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Introduction

Polynuclear transition-metal complexes with pyrazoles and/
or pyrazolates have been attracting attention because of
their versatile structures and properties.[1] Among the vari-
ous types of structures, pyrazolate and its derivatives are
known to favor the formation of cyclic trinuclear complexes
such as [MI

3ACHTUNGTRENNUNG(m-Rpz)3] (MI=Cu,[2–4] Ag,[3,5,6] Au;[5,7] RpzH=

pyrazole or substituted pyrazoles) and [MII
3 ACHTUNGTRENNUNG(m-Rpz)6] (MII=

Pd,[8,9] Pt[9,10]), the structure of the latter being similar to
that of palladium(ii) acetate [Pd3ACHTUNGTRENNUNG(m-OAc)6].[11] The successful
partial oxidation of the platinum cyclic trimer [PtII

3ACHTUNGTRENNUNG(m-pz)6]
has enabled the isolation of PtII,III,III

3 species, and the geo-

metrical and electronic structures of [Pt3Br2ACHTUNGTRENNUNG(m-pz)6] have
been elucidated.[12]

The number of heteropolynuclear pyrazolate complexes is
also gradually increasing.[9,13,14] Because pyrazole is a weak
acid, the reaction conditions and the nature of the central
metal ions help to determine whether coordinated pyrazoles
exist as the protonated form (pyrazoles) or the deprotonat-
ed form (pyrazolates). The protons in coordinated pyrazoles
often participate in intra- or intermolecular hydrogen bond-
ing, and they can be replaced by metal ions such as CuI,
AgI, and AuI to give heterometallic polynuclear com-
plexes.[9,13,14] In the formation of heteropolynuclear com-
plexes, the precursors with intramolecular hydrogen bond-
ing, such as [Pd2ACHTUNGTRENNUNG(m-Rpz)2ACHTUNGTRENNUNG(Rpz)2ACHTUNGTRENNUNG(RpzH)2] (R=3-tert-butyl,
3,5-dimethyl), give tetranuclear complexes of the Pd2M’2
type (M’=Cu, Ag, Au),[9,14] while those with intermolecular
hydrogen bonding, such as [{M ACHTUNGTRENNUNG(Rpz)2ACHTUNGTRENNUNG(RpzH)2}2] (M=Pd,
Pt; R=H, 3,5-dimethyl), afford hexanuclear complexes of
the M2M’4 type (M’=Cu, Ag).[9,13] The use of asymmetrical
pyrazolate ligands further adds to the possibility of forma-
tion of geometrical isomers for each heteropolynuclear com-
plex. A detailed study of the reaction of HT-[Pd2(m-3-
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tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] with AgI and an AuI complex
have enabled us to isolate two linkage isomers of tetranu-
clear complexes, namely the head-to-head (HH) and the
head-to-tail (HT) isomer (Scheme 1). These arise from the

difference in the orientation of the substituents on the pyra-
zolate bridges between the two Pd atoms. The proportion of
each linkage isomer was found to be dependent on the syn-
thetic route. Because a facile stereochemical rearrangement
of the linkage isomers was observed at elevated tempera-
ture, it was followed by 1H NMR spectroscopy. Although a
similar stereochemical rearrangement has been observed for
the HH isomer of [PtII

2(en)2(a-pyridonate)2]ACHTUNGTRENNUNG(NO3)2,
[15] this is

the first observation of an isomerization occurring selective-
ly at the bridges between Pd atoms rather than any of the
other six possible bridges (including the bridges between Pd
and Ag or Au). The most remarkable feature of the isomeri-
zation in this system is that the AgI or AuI ions affect the

rate, whereas the ligands at the Pd···Ag or Pd···Au bridges
apparently do not participate in the isomerization reaction.
These findings also prompted us to investigate the formation
of heteropolynuclear complexes with nonsubstituted pyra-
zole. We found in this case that mononuclear PdII complexes
with neutral pyrazoles or solvent molecules can be precur-
sors of Pd2M’2 complexes.

Herein, we report the synthesis and structural characteri-
zation of pyrazolate-bridged heteropolynuclear complexes
and the linkage isomers arising from the use of asymmetri-
cally substituted pyrazolate (3-tert-butylpyrazolate). The re-
sults of the kinetic study on the isomerization of these link-
age isomers (HT and HH isomers) are also presented.

Results and Discussion

Preparation of complexes : Substituted pyrazoles such as 3-
tert-butylpyrazole (3-tBupzH) and 3,5-dimethylpyrazole
(dmpzH) are known to form either a dinuclear PdII complex
with intramolecular hydrogen bonding, in which some of the
pyrazolate ligands act as bridging ligands,[9,14] or a dimer of
mononuclear PdII complexes with intermolecular hydrogen
bonding, in which both pyrazolate and pyrazole ligands co-
ordinate to the PdII ion in a monodentate fashion.[13] Pyra-
zole without any substituent groups (pzH), however, forms a
cyclic trinuclear PdII complex, [Pd3ACHTUNGTRENNUNG(m-pz)6], under basic con-
ditions and a mononuclear PdII complex with four neutral
pyrazole ligands, [Pd ACHTUNGTRENNUNG(pzH)4]Cl2, under acidic conditions. The
product formed under basic conditions contrasts with the
case of PtII, which forms a dimer of mononuclear complexes
with intermolecular hydrogen bonding, [{Pt(pz)2-
ACHTUNGTRENNUNG(pzH)2}2].[9,16] There are two different methods for the prep-
aration of the heteropolynuclear PdII complexes [Pd2M’2ACHTUNGTRENNUNG(m-
pz)6] (M’=Ag (1), Au (2)): one involves the reaction of iso-
lated [Pd ACHTUNGTRENNUNG(pzH)4]Cl2 with an AgI salt or AuI complex in the
presence of Et3N (method A), and the other involves the re-
action of pzH with the mixture of PdII and AgI ions generat-
ed by the addition of an excess of AgI salt to a solution con-
taining [PdCl2ACHTUNGTRENNUNG(CH3CN)2] and Et3N (method B) (Scheme 2).

Scheme 1. Schematic representation of linkage isomers.

Scheme 2. Preparative methods for [Pd2M’2(m-pz)6] (M’=Ag, Au).
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The substitution of an AuI complex for the AgI salt in the
latter method gave a complicated reaction mixture. The
total yield of 1 based on [PdCl2ACHTUNGTRENNUNG(CH3CN)2] in the former
method is 48 %, which is higher than that (20 %) obtained
with the latter method.

The synthesis of heteropolynuclear complexes with similar
structures to 1 and 2 but containing 3-tBupz mainly gave
two geometrical isomers among the several possible ones.
When intramolecularly hydrogen-bonded HT-[Pd2(m-3-
tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] was employed as starting ma-
terial, the reaction with AuI complex gave HT-[Pd2Au2(m-3-
tBupz)6] (4a) selectively in 75 % yield (Scheme 3). The ab-
sence of the HH isomer (4b) was confirmed by recording a
1H NMR spectrum just after completion of the reaction.
However, it was difficult to isolate the pure HT isomer of
the silver analogue 3a even by treating HT-[Pd2(m-3-tBupz)2-
ACHTUNGTRENNUNG(3-tBupz)2 ACHTUNGTRENNUNG(3-tBupzH)2] with a AgI salt. The 1H NMR spec-
trum of the reaction mixture recorded just after completion
of the reaction revealed that the ratio of the HT and HH
isomers 3a and 3b, respectively, was 10:1. The apparent for-
mation of 3b in the reaction can be attributed to the isomer-
ization of 3a to 3b (vide infra). Although we have reported
previously that the reaction of HT-[Pd2(m-3-tBupz)2 ACHTUNGTRENNUNG(3-
tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] with a AgI salt gives the HH isomer of
[Pd2Ag2(m-3-tBupz)6] (3b),[9] it is now clear that the main
product of this reaction is the HT isomer 3a. It is also obvi-
ous that the successful isolation of 3b as a pure product
from the reaction of 3-tBupz with the mixture of PdII and
AgI ions is due to the lower solubility of 3b than 3a. The
1H NMR spectrum of the reaction mixture revealed that the
reaction mixture in method C (Scheme 3) contains almost
the same amount of 3a and 3b just after the reaction has
finished. An attempt to prepare [Pd2Au2(m-3-tBupz)6] by the
reaction of 3-tBupzH with a mixture of [PdCl2ACHTUNGTRENNUNG(CH3CN)2]
and [AuCl ACHTUNGTRENNUNG(tht)] in the presence of Et3N was unsuccessful
and gave a complicated mixture of products.

Crystal structures : X-ray structural analyses were performed
for single crystals of 1, 2, 4a, and 4b. Depending on the syn-
thetic procedure, the Pd/Ag complex bridged by nonsubsti-
tuted pyrazolate ligands, [Pd2Ag2ACHTUNGTRENNUNG(m-pz)6] (1; Figure 1), af-

forded two different crystals, one with and one without sol-
vent of crystallization. The crystals obtained by following
method A in Scheme 2 contain three acetonitrile molecules
per complex molecule. No intermolecular metal–metal inter-
action is seen in this crystal structure. The complex molecule
has an idealized C2v symmetry. The PdII centers are square
planar and the AgI centers linear, with N-Ag-N angles of

Scheme 3. Preparative methods for [Pd2M’2(m-3-tBupz)6] (M’=Ag, Au).

Figure 1. Molecular structure of [Pd2Ag2(m-pz)6] (1) with the atom num-
bering scheme (50 % probability ellipsoids).
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174.5(1)8 and 167.5(1)8. The intermetallic distances are
3.4341(3) O for Pd1···Pd2 and 3.44–3.47 O for Pd···Ag
(Table 1). The Ag�N distances are about 0.1 O longer than

the Pd�N distances as the ionic radius of AgI is larger than
that of PdII. In the crystals containing no solvent molecule,
which were obtained by following method B in Scheme 2,
the complex molecule 1 interacts with a neighboring mole-
cule through the Ag atoms (Figure 2). The Ag2···Ag2* dis-
tance (2.995(2) O) is 0.4 O or more shorter than the intra-

molecular Pd···Ag and Pd···Pd contacts (Table 2). Because
the corresponding bond distances and angles in 1 and
1·3 CH3CN are similar, the effect of solvent molecules or in-
termolecular Ag···Ag contacts on the interatomic distances
and angles must be small.

Figure 3 illustrates one of the pair of complex molecules
[Pd2Au2 ACHTUNGTRENNUNG(m-pz)6] (2) in (2)2·3 CH3CN·H2O, which contains
two crystallographically independent pairs of complex mole-

cules in the asymmetric unit. There is an intermolecular
Au···Au contact within the pair in which the complex mole-
cules are related by a center of symmetry, the Au2···Au2*
and Au4···Au4* distances being 3.154(1) and 3.181(1) O, re-
spectively (Table 3). There is also a weaker Au1···Au3* con-
tact (3.4050(7) O) between the independent pairs of com-
plex molecules in an asymmetric unit. The Pd···M (M=Au
or Ag) and Pd···Pd distances in (2)2·3 CH3CN·H2O are simi-
lar to those in 1 and 1·3 CH3CN. The Au�N distances, how-
ever, are similar to the Pd···N distances in
(2)2·3 CH3CN·H2O. This tendency is different from that in 1
and 1·3 CH3CN, in which the Ag�N distances are about
0.1 O longer than the Pd�N distances.

When 3-tBupz� was employed as the bridging ligand, the
main products were the HT and HH isomers arising from

Table 1. Selected bond lengths [O] and angles [8] for [Pd2Ag2(m-
pz)6]·3CH3CN (1·3CH3CN).

Ag1···Pd1 3.4609(3) Ag2···Pd2 3.4710(3)
Ag1···Pd2 3.4456(3) Pd1···Pd2 3.4341(3)
Ag2···Pd1 3.4712(3)
Ag1�N32 2.105(3) Pd1�N31 2.008(2)
Ag1�N52 2.106(3) Pd1�N41 2.006(2)
Ag2�N42 2.103(3) Pd2�N11 2.013(2)
Ag2�N62 2.105(3) Pd2�N21 2.011(2)
Pd1�N12 2.004(2) Pd2�N51 2.013(2)
Pd1�N22 2.007(2) Pd2�N61 2.008(2)
N32-Ag1-N52 174.5(1) N51-Pd2-N61 91.82(9)
N42-Ag2-N62 167.5(1) Pd2-N11-N12 121.7(2)
N12-Pd1-N22 89.26(9) Pd1-N12-N11 120.7(2)
N12-Pd1-N31 179.16(9) Pd2-N21-N22 121.2(2)
N12-Pd1-N41 89.72(9) Pd1-N22-N21 120.9(2)
N22-Pd1-N31 89.91(9) Pd1-N31-N32 120.8(2)
N22-Pd1-N41 178.96(9) Ag1-N32-N31 120.3(2)
N31-Pd1-N41 91.1(1) Pd1-N41-N42 119.7(2)
N11-Pd2-N21 89.53(9) Ag2-N42-N41 122.1(2)
N11-Pd2-N51 179.08(9) Pd2-N51-N52 120.6(2)
N11-Pd2-N61 89.08(9) Ag1-N52-N51 120.3(2)
N21-Pd2-N51 89.57(9) Pd2-N61-N62 119.8(2)
N21-Pd2-N61 178.61(9) Ag2-N62-N61 121.6(2)

Figure 2. Ag···Ag contact between molecules of 1 related by the center of
symmetry.

Figure 3. Au···Au contact between molecules of [Pd2Au2(m-pz)6] (2) relat-
ed by the center of symmetry.

Table 2. Selected bond lengths [O] and angles [8] for [Pd2Ag2(m-pz)6] (1).

Ag1···Pd1 3.460(1) Ag2···Pd1 3.4209(9)
Ag1···Pd2 3.439(1) Ag2···Pd2 3.399(1)
Ag2···Ag2* 2.995(2) Pd1···Pd2 3.4232(8)
Ag1�N32 2.099(7) Pd1�N31 2.025(8)
Ag1�N52 2.085(7) Pd1�N41 1.999(7)
Ag2�N42 2.082(9) Pd2�N11 2.012(8)
Ag2�N62 2.100(8) Pd2�N21 2.010(7)
Pd1�N12 1.999(8) Pd2�N51 2.023(8)
Pd1�N22 2.025(7) Pd2�N61 1.993(8)
N32-Ag1-N52 176.4(3) N21-Pd2-N61 178.7(3)
Ag2-Ag2-N42 110.6(2) N51-Pd2-N61 91.0(3)
Ag2-Ag2-N62 79.0(2) Pd2-N11-N12 121.0(5)
N42-Ag2-N62 170.3(3) Pd1-N12-N11 120.1(6)
N12-Pd1-N22 90.3(3) Pd2-N21-N22 121.6(5)
N12-Pd1-N31 176.6(3) Pd1-N22-N21 119.3(5)
N12-Pd1-N41 87.7(3) Pd1-N31-N32 122.1(5)
N22-Pd1-N31 91.6(3) Ag1-N32-N31 119.7(5)
N22-Pd1-N41 177.9(3) Pd1-N41-N42 119.9(6)
N31-Pd1-N41 90.5(3) Ag2-N42-N41 120.0(5)
N11-Pd2-N21 90.4(3) Pd2-N51-N52 120.2(5)
N11-Pd2-N51 179.0(3) Ag1-N52-N51 120.4(6)
N11-Pd2-N61 88.5(3) Pd2-N61-N62 120.9(6)
N21-Pd2-N51 90.1(3) Ag2-N62-N61 118.4(5)
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the different orientation of the substituent groups on the
pyrazolate bridges between the two Pd atoms. The X-ray
structural analysis disclosed that the product (4a) obtained
from the reaction of HT-[Pd2(m-3-tBupz)2ACHTUNGTRENNUNG(3-tBupz)2 ACHTUNGTRENNUNG(3-
tBupzH)2] with [AuCl ACHTUNGTRENNUNG(tht)] was the HT isomer, in which the
bridging nature of the Pd(m-3-tBupz)2Pd moiety has been re-
tained (Figure 4). The complex molecule 4a has an approxi-
mate twofold axis passing through the midpoints of the
Pd1···Pd2 and Au1···Au2 contacts. Although the structural
parameters of 4a are not suitable for a detailed comparison
owing to their large standard deviations, there may be a ten-
dency, due to the bulkiness of the substituent group, that the
Pd�N distances in the Pd···Pd bridges close to the tert-butyl
group (Pd1�N22 and Pd2�N12) are longer than the average

Pd�N distances in the Pd···Au bridges, while the Pd�N dis-
tances in the Pd···Pd bridges far from the tert-butyl group
(Pd1�N11 and Pd2�N21) are shorter than the average Pd�
N distances in the Pd···Au bridges (Table 4).

The molecular structure of the HH isomer 4b, obtained
by isomerization of 4a, is illustrated in Figure 5. The com-
plex molecule has an idealized mirror plane defined by two
Pd atoms and the midpoint of the Au···Au contact, which is

Table 3. Selected bond lengths [O] and angles [8] for [Pd2Au2(m-
pz)6]2·3 CH3CN·H2O ((2)2·3 CH3CN·H2O).

Au1···Au3* 3.4050(7) Au3···Pd4 3.396(1)
Au1···Pd1 3.421(1) Au4···Au4* 3.181(1)
Au1···Pd2 3.444(1) Au4···Pd3 3.358(1)
Au2···Au2* 3.154(1) Au4···Pd4 3.434(1)
Au2···Pd1 3.421(1) Pd1···Pd2 3.363(1)
Au2···Pd2 3.352(1) Pd3···Pd4 3.362(1)
Au3···Pd3 3.465(1)
Au1�N32 2.01(1) Pd2�N11 2.02(1)
Au1�N52 2.01(1) Pd2�N21 2.00(1)
Au2�N42 2.01(1) Pd2�N51 2.03(1)
Au2�N62 2.00(1) Pd2�N61 2.00(1)
Au3�N92 1.98(1) Pd3�N72 1.99(1)
Au3�N112 1.99(1) Pd3�N82 2.02(1)
Au4�N102 1.99(1) Pd3�N91 2.03(1)
Au4�N122 1.99(1) Pd3�N101 2.00(1)
Pd1�N12 2.00(1) Pd4�N71 2.01(1)
Pd1�N22 2.00(1) Pd4�N81 2.01(1)
Pd1�N31 2.00(1) Pd4�N111 2.01(1)
Pd1�N41 2.01(1) Pd4�N121 2.01(1)
N32-Au1-N52 176.3(5) N71-Pd4-N121 91.6(5)
Au2-Au2-N42 93.3(3) N81-Pd4-N111 90.9(4)
Au2-Au2-N62 93.8(3) N81-Pd4-N121 176.9(5)
N42-Au2-N62 172.7(5) N111-Pd4-N121 89.8(5)
N92-Au3-N112 177.3(4) Pd2-N11-N12 118.5(8)
Au4-Au4-N102 94.8(3) Pd1-N12-N11 121.2(8)
Au4-Au4-N122 92.5(3) Pd2-N21-N22 120.6(8)
N102-Au4-N122 172.5(5) Pd1-N22-N21 119.0(7)
N12-Pd1-N22 87.5(4) Pd1-N31-N32 122.0(8)
N12-Pd1-N31 177.5(4) Au1-N32-N31 119.0(8)
N12-Pd1-N41 93.3(4) Pd1-N41-N42 119.9(8)
N22-Pd1-N31 90.1(4) Au2-N42-N41 120.5(8)
N22-Pd1-N41 177.7(4) Pd2-N51-N52 122.0(7)
N31-Pd1-N41 89.1(4) Au1-N52-N51 120.5(8)
N11-Pd2-N21 88.7(4) Pd2-N61-N62 119.8(8)
N11-Pd2-N51 177.7(4) Au2-N62-N61 118.9(8)
N11-Pd2-N61 89.7(4) Pd4-N71-N72 120.7(8)
N21-Pd2-N51 92.1(4) Pd3-N72-N71 119.3(9)
N21-Pd2-N61 178.4(4) Pd4-N81-N82 120.0(8)
N51-Pd2-N61 89.4(4) Pd3-N82-N81 120.5(8)
N72-Pd3-N82 88.1(4) Pd3-N91-N92 121.4(8)
N72-Pd3-N91 176.2(5) Au3-N92-N91 121.5(8)
N72-Pd3-N101 90.1(4) Pd3-N101-N102 119.1(9)
N82-Pd3-N91 93.4(4) Au4-N102-N101 118.9(8)
N82-Pd3-N101 178.1(4) Pd4-N111-N112 120.7(8)
N91-Pd3-N101 88.5(4) Au3-N112-N111 120.2(8)
N71-Pd4-N81 87.7(4) Pd4-N121-N122 119.8(9)
N71-Pd4-N111 178.4(5) Au4-N122-N121 121.5(9)

Figure 4. Molecular structure of the head-to-tail isomer of [Pd2Au2(m-3-
tBupz)6] (4a) with the atom numbering scheme (50 % probability ellip-
soids). Methyl carbon atoms in the tert-butyl groups have been omitted
for clarity.

Table 4. Selected bond lengths [O] and angles [8] for HT-[Pd2Au2(m-3-
tBupz)6]·CH3CN (4a·CH3CN).

Au1···Pd1 3.474(2) Au2··Pd2 3.457(2)
Au1··Pd2 3.392(2) Pd1··Pd2 3.229(3)
Au2··Pd1 3.357(2)
Au1�N32 2.00(2) Pd1�N31 2.02(3)
Au1�N52 2.04(2) Pd1�N41 2.04(2)
Au2�N42 2.03(2) Pd2�N12 2.06(2)
Au2�N62 2.01(2) Pd2�N21 1.97(2)
Pd1�N11 1.98(2) Pd2�N51 2.02(2)
Pd1�N22 2.04(2) Pd2�N61 2.02(2)
N32-Au1-N52 177(1) N51-Pd2-N61 88.6(9)
N42-Au2-N62 174.6(9) Pd1-N11-N12 122(2)
N11-Pd1-N22 88.1(8) Pd2-N12-N11 112(2)
N11-Pd1-N31 173(1) Pd2-N21-N22 123(1)
N11-Pd1-N41 90.3(9) Pd1-N22-N21 112(1)
N22-Pd1-N31 95.8(9) Pd1-N31-N32 129(2)
N22-Pd1-N41 175.0(9) Au1-N32-N31 115(2)
N31-Pd1-N41 86.4(9) Pd1-N41-N42 122(2)
N12-Pd2-N21 87.3(9) Au2-N42-N41 117(2)
N12-Pd2-N51 170.5(9) Pd2-N51-N52 123(2)
N12-Pd2-N61 96.1(9) Au1-N52-N51 116(2)
N21-Pd2-N51 88.6(9) Pd2-N61-N62 126(2)
N21-Pd2-N61 175(1) Au2-N62-N61 118(2)
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consistent with the observation of the existence of three in-
equivalent 3-tBupz ligands by 1H NMR spectroscopy. The
structure of 4b is very similar to that of HH-[Pd2Ag2(m-3-
tBupz)6],[9] although 4b crystallizes with one molecule of
CH3CN while HH-[Pd2Ag2(m-3-tBupz)6] crystallizes with
two; the crystals 4b·CH3CN and HH-[Pd2Ag2(m-3-
tBupz)6]·2 CH3CN are not isomorphous. The average Au�N
distance in 4b (2.023 O) is 0.09 O shorter than the average
Ag�N distance in HH-[Pd2Ag2(m-3-tBupz)6] (2.111 O;
Table 5). Similarly to the cases of 4a and HH-[Pd2Ag2(m-3-

tBupz)6], an elongation of the Pd�N distances in the Pd···Pd
bridges close to tert-butyl group was observed for 4b due to
the bulkiness of the substituent group; the Pd1�N12
(2.044(6) O) and Pd1�N22 distances (2.047(5) O) are about
0.03 O longer than the average Pd�N distance (2.018 O) in
the Pd···Au bridges.

In connection with the mechanism of isomerization of
HH- and HT-[Pd2M’2(m-3-tBupz)6] (M’=Ag, Au), it may be
worthwhile to compare the geometry of the pyrazolate
bridges between the two Pd atoms. We define the terms “tilt
angle” as the angle between the two Pd planes (t) and the
“twist angle” as that of the two Pd planes about the Pd···Pd
axis (w), as shown in Scheme 4. Because two sites of each

Pd plane are directly connected by pyrazolate bridges, the
Pd···Pd distance and the tilt angle are affected primarily by
the M’�N (N�M’�N) distances. They are also affected by
the rotation of the Pd planes about the Pd···Pd axis and the
elongation of the Pd�N bond close to the tert-butyl group,
which release the strain of the Pd···Pd bridges. It is reasona-
ble that the Pd···Pd distance in 3b (3.3801(3) O) is longer
than that in 4b (3.268(1) O) and the tilt angle in 3b
(88.9(1)8) is larger than that in 4b (84.7(3)8) because the
Ag�N distances in 3b are about 0.1 O longer than the Au�
N distances in 4b. The longer Pd···Pd distance and the
larger tilt angle in 4b than in 4a are attributable to the
smaller twist angle in 4b. The structural parameters of these
three complexes (4a, 4b, and 3b) may imply that the rota-
tion of the Pd planes about the Pd···Pd axis is more restrict-
ed for the HH isomer than that for the HT isomer due to
the steric repulsion between the bulky substituent groups.
However, it is difficult to estimate the difference in the
degree of molecular strain between HH and HT isomers be-
cause the differences between the structural parameters of
the two isomers are small and their number is limited.

Isomerization : Two geometrical isomers (HT (4a) and HH
(4b)) arising from the relative orientation of the substituent

Figure 5. Molecular structure of the head-to-head isomer of [Pd2Au2(m-3-
tBupz)6] (4b) with the atom numbering scheme (50 % probability ellip-
soids). Methyl carbon atoms in the tert-butyl groups have been omitted
for clarity.

Table 5. Selected bond lengths [O] and angles [8] for HH-[Pd2Au2(m-3-
tBupz)6]·CH3CN (4b·CH3CN).

Au1···Pd1 3.5011(6) Au2···Pd2 3.3497(5)
Au1···Pd2 3.4123(5) Pd1···Pd2 3.2676(7)
Au2···Pd1 3.5386(2)
Au1�N32 2.013(6) Pd1�N31 2.014(5)
Au1�N52 2.029(6) Pd1�N41 2.029(6)
Au2�N42 2.014(6) Pd2�N11 1.997(6)
Au2�N62 2.036(6) Pd2�N21 1.998(5)
Pd1�N12 2.044(6) Pd2�N51 2.027(6)
Pd1�N22 2.047(5) Pd2�N61 2.003(6)
N32-Au1-N52 175.9(2) N51-Pd2-N61 90.8(3)
N42-Au2-N62 175.6(2) Pd2-N11-N12 123.3(4)
N12-Pd1-N22 88.0(2) Pd1-N12-N11 113.4(4)
N12-Pd1-N31 178.3(2) Pd2-N21-N22 122.8(4)
N12-Pd1-N41 93.1(2) Pd1-N22-N21 111.8(4)
N22-Pd1-N31 90.5(2) Pd1-N31-N32 125.7(4)
N22-Pd1-N41 176.7(2) Au1-N32-N31 118.4(4)
N31-Pd1-N41 88.5(2) Pd1-N41-N42 126.2(4)
N11-Pd2-N21 89.6(2) Au2-N42-N41 118.6(4)
N11-Pd2-N51 178.2(2) Pd2-N51-N52 123.8(4)
N11-Pd2-N61 88.3(2) Au1-N52-N51 116.9(4)
N21-Pd2-N51 91.1(2) Pd2-N61-N62 123.8(4)
N21-Pd2-N61 174.3(2) Au2-N62-N61 115.4(4)

Scheme 4. Technical terms used in the structural discussion.
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groups on the pyrazolate bridges between the two Pd atoms
have been isolated as major products for [Pd2Au2(m-3-
tBupz)6] out of several possible isomers even though the
precursor HT-[Pd2(m-3-tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] does
not isomerize, even at elevated temperatures. It is also possi-
ble to isolate a similar pair of isomers for [Pd2Ag2(m-3-
tBupz)6] (HT (3a) and HH (3b)). Because 3b and 4a are
easier to isolate than 3a and 4b, isomerization reactions of
the former complexes were followed by 1H NMR spectro-
scopy. The spectral variations due to the isomerization of 3b
in CDCl3 at 40 8C and those of 4a in C6D6 at 50 8C are
shown in Figures 6 and 7, respectively. No species other
than 3a and 4b appear during the isomerization of 3b and
4a.

As the concentrations of 3b and 3a are proportional to
the relative values of the integrated intensities of their cor-

responding proton resonances, those of the H5 resonances at
specific time intervals are plotted against the time in
Figure 8. Similar to the isomerization of HH-[Pt2(en)2(a-
pyridonate)2]ACHTUNGTRENNUNG(NO3)2,

[15] the time-dependence of the disap-
pearance of 3b and the appearance of 3a (Figure 8) is best
fitted to the integrated form of a rate law [Eq. (1)] that de-
scribes a first-order approach to equilibrium [Eq. (2)]. Typi-
cal fits of the time-dependent change in the relative values
of the integrated intensities of 3b and 3a to Equations (3)
and (4) are given in the upper and lower traces, respectively,
in Figure 8. We define the rate of isomerization from the
HT to the HH isomer and that from the HH to the HT
isomer as k1 and k2, respectively.

�d½3 b�=dt ¼ d½3 a�=dt ¼ k2½3 b��k1½3 a� ð1Þ

3 b
k2

k1

�! �3 a ð2Þ

½3 b�t ¼ ½3 b�eq þ ð½3 b�0�½3 b�eqÞ½expð�ðk1 þ k2ÞtÞ� ð3Þ

½3 a�t ¼ ½3 a�eq½1�expð�ðk1 þ k2ÞtÞ� ð4Þ

The rate and equilibrium constants as functions of tem-
perature are summarized in Table 6. An Eyring plot of the
temperature-dependence of the rate constant, lnACHTUNGTRENNUNG(k/T) versus
1/T, revealed the activation parameters for the HHQHT iso-
merization of [Pd2Ag2(m-3-tBupz)6] to be DH�=

100(1) kJ mol�1 and DS�=0(3) J mol�1 K�1.
The relative values of the integrated intensities of the H4

resonances at specific time intervals are plotted against the
time for 4a and 4b in C6D6 at 50 8C in Figure 9. Similarly to
the isomerization of 3b, the time-dependence of the disap-

Figure 6. 1H NMR spectral variations due to the isomerization of HH-
[Pd2Ag2(m-3-tBupz)6] (3b) (initial concentration: 15.5 mm) in CDCl3:
a) 20 8C, before isomerization; b) 40 8C for 110 min; c) 40 8C for 780 min.
The arrows show new signals arising from the isomerization.

Figure 7. 1H NMR spectral variations due to the isomerization of HT-
[Pd2Au2(m-3-tBupz)6] (4a) (initial concentration: 14.6 mm) in C6D6:
a) 20 8C, before isomerization; b) 50 8C for 240 min; c) 50 8C for 900 min.
The arrows show new signals arising from the isomerization.

Figure 8. The variation with time of the relative value of the integrated
intensities of H5 in 3a (d=7.94 ppm) and 3b (d=7.82 ppm), which are
proportional to the concentration of 3a and 3b, in CDCl3 at 40 8C. The
solid lines are the calculated appearance of 3a, xt=xe[1�exp(�kobst)],
and disappearance of 3b, xt=xe+ (x0�xe)[exp(�kobst)], from a least-
squares fit to Equation (4), where kobs=1.143 > 10�4 s�1.
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pearance of 4a and the appearance of 4b is also best fit to
the integrated form of a rate law [Eq. (5)] that describes a
first-order approach to equilibrium [Eq. (6)]. Typical fits of
the time-dependent change in the relative values of the inte-

grated intensities of 4a and 4b to Equations (7) and (8) are
given in the upper and lower traces, respectively, in Figure 9.

�d½4 a�=dt ¼ d½4 b�=dt ¼ k1½4 a��k2½4 b� ð5Þ

4 a
k1

k2

�! �4 b ð6Þ

½4 a�t ¼ ½4 a�eq þ ð½4 a�0�½4 a�eqÞ½expð�ðk1 þ k2ÞtÞ� ð7Þ

½4 b�t ¼ ½4 b�eq½1�expð�ðk1 þ k2ÞtÞ� ð8Þ

The rate and equilibrium constants as functions of tem-
perature are summarized in Table 7. The kinetic measure-
ments made with 4b in C6D6 at 60 8C (run 9, Figure 10)
reveal that the k1 and k2 values are almost identical to those
obtained with 4a under the same conditions, thus showing
the validity of the assumption of equilibrium in Equation (6)
and therefore that in Equation (2). The rate of isomerization
is scarcely affected by the concentration of the complex
(runs 7 and 8) or by the presence of neutral bridging ligands
(run 10). An Eyring plot of the temperature-dependence of
the rate constant, lnACHTUNGTRENNUNG(k/T) versus 1/T, revealed the activation
parameters for the HHQHT isomerization of [Pd2Au2(m-3-
tBupz)6] to be DH�=112(5) kJ mol�1 and DS�=

20(17) J mol�1 K�1.

Table 6. Rate and equilibrium data for the HH (3b) Q HT (3a) isomerization of [Pd2Ag2(m-3-tBupz)6].

Run Solvent Init. conc. of 3b [mm] T [8C] Keq
[a] 105 kobs [s�1] 105 k1

[b] [s�1] 105 k2
[b] [s�1]

1 CDCl3 15.5 40 1.19 11.43(9)[c] 5.23 6.20
2 CDCl3 15.4 45 1.22 21.2(2)[c] 9.5 11.7
3 CDCl3 15.4 50 1.24 38.6(5)[c] 17.3 21.3
4 CDCl3 15.7 55 1.27 69.9(5)[c] 30.8 39.1
5 C6D6 15.5 50 1.35 32.4(3)[d] 13.8 18.6

[a] After each kinetics run the sample was incubated for approximately 20 half-lives at the specified temperature. Equilibrium constants were calculated
from the relative value of the integrated intensities. [b] k1 and k2 were calculated from the equations kobs=k1+k2 and Keq=k2/k1. [c] kobs for disappear-
ance of the HH isomer resonance at d=7.82 ppm and appearance of the HT isomer resonance at d=7.94 ppm were calculated from Equations (3) and
(4). [d] kobs for disappearance of the HH isomer resonance at d=6.27 ppm and appearance of the HT isomer resonance at d=6.36 ppm were calculated
from Equations (3) and (4).

Figure 9. The variation with time of the relative value of the integrated
intensities of H4 in 4a (d=5.81 ppm) and 4b (d=5.92 ppm), which are
proportional to the concentration of 4a and 4b, in C6D6 at 50 8C. The
solid lines are the calculated appearance of 4b, xt=xe[1�exp(�kobst)],
and disappearance of 4a, xt=xe+ (x0�xe)[exp(�kobst)] from a least-
squares fit to Equation (8), where kobs=4.78 > 10�5 s�1.

Table 7. Rate and equilibrium data for the HT (4a) Q HH (4b) isomerization of [Pd2Au2(m-3-tBupz)6]

Run Solvent Init. conc. of 4a [mm] T [8C] Keq
[a] 105 kobs [s�1] 105 k1

[b] [s�1] 105 k2
[b] [s�1]

1 C6D6 14.6 50 0.36 4.78(8)[c] 1.26 3.52
2 C6D6 14.5 55 0.36 10.4(2)[c] 2.8 7.6
3 C6D6 15.2 60 0.36 17.7(3)[c] 4.7 13.0
4 C6D6 15.1 65 0.36 33.0(7)[c] 8.7 24.3
5 CDCl3 11.5 50 0.36 7.2(1)[d] 1.9 5.3
6 CDCl3 13.1 55 0.36 10.3(3)[d] 2.7 7.6
7 C6D6 4.0 60 0.36 15.6(4)[c] 4.1 11.5
8 C6D6 60.0 60 0.36 16.04(9)[c] 4.26 11.78
9 C6D6 6.6[e] 60 0.36 17.3(2)[f] 4.6 12.7
10 C6D6 14.5 60 0.36 17.9(3)[c, g] 4.7[g] 13.2[g]

[a] After each kinetics run the sample was incubated for approximately 20 half-lives at the specified temperature. Equilibrium constants were calculated
from the relative value of the integrated intensities. [b] k1 and k2 were calculated from the equations kobs=k1+k2 and Keq=k1/k2. [c] kobs for disappear-
ance of the HT isomer resonance at d=5.81 ppm and appearance of the HH isomer resonance at d=5.92 ppm were calculated from Equations (7) and
(8). [d] kobs for disappearance of the HT isomer resonance at d=5.68 ppm and appearance of the HH isomer resonance at d=5.75 ppm were calculated
from Equations (7) and (8). [e] Initial concentration of 4b (mm). [f] kobs for appearance of the HT isomer resonance at d=5.81 ppm and disappear-
ance of the HH isomer resonance at d=5.92 ppm were calculated from Equations (7’) and (8’). {�d[4b]/dt=d[4a]/dt=k2[4b]�k1[4a] (5’), 4b

k2

k1

�! �4a (6’),
[4b]t= [4b]eq+ ([4b]0�[4b]eq)[exp(�(k1+k2)t] (7’), [4a]t= [4a]eq[1�exp(�(k1+k2)t)] (8’)}. [g] Rate in the presence of 2.1 equivalents of 3-tBupzH.
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A comparison of Tables 6 and 7 revealed that the concen-
tration of the HT isomer is higher than that of the HH
isomer at equilibrium for both [Pd2Ag2(m-3-tBupz)6] and
[Pd2Au2(m-3-tBupz)6]. The rate of isomerization from 3a to
3b is about 10 times faster than that of 4a to 4b, while that
of 3b to 3a is about five times faster than that of 4b to 4a.
It is very interesting to note that the rate of isomerization is
affected by the nature of the heterometal ions (AgI and
AuI), although there is no apparent bonding interaction
among these ions and the bridging ligands that participate in
the isomerization reaction. The reason why the isomeriza-
tion of [Pd2Ag2(m-3-tBupz)6], which contains more-labile
AgI ions, is faster than that of [Pd2Au2(m-3-tBupz)6] is un-
clear at this stage.[24] It is also difficult to explain the differ-
ence between the equilibrium constants, Keq, in [Pd2Ag2(m-3-
tBupz)6] and [Pd2Au2(m-3-tBupz)6].

The mechanism of the HHQHT isomerization in
[Pt2(en)2(a-pyridonate)2] ACHTUNGTRENNUNG(NO3)2 is considered to be dissocia-
tive due to several reasons: i) the large enthalpy (DH�=

114(5) kJ mol�1) and the small positive entropy (DS�=

40(10) J mol�1 K�1), ii) an addition of a better nucleophile to
the solution does not affect the rate of isomerization, and
iii) the rate of isomerization is accelerated in sterically more
hindered [Pt2(en)2(a-pyridonate)2]ACHTUNGTRENNUNG(NO3)2 than sterically less
hindered [Pt2ACHTUNGTRENNUNG(NH3)4(a-pyridonate)2]ACHTUNGTRENNUNG(NO3)2.

[15] In the
HHQHT isomerization of [Pd2Ag2(m-3-tBupz)6] and
[Pd2Au2(m-3-tBupz)6], a large enthalpy and small positive
entropy were also observed and the rate of isomerization
was little affected by the nature of the solvent (CDCl3 or
C6D6). The presence of neutral bridging ligands also does
not affect the rate of isomerization, which strongly suggests
that the isomerization is an intramolecular exchange reac-
tion. It is thus reasonable to consider that the mechanism of
the HHQHT isomerization in [Pd2Ag2(m-3-tBupz)6] and
[Pd2Au2(m-3-tBupz)6] is dissociative.[24]

Conclusion

The heteropolynuclear complexes [Pd2M’2(L)6] (M’I=AgI,
AuI; L=pz, 3-tBupz) have been synthesized and structurally
characterized. An intermolecular Ag···Ag or Au···Au contact
between adjacent complex molecules is found in some crys-
tal structures of [Pd2M’2(pz)6]. When 3-tert-butylpyrazolate
is employed as a bridging ligand, two linkage isomers (HT
and HH) arise from the difference in orientation of the sub-
stituent groups on the pyrazolate bridges between the two
Pd atoms; they are in equilibrium in solution. This isomeri-
zation occurs only at the Pd···Pd bridges—the ligands at the
Pd···Ag and Pd···Au bridges apparently do not participate in
the isomerization. However, the rate of isomerization is af-
fected by the nature of the heterometal ions (AgI and AuI)
present.

Experimental Section

Materials : [PdCl2 ACHTUNGTRENNUNG(CH3CN)2],[17] [Pd ACHTUNGTRENNUNG(pzH)4]Cl2,
[9] [AuClACHTUNGTRENNUNG(tht)] (tht= tetra-

hydrothiophene),[18] 3-tert-butylpyrazole (3-tBupzH),[19] and HT-[Pd2(m-3-
tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2]

[9] were prepared by literature methods.
All other commercially available reagents were used as purchased.

Preparation of complexes: [Pd2Ag2 ACHTUNGTRENNUNG(m-pz)6] (1): Method A : An acetoni-
trile solution (10 mL) of AgPF6 (281 mg, 1.11 mmol) was added to a solu-
tion of [Pd ACHTUNGTRENNUNG(pzH)4]Cl2 (136 mg, 0.30 mmol) in acetonitrile (40 mL) and
the resulting solution was stirred for 1 h at 20 8C. The AgCl formed was
then filtered off. A solution of Et3N (156 mg, 1.54 mmol) in acetonitrile
(30 mL) was added to the filtrate and the solution was stirred for 2 h at
20 8C. After filtration, the filtrate was concentrated under air. The color-
less crystals formed, which contain solvent of crystallization, were collect-
ed and washed with acetonitrile. The mother liquid was further concen-
trated to dryness. The residue was washed with water and diethyl ether
to afford a colorless powder. The crystals and powder were then dried in
vacuo. Yield: 77 mg (62 %). Elemental analysis calcd (%) for
C18H18Ag2N12Pd2: C 26.02, H 2.18, N 20.23; found: C 26.07, H 1.91, N
20.35; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=5.93 (t, 2 H; H4), 6.29
(t, 4H; H4), 6.90 (d, 4H; H3 and H5), 7.36 (d, 4H; H3 or H5), 7.85 ppm
(d, 4 H, H3 or H5).

Method B : A solution of AgPF6 (461 mg, 1.82 mmol) in acetonitrile
(10 mL) was added to a suspension of [PdCl2 ACHTUNGTRENNUNG(CH3CN)2] (105 mg,
0.41 mmol) in acetonitrile (30 mL). The suspension was stirred for 1 h at
20 8C and the resulting AgCl was then filtered off. A solution of Et3N
(193 mg, 1.91 mmol) and pzH (110 mg, 1.61 mmol) in acetonitrile
(10 mL) was added to the filtrate, and the solution was stirred for 2 h at
20 8C. After filtration, the filtrate was concentrated under air. The color-
less crystals with no solvent of crystallization were collected, washed with
acetonitrile, and dried in vacuo. Yield: 34 mg (20 %).

ACHTUNGTRENNUNG[Pd2Au2ACHTUNGTRENNUNG(m-pz)6] (2): A solution containing [Pd ACHTUNGTRENNUNG(pzH)4]Cl2 (98 mg,
0.22 mmol), [AuClACHTUNGTRENNUNG(tht)] (134 mg, 0.42 mmol), and Et3N (127 mg,
1.25 mmol) in acetonitrile (40 mL) was stirred for 1 h at 20 8C. After fil-
tration, the filtrate was concentrated under air. The colorless crystals
were collected, washed with acetonitrile, and dried in vacuo. Yield:
45 mg (41 %). Elemental analysis calcd (%) for C18H18Au2N12Pd2: C
21.42, H 1.80, N 16.65; found: C 21.46, H 1.66, N 16.65; 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=5.98 (t, 2H; H4), 6.29 (t, 4 H; H4),
7.02 (d, 4 H; H3 and H5), 7.33 (d, 4H; H3 or H5), 7.80 ppm (d, 4 H; H3 or
H5).

HT-[Pd2Ag2(m-3-tBupz)6] (3a): Et3N (94 mg, 0.93 mmol) and a solution
of AgPF6 (79 mg, 0.31 mmol) in acetonitrile (5 mL) were added to a sus-
pension of HT-[Pd2(m-3-tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] (139 mg,
0.15 mmol) in acetonitrile (50 mL), and the suspension was stirred for
30 min at 25 8C to give a clear solution. After filtration, the filtrate was

Figure 10. The variation with time of the relative value of the integrated
intensities of H4 in 4a (d=5.81 ppm) and 4b (d=5.92 ppm), which are
proportional to the concentration of 4a and 4b, in C6D6 at 60 8C. The
solid lines are the calculated appearance of 4a, xt=xe[1�exp(�kobst)],
and disappearance of 4b, xt=xe+ (x0�xe)[exp(�kobst)] from a least-
squares fit to Equation (8’) (see footnote to Table 7) where kobs=1.73 >
10�4 s�1.
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concentrated under air. The crystals, which contained a small amount of
HH isomer (3b), were collected, washed with acetonitrile, and dried in
air. Total yield: 101 mg (59 %). An attempt to isolate pure 3a was unsuc-
cessful because isomerization occurs in solution even at room tempera-
ture.

HT-[Pd2Au2(m-3-tBupz)6] (4a): [AuCl ACHTUNGTRENNUNG(tht)] (66 mg, 0.21 mmol) and a so-
ACHTUNGTRENNUNGlution of Et3N (109 mg, 1.08 mmol) acetonitrile (5 mL) were added to a
suspension of HT-[Pd2(m-3-tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] (98 mg,
0.10 mmol) in acetonitrile (15 mL), and the suspension was stirred for 1 h
at 25 8C to give a clear solution. After filtration, the filtrate was concen-
trated under air. The crystals were collected, washed with acetonitrile,
and dried in vacuo. Yield: 101 mg (75 %). Elemental analysis calcd (%)
for C42H66Au2N12Pd2: C 37.48, H 4.94, N 12.49; found: C 37.93, H 4.75, N
12.74; 1H NMR (400 MHz, [D6]benzene, 25 8C; dC6H6

=7.20 ppm): d=1.38
(s, 18H; tBu), 1.45 (s, 18H; tBu), 1.49 (s, 18 H; tBu), 5.81 (d, 2H; H4),
6.18 (d, 2 H; H4), 6.27 (d, 2 H; H4), 6.96 (d, 2H; H5), 7.73 (d, 2H; H5),
7.80 ppm (d, 2H; H5).

HH-[Pd2Au2(m-3-tBupz)6] (4b): A solution of 4a (51 mg, 0.038 mmol) in
benzene (2 mL) was heated for 2 h at 70 8C. The solution was then
loaded onto a preparative TLC plate. The solvent was allowed to evapo-
rate, and product separation was achieved with hexane/CH2Cl2 (1:1) as
eluent. The minor band was extracted with CH2Cl2/CH3OH (10:1) (3 >
30 mL), and the mixture was filtered through Celite. The filtrate was
evaporated to dryness, and the residue was dried in vacuo. Crystals suita-
ble for X-ray structural analysis were obtained by recrystallization from
CH3CN. Yield: 6 mg (12 %). 1H NMR (400 MHz, [D6]benzene, 25 8C;
dC6H6

=7.20 ppm): d=1.38 (s, 18H; tBu), 1.45 (s, 18H; tBu), 1.49 (s, 18 H;
tBu), 5.92 (d, 2H; H4), 6.12 (d, 2 H; H4), 6.22 (d, 2H; H4), 7.07 (d, 2 H;
H5), 7.64 (d, 2H; H5), 7.66 ppm (d, 2 H; H5).

Kinetic measurements : Because pure samples of the HH isomer of
[Pd2Ag2(m-3-tBupz)6] (3b) and the HT isomer of [Pd2Au2(m-3-tBupz)6]
(4a) are more easily obtained than 3a and 4b, the kinetic experiments
were mainly carried out with 3b in CDCl3 and 4a in C6D6. To confirm
that the equilibrium condition can be assumed in the rate law, the kinetic
experiments were also carried out for 4b at 60 8C. Before the sample so-
ACHTUNGTRENNUNGlution was placed into the NMR cell compartment, the desired tempera-

ture was achieved. 1H NMR spectra were recorded at a specific time in-
terval (10–30 min, depending on the rate of reaction). No sign of decom-
position other than isomerization was observed for 3b and 4a during the
kinetic runs on the basis of their 1H NMR spectra. The intensity changes
of the H5 resonances of the pyrazolate ligands (d=7.94 (3a), 7.82 ppm
(3b)) were followed for [Pd2Ag2(m-3-tBupz)6] in CDCl3, while those of
the H4 resonances (d=5.81 ppm (4a), 5.92 ppm (4b)) were followed for
[Pd2Au2(m-3-tBupz)6] in C6D6. The integrated peak areas at given times
were fit to rate equations by using a nonlinear least-squares program and
unit weights.

Equilibrium measurements : After each kinetic run samples were incubat-
ed for approximately 20 half-lives at the specified temperature, following
which time a spectrum of the system at equilibrium was measured. Equi-
librium constants were calculated from the integrated peak areas.

X-ray structural determinations : Crystals suitable for X-ray structural
analysis were obtained directly from the reaction mixture. The crystal of
1 was mounted on a glass fiber, while the crystals of 1·3CH3CN,
(2)2·3 CH3CN·H2O, 4a·CH3CN, and 4b·CH3CN were sealed in thin-walled
glass capillaries. Intensity data were collected on a Quantum CCD area
detector coupled with a Rigaku AFC7S diffractometer equipped with a
graphite-monochromated MoKa radiation source (l=0.71069 O) at 295–
297 K. Final cell parameters were obtained from a least-squares analysis
of reflections with I>10s(I). The data were corrected for Lorentz and
polarization effects. An empirical absorption correction was also ap-
plied.[20]

The crystal structures of 1·3 CH3CN and (2)2·3CH3CN·H2O were solved
by direct methods (SIR92).[21] Those of 1, 4a·CH3CN, and 4b·CH3CN
were solved by the heavy-atom method with DIRDIF.[22] The positional
and thermal parameters of non-H atoms were refined anisotropically by
the full-matrix least-squares method, except for 4a·CH3CN, whose Au
and Pd atoms were refined anisotropically and N and C atoms isotropi-
cally by the full-matrix least-squares method. The minimized function
was �w(F2

o�F2
c)

2, where w�1=s2(F2
o)+ (p(Max(F2

o, 0)+2F2
c)/3)2 (p=0.05

for 1 and 4a·CH3CN, 0.053 for 1·3 CH3CN, 0.18 for (2)2·3CH3CN·H2O,
and 0.10 for 4b·CH3CN). Hydrogen atoms were included at calculated
positions with fixed displacement parameters (1.2-times the displacement

Table 8. Crystallographic data for [Pd2Ag2(m-pz)6]·3CH3CN (1·3 CH3CN), [Pd2Ag2(m-pz)6] (1), [Pd2Au2(m-pz)6]2·3CH3CN·H2O ((2)2·3 CH3CN·H2O), HT-
[Pd2Au2(m-3-tBupz)6]·CH3CN (4a·CH3CN), and HH-[Pd2Au2(m-3-tBupz)6]·CH3CN (4b·CH3CN).

1·3CH3CN 1 (2)2·3CH3CN·H2O 4a·CH3CN 4b·CH3CN

formula C24H27Ag2N15Pd2 C18H18Ag2N12Pd2 C42H47Au4N27OPd4 C44H69Au2N13Pd2 C44H69Au2N13Pd2

Fw 954.11 830.96 2159.48 1386.85 1386.85
T [K] 296 295 296 297 296
l [O] 0.71069 0.71069 0.71069 0.71069 0.71069
crystal systems triclinic triclinic triclinic monoclinic triclinic
space group P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2) P21/a (no. 14) P1̄ (no. 2)
a [O] 9.0173(3) 9.564(3) 13.843(1) 10.847(3) 12.935(1)
b [O] 9.8703(6) 11.451(7) 15.019(3) 45.792(2) 13.833(2)
c [O] 19.056(1) 11.763(5) 16.083(3) 11.322(3) 15.991(1)
a [8] 75.648(1) 66.576(4) 70.239(1) 90 82.672(3)
b [8] 86.6057(9) 82.541(8) 88.106(2) 111.165(1) 73.736(1)
g [8] 77.3296(6) 87.38(2) 69.603(5) 90 69.736(1)
V [O3] 1603.0(1) 1172.1(9) 2935.9(9) 5244(1) 2575.3(5)
Z 2 2 2 4 2
1calcd [gcm�3] 1.977 2.354 2.443 1.756 1.788
crystal size [mm] 0.80 > 0.35 > 0.15 0.60 > 0.40 > 0.15 0.30 > 0.20 > 0.06 0.60 > 0.40 > 0.30 0.35 > 0.20 > 0.20
2qmax [8] 55.0 55.56 55.04 55.14 55.04
m(MoKa) [mm�1] 2.347 3.186 11.243 6.315 6.429
rflns collected 13711 9450 25294 9683 22092
no. of unique rflns 6784 (Rint=0.016) 4927 (Rint=0.056) 12503 (Rint=0.041) 5819 (Rint=0.053) 10873 (Rint=0.024)
data/restraints/params. 6780/0/388 4178/0/307 12503/0/703 5063/0/265 10873/0/550
final R indices[a] R1=0.027 [I>2s(I)] R1=0.067 [I>3s(I)] R1=0.068 [I>2s(I)] R1=0.088 [I>3s(I)] R1=0.037 [I>2s(I)]
R indices[b,c] R=0.048,[d] Rw=0.074[d] R=0.121, Rw=0.191 R=0.144,[d] Rw=0.202[d] R=0.125, Rw=0.297 R=0.065,[d] Rw=0.133[d]

goodness-of-fit on F2 0.98 2.70 0.87 4.34 1.02
largest diff. peak/hole [eO�3] 0.75/�0.99 2.79/�2.24 4.03/�4.11 1.41/�2.24 1.93/�2.24

[a] R1=� j jFo j� jFc j j /� jFo j . [b] R=�(F2
o�F2

c)/�F2
o. [c] Rw= [�{w(F2

o�F2
c)

2}/�{w(F2
o)

2}]1/2. [d] All data.
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parameters of the host atom). In the final cycle of the refinement, param-
eter shifts were less than 0.1s. No correction was made for secondary ex-
tinction.

All calculations were performed by using teXsan.[23] Further crystallo-
graphic data are given in Table 8. Selected bond distances and angles are
listed in Tables 1, 2, 3, 4, and 5.

CCDC-281777, CCDC-281778, CCDC-281779, CCDC-281780, and
CCDC-281781 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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