6944 Inorg. Chem.1996, 35, 6944-6951

Copper and Bismuth Complexes Containing DipyridylgemDiolato Ligands:

Bi'll 2[(2-Py)2CO(OH)] 2(02CCF3)4(THF)2 , Cu' [(2-Py)2CO(OH)] 2(H02CCH3)2, and
Cu'"4[(2-Py),CO(OH)] 2(0O2CCH3)s(H20)., a Ferromagnetically Coupled Tetranuclear
Copper(ll) Chain

Steven R. Breezé,Suning Wang,*' John E. Greedan? and N. P. Raju*

Department of Chemistry, Queen’s University, Kingston, Ontario, K7L 3N6 Canada, and
Department of Chemistry, McMaster University, Hamilton, Ontario, L8S 4M1 Canada

Receied March 1, 1998

The reactions of the singly deprotonated di-2-pyridylmethanediol ligand (dpinditth copper(ll) and bismuth-

(1N have been investigated. A new dinuclear bismuth(lll) compleX&imdH}(O,CCFs)4(THF),, 1, has been
obtained by the reaction of BiRwith di-2-pyridyl ketone in the presence of HCCF; in tetrahydrofuran (THF).

The reaction of Cu(OC#J, with di-2-pyridyl ketone, HO, and acetic acid in a 1:2:2:2 ratio yielded a mononuclear
complex Cu[(2-PyCO(OH)L(HO,CCHs),, 2, while the reaction of Cu(OAG[H,O) with di-2-pyridyl ketone

and acetic acid in a 2:1:1 ratio yielded a tetranuclear complek(Zey),CO(OH)L(0O,CCHs)s(H20),, 3. The
structures of these complexes were determined by single-crystal X-ray diffraction analyses. Three different bonding
modes of the dpmdHligand were observed in compountis3. In 2, the dpmdH ligand functions as a tridentate
chelate to the copper center and forms a hydrogen bond between the OH group and the noncoordinating HO
CCH; molecule. Inl and3, the dpmdH ligand functions as a bridging ligand to two metal centers through the
oxygen atom. The two pyridyl groups of the dprmdhgand are bound to one bismuth(lll) centerlipwhile in

3 they are bound two copper(ll) centers, respectively. Comp@inds an unusual one dimensional hydrogen
bonded extended structure. The intramolecular magnetic interacti8rhas been found to be dominated by
ferromagnetism. Crystal datd;, CagH34N4014F12Bi, triclinic P1, a= 11.764(3) Abp=11.949(3) Ac=9.737(1)

A, o =101.36(2}, B = 105.64(2}, y = 63.79(2), Z = 1; 2, CreH26N40sCU/CH;Cl,, monoclinic C2/c, a =
25.51(3) A,b = 7.861(7) A,c = 16.24(2) A, = 113.08(9), Z = 4; 3, CagHs0N4018CU/CH,Cly, triclinic P1,

a = 10.494(2) Ab = 13.885(2) A,c = 7.900(4) A,a. =106.52(2}, 8 = 90.85(3}, y = 94.12(1}, Z = 1.

Introduction complexes with these ligands prompted us to explore the
We have been interested in the coordination chemistry of cpordinz_;\tion chemistr_y of other bifunctional Iigand; such as the
bifunctional ligands with metal ions involved in ceramic di-2-Pyridylmethanediol ligand (dpmd#i In comparison with
superconductors such as copper, lanthanides, and bismuth. Thie bdmapH ligand, the dpmdHigand is more rigid with an
bifunctional ligands employed by our group typically contain a €xra coordinating site, the OH group. We have observed that
neutral nitrogen coordination site and a negatively charged the dpmdH ligand forms complexes readily with copper(il) and
oxygen coordination site such as the 1,3-bis(dimethylamino)- bismuth(lll) ions through several different bonding modes. More

2-propanolato ligand (bdmap) and deprotonated hydroxypy- importantly, the singly deprotonated ligand dpmdhkis been
found to promote ferromagnetic couplings between copper(ll)

O O o oH centers, thus, opening a new avenue for the _syn_thesis of
N CH;\\N/Y\NLC% molecula_lr magnets. Seve_ral exgmples of coordination com-
oH OH OH M pounds involving simple diolato ligands were reported previ-

ously34 The coordination chemistry of diolato ligands con-
dpmdH2 bdmapH taining additional coordinating atoms such as the dpgriidfdnd

has, however, hardly been explored until recefhthwWe
ridines. We have demonstrated earlier that these bifunctional therefore report herein the syntheses and crystal structures of a
ligands are capable of bringing two different metal centers such dinuclear bismuth(lll) complex, a mononuclear copper(ll)
as lanthanide(lll) and copper(ll) ions togetherWe also complex, and a tetranuclear copper(ll) complex containing the
demonstrated that polynuclear copper(ll) complexes formed by dpmdH- ligand, and the utility of the dpmdH ligand in
these ligands display versatile structural features and interestingpromoting the ferromagnetism and the three dimensional

magnetic propertied. The lack of fully characterized GtBi extended structure of the tetranuclear copper(ll) complex.
TQueen’s University.
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(1) (@) Wang, S.; Pang, Z.; Smith, K. D. L.; Hua, Y.; Deslippe, C.; Wagner, Soc., Dalton Trans1972 102.
M. J. Inorg. Chem.1995 34, 908. (b) Wang, S.; Pang, Z.; Wagner, (4) (a) Annibale, G.; Canovese, L.; Cattalini, L.; Natile, G.; Biagini-Cingi,
M. J.Inorg. Chem1992 31, 5381. (c) Wang, S.; Pang, Z.; Smith, K. M.; Manotti-Lanfredi, A. M.; Tiripicchio, A.J. Chem. Soc., Dalton
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Experimental Section

All reactions were performed in Schlenk flasks under a nitrogen
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intensity was observed for compourtiand3, while compouna lost
about 24% of its original intensity due to the loss of £, Data
were processed on a Silicon Graphics computer using the TEXSAN

atmosphere. Solvents were reagent grade, distilled from appropriatecrystallographic software packdgend corrected for decay and

drying agents under nitrogen prior to use. Copper methoxide, di-2-
pyridyl ketone, and trifluoroacetic acid were purchased from Aldrich.

Lorentz polarization effects. An empirical absorption correction based
on azimuthal scans of several reflections was applied to all crystals,

Glacial acetic acid and copper(ll) acetate monohydrate were purchasedyhich resulted in transmission factors ranging from 0.43 to 1.00.for

from BDH Co. Triphenylbismuth was obtained from Strem Chemicals,
Inc. IR spectra were recorded on a Nicolet FTIR spectrometer.
Thermogravimetric analyses were performed on a Perkin-Elmer TGA-7
analyzer. '"H NMR spectra were recorded on a "Rer AC-300

spectrometer. Elemental analyses were performed at Canadian Mi-

croanalytical Service, Ltd, Delta, BC. The EPR experiments were
performed on a Biker ESP-300E at the X-band frequency (9426 MHz).

Magnetic susceptibility data were collected at 0.01 T on a SQUID
instrument from Quantum Design. A magnetic field calibration was
done using a lead sphere.

Synthesis of Bi(dpmdH)2(O,CCF3)4(THF) (1) Triphenylbismuth
(200 mg, 0.45 mmol) was dissolved in 15 mL of tetrahydrofuran (THF).
Trifluoroacetic acid (0.14 mL, 1.87 mmol) was then added to the
solution. After being stirred fol h at 23°C, 83 mg (0.45 mmol) of
di-2-pyridyl ketone was added. After an additional hour of stirring,
the solution was concentrated to approximately 10 mL and 3 mL of
hexane was added to crystallize the product. Colorless crystdls of
were obtained (148 mg, 0.10 mmol, yield 46%); mp T8 Anal.
Calcd for GgH3aN4O14F15Bio: C, 32.18; H, 2.40; N, 3.95. Found: C,
31.79; H, 2.09; N, 3.81.H NMR (acetoneds, d, ppm, 298 K): 7.63
(m,1H), 7.70 (m, 1H), 8.02 (m, 1H), 8.13 (m, 3 H), 8.75 (m, 1H), 8.91
(m, 1H), pyridyl; 3.63 (m, 4 H, THF); 1.80 (m, 4 H, THF). IR (KBr,
cm): 1016 m, 1093 w, 1139 s, 1202 vs, 1270 w, 1279 w, 1298 w,
1384 w, 1437 m, 1600 m, 1670 vs.

Synthesis of Cu[(2-Py)CO(OH)],(HO,CCH3)./CH.CI, (2). In a
100 mL Schlenk flask di-2-pyridyl ketone (200 mg, 1.08 mmol), water
(20 mg, 1.08 mmol), acetic acid (65 mg, 1.08 mmol), and 10 mL of
dichloromethane were combined and stirred for approximatei at
23 °C. Cu(OCH), (68 mg, 0.54 mmol) was then added, and the
mixture was stirred for an additional 1 h. The blue solution was
concentrated to approximately 7 mL and was cooled t6Q0to
crystallize the product. The violet crystals of compoudvere
obtained (87 mg, 0.13 mmol, yield 24%); mp 0. Anal Calcd for
CoH280sN4CuCh: C, 48.33; H, 4.21; N, 8.35%. Found: C, 48.48;
H, 4.45; N, 8.36%. IR (KBr, cm): 1033 m, 1160 w, 1223 w, 1310
w, 1426 m, 1578 m, 1604 m, 1686 w. When subjected to a high
vaccum, compoun@ changes color to blue. The elemental analysis
for the residue, after compourgtiwas pumped for 48 h under 0.05
Torr of pressure, is consistent with the formula of Cu(dpm@Hp,-
CCH)/0.5CHCI; (Calcd: C,51.76; H, 4.08; N, 9.86. Found: C,51.73;
H, 3.91; N, 9.76.).

Synthesis of Cu[(2-Py),CO(OH)] 2(0>2CCH3)s(H20)2/CH-Cl> (3).
Di-2-pyridyl ketone (46 mg, 0.25 mmol), CugOCH;),H,O (100 mg,
0.50 mmol), and acetic acid (15 mg, 0.25 mmol) were stirred in 10
mL of dichloromethane for approximately 20 h at 23. The blue
solution was concentrated to approximately 5 mL and cooled@ 0
to crystallize the product. The blue crystals of compolhdere
obtained (83 mg, 0.15 mmol; yield 58%); mp 22CG (dec). Anal
Calcd for GsHa201sN4CwCly: C, 37.14; H, 3.74; N, 4.95%. Found:
C, 37.63; H, 3.63; N, 4.96%. IR (KBr, cr¥): 1045m, 1071 m, 1236
w, 1319 m, 1381 m, 1423 s, 1549 vs, 1630 s.

X-ray Diffraction Analysis. The violet crystals of compoun@
and the blue crystals of compouBdvere obtained from concentrated
CHCI; solutions, while the colorless crystals bivere obtained from
a THF/hexane solution. The crystals were mounted on glass fibres
and sealed with epoxy glue. Data were collected over the range 3
26 < 50° for 2 and3 and 3< 26 < 45° for compoundl on a Rigaku
AFC6-S diffractometer with graphite-monochromated Me t&diation
(A =0.710 69 A), operated at 50 kV and 35 mA. Unit cell constants
and the orientation matrices for the data collection were obtained from

a least-squares refinement using the setting angles of 20 reflections (8

< 26 < 15°) for compoundl, 11 centered reflections (6.5 26 <
12°) for 2, and 14 reflections (3% 26 < 37°) for 3, and located by

the SEARCH routine. Three standard reflections were measured every

150 reflections. At the end of data collection, no significant decay of

from 0.90 to 1.00 for2, and from 0.93 to 1.00 foB. Extinction
corrections were not applied. ~

The crystals ofl. and3 belong to the triclinic space grougl. The
systematic absencetlk|, h + k = 2n + 1; hOl, | = 2n + 1) of
compound? agree with botiC2/candCc. The statistical analysis of
intensity distribution and the successful structural solution and refine-
ment determined that the correct space group2aé C2/c. The
structures ofl and 3 were solved by heavy-atom Patterson methods,
while the structure oR was solved by direct methods. Full-matrix
least-squares refinements were applied. Neutral atom scattering factors
were taken from Cromer and Walferln the crystal lattices of
compound® and3, a disordered CKCl, solvent molecule was located.
The CHCI, solvent molecule in both compounds is disordered over
two sites related by an inversion center. Due to the limited number of
reflections, this disorder could not be fully modeled. One of the carbon
atoms of the THF molecule it displays a 50%/50% disorder over
two sites which were modeled and refined successfully. Al @Bups
in 1 display aC; rotational disorder. Two sets of fluorine atoms for
each Ck group were located, and each set was refined successfully
with a 50% occupancy factor. The positions of acidic protong in
and 3 determined directly from the difference Fourier maps were not
refined. The remaining hydrogen atomic positions except those bonded
to the disordered solvent molecules and the OH proton$ were
calculated and their contribution in structural-factor calculations was
included. Bismuth, oxygen, nitrogen, and most of the carbon atoms
in 1 were refined anisotropically. Copper, chlorine, and some of the
oxygen atoms ir2 were refined anisotropically. All non-hydrogen
atoms except the dichloromethane carbon aton8 iwere refined
anisotropically. Due to the limited data, disordered fluorine atoms in
3 were refined isotropically only. The largest residual peak in the final
difference Fourier map is 2.21"83in 1 (1.05 A away from the
bismuth atom), 0.49°&~3in 2, and 0.55 eA~3in 3. The imperfect
absorption correction and the disorder of the;@Rd THF groups in
1 are likely to be responsible for the relatively higfactors and the
goodness of fit indicator. Compouriiforms very thin plate crystals
which display severe twining and low diffraction intensity and decay
rapidly by losing the solvent molecule, accountable for the low data
and parameter ratio and the quality of the data. The data of
crystallographic analyses are listed in Table 1.

Results and Discussion

Syntheses and Structures.It has been well-established that
ketones can undergo a reversible addition reaction with té
form diols (eq 1). In organic solvents and neutral conditions,

R R
\?O( * HZO

the hydration equilibrium goes to the left for most ketones except
for those containing highly electron-withdrawing groups. How-
ever, in the presence of acid or base, ketones can undergo the
hydration process rapidly, forming diols. A protonated ketone
intermediate is believed to be responsible for the acid-catalyzed
process. The diol ligand, di-2-pyridylmethanediol (dpragH
forms readily in the presence of acid such as acetic acid or
trifluoroacetic acid. The dpmdHigand and its deprotonated

R R

(€]

OH OH

(5) TEXSAN Crystal Structure Analysis Package, Molecular Structure
Corp.: Houston, TX, 1985 and 1992.

(6) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, Kynoch Press: Birmingham, U.K., 1974; Vol. 4, Table 2.2A.

(7) (a) Carey, F. A.; Sundberg, R.Advanced Organic ChemistnPart
A, 3rd ed.; Plenum Press: New York, 1990. (b) Guthrie, Té&h. J.
Chem.1975 53, 898;1978 56, 962.
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Table 1. Crystallographic Data

formula Q3H34N4014F128i2 C26H2603N4CU/CH2C|2 C34H40013N4CU4/CH2C|2

fw 1416.65 671.00 1131.82

space group P1 C2lc P1

alA 11.764(3) 25.51(3) 10.494(2)

b/A 11.949(3) 7.861(7) 13.885(2)

c/A 9.737(1) 16.24(2) 7.900(4)

a/deg 101.36(2) 90 106.52(2)

Bldeg 105.64(2) 113.08(9) 90.85(3)

yldeg 63.79(2) 90 94.12(1)

VIA3 1177.8(5) 2996(6) 1100.0(6)

A 1 4 1

Dd/(g cnd) 2.00 1.49 1.71

T/°C 23 23 23

u(Mo Ko)/emt 75.6 9.61 211

R 0.075 0.064 0.043

R.? 0.070 0.055 0.034

*R= J|IFel = [Fell/ZIFol. ® Ry = (ZW(IFo| — [Fe)¥IWF) ™2 w =1

forms, dpomdH and dpmé-, can bind to the metal ion via either

the nitrogen or the oxygen atom. One possible bonding mode

for the dpmd~ ligand is shown in diagram A, where the M

O/M'\O

and M could be two different metal ions such as copper(Il)
and bismuth(lll). We therefore anticipated that it may be
possible to synthesize bimetallic €EBi complexes by using
the dpmdH molecule. The reactions of the dpmgligjand with

a variety of bismuth and copper compounds under different
conditions did not, however, yield any mixed metal complexes.

10?(Fo).

Figure 1. ORTEP diagram showing the molecular structure of
compoundl with labeling scheme. For clarity purpose, all atoms are
shown as ideal spheres.

Instead, several interesting homonuclear copper and bismuthtowards a pyridyl group than a dimethylamino group. In
Compounds were isolated which can also be obtained by addition, we have observed that in dinuclear or pO'ynUC'ear

independent synthesis.

Bix(dpmdH)2(O,CCF3)4(THF)2 (1). In the synthesis of
compoundl, 4 equiv of HQCCF; per BiPhl were used, three
for the removal of the phenyl groups and one for reacting with
the di-2-pyridyl ketone to form the diol ligand. The trifluoro-
acetic acid was also the source of thgCHmolecule involved
in the reaction. The dpmdHs believed to formin situ and
react subsequently with the Bi(lll) ion, producing proddct
Compoundl is a colorless crystalline material and stable for
months under air in the solid state. The compositiod ofas
established to be BidmpdH)(O,CCR;)4(THF), by elemental
and single-crystal X-ray diffraction analyses. An ORTEP
diagram showing the molecular structurela$ given in Figure
1. Selected bond lengths and angles are given in Table 2.

Compoundl has an inversion center. The dpmdligand
in 1 functions not only as a tridentate chelating ligand but also
as a bridging ligand. The two Bi(lll) ions are linked together
by two oxygen atoms of the two dpmadHigands with the Bi-

Bi* separation being 3.993(2) A. The two pyridyl groups of
the dpmdH ligand are bonded to one Bi(lll) center with the
Bi-N(1) and Bi-N(2) distances being 2.44(2) and 2.43(2) A,
respectively. These BiN distances are much shorter than those
of Bi—NMe; in8 Bix(bdmap)(O2CCHg)4(H20) (bdmap= 1,3-
bis(dimethylamino)-2-propanolato) which are greater than 2.80
A, reflecting the relatively higher affinity of the Bi(lll) center

(8) Breeze, S. R.; Wang, $horg. Chim. Actain press.

metal complexes the two amino groups of the bdmap ligand
are always bound to two metal cenferand no chelating modes
such as the one displayed by the dpmdigand in1 have been
observed for the bdmap ligand. These bonding differences of
the bdmap and the dpmdHigands towards the bismuth(lll)
ion can be attributed to both electronic and steric factors. Each
bismuth center is also coordinated by two trifluoroacetate
ligands, one of which is bound to the Bi(lll) ion through both
oxygen atoms (B+O(4) = 2.50(2) A, Bi-O(5) = 2.88(2) A)

and the other is bound to the Bi(lll) center through one oxygen
atom only (Bi-O(6) = 2.48(2) A). The uncoordinated oxygen
atom of the trifluoroacetate ligand forms a strong intramolecular
hydrogen bon¥iwith the OH group of the dpmdHligand, as
evidenced by the short O(®D(2*) distance of 2.49(4) A. A
disordered THF solvent molecule also coordinates to the Bi(lll)
center with a normal bond length(Bi—O(3) = 2.53(2) A).
Bismuth complexes containing alkoxo ligands have attracted
much attention recently because of their potential applications
in ceramic superconductots. The synthesis and practical

(9) (&) Hamilton, W. C.; Ibers, J. AHydrogen Bonding in Solids
Benjamin: New York, 1968. (b) Emsley, Chem. Soc. Re 198Q 9,
91.

(10) (a) McAuliffe, A. In Comprehensie Coordination Chemistpywilkin-
son, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: Oxford,
1987; Vol. 3, p 237. (b) March, F. C.; Ferguson, I.Chem. Soc.,
Dalton Trans.1975 1291. (c) Breeze, S. R.; Chen, L.; Wang,JS.
Chem. Soc., Dalton Trand994 2545. (d) Lazarini, FActa Crys-
tallogr., Sect. C1985 41, 1144.
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Table 2. Selected Bond Lengths (A) and Angles (deg)

(a) Compound.

Bi—O(1) 2.20(1) Bi-O(Z) 2.53(1) B-O(3) 2.53(2) B-O(4) 2.50(2)
Bi—O(5) 2.88(2) B-O(6) 2.48(2) B-N(1) 2.44(2) B-N(2) 2.43(2)
O(1)-C(6) 1.38(2) 0(2)-0(7) 2.49(4) 0(2)-C(6) 1.41(2) 0(3)¥C(12) 1.49(3)
0(3)-C(15) 1.49(3) O(4)C(16) 1.12(3) O(5)C(16) 1.21(3) 0(6)C(18) 1.15(3)
0(7)-C(18) 1.26(4) N(1)-C(1) 1.31(3) N(1)}-C(5) 1.33(3) N(2)-C(7) 1.31(3)
N(2)—-C(11) 1.39(3) C(1¥C(2) 1.40(4) c(2yC(3) 1.34(4) C(3yC(4) 1.38(4)
C(4)-C(5) 1.40(3) C(5)%-C(6) 1.47(3) C(6y-C(7) 1.56(3) c(7y-C(8) 1.41(3)
C(8)-C(9) 1.34(3) C(9)-C(10) 1.29(3) C(10¥C(11) 1.34(4) C(16)C(17) 1.73(4)
C(18)-C(19) 1.68(8)
O(1)-Bi—O(Z) 65.1(6)  O(6Y-Bi—N(2) 143.2(6) O(1}Bi—O(3) 88.4(6) N(1)¥Bi—-N(2) 74.0(7)
O(1)-Bi—O(4) 135.4(5) O(1}Bi—O(5) 161.1(9)  O(1}Bi—0O(6) 113.0(7)  O(1}Bi—N(1) 69.8(6)
O(1)-Bi—N(2) 67.6(6) O()—Bi—O(3) 82.2(6) O()—Bi—0O(4) 155.7(6)  O()—Bi—O(5) 121.5(7)
O(1)-Bi—0(6) 78.8(66) O()—Bi—N(1) 109.4(6)  O(D—Bi—N(2) 127.1(6)  O(3)Bi—O(4) 107.8(7)
O(3)-Bi—0(5) 75.9(8)  O(3)Bi—0O(6) 141.3(6) O(3)}Bi—N(1) 146.2(6) O(3}Bi—N(2) 73.9(6)
O(4)-Bi—0(5) 44.9(6) O(4)Bi—O(6) 80.0(7)  O(4)¥Bi—N(1) 74.9(6)  O(4)Bi—N(2) 77.2(7)
0(5)-Bi—0(6) 86(1)  O(5)-Bi—N(1) 118.8(8) O(5)Bi—N(2) 98(1)  O(6)-Bi—N(1) 72.4(7)
Bi—O(1)-Bi' 114.9(6)  N(1}-C(1)-C(2) 123(3) C(1}C(2-C(3) 116(3)  C(2)C(3)-C(4) 122(3)

C(3)-C(4)-C(5) 119(3)  N(1}-C(5)-C(4) 118(3) N(L}-C(5)—C(6) 113(2)  C(4yC(5)-C(6) 128(2)
0(1)-C(6)-0(2) 112(2)  O(1)}C(6)-C(5) 113(2)  O(1)}C(6)-C(7) 104(2)  O(2)}-C(6)-C(5) 110(2)
0(2)-C(6)-C(7) 111(2) N(2)-C(7)-C(6) 113(2)  C(5-C(6)-C(7) 107(2) N(2}-C(11)-C(10)  123(3)
N(2)—C(7)-C(8) 123(3)  C(12)0(3)-C(15) 105(2)  C(6)-C(7)-C(8) 123(2)  C(7¥-C(8)-C(9) 116(2)
C(8)-C(9)-C(10)  124(3)  C(9yC(10)-C(11) 118(3)  O(B}C(18-O(7)  128(4)  O(5F-C(16)-C(17) 114(3)
O(6)-C(18)-C(19)  115(3)  O(4yC(16)-0O(5)  127(3)  O(7¥C(18-C(19) 115(4)  O(4yC(16)-C(17) 119(3)

(b) Compound
Cu—0(1) 2.367(8) N(1)C(5) 1.36(1) Cu-N(1) 2.00(1) N(2)-C(7) 1.32(1)
Cu—N(2) 2.03(1) N(2)-C(11) 1.32(2) C(1yC(2) 1.35(2) C(2rC(3) 1.34(2)
C(3)-C(4) 1.39(2) C(4yC(5) 1.37(2) C(5)-C(6) 1.51(2) C(6)C(7) 1.49(2)
C(7)-C(8) 1.43(2) C(8)yC(9) 1.33(2) O(1)-C(6) 1.44(2) C(9)-C(10) 1.38(2)
0O(2)—C(6) 1.42(1) C(10yC(11) 1.45(2) 0(3¥C(12) 1.21(2) C(12C(13) 1.52(2)
0O(4)-C(12) 1.26(2) N(1}C(1) 1.36(2)
O(1)-Cu—0(2) 180.00 N(1)}-C(1)-C(2) 122(1) O(1)Cu—N(1) 77.3(4) C(1)-C(2)-C(3) 121(2)
O(1)-Cu—N(1') 102.7(4) C(2)-C(3)-C(4) 119(2) O(1yCu—N(2) 74.5(4) C(3)C(4)—C(5) 120(1)
O(1)-Cu—N(2) 105.5(4) N(1)-C(5)—C(4) 121(1) N(1)-Cu—N(1) 180.0 N(1)-C(5)—C(6) 113(1)
N(1)—Cu—N(2) 88.6(4) C(4)-C(5)—-C(6) 126(1) N(1)-Cu—N(2) 91.4(4) O(1)-C(6)—0(2) 110(1)
N(2)—Cu—N(2) 180.0 O(1)-C(6)—C(5) 109(1) Cu-O(1)—-C(6) 91.3(7) O(1)C(6)—C(7) 107(1)
O(2)—-C(6)—C(5) 111(1) O(2yC(6)—C(7) 109(1) C(5)-C(6)-C(7) 110(1) N(2)-C(7)—C(6) 114(1)
N(2)—C(7)—C(8) 120(1) C(6)-C(7)—-C(8) 126(1) C(7-C(8)-C(9) 120(1) C(8)-C(9)-C(10) 121(1)
C(9)-C(10)-C(11) 117(1) N(2-C(11)-C(10) 120(1) O(3yC(12)-0(4) 127(2) O(3yC(12)-C(13) 120(2)
C(1)-N(1)—C(5) 118(1) 0O(4)C(12)-C(13) 113(2) Cl(1-C(14)-ClI(2) 119(4) C(7¥-N(2)—C(11) 122(1)
(c) CompoundB
Cu(1}-0(1) 1.964(4) O(7yC(16) 1.253(8) Cu(byO(4) 1.952(5) O(8)C(16) 1.230(8)
Cu(1)-0(6) 2.277(5) N(1)»C(7) 1.345(7) Cu(1y0(7) 1.946(4) N(13C(11) 1.354(8)
Cu(1-N(2) 1.991(6) N(2)-C(1) 1.356(8) Cu(2r0(1) 1.938(4) N(2)-C(5) 1.325(8)
Cu(2-0(3) 1.940(4) C(1yC(2) 1.38(1) Cu(2yO(5) 2.258(4) C(2)-C(3) 1.37(1)
Cu(2-0(5) 1.974(4) C(3>C(4) 1.37(1) Cu(2rN(1) 1.995(5) C(4yC(5) 1.389(9)
C(5)—C(6) 1.545(9) C(6)C(7) 1.524(8) C(7rC(8) 1.375(9) C(8yC(9) 1.38(1)
O(1)-C(6) 1.400(7) C(9yC(10) 1.36(1) O(2yC(6) 1.415(7) C(10yC(11) 1.358(9)
0O(3)-C(12) 1.248(8) C(12yC(13) 1.508(9) O(4yC(12) 1.265(8) C(14yC(15) 1.501(9)
O(5)-C(14) 1.276(7) C(16yC(17) 1.52(1) O(6yC(14) 1.231(7)

O(1)-Cu(1)-0(4) 91.8(2) Cu(l}O(1)-Cu(2) 108.4(2) O(LFCu(1)-O(6) 105.2(2) O(LFCu(l}-O(7)  165.9(2)
O(1)-Cu(1)-N(2) 81.0(2)  O(4)Cu(1)-0O(6) 99.3(2)  O(4)Cu(1)-0(7) 89.8(2) Cu(20O(5)-Cu(2) 102.2(2)
O(4)-Cu(1)-N(2)  172.0(2) O(6}Cu(1)-0(7) 88.4(2)  O(6)Cu(1)>-N(2) 86.02) O(7-Cu(1)-N(2) 96.4(2)
0O(1)-Cu(2)-0(3) 92.6(2) O(1}Cu(2-0O(5) 108.9(2) O(1}Cu(2-0(5) 172.4(2) O(LrCu(2-N(1) 82.2(2)
0(3)-Cu(2)-0(5) 96.2(2) O(3)Cu(2}-0(5) 90.3(2) O(3FCu(2-N(1)  162.2(2) N(2C(1)-C(2) 121.5(7)
0O(5)-Cu(2)-0(5) 77.8(2) C(1XC(2-C(3) 118.8(8) O(5FCu(2-N(1)  101.7(2) C(2}C(3)-C(4) 119.8(7)
O(5)-Cu(2)-N(1) 92.9(2) C(3)C(4)-C(5) 119.2(7)  N(2-C(5)-C(4) 121.3(7)  N(2}-C(5)-C(6) 114.6(6)
C(4)-C(5)—C(6) 124.0(6) O(1)}C(6)-0(2) 112.2(5)  O(1)}C(6)-C(5) 108.6(5) O(1)}C(6)-C(7) 109.8(5)
0(2)-C(6)—C(5) 108.6(5) O(2)C(6)—C(7) 106.2(5)  C(5-C(6)—C(7) 111.6(5)  N(1}C(7)-C(6) 114.2(6)
N(1)—C(7)—C(8) 122.3(6)  C(6%-C(7)-C(8) 123.5(6) C(7rC(8)—C(9) 118.7(7)  C(8)}C(9)-C(10) 119.6(7)
C(9)-C(10)-C(11)  118.6(7) N(L}C(11)-C(10) 123.5(7) O(3)yC(12)-0O(4) 125.4(7) O(3YC(12-C(13)  117.4(7)
O(4)-C(12)-C(13) 117.1(6) O(5YC(14)-0(6)  123.1(7) O(5rC(14>-C(15) 117.2(6) O(6}C(14)-C(15) 119.7(6)
O(7)-C(16)-0(8)  125.6(7) O(FC(16)-C(17) 115.3(7) O(8YC(16)-C(17) 119.0(7)

applications of bismuth alkoxides are still quite challenging due tion saturation surrounding the bismuth center and the crystal

to their high sensitivity toward moisture. As a consequence lattice packing force. Upon dissolving in a non-THF solvent,

only a few bismuth complexes containing alkoxo ligands are compoundl does lose the THF molecule as indicated by
known1! In contrast to other THF coordinated Bi(lll) com-  variable temperaturtd NMR investigation. The chemical shifts
plexes and alkoxo Bi(lll) complexes reported earlier, compound of the THF ligand in the spectra of compoufdn acetoneds

1is surprisingly stable under air after isolation from the solution. are the same as those of the free THF solvent molecule in the

No crystal decay due to the loss of THF was observed. The temperature range 26298 K. The fact that more than four

high stability of this complex can be attributed to the coordina- proton resonances due to the pyridyl group were observed lead
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Figure 3. Unit cell packing diagram showing the locations of the acetic
acid molecule and the GBI, solvent molecule (indicated by the empty
circles in the diagram).

caz acidic acid and the noncoordinating OH group of the dpmdH
as indicated by the distances of OfZ)(3) (2.59(1) A) and
o3) O(1)-0(4) (2.52(1) A). In the crystal lattice the acetic acid

) ) ] molecules are lined up along tleaxis, as shown in the unit
Figure 2. ORTEP diagram showing the molecular structure of cg|| nacking diagram (Figure 3). The formation of the channels
compound?2 with labeling scheme and 50% thermal ellipsoids. made of the ChCl, solvent molecules and the acetic acid
molecules in the crystal lattice & could be accountable for

us to suggest that compoutdetains its dinuclear structure in the poor stability of the crystal. When subjected to a high

zgl\yél?jri]s:ivnhcetlr; (;:}?e:\évr(])t gﬁgn?r:gﬁ?ss of the dpnmdigand vacuum, the solid of compourichanges color from violet to
CU(2-PYCOOHN AHOLCCH (2). C @ b blue, which cannot be explained by the Ios_s of thQZCIzl
u[(2-Py)2CO(OH)]2(HO2CCHs)2 (2). Compound2canbe  golyent molecule alone. An elemental analysis established that,
obtained from the reaction of Cu(OGH with 2 equiv of di- in addition to the loss of some of the GEl, solvent molecules
2-pyridyl ketone, water, and acetic acid in &3 as violet — fom the crystal lattice, compoung also loses acetic acid
crystals. Elemental analysis and single-crystal X-ray diffraction paially. We believe that the color change could be related to
ggpmeprll;e\?vtitsh ?;?Z'F')Smhgg rigztnggr:ggﬁr?;t :d rgot?]%nggl)epaerr the rupture of hydrogen bonds, which in turn affects the energy
; PPETT - Jevels of the oxygen lone pair electrons and the oxygen
gg Cim%R'?lglFE:%t?d bond Irr]ezng_ths ‘;"h”d anglgles Iare 't'Ste? 'gT?blecqpper charge transfer band, hence, the color of the complex.
- An lagram showing the molecular Structure ot gimjlar effects by hydrogen bonds on the electronic structures

is given in Figure 2. _ _ of copper(ll) complexes have been observed previotisly.

~ Compound?2 has an inversion center. The dpmdhgand ynfortunately, due to the lack of suitable crystals, we have not
is coordinated to the copper center as a tridentate chelate viageen able to establish the structure of the blue residue.

two nitrogen and one oxygen atoms, as observed. inrhe Compound? retains its structure in solution as confirmed by

geometry of the copper(ll) ion is an elongated octahedron with 3n EPR spectroscopic study. The EPR spectrufinfCH,-

the two oxygen atoms occn_pring the_axial positions{_@(l) Cl, at 77 K has ay, peak (g = 2.25) and ag peak (g =

= 2.367(8) A). The chelating behavior of the dpndiigand 2.05), typical for a copper(ll) ion with an axial symmetdy.

is in sharp contrast to that of the bdmaligand, which to date  The four peaks due to the coupling of the unpaired electron

has been found to function as a bridging ligand only in copper- with the copper nucleus are well-resolved in theegion @,

(Il) complexes? The geometric difference between these two = 1gg [G]). Thegs peak displays nine well-resolved peaks

ligands is again believed to be responsible for their different gue to the coupling of the unpaired electron with the four

binding patterns toward the copper(ll) ion. identical nitrogen nucleil(= 1). The hyperfine coupling
There are two noncoordinating acetic acid molecules attachedconstantA = 13 G, is typical for the coupling of the unpaired

to the copper(ll) complex via the formation of two strong electron centered on a copper(ll) ion with a nitrogen atém.

hydrogen bonds with the dpmdHigand, one between the OH

group of the acetic acid and the coordinated oxygen atom of (12) (a) Drago, R. SPhysical Methods in Chemistraunders: Phila-

the dpmdH ligand and the other between the oxygen of the ggg’g'gépé“é 1977. (b) Maki, A. H.; McGarvey, B. B. Chem. Phys.
(13) Wang, S.; Smith, K. D. L.; Pang, Z.; Wagner, M.JJ.Chem. Soc.,
(11) (a) Wieber, Von M.; Braudis, WZ. Anorg. Allg. Chem1976 423 Chem. Commuril992 1594.
47. (b) Jones, C. M.; Burkart, M. D.; Bachman, R. E.; Serra, D. L.; (14) (a) Miller, J. S.; Epstein, A. JAngew. Chem., Int. Ed. Engl994
Hwu, S.; Whitmire, K. H.Inorg. Chem.1993 32, 5136. (c) Buhro, 33, 385-415. (b) Kahn, OMolecular MagnetismVCH: Weinheim,
W. E.; Chiang, M. Y.; Matchett, M. Alnorg. Chem.199Q 29, 358. Germany, 1993. (c) Gatteschi, D., Kahn, O., Miller, J. S., Palacio, F.,
(d) Massiani, M.-C.; Papiernik, R.; Hubert-Pfalzgraf, L. G.; Daran, Eds.;Magnetic Molecular MaterialsKluwer: Dordrecht, The Neth-
J.-C.J. Chem. Soc., Chem. Comm99Q 301; Polyhedron1991, erland, 1991. (d) Kahn, O.; Pei, Y.; Journaux, Y. lmorganic
10, 437. (e) Hegetschweiler, K.; Ghisletta, M.; Gramlich, Idorg. Materials Bruce, D. W., O'Hare, D., Eds.; Wiley: Chichester,

Chem.1993 32, 2699. England, 1992; pp 59114.
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O Metal complexes containingemdiolato ligands are not
O caoy common. A few transition metal complexes containing the
neutral dpmdH ligand have been reported previously where
the dpmdH ligand chelates to the metal center through the
nitrogen atoms only. Several bonding modes are possible for
the gemdiolato ligands RCO,?~. The chelating modé and

DS S
\ / - 7/
M M M

(o)
M M

A B Cc

the bridging modé have been observéd. The bridging mode
C displayed by the dpmdHligand in compoundsl and 3
resembles that displayed by [(2-P@(O)(OMe)]" reported®
recently by Kessissogloet al.

The most interesting feature of compoudiés the extended
hydrogen bonded structure. There are two noncoordinatiGy H
molecules in compoun@®, which forms two intramolecular
hydrogen bonds with oxygen atom (O(8)) of an acetate ligand
and the OH group (O(2)) of the dpmdHigand, as evidenced
by the distances of O(FO(2) (2.667(7) A) and O(9YO(8)
(2.754(8) A). Further, the water molecule uses the remaining
proton to form an intermolecular hydrogen bond with the'D(8
Figure 5. ORTEP diagram showing the intermolecular hydrogen bonds atom of the acetate (O(90(8) = 2.790(7) A), linking the
and the chain structure Gt tetranuclear units together and resulting in the formation of an

extended one dimensional structure (Figure 5). Similar hydro-

Cu4[(2-Py),CO(OH)] 2(02CCH3)g(H20)2 (3). Compound3 gen bonded networks involving acetate angHnolecules have
can be obtained readily by the reaction of CaQUH;)2(H20) been observed befot&15 As shown in Figure 6, the hydrogen
with di-2-pyridyl ketone and acetic acid ina 2:1:1ratioin£H  ponded one dimensional chains3rre also completely stacked
Clo. The composition and structure of this compound were i, the crystal lattice along the dimensionaxis) perpendicular
established by elemental and X-ray diffraction analyses. Se-tq the chain with the interchain distance of 7.90 A. Along the
lected bond distances and angles are listed in Table 2c. Angther dimension these chains are parallel to each other, and
ORTEP diagram showing the molecular structur@&f given thus, the tetranuclear copper(ll) units achieve three dimensional
in Figure 4. structural ordering in the crystal lattice, a highly desired feature

Compound3 has four copper(ll) ions in a zigzag arrangement. for polynuclear copper(ll) complexes to achieve three dimen-
The molecule has an inversion center symmetry. In contrast sional ferromagnetisri:

to the structure of compound where the dpmdH ligand Magnetic Properties of Compound 3. In order to establish
functions as a chelating ligand, the dpmdigiand in3functions  the nature of the magnetic exchange3nEPR and variable

as a bridging ligand to both Cu(1) and Cu(2) centers. Unlike temperature magnetic susceptibility measurements were per-
in compoundl, where the two pyridyl groups are bound to one - formed for compoun®. No EPR signal was detected for the
metal center, the two pyridyl groups are bonded to two  5gjig sample and the frozen solution®ét 77 K. The magnetic
copper(ll) ions, respectively. The Cu(1) and Cu(2) centers are gysceptibility data were collected over the temperature range

also bridged by two acetate ligands and further linked to the 4 5300 K (Figure 7). The data were corrected for diamag-
other Cu(1)-Cu(2) dinculear unit via two oxygen atoms of the  atism by using Pascal’s constants.

acetate ligands. The CuiTu(2) and Cu(2)Cu(2) seperation
distances are 3.165(1) and 3.299(2) A, respectively. The
geometry of Cu(l) and Cu(2) is a distorted square pyramid, as
indicated by the bond angles of O(ACu(1)-N(2) = 172.0(2},
O(1)y-Cu(1)-O(7) = 165.9(2}, O(1)-Cu(2)-O(5) = 172.4(2},
O(3)—Cu(2)-N(1) = 162.2(2y) with the O(5) and O(6) at the
axial position (Cu(1}0(6) = 2.277(5) A, Cu(2y0O(5) =
2.258(4) A). The two basal planes of the Cu(l) and Cu(2)
centers are not coplanar with a dihedral angle of°120he
bridging mode displayed by the dpmdtgand in3 is similar

to that of the bdmap ligand. The tetranuclear structur® of
resembles that of G(bdmap)(O,CCHz)s(H20)s reported earlier

by our groupt® However, in Cy(bdmap}(O,CCHg)s(H20)s,

the two Cu(ll) units bridged by the bdmap ligand are essentially
coplanar. In fact, we have observed that the bdmap bridged
dinuclear copper(ll) units are usually coplanar in copper(ll)

_ (15) De Munno, G.; Julve, M.; Lloret, F.; Faus, J.; Verdaguer, M.; Caneschi,
bdmap complexes. The non-coplanar geometry produced by A, Inorg. Chem199% 34 157,

the dpde Iigaqd is obviously caused by the geometric (1) (a) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986.
constraint of the ligand. (b) Sinn, E.Coord. Chem. Re 197Q 5, 313.

C(17)

Figure 4. ORTEP diagram showing the molecular structure of
compound3 with 50% thermal ellipsoids and labeling scheme.

Unlike the bdmap analogous compound s®dmap)(O,-
CCHg)s(H20)s, which is an antiferromagnetism-dominated
systen3 with the spin exchange constahbetween the Cu(ll)
ions in the dinuclear unit being-85 cnT?, compound3 has
been found to be a ferromagnetism dominated system. As
shown in Figue 7 , the magnetic moment of compoufid
increases gradually with the decrease of temperature, suggesting
a ferromagnetically coupled ground stéteAssuming that the
g value is 2.20 (a typical value for a mononuclear copper(ll)
complex in a similar ligand environment), the magnetic moment
(4.88 ug) of 3 at 2 K is significantly higher than four
noninteracting copper(ll) ions (3.84g), which lead us to be-
lieve that some degree of ferromagnetic interactions exist
in this system. The data were further corrected according to
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Figure 6. Diagram showing the stacking of the one dimensional chains along &xés in 3.
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Figure 7. Plots ofym (open squares) and magnetic momesm) (filled
squares) v§ (K). The solid line is the fitting.

eq 3. Due to the inversion center symmetry of the tetramer,
assumingliz = Jip = 0, J11 = 0, J12 = J12, the spin exchange
Hamiltonian can be representedlds= —2(215S+ J,$S)
whereJ; = Ji = Ji2, J 2 = Jo. The general susceptibility
expression (2), as derived from the general van Vleck equition,

Yeaie = 2NGPB[S exp(—E /KT + exp(—E,/kT) +
exp(—E4/kT) + exp(E/KT)/{KT[5 exp(—E, /KT +
3 expE,/KT) + 3 exp(—E4/KT) + 3 expE//KT) +
exp(—E/kT) + exp(-E¢kT))} (2)

was used for the calculation gtac whereE; = (231 — J2)/2,
Ex= (2] — 1)/2,Es = —(Jo + 2012 + JAYY/2, Es = — (I
- 2(J12 + 322)1/2)/2, E5 = (Jz + 2\]1 + 2((\]2 - Jl)Z + 3312)1/2)/
2,Eg=(J2+ 231 — 2((32 — )% + 33,H)V3)/2. Equation 3 was

3

used to fit the experimental data where Fptemperature-
independent paramagnetism apd= fraction of monomer
impurity. The best fit yieldedl; = 17.70+ 0.3 cnt?, J, =
0.954 0.05 cnt (R = 1.9%) withg value= 2.20,p = 0.5%,
and Tip= 0.000 06 (Figure 7).

To further confirm the ferromagnetism of compouBdthe
magnetisation o8 at 2 K versus applied field (200 G to 55

Xmeas™ (1- p)Xcalc+ pXmono+ XTip

KG) was measured (Figure 8). The saturation magnetic momentthe limitation of the instrument.

at 2 Kis4.88ug. The magnetization curve &flies above the

H (Tesla)

Figure 8. Plot of magnetisatioM (ug) vs fieldH (T). The solid line
is the plot of the Brillouin function for four noninteracting copper(ll)
ions withg = 2.20.

curve of the Brillouin functiof2 for four noninteractings =

1/, ions, further supporting the presence of significant intramo-
lecular ferromagnetic interactions. The dramatic different
magnetic behavior of compoung and the compound Gu
(bdmap}(0,CCHy)s(H20)s can be attributed to the structural
difference between the bdmapand dpmdH ligands—the
former promotes a planar dicopper unit, while the latter prefers
a nonplanar dicopper structure.

Examples of ferromagnetically coupled molecular copper-
(I) complexes are abundant in literatffé? Long-range
intermolecular spin exchanges in these previously reported
complexes are, however, often to be antiferromagnetic, evident
by the rapid decrease of magnetic moments at temperatures well
above 2 K. For example, the intramolecular magnetic exchange
in the {Cw[(2-Py)%C(0)(OCH)].Clg}n compound has been
found to be ferromagnetic, consistent with the behavioB.of
At low temperature €50 K), however, antiferromagnetism
becomes dominant in théCus(2-Py),C(O)(OCH;)]-Cle}n
compound® In contrast, no long-range antiferromagnetic
coupling is evident for compour@iat 2 K. In fact, compound
3 achieves the highest magnetic moment at 2 K. The trend of
the magnetic moment curve versti@ppears to be consistent
with the presence of a long-range ferromagnetic ordering below
2 K, which, unfortunately, could not be confirmed owing to
Nevertheless, compoind
demonstrates that the dpmdtgand is a good candidate for
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constructing molecular magnets consisting of copper(ll) ions. residue weight for compoun® becomes constant (12%) after
Along with the acetate bridging ligand, the dpmdhfyand can 390°C which agrees with the formula of CuO (11.97%). The
provide an intramolecular ferromagnetic exchange pathway, andresidue weight (29%) for compourdhfter 400°C is consistent
by providing an intermolecular hydrogen bonding site, it can with the formula of CyO; (29.76%).
also promote a three dimensional structure and thus a possible Conclusion. Three bonding modes displayed by the dpmdH
intermolecular ferromagnetic exchange pathway. Further in- ligand have been observed. The structures of metal complexes
vestigation on the ferromagnetic exchange mechanisrg, of formed by the dpmdH ligand are dramatically different than
especially the role played by the dpmdHigand, and the those involving the bdmap ligand. In contrast to the bdmap
syntheses of new polynuclear copper(ll) complexes using the ligand which is known to promote antiferromagnetism, the
dpmdH- ligand and hydrogen bonds are currently in progress. dpmdH- ligand promotes intramolecular ferromagnetic cou-
Thermal Decomposition. The thermal decomposition pat- plings. The noncoordinating OH group of the dpmdkgand
terns of compound$—3 were examined by thermogravimetric promotes the formation of an extended structure through
analysis (TGA). All compounds were heated under an oxygen hydrogen bonds.

atmosphere at a rate of 10°C/min. Compoundl does not Acknowledgment. We thank the NSERC of Canada for

undergo any decomposition until approximately T2Z0 The : : :
first stage of weight loss (126200°C) is attributed to the loss Egzn(;:fI?Lzurgggge?;rt: (Se\;vork and Professor C. V. Stager for

of THF (theoretical weight loss 10.2%). There is an overlap
of the first stage and the second stage weight loss. The sample Supporting Information Available: Tables of crystal data, com-
achieves a steady residual weight32%) after approximately plete lists of atomic coordinates, isotropic and anisotropic thermgl
420 °C, which is consistent with the composition of 8% parameters, bond lengths, and bond angles (24 pages). Ordering
(32.9%). Compound2 and3 undergo multiple-stages decom- information is given on any current masthead page.

position with substantial overlaps between the stages. ThelC9602310



