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’ INTRODUCTION

The CdN bond of the hydrazone motif is capable of under-
going a dynamic structural change due to the incidence of a range
of external stimuli including photochemical and thermal triggers1

as well as metal ion coordination.2 As a result, molecular strands
comprised of alternating hydrazone (hyz) and heterocyclic (het)
units such as pyrimidine (pym),3 pyrazine (py),4 and triazine5

have been extensively studied. These strands exhibit several
attractive attributes including (1) their convenient synthesis by
the condensation of hydrazine and aldehyde derivatives of the
desired heterocycles,3 (2) their ability to undergo significant, and
reversible, changes in shape upon coordination of suitable metal
ions,2 and (3) the high level of customization available through
the choice of heterocycle, which influences both the original
shape of the strand and the motion of isomerization.4 They show
potential applications in the realm of nanotechnology devices6

such as metal controlled sensors and actuators,7 molecular
tweezers,8 and devices intended for information storage.9

Of particular interest is the pyrimidine�hydrazone (pym�
hyz) motif, which acts as a helicity codon, as a result of the CdN
hydrazone bond’s strong preference for a transoid conformation

and the stabilizing effects of π�π stacking interactions between
the heterocyclic rings of a helical pym�hyz strand.3,10 Coordina-
tion with suitable metal ions, however, causes the hydrazone
linkage to rotate to the cisoid conformation to present a
tridentate coordination site for the incoming metal ion, which
results in the uncoiling of the pym�hyz strand to form a linear
complex. This uncoiling motion corresponds to a one-dimen-
sional nanomechanical motion.2,5

Our research interests concern the use of the reversible
expansion and contraction motion of the pym�hyz strands to
drive macroscopic devices. The first step toward this goal was to
synthesize the ditopic ligand 1, which contains 6-hydroxymethyl
groups on the terminal pyridine (py) rings.11 Chemical manipula-
tion of these functional groups is one route to incorporating pym�
hyz strands into larger chemical systems, such as polymer gel
actuators and sensors.7,12 A large variety of substituents have
been added to pym�hyz strands in the past, particularly on the
C2 position of the pyrimidine rings, the ternary N-site of the

Received: March 31, 2011

ABSTRACT: Metal complexation studies were performed with the ditopic
pyrimidine�hydrazone (pym�hyz) strand 6-hydroxymethylpyridine-2-car-
boxaldehyde (2-methyl-pyrimidine-4,6-diyl)bis(1-methylhydrazone) (1)
and Pb(ClO4)2 3 3H2O, Pb(SO3CF3)2 3H2O, Zn(SO3CF3)2, and Zn(BF4)2
to examine the ability of 1 to form various supramolecular architectures.
X-ray crystallographic and NMR studies showed that coordination of the
Pb(II) salts with 1 on a 2:1 metal/ligand ratio in CH3CN and CH3NO2

resulted in the linear complexes [Pb21(ClO4)4] (2), [Pb21(ClO4)3-
(H2O)]ClO4 (3), and [Pb21(SO3CF3)3(H2O)]SO3CF3 (4). Two unusually
distorted [2 � 2] grid complexes, [Pb1(ClO4)]4(ClO4)4 (5) and
[Pb1(ClO4)]4(ClO4)4 3 4CH3NO2 (6), were formed by reacting Pb-
(ClO4)2 3 6H2O and 1 on a 1:1 metal/ligand ratio in CH3CN and CH3NO2.
These grids formed despite coordination of the hydroxymethyl arms due to
the large, flexible coordination sphere of the Pb(II) ions. A [2 � 2] grid complex was formed in solution by reacting
Pb(SO3CF3)2 3H2O and 1 on a 1:1 metal/ligand ratio in CH3CN as shown by 1H NMR, microanalysis, and ESMS. Reacting
the Zn(II) salts with 1 on a 2:1 metal/ligand ratio gave the linear complexes [Zn21(H2O)4](SO3CF3)4 3C2H5O (7) and
[Zn21(BF4)(H2O)2(CH3CN)](BF4)3 3H2O (8). 1H NMR studies showed the Zn(II) and Pb(II) ions in these linear complexes
were labile undergoing metal ion exchange. All of the complexes exhibited pym�hyz linkages in their cisoid conformation and
binding between the hydroxymethyl arms and the metal ions. No complexes were isolated from reacting either of the Zn(II) salts
with 1 on a 1:1 metal/ligand ratio, due to the smaller size of the Zn(II) coordination sphere as compared to the much larger
Pb(II) ions.
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hydrazine groups, and on the C atoms of the pyridine rings,
which typically terminate the molecular strands.2,3,13�15 How-
ever, the position of the hydroxymethyl arms in 1 on C6 of the
pyridine rings, which is the optimum position for polymer gel
formation, results in the placement of the O donor atom such
that it may form a chelate ring with a metal ion bound to the
pyridine and hydrazone N donors and therefore complicates the
coordination chemistry of these systems.16,17 It is therefore
necessary to evaluate the impact the appended hydroxymethyl
groups have on the interaction between the pym�hyz units in 1
and various metal ions, both in terms of the supramolecular
architectures that can be produced and whether the hydroxy-
methyl arms inhibit the transoid to cisoid conformational change.

Previous reactions between 1 and Cu(II) ions showed fre-
quent binding of the hydroxymethyl arms to the Cu(II) ions as
well as extensive intermolecular H-bonding between adjacent
complexes and counterions through the terminal OH groups.11

These interactions did not inhibit the transoid to cisoid con-
formational change upon the coordination of Cu(II), as 1 did
change shape from horseshoe to linear upon reacting with a two
molar equivalence of Cu(II) ions. It was significant, however, that
the binding of the hydroxymethyl arms to Cu(II) did prevent the
formation of [2 � 2] square grids, which are usually the result
when pym�hyz strands are reacted with ions such as Cu(II),13

Hg(II),18 Pb(II),2 and Zn(II),15,19 on a 1:1 metal/ligand ratio.
With 1 the 1:1 reactions resulted in bent monocopper com-
plexes, which contained one occupied coordination site and one
empty site that consequently had retained its original transoid
shape. Grid formation was inhibited due to the binding of the
hydroxymethyl arm to the Cu(II) ion in the occupied site
saturating the coordination sphere of the Cu(II) ion, thus
preventing the accommodation of further molecules of 1. There-
fore, the appended hydroxymethyl arms offer a degree of control
over the self-assembly of ligand 1 and Cu(II) ions.11

To explore further the influence of the hydroxymethyl arms on
the coordination chemistry of pym�hyz strands, 1 was reacted
with salts of Pb(II) and Zn(II) in 2:1 and 1:1 metal/ligand ratios.
We hypothesize that it is possible for Pb(II) to form a [2 � 2]
grid as it is known to have a large and flexible coordination
sphere,20 which may be able to accommodate two molecules of 1
despite possible interference from the hydroxymethyl arms.
While Zn(II) has been used to successfully create [2� 2] square
grids with other pym�hyz strands,2,15,19 like Cu(II) we expected
grid formation to be inhibited by the presence of the hydro-
xymethyl arms, due to the small coordination sphere of Zn(II).
Importantly, both metals are diamagnetic, allowing the coordina-
tion reactions with 1 to be characterized in solution phase, in
addition to X-ray crystallography providing solid-state structures.

Herein, we report the Pb(II) and Zn(II) complexes of 1
obtained in both the solid state and the solution phase to test our
hypothesis that grid formation is possible with Pb(II) but not
with Zn(II) ions. The addition of Pb(ClO4)2 3 3H2O and Pb-
(SO3CF3)2 3H2O to 1 in a 2:1 metal/ligand ratio in CH3CN and
CH3NO2 resulted in linear complexes, with each of the
pym�hyz bonds in their cisoid conformation. All of these linear
Pb(II) complexes showed binding of both hydroxymethyl arms
to the Pb(II) ion present in the pym�hyz�py coordination
pocket both in solution and in the solid state. Pb(ClO4)2 was also
reacted with 1 in a 1:1 metal/ligand ratio in both CH3CN and
CH3NO2, resulting in the formation of isomorphous [2 � 2]
square grid complexes. These grids were unusually distorted as a
result of the ligand backbone being twisted due to the

hydroxymethyl arms crowding the coordination sphere of the
Pb(II) ions. NMR studies showed the grid was present as the
only species in solution.

Reacting 1 with Zn(SO3CF3)2 and Zn(BF4)2 in a 2:1 metal/
ligand ratio also resulted in linear complexes with cisoid hydra-
zone linkages. Both of the hydroxymethyl arms of the 2:1
Zn(SO3CF3)2 complex were coordinated to Zn(II) ions, while
the 2:1 Zn(BF4)2 complex had one arm coordinated at all times
and the other arm was disordered such that it was only bound
part of the time. Reacting 1 with the Zn(II) salts in a 1:1 ratio in
CH3CN resulted in dissolution of 1, although NMR studies of
the reaction in CD3CN showed nothing other than uncoordi-
nated 1 in solution. Over time, 1 would precipitate out of
solution, suggesting that the Zn(II) ions were labile and were
unable to form a 1:1 complex. 1H NMR experiments involving
the titration of the Zn(II) and Pb(II) 2:1 metal/ligand complexes
with either Pb(II) or Zn(II) metal ions showed that the ions in
these complexes were labile and could freely exchange between
molecules of 1, producing an equilibrium mixture that contained
the linear heterometallic complex.

’EXPERIMENTAL SECTION

General. All chemicals were used as received without further
purification. Ligand 1was prepared according to the literaturemethod.11

Pb(ClO4)2 3 3H2O, Zn(SO3CF3)2, and Zn(BF4)2 3H2O were acquired
fromAldrich. Pb(SO3CF3)2 3H2Owas synthesized through treatment of
PbCO3 3 Pb(OH)2 with HSO3CF3. All solvents were of LR grade
or above.

Microanalyses were carried out in the Campbell Microanalytical
Laboratory, University of Otago. All measured microanalysis results
had an uncertainty of (0.4%. 1H and 13C NMR spectra and two-
dimensional (gCOSY, NOSEY, HSQC, gHMBC) spectra were col-
lected on a 500 MHz Varian UNITY INOVA spectrometer at 298 K.
Spectra were collected in CD3CN and were referenced to the internal
solvent signal, with chemical shifts reported in δ units (ppm). Electro-
spray mass spectrometry (ESMS) was carried out on a Bruker micro-
TOFQ instrument (Bruker Daltronics, Bremen, Germany). Samples
were introduced using direct infusion into an ESI source in positive
mode. Sampling was averaged for 2 min over a m/z range of 50�3000
amu. The mass was calibrated using an external calibrant of sodium
formate clusters, 15 calibrations points from 90 to 1050 amu, using a
quadratic plus HPC line fit. ESMS spectra were processed using
Compass software (version 1.3 Bruker Daltronics, Bremen, Germany).
Infrared (IR) spectra were recorded on a Perkin-Elmer Spectrum BX
FT-IR system. Samples were prepared as KBr discs.

Caution! Although no problems were encountered in this work, transition
metal perchlorates are potentially explosive. They should be prepared in
small amounts and handled with care.
Pb21(ClO4)4. Pb(ClO4)2 3 3H2O (45.2 mg, 0.098 mmol) in CH3CN

(2 mL) was added to 1 (20.4 mg, 0.049 mmol), resulting in partial
dissolution of 1 and the formation of a yellow solution. This mixture was
stirred at room temperature until all the solid had dissolved. Diethyl
ether was slowly diffused into this solution, resulting in the formation of
yellow crystals. These crystals were filtered and dried in vacuo to yield
Pb21(ClO4)4 as a yellow solid (25.9 mg, 43%). Anal. Calcd for
C21H24N8O18Cl4Pb2: C, 20.45; H, 1.96; N, 9.09. Found: C, 20.30; H,
1.94; N, 8.82. 1H NMR (CD3CN, 500 MHz) δ/ppm: 8.74 (2H, s, H9),
8.28 (2H, t, J = 7.8 Hz, H12), 7.96 (2H, d, J = 7.5 Hz, H11), 7.71 (2H, d,
J = 7.9 Hz, H13), 6.61 (1H, s, H5), 5.75 (2H, s, H17), 5.34 (4H, s, H15),
3.73 (6H, s, H8), 2.86 (3H, s, H9). 13C NMR (500 MHz, CD3CN) δ/
ppm: 168.38 (C2), 162.73 (C14), 161.64 (C4,6), 150.73 (C10), 144.56
(C9), 142.45 (C12), 128.62 (C13), 125.63 (C11), 87.69 (C5), 65.76
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(C15), 36.34 (C8), 26.86 (C7). ESMSm/z found: 627.17356. Calcd for
C21H23N8O2Pb

+: 627.17072. Selected IR (KBr disk) ν/cm�1: 3406 (s,
br, OH str), 1589 (s), 1550 (s, CdN str), 1486 (m), 1438 (m), 1385
(m), 1295 (s), 1163�1047 (s, br). Crystals suitable for X-ray determi-
nation were grown by slow diffusion of diethyl ether into separate
solutions of Pb21(ClO4)4 in CH3CN and CH3NO2.
Pb21(SO3CF3)4. Pb21(SO3CF3)4 was prepared as described for

Pb21(ClO4)4 but using Pb(SO3CF3)2 3H2O (35.4 mg, 0.0676 mmol)
and 1 (12.8 mg, 0.0304 mmol) in CH3CN (2 mL), which gave a yellow
solution after agitation at elevated temperatures. Yellow crystals of
Pb21(SO3CF3)4 were grown from this solution (11.4 mg, 27%). Anal.
Calcd for C25H24N8O14F12S4Pb2: C, 20.98; H, 1.69; N, 7.83. Found: C,
20.86; H, 1.86; N, 7.78. 1H NMR (400 MHz, CD3CN) δ/ppm: 8.72
(2H, s, H9), 8.22 (2H, t, J = 7.8 Hz, H12), 7.94 (2H, d, J = 7.5 Hz, H11),
7.70 (2H, d, J = 7.8 Hz, H13), 6.63 (1H, s, H5), 6.11 (2H, bs, OH), 5.33
(4H, s, H15), 3.75 (6H, s, H8), 2.85 (3H, s, H7). ESMS m/z found:
777.1285, 1283.0062. Calcd for C21H24N8O2Pb(SO3CF3)

+: 776.74.
Calcd for C21H24N8O2Pb2(SO3CF3)3

+: 1283.0108. Selected IR (KBr)
ν/cm�1: 3373 (m, br, OH str), 2931 (w, C�H str), 1590 (s, py), 1550
(s, CdN str), 1489 (m, py), 1447 (m, pym), 1436 (m, py), 1388 (w,
pym), 1291 (s, C�O str), 1256 (s), 1226 (s), 1160 (s), 1027 (s).
Crystals suitable for X-ray determination were grown by slow diffusion
of diethyl ether into a CH3CN solution of 1 and Pb(SO3CF3)2.
Pb414(ClO4)8. Pb414(ClO4)8 was prepared as described for Pb21-

(ClO4)4 but using Pb(ClO4)2 3 3H2O (6.7 mg, 0.016 mmol) and 1 (6.5
mg, 0.015 mmol) in CH3NO2 (2 mL), which gave a yellow solution
after agitation at elevated temperatures. Yellow crystals of Pb414-
(ClO4)8 3 4H2O were grown by slow diffusion of benzene into this
solution (4.6 mg, 10%). Anal. Calcd for C21H24N8O10Cl2Pb 3H2O: C,
29.86; H, 3.10; N, 13.27. Found: C, 29.62; H, 3.01; N, 12.93. 1H NMR
(500 MHz, CD3CN) δ/ppm: 8.37 (2H, s, H9), 8.01 (2H, t, J = 7.8 Hz,
H12), 7.81 (2H, d, J = 7.6 Hz, H11), 7.28 (2H, d, J = 7.8 Hz, H13), 6.46
(1H, s, H5), 5.31 (2H, t, J = 3.5 Hz, H16), 4.84 (2H, dd, J = 3.3, 15.6 Hz,
H15a), 4.79 (2H, dd, J = 3.5, 15.6Hz, H15b), 3.71 (6H, s, H8), 1.30 (3H,
s, H7). 13C NMR (500 MHz, CD3CN) δ/ppm: 167.50 (C2), 162.41
(C4, C6), 161.41 (C14), 151.61 (C10), 141.89 (C9), 141.15 (C12),
127.67 (C11), 123.76 (C13), 87.28 (C5), 64.15 (C15), 36.03 (C8),
26.17 (C7). ESMS foundm/z: 421.22531. Calcd for C21H24N8O2

+m/z:
421.2095. Selected IR (KBr)/cm�1 ν: 3419 (m, br, OH str), 2931 (w,
CH str), 1589 (s), 1551 (s, CdN str), 1497 (m), 1448 (m, br), 1296
(m), 1159 (m), 1091 (s, br), 1047 (s), 985 (m). Crystals suitable for
X-ray determination were grown by slow diffusion of diethyl ether and
benzene, respectively, into a CH3CN and a CH3NO2 solution of
Pb414(ClO4)8.
Pb414(SO3CF3)8. Pb414(SO3CF3)8 was prepared as described for

Pb21(ClO4)4 but using Pb(SO3CF3) 3H2O (14.1 mg, 0.027 mol) and 1
(11.3 mg, 0.027 mol) in CH3CN (2 mL), which gave a yellow solution
after agitation at elevated temperatures. A yellow precipitate of
Pb1(SO3CF3)2 was formed by diffusion of diethyl ether into this
solution (15.2 mg, 61%). Anal. Calcd for C21H24N8O2Pb(SO3CF3)2:
C, 29.84; H, 2.61; N, 12.10. Found: C, 29.79; H, 2.74; N, 12.09. 1HNMR
(400 MHz, CD3CN) δ/ppm: 8.37 (2H, s, H9), 7.95 (2H, t, J = 7.2 Hz,
H12), 7.74 (2H, d, J = 7.2 Hz, H11), 7.3 (2H, d, J = 6.9 Hz, H13), 6.51
(1H, s, H5), 5.63 (2H, s, OH), 4.75 (2H, d, J= 13.5Hz, H15a), 4.62 (2H,
d, J = 14.6 Hz, H15b), 3.71 (6H, s, H8), 1.76 (3H, s, H7). ESMS
m/z found: 1703.2138, 1197.3370, 777.1367, 627.1835, 421.2148.
Calcd for (C21H24N8O2)2Pb2(SO3CF3)3

+: 1703.2138. Calcd for
(C21H24N8O2)2Pb(SO3CF3)

+: 1197.3311. Calcd for C21H24N8O2-
Pb(SO3CF3)

+: 777.1309. Calcd for C21H23N8O2Pb
+: 627.1710. Calcd

for C21H25N8O2
+: 421.2100. Selected IR (KBr) ν/cm�1: 3357 (w, OH

str), 1587 (m), 1546 (s, CdN str), 1487 (m), 1434 (m), 1286 (s), 1221
(s), 1154 (s), 1044 (s), 1026 (s), 983 (s). Yellow crystals were
repetitively grown by the slow diffusion of diethyl ether into a CH3CN

solution of Pb414(SO3CF3)8; however, none of the crystals produced a
good enough diffraction pattern for the structure to be solved.
Zn21(SO3CF3)4. Zn21(SO3CF3)4 was prepared as described for

Pb21(ClO4)4 but using Zn(SO3CF3)2 (21.5 mg, 0.059 mmol) and 1
(12.0 mg, 0.029 mmol) in CH3CN (2mL), which gave a yellow solution
with agitation at room temperature. Yellow crystals of Zn21(SO3CF3)4-
(H2O)4(C4H10O) were grown by slow diffusion of diethyl ether into
this solution (20.0 mg, 55%). Anal. Calcd for C29H42N8O19F12S4Zn2: C,
26.92; H, 3.27; N, 8.66. Found: C, 27.19; H, 3.17; N, 8.74. 1HNMR (400
MHz, CD3CN) δ/ppm: 8.35 (2H, s, H9), 8.22 (2H, t, J = 7.8 Hz, H12),
7.86 (2H, d, J = 7.5 Hz, H11), 7.65 (2H, d, J = 8.0 Hz, H13), 6.79 (1H, s,
H5), 6.54 (2H, t, J = 3.5 Hz, OH), 5.08 (4H, d, J = 3.7 Hz, H15), 3.79
(6H, s, H8), 2.97 (3H, s, H7). ESMS m/z found: 994.9092, 663.0736.
Calcd for C21H24N8O2Zn2(SO3CF3)3

+: 994.9160. Calcd for
C21H24N8O2Zn(SO3CF3)

+: 633.0834. Selected IR (KBr) ν/cm�1:
3455 (s, br, O�H str), 3064 (m, C�H str), 1626 (m), 1597 (s), 1579
(s), 1557 (s, CdN str), 1495 (m), 1457 (m), 1433 (m), 1387 (m), 1289
(s), 1260 (s), 1160 (s), 1094 (w), 1053 (s), 1034 (s), 1008 (m). Yellow
crystals suitable for X-ray determination were grown by slow diffusion of
diethyl ether into a CH3CN solution of Zn21(SO3CF3)4.
Zn21(BF4)4. Zn21(BF4)4 was prepared as described for Pb21-

(ClO4)4 but using Zn(BF4)2 3H2O (20.2 mg, 0.079 mmol) and 1
(14.8 mg, 0.035 mmol) in CH3CN (2 mL), which gave a yellow solu-
tion with agitation at room temperature. Yellow crystals of Zn21-
(BF4)4 3 2H2Owere grown by the slow diffusion of diethyl ether into this
solution (13.5 mg, 43%). Anal. Calcd for C21H24N8O2B4F16Zn2 3 2H2O:
C, 26.99;H, 3.02; N, 11.99. Found: C, 26.75; H, 3.44; N, 11.69. 1HNMR
(CD3CN, 400 MHz) δ/ppm: 8.35 (2H, s, H9), 8.23 (2H, t, J = 7.8 Hz,
H12), 7.87 (2H, d, J = 7.4 Hz, H11), 7.67 (2H, d, J = 7.9 Hz, H13), 6.76
(1H, s, H5), 5.83 (2H, t, J = 3.7 Hz, H17), 5.09 (4H, d, J = 3.8 Hz, H16),
3.79 (6H, s, H8), 2.89 (3H, s, H7). ESMS m/z found: 483.12808,
517.29733. Calcd for C21H23N8O2Zn

+: 483.12300. Calcd for
C21H24N8O2ZnBF4

+: 517.1342. Selected IR (KBr) ν/cm�1: 3456 (s,
br, OH str), 3061 (w, CH str), 1597 (s), 1557 (s, CdN str), 1496 (m),
1457 (m), 1432 (m), 1386 (w), 1294 (s), 1161 (s), 1056 (s, br). Yellow
crystals suitable for X-ray determination were grown by slow diffusion of
CH2Cl2 into a CH3CN solution of Zn21(BF4)4.
X-ray Crystallography.Crystallographic data are summarized in

Table 1. X-ray diffraction data were collected on a Bruker APEX II
CCD diffractometer, with graphite monochromated Mo KR (λ =
0.71073 Å) radiation. Intensities were corrected for Lorentz polar-
ization effects,21 and a multiscan absorption correction22 was applied.
The structures were solved by direct methods (SHELXS23 or SIR-
9724) and refined on F2 using all data by full-matrix least-squares
procedures (SHELXL 9725). All calculations were performed using
the WinGX interface.26 Detailed analyses of the extended structure
were carried out using PLATON27 and MERCURY28 (Version
1.4.1). X-ray data were deposited with the Cambridge Crystallo-
graphic Data Center CCDC 829094�829100. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif. Some of the crys-
tal structures contained disordered components. The bound ClO4

�

anions in [Pb1(ClO4)]4(ClO4)4 (5) and [Pb1(ClO4)]4(ClO4)4 3
4CH3NO2 (6) were disordered over two sites, with site occupancy
factors of 0.51 and 0.49, and 0.58 and 0.42, respectively. [Zn21(BF4)-
(H2O)2(CH3CN)] (BF4)3 3H2O(8) contained a BF4

� anion disordered
about a 3-fold axis, with site occupancy factors 0.62 and 0.38, and a
hydroxymethyl arm disordered over two sites due to rotation about the
C1�C2 bond, with site occupancy of 0.63 and 0.37.

’RESULTS AND DISCUSSION

Synthesis and Structures of Complexes. The metal salts
Pb(ClO4)2 3 3H2O, Pb(SO3CF3)2 3H2O, Zn(BF4)2 3H2O, and
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Zn(SO3CF3)2 were dissolved in CH3CN or CH3NO2 and added
to ligand 1 in a 2:1 molar ratio to yield yellow solutions of the 2:1
complexes. CD3CN was used to make solutions of the 2:1
complexes for analysis by NMR spectroscopy. Diffusion of a
nonsolvent into the complex solutions yielded yellow solid
materials, which were dried in vacuo, then analyzed by micro-
analysis, mass spectroscopy, and infrared spectroscopy. The
microanalytical results of these complexes were consistent with
a 2:1 metal-to-ligand ratio. Some of the complexes, Pb1-
(ClO4)2 3 4H2O, Zn21(BF4)4 3 2H2O, and Zn21(SO3CF3)4 3
4H2O 3C5H10O, were solvated despite prolonged drying under
high vacuum.
Pb(ClO4)2 3 3H2O was also reacted with 1 in a 1:1 molar ratio

in CH3CN and CH3NO2 to form yellow solutions of the 1:1

complex. This reaction was repeated in CD3CN for NMR
studies. Slow diffusion of a nonsolvent yielded yellow crystals.
The microanalytical results from these crystals were consistent
with the empirical formula of Pb1(ClO4)2 3H2O. Pb(SO3CF3)2 3
H2O was also reacted with 1 in a 1:1 molar ratio in CH3CN.
Diffusion of diethyl ether into the yellow solution resulted in a
yellow solid, which provided microanalytical results consistent
with the empirical formula Pb1(SO3CF3)2. The reaction was
repeated in CD3CN for NMR studies.
No complexes were obtained from reacting Zn(SO3CF3)2 and

Zn(BF4)2 3H2O in a 1:1 ratio with 1. Addition of the Zn(II) salts
in CH3CN to a stirring, heated suspension of 1 in CH3CN
resulted in instantaneous dissolution of 1, forming yellow solu-
tions. A light precipitate of 1 would then emerge from the

Table 1

[Pb21(ClO4)4] (2) [Pb21(ClO4)3(H2O)] ClO4 (3) [Pb21(SO3CF3)3(H2O)] 3 SO3CF3 (4) [Pb1(ClO4)]4(ClO4)4 (5)

formula C21H24Cl4N8O18Pb2 C21H24Cl4N8O19Pb2 C25H26F12N8O15Pb2S4 C84H96Cl8N32O40Pb4
formula weight 1232.68 1250.68 1449.16 3306.33

crystal system triclinic triclinic triclinic tetragonal

space group P-1 P-1 P-1 I4(1)/a

a/Å 9.8273(17) 9.1759(18) 10.1195(9) 27.9354(13)

b/Å 12.010(2) 11.974(2) 12.6995(11) 27.9354(13)

c/Å 15.111(3) 16.043(3) 17.7334(15) 15.2254(8)

R/deg 75.586(8) 84.705(9) 71.677(4) 90

β/deg 73.672(9) 80.236(11) 73.808(4) 90

γ/deg 76.293(8) 78.353(9) 79.069(4) 90

V/Å3 1630.7(5) 1698.3(5) 2064.6(3) 11882(2)

Z 2 2 2 4

T/K 90(2) 90(2) 90(2) 90(2)

μ/mm�1 10.733 10.309 8.476 5.924

reflections collected 23 504 30 902 25 610 74 191

unique reflections (Rint) 6036 (0.0352) 6292 (0.0299) 7682 (0.0313) 5528 (0.0498)

R1 indices [I > 2σ(I)] 0.0266 0.0163 0.0270 0.0402

wR2 (all data) 0.0654 0.0501 0.1106 0.1225

GOF 1.054 1.195 1.157 1.193

[Pb1(ClO4)]4 (ClO4)4 3 4CH3NO2 (6) [Zn21(H2O)4](SO3CF3)4 3C2H5O (7) [Zn21(BF4)(H2O)2(CH3CN)] (BF4)3 3H2O (8)

formula C87H96Cl8N35O46Pb4 C29H42F12N8O19S4Zn2 C23H31B4F16N9O5Zn2
formula weight 3480.00 1293.69 991.55

crystal system tetragonal triclinic triclinic

space group I4(1)/a P-1 P-1

a/Å 27.861(4) 13.5655(13) 7.6091(7)

b/Å 27.861(4) 14.274(3) 14.2283(15)

c/Å 15.258(4) 14.2890(15) 18.693(2)

R/deg 90 101.348(7) 111.154(4)

β/deg 90 113.591(5) 91.646(4)

γ/deg 90 98.629(7) 102.494(4)

V/Å3 11844(4) 2404.2(6) 1829.9(3)

Z 4 2 2

T/K 90(2) 90(2) 90(2)

μ/mm�1 5.953 1.298 1.442

reflections collected 70 437 44 299 19 047

unique reflections (Rint) 5508 (0.0452) 8953 (0.0340) 5728 (0.0411)

R1 indices [I > 2σ(I)] 0.0451 0.0260 0.0845

wR2 (all data) 0.1003 0.0982 0.2286

GOF 1.208 1.218 1.047
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solutions at room temperature. 1H NMR spectra of the reactions
in CD3CN showed a set of significantly broadened peaks with
chemical shifts similar to those seen for 1.11 It appeared that the
Zn(II) ions merely caused dissolution of 1 and that any complex
formation was short-lived.
NMR Spectroscopy. The 1H NMR spectra of the Pb21-

(ClO4)4 and Pb21(SO3CF3)4 complexes in CD3CN were iden-
tical, suggesting that the ClO4

� or SO3CF3
� anions were labile in

solution. Both spectra showed only nine peaks, indicating a
symmetric complex arising from Pb(II) ions occupying both
coordination sites of 1. The rotation of the pym�hyz linkages
from the transoid conformation in 1 to the cisoid conformation
in the 2:1 Pb(II) complexes resulted in a linear shape as
evidenced by the presence of NOE correlations between
H5pym, H8hyz, H9hyz, and H11py, while there was no correlation
between H5pym and H11py. This contrasts with the free ligand 1,
which showed NOE correlations between H5pym and H11hyz,
with no correlation between H5pym and H8hyz (Figure 1).

11

Coordination of the Pb(II) ions to 1 resulted in a downfield
shift of the hyz and py protons as compared to the free ligand.
This was most noticeable for H9hyz, which shifted from 7.87
ppm in 1 to 8.73 ppm in Pb21(ClO4)4, and the hydroxymethyl
arm protons H15 and H16, which were downshifted from 4.63
and 5.37 ppm to 5.34 and 6.11 ppm, respectively.11 These shifts
were indicative of the coordination of the pym�hyz�py N
donors and the hydroxymethyl arms to the Pb(II) ions. In
contrast, the pyrimidine H5pym peak was shifted upfield from
7.65 ppm in 1 to 6.65 ppm in Pb21(ClO4)4, possibly due to the
change in shape of the pym�hyz bonds (Figure 2).11

The 1H NMR spectrum of the 1:1 Pb(ClO4)2 complex sug-
gested the ligand and Pb(II) ions formed a [2� 2] square grid in
solution. The number of signals in the 1:1 complex spectrum was
the same as the 2:1 complex spectra, which suggested a Pb(II)
ion occupied each of the ligands’ pym�hyz�py sites. NOE
correlations existed between H5pym, H8hyz, and H9hyz due to
both pym�hyz linkages in the 1:1 complex adopting a cisoid
conformation. The signal due to the H15 methylene protons
showed germinal coupling, as a result of the protons being in
different chemical environments, as one of the methylene pro-
tons was orientated toward one of the other ligands of the grid,
while the other pointed out away from the grid. Rotation of the
hydroxymethyl arm was restricted as a a result of the coordina-
tion of the OH groups to the Pb(II) ions. The strong shielding of
the H7methyl protons suggested that these protons pointed into
the center of the grid (Figure 2). The 1:1 Pb(SO3CF3)2 complex

1H NMR spectrum was similar, with only slight changes in
chemical shift for the aromatic and methylene protons. The H7
methyl proton signal was located at 1.76 ppm, while in the 1:1
Pb(ClO4)2 complex this signal appeared at 1.30 ppm, and in the
2:1 Pb(II) complexes it was at 2.85 ppm.
The spectra of the 2:1 Zn(II)/1 complexes were similar to

those of the 2:1 Pb(II)/1 complexes. Both spectra showed eight
peaks, which suggested a Zn(II) ion occupied each coordination
pocket. The signals from the hyz, py, and hydroxymethyl protons
were downshifted relative to 1, which indicated that the three
pym�hyz�py N donors and the hydroxymethyl O donor were
coordinated to the Zn(II) ions. These shifts were of a smaller
magnitude than those seen in the 2:1 Pb(II)/1 complexes. The
H5pym signal was also upshifted as a result of the linear shape of
the complex, but by a smaller amount than that seen in the 2:1
Pb(II)/1 complexes.

1H NMR spectroscopy was also used to monitor the 2:1
Zn(II)/1 complex solution as it was treated with an increasing
amount of Pb(SO3CF3)2 3H2O. The complexes present were
identified by focusing on the aromatic region of the 1H NMR
spectra (Figure 3). As the molar equivalence of Pb(II) ions was
increased, the peaks due to the Zn21(SO3CF3)4 complex de-
creased in intensity, as new peaks due to the Pb21(SO3CF3)4
complex and a new linear heterometallic ZnPb1(SO3CF3)4
complex arose. The heterometallic complex was the most
abundant complex as the Pb(II) ions were increased from a
molar equivalence of 0.5 to 2.0. At 2.0, there was an equal amount
of the heterometallic and the Pb21(SO3CF3)4 complexes, with a
trace amount of the Zn21(SO3CF3)4. By 3.0 equivalence of
Pb(II) ions, all of the Zn21(SO3CF3)4 had been converted into
the heterometallic and the Pb21(SO3CF3)4, which existed at a
molar ratio of 4:5. Once a 5.0 molar equivalence of Pb(II) ions
had been added, this molar ratio was 1:4.
The titration of Pb21(SO3CF3)4 with Zn(SO3CF3)2 produced

complementary results, with the Pb21(SO3CF3)4 complex un-
dergoing metal ion exchange to form the PbZn1(SO3CF3)4 and
Zn21(SO3CF3)4 complexes. Addition of Zn(SO3CF3)2 to the
1:1 Pb(SO3CF3)2/1 complex also resulted in a mixture of the
three complexes seen in Figure 3. This mixture was also achieved
when solutions of Pb21(SO3CF3)4 and Zn21(SO3CF3)4 were
combined. Attempts to synthesize the heterometallic complex by
reacting 1with Pb(SO3CF3)4 and Zn(SO3CF3)4 in a 1:1:1 molar
ratio also gave a mixture of the three complexes. These results
demonstrate the labile nature of the Pb(II) and Zn(II) ions in the
complexes of 1, as they freely exchange between complexes.

Figure 1. (left) Structure of the free ligand 1, showing its NOE correlations, which demonstrate its horseshoe shape. The transoid pym�hyz bonds are
highlighted. (right) Structure of the [Pb21]

4+ cation common to Pb21(ClO4)4 and Pb21(SO3CF3)4, showing the NOE correlations, which allude to the
linear structure of the complexes. The cisoid pym�hyz bonds are highlighted (showing NMR numbering).
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Electrospray Mass Spectroscopy. Both 2:1 Pb(II) com-
plexes Pb21(ClO4)4 and Pb21(SO3CF3)4 lost a Pb(II) ion to
form the molecular ions [Pb1 � H]+ and [Pb1(SO3CF3)]

+,
respectively. The Zn21(BF4)4 3 2H2O complex similarly formed
the [Zn1 � H]+ fragment, while the Zn21(SO3CF3)2 3 4H2O 3
C5H10O complex retained both Zn(II) ions to form a
[Zn21(SO3CF3)3]

+ molecular ion. The Pb414(ClO4)8 grid com-
plex disassembled during ionization, resulting in a base peak
corresponding to the molecular ion [1 + H]+. The ESMS
spectrum of the Pb414(SO3CF3)8 grid complex, on the other
hand, showed several peaks due to fragments of the [2� 2] grid.
These fragments were [Pb212(SO3CF3)3]

+, [Pb12(SO3CF3)]
+,

[Pb1(SO3CF3)]
+, and [Pb1 � H]+.

Infrared Spectroscopy. The IR spectra of the three Pb(II)
complexes all showed a decrease in frequency for the CdN
stretch relative to the free ligand 1 of roughly 10 cm�1. The 2:1
and 1:1 Pb(II) structures all showed very similar spectra, with the
only difference being the increase in number of bands from 1291

to 1226 cm�1 in the Pb21(SO3CF3)4 and Pb414(SO3CF3)4
spectra due to the SO3CF3

� ions. The 2:1 Zn(II) complexes
exhibited intense stretching bands at 1598 and 1579 cm�1, in
addition to the CdN stretching mode at 1557 cm�1. All of the
complexes showed an increase in frequency of the OH stretching
band relative to the free ligand 1, due to coordination of the
hydroxymethyl arm to the Pb(II) or Zn(II) ions.
X-ray Crystallography. X-ray quality crystals were grown by

the slow diffusion of nonsolvents diethyl ether, benzene, or
CH2Cl2 into CH3CN or CH3NO2 solutions of the 2:1 and 1:1
metal/ligand mixtures. All of the crystals grown were yellow in
color. Analysis of these crystals by single crystal X-ray diffraction
yielded the structures 2�8.
Single crystals were repetitively grown of the 1:1 Pb(SO3CF3)2/1

complex through slow diffusion of diethyl ether into the Pb414-
(SO3CF3)8 solution. Several of these crystals were analyzed by X-ray
diffraction; however, none of the crystals produced a diffraction
pattern good enough to allow elucidation of their solid-state structure.

Figure 2. Structures and 1H NMR spectra of the ligand 1, and the 1:1 and 2:1 metal/ligand complexes made from 1 and Pb(ClO4)2 3 3H2O. The free
ligand has both pym�hyz bonds in their transoid conformation, while both of these bonds are cisoid in the two complexes (NMRnumbering; signals due
to solvent and H2O are omitted for clarity).
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X-ray Structure of [Pb21(ClO4)4] 2. Complex 2 was crystal-
lized by the slow diffusion of diethyl ether into a 2:1 mixture
of Pb(ClO4)2 3 3H2O and 1 in CH3CN. The complex crystallized
in the triclinic space group P-1 with one complete complex
moiety in the asymmetric unit. The complex had a linear shape,
with both pym�hyz bonds adopting a cisoid conformation
(Figure 4). The distance between the centroids of the terminal
pyridine rings was 14.10 Å, which was significantly longer than
the equivalent distance of 6.73 Å measured previously across the
free ligand 1.11 It is also longer than the distances of 12.59 and
12.67 Å, which were measured across the dicopper complexes
[Cu21(CH3CN)4](ClO4) 3CH3CN and [Cu21(SO3CF3)2-
(CH3CN)2](SO3CF3)2 3CH3CN, respectively.

11

Each Pb(II) ion was in a six coordinate environment, which
resembled a distorted pentagonal bipyramid with the three N
atoms and one O atom of each pym�hyz�py site occupying the
equatorial sites and two ClO4

� ions coordinated in axial posi-
tions (Figure 4). The large O1�Pb1�N4 and O2�Pb2�N5
angles of 155.52(16)� and 169.77(16)�, respectively, suggested
the presence of a stereochemically active lone pair of electrons
occupying the remaining equatorial coordination sites on Pb1
and Pb2.
Molecules of 2were organized into dimers by two pairs of self-

complementary H-bonding interactions between two of the
coordinated ClO4

� anions on one molecule and both of the
hydroxymethyl arms on a neighboring molecule. The O1�
H1 3 3 3O42 and O2�H2 3 3 3O22 distances were 1.995(4) and

1.937(4) Å, respectively [corresponding to O1 3 3 3O42 and
O2 3 3 3O22 distances of 2.782(5) and 2.685(6) Å, respectively].
These dimers were then arranged into a one-dimensional chain,
running in the [100] direction, by a self-complementary anion�
π interaction between the central pyrimidine ring of a dimer and
one of the ClO4

� anions of an adjacent dimer (Figure 5). The
distance from the centroid of the pyrimidine ring to the ClO4

�

atom O44 was 3.1234(6) Å.
X-ray Structure of [Pb21(ClO4)3(H2O)](ClO4) 3. Complex 3

was crystallized from the slow diffusion of diethyl ether into a 2:1
mixture of Pb(ClO4)2 3 3H2O and 1 dissolved in CH3NO2. The

Figure 3. 1HNMR spectra following the titration of the 2:1 Zn(II)/1 complex (bottom) with Pb(SO3CF3)2.H2O from a 0.5 to a 5.0 molar equivalence.
The Hhyz and C5pym peaks for the Zn21(SO3CF3)4 (blue 2), the heterometallic PbZn1(SO3CF3)4 (green b), and the Pb21(SO3CF3)4 (red f)
complexes are labeled.

Figure 4. View of complex 2 (crystallographic numbering). Thermal
ellipsoids drawn at the 50% probability level.
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complex crystallized in the triclinic space group P-1 with one
complete cation [Pb21(ClO4)3(H2O)]

+ and a ClO4
� counter-

ion in the asymmetric unit. As with complex 2, complex 3 was a
planar, linear complex, with a centroid-to-centroid distance of
14.08 Å between the terminal pyridine rings. Each Pb(II) ion was
in a distorted six-coordinate, pentagonal bipyramid environment,

with the three N donors and theO donor of the pym�hyz pocket
occupying the equatorial positions of the Pb coordination
spheres. The N4pym and N5pym donor distances to Pb1 and
Pb2 were somewhat long at 2.819(3) and 2.706(3) Å, respec-
tively; however, a search of Pb(II)�N bond lengths using the
Cambridge Structural Database (CSD version 5.29)29 revealed
that they were of an acceptable length for a Pb�N bond (2004
bond distances in 647 complexes, range from 2.08 to 3.23 Å).
The large N4�Pb1�O1 and O2�Pb2�N5 angles of
152.39(10)� and 167.17(9)�, respectively, were indicative of a
stereochemically active lone pair on Pb1 and Pb2 occupying an
equatorial site. The coordination sphere of Pb1 was completed
by a ClO4

� anion and a H2O molecule, while Pb2 was instead
coordinated to two ClO4

� anions (Figure 6).
The free ClO4

� anion was H-bonded to a hydroxymethyl arm
of the [Pb21(H2O)(ClO4)3]

+ cation with a O2�H2 3 3 3O24
distance of 2.760(3) Å [corresponding to an O2 3 3 3O24 separa-
tion of 3.027(4) Å]. This H-bond held the ClO4

� counteranion
between the coordinated ClO4

� anions on the same face of the
mean plane as Pb1 and Pb2. The complex was organized into
stepped dimers through H-bonds between the hydroxymethyl
arms of one complex molecule and two of the bound ClO4

�

anions on another complex molecule (Figure 7). The O1�
H1 3 3 3O32 and O2�H2 3 3 3O14 distances were 2.053(3) and
1.971(4) Å, respectively [corresponding to O1 3 3 3O32 and
O2 3 3 3O14 separations of 2.782(4) and 2.754(5) Å, respec-
tively]. The dimers were linked together through H-bonding
between the H2O molecule coordinated to Pb1 on one dimer
and both the free ClO4

� counteranion and the ClO4
� anion

bound to Pb2 of another dimer. The O3�H3 3 3 3O23 distance
was 2.06(6) Å [O3 3 3 3O23 separation of 2.762(5) Å], and the
O3�H3 3 3 3O33 distance was 2.05(6) Å [O3 3 3 3O33 separation
of 2.785(4) Å]. The dimers formed a one-dimensional chain in
the diagonal [101] direction (Figure 7).
X-ray Structure of [Pb21(SO3CF3)3(H2O)] 3 SO3CF3 4. Com-

plex 4 was crystallized by the slow addition of diethyl ether into a
2:1 mixture of Pb(SO3CF3)2 3H2O in CH3CN. The complex
crystallized in the triclinic space group P-1 with one
[Pb21(SO3CF3)2(H2O)]

2+ cation and two SO3CF3
� counter-

ions in the asymmetric unit. The complex had a linear shape, with
both pym�hyz linkages in a cisoid conformation, and a distance
of 14.08 Å between the centroids of the terminal pyridine rings.
Pb1 was present in a seven coordinate environment, with bonds
between the OH arm and three N donors of the pym�hyz site, in
addition to two SO3CF3

� anions and a water molecule. Pb2 was
present in a six coordinate, distorted pentagonal bipyramid
environment, which included all three N donors and the terminal

Figure 5. View of a pair of dimers of 2 showing the interdimer anion�π
interaction between the pyrimidine ring on one dimer and the O44 atom
of a ClO4

� anion on the other dimer. Also shown are the intradimer self-
complementary H-bonding interactions between the hydroxymethyl
arms and the ClO4

� anions.

Figure 6. View of the [Pb21(H2O)(ClO4)3]
+ cation of complex 3

(crystallographic numbering). Thermal ellipsoids drawn at the 50%
probability level.

Figure 7. (left) View of the organization of 3 into a stepped dimer (one ClO4
� counteranion has been omitted for clarity). (right) View of the assembly

of the 3 dimers into a one-dimensional double chain in the diagonal [101] direction through H-bonding.
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OH arm, as well as a SO3CF3
� anion, with a stereochemically

active lone pair resulting in the large N5�Pb2�O2 angle of
164.76� (Figure 8). The SO3CF3

� anion coordinated to Pb2
bridged adjacent molecules of complex 4, resulting in a coordina-
tion polymer running along the a axis (Figure 9).
Two strands of the coordination polymer were interdigitated as a

result ofH-bonding between theO42on the S4 containing SO3CF3
�

anion bound to Pb1 on one polymer strand, and the H2O molecule
coordinated to Pb1 on a neighboring strand. The distance of this
O3�H3A 3 3 3O42 bond was 1.86(5) Å (corresponding to an
O3 3 3 3O42 distance of 2.737(7) Å). The S4 containing SO3CF3

�

anion was also H-bonded to O1 with a O1�H1 3 3 3O43 distance of
2.30(7) Å (corresponding to O1 3 3 3O43 distance of 2.798(7) Å).
The uncoordinated SO3CF3

� was H-bonded to O2 and O3 on
adjacent polymer strands with O2�H2 3 3 3O32 and O3�H3B 3 3 3
O33 distances of 2.22(7) and 1.86(3) Å, respectively (corresponding
toO2 3 3 3O32 andO3 3 3 3O33distances of 2.798(7) and2.720(7) Å,
respectively) (Figure 9).
X-ray Structure of [Pb1(ClO4)]4(ClO4)4 5 and [Pb1-

(ClO4)]4(ClO4)4 3 4CH3NO2 6. Complex 5 was crystallized from
the slow addition of diethyl ether to a 1:1 mixture of Pb-
(ClO4)2 3 3H2O and 1 dissolved in CH3CN. The complex crystal-
lized in the tetragonal space group I41/a with one complete

[Pb1(ClO4)]
+ cationic motiety (Figure 10) and a ClO4

� coun-
terion in the asymmetric unit. Both pym�hyz linkages were in a
cisoid conformation, and the centroid-to-centroid distance be-
tween the pyridine rings of the ligand backbone was 13.92 Å.
Four symmetry related [Pb1(ClO4)]

+ cations, generated by a
4 special position, formed a [2 � 2] square grid, where each
Pb(II) ion was shared by two ligand molecules (Figure 11). The
Pb(II) ions adopted an eight coordinate, distorted trifacially
capped trigonal prismatic coordination geometry, with coordina-
tion bonds formed from the 3 N donors and the hydroxymethyl
O donor of a pym�hyz�py site, the O donor of a ClO4

� anion,
and bonds to O2, N7, and N8 of a pym�hyz�py site on a
symmetry generated [Pb1(ClO4)]

+. A stereochemically lone pair
existed on the Pb(II) ion resulting in the large O11�Pb1�N4
angle of 131.4(4)o (Figure 10).
The ligand backbone was twisted about the N7�C15 imine

bond such that the N1 and N8 containing pyridine rings
intersected the mean plane of the central pyrimidine ring at
angles of 9.88� and 40.58�, respectively. As a result, individual
grids of 5 were heavily distorted. The [Pb1(ClO4)]4(ClO4)4
structure is only recognizably a grid structure when viewed down
the 4-fold axis of improper rotation, which ran through the unit

Figure 8. View of the [Pb21(SO3CF3)3(H2O)]
+ cation of complex 4

(crystallographic numbering). Thermal ellipsoids drawn at the 50%
probability level (symmetry codes: A, �1 + x, y, z; B, 1 + x, y, z).

Figure 9. (left) H-bonding interactions between two adjacent cations of the interdigitated polymer strands of 4 (symmetry codes: A,�x, �y, 2� z).
(right) View of the two interdigitated polymer strands of 4 (hydrogens and uncoordinated SO3CF3

� counteranions have been omitted for clarity).

Figure 10. View of [Pb1(ClO4)]
+ moiety of complex 5 showing the

coordination environment about the Pb(II) ion (crystallographic
numbering). Thermal ellipsoids drawn at the 50% probability level
(symmetry code: A, 1/4 + x, 5/4 � y, 1/4 � z; B, 1.25 � x, �1/4 + y,
1/4 � z).
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cell in the [001] direction. There was a striking lack of coplanity
between the four Pb(II) ions, illustrated by the separation of 3.6
Å between the centroids of the diagonal Pb�Pb distances. This
twist in the ligand backbone was caused by the hydroxymethyl
arms crowding the Pb(II) coordination sphere. [2 � 2] grids
made with pym�hyz strands not containing coordinating groups
on the terminal pyridine rings have consistently been square in
shape;2,13,15,18,19 therefore, the distorted shape of complex 5 is
very unusual (Figure 11).
The hydroxymethyl arms also participated in H-bonding to

the unbound ClO4
� anions, with a O1�H 3 3 3O21 distance of

2.024(6) Å [corresponding to an O1 3 3 3O21 separation of
2.812(11) Å]. Another H-bond between the unbound ClO4

�

anions and the hydroxymethyl arms linked the [2� 2] grid units
together to form a three-dimensional supramolecular structure.
The O2�H 3 3 3O23 distance was measured as 2.241(6) Å
[corresponding to an O2 3 3 3O23 distance of 2.845(9) Å].
Crystals of the same morphology were also grown by the

diffusion of benzene into an CH3NO2 solution of a 1:1mixture of
Pb(ClO4)2 3 3H2O and 1. The resulting complex 6 was isomor-
phous with 5 and had the same very distorted [2 � 2] grid
structure and similar bond distances and angles (Figure 11). The
only difference between the two structures was the inclusion of a
CH3NO2 molecule of crystallization in the asymmetric unit in 6
in the interstitial spaces between the grids.
X-ray Structure of [Zn21(H2O)4](SO3CF3)4 3C4H10O 7.Com-

plex 7 was crystallized from the slow diffusion of diethyl ether
into a 2:1 mixture of Zn(SO3CF3)2 and 1 dissolved in CH3CN.
The complex crystallized in the triclinic space group P-1 with one
[Zn21(H2O)4]

4+ cation, four SO3CF3
� counterions, and a

diethyl ether molecule of crystallization in the asymmetric unit.
The complex had a linear shape, with both pym�hyz linkages in a
cisoid conformation, analogous to the other linear complexes
2�4 (Figure 12). The centroid-to-centroid distance between the
terminal pyridine rings of 7 was shorter than those of complexes
2�4 at 12.87 Å. This is due to 7 having a significantly bowed
shape such that the planes of the N1 and N8 containing pyridine
rings intersected the mean plane of the central pyrimidine ring at
angles of 13.37� and 17.50� . Both of the Zn(II) ions had a
distorted octahedral coordination sphere, with the three N
donors of the pym�hyz pocket and the O donor of the
hydroxymethyl arm in the equatorial sites and a water molecule
occupying each axial site (Figure 12).
The SO3CF3

� counterions were arranged around the
[Zn21(H2O)4]

4+ cation through an elegant network of H-bonds
involving the H2O molecules coordinated to Zn1 and Zn2. The
S1 and S2 containing SO3CF3

� counterions were located above
and below the central pyrimidine ring, with H-bonds between
O3�H3B 3 3 3O11 and O5�H5A 3 3 3O13 of 1.99(4) and
1.92(4) Å, respectively (corresponding to O3 3 3 3O11 and
O5 3 3 3O13 distances of 2.717(3) and 2.749(3) Å, respectively),
and O4�H4B 3 3 3O22 and O6�H6B�O23 of 1.92(4) and
1.94(4) Å, respectively (corresponding to O4 3 3 3O22 and
O6 3 3 3O23 distances of 2.723(3) and 2.730(3) Å, respectively).
The S3 and S4 containing SO3CF3

� counterions flanked the S2
containing SO3CF3

� counterion and were H-bonded to the
other hydrogen on O4 and O6 with O4�H4A 3 3 3O33 and
O6�H6B 3 3 3O41 distances of 2.01(4) and 2.02(4) Å, respec-
tively (corresponding to O4 3 3 3O33 and O6 3 3 3O41 distances
of 2.742(3) and 2.788(3) Å) (Figure 13)

Figure 11. (top left) View of the symmetry generated [2� 2] grid of 5. (top right) View of the symmetry generated [2� 2] grid of 6. (bottom left and
right) Representations of grid 5, with the symmetrically related ligands color coded (anions and hydrogens are omitted for clarity).
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Further H-bonding between the S3 and S4 containing
SO3CF3

� counterions and the O1 hydroxymethyl donor and
coordinated H2O molecules on neighboring [Zn21(H2O)4]

4+

cations resulted in an extended 2D sheet formation (Figure 13).
Additionally, the C4H10O molecule was H-bonded to O2, with a
O2�H 3 3 3O7 distance of 1.82(5) Å (corresponding to an
O2 3 3 3O7 distance of 2.629(3) Å).
X-ray Structure of [Zn21(BF4)(CH3CN)(H2O)2](BF4)3(H2O)

8.Complex 8 was crystallized from the slow diffusion of CH2Cl2
into a 2:1 mixture of Zn(BF4)2 and 1 dissolved in CH3CN. The
complex crystallized in the triclinic space group P-1, with one
[Zn21(BF4)(CH3CN)(H2O)2]

3+ cation, three BF4
� counter-

anions, one of which was disordered, and a H2O of crystallization
in the asymmetric unit. As with the previous complexes, the
ligand had a stretched out shape with a Zn(II) ion bound to each

of the coordination sites of 1. The distance between the centroids
of the pyridine rings was 13.21 Å. Both Zn(II) ions displayed a
distorted octahedral geometry and were coordinated to the 3 N
donors and hydroxymethyl arm of a pym�hyz�py site. A BF4

�

anion and a H2O molecule were also coordinated to Zn2, while
the coordination sphere of Zn1 was completed by a H2O
molecule and a CH3CNmolecule. The hydroxymethyl arm from
C21 to O2 was disordered over two sites: one where it was
coordinated to Zn2 (site occupancy 0.63) and the other where it
was orientated away from Zn2 (site occupancy 0.37). As a result,
the O2�Zn2 bond was weaker and therefore longer than the
O1�Zn1 bond, at 2.42(2) Å. The partially bound nature of the
O2 donor also resulted in the geometry around the Zn2 ion
exhibiting some trigonal bipyramidal character, as indicated by
the angle between the axial donors O4�Zn2�F11 of 134.7(3)�
(Figure 14).
The stronger binding of Zn1 to O1, as opposed to Zn2 to O2,

pulled the N1 pyridine ring down slightly, giving the ligand a very
slight bow shape. This resulted in a centroid-to-centroid distance
between the pyridine rings of only 10.52(8) Å. There was a
H-bond between the H2O of crystallization and the water
coordinated to Zn1, with an O3�H 3 3 3O5 distance of
2.12(13) Å [corresponding to an O3�O5 distance of
2.697(13) Å]. The disorder of the C21�O2 hydroxymethyl
arm and one of the BF4

� counterions meant that no further
H-bonding could be characterized.
Comparison of Metal Complex X-ray Structures. X-ray

crystallography showed that the hydroxymethyl arms did not
interfere with the conformational change of the pym�hyz
linkages of 1 upon metal ion coordination. The 2:1 Pb(II)
complexes 2�4 all showed both hydroxymethyl arms were
bound to Pb(II) ions. These complexes were also the longest
of the linear complexes, with an average centroid-to-centroid
distance between the terminal pyridine rings of 14.09 Å. The 2:1
Zn(SO3CF3)2 complex 7 also had both hydroxymethyl arms
bound to Zn(II) ions, but had a shorter length of only 12.87 Å
due to its distinctly bowed shape. This shape was caused by the
difference in H-bonding between the H2O molecules bound to
opposite sides of the Zn(II) coordination spheres. The other 2:1
Zn(II) complex 8 was distorted such that the binding of the
hydroxymethyl arms varied from one bound to both bound.
Complex 8 had a linear shape, with a length of 13.21 Å.
Comparing the Pb(II) complexes 2 and 4, and the Zn(II)

complexes 7 and 8, showed that the choice of counterion had

Figure 12. View of the [Zn21(H2O)4]
4+ cation of complex 7 (crystallo-

graphic numbering). Thermal ellipsoids drawn at the 50% pro-
bability level.

Figure 13. (top) View of the H-bonding pattern, which holds the four
SO3CF3

� counterions around the [Zn21(H2O)4]
4+ cation of complex 7.

(bottom) View of the 2D sheet arrangement of [Zn21(H2O)4]
4+ cations

formed due to additional H-bonding between SO3CF3
� counterions,

and coordinated H2O molecules and hydroxymethyl arms on neighbor-
ing cations.

Figure 14. View of [Zn21(BF4)(CH3CN)(H2O)2]
3+ cation of com-

plex 8 showing the major component of the disordered hydroxymethyl
arm C21�O2 (crystallographic numbering). Thermal ellipsoids drawn
at the 50% probability level.
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little influence on the outcome of the complexation reactions.
Likewise, comparing 2 and 3, and 5 and 6, showed that solvent
also had little impact on the primary structure of the complexes.
The counterions and solvent molecules merely competed with
H2O to complete the coordination sphere of themetal ion bound
to 1. As a result, they did not affect the conformational change of
the ligand; however, the coordination of four H2O molecules to
the Zn(II) ions in complex 7 did affect the overall shape of the
complex molecule. The counterions mainly affected the stacking
arrangement of the complex molecules by providing H-bonding
donors and acceptors, which linked the complex molecules
together as 1D chains, such as complexes 3 and 4, or 2D
networks, such as complex 7. The molecules of complex 2 were
arranged as a 1D chain through H-bonding and anion�π
interactions, both involving ClO4

� anions.
As expected, 5 and 6 showed that it was possible to create a

[2 � 2] grid structure despite the coordination of the hydro-
xymethyl arms, if a large enough metal ion was used. The Pb(II)
ions in complexes 5 and 6 were eight coordinate, with bonds to
hydroxymethyl arms on both ligands and to a ClO4

� anion.
NMR spectroscopy showed that only the grid structure was
present in solution, ruling out formation of an unsymmetrical
mono-Pb(II) structure such as those seen when reacting Cu(II)
and 1 in a 1:1 ratio.11 Grid formation was possible with Pb(II)
due to its large coordination sphere, which allowed the eight
coordinate Pb(II) ions in complexes 5 and 6 to accommodate
two molecules of 1 despite coordination of the hydroxymethyl
arms to the Pb(II) ions. The coordination of the hydroxymethyl
arms did, however, cause a twist in the ligand backbone, which
resulted in individual grids of 5 and 6 being heavily distorted.
This is unlike the [2 � 2] grids, which have been made with
previous pym�hyz strands, and Pb(II) ions, which have had
square structures.2,14,19

Unfortunately, the solid-state structure of the 1:1 Pb-
(SO3CF3)2 complex could not be ascertained. Single crystals
were repetitively grown by slow diffusion of diethyl ether into
CH3CN solutions of the 1:1 Pb(SO3CF3)2 and 1mixture. These
crystals appeared to be of good quality and showed extinction
under polarized light; however, none were unable to produce an
X-ray diffraction pattern. The 1HNMR of the complex suggested
that its structure in solution was similar to that of the 1:1
Pb(ClO4)2 complex.
Although Zn(II) has been successfully used to form [2 � 2]

square grids with other pym�hyz strands,2,19 no such com-
plexes were produced from ligand 1 and Zn(SO3CF3)2 or
Zn(BF4)2 3H2O. The fact that addition of a one molar equiva-
lence of either of the Zn(II) salts to 1 did form a clear yellow
solution suggested that there was some initial interaction
between the Zn(II) ions and 1. However, the NMR results
suggested that no complexes were formed in solution, and the
ligand precipitated back out of the solution within minutes. The
lack of a [2� 2] grid complex is the result of the hydroxymethyl
arms preventing grid formation by saturating the smaller
coordination sphere of the Zn(II) ions. It is interesting though
that the 1:1 reaction did not produce either a mixture of the 2:1
complex and unreacted 1 or a 1:1 mono-Zn(II) complex similar
to those seen with Cu(II) ions.11

’CONCLUSION

Complexation of 1 with Pb(ClO4)2 3 3H2O on a 1:1 metal/
ligand ratio resulted in an unusually distorted [2 � 2] grid

structure both in solution and in the crystalline state, despite
coordination of the terminal hydroxymethyl arms of 1 to the
Pb(II) ion. This validated our hypothesis that grid formation was
possible with ligand 1, even with interference from donors on the
terminal pyridine rings of a pym�hyz strand, if a large enough
metal ion was used.

Pb(ClO4)2 3 3H2O, Pb(SO3CF3)2 3H2O, Zn(SO3CF3)2, and
Zn(BF4)2 were all successfully reacted with 1 in a 2:1 metal/
ligand ratio in CH3CN, resulting in linear complexes with both
pym�hyz bonds rotated to a cisoid conformation. The choice of
counterion or solvent had little influence on the primary struc-
ture of the complexes, only affecting the intermolecular interac-
tions by providing H-bonding donors and acceptors and by
affecting the packing arrangement of the complexes.

The range of complexes produced thus far shows that 1 is a
diverse ligand, which can bind to a wide variety of metal ions to
form grid structures as well as linear and mono coordinated bent
structures. Special consideration must be given to the size of the
metal ion used to generate the supramolecular structural out-
come that is desired. The formation of the Pb(II) [2 � 2] grid
structures shows that two molecules of 1 can bind to the same
ion, even with interference from the hydroxymethyl arms, as long
as a large enough metal ion is used. Therefore, the addition of
hydroxymethyl arms to the pym�hyz molecular strand has
bestowed on ligand 1 the ability to form various self-assembled
architectures, which are dependent on the metal ion used. In this
way, the addition of functional groups able to coordinate to metal
ions allows control of the self-assembly of pym�hyz complexes.
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