Inorg. Chem. 2003, 42, 3907—-3916

Inorganic:Chemistry

* Article

Pyrazolato-Bridged Polynuclear Palladium and Platinum Complexes.
Synthesis, Structure, and Reactivity

Keisuke Umakoshi,*T Yoko Yamauchi,! Keiko Nakamiya," Takashi Kojima,! Mikio Yamasaki,*
Hiroyuki Kawano,"® and Masayoshi Onishi* "

Department of Applied Chemistry, Faculty of Engineering, Nagasakiéssity, Bunkyo-machi,
Nagasaki 852-8521, Japan, and Rigaku Corporation, Matsubara, Akishima,
Tokyo 196-8666, Japan

Received November 20, 2002

Cyclic trinuclear complexes [Pds(u-pz)s] (1) and [Pds(u-4-Mepz)g] (2) and dinuclear complex [Pda(u-3-t-Bupz),(3-
t-Bupz)(3-t-BupzH),] (3) have been prepared by the reactions of [PdCI(CHsCN),] with pyrazole (pzH),
4-methylpyrazole (4-MepzH), and 3-tert-butylpyrazole (3-t-BupzH), respectively, in CH3sCN in the presence of Et;N.
In the absence of the base, treatment of [PdCl,(CHsCN),] with pzH gave the mononuclear complex, [Pd(pzH)4]Cl,
(6). The reaction of [PtCl,(C,HsCN),] with pzH in the presence of Et;N under refluxing in C,HsCN afforded the
known dimeric Pt(Il) complex, [Pt(pz).(pzH),]. (7). The protons participating in the hydrogen bonding in 3 and 7 are
easily replaced by silver ions to give the heterotetranuclear complex [Pd,Agq(u-3-t-Bupz)e] (4) and the
heterohexanuclear complex [Pt,Aga(u-pz)s] (5). The complexes 1-6 are structurally characterized.
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Co?27 Cu;l6:1921.2832 Rpz = pyrazolate or substituted pyra-
zolates). Until very recently, the only exception of the
pyrazolate-bridged cyclic trinuclear complex having a dif-
ferent metal/ligand ratio was [#&-pz)], which was prepared
by the specific method in a sealed tueThe cyclic
trinuclear palladium(ll) complex with 3-phenylpyrazolate has
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Experimental Section

Materials. [PdCL(CH3CN);],4° [PtCl(CoHsCN),],4t [PtCly-
(pzH)),*? 3-tert-butylpyrazole (3+BupzH)2® and potassium tet-
rakis(3tert-butylpyrazol-1-yl)borate (KB(3-t-Bupz)} )3 were pre-
pared by the literature methods. Acetonitrile was dried over calcium
hydride and distilled under an argon atmosphere. All other

just been prepared by the stepwise manner by Raptis andcommercially available reagents were used as purchased.

co-workers3*

We have recently reported the variable-temperattite
NMR spectra of [Pdf3-2-methallylY B(3-t-Bupz)}] (3-t-
Bupz = 3-tert-butylpyrazol-1-yl group¥ and discussed the
stereochemical nonrigidity in the square-planar Pd(ll) com-
plex of the tetrakis(pyrazol-1-yl)borate ligand containing a
bulky 3-substituent® In order to further elucidate the
correlation of the nonrigid motions of the B{®Bupz), ligand
with a trans-coexisting ligand, we tried to prepare the Pd(ll)
complex of B(3t-Bupz), with bulky tropolonate. In spite of
our efforts, it was unsuccessful. However, in the reaction of
unisolated [PdCl(tropolonato)(GEBN)] with K[B(3-t-Bupz)]
in the presence of Agion, we unexpectedly obtained a
mixed-metal complex, [PAg.(u-3-t-Bupz)], which was
formed by the B-N bond cleavage of B(8Bupz), ligand.
This finding prompted us to undertake a systematic inves-
tigation on the Pd(Ih-pyrazolate system and led us to the
isolation of pyrazolate-bridged cyclic trinuclear Pd(ll) com-
plexes, [Pe(u-pz)] and [Pd(u-4-Mepz)}]. The structures of
cyclic trinuclear complexes with pyrazolates are very similar
to that of palladium acetate [H@-OAc)g].5"~3° Thus it is
worth comparing the structures and properties of the

Preparation of Complexes. [Pd(x-pz)s] (1). Method A. An
acetonitrile solution (100 mL) containing [PGTH3;CN),] (137
mg, 0.53 mmol), pyrazole (pzH; 108 mg, 1.59 mmol), and
triethylamine (E4N; 160 mg, 1.58 mmol) was stirred for 30 min at
25°C. A white solid of polymeric species ([Pd(Rpk)in Scheme
1) was then filtered off. The filtrate was concentrated slowly under
air. The pale yellow crystals were collected, washed with aceto-
nitrile, and dried in air. Yield: 28 mg (22%). The yield depends
on the reaction conditions, especially on the amount of solvent
employed. The relationship between yield and the concentration
of [PdCL(CH3CN),] in acetonitrile is summarized in Scheme 1.
Anal. Calcd for GoH24N14P s ([Pds(pz)s]-2CHCN): C, 32.87; H,
3.01; N, 24.40. Found: C, 32.89; H, 3.31; N, 24.3R. NMR
(CDCl)/ppm: 6 5.97 (t, 1H, H), 7.35 (d, 2H, H and H,).
FABMS: m/z 722 ([M]™). Although fresh crystals include aceto-
nitrile molecules as solvent of crystallization, the crystals have low
solubility toward acetonitrile. Howevet,can be recrystallized from
chloroform and dichloromethane. The recrystallizationldfom
CH,CI,/MeOH in the presence of LiClQgave crystals, which do
not include any solvent of crystallization.

Method B. To an acetonitrile solution (100 mL) of [Pd(pz)
Cl; (3) (181 mg, 0.40 mmol) was addeds;Nt(191 mg, 1.9 mmol),
and the solution was stirredrfd h at 20°C. After removal of a
white solid of polymeric species, the filtrate was slowly concentrated
under air. The pale yellow crystals were collected, washed with

complexes having nonsubstituted pyrazolate and acetate;cetonitrile, and dried in air. Yield: 33 mg (34%).

ligands.

In this paper, we report the synthesis and structural
characterization of pyrazolate-bridged cyclic trinuclear Pd-
(I complexes, a dinuclear Pd(ll) complex, and heteropoly-
nuclear Pd(Il) and Pt(Il) complexes. The easy replacemen
of protons in the neutral complexes by Adpns is also
reported.
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[Pds(u-4-Mepz)] (2). To an acetonitrile solution (100 mL) of
[PACL(CH3CN);] (131 mg, 0.51 mmol) were added 4-methylpyra-
zole (4-MepzH; 127 mg, 1.55 mmol) and 3Bt (152 mg, 1.50
mmol), and the solution was stirred for 30 min at 25. After

tremoval of a white solid of polymer, the filtrate was slowly

concentrated under air. The pale yellow crystals were collected,
washed with acetonitrile, and dried in air. Yield: 22 mg (16%).
Anal. Calcd for GsH3N,Pds: C, 35.77; H, 3.75; N, 20.86.
Found: C, 35.93; H, 3.77; N, 20.86H NMR (CDCl)/ppm: 6
1.89 (s, 3H, Me), 7.09 (s, 2H,44nd H;). FABMS: m/z806 ([M]).
[Pda(-3-t-Bupz),(3-t-Bupz),(3-t-BupzH),] (3). Method A. To
an acetonitrile solution (100 mL) of [PdECHsCN),] (131 mg,
0.51 mmol) were added trt-butylpyrazole (3+BupzH; 187 mg,
1.51 mmol) and EN (152 mg, 1.50 mmol), and the solution was
stirred fa 1 h at 25°C. No white solid of polymer appeared. The
solution was filtered and concentrated under air. The pale yellow
crystals were collected before the precipitation gNE{CI, washed
with acetonitrile, and dried in air. Yield: 33 mg (14%). The
preparation in the presence of Proton Sponge (1,3NHi(
dimethylamino)naphthalene) instead ofNEalso afforded in 29%
yield. Anal. Calcd for GoHgsN1.Pdh: C, 52.88; H, 7.19; N, 17.62.
Found: C, 52.85; H, 7.09; N, 17.644 NMR (C¢Dg)/ppm: 6 1.26
(s, 18H,t-Bu), 1.35 (s, 18H-Bu), 1.41 (s, 18H{-Bu), 5.89 (d,

(40) Wimmer, F. L.; Wimmer, S.; Castan, P.; Puddephatt, Ralg. Synth.
1992 29, 185. i

(41) Kukushkin, V. Yu; Oskarsson,;&lding, L. |.; Jonasdottir, Snorg.
Synth.1997, 31, 279.
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Chem.198Q 5, 73.



Pyrazolato-Bridged Polynuclear Pd and Pt Complexes

Scheme 1
&
R R R R TN
=\ 2" T\ R~ sN-N ~-R
A Et,N |/ \] \! . {N Y,
[PACIy(CH3CN),] + 3 ———— ~Pd Rd Pd Pd- RGN Pd
N-NH  CHCN, rt '{l\/,[l Pd |
(R =H, Me) R N-N N&I
R R ( A R
R
[Pd(Rpz).], [Pd3(u-Rpz)e]
Yield  Volume
Pd;(u-pz 9 % 30 mL
Concentration Dependence of the Yield [Pd3(u-pz] 2 0 100 m
([PdCly(CH3CN),] = 0.5 mmol) 30 200
[Pd;(u-4-Mepz)s] 16 100

2H, Hy), 5.95 (d, 2H, H), 5.98 (d, 2H, H), 6.77 (d, 2H, H), 7.31
(d, 2H, H), 7.62 (d, 2H, H). FABMS: m/z 955 ([M + H]™).

Method B. An acetonitrile solution (30 mL) containing
[PACL(CH3CN);] (51 mg, 0.19 mmol) and sodium tropolonate (60
mg, 0.42 mmol) was stirred for 20 min at 2C and filtered. To
the filtrate was added §8(3-t-Bupz)} (103 mg, 0.19 mmol), and
the solution was stirred for 30 min at 2Z&. The solution was
filtered and concentrated under air. The pale yellow crystals were
collected, washed with acetonitrile, and dried in air. Yield: 20 mg
(21%).

[Pd2Aga(u-3-t-Bupz)s] (4). Method A. To an acetonitrile solu-
tion (90 mL) of [PAC}(CH3CN),] (132 mg, 0.51 mmol) was added
an acetonitrile solution (10 mL) of AgRK380 mg, 1.50 mmol).
The solution was stirred for 30 min at 2&, and the resulting
AgCl was filtered off. An acetonitrile solution (50 mL) of
3-t-BupzH (190 mg, 1.53 mmol) and £t (156 mg, 1.54 mmol)
was added to the filtrate, and the solution was stirred for 40 min at
25 °C. After filtration, the filtrate was concentrated under air. The
colorless crystals were collected, washed with acetonitrile, and dried
in air. Yield: 51 mg (17%). Anal. Calcd for GHgsAgoN1.P: C,
43.20; H, 5.70; N, 14.39. Found: C, 43.17; H, 5.92; N, 141%556.
NMR (CDClg)/ppm: 6 1.20 (s, 18Ht-Bu), 1.30 (s, 18H}-Bu),
1.32 (s, 18H{-Bu), 5.77 (d, 2H, H), 6.02 (m, 2H, H), 6.17 (m,
2H, Hy), 6.48 (d, 2H, H), 7.71 (t, 2H, H), 7.83 (t, 2H, H).

Method B. To an acetonitrile suspension (50 mL)3§139 mg,
0.15 mmol) were added N (94 mg, 0.93 mmol) and an
acetonitrile solution (5 mL) of AgRPf(79 mg, 0.31 mmol). The
suspension was stirred for 30 min at Z5to give a clear solution.
After filtration, the filtrate was concentrated under air. The crystals
were collected, washed with acetonitrile, and dried in air. Yield:
101 mg (59%).

Method C. An acetonitrile solution (60 mL) containing
[PACL(CH3CN),] (234 mg, 0.90 mmol), sodium tropolonate (285
mg, 1.98 mmol), and AgRH228 mg, 0.90 mmol) was stirred for
1 h at 20°C and filtered to remove AgCl and NaCl. To the filtrate
were added AgRPH228 mg, 0.90 mmol) and §B(3-t-Bupz),} (487
mg, 0.90 mmol), and the solution was stirred for 30 min at@0
The solution was filtered and concentrated under air. The pale
yellow crystals were collected, washed with acetonitrile, and dried
in air. Yield: 72 mg (14%).

[Pt2Aga(u-pz)g] (5). Method A. To a propionitrile solution (40
mL) of [PtCl(C,HsCN),] (145 mg, 0.38 mmol) was added AgPF
(254 mg, 1.00 mmol), and the solution was refluxed for 1 h. The
solution was cooled to room temperature and filtered to remove
the precipitate of AgCl. To the filtrate were addegNE{(154 mg,
1.52 mmol) and pzH (102 mg, 1.50 mmol), and the solution was

again refluxed for 2 h. After filtration, the filtrate was concentrated
under air. The colorless crystals were collected, washed with
propionitrile, and dried in air. Yield: 10 mg (4%). The use of 4
equiv of AgPFK (420 mg, 1.7 mmol) afforded 15 mg (6%) &f
Anal. Calcd for G4H2AQuN16Ph: C, 21.22; H, 1.78; N, 16.50.
Found: C, 21.45; H, 1.86; N, 16.77. ESIMSw/z 1359 ([M +
HI™).

Method B. A suspension of [Pt(pzpzH)]. (7) (235 mg, 0.25
mmol) and AgPE (317 mg, 1.3 mmol) in acetonitrile (50 mL) was
stirred for 24 h at 20C. White solid was collected, washed with
acetonitrile, and dried in air. Yield: 177 mg (52%).

Reaction of [PdCL(CH3CN),] with pzH in the Absence of
EtsN. To an acetonitrile solution (120 mL) of [PdfQCH;CN),]
(130 mg, 0.50 mmol) was added pzH (103 mg, 1.50 mmol), and
the solution was stirred fdl h at 25°C. No white solid of polymer
appeared in this case. The solution was filtered and concentrated
under air. The yellow crystals, [Pd(pz{}l, (6), were collected,
washed with acetonitrile, and dried in air. Yield: 45 mg (20% based
on [PACL(CH3CNY),]). An addition of a few drops of water (ca 0.1
mL) to the reacting solution improves the yield (75 mg, 33%
([PACL(CH3CN),)/pzH = 1/3); 176 mg, 77% ([PdGICH;CN),]/
pzH = 1/4)). Since the crystals contain water molecules as solvent
of crystallization, the elemental analyses were performed for the
powdered samples dried in vacuo. Anal. Calcd fqgHz¢Cl,Ns-

Pd: C, 32.06; H, 3.59; N, 24.92. Found: C, 32.59; H, 3.92; N,
24.48.

Reaction of [PtClL(C,HsCN),] with pzH in the Presence of
EtsN. To a propionitrile solution (100 mL) of [Pt@IC,HsCN),]
(189 mg, 0.50 mmol) were added pzH (103 mg, 1.52 mmol) and
Et;N (155 mg, 1.54 mmol), and the solution was refluxed for 4 h.
After filtration, the filtrate was concentrated under air. The colorless
crystals, [Pt(pzXpzH)]. (7),* appeared 2 weeks later and were
collected, washed with acetonitrile, and dried in air. Yield: 23 mg
(10%). This compound was confirmed by X-ray crystallographic
analysis.

Conversion oftrans-[PtCl x(pzH),] to [Pt3(u-pz)s] in CH 3CN.

To an acetonitrile solution (100 mL) dfans[PtClx(pzH),] (162
mg, 0.40 mmol) was added 4&t (117 mg, 1.16 mmol), and the
solution was refluxed for 6 h. After filtration, the filtrate was
concentrated under air. The colorless crystals of({Ppz)s] (8)%
were collected, washed with acetonitrile, and dried in vacuo.
Yield: 16 mg (12%). This compound was confirmed by X-ray
crystallographic analysis (see Supporting Information).

X-ray Structural Determinations. Crystals suitable for X-ray

(43) Burger, W.; Stihle, J.Z. Anorg. Allg. Chem1986 539, 27.
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Table 1. Crystallographic Data for [Rfl-pz)s] (1), [Pds(u-pz)s]-2CHsCN (1-:2CHsCN), [Pds(¢-4-Mepz)]-2CHCN (2:2CHsCN),
[Pdo(u-3-t-Bupz)(3-t-Bupzp(3-t-BupzH)] (3), [PdbAg2(u-3-t-Bupz)]-2CH;CN (4-2CH;CN), [PbAga(u-pz)] (5), and [Pd(pzH))Clo-H2O (6-H20)

1 1-2CHCN 2:2CHCN 3 4-2CHsCN 5 6-H,0
empirical formula GgH1gN1oPds  CooHoaN1aPdh  CogHagN1aPs CaoHegN1oPh  CagH72AQoN14Ph  CosH2sAgaN16P  CioH18CloNgOPd
fw 721.62 803.73 881.84 953.88 1249.70 1358.21 467.63
T,K 296 295 133 297 296 295 296
A 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069
cryst syst tetragonal monoclinic orthorhombic ~ monoclinic ~ triclinic _ triclinic monoclinic
space group 144/a (88) P2,/c (14) Pna2; (33) P2,/a (14) P1(2) P1(2) P2:/n (14)

a, 16.9731(2) 9.7740(6) 16.107(2) 13.262(1) 12.9227(4) 12.4172(7) 14.303(1)

b, A 16.9731(2) 8.2355(8) 16.113(2) 21.008(2) 13.737(1) 12.5091(9) 9.949(1)

c, A 30.6315(7) 33.9192(8) 25.721(3) 18.5598(4) 16.9794(9) 13.921(1) 14.5398(4)

o, deg 90 90 90 90 102.792(2) 96.084(3) 90

p, deg 90 90.0116(5) 90 108.5263(5) 93.4591(8) 105.806(1) 117.0884(5)

y, deg 90 90 90 90 108.9882(5) 113.7264(8) 90

v, A3 8824.5(3) 2730.3(3) 6675(1) 4902.9(6) 2750.6(3) 1846.8(2) 1842.1(3)

z 16 4 8 4 2 2 4

Pcalcs Mg m™3 2.172 1.955 1.755 1.292 1.509 2.442 1.686

u(Mo Ka)), mm2 2.456 1.997 1.643 0.774 1.386 9.629 1.315

no. of unique reflns 505 = 6377 Rnt = 7612 Rt = 11031 Rnt= 11845 Rni = 7838 Rint = 3947 Rnt =
0.030) 0.024) 0.021) 0.031) 0.016) 0.034) 0.018)

data/restraints/params  5057/0/298 5981/0/352 12056/0/810 11031/0/505 11845/0/577 7838/0/415 3947/0/217

final Rindices R12=0.027 R1=0.023 R1=0.020 R1=0.036 R1=0.027 R1=0.043 R1=0.024

[1> 20(1)]

Rindices (all data) Rb =0.039, R=0.039, R=0.032, R=0.055, R=0.041, R=0.078, R=0.038,
R\¢=0.053 Ry =0.079 Ry = 0.058 Ry = 0.089 Ry = 0.096 Ry =0.124 Ry =0.076

GOF 1.04 1.03 0.82 1.02 1.48 1.66 1.07

AR1= 3 |IFol = IFell/3|Fol. °R= 3 (Fo® — F&)/3Fo? ¢ Ry = [S[W(Fo* — FAA/ 3 [W(Fo?)T] 2

structural analysis were obtained directly from the reaction mixture. The minimized function wagw(F,?> — F?)?, wherew ! = g2

The crystalsl-2CH;CN, 2:2CH;CN, 4-2CH;CN, and6-H,O were (Fd) + (p(Max(F¢2,0) + 2FA)/3)? (p = 0.01 for 1, 0.039 for3,
sealed in thin-walled glass capillaries. The other crystals were 0.05 for 1:2CH;CN, 2-:2CH;CN, 4-2CH:;CN, 5, and 6-H,0).
mounted on glass fibers. Intensity data were collected on a QuantumHydrogen atoms bonded to N atoms in the pyrazolate ring in
CCD area detector coupled with a Rigaku AFC7S diffractometer and those of the water molecule @H,O were found from the
using graphite-monochromated Ma{. = 0.71069 A) radiation difference synthesis maps. They were included in the refinement
at 295-297 K. Final cell parameters were obtained from a least- with fixed displacement parameters (1.2 times the displacement
squares analysis of reflections witkr 100(1). Data were collected parameters of the host atom). The rest of the H atoms in all
in 0.5° oscillations with 30.0 s exposures. A sweep of data was complexes were included at calculated positions with fixed
done usingg oscillations from 0.9 to 190.0 at y = 0°, and a displacement parameters (1.2 times the displacement parameters
second sweep was performed usimgscillations betweer-19.0° of the host atom). In the final cycle of the refinement, parameter
and 23.0 aty = 90.C°. The crystal-to-detector distance was 40.7 shifts were less than Qz1No correction was made for secondary
mm, and the detector swing angle wa%.0°. The data were extinction.

corrected for Lorentz and polarization effects. An empirical All calculations were performed using TEXSAR.Further
absorption correction was appliét-or 2:2CH,CN, intensity data  ¢rystallographic data are given in Table 1. Listings of selected bond
were collected on a Rigaku/MSC Mercury CCD diffractometer gistances and angles are summarized in Tablesahd 6-9. Non-
using graphite-monochromated Ma{4 = 0.71069 A) radiation hydrogen atom coordinates, anisotropic thermal parameters, and

at 133 K. Final cell parameters were obtained from a least-squaresyy| |istings of bond distances and angles for6 are provided as
analysis of reflections with > 100(1). The data were collected Up  sypporting Information.

to 55.0. A total of 1200 oscillation images were collected. Sweeps
of data were done using oscillations in 0.30 step from—70.0°
to 110.0 aty = 45.¢ and¢ = 0.C° and aty = 45.0° and¢ =
90.C°. The exposure rate was 10.0 s/deg, and the detector swing
angle was 201 The crystal-to-detector distance was 44.5 mm.
The data were corrected for Lorentz and polarization effects. The
linear absorption coefficien (16.4 cntl), was applied.

The crystal structures df, 1-2CH;CN, 2-2CH;CN, and3 were
solved by direct method (SIR%¥2SIR979). Those 0f4-2CH;CN,
5, and 6-H,O were solved by heavy-atom method by using
DIRDIF.#" The positional and thermal parameters of non-H atoms
were refined anisotropically by the full-matrix least-squares method.

Other Measurements.IR spectra were recorded on a Jasco FT/
IR-420 infrared spectrophotometer. Thd NMR spectra were
obtained at 300 MHz with a Varian Gemini 300 spectrometer.

Cyclic voltammetry was performed with a Hokuto HA-301
potentiostat and a Hokuto HB-104 function generator equipped with
a Yokokawa 3086 X-Y recorder. The working and the counter
electrodes were a platinum disk and a platinum wire, respectively.
Cyclic voltammograms were recorded at a scan rate of 50 mV/s.
The sample solutions (ca. 1.0 mM) in 0.1 M TBAEH,CI, were
deoxygenated with a stream of argon. The reference electrode was
Ag/AgCl, and the half-wave potential of Ft=c (E1(Fc™0) vs Ag/
AgCl) was+0.50 V.

(44) Jacobson, R. REQABSversion 1.1. Molecular Structure Corp.: The

Woodlands, TX, 1998. (47) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de
(45) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla, Gelder, R.; Israel, R.; Smits, J. M. Mhe DIRDIF94 Program Sys-

M. C.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994 27, 435. tem Technical Report; Crystallography Laboratory, University of
(46) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giaco- Nijmegen: The Netherlands, 1994.

vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, (48) teXsan: Crystal Structure Analysis Packaddolecular Structure

R. J. Appl. Crystallogr.1999 32, 115. Corporation: The Woodlands, TX, 1999.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for{Rebz)s] Table 4. Selected Bond Lengths (A) and Angles (deg) for
6 [Pds(u-4-Mepz)]-2CHCN (2:2CH:CN)
Pd1--Pd2 3.0607(4) Pd2N22 2.026(3) Pd%--Pd2 3.0595(4) Pd3N42 2.013(3)
Pdz--Pd3 3.0270(4) Pd2N51 2.003(3) Pdz--Pd3 3.0562(4) PA3N52 2.000(3)
Pd2--Pd3 3.0460(3) Pd2N61 2.020(3) Pd2--Pd3 3.0486(4) Pd3N62 2.014(3)
Pd1-N11 2.025(3) Pd3N32 2.014(3) Pd4--Pd5 3.0727(4) Pd4N71 2.015(3)
Pd1-N21 2.004(3) Pd3N42 2.023(3) Pd4--Pd6 3.0494(4) Pd4N81 2.012(3)
Pd1-N31 2.021(3) Pd3N52 2.019(3) Pd5--Pd6 3.0433(4) PA4N91 2.031(3)
Pd1-N41 1.985(3) Pd3N62 2.007(3) Pd1-N11 2.022(3) Pd4N101 2.010(3)
Pd2-N12 2.012(3) Pd1-N21 2.011(3) PA5N72 2.010(3)
Pd1-N31 2.021(3) Pd5N82 2.015(3)
Pd2-Pd1-Pd3 60.044(8) N32Pd3-N62 172.9(1) Pd1—-N41 2.017(3) Pd5N111 2.023(3)
Pd1-Pd2-Pd3 59.429(8) N42Pd3-N52 170.1(1) Pd2-N12 2.029(3) Pd5N121 2.022(3)
Pd1-Pd3-Pd2 60.527(8) N42Pd3-N62 91.0(1) Pd2-N22 2.016(3) Pd6N92 1.999(3)
N11-Pd1-N21 87.9(1) N52-Pd3-N62 89.0(1) Pd2-N51 2.020(3) Pd6N102 2.014(3)
N11-Pd1-N31 171.8(1) Pd:N11-N12 115.1(2) Pd2-N61 2.026(3) Pd6N112 2.013(3)
N11-Pd1-N41 92.3(1) Pd2N12—-N11 115.0(2) Pd3-N32 2.021(3) Pd6N122 2.012(3)
N21-Pd1-N31 90.9(1) PdEN21-N22 115.4(2)
N21-Pd1-N41 172.4(1) Pd2N22—-N21 114.6(2) Pd2-Pd1-Pd3 59.799(9)  N82Pd5-N111 93.9(1)
N31-Pd1-N41 87.8(1) Pd+N31-N32 114.4(2) Pd1-Pd2-Pd3 60.047(9)  N82Pd5-N121 172.0(1)
N12—Pd2-N22 87.8(1) Pd3N32-N31 114.7(2) Pd1-Pd3-Pd2 60.154(9)  N113Pd5-N121 86.9(1)
N12—-Pd2-N51 172.1(1) Pd:N41-N42 114.7(2) Pd5-Pd4-Pd6 59.616(9)  N92Pd6-N102 87.9(1)
N12—Pd2-N61 92.2(1) Pd3N42-N41 114.3(2) Pd4-Pd5-Pd6 59.811(9)  N92Pd6-N112 92.4(1)
N22—Pd2-N51 90.9(1) Pd2N51-N52 114.5(2) Pd4-Pd6-Pd5 60.573(9)  N92Pd6-N122 171.1(1)
N22—Pd2-N61 171.0(1) Pd3N52—N51 115.0(2) N11-Pd1-N21 88.9(1) N102Pd6-N112  173.3(1)
N51-Pd2-N61 87.8(1) Pd2N61-N62 113.8(2) N11-Pd1-N31 171.3(1) N102Pd6-N122 92.0(1)
N32-Pd3-N42 88.4(1) Pd3N62—N61 115.9(2) N11-Pd1-N41 90.4(1) N112Pd6-N122 86.7(1)
N32—Pd3-N52 90.5(1) N21—Pd1-N31 90.0(1) Pd+N11-N12 114.8(2)
N21-Pd1-N41 171.7(1) Pd2N12—-N11 114.8(2)
Table 3. Selected Bond Lengths (A) and Angles (deg) for N31-Pd1-N41 89.4(1) Pd+N21—-N22 114.4(2)
[Pck(u-pz)s]*2CHsCN (1-2CHsCN) N12-Pd2-N22 87.7(1) Pd2N22-N21 115.5(2)
N12—Pd2-N51 171.8(1) Pd+N31-N32 114.1(2)
Pdl--Pd2 3.0559(3) Pd2N22 2.015(3) N12—Pd2-N61 93.2(1) Pd3N32—N31 115.4(2)
PdL--Pd3 3.0560(3) Pd2N51 2.021(3) N22—Pd2-N51 90.8(1) PdN41-N42 114.3(2)
Pd2--Pd3 3.0293(4) Pd2N61 2.011(3) N22—Pd2-N61 171.8(1) Pd3N42-N41 115.2(2)
Pd1-N11 2.010(3) PA3N32 2.016(3) N51—Pd2-N61 87.2(1) Pd2N51—-N52 114.4(2)
Pd1-N21 2.024(3) Pd3N42 2.020(3) N32—Pd3-N42 88.2(1) Pd3N52—N51 115.2(2)
Pd1-N31 2.023(3) Pd3N52 2.019(3) N32—Pd3-N52 91.4(1) Pd2N61-N62 113.6(2)
Pd1-N41 2.011(3) Pd3N62 2.011(3) N32—Pd3-N62 173.0(1) Pd3N62—N61 115.4(2)
Pd2-N12 2.019(3) N42—Pd3-N52 171.0(1) Pd4N71-N72 115.3(2)
Pd2-Pd1-Pd3 59.424(8) N32Pd3-N62 173.0(1) N42:Pd3_N62 92.6(1) Pd5N72:N71 115.002)
N52—Pd3-N62 86.7(1) Pd4N81-N82 115.2(2)
Pd1-Pd2-Pd3 60.289(8) N42Pd3-N52 170.7(1) B 9
N71-Pd4-N81 87.9(1) Pd5N82—N81 115.1(2)
Pd1-Pd3-Pd2 60.287(8) N42Pd3-N62 92.3(1) B B
N71-Pd4-N91 170.0(1) Pd4N91-N92 113.2(2)
N11-Pd1-N21 87.8(1) N52-Pd3-N62 88.7(1) B 3
N71-Pd4-N101 90.4(1) Pd&N92—N91 116.3(2)
N11-Pd1-N31 171.2(1) Pd+N11-N12 115.6(2)
N81—Pd4-N91 92.2(1) Pd4N101-N102  114.4(2)
N11-Pd1-N41 90.7(1) Pd2N12-N11 114.3(2) B 3
N81-Pd4-N101  172.4(1) Pd6N102-N101  115.3(2)
N21-Pd1-N31 92.2(1) PdEN21-N22 113.9(2) B B
N91-Pd4-N101 88.2(1) PA5N111-N112  113.1(2)
N21-Pd1-N41 171.3(1) Pd2N22—N21 115.9(2) 8 3
N72—Pd5-N82 87.8(1) Pd&EN112-N111  116.1(2)
N31-Pd1-N41 87.9(1) Pd+N31-N32 114.2(2) 8 B
N72-Pd5-N111  171.5(1) PA5N121-N122  114.5(2)
N12-Pd2-N22 88.0(1) PA3N32-N31  1155(2) N72-Pd5-N121  90.2(1) PA6N122-N121  114.8(2)
N12—Pd2-N51 170.6(1) Pd+N41-N42 115.6(2) : :
N12—Pd2-N61 92.2(1) Pd3N42-N41 114.1(2) i the f i f the trimeri . q
N22—Pd2-N51 90.0(1) Pd2 N51-N52 114.6(2) prevails over the formation of the trimeric species under
N22—Pd2-N61 172.9(2) Pd3N52—-N51 114.8(2) higher concentration, the isolation of pyrazolato-bridged
N51-Pd2-N61 88.7(1) Pd2N61-N62  114.7(2) trinuclear Pd(ll) complex may have not been successful
N32—Pd3-N42 88.1(1) Pd3N62—N61 114.6(2) despite a | ber of i dudPea
N32—Pd3-N52 89.8(1) espite a large number of reactions conducted.
On the contrary, the reaction of Pd(lIl) ion with pyrazole
Results and Discussion in the absence of BNl afforded a mononuclear complex,
_ o _ [Pd(pzH)]CI; (6), consisting of Pd(ll) ion, neutral pyrazole
Synthesis and CharacterizationPyrazolato-bridged cy-  |igands, and outer-sphere chloride idA& Treatment of the

clic trinuclear Pd(Il) complexl has been prepared by the mononuclear compleXs with Et;N afforded the cyclic
reaction of [PAG(CHsCN),] with pyrazole in the presence trinuclear complext in higher yield than the direct synthesis.
of EtsN at room temperature. 4-Methylpyrazole also gave  Complex1 does not exhibit an oxidation process up to
cyclic trinuclear complex. In these reactions, as well as  +1.9 v, which is in contrast with the expectation thanay
the reaction of the Pt analogéfethe formation of trinuclear  pe oxidized easily due to the electronic repulsion gf d
complexes competes with that of polymeric species ([Pd- orbitals spatially oriented toward the center of the triangle.

(Rpz}]n). Thus the reaction in dilute solution containing the However, 2 exhibits an irreversible oxidation process at
Pd(ll) ion and pyrazole afforded the trinuclear complex in
higher yield (Scheme 1): the yield @fwas improved more  (49) i/éi?ghfété,l&; Banditelli, G.; Bonati, K. Chem. SogDalton Trans.
than three times as the amount of S.OIVem mcreas_ed fron_] 30(50) Ardizzoia, G A.; La Monica, G.; Cenini, S.; Moret, M.; Masciocchi,
mL to 200 mL. Because the formation of polymeric species N. J. Chem. Sog¢Dalton Trans.1996 1351.

Inorganic Chemistry, Vol. 42, No. 12, 2003 3911



Umakoshi et al.

Table 5. Comparison of Important Structural Parameters

[Pds(u-pz)e] (1) [Pds(u—4-Mepz}] (2)° [Pds(u-Phpz}]° [Pts(u-pz)] [Pds(1-OAC)g]®
M-++M (av), A 3.0471[126] 3.0548[46] 3.0541[407] 3.048[14] 3.140[41]
M—N/O (av), A 2.017[5] 2.018[7] 2.002[17] 2.011[11] 1.99[1]
M—M—N/O (av), deg 65.18[20] 65.19[25] 65.0[11] 76.3[13]
M—N-N (av), deg 114.8[6] 114.8[6] 114.9[19]
M—0O-C (av), deg 129.6[22]

aNumbers in square brackets are root-mean-square deviations of the individual values from thefrAgetmmitrile solvate® Reference 349 Reference
33.¢Reference 38.

Table 6. Selected Bond Lengths (A) and Angles (deg) for Table 8. Selected Bond Lengths (A) and Angles (deg) for
[Pdb(u-3-t-Bupz)(3-t-Bupzp(3-t-BupzH)] (3) [PLAGa(u-pz)e] (5)
Pd1--Pd2 3.1758(4) Pd2N11 2.018(3) Pt1:--Pt2 5.1720(3) Agi-Ag3 4.8133(9)
Pd1-N12 2.012(2) Pd2N22 2.015(2) Pt1:--Agl 3.5386(6) Agi--Ags 3.4427(9)
Pd1-N21 2.017(2) Pd2N51 2.013(3) Pt1:--Ag2 3.5578(7) Ag2-Ag3 3.3578(9)
Pd1-N31 2.021(3) Pd2N61 2.036(2) Ptl:+-Ag3 3.5545(6) Ag2--Ag4 4.747(1)
Pd1-N41 2.020(3) Pt1:--Ag4 3.4728(6) Ag3-Ag4 3.2981(8)
Pt2--Agl 3.5393(6) N12-N52 4.198(9)
N12—-Pd1-N21 85.28(10) N22Pd2-N61 177.2(1) Pt2--Ag2 3.4846(7) N22-N62 4.18(1)
N12—-Pd1-N31 176.27(10) N53Pd2-N61 92.5(1) Pt2--Ag3 3.4981(6) N32-N72 4.217(9)
N12—Pd1-N41 89.3(1) Pd2N11—-N12 115.7(2) Pt2--Ag4 3.5273(6) N42-N82 4.196(9)
N21-Pd1-N31 91.35(10) PdiEN12—-N11 114.9(2) Agl---Ag2 3.4237(9)
N21-Pd1-N41 173.4(1) Pd+N21-N22 115.9(2)
N31-Pd1-N41 94.2(1) Pd2N22—N21 115.1(2) Pt1-N11 2.012(6) AgEN12 2.092(6)
N11-Pd2-N22 85.73(10) Pd:N31-N32 123.1(2) Pt1-N21 2.004(7) AgE-N52 2.108(7)
N11-Pd2-N51 174.6(1) Pd+N41—-N42 124.7(2) Pt1-N31 1.996(6) Ag2-N22 2.088(7)
N11-Pd2-N61 91.7(1) Pd2N51—N52 123.2(2) Pt1-N41 2.029(7) Ag2-N62 2.096(7)
N22—Pd2-N51 90.1(1) Pd2N61—-N62 122.3(2) Pt2-N51 2.014(6) Ag3-N32 2.108(6)
Pt2—N61 1.992(6) Ag3-N72 2.110(6)
Table 7. Selected Bond Lengths (A) and Angles (deg) for Pt2-N71 2.014(6) Ag4-N42 2.108(6)
[PdzAga(u-3-t-Bupz)]-2CH:CN (4-2CHsCN) Pt2—N81 2.006(6) Ag4N82 2.090(6)
Agl-+Ag2 4.5909(3) Ag2-Pd1 3.5149(3) N11—Pt1-N21 90.6(2) PtEN11-N12 121.4(5)
Agl-+-Pd1 3.4949(3) Ag2-Pd2 3.3414(3) N11—Pt1-N31 179.4(2) AgEN12-N11 122.7(4)
Agl---Pd2 3.2635(3) Pdi-Pd2 3.3801(3) N11—-PT1-N41 89.7(2) PtN21-N22 121.7(5)
N21-Pt1-N31 89.8(2) Ag2-N22—-N21 123.3(5)
Ag1-N32 2.099(2) PdiN31 2.026(2) N21—Pt1—N41 179.1(2) PIEN31-N32 122.4(5)
Ag1—N52 2.116(2) PdiN41 2.020(2) N31-Ptl-N41 89.8(2) Ag3-N32-N31 122.1(5)
Ag2—N42 2.106(2) Pd2N11 2.005(2) N51—Pt2-N61 89.4(3) Pt N41—-N42 121.7(5)
Ag2—N62 2.124(2) Pd2N21 1.997(2) N51-Pt2-N71 178.8(2) Ag4-N42-N41 120.0(5)
Pd1-N12 2.054(2) Pd2N51 2.007(2) N51—Pt2-N81 90.3(2) Pt2 N51—-N52 121.9(5)
Pd1-N22 2.049(2) Pd2N61 2.017(2) N61—Pt2-N71 90.9(3) AgEN52—-N51 121.5(5)
N32—-Ag1—N52 173.02(9) N5%Pd2-N61 90.7(1) H%—Eg—mgi 1;3 g(%) E;i“,\%z_'\:\?gl gé;g
N42—Ag2—N62 175.4(1) N12-N11—Pd2 125.7(2) N1o—Agl— ' < :
g1-N52 176.1(2) Pt2N71-N72 121.9(5)
N12—Pd1-N22 88.59(9) N1+N12—Pd1 112.5(2) N22—AG2—NE2 174.5(3) AGS NT2—NT1 120.6(5)
N12—Pd1-N31 177.38(9) N22N21—-Pd2 125.9(2) N32— Ag 8 : go bl :
g3-N72 176.9(2) Pt2N81-N82 120.8(4)
N12—Pd1-N41 91.06(9) N2+N22—Pd1 113.7(2) N42—Ag4—N82 176.1(2) Agé4-NB2-N81 122.8(4)
N22—Pd1-N31 91.58(9) N32N31—Pd1 122.2(2) : :
“gi_ggi_“ﬁ 1;2'(731(9) N3+N32-AgL 120.0(2) Table 9. Selected Bond Lengths (A) and Angles (deg) for
—Pd1- 7(1) N42-N41—-Pd1 123.6(2) [PA(pzHYIClr HoO (6H;0)
N11—-Pd2-N21 90.92(9) N41+N42—Ag2 118.8(2) P 272 2
N11-Pd2-N51 176.30(9) N52N51—-Pd2 121.7(2) Pd1—-N11 2.013(2) Pd+N31 2.015(2)
N11-Pd2-N61 90.1(1) N5EN52-Agl 112.8(2) Pd1-N21 2.009(2) Pd+N41 2.005(2)
N21—Pd2-N51 88.1(1) N62-N61—Pd2 122.5(2)
N21—Pd2-N61 177.01(9) N6+ N62—Ag2 114.6(2) N11-Pd1-N21 89.68(7) N2%Pd1-N31 89.94(7)
N11-Pd1-N31 178.51(6) N2%Pd1-N41 179.27(6)
N11-Pdi-N41 89.61(8) N3+Pd1-N41 90.77(7)

+1.71 V. The difference of and2 in the redox behavior is
attributed to the influence of the substituent group on the refluxing of 7 in mesitylene under an ambient pressure of
pyrazolate ring. argon atmosphere (24% yield for the reaction in a sealed
The trimeric Pt analogue can be prepared from two tube and 5% yield for the latter; see Supporting Information).
different starting materials: one is the dimer of the neutral The reaction of [PtG(C,HsCN),;] with pyrazole in the
mononuclear complex [Pt(p£pzH)]. (7), with intermo- presence of EN under refluxing in GHsCN merely afforded
lecular hydrogen bonding, and the othertians[PtCl- 7. However, we have found th&tforms in higher yield than
(pzH),], without hydrogen bonding. Burger and Sitahave the case of simple refluxing afin mesitylene whettrans
reported that the preparation of the cyclic trinuclear Pt(Il) [PtClL(pzH),] was refluxed in CHCN in the presence of
complex, [Pi(u-pz)] (8), from 7 needs heating at a high  Ef3N.
temperature such as 18% in mesitylené® We have Although a cyclic trinuclear Pd(Il) complex, [R@-3-
conducted the reaction under the same conditions as thosé>hpz}] (3-Phpz= 3-phenylpyrazolate), has been prepared
in their report and have confirmed that the use of a sealedby a stepwise manner via an open-chain trimers{a-
tube is more efficient for the formation &fthan the simple  Phpz)(3-PhpzH)Cl,],3* an attempt to prepare a trinuclear
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complex with 3t-Bupz failed, probably due to steric
hindrance of the bulky substituent at the 3-position of the
pyrazolato ring. Consequently, a dinuclear Pd(ll) complex
having both anionic bridging ligands and neutral terminal
ligands, [Pd(u-3-t-Bupz)(3-t-Bupz)(3-t-BupzH)] (3), was
obtained in the reaction of Pd(Il) ion witht3BupzH in the
presence of EN or Proton Sponge. The apparent low yield
of the product is attributed to the difficulty in the isolation
of the pure product due to the contamination ofNE{CI.
Thus the pure compleXwas collected in a crystalline form
before EfNHCI started to precipitate.

The abstraction of the protons participating in the hydrogen
bonding by bases was not successful tow8rand 7.
However, mixed-metal complexes [Pd),(«-3t-Bupz)] (4)
and [PtAg4(u-pz)g] (5) readily formed by addition of Ag
ions to 3 and 7, respectively (Schemes2 and 3). Facile
replacement of protons by Adons is known for [Pd(dmpz)
(dmpzH)], to give [PdAg4(u-dmpz)].>°

The reaction of [PdCl(tropolonate)(GEN)] with K{B-
(3-t-Bupz)} in CH;CN gave3 accompanied by the BN
bond cleavage of B(3-t-Bupz)}~ and by the successive
proton abstraction probably from the water molecules in the
solution. The B-N bond cleavage ofB(3-t-Bupz)} ~ also

occurred when [Pd@ICH;CN),] was employed as a starting
material. The use of nonsubstituted pyrazolylborgdépz),} —,
however, afforded [RdB(pz)} 2] as a major product without
accompanying BN bond cleavage of the borate. It is unclear
at this stage whether steric bulkiness or electronic effect of
thetert-butyl group is the main factor of BN bond cleavage.
Crystal Structures. X-ray structural analyses df-6 were
performed. The cyclic trinuclear Pd(ll) complex with non-
substituted pyrazolate, [g-pz)] (1) (Figure 1), crystallized
in two different space groupb/a andP2;/c, corresponding
to the absence and presence of the solvent of crystallization,
respectively. The former is isomorphous tos[Ripz)) (8).3
Although the molecular structures of complei both space
groups are almost the same, the observation of small but
apparent differences in the metahetal distances is worth
remarking on. The ideally equilateral triangle molecule
distorts to an isosceles triangle IR2CH;CN (Pd%--Pd2=
3.0559(3) A, Pd#-Pd3= 3.0560(3) A, Pd2-Pd3= 3.0293-
(4) A), while the regularity in Pd-Pd distances is not found
in the crystal ofl (Pd1::-Pd2= 3.0607(4) A, Pd%:-Pd3=
3.0270(4) A, Pd2-Pd3= 3.0460(3) A). In bothl and 1-
2CHsCN, the complex molecule has an approximate 3-fold
axis at the center of the molecule perpendicular to the plane
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Figure 1. Molecular structure of [Pgu-pz)] (1) with the atom-numbering
scheme (50% probability ellipsoids).

C66

Figure 2. Molecular structure of [Pgu-4-Mepz)}] (2) with the atom-
numbering scheme (50% probability ellipsoids).

defined by three Pd atoms. The PM distances and
N—Pd—N angles are in the ranges 1.985¢2)026(3) A and
87.8(1)1-92.3(1), respectively.

The 4-methylpyrazolato-bridged cyclic trinuclear Pd(ll)
complex, [Pd(u-4-Mepz}] (2), crystallized in orthorhombic

Umakoshi et al.

Chart 1
7 R
_/ O%\o
SN O
M M M M
pyrazolate carboxylate
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Because the structures of complex molecule& and 2
as well as [Pfu-pz)] (8) are similar to that of palladium
acetate, [Pgu-OAc)g, it is worthwhile to compare these
structures (Chartsl and 2, Table 5). The average metal
metal distances df, 2, 8, and [Pd(u-Phpz}] are very similar
to one another, though the values of the root-mean-square
deviations inl, 2, and8 are smaller than that of [RB:-
Phpz})]. It means that the deviations from the equilateral
triangle in1, 2, and8 are smaller than that in [R@-Phpz}].
Similar distortion to the isosceles triangle can be seen in the
structures of [Pglu-OAc)s] in some case¥:°! though the
effect of distortion was attributed to intermolecular packing
forces due to the apparent softness of the molecular
framework®->2 The average metaimetal distances i, 2,
8, and [Pd(u-Phpz)] are, however, ca. 0.1 A shorter than
that of [Pd(u«-OAc)s]. Because the average-MN distances
in 1, 2, and [Pd(u-Phpz)] are comparable to the average
M—O distance in [Pgu-OAc)g], the N—N distances in pz
ligands (ca. 1.35 A) and th®-+-O distances in OAc ligands
(ca. 2.21 A) mainly affect the average-NY1—N (1, 65.2;
2, 65.2; [Pd(u-Phpz)], 65.0°)) and M—M—0O ([Pds(u-
OACc)g], 76.3) angles, respectively. The apparent magnitude
of strain of the trinuclear unit may be estimated by the
deviations of the M-N—N (A = 11°) and M—O—-C (A =
10°) angles from the expected values (1Z6r M—N—N
and 120 for M—O—C angles) for the monodentate coordi-
nation of pz and OAc ligands to the metal ions through N
and O atoms, respectively. It indicates that the apparent
magnitude of strain of the trinuclear unit in 2, or [Pds(u-
Phpz}] does not so much differ from that in [Eg-OAc)g].

The mononuclear complex [Pd(pziJl, (6) crystallized
in a form of water solvate. The platinum analogue, [Pt(piH)
Cl,, has also been reported as a water solttde crystal
structure of 6 is shown in Figure S3 (see Supporting
Information). Four neutral pyrazole ligands coordinate to the
Pd(ll) ion in a monodentate fashion with accompanying
protons on the N atoms uncoordinated to the Pd atom. The
three (H12, H22 and H42) and one (H32) of the four il
protons form hydrogen bonding to the™Gbn and O atom
in the HO molecule, respectively, in the crystal structure.
There is no intermolecular contact through hydrogen bonding

Pna2; as an acetonitrile solvate. Because the asymmetric unitbetween adjacent [Pd(pzHB* units. The PeN distances

of 2 consists of two crystallographically independent mol-
ecules, one of them is illustrated in Figure 2. The structure
of the complex molecule is very similar to that bexcept

for the existence of methyl groups on the pyrazolate rings.
Both of the independent complex molecules 2nalso
distorted to isosceles triangles (molecule 1, #dPd2 =
3.0595(4) A, Pd#:-Pd3= 3.0562(4) A, Pd2-Pd3= 3.0486-

(4) A; molecule 2, Pd4-Pd5= 3.0727(4) A, Pd4-Pd6=
3.0494(4) A, Pd5-Pd6= 3.0433(3) A).
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are in the range 2.005(2p.015(2) A and are comparable
to those ofl.

Figure 3 illustrates the structure of the dinuclear complex
[Pdb(u-3-t-Bupz)(3-t-Bupz)(3-t-BupzH))] (3). The complex
molecule has a 2-fold axis at the center of the molecule

(51) Cotton, F. A,; Han, SRev. Chim. Miner.1985 22, 277.
(52) Bancroft, D. P.; Cotton, F. A.; Falvello, L. R.; Schwotzer, W.
Polyhedron1988 7, 615.



Pyrazolato-Bridged Polynuclear Pd and Pt Complexes
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Figure 3. Molecular structure of [Pgu-3-t-Bupz)(3-t-Bupz)(3-t-
BupzH)] (3) with the atom-numbering scheme (50% probability ellipsoids).
Methyl carbon atoms itert-butyl groups have been omitted for clarity.

. ‘o e Figure 4. Molecular structure of [Pgh\gz(u-3-t-Bupz)] (4) with the atom-
”o.rma' to the Pd-Pd a?qs, th.erefor.e the E@[ 34-Bupzp numbering scheme (50% probability ellipsoids). Methyl carbon atoms in
unit has thehead-to-tail configuration. Two of the four  terthutyl groups have been omitted for clarity.

terminal monodentate ligands are thé-Bupz anion, and

the rest of the ligands are neutrat-BupzH. The neutral  jons leads to the formation of two large fused triangles with
3+-BupzH ligands form hydrogen bonds with adjacent 3 change in the configuration of the £8#-Bupz), unit from
anionic 3t-Bupz ligands (pz3H32:+-pz4, pz5:°H62-pz6).  head-to-tailto head-to-headOne large triangle comprises
The hydrogen atoms participating in the hydrogen bonding pzl, pz3, and pz5 rings, and the other comprises pz2, pz4
were found from the difference Fourier synthesis map of non- and pz6 rings. Here, it is worthwhile to note that the*Ag
hydroge_n atoms. The PePd separation is 3'1758(1) A 'I_'he ions sit between pzé and pz5 rings and between pz4 and
Pd-N distances range from 2.012(2) to 2.036(2) A, indicat- pz6 rings ind instead of the positions occupied by bridging

ing that the bridging pyrazolate, terminal pyrazolate, and hydrogen atoms i8. The nonbonded metametal contacts

terminal pyrazole ligands bind to the Pd atom with similar . . o
Pd—N diSt};nces. T%e NPd-N angles between bridging are listed in Table 7. The PdPd separation id (3.3801(3)

pyrazolates (N12Pd1-N21, 85.28(10% N11—Pd2-N22, A) is elongated by 0.2 A from that i, owing to the steric

85.73(109) are smaller than those between terminal ligands €duirement by the coordination of pz rings to ‘Agpns.

cause no strain exists for terminal monodentate ligands. A92:--Pd1 distances, probably due to the steric repulsion
The molecular structure of the tetranuclear Pd/Ag complex between large substituents on the pyrazolate rings. The
[PdbAga(u-3-t-Bupz)] (4) is shown in Figure 4. The complex influence of the steric repulsion is also seen in the-Rd
molecule has an idealized mirror plane defined by two Pd distances ir; the Pd}-N12 and Pd+N22 distances (2.054-
atoms and the midpoint of AgAg contact, which is  (2), 2.049(2) A) are ca. 0.05 A longer than Pd211 and
consistent with the observation of the existence of three Pd2-N21 distances (2.005(2), 1.997(2) A). The-Hg—N
inequivalent 3Bupz ligands byH NMR. Replacement of  angles are 173.02(9and 175.4(1), which are not so much
protons participating in the hydrogen bonding3iby Ag* deviated from linear coordination. Because the ionic radius
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Figure 5. Molecular structure of [BAga(u-pz)] (5) with the atom-
numbering scheme (50% probability ellipsoids).
of Ag* ion is longer than that of Pd ion, the Ag-N
distances are ca. 0.1 A longer than the nonstrainedNPd
distances.

Replacement of the four bridging hydrogen atoms in the
dimer of 7 with Ag™ ions leads to the formation of the
hexanuclear Pt/Ag complex [tg.(u-pz)) (5) (Figure 5).

Umakoshi et al.

structural similarities betweehand [Pd(dmpz(dmpzH}].

and betweerb and [PdAg4(u-dmpz)] also reflect to the
changes in the average-W---M—N torsion angles 7
21.5; [Pd(dmpz)(dmpzH)]., 21.8; 5, 8.3; [PdAQa(u-
dmpz}], 6.0°). In both the Pt and Pd systems, two KN
coordination planes approach the eclipsed conformation by
the replacement of the bridging hydrogen atoms with" Ag
ions.

Summary

We have succeeded in obtaining the cyclic trinuclear Pd-
(I1) complex [Pd(u-pz)] (1) with the simplest pyrazolate.
The use of 4-methylpyrazole instead of pyrazole also
afforded the trinuclear complex [R@-4-Mepz)] (2). The
most important factor for the preparation of cyclic trinuclear
Pd(ll) complex is the concentration of the reacting solution:
the preparation in a dilute solution gives the trinuclear
complex in higher yield. The absence of an appropriate base
in the reaction afforded a mononuclear complex [Pd(plzH)
Cl, (6). The reaction of [PtG(C,HsCN),] with pzH in the
presence of BN afforded a known dimeric Pt(Il) complex,
[Pt(pzx(pzH)]2 (7), even by refluxing in gHsCN. Although
the hydrogen-bonded dimérrequires a high temperature
(185°C) to form cyclic trimer [Pi(u-pz)] (8), trans[PtCl,-
(pzH),] without hydrogen bonding can be convertedtat
a lower temperature (82C) under refluxing in CHCN.
When the 3+BupzH, having a bulky substituent group at
the 3-position on the pz ring, was employed, the reaction
with [PdCL(CHsCN),] afforded the neutral dinuclear com-

Because the nature of this reaction is essentially the sameP!€X [Pth{(u-3-t-Bupzy(3-t-Bupz)(3--BupzH)] (3) with in-

as that observed for [Pd(dmp@mpzH}],>° and the structure
of 5 is similar to that of [PeAg4(u-dmpz}y],%° it is worth

tramolecular hydrogen bonding. The removal of protons
participating in the hydrogen bonding 3and7 by Et;N or

comparing these structures. The complex molecule hasProton Sponge was not successful in4CN that was not

idealized 422 D,) symmetry, with the 4-fold axis passing

completely dried. These protons can be easily replaced by

through the Pt atoms and two different sets of 2-fold axes A9 i0ns to give neutral heteronuclear complexes ofg-

normal to it. The Pt-Ag distances inb are close to one
another, ranging from 3.4728(6) to 3.5578(7) A (Table 8).
Because the Pt1:Pt2 distance (5.1720(3) A) fis ca. 0.35

A longer than Ag1:-Ag3 and Ag2--Ag4 distances (4.8133-
(9), 4.747(1) A) in5, the P3Ag, core can be regarded as a
distorted octahedron. These:#M, M---Ag, and Ag--Ag
distances in5 (M = Pt) are close to the corresponding
distances (M= Pd) in [PdAg4(u-dmpz)] (Pd---Pd, 5.160-
(1) A; Pd+-Ag, 3.465(1)-3.535(1) A; Ag--Ag, 3.306(1)
3.426(1) A). The N--N distances (4.18(H4.217(9) A)
related to the NNAg—N bonds in5 are also close to those
in [PAAga(u-dmpz)] (4.152(4)-4.161(5) A). The N-Ag—N
angles in5 range from 174.5(3)to 176.9(2}, which are
not so much deviated from linear coordination. These
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(u-34-Bupz)] (4) and [PtAga(u-pz)] (5), respectively.
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