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A series of nanosized cavity-containing bipyrazolate-bridged metallomacrocycles with dimetal centers, namely,
{[(bpy)M]8L4}(NO3)8 [L ) 3,3′,5,5′-tetramethyl-4,4′-bipyrazolyl, Pd 1, Pt 2; 1,4-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene),
Pd 5; and 1,4-bis-4′-(3′,5′-dimethyl)-pyrazolylbiphenyl, Pd 9], {[(phen)M]8L4}(NO3)8 [L ) 3,3′,5,5′-tetramethyl-4,4′-
bipyrazolyl, Pd 3, Pt 4; 1,4-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene, Pd 7; and 1,4-bis-4′-(3′,5′-dimethyl)-
pyrazolylbiphenyl, Pd 11], {[(bpy)Pd]6L3}(NO3)6 [L ) 1,4-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene, 6, 10], {[(phen)-
Pd]6L3}(NO3)6 [L ) 1,4-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene, 8, 12], {[(bpy)Pd]4L2}(NO3)4 [L ) 1,3-bis-4′-(3′,5′-
dimethyl)-pyrazolylbenzene, 13, and 1,2-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene, 15], and {[(phen)Pd]4L2}(NO3)4

[L ) 1,3-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene, 14, and 1,2-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene, 16] (where
bpy ) 2,2′-bipyridine and phen ) 1,10-phenanthroline) have been synthesized through a directed self-assembly
approach that involves spontaneous deprotonation of the 1H-bipyrazolyl ligands in aqueous solution. These complexes,
with weak Pd(II)‚‚‚Pd(II) or Pt(II)‚‚‚Pt(II) interactions, have been characterized by elemental analysis, 1H and 13C
NMR, cold-spray ionization or electrospray ionization mass spectrometry, UV−visible spectroscopy, and luminescence
spectroscopy. Complexes 1, 3, 5, 6, 14, and 15 have also been characterized by single-crystal X-ray diffraction
analysis.

Introduction

Over the past decade, the synthetic approach via metal-
directed self-assembly1-3 has led to the rapid development

of supramolecular coordination compounds with a variety
of geometrically and topologically elegant structures such
as molecular triangles,3,4,6-8 squares and rectangles,3,5-10

pentagons and hexagons,11 bowls and cages,12 cuboctahedra
and dodecahedra,13 helicates, grids, catenanes, nanotubes and
polytubes,14 and so on. These metallosupramolecular systems
have displayed attractive properties in molecular recognition
and catalysis,3,6,12,13redox activity,3,9,10magnetism, lumines-
cence, and electron transfer.9,10,15 Recently, we have been
interested in the design and self-assembly of structurally and
functionally new metallomacrocycles, such as molecular
bowls, capsules, crowns, and baskets, that function as anion
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receptors and for molecular encapsulation.3b,12,16However,
it remains a great challenge to make an appropriate choice
of coordination motifs as building blocks for de novo design
to control the “retro-assembly (synthesis) analysis” approach
to nanoscale inorganic supramolecular self-assembly. By far,
most of the metallosupramolecular systems have been built
upon only a few kinds of coordination motifs, namely, the

motifs of uncoordinated (naked) single metal ions with a
variety of chelating ligands, which have been comprehen-
sively developed by Lehn, Sauvage, Saalfrank, and Ray-
mond, whereas the precoordinated or uncoordinated square-
planar Pd(II) or Pt(II) has been introduced by Fujita and
Stang and the octahedral Re(I) has been introduced by Hupp
with monodentate ligands such as bi- or polypyridines. Since
1999, Cotton and co-workers have pioneered the utilization
of metal-metal-bonded dimetal units as corners and the
bidentate ligands, such as di- or polycarboxylate,3e as linkers
for well-defined finite molecular architecture.

In our search for new coordination motifs with specific
functions, we noticed that the versatile ligands, 1H-bipyra-
zoles, could be good alternatives for the widely used
carboxylates or other bidentate chelating ligands in binding
dimetal centers. In view of the variety of potential applica-
tions of pyrazolate-bridged multi-metal coordination com-
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pounds in catalysis, biological mimicry, magnetic coupling,
electron transfer, and photophysical studies,17-22 we have
started the self-assembly of metallomacrocycles with bi- or
polypyrazolyl ligands.23 To the best of our knowledge, only
a handful of dinuclear or polynuclear palladium(II) or
platinum(II) complexes with simple pyrazolate-bridged ligands
have been documented in the literature so far.21 Similarly,
the 1H-bipyrazoles have rarely been utilized in molecular
self-assembly to date,23 although some infinite solid struc-
tures24 formed through hydrogen bonding and coordination
have recently been reported in the field of crystal engineering.
Furthermore, the use of bipyrazolate-linked dimetal centers
in the preparation of metallomacrocyclic molecular archi-
tectures has not been reported to date.

Here we describe the solution self-assembly and structural
characterization of a series of metallomacrocyclic complexes
with dipalladium(II) or diplatinum(II) centers and bipyra-
zolate dianion linkers. These molecular assemblies have been
intensively studied by NMR spectroscopy, by electrospray
ionization mass spectrometry (ESI-MS) or cold-spray ioniza-
tion mass spectrometry (CSI-MS)25 in solution and by X-ray
crystallographic analysis in the solid state. The photophysical
properties (electronic absorption and luminescence) of the
complexes in solution have also been discussed. Furthermore,
the spontaneous deprotonation of 1H-bipyrazoles in the
solution self-assembly processes has been investigated by

NMR and pH-coordination titration, which represents a facile
approach from mononuclear coordination compounds to
supramolecular architectures with dimetal coordination mo-
tifs.

Experimental Section

Materials. Potassium hexafluorophosphate (99%) and sodium
tetrafluoroborate (99%) were purchased from Acros Organics and
used without further purification. Methanol for photophysical
experiments was of spectroscopic grade. All other chemicals and
solvents were of reagent grade and were purified according to
conventional methods.26 The compounds (bpy)Pd(NO3)2, (bpy)Pt-
(NO3)2, (phen)Pd(NO3)2, and (phen)Pt(NO3)2 (where bpy) 2,2′-
bipyridine and phen) 1,10-phenanthroline) were prepared accord-
ing to literature procedures.27,28 The bipyrazole ligands 3,3′,5,5′-
tetramethyl-4,4′-bipyrazolyl (H2L1),29 1,4-bis-4′-(3′,5′-dimethyl)-
pyrazolylbenzene (H2L2),30 1,4-bis-4′-(3′,5′-dimethyl)-pyrazolyl-
biphenyl (H2L3),30 1,3-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene
(H2L4),30 and 1,2-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene (H2L5)30

were synthesized according to the published methods.
Instrumentation. 1H and13C NMR experiments were performed

on a Bruker DMX300, a Bruker Avance DMX400, and a Bruker
DMX500 spectrometer using tetramethylsilane (TMS) as an internal
standard. CSI-MS spectra were recorded with a four-sector (BE/
BE) tandem mass spectrometer (JMS-700T, JEOL) equipped with
a CSI source. ESI-MS measurements were performed with an
HP5989B mass spectrometer. Elemental analyses were performed
on a Thermoquest Flash EA 1112 instrument. UV-visible absorp-
tion spectra were obtained on a Shimadzu UV-1601 PC spectro-
photometer. Luminescence spectra were measured on a Hitachi
F-4500 fluorescence spectrophotometer. The pH titration experi-
ments were performed on a Hanna pH 211 microprocessor-based
bench pH/mV/°C meter.

Synthesis. Two of the bipyrazole ligands, 1,4-bis-4′-(3′,5′-
dimethyl)-pyrazolylbiphenyl (H2L3) and 1,3-bis-4′-(3′,5′-dimethyl)-
pyrazolylbenzene (H2L4), are new compounds and were synthesized
using a method similar to that employed for the other known
ligands.30

1,4-Bis-4′-(3′,5′-dimethyl)-pyrazolylbiphenyl (H 2L3). Mp >300
°C. 1H NMR (300 MHz, DMSO-d6, 25 °C, TMS, ppm): 12.30 (br
s, 2H, NH), 7.73 (d,J ) 8.3 Hz, 4H), 7.39 (d,J ) 8.2 Hz, 4H),
2.27 (s, 12H, CH3). Anal. Calcd for C22H22N4 (%): C, 77.16; H,
6.48; N, 16.36. Found: C, 76.68; H, 6.74; N, 16.21.

1,3-Bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene) (H2L4). Mp 230
°C. 1H NMR (400 MHz, DMSO-d6, 25 °C, TMS, ppm): 12.30 (br
s, 2H, NH), 7.40 (t,J ) 7.5 Hz, 1H, Ar-H5), 7.14 (d,J ) 7.5 Hz,
2H, Ar-H4,6), 7.13 (s, 1H, Ar-H2), 2.21 (s, 12H, CH3). 13C NMR
(100.6 MHz, DMSO-d6, δ): 134.6, 129.4, 129.0, 126.5, 117.3,
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11.8-12.3 (br, s). Anal. Calcd for C16H18N4 (%): C, 72.15; H,
6.81; N, 21.04. Found: C, 71.71; H, 6.92; N, 21.16.

{[(bpy)Pd]8L1
4}(NO3)8 (1). (bpy)Pd(NO3)2 (92.8 mg, 0.24 mmol)

was added to a suspension of H2L1 (22.8 mg, 0.12 mmol) in H2O
(12 mL), and the mixture was stirred for 2 h atroom temperature.
The resulting clear yellow solution was evaporated to dryness to
give a yellow solid. Pure1, as a microcrystalline yellow solid, was
obtained by the vapor diffusion of diethyl ether into a 2 mMsolution
of 1 in methanol at room temperature. Yield: 99.5 mg (99%).1H
NMR (400 MHz, acetone-d6/D2O ) 2:1, 25°C, TMS, ppm): 8.65
(d, J ) 8.2 Hz, 8H), 8.61 (d,J ) 8.2 Hz, 8H), 8.54 (d,J ) 5.3 Hz,
8H), 8.43-8.52 (m, 24H), 7.83 (t,J ) 6.4 Hz, 8H), 7.78 (t,J )
6.3 Hz, 8H), 2.50 (s, 24H, CH3), 2.14 (s, 24H, CH3). 13C NMR
(150.9 MHz, acetone-d6/D2O ) 2:1, 25°C, ppm): 157.7, 152.3,
151.5, 150.3, 144.1, 129.9, 125.7, 112.9, 13.8 (CH3). UV/visible
(methanol,ε, M-1 cm-1, λmax, nm): 237 (181 900), 309 (87 220),
321 (sh, 71 830), 364 (8930), 383 (sh, 4800). Emission (methanol,
λmax, nm): 407. Anal. Calcd for C120H112N40O24Pd8‚4H2O (%): C,
42.12; H, 3.53; N, 16.37. Found: C, 42.07; H, 3.68; N, 16.26. CSI-
MS (methanol, m/z): 1612.4 [1 - 2NO3

-]2+, 1054.1 [1 -
3NO3

-]3+, 774.9 [1 - 4NO3
-]4+, 608.2 [1 - 5NO3

-]5+, 495.8
[1 - 6NO3

-]6+, 416.4 [1 - 7NO3
-]7+, 357.1 [1 - 8NO3

-]8+.

The BF4
- salt of1 (1a) was obtained by adding a 10-fold excess

of NaBF4 to its aqueous solution at 60°C, which resulted in the
immediate deposition of1aas yellow microcrystals in quantitative
yield. The crystals were filtered, washed with a minimum amount
of cold water, and dried under vacuum.1H NMR (400 MHz, CD3-
CN, 25°C, ppm): 8.39 (d,J ) 7.9 Hz, 8H), 8.35 (d,J ) 7.6 Hz,
8H), 8.23-8.32 (m, 24H), 8.20 (d,J ) 5.4 Hz, 8H), 7.71 (t,J )
6.6 Hz, 8H), 7.64 (t,J ) 6.5 Hz, 8H), 2.36 (s, 24H, CH3), 2.16 (s,
24H, CH3). Anal. Calcd for C120H112N32B8F32Pd8‚10H2O (%): C,
38.66; H, 3.57; N, 12.02. Found: C, 38.42; H, 3.42; N, 12.17. X-ray
quality crystals were grown by the vapor diffusion of diethyl ether
into a 1.0 mM solution of1a in acetonitrile at room temperature.

{[(bpy)Pt]8L1
4}(NO3)8 (2). (bpy)Pt(NO3)2 (90.1 mg, 0.20 mmol)

was added to a suspension of H2L1 (19.0 mg, 0.10 mmol) in H2O
(10 mL), and the mixture was stirred for 24 h at 90°C. The resulting
clear yellow solution was evaporated to dryness to give a yellow
solid. Pure2, as a microcrystalline yellow solid, was obtained by
the same method as used for1. Yield: 100.5 mg (99%).1H NMR
(400 MHz, acetone-d6/D2O ) 2:1, 25°C, TMS, ppm): 8.88 (d,J
) 5.5 Hz, 8H), 8.82 (d,J ) 5.5 Hz, 8H), 8.68 (d,J ) 7.8 Hz, 8H),
8.61 (d,J ) 8.2 Hz, 8H), 8.56 (t,J ) 7.5 Hz, 8H), 8.50 (t,J ) 7.9
Hz, 8H), 7.92 (t,J ) 6.6 Hz, 8H), 7.88 (t,J ) 6.9 Hz, 8H), 2.50
(s, 24H, CH3), 2.04 (s, 24H, CH3). UV/visible (methanol,ε, M-1

cm-1, λmax, nm): 247 (114 580), 311 (69 430), 321 (68 830), 363
(21 780), 420 (sh, 3650). Emission (methanol,λmax, nm): 406. Anal.
Calcd for C120H112N40O24Pt8‚12H2O (%): C, 33.71; H, 3.21; N,
13.10. Found: C, 33.45; H, 3.13; N, 13.18. ESI-MS (methanol,
m/z): 1290.9 [2 - 3NO3

-]3+, 952.7 [2 - 4NO3
-]4+, 749.8 [2 -

5NO3
-]5+, 614.5 [2 - 6NO3

-]6+.

{[(phen)Pd]8L1
4}(NO3)8 (3). The same procedure as employed

for 1 was followed for the synthesis of3, except that (phen)Pd-
(NO3)2 (98.6 mg, 0.24 mmol) was used as the starting material.
Yield: 103.1 mg (97%).1H NMR (400 MHz, acetone-d6/D2O )
2:1, 25°C, TMS, ppm): 9.07 (d,J ) 8.3 Hz, 8H), 8.98 (d,J ) 5.2
Hz, 8H), 8.94 (d,J ) 8.4 Hz, 8H), 8.90 (d,J ) 5.3 Hz, 8H), 8.36
(s, 8H), 8.21 (dd,J1 ) 8.4 Hz,J2 ) 5.4 Hz, 8H), 8.20 (s, 8H), 8.12
(dd, J1 ) 8.4 Hz,J2 ) 5.4 Hz, 8H), 2.71 (s, 24H, CH3), 2.28 (s,
24H, CH3). 13C NMR (150.9 MHz, acetone-d6/D2O ) 2:1, 25°C,
ppm): 153.6, 152.1, 150.9, 1748.3, 147.9, 142.8, 132.4, 129.5,
128.3, 113.2, 14.1 (CH3). UV/visible (methanol,ε, M-1 cm-1, λmax,

nm): 222 (411 320), 275 (261 240), 353 (31 420), 383 (sh, 12 540).
Emission (methanol,λmax, nm): 417. Anal. Calcd for C136H112N40O24-
Pd8‚8H2O (%): C, 44.31; H, 3.77; N, 15.20. Found: C, 44.26; H,
3.62; N, 15.07. CSI-MS (methanol,m/z): 1709.1 [3 - 2NO3

-]2+,
1118.5 [3 - 3NO3

-]3+, 823.2 [3 - 4NO3
-]4+, 646.3 [3 -

5NO3
-]5+, 527.7 [3 - 6NO3

-]6+, 443.6 [3 - 7NO3
-]7+, 380.6

[3 - 8NO3
-]8+.

The PF6- salt of 3 (3a) was prepared by exchange with a 10-
fold excess of KPF6 in aqueous solution.1H NMR (400 MHz, CD3-
CN, 25 °C, ppm): 8.89 (dd,J1 ) 8.3 Hz,J2 ) 1.1 Hz, 8H), 8.68
(dd, J1 ) 8.3 Hz,J2 ) 1.1 Hz, 8H), 8.65 (dd,J1 ) 5.3 Hz,J2 )
1.1 Hz, 8H), 8.50 (dd,J1 ) 5.3 Hz,J2 ) 1.1 Hz, 8H), 8.22 (s, 8H),
8.03 (dd,J1 ) 8.3 Hz,J2 ) 5.3 Hz, 8H), 8.00 (s, 8H), 7.87 (dd,J1

) 8.3 Hz, J2 ) 5.3 Hz, 8H), 2.55 (s, 24H, CH3), 2.08 (s, 24H,
CH3). Anal. Calcd for C136H112N32P8F48Pd8 (%): C, 38.84; H, 2.68;
N, 10.66. Found: C, 38.47; H, 2.67; N, 10.75. X-ray quality crystals
were grown by the vapor diffusion of diethyl ether into a 1.0 mM
solution of3a in acetonitrile at room temperature.

{[(phen)Pt]8L1
4}(NO3)8 (4). The same procedure as employed

for 2 was followed for the synthesis of4, except that (phen)Pt-
(NO3)2 (99.9 mg, 0.20 mmol) was used as the starting material.
Yield: 104.2 (98%).1H NMR (400 MHz, acetone-d6/D2O ) 2:1,
25 °C, TMS, ppm): 9.31 (d,J ) 5.1 Hz, 8H), 9.22 (d,J ) 5.1 Hz,
8H), 9.15 (d,J ) 8.3 Hz, 8H), 9.02 (d,J ) 8.3 Hz, 8H), 8.39 (s,
8H), 8.27 (dd,J1 ) 8.1 Hz,J2 ) 5.6 Hz, 8H), 8.25 (s, 8H), 8.16
(dd, J1 ) 8.1 Hz,J2 ) 5.3 Hz, 8H), 2.71 (s, 24H, CH3), 2.18 (s,
24H, CH3). UV/visible (methanol,ε, M-1 cm-1, λmax, nm): 225
(251 760), 276 (204 320), 361 (26 680), 372 (29 060), 420 (sh,
2680). Emission (methanol,λmax, nm): 417. Anal. Calcd for
C136H112N40O24Pt8‚8H2O (%): C, 37.16; H, 2.94; N, 12.75.
Found: C, 37.02; H, 2.86; N, 12.58. ESI-MS (methanol,m/z):
1355.0 [4 - 3NO3

-]3+, 1000.7 [4 - 4NO3
-]4+, 788.2 [4 -

5NO3
-]5+, 646.5 [4 - 6NO3

-]6+.

{[(bpy)Pd]8L2
4}(NO3)8 (5) and {[(bpy)Pd]6L2

3}(NO3)6 (6).
(bpy)Pd(NO3)2 (85.1 mg, 0.22 mmol) was added to a suspension
of H2L2 (29.3 mg, 0.11 mmol) in H2O (10 mL) and acetone (1
mL), and the mixture was stirred for 2 h atroom temperature. The
resulting clear yellow solution was evaporated to dryness to give a
yellow solid. This was identified by NMR spectroscopy as a mixture
of 5 and6 (80:20). Pure6, as yellow thick needlelike crystals, was
separated by repeated recrystallizations through the vapor diffusion
of diethyl ether into a 2 mMsolution of the mixture in methanol at
room temperature, and the residual villiform crystals were pure5.
5. Yield: 80.4 mg (80%).1H NMR (400 MHz, acetone-d6/D2O )
1:10, 25°C, TMS, ppm): 8.68 (d,J ) 8.5 Hz, 16H, bpy-H6,6′),
8.51 (t, J ) 8.0 Hz, 16H, bpy-H5,5′), 8.47 (d,J ) 5.5 Hz, 16H,
bpy-H3,3′), 7.87 (t,J ) 6.7 Hz, 16H, bpy-H4,4′), 7.50 (s, 16H, Ar-
H), 2.64 (s, 48H, CH3). 13C NMR (75.5 MHz, acetone-d6/D2O )
1:10, 25°C, ppm): 155.2, 149.6, 145.8, 141.3, 129.8, 127.7, 127.0,
123.0, 119.3, 11.6 (CH3). CSI-MS (methanol,m/z): 1765.7 [5 -
2NO3

-]2+, 1156.4 [5 - 3NO3
-]3+, 851.7 [5 - 4NO3

-]4+, 669.0
[5 - 5NO3

-]5+, 547.7 [5 - 6NO3
-]6+, 461.0 [5 - 7NO3

-]7+, 394.8
[5 - 8NO3

-]8+. Anal. Calcd for C144H128N40O24Pd8‚8H2O (%): C,
45.53; H, 3.82; N, 14.75. Found: C, 45.69; H, 4.01; N, 14.89.6.
Yield: 20.1 mg (20%).1H NMR (400 MHz, acetone-d6/D2O )
1:10, 25°C, TMS, ppm): 8.68 (d,J ) 8.1 Hz, 12H, bpy-H6,6′),
8.60 (d,J ) 5.3 Hz, 12H, bpy-H3,3′), 8.52 (t,J ) 7.9 Hz, 12H,
bpy-H5,5′), 7.89 (t,J ) 6.6 Hz, 12H, bpy-H4,4′), 7.38 (s, 12H, Ar-
H), 2.62 (s, 36H, CH3). 13C NMR (100.6 MHz, CD3OD, 25 °C,
ppm): 156.9, 150.8, 149.1, 142.1, 131.4, 129.1, 127.9, 124.0, 121.3,
12.1 (CH3). CSI-MS (methanol,m/z): 1308.1 [6 - 2NO3

-]2+, 851.4
[6 - 3NO3

-]3+, 622.8 [6 - 4NO3
-]4+, 485.8 [6 - 5NO3

-]5+, 394.9
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[6 - 6NO3
-]6+. Anal. Calcd for C108H96N30O18Pd6‚6H2O (%): C,

45.54; H, 3.82; N, 14.75. Found: C, 45.59; H, 3.81; N, 14.97.
The PF6- salts of5 and6 (5aand6a) were prepared by exchange

with a 10-fold excess of KPF6 in aqueous solution.5a. 1H NMR
(400 MHz, CD3CN, 25°C, ppm): 8.40 (t,J ) 8.2 Hz, 16H, bpy-
H6,6′), 8.33 (d,J ) 6.6 Hz, 16H, bpy-H5,5′), 8.23 (d,J ) 5.4 Hz,
16H, bpy-H3,3′), 7.73 (t,J ) 6.7 Hz, 16H, bpy-H4,4′), 7.51 (s, 16H,
Ar-H), 2.56 (s, 48H, CH3). Anal. Calcd for C144H128N32P8F48-
Pd8‚6H2O‚3CH3CN (%): C, 39.60; H, 3.30; N, 10.78. Found: C,
39.64; H, 3.19; N, 10.65.6a. 1H NMR (400 MHz, CD3CN, 25°C,
ppm): 8.30-8.50 (m, 36H), 7.70 (t,J ) 6.7 Hz, 12H, bpy-H4,4′),
7.32 (s, 12H, Ar-H), 2.53 (s, 36H, CH3). Anal. Calcd for
C108H96N24P6F36Pd8‚4H2O (%): C, 39.18; H, 3.17; N, 10.15.
Found: C, 39.01; H, 3.07; N, 10.16. X-ray quality crystals were
grown by the vapor diffusion of diethyl ether into a 1.0 mM solution
of the PF6- salts of5a or 6a in acetonitrile at room temperature.

{[(phen)Pd]8L2
4}(NO3)8 (7) and {[(phen)Pd]6L2

3}(NO3)6 (8).
The same procedure as employed for5 and6 was followed for the
synthesis of7 and8, except that (phen)Pd(NO3)2 (90.4 mg, 0.22
mmol) was used as the starting material. The resulting yellow solid
was identified by NMR spectroscopy as a mixture of7 and8 (75:
25). Pure8 (yellow needles) and7 (villiform crystals) could be
separated using a similar method as for6 and5. 7. Yield: 79.4 mg
(75%).1H NMR (400 MHz, acetone-d6/D2O ) 1:10, 25°C, TMS,
ppm): 9.07 (d,J ) 8.3 Hz, 16H, phen-H2,9), 8.89 (d,J ) 5.2 Hz,
16H, phen-H4,7), 8.35 (s, 16H, phen-H5,6), 8.20 (dd,J1 ) 8.2 Hz,
J2 ) 5.3 Hz, 16H, phen-H3,8), 7.64 (s, 16H, Ar-H), 2.79 (s, 48H,
CH3). 13C NMR (100.6 MHz, acetone-d6/D2O ) 1:10, 25 °C,
ppm): 150.3, 146.3, 145.5, 140.1, 129.8, 129.6, 127.8, 126.6, 125.3,
119.4, 11.0 (CH3). CSI-MS (methanol,m/z): 1220.3 [7 - 3NO3

-]3+,
899.5 [7 - 4NO3

-]4+, 707.0 [7 - 5NO3
-]5+, 578.5 [7 - 6NO3

-]6+.
Anal. Calcd for C160H128N40O24Pd8‚10H2O (%): C, 47.73; H, 3.71;
N, 13.91. Found: C, 47.65; H, 3.86; N, 13.55.8. Yield: 26.5 mg
(25%).1H NMR (400 MHz, acetone-d6/D2O ) 1:10, 25°C, TMS,
ppm): 9.08 (d,J ) 8.3 Hz, 12H, phen-H2,9), 9.00 (d,J ) 5.1 Hz,
12H, phen-H4,7), 8.36 (s, 12H, phen-H5,6), 8.21 (dd,J1 ) 8.1 Hz,
J2 ) 5.5 Hz, 12H, phen-H3,8), 7.50 (s, 12H, Ar-H), 2.76 (s, 36H,
CH3). 13C NMR (100.6 MHz, CD3OD, 25°C, ppm): 151.4, 149.5,
147.2, 140.8, 131.4, 131.0, 129.2, 127.6, 126.2, 121.4, 12.3 (CH3).

CSI-MS (methanol,m/z): 1380.5 [8 - 2NO3
-]2+, 899.7 [8 -

3NO3
-]3+, 659.0 [8 - 4NO3

-]4+, 515.0 [8 - 5NO3
-]5+, 418.7

[8 - 6NO3
-]6+. Anal. Calcd for C120H96N30O18Pd6‚6H2O (%): C,

48.16; H, 3.64; N, 14.04. Found: C, 48.21; H, 3.56; N, 14.14.

{[(bpy)Pd]8L3
4}(NO3)8 (9) and {[(bpy)Pd]6L3

3}(NO3)6 (10).
Reaction of (bpy)Pd(NO3)2 (46.4 mg, 0.12 mmol) and H2L3 (20.5
mg, 0.06 mmol) in H2O/acetone (10:1 mL) for 12 h at 50°C
afforded a mixture of9 and 10 (47:53) as a yellow solid. All

Table 1. Crystallographic Data for Complexes1a, 3a, 5a, 6a, 14a, and15

1a‚8H2O 3a‚13H2O 5a‚6CH3CN‚6H2O 6a‚16H2O 14a‚12H2O 15‚8H2O

empirical
formula

C120H128B8F32

N32O8Pd8

C136H138F48N32

O13P8Pd8

C156H158F48N38

O6P8Pd8

C108H128F36N24

O16P6Pd6

C80H88F24N16

O12P4Pd4

C72H80N20O20

Pd4

fw 3692.22 4439.74 4672.16 3526.56 2471.14 1971.16
cryst syst,

space group
monoclinic,

C2/c
monoclinic,

P2/c
triclinic,

P1h
orthorhombic,

Pnma
orthorhombic,

Pnma
orthorhombic,

Ibam
a, Å 19.493(5) 18.398(16) 12.454(2) 20.228(4) 23.444(6) 18.463(4)
b, Å 38.151(4) 20.61(2) 22.437(4) 32.832(6) 38.640(9) 20.759(4)
c, Å 25.291(7) 31.038(16) 27.684(5) 26.962(5) 13.633(3) 22.208(4)
R, deg 90.00 90.00 77.492(4) 90.00 90.00 90.00
â, deg 110.948(4) 117.59(3) 78.918(4) 90.00 90.00 90.00
γ, deg 90.00 90.00 82.733(4) 90.00 90.00 90.00
V, Å3 17 565(7) 10 431(15) 7382(2) 17 906(6) 12 350(5) 8512(3)
Z 4 2 1 4 4 4
Fcalcd, g cm-3 1.396 1.414 1.051 1.308 1.329 1.538
µ, mm-1 0.886 0.831 0.589 0.732 0.712 0.910
F(000) 7328 4404 2328 7048 4944 3984
transm range 0.75-0.80 0.77-0.82 0.87-0.89 0.81-0.85 0.81-0.84 0.77-0.85
θ range, deg 1.72-26.00 0.99-26.00 1.87-25.50 0.98-28.00 1.81-26.00 1.48-26.00
no. data 17 249 20 528 26 855 21 633 12 268 4302
no. params 1004 1204 1260 1031 728 282
GOFa 1.052 0.981 1.046 0.992 1.065 1.089
R1, wR2 [I > 2σ(I)]b 0.0504, 0.1134 0.0528, 0.1069 0.0639, 0.1575 0.0639, 0.1224 0.0615, 0.1076 0.0559, 0.1143
R1, wR2 (all data)b 0.0720, 0.1186 0.0794, 0.1121 0.0958, 0.1660 0.1053, 0.1297 0.0958, 0.1134 0.0802, 0.1195

a GOF ) {∑[w(Fo
2 - Fc

2)2]/(n - p)}1/2, wheren andp denote the number of data points and the number of parameters, respectively.b R1 ) (∑||Fo| -
|Fc||)/∑|Fo|; wR2 ) {∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2]}1/2, wherew ) 1/[σ2(Fo
2) + (aP)2 + bP] and P ) [max(0,Fo

2) + 2Fc
2]/3.
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attempts to separate the mixture by repeated recrystallizations were
unsuccessful as a result of the poor solubility of the compounds.
Yield: 58.8 mg (99%).1H NMR (400 MHz, DMSO-d6, 25 °C,
TMS, ppm): 8.76 (d,J ) 8.3 Hz, bpy-H6,6′), 8.48 (t,J ) 7.3 Hz,
bpy-H5,5′), 8.37 [d,J ) 5.1 Hz, bpy-H3,3′ (10)], 8.45 [d, J ) 4.9
Hz, bpy-H3,3′ (9)], 7.7-7.9 (m, bpy-H4,4′ and biPh-H), 7.53 [d,J )
7.7 Hz (9)], 7.42 [d,J ) 8.0 Hz (10)], 2.54 [s, 48H, CH3 (9)], 2.52
[s, 36H, CH3 (10)]. CSI-MS (methanol,m/z): 1422.7 [10 -
2NO3

-]2+, 1258.0 [9 - 3NO3
-]3+, 928.2 [9 - 4NO3

-]4+ and
[10 - 3NO3

-]3+, 730.0 [9 - 5NO3
-]5+, 680.4 [10 - 4NO3

-]4+,
598.2 [9 - 6NO3

-]6+, 531.9 [10 - 5NO3
-]5+, 503.6 [9 -

7NO3
-]7+, 433.0 [9 - 8NO3

-]8+ and [10 - 6NO3
-]6+.

{[(phen)Pd]8L3
4}(NO3)8 (11) and{[(phen)Pd]6L3

3}(NO3)6 (12).
The same procedure as employed for9 and10 was followed for
the synthesis of11 and12, except that (phen)Pd(NO3)2 (49.3 mg,
0.12 mmol) was used as the starting material, which afforded a
mixture of 11 and12 (47:53). The pure compounds of11 and12
also cannot be isolated by repeated recrystallizations as a result of
their poor solubility. Yield: 61.6 mg (99%).1H NMR (400 MHz,
DMSO-d6, 25 °C, TMS, ppm): 9.07 (d,J ) 8.0 Hz, phen-H2,9),
8.76 [d,J ) 5.0 Hz, phen-H4,7 (12)], 8.65 [d, J ) 4.7 Hz, phen-
H4,7 (11)], 8.36 (s, phen-H5,6), 8.14 (dd,J1 ) 8.1, J2 ) 5.4 Hz,
phen-H3,8), 7.90 [d,J ) 8.2 Hz (12)], 7.81 [d, J ) 8.0 Hz (11)],
7.63 [d,J ) 8.1 Hz (11)], 7.50 [d,J ) 8.1 Hz (12)], 2.66 [s, CH3

(11)], 2.64 [s, CH3 (12)]. ESI-MS (methanol,m/z): 975.1 [11 -
4NO3

-]4+ and [12 - 3NO3
-]3+, 768.1 [11 - 5NO3

-]5+, 716.3
[12 - 4NO3

-]4+, 629.8 [11 - 6NO3
-]6+, 560.3 [12 - 5NO3

-]5+,
531.1 [11- 7NO3

-]7+, 456.6 [11- 8NO3
-]8+ and [12- 6NO3

-]6+.
{[(bpy)Pd]4L4

2}(NO3)4 (13). Similar to the above procedures,
a reaction of (bpy)Pd(NO3)2 (92.8 mg, 0.24 mmol) and H2L4 (32.0
mg, 0.12 mmol) in H2O/acetone (8:4 mL) for 2 h yielded13. Pure
13, as a microcrystalline yellow solid, was obtained by recrystal-
lizing from acetone and water. Yield: 106.3 mg (97%).1H NMR
(400 MHz, acetone-d6/D2O ) 1:1, 25°C, TMS, ppm): 8.63 (2d,J
) 6.4 Hz, 16H, bpy-H6,6′ and H3,3′), 8.51 (t,J ) 8.2 Hz, 8H, bpy-
H5,5′), 7.88 (t,J ) 6.7 Hz, 8H, bpy-H4,4′), 7.65 (t,J ) 7.7 Hz, 2H,

Ar-H5), 7.40 (dd,J1 ) 7.7 Hz,J2 ) 1.4 Hz, 4H, Ar-H4,6), 6.59
(br s, 2H, Ar-H2), 2.61 (s, 24H, CH3). 13C NMR (100.6 MHz,
acetone-d6/D2O ) 1:1, 25°C, TMS, ppm): 156.3, 150.7, 149.7,
142.6, 133.1, 131.3, 129.4, 128.6, 127.1, 124.2, 121.1, 12.4 (CH3).
Anal. Calcd for C72H64N20O12Pd4‚3H2O(%): C, 45.97; H, 3.75; N,
14.89. Found: C, 46.06; H, 3.72; N, 14.93. The PF6

- salt, 13a,
was prepared by exchange with a 10-fold excess of KPF6 in aqueous
solution. CSI-MS (CH3CN, m/z): 934.1 [13a - 2PF6

-]2+, 574.4
[13a - 3PF6

-]3+, 394.6 [13a - 4PF6
-] 4+.

{[(phen)Pd]4L4
2}(NO3)4 (14).The same procedure as employed

for 13 was followed for the synthesis of14, except that (phen)Pd-
(NO3)2 (98.6 mg, 0.24 mmol) was used as the starting material.
Yield: 114.2 mg (99%).1H NMR (400 MHz, acetone-d6/D2O )
1:1, 25°C, TMS, ppm): 9.06 (d,J ) 8.4 Hz, 8H, phen-H2,9), 9.01
(d, J ) 5.3 Hz, 8H, phen-H4,7), 8.34 (s, 8H, phen-H5,6), 8.18 (dd,
J1 ) 8.4 Hz,J2 ) 5.3 H, 8H, phen-H3,8), 7.70 (t,J ) 7.7 Hz, 2H,
Ar-H5), 7.50 (dd,J1 ) 7.7 Hz,J2 ) 1.4 Hz, 4H, Ar-H4,6), 6.70
(br s, 2H, Ar-H2), 2.72 (s, 24H, CH3). 13C NMR (75.5 MHz,
acetone-d6/D2O ) 1:1, 25°C, TMS, ppm): 151.4, 150.0, 146.5,
141.1, 133.0, 131.4, 130.6, 129.3, 127.7, 127.1, 126.4, 121.2, 12.4
(CH3). Anal. Calcd for C80H64N20O12Pd4‚2H2O(%): C, 49.04; H,
3.50; N, 14.30. Found: C, 48.96; H, 3.64; N, 14.42. The PF6

- salt
of 14 (14a) was prepared by exchange with a 10-fold excess of
KPF6 in aqueous solution. CSI-MS (CH3CN, m/z): 982.1 [14a -
2PF6

-]2+, 606.4 [14a - 3PF6
-]3+, 418.8 [14a - 4PF6

-]4+. X-ray
quality crystals were grown by the vapor diffusion of diethyl ether
into a 1.0 mM solution of14a in acetonitrile.

{[(bpy)Pd]4L5
2}(NO3)4 (15). The same procedure as employed

for 13 was followed for the synthesis of15, except that H2L5 (32.0
mg, 0.12 mmol) was used as the starting material. Yield: 108.5
mg (99%).1H NMR (400 MHz, acetone-d6/D2O ) 1:1, 25°C, TMS,
ppm): 8.62 (d,J ) 7.8 Hz, 8H, bpy-H6,6′), 8.47 (t,J ) 7.8 Hz,
8H, bpy-H5,5′), 8.28 (d,J ) 5.2 Hz, 8H, bpy-H3,3′), 7.85 (t,J ) 5.2
Hz, 8H, bpy-H4,4′), 7.59 (m, 4H, Ar-H), 7.53 (m, 4H, Ar-H), 2.29
(s, 24H, CH3). 13C NMR (100.6 MHz, acetone-d6/D2O ) 1:1, 25
°C, TMS, ppm): 156.5, 150.8, 146.8, 142.7, 134.2, 133.3, 128.3,

Scheme 1
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128.0, 124.3, 121.7, 12.6 (CH3). Anal. Calcd for C72H64N20O12-
Pd4‚2H2O(%): C, 46.42; H, 3.68; N, 15.04. Found: C, 46.41; H,
3.88; N, 14.90. X-ray quality crystals were grown by the vapor
diffusion of diethyl ether into a 1.0 mM solution of15 in methanol.

{[(phen)Pd]4L5
2}(NO3)4 (16).The same procedure as employed

for 13 was followed for the synthesis of16, except that (phen)Pd-
(NO3)2 (98.6 mg, 0.24 mmol) was used as the starting material.
Yield: 111.9 mg (97%).1H NMR (400 MHz, acetone-d6/D2O )
1:1, 25°C, TMS, ppm): 9.02 (dd,J1 ) 8.4 Hz,J2 ) 1.0 Hz, 8H,
phen-H2,9), 8.70 (dd,J1 ) 5.3 Hz, J2 ) 1.0 Hz, 8H, phen-H4,7),
8.31 (s, 8H, phen-H5,6), 8.15 (dd,J1 ) 8.4 Hz,J2 ) 5.3 Hz, 8H,
phen-H3,8), 7.71 (br s, 8H, Ar-H), 2.47 (s, 24H, CH3). 13C NMR
(100.6 MHz, acetone-d6/D2O ) 1:1, 25 °C, TMS, ppm): 151.6,
147.2, 146.8, 141.4, 134.4, 133.4, 130.9, 128.2, 128.0, 126.6, 121.9,

12.9 (CH3). Anal. Calcd for C80H64N20O12Pd4‚2H2O(%): C, 49.04;
H, 3.50; N, 14.30. Found: C, 49.23; H, 3.48; N, 14.49.

X-ray Structural Determinations. X-ray diffraction measure-
ments were carried out at 293 K on a Bruker Smart Apex charge-
coupled device area detector equipped with graphite monochro-
mated Mo KR radiation (λ ) 0.710 73 Å). The absorption correction
for all complexes was performed using SADABS. All the structures
were solved by direct methods, refined employing full-matrix least-
squares onF2 using the SHELXTL (Bruker, 2000) program, and
expanded using Fourier techniques. All of the non-H atoms of the
complexes were refined with anisotropic thermal parameters. The
hydrogen atoms were included in idealized positions. Final residuals
along with unit cell, space group, data collection, and refinement
parameters are presented in Table 1.

Results and Discussion

Synthesis of the Bipyrazole Ligands.Chart 1 summarizes
the bipyrazole ligands used in this article. The ligands H2L1-
H2L5 were synthesized according to the published proce-
dures.30 Compounds 1,4-bis-4′-(3′,5′-dimethyl)-pyrazolylbi-
phenyl (H2L3) and 1,3-bis-4′-(3′,5′-dimethyl)-pyrazolylbenzene
(H2L4) are reported for the first time.

Self-Assembly of Highly Distorted [M8L4]8+-Type Mac-
rocycles Based on the Bipyrazole Ligand H2L1. The self-
assembly of bipyrazolate-bridged metallomacrocyclic com-
plexes1-4 is shown in Scheme 1. A mixture of (bpy)M-
(NO3)2 or (phen)M(NO3)2 with H2L1 (3,3′,5,5′-tetramethyl-
4,4′-bipyrazolyl) in a 2:1 molar ratio in water results in the
formation of bipyrazolate-linked metallomacrocyclic com-
plexes{[(bpy)M]8L1

4}(NO3)8 [M ) Pd(II), 1, M ) Pt(II),
2] or {[(phen)M]8L1

4}(NO3)8 [M ) Pd(II), 3, M ) Pt(II), 4]

Figure 1. 1H NMR monitoring of the complexation of (bpy)Pd(NO3)2 to
H2L1 in D2O in the aromatic region (left, enlarged) and methyl region (right;
500 MHz, [H2L1] ) 10 mmol L-1, 25 °C): (a) 1:1, (b) 1.5:1, and (c) 2:1.

Figure 2. CSI-MS spectrum of3 in methanol; the inset shows the isotopic distribution of the species [3 - 8NO3
-]8+.
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in quantitative yield with spontaneous deprotonation of H2L1.
The 1H and 13C NMR spectra indicate the formation of a
single product. The assignments of products1-4 as [M8L4]8+-
type macrocycles are based on CSI-MS and ESI-MS studies,
where multiply charged molecular ions corresponding to
intact cyclic tetramers were observed. Single-crystal X-ray
structural studies of1a (the BF4

- salt of1) and3a (the PF6-

salt of 3) confirmed the formation of the [M8L4]8+-type
macrocycles.

The NMR spectrum of1 clearly shows that a 2:1 (bpy)Pd
to L1 complex is formed (Figure 1c). Notably, two singlets,
at 2.14 and 2.50 ppm with a 1:1 ratio, due to the methyl
protons of the bipyrazole ligand are evident in proportion to
the protons of two types of bpy in the low-field region of

Figure 3. ORTEP diagram of the molecular structure of1a: (a) top view and (b) side view. Thermal ellipsoids are shown at the 30% probability level.
The remaining counterions and solvent molecules are omitted for clarity.
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the spectrum. This NMR feature establishes that the geometry
of the complex results in two different environments for the
methyl groups caused by the highly distorted structure, as

revealed by X-ray structure analysis of1a in the solid state.
Similar phenomena also occurred in the1H NMR spectra of
2, 3, and4. As shown in Figure 1, the solution self-assembly

Figure 4. ORTEP diagram of the molecular structure of3a: (a) top view and (b) side view. Thermal ellipsoids are shown at the 30% probability level.
The counterions and solvent molecules are omitted for clarity.
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process of1 was monitored by1H NMR complexation
titration in D2O. Upon addition of (bpy)Pd(NO3)2 to H2L1

in a 2:1 ratio, a clean NMR spectrum is observed which
corresponds to a well-defined complex (Figure 1c).

CSI-MS spectra of1 and3 (in methanol), measured from
a methanol solution, corroborated the [(bpy)Pd]8L1

4 and
[(phen)Pd]8L1

4 compositions, respectively. As shown in
Figure 2, the multiply charged molecular ions of3 observed
at m/z ) 1709.1, 1118.5, 823.2, 646.3, 527.7, 443.6, and
380.6 correspond to the cations of [3 - 2NO3

-]2+, [3 -
3NO3

-]3+, [3 - 4NO3
-]4+, [3 - 5NO3

-]5+, [3 - 6NO3
-]6+,

[3 - 7NO3
-]7+, and [3 - 8NO3

-]8+, respectively. Similarly,
the multiply charged molecular ions of1 observed atm/z )
1612.4, 1054.1, 774.9, 608.2, 495.8, 416.4, and 357.1 are
assigned to the cations of [1 - 2NO3

-]2+, [1 - 3NO3
-]3+,

[1 - 4NO3
-]4+, [1 - 5NO3

-]5+, [1 - 6NO3
-]6+, [1 -

7NO3
-]7+, and [1 - 8NO3

-]8+, respectively.
ESI-MS spectra of2 and4 in a methanol solution allowed

the unambiguous assignment of the [(bpy)Pt]8L1
4 and [(phen)-

Pt]8L1
4 compositions, respectively. For example, the multiply

charged molecular ions of2 atm/z) 1290.9 [2 - 3NO3
-]3+,

952.7 [2 - 4NO3
-]4+, 749.8 [2 - 5NO3

-]5+, and 614.5
[2 - 6NO3

-]6+ and4 atm/z) 1355.0 [4 - 3NO3
-]3+, 1000.7

[4 - 4NO3
-]4+, 788.2 [4 - 5NO3

-]5+, and 646.5 [4 -
6NO3

-]6+ were observed (see Supporting Information).

An ORTEP representation of the molecular structure of
1a‚8H2O is shown in Figure 3. Complex1a crystallizes in
the monoclinic space groupC2/c with eight cocrystallized
water molecules. It displays an interesting highly distorted
tetragonal metallomacrocyclic structure with four (µ-pyra-
zolato-N,N′)2 doubly bridged [(bpy)Pd]2 corners. There are
no π-π stacking interactions between the (bpy)Pd planes
within each corner because of the large dihedral angles (78.1
and 85.7°). The separations of Pd1‚‚‚Pd2 [3.215(1) Å] and
Pd3‚‚‚Pd4 [3.238(1) Å] are near the sum of the van der Waals
radii of palladium (the typical value is 1.6 Å), which reveals
quite weak Pd‚‚‚Pd interactions.21,27 The novel distorted
structure results from the dramatic distortion of the bridging
ligands. The interplanar angles of the bipyrazolyl ligand are
in the range of 58-60° as a result of the steric repulsion of
the four methyl groups.23,24Interestingly, the (bpy)Pd2, (bpy)-
Pd4, (bpy)Pd4A, and (bpy)Pd2A planes are placed in the
same environment along the procumbent direction, presenting
an alternate arrangement, while the (bpy)Pd1, (bpy)Pd3,
(bpy)Pd3A, and (bpy)Pd1A planes are located in the
perpendicular direction with an alternate (up, down, up,
down) conformation, which defines a cavity. In addition,
eight methyl groups are located inside the cavity, and another
eight methyl groups are outside the cavity. These structural
features result in the two sets of observed resonances for
the CH3 groups in the1H NMR spectrum of1. The (bpy)-
Pd1 and (bpy)Pd3A planes [or (bpy)Pd3 and (bpy)Pd1A
planes] are almost parallel with a Pd‚‚‚Pd separation of 8.910
Å. The most fascinating feature of the structure is the binding
of one BF4

- ion into the cavity by hydrogen bonds between
C51-H51A and F23, between C60-H60B and F23, and
between C41-H41B and F24. The contact parameters of
these hydrogen bonds are H51A‚‚‚F23, 2.42 Å; C51‚‚‚F23,
3.15 Å; C51-H51A‚‚‚F23, 132.8°; H60B‚‚‚F23, 2.27 Å;
C60‚‚‚F23, 2.97 Å; C60-H60B‚‚‚F23, 129.5°; H41B‚‚‚F24,
2.33 Å; C41‚‚‚F24, 3.23 Å; and C41-H41B‚‚‚F24, 156.1°,
respectively. Moverover, one water molecule is also included
in the middle of the cavity. In the crystal, molecules of
complex 1a pack by weak intermolecularπ‚‚‚π stacking

Figure 5. Absorption and emission spectra of2 in methanol (6.0× 10-6

M, 25 °C).

Scheme 2
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interactions involving two bpy rings between neighboring
molecules with a contact distance of 3.886 Å.

An ORTEP representation of3a‚13H2O is shown in Figure
4. 3a crystallizes in the monoclinic space groupP2/c. The
crystal structure of3a also displays a distorted tetragonal
metallomacrocyclic structure with four (µ-pyrazolato-N,N′)2

doubly bridged [(phen)Pd]2 dimetal corners similar to that
of 1a. The dihedral angles between the phen ligands within
each dimetal corner are 88.6 and 96.6°, which are signifi-
cantly larger than those of1a. The separations of Pd1‚‚‚Pd2
[3.239(1) Å] and Pd3‚‚‚Pd4 [3.271(1) Å] are comparable to
those of1aand also indicate weak Pd‚‚‚Pd interactions. The
interplanar angles of the bipyrazolyl ligand are in the range
of 58-73°. The (phen)Pd2 and (phen)Pd3A planes [or

(phen)Pd3 and (phen)Pd2A planes] are almost parallel (with
the Pd‚‚‚Pd separation of 8.264 Å) and, thus, form a cavity.
Several water molecules are included in the cavity, but no
PF6

- counterion is found inside the cavity. In the crystal,
complex3a stacks by intermolecularπ‚‚‚π stacking interac-
tions involving two phen rings between neighboring mol-
ecules with the contact distance of 3.453 Å.

The UV-vis absorption and emission spectra for1-4
were measured (Table 2). In the absorption spectrum of2
(Figure 5), a characteristic vibronic structure of the diimine-
centered LL transition,1(π f π1*), lies near 300-330 nm.
The band occurring near 250 nm is assigned to a higher-
energy spin-allowed LL transition,π f π2*, centered on
the bipyridyl ligand. Analogous features are observed in the

Figure 6. 1H NMR spectra of5 and6 in the aromatic region (left, enlarged) and methyl region (right): (a) the mixture of5 (80%) and6 (20%) in the
original self-assembling solution, (b) pure5, and (c) pure6 (10:1 D2O/acetone-d6, 25 °C, TMS, 0 and 4 marking the characteristic peaks of5 and 6,
respectively).
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spectra of (bpy)PtCl2 and (bpy)Pt(dmpz)2 (where dmpz)
3,5-dimethylpyrazole).31 At longer wavelengths (340-500
nm), similar to literature assignment,31 the moderately intense
lower-energy bands in the range 340-420 nm are assigned
to 1metal-to-ligand charge transfer [1MLCT; d(Pt) f π*-
(bpy)] transitions, and the weak absorption tails at 410-
500 nm are attributed to a transition to the corresponding
triplet state. The emission spectrum of2 in methanol solution
that occurs upon excitation at 362 nm (Figure 5) shows an
emission maximum at 406 nm that originates from the1-
MLCT [d(Pt) f π*(bpy)] state. The intense band near 362
nm in the excitation spectra of2 in a methanol solution is in
good agreement with the room-temperature solution absorp-
tion spectra.

Self-Assembly of [M8L4]8+- and [M6L3]6+-Type Crown-
Shaped Macrocycles Based on Bipyrazole Ligands H2L2

and H2L3. As shown in Scheme 2, simply mixing (bpy)Pd-
(NO3)2 with the immiscible bipyrazole ligand H2L2 in a 2:1
molar ratio in a 10:1 D2O/acetone-d6 solution at room
temperature affords the mixture of bipyrazolate-bridged
metallomacrocyclic complexes{[(bpy)Pd]8L2

4}(NO3)8 (5,
80%) and{[(bpy)Pd]6L2

3}(NO3)6 (6, 20%) in quantitative

total yield with spontaneous deprotonation of the bipyrazole
ligands at room temperature. Compounds5 and 6 can be
separated by repeated recrystallizations, as evidenced by1H
and 13C NMR spectra. The assignments of product5 as
[M8L4]8+-type and6 as [M6L3]6+-type macrocycles are based
on CSI-MS studies, where multiply charged intact molecular
ions corresponding to cyclic tetramers and trimers were
observed. Compounds5aand6a (PF6

- salts of5 and6) were
obtained by exchange with a 10-fold excess of KPF6 in
aqueous solution. Single crystals of5aand6awere obtained
by the vapor diffusion of diethyl ether into their acetonitrile
solutions. X-ray crystal structures of5a and6a revealed the
[M8L4]8+-type and [M6L3]6+-type macrocycles.

The solution of the 2:1 mixture of (bpy)Pd to L2- in 10:1
D2O/acetone-d6 was measured by1H NMR spectroscopy
(Figure 6a). Notably, only two singlets are observed in the
aromatic region at 7.50 and 7.38 ppm (left, enlarged), which
correspond to the two assemblies (5 and6) in the solution,
with yields of about 80 and 20%, respectively. In addition,
the corresponding resonances of the two types of methyl
groups appear in the upfield region (right), which reveal a
0.02 ppm shift from5 to 6. The characteristic peaks of5
and6 are denoted with0 and∆, respectively. Furthermore,
the signals that appear in the downfield region reflect the

(31) Connick, W. B.; Miskowski, V. M.; Houlding, V. H.; Gray, H. B.
Inorg. Chem.2000, 39, 2585-2592.

Figure 7. CSI-MS spectrum of5 in methanol; the inset shows the isotopic distribution of the species [5 - 8NO3
-]8+.

Table 2. UV-Visible Spectroscopic Data (λ, nm) for Complexes1-4 in Methanol [ε, M-1 cm-1]

compound 1(π f π2*) 1(π f π1*) 1MLCT 3MLCT

1 237 [181 900] 309, 321(sh) [87 220, 71 830] 364, 383 [8930, 4800]
2 247 [114 580] 311, 321 [69 430, 68 830] 363 [21 780] 420(sh) [3650]
3 222 [411 320] 275 [261 240] 353, 383 [31 420, 12 540]
4 225 [251 760] 276 [204 320] 361, 372 [26 680, 29 060] 420(sh) [2680]
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proportions of the protons of the two types of bpy of5 and
6, respectively.

The well-resolved1H NMR spectra of the pure products
5 (Figure 6b) and6 (Figure 6c) match the signals appearing
in the spectrum of the mixture (Figure 6a). Importantly, the
characteristic resonances of the benzene protons of L2- in 5
and6 are present at 7.50 ppm in Figure 6b and at 7.38 ppm
in Figure 6c, respectively, which is completely identical to
the corresponding resonances shown in Figure 6a. Integration
of these signals indicates a 4:1 ratio, as shown in Scheme 2.

CSI-MS experiments provide strong evidence for the
formation of{[(bpy)Pd]8L2

4}(NO3)8 (5) and{[(bpy)Pd]6L2
3}-

(NO3)6 (6). In the CSI-MS spectrum for5 (Figure 7), the
peaks appearing atm/z ) 1765.7, 1156.4, 851.7, 669.0,
547.7, 461.0, and 394.8 can be assigned to [5 - 2NO3

-]2+,
[5 - 3NO3

-]3+, [5 - 4NO3
-]4+, [5 - 5NO3

-]5+, [5 -
6NO3

-]6+, [5 - 7NO3
-]7+, and [5 - 8NO3

-]8+, respectively.
Similarly, in the CSI-MS spectrum for6 (Figure 8), the peaks
appearing atm/z ) 1308.1, 851.4, 622.8, 485.8, and 394.9
are attributed to [6 - 2NO3

-]2+, [6 - 3NO3
-]3+, [6 -

4NO3
-]4+, [6 - 5NO3

-]5+, and [6 - 6NO3
-]6+, respectively.

The ORTEP representations of5a and6a are depicted in
Figures 9 and 10 , respectively. As shown in Figure 9, the
crystal structure analysis for5a revealed the Pd8 crown-
shaped metallomacrocyclic structure with four (µ-pyrazolato-
N,N′)2 doubly bridged [(bpy)Pd]2 dimetal corners. In the
dipalladium corners, the dihedral angles, defined by the N9-
N10-Pd2-Pd1 plane and the N15A-N16A-Pd1-Pd2
plane or the N11-N12-Pd4-Pd3 plane and the N13-N14-
Pd4-Pd3 plane, are 98.3 and 100.3°, respectively, which
are significantly larger than those found in the reported
molecular squares with dimetal corners (about 90°).3 The
dihedral angles between the two pyrazolate planes in the
dipalladium corners are 82.8 (Pd1Pd2 corner) and 92.9°

(Pd3Pd4 corner). This leads to the nearly square metallo-
macrocyclic structure with a significantly large cavity with
dimensions of 13.5× 13.5 Å, as defined by the distances
between adjacent dipalladium centers. In the cavity, two
acetonitrile molecules and several water molecules are found.
All PF6

- counterions are outside the cavity and are located
near the dipalladium corners. Other solvent molecules are
disordered, and most of the cavity space is empty. This void
space leads to the very low density of 1.051 g cm-3 observed
for 5a. The dihedral angles between the bpy ligands within
the dimetal corners are 65.6 [(bpy)Pd3 and (bpy)Pd4] and
73.8° [(bpy)Pd1 and (bpy)Pd2], which are obviously smaller
than those of1a and 3a. The separations of Pd1‚‚‚Pd2
[3.1398(7) Å] and Pd3‚‚‚Pd4 [3.1314(7) Å] are slightly
shorter than the sum of the van der Waals radii of palladium,
indicating the presence of weak Pd‚‚‚Pd interactions. A side
view of 5a illustrates the crown conformation with the side
length of the crown rims being about 22.0 Å and the cavity
depth being about 8.5 Å. In the crystal, the molecules of5a
stack by intermolecularπ‚‚‚π stacking interactions involving
two bpy rings between neighboring molecules with a contact
distance of 3.558 Å. Thus, long channels are formed by the
packed cavities of complex5a along thea axis with a
distance of 13.5 Å between diPd centers.

As shown in Figure 10, compound6a displays a crown-
shaped trigonal macrocyclic structure with three (µ-pyra-
zolato-N,N′)2 doubly bridged [(bpy)Pd]2 dimetal corners. In
the dipalladium corners, the dihedral angles, defined by the
N11-N12-Pd4-Pd3 plane and the N11A-N12A-Pd4-
Pd3 plane or the N7-N8-Pd1-Pd2 plane and the N9-
N10-Pd2-Pd1 plane, are 98.2 and 99.8°, respectively,
which are comparable to those observed in5a. The dihedral
angles between two pyrazolate planes in the dipalladium
corners are 71.5 (Pd1Pd2 corner) and 79.4° (Pd3Pd4 corner),

Figure 8. CSI-MS spectrum of6 in methanol; the inset shows the isotopic distribution of the species [6 - 6NO3
-]6+.
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which are notably smaller than those of5a. The midpoints
of the diPd define a triangle with the average distance
between vertexes being 13.3 Å. It is noteworthy that the
conformation of the linkers, the three benzene rings, each
forming a dihedral angle of about 45° with pzplanes in the
bipyrazole ligand, shows a syn, syn, syn orientation that leads
to a crown-shaped trigonal metallomacrocyclic structure.

The dihedral angles between the bpy ligands within the
dimetal corners are 73.3 [(bpy)Pd3 and (bpy)Pd4] and 88.9°

[(bpy)Pd1 and (bpy)Pd2], which are slightly larger than those
observed for5a. The separations of Pd1‚‚‚Pd2 and Pd3‚‚‚
Pd4 are 3.2221(7) and 3.0990(9) Å, respectively, indicating
weak Pd‚‚‚Pd interactions. A side view of6a presents the
crown conformation with the side length of the crown rims
being about 23.0 Å and the cavity depth being about 9.0 Å.
The packing of the triangular molecules in crystals of6a is
also interesting (see Supporting Information): they are
stacked in the crystal with alternating orientations differing

Figure 9. ORTEP diagram of the molecular structure of5a in top view (top) and side view (bottom). Thermal ellipsoids are shown at the 30% probability
level. Counterions and solvent molecules are omitted for clarity.
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by about 60°. Thus, a projection in the stacking direction
has a hexagonal cross section, and the channel is filled with
disordered PF6- counterions and water molecules.

As shown in Scheme 2, when (phen)Pd(NO3)2 and the
immiscible bipyrazole ligand H2L2 are mixed in a 2:1 molar
ratio in a 10:1 D2O/acetone-d6 solution, a mixture of
bipyrazolate-bridged metallomacrocyclic complexes{[(phen)-
Pd]8L2

4}(NO3)8 (7, 75%) and{[(phen)Pd]6L2
3}(NO3)6 (8,

25%) is formed in quantitative total yield with spontaneous
deprotonation of the bipyrazole ligands. Compounds7 and
8 can be separated by repeated recrystallizations, as moni-

tored by their1H and13C NMR spectra. The assignments of
product7 as [M8L4]8+-type and8 as [M6L3]6+-type macro-
cycles are based on CSI-MS studies. Attempts to grow
crystals of7 and8 suitable for single-crystal X-ray structural
evaluation were not successful.

The solution of the 2:1 (phen)Pd to L2- coordination
mixture in 10:1 D2O/acetone-d6 was measured by1H NMR
spectroscopy (see Supporting Information). Notably, two
singlets, at 7.64 and 7.50 ppm, due to the aromatic protons
of L2- are observed that correspond to the two assemblies7
and 8 with yields of about 75 and 25%, respectively. In

Figure 10. ORTEP diagram of the molecular structure of6a in top view (top) and side view (bottom). Thermal ellipsoids are shown at the 30% probability
level. The counterions and solvent molecules are omitted for clarity.
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addition, the corresponding resonances of the two different
types of methyl groups appear in the upfield region, which
reveal a 0.03 ppm shift from7 to 8. The well-resolved1H
NMR spectra of the pure products7 and8 match the signals
appearing in the spectra of the mixture.

ESI-MS and CSI-MS experiments allowed the unambigu-
ous assignment of the two species{[(phen)Pd]8L2

4}(NO3)8

(7) and{[(phen)Pd]6L2
3}(NO3)6 (8; see Supporting Informa-

tion). The peaks appearing atm/z ) 1220.3, 899.5, 707.0,
and 578.5 can be assigned to [7 - 3NO3

-]3+, [7 - 4NO3
-]4+,

[7 - 5NO3
-]5+, and [7 - 6NO3

-]6+, respectively. Similarly,
in the CSI-MS of8, the peaks appearing atm/z ) 1380.5,
899.7, 659.0, 515.0, and 418.7 are attributed to [8 -
2NO3

-]2+, [8 - 3NO3
-]3+, [8 - 4NO3

-]4+, [8 - 5NO3
-]5+,

and [8 - 6NO3
-]6+, respectively.

Remarkably, once formed, no interconversion between5
and6 (or 7 and8) could be detected by1H NMR in solution,
probably a result of the strong bonding between the dimetal
centers and the dianionic L2- ligand. Furthermore, to assess
the kinetic stability of the four complexes,5 and7 (or 6 and
8) were combined in a 1:1 molar ratio in 1:2 D2O/acetone-
d6 solution. These crossover experiments did not result in
the formation of any new species, as indicated by the absence
of any new signals in the NMR spectra (see Supporting
Information). In contrast to the mononuclear cis-coordinated
Pd(II) directed assemblies where an equilibrium exists
between the squares and the triangles,8 the four complexes
described here (5-8) exhibit high kinetic stability in solution.

Figure 11 shows plots of pH versus M/L molar ratio in
several self-assembly systems. Upon titration of M) (bpy)-
Pd(NO3)2 with H2L2 in a 10:1 water/acetone solution, the
pH value sharply decreases to 1.72 at M/L) 2:1, indicating
that the protons of H2L have fully dissociated to form
dianionic L2- with the formation of the assemblies with the
2:1 (bpy)Pd to L2- coordination. Similar results are observed
for the titration of M ) (phen)Pd(NO3)2 with H2L2. In
contrast, when (en)Pd(NO3)2 (en) ethylenediamine) is used,
the pH value decreases gently to near 3, and no deprotonated
products were formed, as evidenced by1H NMR spectra and
CSI-MS. In our recent work,23 the combination of (en)Pd-
(NO3)2 and bipyrazole ligand can only form a single product
of {[(en)Pd]4L1

4}(NO3)4 on the basis of1H and 13C NMR
spectra and single-crystal structure analysis. The titration
results indicate that the aromatic ligand precoordinated metal
center, (bpy)Pd or (phen)Pd, may behave as an electron
acceptor to facilitate the deprotonation of 1H-bipyrazole.

Figure 11. Plots of pH versus the M/L ratio in the self-assembly systems
{[H2L2]initial ) 10 mmol/L; b, M ) (bpy)Pd(NO3)2; O, M ) (phen)Pd-
(NO3)2; 9, M ) (en)Pd(NO3)2}.

Scheme 3
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As shown in Scheme 2, when (bpy)Pd(NO3)2 [or (phen)-
Pd(NO3)2] and the immiscible bipyrazole ligand H2L3 are
mixed in a 2:1 molar ratio in a 10:1 D2O/acetone-d6 solution,
a mixture of bipyrazolate-bridged metallomacrocyclic com-
plexes{[(bpy)Pd]8L3

4}(NO3)8 (9, 47%) and{[(bpy)Pd]6L3
3}-

(NO3)6 (10, 53%) or{[(phen)Pd]8L3
4}(NO3)8 (11, 47%) and

{[(phen)Pd]6L3
3}(NO3)6 (12, 53%) is formed in quantitative

yield with spontaneous deprotonation of the bipyrazole
ligands at room temperature, as monitored by their1H NMR
spectra. The assignments of products9 and11 as [M8L4]8+-
type and10 and12 as [M6L3]6+-type macrocycles are based
on CSI-MS and ESI-MS studies.

CSI-MS and ESI-MS allowed the unambiguous assign-
ment of the species present in the mixture of9 and10 (or
11 and12). These techniques have been used to assign the
species present in the triangle-square equilibrium.8d In the
CSI-MS spectrum of the mixture of9 and10 (see Supporting
Information), the peaks appearing atm/z ) 1422.7, 1258.0,
928.2, 730.0, 680.4, 598.2, 531.9, 503.6, and 433.0 are
assigned to [10- 2NO3

-]2+, [9 - 3NO3
-]3+, [9 - 4NO3

-]4+

and [10 - 3NO3
-]3+, [9 - 5NO3

-]5+, [10 - 4NO3
-]4+,

[9 - 6NO3
-]6+, [10 - 5NO3

-]5+, [9 - 7NO3
-]7+, and [9 -

8NO3
-]8+ and [10 - 6NO3

-]6+, respectively. Similarly, in
the CSI-MS spectrum of the mixture of11 and 12 (see
Supporting Information), the peaks appearing atm/z) 975.1,
768.1, 716.3, 629.8, 560.3, 531.1, and 456.6 are attributed
to [11 - 4NO3

-]4+ and [12 - 3NO3
-]3+, [11 - 5NO3

-]5+,
[12 - 4NO3

-]4+, [11 - 6NO3
-]6+, [12 - 5NO3

-]5+, [11 -
7NO3

-]7+, and [11 - 8NO3
-]8+ and [12 - 6NO3

-]6+,
respectively.

Self-Assembly of [M4L2]4+-Type Macrocyles Based on
Bipyrazole Ligands H2L4 and H2L5. Replacing the linear
bipyrazole ligands with nonlinear bipyrazole ligands H2L4

and H2L5 clearly has the potential to yield different as-
semblies. The experimental findings (detailed below) are that
looplike tetranuclear metallomacrocycles are formed. As

shown in Scheme 3, suspension of (bpy)Pd(NO3)2 or (phen)-
Pd(NO3)2 with bipyrazole ligands H2L4 or H2L5 in a 2:1
molar ratio resulted in complexes13, 14, 15, and16. The
pure complexes were obtained in high yield by recrystalli-
zation from acetone and water. The formation of these four
assemblies was supported by elemental analysis and1H and
13C NMR spectroscopy. Single crystals of compound14a
(PF6

- as counteranions) and15 were determined via X-ray
crystallography and revealed the [M4L2]4+-type macrocycles.

The ORTEP diagram of14a is shown in Figure 12.
Complex14a crystallizes in the orthorhombic space group
Pnmawith 12 cocrystallized water molecules. The crystal
structure analysis for14a revealed the Pd4 bowl-shaped
macrocyclic structure with two (µ-pyrazolato-N,N′)2 doubly
bridged [(phen)Pd]2 dimetal corners. The two benzene rings,
each forming a dihedral angle of about 63° with thepzplanes
in the bipyrazole-bridged ligand, show a syn, syn orientation
according to the planes of (phen)Pd1 and (phen)Pd1A. The
Pd1‚‚‚Pd2 separation of 3.226 Å suggests the presence of
weak metal-metal interactions. The remarkable structure
feature is that the (phen)Pd1 and (phen)Pd2 planes (with a
dihedral angle of 85.3°) form a cleft with a cavity size of
approximately 8.5 Å (center-to-center distance). One PF6

-

binds between the two phen rings by anion-π interactions
between the F7 atom and one phen ring, which are separated
by 3.095 and 3.097 Å (F7‚‚‚C11 and F7‚‚‚C12), respec-
tively.32,33 The dihedral angle between the twopz planes at

(32) (a) Gamez, P.; van Albada, G. A.; Mutikainen, I.; Turpeinen, U.;
Reedijk, J.Inorg. Chim. Acta2005, 358, 1975-1980. (b) Rosokha,
Y. S.; Lindeman, S. V.; Rosokha, S. V.; Kochi, J. K.Angew. Chem.,
Int. Ed.2004, 43, 4650-4652. (c) Demeshko, S.; Dechert, S.; Meyer,
F. J. Am. Chem. Soc.2004, 126, 4508-4509. (d) de Hoog, P.; Gamez,
P.; Mutikainen, H.; Turpeinen, U.; Reedijk, J.Angew. Chem., Int. Ed.
2004, 43, 5815-5817. (e) Quin˜onero, D.; Garau, C.; Rotger, C.;
Frontera, A.; Ballester, P.; Costa, A.; Deya`, P. M.Angew. Chem., Int.
Ed. 2002, 41, 3389-3392. (f) Alkorta, I.; Rozas, I.; Elguero, J.J.
Am. Chem. Soc.2002, 124, 8593-8598. (g) Mascal, M.; Armstrong,
A.; Bartberger, M.J. Am. Chem. Soc.2002, 124, 6274-6276.

Figure 12. ORTEP diagram of the molecular structure of14a. Thermal ellipsoids are shown at the 30% probability level. The counterions and solvent
molecules are omitted for clarity.
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each corner is 69.2°, which is smaller than the dihedral angle
between the Pd1-N5-N6-Pd2 and Pd1-N7-N8-Pd2
planes (100.1°). The cavity of the Pd4 bowl-shaped macro-
cycle is small. The distance between the two central phenyl
rings is about 7.9 Å, and the distances of Pd1-Pd1A and
Pd2-Pd2A are 11.0 and 10.2 Å, respectively, leaving no
space for guest inclusion, as evidenced by the absence of
PF6

- counterions in the cavity. Instead, solvent molecules
occupy the cavity. The Pd4 bowl-shaped cationic macrocycles
are stacked along thec axis to produce long channels with
a distance of 10.4 Å between the Pd centers. Numerous water
molecules are packed in the interlayers.

Single crystals of compound15 were obtained by slow
evaporation of its aqueous solution. Complex15crystallizes
in the orthorhombic space groupIbamwith eight cocrystal-
lized water molecules. The crystal of compound15 also
displays a Pd4 macrocyclic structure (Figure 13). The Pd-
(1)‚‚‚Pd(1A) separation of 3.209 Å is comparable to that
observed in14a. The dihedral angle between the two adjacent
bpy rings is canted at 71.5°, notably smaller than that of
14a, while the dihedral angle (93.8°) between the twopz
planes in the corner is significantly larger than that of14a.
The two phenyl planes are parallel to each other and
perpendicular to thepz planes, caused by steric hindrance.
Compound15 forms a square cavity with a size of 5.4×
5.4 Å, and one water molecule is included inside the cavity.
The Pd4 cationic macrocycles are stacked along thec axis
to produce long channels with a distance of 11.1 Å between
the phenyl planes. Numerous water molecules and all of the
nitrate counterions are packed in the interlayers.

Conclusions

Bipyrazolate-bridged metallomacrocycles with dipalla-
dium(II) or diplatinum(II) centers can be obtained in nearly
quantitative yield from (bpy)Pd(NO3)2 [or (bpy)Pt(NO3)2,
(phen)Pd(NO3)2, and (phen)Pt(NO3)2] and 1H-bipyrazolyl
ligands in 2:1 molar ratio via a directed self-assembly process
that occurs along with spontaneous deprotonation of the
ligands. The assemblies have been characterized by1H and
13C NMR, CSI-MS or ESI-MS, and UV-vis and lumines-
cence spectroscopy in solution and, in the cases of1, 3, 5,
6, 14, and15, by single-crystal X-ray diffraction methods.
In addition, the spontaneous deprotonation of H2L in the
solution self-assembly process was monitored by NMR and
pH-complexation titration. This system represents a facile
approach from mononuclear coordination motifs to supramo-
lecular metallomacrocyles with dimetal coordination motifs.
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Figure 13. ORTEP diagram of the molecular structure of15. Thermal ellipsoids are shown at the 30% probability level. The counterions and solvent
molecules are omitted for clarity.
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