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An Octanuclear Copper(Il) Complex Containing CsHaN} 4](ClO4)44H0 (1) [2-(OH)GsHaN = 2-hydroxypyri-
the gemDiol Anionic Form of Di-2-pyridyl dine], which contains the dianionic ligand dpd-2H.
Ketone (dpd-2H) and 2-Hydroxypyridine:
Synthesis, Crystal Structure, and Properties of

_ _ _ _ All reagents were used as received from commercial sources. C, H,
[CUg(dpd 2H)4(”2 OZCMe)4{2 (OH)C5H4N}4] and N microanalyses were carried out with a Perkin-Elmer 240

Experimental Section

(ClO4)44H:0 elemental analyzer. EPR spectra were recorded on a Bruker EMX
spectrometer operating at X-band and equipped with a variable-

Ming-Liang Tong,T Hung Kay Lee** Ye-Xiang Tong,’f temperature helium flow c_ryostat sys_te_r_n (Oxford Instrumeqts). Vari-

Xiao-Ming Chen,* "8 and Thomas C. W. Mak able-temperature magnetic susceptibility data were obtained on a

Quantum Design SQUID magnetometer. Experimental magnetic sus-

School of Chemistry and Chemical Engineering, Zhongshan ceptibility data were corrected for diamagnetism of the constituent
University, Guangzhou 510275, People’s Repub,lic of China atoms® The effective molar magnetic moments were calculated with

. : : : the equationues = 2.828fmT)2
and Department of Chemistry, The Chinese University of X
P Hong Kon‘é, Shatin. New Territorieé Synthesis of [C(dpd-2H)a(u-0,CMe)f 2-(OH)CsHaN} 4(CIO o)

) . - 4H,0 (1). An MeCN—H,0 solution [2:1 (v/v); 5 crf] of dpk (0.092
Hong Kong, People’s Republic of China g, 0.5 mmol) was added dropwise to a stirred Me@#O solution (5
) cm?) of Cu(Q,CMe)-H,O (0.200 g, 1.0 mmol) over 15 min at room
Receied February 4, 2000  temperature. An MeCNH,O solution (5 cr) of 2-(OH)GH,N (0.095
g, 0.5 mmol) was then added, followed by N&Me (0.164 g, 2.0
Introduction mmol) and NaClQ@ (0.282 g, 2.0 mmol). The resulting solution was
) allowed to stand in air at room temperature for 2 weeks, yielding deep
Recently, considerable research effort has been focused oryreen polyhedral crystals (ca. 85% yield based on dpk). Anal. Calc for
studies of polynuclear complexes having novel polyhedral C;HN1:04ClCus: C, 36.10; H, 3.03; N, 7.02. Found: C, 36.04; H,
structures and interesting physical properties, such as magneti.98; N, 6.96.
and optical behaviok2 The coordination behavior of di-2- Safety Note.Perchlorate salts of metal complexes with organic
pyridyl ketone (dpk) has also attracted much attention. Its ligands are potentially exploge. Only small amounts of materiql should
hydrolyzed derivatives, namely, tigemdiol (CsH4N)-C(OH), be prepared, and these shquld pe hgndleq _Wlth great caution.
(dpd), the monoanion of thgemdiol (dpd-H), and the dianion X-roay Crysta_llography. lef_ractlon |ntenS|t|e_s forl were coIIe_cted
of the gemdiol (dpd-2H), are potential chelating or chelating- at 21°C on a Siemens R3m diffractometer usingaaiscan technique,

bridaing ligands. Althouah a number of mononuclear com and Lorentz-polarization and absorption corrections were appliéte
: glgg 9 34 3Lajg 3ua 2O 3h 3bu 30 " structure was solved with direct methods and refined with full-matrix
plexes of Pd(1l),*Py(I1),% Au(l1l), *Ni(ll), = Cu(l1),* Cr(Il), least-squares techniques using the SHELXS-97 and SHELXL-97

Ru(ll),%¢ and Co(lll}¥ and oligomeric polynuclear complexXes programs, respectiveR? Non-hydrogen atoms were refined anisotro-
derived from these ligands have been isolated and crystallo-pically. The organic hydrogen atoms were generated geometrically
graphically characterized, several more interesting complexes(C—H = 0.96 A), and the aqua hydrogen atoms were located from
have recently been prepared and structurally characterized indifference maps and refined with isotropic temperature factors. Analyti-
our laboratories. In a recent communication, we reported a facile cal expressions of neutral-atom scattering factors were employed, and
synthetic route to a series of discrete cubane-type complexesanomalous dispersion corrections were incorporéitethe crystal-
having a [MiO4]™" core [M = Zn(ll), Cd(Il), Mn(ll), Co(ll), lographic data for_l are listed in Table 1, and sele_cted bond lengths
Ni(I)]. 5 Herein we report a novel paddie-wheel-like octanuclear ar_1d angles arelglven in Table 2. Structural drawings were produced
Cu(ll) complex, namely, [Cafdpd-2H)(u2-O.CMe){ 2-(OH)- with SHELXTL.

— Results and Discussion
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Notes

Table 1. Crystallographic Data fot

empirical formula  GH72N12040ClsCus Z 2

fw 2395.54 pecaca(g cnT) 1813
space group P42;/c T(°C) 22(1)
a(h) 17.205(2) u (mmY) 2.122

b (A) 17.205(2) Mo Ko (A) 0.71073
c(A) 14.822(3) R% (I > 20(l)) 0.0546
V (A3 4388(1) WR2 (all data) 0.1451

aR1 = Y||Fo| — |Fel. PWwR2 = |YW(F2 — FAASW(Fs2)2V2 w =
[0%(Fo)? + (0.1(max(0F?) + 2FA)/3P] .

Table 2. Selected Bond Lengths (A) and Angles (deg) fér

Cu(2y--Cu(l) 3.434 Cu(?)-Cu(2b)  3.302
Cu(2y--Cu(2a)  3.287 Cu(2)-Cu(2c) 3.287
Cu(1)-0(2a) 1.879(4)  Cu(2}0(1) 1.991(3)
Cu(1)-0(3) 1.934(5)  Cu(2)0(2a) 2.018(4)
Cu(1)-0(4) 1.938(5)  Cu(2Y0(5) 2.127(5)
Cu(1)-N(2a) 1.989(5)  N(2)-Cu(la) 1.989(5)
Cu(2)-0(1b) 1.950(3)  O(1}-C(6) 1.381(7)
O(1)-Cu(x) 1.950(3)  O(2)-C(6) 1.416(6)
0(2)—Cu(la) 1.879(4)  C(18Y0(4) 1.239(8)
O(2)—Cu(2a) 2.018(4)  C(18}0(5) 1.261(7)
Cu(2)-N(1) 1.984(4)  O(3YC(12) 1.254(9)
O(2a)—Cu(1-0(3) 176.9(2) C(5rN(1)-Cu(2) 115.3(4)
O(2a)-Cu(1)-0(4)  96.6(2) C(1¥N(1)-Cu(2) 124.0(4)
O(3)-Cu(1)-0(4) 86.3(2) C(11¥N(2)-Cu(la) 126.0(4)
O(2a)—Cu(1)-N(2a)  83.3(2) C(7yN(2)-Cu(la)  113.0(4)
O(3)-Cu(1)-N(2a)  93.9(2) C(6Y-O(1)-Cu(x)  123.9(3)
O(4)-Cu(1)-N(2a) 176.7(2) C(6)-O(1)-Cu(2) 115.4(3)
O(1b)—Cu(2-N(1) 173.1(2) Cu(®—O(1)-Cu(2) 112.8(2)
O(1b)—Cu(2-0(1)  93.6(1) C(6Y0(2)-Cu(la)  118.2(3)
N(1)—Cu(2)-0(1) 81.1(2) C(6}O(2)-Cu(z)  113.5(3)
O(1b)—Cu(2-0(2a) 89.0(2) Cu(®)—-O(2)-Cu(2a) 123.6(2)
N(1)-Cu(2-O(2a)  92.6(2) C(18-O(4)-Cu(l)  140.1(4)
O(1)-Cu(2)-O(2a) 141.4(1) C(18YO(5)-Cu(2)  128.2(4)
O(1b)—Cu(2-0(5)  98.0(2) C(12yO0(3)-Cu(l)  124.1(5)
N(1)—Cu(2)-0(5) 88.4(2) O(1¥C(6)-0(2) 110.8(4)
O(1)-Cu(2-0(5)  120.0(2) O(4)C(18)-O(5) 125.6(6)
0(2a)—Cu(2-0()  97.6(2)

a Symmetry codes: a) —x, =y, z (b) =y, X, =z (©) y, =%, —z

each from a separate dpd-2H ligand, and one oxygen atom from

an acetate group [Cu(20(1b) = 1.950(3), Cu(2yN(1) =
1.984(4), Cu(2)0O(1) = 1.991(3), Cu(2y0O(2a) = 2.018(4),
Cu(2)-0(5)= 2.127(5) A; O(b)—Cu(2)-N(1) = 173.14(17),
O(1b)—Cu(2-0O(1) = 93.55(13), N(1)}Cu(2-0(1) =
81.06(17), O(b)—Cu(2)y-0O(2a) = 89.02(15), N(1)Cu(2)-
O(2a) = 92.56(18), O(1)Cu(2)—-0(2a) = 141.42(14), O(th)—
Cu(2)-0O(5) = 97.97(16), N(1)-Cu(2)-O(5) = 88.44(18),
O(1)-Cu(2)-0O(5) = 120.02(15)= O(2a)—Cu(2)-0O(5) =
97.60(159], forming a distorted square-pyramidal bhigeometry

around the metal center. Each of the outer Cu(ll) centers, on

the other hand, is ligated in a square-planarsN@ordination
environment by one nitrogen atom from a dpd-2H ligand, and
three oxygen atoms, one each from a dpd-2H ligand, a 2-(OH)-
CsHsN ligand, and an acetate ligand [Cufi)(2a) =
1.879(4), Cu(1)}0O(3) = 1.934(5), Cu(1)O(4)= 1.938(5), Cu-
(1)-N(2a) = 1.989(5) A; O(2)—Cu(1)-0(3) = 176.9(2),
0O(2a)—Cu(1)-0(4) = 96.6(2), O(3yCu(1)y-0O(4) = 86.3(2),
0O(22)—Cu(1)-N(2a) = 83.31(18), O(3)-Cu(1)-N(2a) = 93.9-

(2), O(4)y-Cu(1)-N(2a) = 176.7(2)]. It should be emphasized
that each oxygen atom of the dpd-2H ligand binds imy&
mode that bridges one inner Cu(ll) atom and one outer Cu(ll)
atom, with a Cer+Cu distance of 3.2873.434 A. In other
words, the dpd-2H anion coordinates ipai*:%y2%n* ligation
mode that bridges one outer Cu(ll) center and three inner
Cu(ll) centers. To our knowledge, this type of coordination

Inorganic Chemistry, Vol. 39, No. 20, 2008667

0l4)

Figure 1. Perspective views of (a) the octanuclear core and (b) the
bridging skeleton of the eight Cu(ll) atoms in eachg@ore in1.

mode is rare. Only one other example has been observed in a
recently reported heptanuclear Cu(ll) comptéx.

Each acetate group hbinds in au,-carboxylato©,0 mode,
bridging one inner Cu(ll) atom and one outer Cu(ll) atom
(Cu+-Cu = 3.434 A). Although polynuclear copper(ll) com-
plexes containing up to six metal atoms are not uncommon,
compounds with sevel?, eight?@13 or moreg®.¢14 copper(ll)
atoms remain scarce. Thusyepresents an excellent example
of the latter compounds.

A 2-(OH)GsH4N ligand coordinates to an outer Cu(ll) atom
in a monodentate manner via its hydroxyl group. It is noteworthy

(12) (a) Blake, A. J.; Gould, R. O.; Grant, C. M.; Milne, P. E. Y.; Reed,
D.; Winpenny, R. E. PAngew. Chem., Int. Ed. Engl994 33, 195.
(b) Real, J. A.,; De Munno, G.; Chiappetta, R.; Julve, M.; Lloret, F.;
Journaux, Y.; Colin, J.-C.; Blondin, G\ngew. Chem., Int. Ed. Engl.
1994 33, 1184.
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Figure 3. Cyclic voltammetry ofl in MeCN (1.0x 104 M; 0.1 M
EuNCIO,, Pt working electrode, Pt counter electrode, SCE reference
electrode, scan rate = 50 mV s%).
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Figure 2. The three-dimensional supramolecular array formed through 1 A4 ‘
m— interactions in the solid state. 304

E A
that the shape of the octanuclear cation resembles a paddle wheel £ 257 AA‘
with four 2-(OH)GH.N ligands corresponding to the paddles. ™% ] A
Close contacts between pyridyl rings of the 2-(OEHiGN s 201 A
ligands from adjacent Gucores, with face-to-face separations 2 15- A
of ca. 3.33 A, indicate strong—: stacking interaction® These ’ a*
sw—a stacking interactions force the octanuclear cations into an 1.0- "f
interesting three-dimensional supramolecular array, as shown :
in Figure 2. 05 T T T T T
Cyclic Voltammetry. The redox behavior of was studied 0 % 100 150 20 2% 300

by cyclic voltammetry in acetonitrile solutions containing 0.1 T/K

M Et4NCIO, as the supporting electrolyte at a scan rate of 50
mV s™L. 1 displays two quasi-reversible reduction procesges (

~ —0.93 and—1.49 V) and one irreversible oxidatiof{~
+0.17 V) (Figure 3). The irreversible process occurrindeat

Figure 4. Plot of effective magnetic moment per Gws T.

A remarkable pattern in the cathodic domain is observed for
1. The quasi-reversible process occurringegp ~ —0.93 V

~ +0.17 V in the anodic domain corresponds to a single- (AE, = 170 mV, equal current height) can be attributed to the
electron transfer, with its current height being about 0.25 times Cu(ll)/Cu(l) redox couples corresponding to the four outer Cu-
higher than that of the quasi-reversible wave occurring’a01 (11) atoms. Coulometry of this process indicates a multielectron
or —1.55 V. Although the electroactivity df in the solution is redox process. This assignment is based on a comparison with
thus detected, it seems difficult to ascribe unequivocally any theE;/, value reported for [CuL(kD)(CIOy)] (HL = 4-methyl-

of the waves to metal- rather than to ligand-centered electron 5-[(imidazol-1-yl)methylideneB-alanine)!® The other quasi-
transfer!® The fact that the anodic wave &, ~ +0.17 V reversible process occurring B, ~ —1.49 V (AE, = 130
behaves like a platform suggests thatmay be oxidized mV, equal current height) can be assigned to the Cu(ll)/Cu(l)
continuously across a wide anodic potential range with the redox couples corresponding to the four inner Cu(ll) centers of
electron-rich dpd-2H ligands as the electron acceptois. 1. These observations suggest that the catiof isf stable in
should be noted that when the potential is higher than 1.45 V, acetonitrile and that the outer four and inner four Cu(ll) atoms
the cluster begins to decompose. of 1 are reduced at different cathodic potentials, as shown in
Scheme 1.

(13) (a) Blake, A. J.; Grant, C. M.; Gregory, C. |.; Parsons, S.; Rawson, J.
M.; Reed, D.; Winpenny, R. E. B. Chem. Soc., Dalton Tran995
163. (b) Zhang, Y.; Thompson, L. K.; Bridson, J. N.; Bubenik, M.
Inorg. Chem1995 34, 5870. (c) Ardizzoia, G. A.; Angaroni, M. A,;
La Monica, G.; Cariati, F.; Cenini, S.; Moret, M.; Masciocchi,lNorg.
Chem.1991, 30, 4347. (d) Mackee, V.; Tandon, S. &.Chem. Soc.,
Dalton Trans. 1991 221. (e) Galy, J.; Mosset, A.; Grenthe, I
Puigdomenech, I.; Sjgberg, B.; Hulten, F.Am. Chem. Sod.987,
109, 380.

(14) (a) Tandon, S. S.; Thompson, L. K.; Bridson, J. N.; BenellinGrg.
Chem.1995 34, 5507. (b) Norman, R. E.; Rose, N. J.; Stenkamp, R.
E. J. Chem. Soc., Dalton Tran&987, 2905.

(15) Hunter, C. A,; Sanders, J. K. Am. Chem. S0d.990Q 112, 5525.

(16) Derocht, A.; Morgenstern-Badarau, |.; Cesario, M.; Guilhem, J.; Kelta,
B.; Nadjo, L.; Houee-Levin, CJ. Am. Chem. S0d.996 118 4567.

(17) Venturi, M.; Credi, A.; Balzani, VCoord. Chem. Re 1999 185—
186, 233.

Scheme 1

decompositionwa single-electron charge transfét—
cu'y == cu'yCu, == CU,
Magnetic Properties and EPR SpectraMagnetic suscep-
tibility data were measured with a polycrystalline samplel of
in a 5.0 kG field over the temperature range2¥/3 K. Figure
4 shows the effective magnetic moments peg Qnoit (uesr)

(18) Long, L.-S.; Yang, S.-P.; Tong, Y.-X.; Mao, Z.-W.; Chen X.-M.; Ji,
L.-N. J. Chem Soc, Dalton Trans 1999 1999.
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intense broad signal centeredgate 1.9 and the other with a
signal atg ~ 5.7, are believed to be consequences of a
complicated exchange coupling among the eight Cu(ll) atoms

T=40K within the cluster. This suggestion is consistent with the results
of the magnetic susceptibility measurements.

Conclusions

A novel paddle-wheel-like octanuclear copper(ll) complex,
[Cug(dpd-2H)(u2-O2CMe)y{ 2-(OH)GsHaN} 4] (ClO4)44H:0 (1),
is synthesized by the reaction of Cu(OAwlith dipyridyl ketone
and 2-hydroxypyridine. X-ray crystallography shows that the
octanuclear [Cg(dpd-2H)(u2-O.CMe{ 2-(OH)GH4N} 4]4* cat-
T=20K ionic core contains two types of copper centers that are bridged
by oxygen atoms of the dpd-2H ligands and thecarboxylato-
0,0 acetate groups. Four of the Cu(ll) atoms are located in
the inner part of the cationic core, while the other four are found
on the “periphery” around the core. The shape of the octanuclear
core resembles a paddle wheel with the 2-(OH£N ligands
corresponding to the paddles. Cyclic voltammetry indicates that
1000 2000 300 4000 the cation ofl is stable in acetonitrile and that the outer four
HIG and inner four Cu(ll) atoms df are reduced at different cathodic
) ) o ) potentials. Magnetic susceptibility measurements and EPR
Figure 5. X-Band EPR spectra df in frozen acetonitrile solutions. spectroscopy suggest that a strong antiferromagnetic interaction
among the copper centers is present within the cluster.

or

versus temperature. The effective moment of 3igper Cy
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