination of 8�CH2Cl2. The asymmetric
unit contains two crystallographically independent complex
cations, two PF6

� anions and two CH2Cl2 molecules, all lying
on general positions. One of the PF6

� anions is disordered, over
three equally occupied orientations. All P–F bonds within a
given disorder orientation were restrained to 1.60(2) Å, cis-
F � � � F distances to 2.26(2) Å and trans-F � � � F distances
within a given disorder orientation to 3.20(2) Å. Both CH2Cl2

molecules were also disordered. For one of these, one Cl atom
was disordered over two partial sites with occupancies of 0.70 :
0.30. All three heavy atoms of the second molecule were dis-
ordered over four orientations, with occupancies of 0.55 : 0.15 :
0.15 : 0.15; these can be considered as two pairs in which each
partial molecule shares a common Cl atom. All disordered C–
Cl bonds were restrained to 1.75(2) Å, and Cl � � � Cl distances
within a given disorder orientation to 2.86(2) Å. All non-H
atoms with occupancies > 0.5 were refined anisotropically,
while all H atoms were placed in calculated positions and
refined using a riding model.

Other measurements

Infra-red spectra were obtained using a Nicolet Avatar 360
spectrophotometer, as Nujol mulls pressed between NaCl
windows. Electrospray mass spectra were performed on a
Micromass LCT TOF spectrometer, employing a MeOH
matrix. CHN microanalyses were performed by the University
of Leeds Department of Chemistry microanalytical service.
All room-temperature 1H (250.1 MHz) and 13C (62.9 MHz)
NMR spectra were run on a Bruker ARX250 spectrometer,
while 19F spectra (188.3 MHz) were obtained on a Bruker
AC200 instrument. Variable temperature 1H spectra were
obtained on a Bruker DRX500 spectrometer, operating at 500.1
MHz.
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