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Some dinucleating compartmental ligands of “end-off” type, 2,6-bis{ N-[(2-dimethylamino)ethyl]iminomethyl }-4-
methylphenol (HL'), 2,6-bis{N-(2-pyridylethyl)iminomethyl}-4-methylphenol (HL?), and 2,6-bis{N,N-di(2-pyridyl-
methyl)aminomethyl}-4-methylphenol (HL?), have afforded the following dinuclear Zn(I) and Ni(Il) complexes:
[Zny(LY)(OH)(py)21(ClO,); (1), [Zny(L*)(OH)(py)31(Cl04); (2), [Zny(L*)(OH)I(CIO04); (3), [Nia(L')(OH)(py)21(ClO4),
(4), and [Ni, (L?)(OH)(py)4](ClOy), (5). X-ray crystallographic studies for 1-Pr?OH, 2-0.5Pr>OH, 3-MeCN, 4-py, and 5
indicate that they have a dinuclear core doubly bridged by the endogenous phenolic oxygen of each compartmental
ligand and by exogenous hydroxide oxygen. Physicochemical properties of 1-5 are studied.

Bimetallic cores exist at the active sites of many metalloen-
zymes and play an essential role in biological systems.' Dinu-
clear Zn cores are found at the active site of hydroxylases such
as Alkaline phosphatase,> Phospholipase C,* PI nuclease,*
phosphotriesterase,’ and Leucine amino peptidase. Moreover,
dinuclear FeZn,”® FeMn,® MnMn,'%!2 and NiNi'? cores are
recognized for other hydroxylases. It is supposed that these en-
zymes employ a dinuclear core to facilitate the concerted bind-
ing of the substrate on one metal center and the nucleophilic
attack of water or hydroxide on the other metal center. Recent
X-ray crystallographic studies for Phospholipase C,* P1 nucle-
ase,* Human protein nuclease 1 2 Protein phosphatase 2¢,1011
and Arginase'” have clarified the presence of an aqua bridge
between a pair of metal ions. In urease from Klebsiella aero-
genes'? a water molecule bonded to one Ni center is situated
close to another Ni center, suggesting that aqua-bridged dinu-
clear nickel core can be involved in physiological condition.
Such an aqua bridge is rare in synthetic metal complexes,
whereas a hydroxide bridge often occurs in dinuclear and
polynuclear metal complexes. Thus, we are interested in the
hydrolytic activity of -hydroxo dinuclear metal complexes
with relevance to aqua-bridged bimetallic hydroxylases.

Dinucleating compartmental ligands of “end-off” type have
often been used for modeling bimetallic biosites. In this work
some dinucleating compartmental ligands of “end-off” type,
2,6-bis{ N-[(2-dimethylamino)ethyl Jiminomethyl } -4-methyl-
phenol (HL'), 2,6-bis{N-[(2-pyridyl)ethyl]iminomethyl}-4-
methylphenol (HL?), and 2,6-bis[N,N-di(2-pyridylmethyl)ami-
nomethyl]-4-methylphenol (HL?) (Fig. 1), are used to produce
the following dinuclear Zn(IT) and Ni(IT) complexes: [Zn,(L')-

(OH)(py)21(C1O4)2 (1), [Zn2(L*)(OH)(py)31(Cl04); (2), [Zn-
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Fig. 1. Chemical structures of HL'-HL3.

(L)OH)I(CI04); (3), [Nin(L')(OH)(py):1(Cl04), (4), and
[Ni,(L2)(OH)(py)41(Cl04)> (5). X-ray crystallographic studies
for 1.Pr’OH (Pr?OH = 2-propanol), 2-0.5Pr>0OH, 3-MeCN,
4.py, and 5 indicate a dinuclear core doubly bridged by the
endogenous phenolic oxygen of the respective compartmental
ligand and by the hydroxide oxygen. Physicochemical proper-
ties of 1-5 are reported in this paper.

Experimental

Physical Measurements. Elemental analyses of carbon, hy-
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drogen, and nitrogen were obtained at The Service Center of Ele-
mental Analysis of Kyushu University. Metal analyses were ob-
tained on a Shimadzu AA-680 Atomic Absorption/Flame Emis-
sion Spectrophotometer. Infrared spectra were recorded using a
KBr disk on a PERKIN ELEMER Spectrum BX FT-IR system.
Electronic absorption spectra were recorded on a Shimadzu UV-
3100PC spectrophotometer. Molar conductances in DMSO were
measured using a DKK AOL-10 conductivity meter at room tem-
perature. Magnetic susceptibilities of powdered samples were
measured on a Quantum Design MPMS XL SQUID susceptome-
ter in the temperature range of 2-300 K.

Synthesis. 2,6-Diformyl-4-methylphenol and the ligands HL?
were prepared by the literature methods.!*!> Other chemicals
were purchased from commercial sources and were used without
further purification.

[Zny(LY)(OH)(py)21(C104); (1). The ligand HL! was pre-
pared in situ by the reaction of 2,6-diformyl-4-methylphenol
(0.083 g, 0.5 mmol) and N,N-dimethylethylenediamine (0.098 g,
1.0 mmol) in hot pyridine (10 cm?). To this solution were added
zinc(II) perchlorate hexahydrate (0.426 g, 1.0 mmol) and triethyl-
amine (0.101 g, 1.0 mmol), the mixture was stirred for 30 min and
diffused with 2-propanol to give yellow microcrystals. Yield:
0.397 g (92%). Anal. Caled for Cy7H33ClaNgO9Zny: C, 41.49;
H, 5.34; N, 9.68; Zn, 15.06%. Found: C, 41.62; H, 5.34; N,
9.83; Zn, 15.18%. Selected FT-IR data [v/cm~!] using a KBr
disk: 3599, 1647, 1606, 1550, 1448, 1104, 624. Molar conduct-
ance [Ap/Scm?’mol™']: 55 in DMSO. UV-vis [Ay./nm
(&/M~'em™h]: 390 (10600) in DMSO.

Single  crystals of  [Zny(L")(OH)(py);](ClO4),-Pr?OH
(1-Pr?OH) suitable for X-ray structural analysis were grown when
a pyridine solution of 1 was diffused with 2-propanol.

[Zn,(L2)(OH)(py)3]1(Cl0y4); (2). The ligand HL? was pre-
pared in situ by the reaction of 2,6-diformyl-4-methylphenol
(0.082 g, 0.5 mmol) and 2-(2-pyridyl)ethylamine (0.122 g, 1.0
mmol) in hot pyridine (10 cm?). To this solution were added
zinc(II) perchlorate hexahydrate (0.372 g, 1.0 mmol) and triethyl-
amine (0.101 g, 1.0 mmol), and the mixture was stirred for 30 min
and diffused with 2-propanol to form yellow crystals. Yield: 0.261
2 (48%). Anal. Calcd for C33H39ClhaN70,0Zny: C, 47.77; H, 4.11;
Cl, 7.42; N, 10.26; O, 16.75; Zn, 13.69%. Found: C, 47.87; H,
4.23; N, 10.22; Zn, 13.25%. Selected IR data [v/cm™!'] using a
KBr disk: 3620, 1640, 1605, 1552, 1484, 1447, 1098, 624. Molar
conductance [Ay/S cm?mol~']: 61 in DMSO. UV-vis [A max/nm
(&/M~em™hH]: 391 (11600) in DMSO.

Single crystals of 2-0.5Pr?OH were grown when a pyridine
solution of 2 was diffused with 2-propanol.

[Zn,(L3)(OH)](Cl0y4); (3). A solution of zinc(IT) perchlorate
hexahydrate (0.372 g, 1.0 mmol) in hot acetonitrile (5 cm?) was
added to a solution of HL? (0.265 g, 0.5 mmol) in hot acetonitrile
(10 cm?), and the mixture was stirred for 30 min. To this solution
was added triethylamine (0.101 g, 1.0 mmol), and the mixture
was diffused with diethyl ether to give colorless crystals of
[Zn,(L?)(OH)](C104), -MeCN (3-MeCN). It was dried in vacuo
to obtain [Zn,(L3)(OH)](CI0y), (3). Yield: 0.425 g (96%). Anal.
Calcd for C33H34CI,NgO9Zn,: C, 45.23; H, 3.91; N, 9.59; Zn,
14.92%. Found: C, 44.84; H, 3.84; N, 9.48; Zn, 14.33%. Selected
IR data [v/cm~'] using a KBr disk: 3611, 1610, 1576, 1478, 1444,
1085, 623. Molar conductance [Ay/S cm? mol~']: 55 In DMSO.
UV—vis [Apa/nm (&/M~' em™1)]: 307 (3200) in DMSO.

[Niz(Ll)(OH)(py)z](ClO4)2 (4). This complex was obtained
as green crystals in a way similar to that for 1 except for the
use of nickel(Il) perchlorate hexahydrate (0.375 g, 1.0 mmol).

w-Hydroxo-[L-phenolato Dinuclear Metal Complexes

Yield: 0.324 g (78%). Anal. Calcd for Cy;H33CIaNgNipOqp: C,
40.79; H, 4.82; N, 10.57; Ni, 14.77%. Found: C, 41.03; H, 4.89;
N, 10.87; Ni, 14.85%. Selected IR data [v/cm*'] using a KBr
disk: 3604, 1651, 1604, 1549, 1446, 1119, 1078, 624. Molar con-
ductance [Ap/Scm?mol™!]: 56 in DMSO. UV-vis [A 4 /nm
(&/M~Lem™h]: 402 (7900), 624 (30), 920 (22), and 1400 (15)
in pyridine; 409 (5700), ~490sh (ca. 300), 900 (12), and ~1350
(5) in DMSO.

Single crystals of [Niy(L")(OH)(py),]1(ClO4)1-py (4-py) suit-
able for X-ray crystallography were grown when a pyridine solu-
tion of 4 was diffused with 2-propanol.

[Ni(L)(OH)(H,0)1(C104), (4). Crystals of 4 were heated
at 130 °C for 24 h to obtain a red powder. It was dissolved in di-
chloromethane and the solution was diffused with diethyl ether in
open air to obtain red crystals. Yield: 82%. Anal. Calcd for
Cy7H30C1aNgNip Oy C, 31.19; H, 4.62; N, 8.56; Ni, 17.93%.
Found: C, 31.18; H, 4.67; N, 8.66; Ni, 18.17%. Selected IR data
[v/em™!'] using a KBr disk: 3573, 1653, 1627, 1556, 1462,
1089, 627. UV-vis [Apnax/nm (€/M~'em™1)]: 403 (14300), 583
(16), 990 (25) in pyridine; 409 (~300), 905 (12), 1350 (5) in
DMSO.

[Niz(L*)(OH)(py)41(ClOy4); (5). This was obtained as green
crystals in a way similar to that for 2, using nickel(Il) perchlorate
hexahydrate (0.369 g, 1.0 mmol) instead of zinc(II) perchlorate
hexahydrate. Yield: 57%. Anal. Calcd for C43H44Cl,NgNi;Ojp:
C, 50.58; H, 4.34; N, 10.97; Ni, 11.50%. Found: C, 50.62; H,
4.39; N, 10.96; Ni, 11.53%. Selected IR data [v/cm‘l] using a
KBr disk: 3644, 1638, 1602, 1550, 1488, 1445, 1095, 623. Molar
conductance [Ayr/S cm? mol~']: 58 in DMSO. UV-vis [A 4 /nm
(&/M~' em™h)]: 403 (7200), 583 (16), and 990 (25) in pyridine;
400 (8300), 593 (23), 905 (12), and 1350 (10) in DMSO.

X-ray Crystallography. Each single crystal of 1.Pr?OH,
3-MeCN, and 4-py was mounted on a glass fiber. Measurements
were made on a Rigaku RAXIS-RAPID Imaging Plate diffractom-
eter using graphite monochromated Mo Ko radiation at —120 £ 1
°C for 1.Pr?0OH and 4-py and at —60 % 1 °C for 3.MeCN. Data
were processed by the PROCESS-AUTO program package. Each
single crystal of 2.0.5Pr?0H and 5 was mounted on a glass fiber
and used for measurements on a Rigaku AFC7R diffractometer
with graphite monochromated Mo K« radiation and a rotating
anode generator. The data were collected at 23 &= 1 °C using the
w-26 scan technique.

The structures were solved by direct method and expanded
using Fourier technique. The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included but not refined.
All calculations were performed using the teXsan crystallographic
software package of Molecular Structure Corporation.'® Pertinent
crystallographic parameters are given in Table 1.

Crystallographic data have been deposited with Cambridge
Crystallographic Data Center as supplementary publication
no. CCDC 211807-211811. Copies of the data can be obtained
free of charge via www.ccde.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Center, 12, Union
Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033;
ordeposit@ccdc.cam..ac.uk).

Results and Discussion

Preparation. The p-hydroxo-zinc(II) and nickel(I) com-
plexes of (L")~ and (L?)~ were prepared by the reaction of the
respective ligand with M(ClOy),-6H,O (M = Zn, Ni) in pyri-
dine. The ligand (L')~ afforded bis(pyridine) complexes,
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Table 1. Crystallographic Data of 1-Pr>?OH, 2-0.5Pr>0OH, 3-MeCN, 4-py, and 5
1-Pr’OH 2.0.5Pr’0OH 3.MeCN 4.py 5
Formula C30ClaHysN6O11Zny C395CIhHysN7 - C35ClhH39N7  C3ClHysN7Nin O Ca3ClHggNgNin Opo
O10.5Zn; 0O11Zn,
Formula weight  868.39 987.51 935.41 874.03 1021.17
Crystal system orthorhombic triclinic triclinic monoclinic triclinic
Space group Pbca P1 P1 C2/c P1
a/A 14.6637(3) 11.382(2) 10.0191(6) 15.7931(4) 11.12(4)
b/A 16.9657(4) 19.530(2) 12.0393(6) 15.2289(4) 20.35(4)
c/A 29.6924(5) 10.212(1) 17.929(1) 31.3890(8) 10.92(3)
o/° 90.00 92.04(1) 74.017(3) 94.8(2)
B/° 90.00 103.92(1) 81.975(4) 100.120(2) 115.12)
y/° 90.00 97.77(1) 87.013(2) 84.5(2)
v/A3 7386.9(3) 2177.6(6) 2058.4(2) 7432.0(3) 2227(10)
Z value 8 2 2 8 2
Dealea/gcm™ 1.562 1.506 1.509 1.491 1.523
UMoKa)/em™  15.08 12.89 13.60 12.18 10.33
No. observations 8415 5758 8930 7835 7381
R 0.083 0.056 0.095 0.077 0.051
Ry 0.087 0.076 0/199 0.170 0.067
Table 2. Selected Bond Distances and Angles of 1.Pr?OH
Bond distances/A
Zn(1)-0(1) 2.073(3) Zn(1)-0(2) 1.946(3)
Zn(1)-N(1) 2.082(3) Zn(1)-N(2) 2.141(3)
Zn(1)-N(5) 2.082(3) Zn(2)-0O(1) 2.099(3)
Zn(2)-0(2) 1.953(3)  Zn(2)-N(3) 2.068(3)
Zn(2)-N(4) 2.174(3)  Zn(2)-N(6) 2.074(3)
€20 Zn(1)-Zn(2) 3.166(3)
Bond angles/°
Zn(1)-0(1)-Zn(2) 97.8(1) Zn(1)-0(2)-Zn(2) 105.6(1)
O(1)-Zn(1)-0(2) 78.2(1)  O(1)-Zn(1)-N(1) 83.6(1)
O(1)-Zn(1)-N(2) 145.6(1)  O(1)-Zn(1)-N(5) 107.9(1)
O(2)-Zn(1)-N(1) 152.4(1)  O(2)-Zn(1)-N(2) 103.1(1)
Fig. 2. An ORTEP drawing of [Zny(L')(OH)(py),l- 0(2)-Zn(1)-N(5)  105.1(1)  N(1)-Zn(1)-N(2) 80.6(1)
(Cl0y4),-Pr?OH (1-Pr’OH). N(D)-Zn(1)-N(5)  100.1(1) N(2)-Zn(1)-N(5)  104.9(1)
O(1)-Zn(2)-0(2) 77.4(1)  O(1)-Zn(2)-N(3) 84.0(1)
. O(1)-Zn(2)-N(4) 151.8(1)  O(1)-Zn(2)-N(6) 100.2(1)
[REZELI)(OH)(PY)?](CIQ!)Z (M=Zn (I) and Ni (4)), whereas 5 71,0) N3)  1463(1) OQ2)-Zn(2)-N@)  102.6(1)
(L9) aszorded tris(pyridine) and tetrakls(pyr.ldmg) complexes, 0(2)-Zn(2)-N(6) 107.1(1)  N(G3)-Zn(2)-N(4) 81.2(1)
[Zny(LY)(OH)(py)31(C104)2  (2)  and  [Nix(L*)(OH)(py)4l- N(3)-Zn(2)-N(6)  103.7(1) N(#)-Zn(2)-N(6)  106.6(1)

(Cl04), (5), respectively. Green 4 turned red on heating at
130 °C and the crystallization of the red compound from di-
chloromethane/diethyl ether afforded [Ni,(L')(OH)(H,0)]-
(ClO4), (4). This proved to be a mixed-spin Ni(S = 1)-
Ni(S = 0) complex as discussed later.

[Zny(L*)(OH)](Cl0,), (3) was obtained in a tolerable yield
when HL? and Zn(ClOy), - 6H,0 were reacted in acetonitrile in
the presence of triethylamine. The corresponding nickel com-
plex of HL3 could not be prepared by a similar method.

Crystal Structures. Zn,(L')(OH)(py);1(ClO4),-Pr?OH
(1-Pr’0OH): An ORTEP drawing is shown in Fig. 2 together
with the atom numbering scheme. Selected bond distances and
angles are given in Table 2.

The [Zny(L')(OH)(py),;]** cation has a dinuclear core
bridged by hydroxide and phenolate ions in a Zn(1)--Zn(2)
interatomic separation of 3.116 A. Each Zn has a five-coordi-
nate geometry together with one pyridine molecule. The geom-

etry about Zn(1) can be regarded as a distorted square-pyramid
with the phenolic oxygen O(1), the hydroxide oxygen O(2), the
imine nitrogen N(1) and the amine nitrogen N(2) on the equa-
torial base and the pyridine nitrogen N(5) at the apex. The
parameter T'® that discriminates square-pyramid (T = 0) and
trigonal-bipyramid (7t =1) is 0.11. The geometry about
Zn(2) is also square-pyramidal (7: 0.09) with the pyridine
nitrogen N(6) at the apex. The Zn-to-donor bond distances fall
in the range of 1.946-2.174 A. The two pyridine molecules are
situated trans with respect to the mean molecular plane.

[Zn,(L2)(OH)(py)31(C104);+0.5Pr’0H  (2-0.5Pr>OH):
ORTEP drawings are shown in Fig. 3 together with the atom
numbering scheme. Selected bond distances and angles are
given in Table 3.

The [Zn,(L?)(OH)(py)3]** cation has a -hydroxo-jt-phe-
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Fig. 3. ORTEP drawings of [an(Lz)(OH)(py)3](ClO4)2-
0.5Pr>0OH (2.0.5Pr>0OH).

nolato-dizinc(Il) core in a Zn(1)--Zn(2) interatomic separation
of 3.139 A. Zn(1) has a five-coordinate geometry with further
coordination of one pyridine molecule whereas Zn(2) has a
six-coordinate geometry together with two pyridine molecules.
The geometry about Zn(1) is intermediate between square-pyr-
amid and trigonal-bipyramid (7: 0.58). The Zn(1)-to-donor
bond distances fall in the range of 1.951-2.179 A. The
Zn(2)-to-donor bond distances fall in the range of 2.008—
2.339 A. It must be pointed out that the Zn(2)-N(pyridine)
bond distances are quite elongated (2.339(5) and 2.259(5)
A). The pyridine molecule bonded to Zn(2) and one pyridine
molecule bonded to Zn(1) are weakly stacked in an average
ring-ring separation of 3.82 A.

[Zn,(L3)(OH)](C104);-MeCN (3:MeCN): An ORTEP!’
drawing is shown in Fig. 4 together with the atom numbering
scheme. Selected bond distances and angles are given in
Table 4.

The asymmetric unit consists of one [Zn,(L3)(OH)]** cat-
ion, two perchlorate anions and one acetonitrile molecule.
The cation has a -hydroxo-p-phenolato-dizinc(Il) core in a

w-Hydroxo-[L-phenolato Dinuclear Metal Complexes

Table 3. Selected Bond Distances and Angles of

2.0.5Pr’0OH
Bond distances/A
Zn(1)-0(1) 2.106(4)  Zn(1)-0(2) 1.951(4)
Zn(1)-N(1) 2.046(5) Zn(1)-N(2) 2.179(5)
Zn(1)-N(5) 2.098(5) Zn(2)-O(1) 2.105(4)
Zn(2)-0(2) 2.008(3) Zn(2)-N(3) 2.091(4)
Zn(2)-N(4) 2.164(5) Zn(2)-N(6) 2.339(5)
Zn(2)-N(7) 2.259(5) Zn(1)-Zn(2) 3.139(5)
Bond angles/®
Zn(1)-0O(1)-Zn(2) 96.4(2) Zn(1)-0(2)-Zn(2) 104.9(2)
O(1)-Zn(1)-0(2) 79.6(1)  O(1)-Zn(1)-N(1) 86.1(2)
O(1)-Zn(1)-N(2) 174.2(2)  O(1)-Zn(1)-N(5) 92.3(2)
O(2)-Zn(1)-N(1) 139.6(2) O(2)-Zn(1)-N(2) 98.8(2)
O(2)-Zn(1)-N(5) 111.3(2)  N(1)-Zn(1)-N(2) 91.7(2)
N(1)-Zn(1)-N(5) 106.8(2)  N(2)-Zn(1)-N(5) 93.4(2)
O(1)-Zn(2)-0(2) 78.4(1)  O(1)-Zn(2)-N(3) 85.0(2)
O(1)-Zn(2)-N4) 176.4(2)  O(1)-Zn(2)-N(6) 93.9(2)
O(1)-Zn(2)-N(7) 89.4(2) 0O(2)-Zn(2)-N(3) 162.4(2)
0O(2)-Zn(2)-N(4) 103.5(2)  O(2)-Zn(2)-N(6) 90.2(2)
0O(2)-Zn(2)-N(7) 91.3(2) N(3)-Zn(2)-N(4) 93.5(2)
N(3)-Zn(2)-N(6) 85.3(2) N(3)-Zn(2)-N(7) 94.1(2)
N(4)-Zn(2)-N(6) 89.2(2) N(#)—Zn(2)-N(7) 87.5(2)
N(6)—Zn(2)-N(7) 176.7(2)

Fig. 4. An ORTEP drawing of [Zn,(L3)(OH)](ClO,),-
MeCN (3-MeCN).

Zn(1)--Zn(2) separation of 3.042 A. Both Zn(1) and Zn(2)
have a five-coordinate geometry. The parameter T is 0.70 for
Zn(1) and 0.63 for Zn(2). Thus, the geometry about each metal
is close to trigonal-bipyramid. The Zn(1)-O(2) and Zn(2)—
O(2) bond distances (1.943(3) and 1.971(3) A, respectively)
are significantly short relative to the Zn(1)-O(1) and Zn(2)-
O(1) bond distances (2.033(3) and 2.030(3) A, respectively).
The Zn-to-N bond distances fall in the range of 2.035(4)—
2.208(4) A.

[Niz(L')(OH)(py)2](ClO4);+py (4-py): An ORTEP draw-
ing of 4-py is shown in Fig. 5, together with the atom number-
ing scheme. Selected bond distances and angles are given in
Table 5.

The structure of the cation resembles that of 1.Pr'OH. The
Ni(1)--Ni(2) interatomic separation is 3.069 A. Ni(1) and
Ni(2) each have a five-coordinate geometry together with
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Table 4. Selected Bond Distances and Angles of 3-MeCN
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Table 5. Selected Bond Distances and Angles of 4.py

Bond distances/A

Zn(1)-0(1) 2.033(3) Zn(1)-0O(2) 1.943(3)
Zn(1)-N(1) 2.186(4)  Zn(1)-N(2) 2.062(4)
Zn(1)-N(3) 2.056(4)  Zn(2)-0O(1) 2.030(3)
Zn(2)-0(2) 1.971(3) Zn(2)-N(4) 2.208(4)
Zn(2)-N(5) 2.035(4)  Zn(2)-N(6) 2.043(4)
Zn(1)-Zn(2) 3.042(4)

Bond angles/°

Zn(1)-0O(1)-Zn(2) 96.92) Zn(1)-0(2)-Zn(2) 102.0(2)
O(1)-Zn(1)-0(2) 80.6(1)  O(1)-Zn(1)-N(1) 88.3(1)
O(1)-Zn(1)-N(2) 108.7(2)  O(1)-Zn(1)-N(3) 126.5(2)
0O(2)-Zn(1)-N(1) 168.2(1) O(2)-Zn(1)-N(2) 107.8(2)
O(2)-Zn(1)-N(3) 103.9(2) N(1)-Zn(1)-N(2) 79.2(2)
N(1)-Zn(1)-N(3) 79.7(1)  N(2)-Zn(1)-N(3) 119.6(2)
O(1)-Zn(2)-0(2) 80.0(1) O(1)-Zn(2)-N(4) 88.8(1)
O(1)-Zn(2)-N(5) 127.5(2)  O(1)-Zn(2)-N(6) 110.5(2)
0(2)-Zn(2)-N(4) 165.3(1)  O(2)-Zn(2)-N(5) 99.1(2)
0O(2)-Zn(2)-N(6) 112.8(2) N(4)-Zn(2)-N(5) 80.2(2)
N(4)-Zn(2)-N(6) 80.0(1) N(5)-Zn(2)-N(6) 117.6(2)

Bond distances/A

Ni(1)-O(1) 2.014(2)  Ni(1)-0(2) 1.972(2)
Ni(1)-N(1) 2.008(3)  Ni(1)-N(2) 2.095(3)
Ni(1)-N(5) 2.046(3)  Ni(2)-0(1) 2.020(2)
Ni(2)-0(2) 1.970(2)  Ni(2)-N(3) 2.019(3)
Ni(2)-N(4) 2.102(3)  Ni(2)-N(6) 2.037(3)
Ni(1)--Ni(2) 3.069(3)

Bond angles/°

Ni(1)-O(1)-Ni(2) 99.2(2)  Ni(1)-O(2)-Ni(2)  102.4(2)
O(1)-Ni(1)-0(2) 79.2(1)  O(1)-Ni(1)-N(1) 88.0(1)
O(1)-Ni(1)-N(2) 163.9(1)  O(1)-Ni(1)-N(5) 97.1(1)
O(2)-Ni(1)-N(1) 155.9(1)  O(2)-Ni(1)-N(2) 103.3(1)
O(2)-Ni(1)-N(5) 98.2(1)  N(1)-Ni(1)-N(2) 83.7(1)
N(1)-Ni(1)-N(5) 103.6(1)  N(2)-Ni(1)-N(5) 98.3(1)
O(1)-Ni(2)-0(2) 79.1(1)  O(1)-Ni(2)-N(3) 87.5(1)
O(1)-Ni(2)-N(4) 160.9(1)  O(1)-Ni(2)-N(6) 97.2(1)
O(2)-Ni(2)-N(3) 153.8(1)  O(2)-Ni(2)-N(4) 102.2(1)
O(2)-Ni(2)-N(6) 101.4(1)  N(3)-Ni(2)-N(4) 83.5(1)
N(3)-Ni(2)-N(6) 102.5(1)  N(4)-Ni(2)-N(6) 101.2(1)

Fig. 5. An ORTEP drawing of
(ClO4)2+py (4-py).

[Ni>(L")(OH)(py)-1-

one pyridine molecule. The geometry about each Ni is regard-
ed as a square-pyramid with the pyridine nitrogen at the apex;
the T value is 0.13 for Ni(1) and 0.12 for Ni(2). The Ni-to-do-
nor bond distances fall in the range of 1.970-2.102 A. The
Ni(1)-O(1)-Ni(2) and Ni(1)-O(2)-Ni(2) angles are 99.2°
and 102.4°, respectively. The pyridine molecule on Ni(l)
and that on Ni(2) are situated trans with respect to the mean
molecular plane.

[Ni>(L?)(OH)(py)41(Cl04), (5): ORTEP drawings of 5
are shown in Fig. 6 together with the atom numbering scheme.
Selected bond distances and angles are given in Table 6.

The [Ni,(L?)(OH)(py)4]>* cation has a nearly coplanar f4-
hydroxo-/t-phenolato-dinickel(II) core in a Ni--Ni separation
of 3.156 A. Pyridine molecules occupy the axial sites of Ni
affording a six-coordinate geometry about each metal. The
Ni(1)-to-donor bond distances range from 2.018 to 2.192 A
and the Ni(2)-to-donor bond distances range from 2.001 to
2.192 A. The Ni(1)-O(1)-Ni(2) and the Ni(1)-O(2)-Ni(2)
angles are 99.6° and 103.5°, respectively. The pyridine mole-

Fig. 6. ORTEP drawings of [Niy(L?)(OH)(py)4](ClOy), (5).

cules attached to the axial sites of Ni(1) and Ni(2) are stacked
in an average ring—ring separation of 3.51 A.
The ligands (L')~ and (L*)~ have a similar framework but
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Table 6. Selected Bond Distances and Angles of §

Bond distances/A

Ni(1)-O(1) 2.055(2) Ni(1)-0(2) 2.018(4)
Ni(1)-N(1) 2.041(5) Ni(1)-N(2) 2.133(3)
Ni(1)-N(5) 2.156(4) Ni(1)-N(6) 2.192(5)
Ni(2)-0O(1) 2.077(5) Ni(2)-0(2) 2.001(2)
Ni(2)-N(3) 2.022(3) Ni(2)-N4) 2.148(5)
Ni(2)-N(7) 2.167(5) Ni(2)-N(8) 2.192(4)
Ni(1)--Ni(2) 3.156(10)

Bond angles/®

Ni(1)-O(1)-Ni(2) 99.6(2)  Ni(1)-O(2)-Ni(2) 103.5(2)
O(1)-Ni(1)-0(2) 78.5(1)  O(1)-Ni(1)-N(1) 88.8(1)
O(1)-Ni(1)-N(2) 178.5(1)  O(1)-Ni(1)-N(5) 93.8(1)
O(1)-Ni(1)-N(6) 93.5(1)  O(2)-Ni(1)-N(1)  167.1(1)
O(2)-Ni(1)-N(2) 100.0(1)  O(2)-Ni(1)-N(5) 91.8(2)
O(2)-Ni(1)-N(6) 89.9(2)  N(1)-Ni(1)-N(2) 92.7(1)
N(1)-Ni(1)-N(5) 91.0(2)  N(1)-Ni(1)-N(6) 88.9(2)
N(2)-Ni(1)-N(5) 86.2(1)  N(2)-Ni(1)-N(6) 86.5(1)
N(5)-Ni(1)-N(6) 172.7(1)  O(1)-Ni(2)-0(2) 78.3(1)
O(1)-Ni(2)-N(3) 88.9(1) O(1)-Ni(2)-N@4)  178.0(1)
O(1)-Ni(2)-N(7) 93.9(2)  O(1)-Ni(2)-N(8) 90.9(2)
O(2)-Ni(2)-N(3) 166.9(1)  O(2)-Ni(2)-N(4) 99.8(1)
O(2)-Ni(2)-N(7) 92.6(1)  O(2)-Ni(2)-N(8) 89.5(1)
N(3)-Ni(2)-N(4) 93.0(1)  N(3)-Ni(2)-N(7) 91.3(1)
N(3)-Ni(2)-N(8) 87.6(1)  N(4)-Ni(2)-N(7) 86.5(2)
N(4)-Ni(2)-N(8) 175.0(1)  N(7)-Ni(2)-N(8)  175.0(1)

differ from each other in the terminal chelating residue of two
pendant arms: (2-dimethylaminoethyl)imino for (L')~ and (2-
pyridylethyl)imino for (L?)~. The X-ray structural studies
for [Zn,(LY)(OH)(py)»1(Cl04), - Pr?OH (1-Pr*OH), [Zny(L?)-
(OH)(py)3]1(Cl04),+0.5Pr>0OH  (2-0.5Pr>0H), [Ni,(L')(OH)-
(py)21(C1O4),+py (4-py), and [Nir(L2)OH)(py)s](CIOL); (5)
reveal distinct dinuclear core structures effected by the termi-
nal chelating residues. The ligand (L')~ affords a non-coplanar
-hydroxo-jt-phenolato dinuclear core for 1 and 4 (Figs. 2
and 4), owing to a significant strain arising from the five-mem-
bered chelate ring formed with the terminal residue. Each met-
al (Zn or Ni) has a distorted square-pyramidal geometry to-
gether with a pyridine molecule. This must be a favored struc-
ture for 1 since Zn(II) prefers five-coordination to six-coordi-
nation. Ni(Il) generally prefers six-coordination in the
absence of any constraint from the ligand used, but 4 retains
the distorted square-pyramidal geometry about Ni in pyridine
as discussed later. This fact indicates the rigidness of the dinu-
clear core effected by the constraint from (L')~. The ligand
(L?)~ affords a nearly coplanar jt-hydroxo-/t-phenolato dinu-
clear core for 2 and 5 (Figs. 3 and 5). Evidently, the dinuclear
core has little strain owing to the 6-membered chelate ring
formed with the terminal residue. In the structure of
2.0.5Pr?0OH, one Zn has a square-pyramidal geometry with
further coordination of pyridine (Zn—N distance: 2.098(5) A).
The other Zn has a six-coordinate geometry together with
two pyridine molecules, but this structure is not necessarily
favored judging from the long Zn-N(pyridine) distances
(2.339(5) and 2.259(5) A). Each Ni in 5 has a favored six-co-
ordinate structure with two pyridine molecules at the apical
sites.

w-Hydroxo-[L-phenolato Dinuclear Metal Complexes

Physicochemical Properties. All the complexes show a
sharp TR band at 3620-3570 cm~! characteristic of the V(O—
H) vibration of a bridging hydroxide group.'®?° Complexes
1, 2, 4, and 5 show the V(C=N) vibration of the azomethine
group at 1638-1656 cm~'. The v; mode of perchlorate group
at ~1100 cm~! shows no splitting in all the complexes, in
accord with ionic nature of the perchlorate ion.

Complexes 1-3 are diamagnetic. Effective magnetic mo-
ments of [Niy(L')(OH)(py),](ClO4); (4) and [Nip(L*)(OH)-
(py)41(ClO4), (5) at room temperature are 2.84 and 2.92 U,
(per Ni), respectively, and the moments decreased with de-
creasing temperature to 0.42 and 0.28 p at 2 K, respectively
(Fig. 7). Evidently an antiferromagnetic interaction operates
between each pair of nickel ions. Each )\, vs T curve shows
a slight increase at low temperature, suggesting a contamina-
tion of a small amount of a paramagnetic impurity. The mag-
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Fig. 7. Temperature-variations of magnetic susceptibility
and magnetic moment (per Ni) of [Niy(L')(OH)(py)4]-
(Cl04); (4) (top) and [Nis(L*)(OH)(py)2](ClO4)2 (5)
(bottom).
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netic susceptibility expression of the (S} = 1)—(S, = 1) system
based on the isotropic Heisenberg model (H = —2J555) is
given as follows:

Xa = (1 — PN B /KT — 0))
X [5 + exp(—4J /kT))/[5 + 3 exp(—4J /kT)

+ exp(—6J/kT)] + p x (¢*/4T) + Na, (1)

where p is the fraction of paramagnetic impurity and other
symbols have their usual meanings. Magnetic properties of
4 and 5 can be well simulated by Eq. 1 as shown by the
solid curves in Fig. 7. The best-fit parameters obtained are
J=-277 cm™!, g=2.15, 6 = —0.8 K, Noo = 400 x 107
cm®mol™!, and p=0.085 for 4 and J = —10.8 cm~!,
g=214,0=—1.0K, N = 120 x 10"® cm* mol~!, and p =
0.017 for 5. Thus, complex 4 exhibits a stronger antiferromag-
netic interaction than 5. This may be explained by the short
Ni--Ni separation in 4 (3.069 A) relative to the Ni-Ni separa-
tion in 5 (3.156 A).

The room-temperature magnetic moment of [Ni(L')(OH)-
H>O0](ClO4), (4) is 2.84 py per molecule and the moment
is essentially independent of temperature. Evidently, 4’ is a
mixed-spin complex with one paramagnetic Ni(II) ion and
one diamagnetic Ni(I) ion. A dinuclear core consisting of a
planar Ni(Il) and a square-pyramidal Ni(II) with a water mole-
cule at the axial site can be deduced for this complex.

Molar conductance values of 1-5 in DMSO (55-61
Scm? mol ™) are typical of 2:1 electrolytes in this solvent.?!
[Zno(LYOH)(py)»](Cl0y), (1) and  [Zna(L2)(OH)(py)s]-
(Cl0y4); (2) each have an intense band at 390 nm, which is as-
sociated with the 77—7r* transition of the azomethine link-
age.?>?? [Zn,(L*)(OH)](ClO4), (3) has a moderate absorption
band at 307 nm. A green pyridine solution of [Niy(L')-
(OH)(py)21(Cl0y4), (4) shows absorption bands at 402, 624,
920, and ~1400 nm (see Fig. 8). The spectral feature indicates
a square-pyramidal geometry about Ni(II)>#? in harmony with
the X-ray structural result for 4. py. Notably, a DMSO solution
of 4 assumes a reddish color and its spectrum is characterized
by a distinct shoulder at ~490 nm along with d—d bands at 900
and ~1350 nm. This absorption spectrum resembles the reflec-
tance spectrum of [Ni>(L')(OH)H,0]](ClOy4), (4') with bands
at 480, 840, and 1300 nm. This fact means that 4 forms a
mixed-spin species [Niy(L*)(OH)(dmso)]>" in DMSO. It is
known that Ni(II) has a high affinity for pyridine relative to
DMSO.%

[Niy(L?)(OH)(py)4](ClOy4), (5) in pyridine shows absorp-
tion bands at 583 and 990 nm in addition to the 77—7T* transi-
tion of the azomethine group at 403 nm. The spectrum indi-
cates a pseudo octahedral geometry about each Ni(II).>* The
spectrum of 5 in DMSO, on the other hand, has absorption
bands at 400, 593, 905, and 1350 nm, indicating a square-
pyramidal surrounding about each Ni. That is, complex $§
exists as [Nip(L?)(OH)(dmso),]*" in DMSO.

From preliminary studies, we have noticed that the dinu-
clear zinc complexes (1, 2, and 3) cannot hydrolyze di(p-nitro-
phenyl) phosphate (DNP~) into mono(p-nitrophenyl) phos-
phate, whereas the dinuclear Ni complexes (4 and 5) facilitate
the hydrolysis of DNP~.2” The phosphodiesterase-like function
of 4 and 5 will be reported elsewhere.
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Fig. 8. Electronic absorption spectra of [Niy(L!')(OH)-

(py)4](CIO4); (4) (top) and [Niy(L*)(OH)(py)>1(Cl04)>
(5) (bottom) in pyridine and DMSO.
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