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!H NMR Studies on Strongly Antiferromagnetically Coupled Dicopper(ll) Systems

Introduction

Interest in binuclear centers has focused primarily on magnetic
exchange (spiaspin) interaction between two paramagnesic (
= 1/,) cupric ions!—3 Such interactions in biomolecules have
received increased focus since the time binuclear copper center
were proposed to be part of the active site of several multicop-
per-containing protein® The “type 3" copper in Laccase
consists of a pair of antiferromagnetically coupled Cu(ll) fons
which are capable of acting as two electron oxidants. Mason
has reviewed the evidence for binuclear copper centers in a
variety of proteins.
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TheH NMR spectra of three well-characterizeebhenoxo andi-hydroxo spin coupled dicopper(ll) complexes

1, 2, and3 which are strongly antiferromagnetically coupled in the solid state have been studied in solution. The
complexes studied were [(@DAP)IPA)(OH)(H20)](ClO4)2*H20 (1) (DAP = 1,3-diaminopropane; IPA=
2-hydroxy-5-methylisophthalaldehyde), [(§DMDAP),IPA)(OH)(H.0)](ClO4)2 (2) (DMDAP = N,N-dimethyl-
1,3-diaminopropane), and [(QAEP)IPA)(OH)(H20)](ClO,), (3) (AEP = 2-(2-aminoethyl)pyridine). All three
complexes exhibit relatively sharp hyperfine shifted NMR signals. Signal assignments were based on intensity
and T, values. An analysis of the relaxation data shows that, for these binuclear copper(ll) systems, the
reorientational correlation timed) is dominated probably by a combination of electronic relaxati@mnd rotational
correlation time ¢;) due to an exchange-modulated dipolar mechanism. The temperature dependence of the isotropic
shifts has been interpreted in terms of the contact hyperfine interaction codgtanti(exchange coupling constant
(—2J). The fitting of these shifts represents a good method for the evaluatioAJih solution, which is compared

to the solid state-2J value obtained by the SQUID method. The results indicate that the structures and magnetic
properties of all three complexek«{3) support a general correlation with the antiferromagnetic coupling constants

as evidenced by both solid and solution studies. Our results showHHdMR spectroscopy is an excellent tool

to probe the solution structures of magnetically coupled binuclear Cu(ll) centers in model complexes as well as
biological systems. One of these complexes was crystallized from aqueous solution. The crystal and molecular
structure of [(Cy(DMDAP),IPA)(OH)(H.0)](ClOy)2 (2) has been determined. This crystallizes in the monoclinic
system, space groupc with formula weight= 692.48,a = 12.472(2) Ab = 19.554(2) A,c = 12.185(12) A,

p = 107.48 (9}, Z = 4. The two Cu atoms in this copper(ll) complex are bridged by the oxygen atoms of the
phenolate and hydroxy groups. The axial position at one Cu atom is occupied by a water molecule, while another
Cu has weak interaction with a perchlorate group. The coordination geometries around the two Cu atoms are
distorted square pyramidal and square planar.

in the early 1960s and 19704° has been interpreted in terms
of a superexchange mechanism via ligand entities that bridge
the two metal centers:2 Both single-atom and multiatom
bridges are known to propagate exchange with the magnitude
§3f exchange interaction being dependent upon the bridge
identity, its length, the angle subtended at the bridge, the metal
bridge ligand bond lengths, the metal ion stereochemistry, etc.
Most of the theoretical work for the understanding of the
exchange mechanism is based on the works of Krahders,
Andersont* Goodenough® and Kanamort® Extensive theoreti-

cal work has come from the groups of Hay et!alBencini

In the case of binuclear metal complexes the coupling (6) Kato, M.; Jonassen, H. B.; Fauning, J.Chem. Re. 1964 64, 99.
between the electrons of the two metal ions leads to low-lying (7) Martin, R. L. InNew pathways in Inorganic Chemistigbsworth, E.

states of different spin multiplicities, which can be populated A. V., Meddock, A. G., Sharpe, A. G., Eds.; Cambridge University

Press: London, 1968; Chapter 9.

at the.rmal' energigsg(SOO chl). The resulting. magnetiq (8) Ball, P. W.Coord. Chem. Re 1969 4, 361.
behavior will be antiferromagnetic or ferromagnetic depending (9) Ginsberg, A. Pinorg. Chim. Acta, Re 1971, 5, 45.
on whether the low-spin or high-spin state is the ground state, (10) Gray, H. B.Adv. Chem. Ser1971, No. 100, 365.

respectively. Systematic observation of such interactions even

(11) Willett, R. D. InMagnetostructural Correlations in exchange coupled
systems Willett, R. D., Gatteschi, D., Kahn, O., Eds.; Reidel:

Dordrecht, 1985; p 389.

* Author to whom correspondence should be addressed. (12) Hendrickson, D. N. IrMagnetostructural Correlations in exchange
T E-mail: ptm@magnet.iitm.ernet.in. Fax: 91-44-2350509. coupled SystemsWillett, R. D., Gatteschi, D., Kahn, O., Eds.;
(1) Hatfield, W. E.ACS Symp. Sefl975 No. 5, 108. Reidel: Dordrecht, 1985; p 523.
(2) Hodgson, D. JProg. Inorg. Chem1975 19, 173. (13) Kramers, H. APhysical934 1, 182.

(3) Pierpont, C. G.
1977, 16, 2367.

; Francesconi, L. C.; Hendrickson, Dirérg. Chem (14) Anderson, P. WPhys. Re. 195Q 79, 350.

(15) Goodenough, J. B2hys. Re. 1955 100 564.

(4) Malkin, R.; Malstrom, B. GAdv. Enzymal 197Q 33, 177. (16) Kanamori, JPhys. Chem. Solid$959 10, 87.
(5) Mason, H. S. Idron and Copper proteinsyasunoba, K. T., Mower, (17) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod 975
H. F., Hayaishi, O., Eds.; Plenum: New York, 1976; p 464. 97, 4884.
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and Gatteschi® de Loth!® and Comarmoné? Recently dia-
grammatic valence bond thedt#?2and DF P2 have been used
for the understanding of the exchange mechanism.

Inorganic Chemistry, Vol. 38, No. 25, 199%643

properties of binuclear copper(ll) complexes using NMR
spectroscopy is less common in the literatif€30
In addition, the NMR spectra of binuclear complexes in

Although different experimental techniques, such as magnetic solution provide information on the role of the ligands in the
susceptibility, EPR, etc., have been used to derive the detailssuperexchange pathway as well as the electronic state of the
of exchange interactions in solids, detailed studies on exchangecoupled metal centeP4:381t can also provide information about
interactions in solution have been rather #w?3 Exchange the structure of the complexes in solution and the distribution
interactions in solution are not easy to measure. This difficulty of the unpaired electrons. It can be seen therefore that NMR
arises due to the loss of solid state packing. However, even if studies on binuclear complexes can be a rich source of
the integrity of the metal cluster is not disturbed in solution, a information.
general application of a methodology becomes difficult due to  Nuclear relaxation has been used to characterize the structure
other reasons such as sign and magnitude of exchange interand dynamics of the molecules. Particularly in the case of
action. This makes most methods inapplicable. paramagnetic molecules, determination of coordination number

Though'™ NMR spectroscopy is not generally viewed as a and correlation times have been inferred from the investigation
viable solution characterization technique for paramagnetic of paramagnetic relaxatiol.However, the relaxation mecha-
Cu(ll) complexes because of the inherently slow electronic nisms are modified when there is exchange interaction between
relaxation of copper(l1§? the situation is different in magneti-  the electron spins of the metal ions present in the moiety.
cally coupled multinuclear systems. A consequence of magneticUnderstanding the effect of magnetic coupling on nuclear
coupling can be a change in the electronic relaxation times of relaxation parameters is relevant to several biological systems
the involved metal ions. Magnetic coupling gives rise to new where such couplings are known (iresulfur proteins, cyto-
energy levels which can provide new relaxation pathways in chrome oxidase) to occur. Efforts have been made by Bertini

binuclear and polymetallic systerds.

and co-worker®4041to study the relaxationallf) properties

NMR spectroscopy has been widely used as a versatile of systems with weak exchange coupling. The present report
technique to elucidate the structure and magnetic properties ofincludes the detailed and quantitative analysis of relaxational

antiferromagnetically coupled binuclear iron compleXé$as
well as copper(ll) coupled with fast relaxing metal ions such
as irorf® and cobaf® and also with free radical ligands.
However, the determination of the structural and magnetic

(18) Bencini, A.; Gatteschi, Dinorg. Chim. Actal978 31, 11.

(19) de Loth, P.; Caussoux, P.; Dandey, J. P.; Malrieu, J. Rm. Chem.
Soc 1981, 103 4007.

(20) Comarmond, J.; Plumere, P.; Lehn, J. M.; Agnus, Y.; Lousis, R.; Weiss,
E. Kahn, O.; Morgenstern, B. I. Am. Chem. S0d 982 104, 6330.

(21) Ramasesha, S.; Rao, C. N.fys. Re. 1991, B44, 7046.

(22) (a) Mandal P. K.; Sinha, B.; Manoharan, P. T.; Ramaseshah&n.
Phys. Lett1992 191, 448. (b) Mandal, P. K.; Manoharan, P.Ghem.
Phys. Lett1993 210, 463.

(23) (a) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano,JJAm. Chem. Soc
1997 119 1297. (b) Ruiz, E.; Alemany, P.; Alvarez, S.; Candnarg.
Chem 1997, 36, 3683.

(24) Byers, W.; Williams, R. J. RI. Chem. Sacl1973 555.

(25) Dei, A.; Gatteschi, D.; Piergentili, Enorg. Chem 1979 18, 89.

(26) Zelonka, R. A.; Baird, M. Clnorg. Chem 1972 11, 134.

(27) Maekawa, M.; Kitagawa, S.; Munakata, M.; Masudalrtérg. Chem
1989 28, 1904.

(28) (a) Mandal, P. K.; Manoharan P. lhorg. Chem 1995 34, 270. (b)
Asokan, A.; Mandal, P. K.; Varghese, B.; Manoharan, PPToc.
Indian Acad. Sci. (Chem. Scilp95 107, 281.

(29) (a) Holz, R. C.; Brink, J. Mlnorg. Chem 1994 33, 4609. (b) Holz,
R. C.; Brink, J. M.; Gobena, F. T.; O’'Conner, C.ldorg. Chem
1994 33, 6086. (c) Brink, J. M.; Rose, R. A.; Holz, R. Gorg. Chem
1996 35, 2878.

(30) Murthy, N. N.; Karlin, K. D.; Bertini, I.; Luchinat, CJ. Am. Chem.
Soc 1997 119, 2156.

(31) Holz, R. C.; Brink, J. M.; Rose, R. Al. Magn. Resan1995 119,

125.
(32) Satcher, J. H.; Balch, A. Lnorg. Chem 1995 34, 3371.
(33) (a) Bertini, I.; Luchinat, CNMR of paramagnetic Molecules in

Biological System®8enjamin and Cummings: Menlo Park, CA, 1986.
(b) Bertini, I.; Luchinat, CCoord. Chem. Re 1996 150, Chapter 5.
(c) Bertini, I.; Turano, P.; Vila, A. JChem. Re. 1993 93, 2833.

(34) (a) La Mar, G. N.; Eaton, G. R.; Holm, R. H.; Walker, F. A.Am.
Chem. Soc1972 95, 63. (b) La Mar, G. N.; de Ropp, J. 8IMR
methodology for paramagnetic protejriBlenum Press: New York,
1993; Vol. 12, p 1.

(35) Karlin, K. D.; Nanthakumar, A.; Fox, S.; Murthy, N. N.; Ravi, N.;
Huynh, B. H.; Orasz, R. D.; Day, E. B. Am. Chem. S0d.994 116
4753.

(36) (a) Bertini, I.; Lainini, G.; Luchinat, C.; Messori, L.; Scozzafava, A.
J. Am. Chem. So&985 107, 4391. (b) Banci, L.; Bertini, I.; Luchinat,
C.; Piccioli, M.; Scozzafava, A.; Turano, Fhorg. Chem.1989 28,
4650.

(37) Balch, A. L.; Mazzanti, M.; Noll, B. C.; Olmstead, M. M. Am.
Chem. Soc1993 115 12206.

properties of the strongly antiferromagnetically coupled bi-
nuclear copper(ll) complexes.

The purpose of our work is to analyze the NMR spectra of
isotropically shifted signals of three (schematic representations
of the complexes are shown in Figure 1) strongly antiferro-
magnetically coupled binuclear Cu(ll) complexes. On the basis
of these spectra, the structures in solution are discussed and
are simultaneously compared with the X-ray crystallographic
structures determined, and in this paper we report the X-ray
crystallographic molecular structure for one such complex. We
have made an attempt to compare the exchange coupling
constant £2J) measured in both the solid and solution states.
In the solution state, exchange coupling constants are calculated
by using chemical shift as a function of temperature. Here, we
have also addressed a possible mechanism for relaxation of two
of the three strongly antiferromagnetically coupled dicopper-
(I1) systems by combining the signal assignment with X-ray
crystallographic results an@; values. Our data indicate that
IH NMR spectroscopy is an excellent tool to probe the binuclear
Cu(ll) systems in solution in line with some of the more recent
works29.30.32

Experimental Section

CAUTION! Perchlorate complexes of metal ions are potentially
explosive. Only a small amount of material should be prepared, and it
should be handled with caution.

Synthetic Methods. All chemicals were purchased commercially
and used as received unless otherwise stated.

[(Cux(DAP),IPA)(OH)(H 20)](ClO 4)2:H20 (1). The title complex
was prepared by the method of Mandal and Kfag. mixture of
2-hydroxy-5-methylisophthalaldehyde (IPAH) (1.64 g, 10 mmol),
NaOH (0.4 g, 10 mmol), and water (5 éhwas ground to a paste in
a mortar. This was added with stirring to boiling water (13nand a
clear yellow solution was obtained. A second solution of Cu@O

(38) Wicholas, M.J. Am. Chem. Sod97Q 92, 4141.

(39) Yamamoto, Y.; Nanai, N.; Chujo, Bull. Chem. Soc. Jpri991, 64,
3199.

(40) Owens, C.; Drago, R. S.; Bertini, I.; Luchinat, C.; Banci,JLAm.
Chem. Soc1986 108 3298.

(41) Banci, L.; Bertini, I.; Luchinat, C.; Scozzafava, A Am. Chem. Soc
1987 109 2328.

(42) Mandal, S. K.; Nag, KJ. Chem. Soc., Dalton Tran$984 2141.
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Figure 1. Schematic representations of [(@DAP),PA)(OH)(H.0))(CIO4)2-Hz0 (1), [[Cu(DMDAP),PA)(OH)(H.0)](CIO.)2 (2), and [(Cu(AEP),-
IPA)(OH)(H0)](CIO4)2 (3).

6H,0 (9.3 g, 25 mmol) and 1,3-diaminopropane (DAP) (2.2 g, 30 recorded; the separation of the two signals’\ was monitored and is
mmol) in water (50 crf) was added to the first solution and boiled.  considered as a paramagnetic shift. Mass susceptibjjitys(correlated
The resulting deep blue solution was concentrated on a hot plate. Whento the above-mentioned paramagnetic shift as follows:

the volume of the solution had been reduced to ca. & itmas filtered o

hot. The filtrate was allowed to cool at ambient temperature and the Zp= ot 300QAv/A7v M @

blue crystalline product collected by filtration. The product was further \yherec is the concentration of the solution in molM, is the molecular

recrystallized from boiling water and dried over CaCl weight of the complex,v, is the operating rf frequency of the
[(Cuz(DMDAP)AIPA)(OH)(H 20)(CIO4)2 (2). This complex was  spectrometer, ang is the susceptibility of pure solvent.

prepared in essentially the same waylassing (2.5545 g, 25 mmol) X-ray Crystallography. Crystal Data Collection and Refinement.

N,N-dimethyl-1,3-diaminopropane (DMDAP). Green crystals of [[CDMDAP),IPA)(OH)(H,0)](CIO,). (2) suitable
[(Cux(AEP).IPA)(OH)(H 20)I(CIO4)2 (3). This complex was pre-  for X-ray diffraction studies were obtained by slow evaporation of an

pared by the literature methdd. aqueous solution of the complex. The diffraction intensities of an

Physical Measurements.'H NMR. All *H NMR spectra were  approximately 0.2« 0.15x 0.15 mm crystal were collected using an
recorded on a JEOL JNM-GSX 400 MHz FT-NMR machine using & Enraf-Nonius CAD4 single-crystal diffractometer with Cackadiation
7.2us 90 pulse width, a 98 kHz spectral width,&a 3 sdelay between (1 541 84 A). The cell parameters were obtained by the method of short
90° pulses. Chemical shifts (ppm) are reported with respect to yectors followed by least-squares refinement of 25 randomly chosen
tetramethylsilane (TMS). Experiments were carried out in the temper- nigher angle reflections. Stability of the crystal during data collection
ature range 238348 K. A 99.9% deuterated acetonitrile solution with  \yas checked by monitoring the intensities of two standard reflections
addition of a small amount of TMS was used. Temperature variation after evey 1 h of data collection. No significant variation of intensity

was done by a JEOL variable temperature controller. could be noted. The intensity data were corrected for Lorentz,
Relaxation Measurement.Longitudinal relaxation timeT:) was polarization, decay, and absorptiap-§can) effects using the computer
measured by the inversion recovery technique, and it consists of the program MoIEN' A total of 2642 reflections were collected in the
following train of pulse sequence: range 8 > 20 < 136 of which 2443 reflections with > 20(l) were
used for the structure determination. The structure was solved by direct
(180°—7—90°~AQ—D), methods using the computer program SHELX3E&®id refined using

the program SHELXL-937 All hydrogen atoms were fixed through
where AQ is the acquisition time ard is the delay time to allow the riding model procedure of SHELXL-93. The structure was refined
equilibrium to be reached. The value of magnetization varies from by a full-matrix least-squares technique. The final residual factors were
—M(e0) whent is 0 to My(e0) whent is 5 times higher thaii; andr R(F) = 0.0591 ancR,(l) = 0.1595, respectively. The expressions for
is the variable time delay between the two pulses. Itis possible to relate R(F) andR,(l) are as follows:
the magnetization to th&; value by the expression
ROF) = IIFl = IFIl/y Il

M%) = M=)[L — 2 exp(-/T,) ®
' o R = [ IWIF — [Ty (WIF A

T, therefore can be calculated by least squares fit analysis of the

. ) where
experimental data as a function of
Solid State Susceptibility MeasurementThe solid state suscep- W= 1/[o*(F,’) + (0.066P)* + 2.6P]
tibility measurement foR was performed in a quantum design SQUID
susceptometer MPMS-5S in the temperature range300 K with an pP= (Max(FOZ,O) + 2F02)/3

applied field of 1 T. The data was corrected for the sample holder

contribution and the diamagnetic contribution estimated through Pascal’s The final difference map was featureless. A summary of the crystal

constants. and diffraction data is given in Table 1, and atomic coordinates are
Solution Susceptibility Measurement.Solution susceptibility of all given in Table 2.

of the complexes was measured by the modified Evans méthod. . .

Coaxial NMR tube was used with acetonitrile as an internal reference. Results and Discussion

The inner tube contains only acetonitrile while the outer tube contains Description of the Structure of [(Cuy(DMDAP) JIPA)(OH)-

both acetonitrile and binuclear copper(ll) complex solution. The :
presence of copper(ll) dimer in the outer tube makes the bulk (H20)]J(ClO4)2 (2). The solid state structures afand2 have

susceptibility different from that of the inner tube. The £ptoton

(45) Kay Fair, C.MolEN Crystal structure analysis 1, 2 and Bnraf-

signals from acetonitrile in these two inner and outer tubes were Nonius: Delft. 1990.
(46) Sheldrick, G. M.SHELXS-86. A computer program for crystal
(43) Grzybowski, J. J.; Merrell, P. H.; Urbach, F. Ilnorg. Chem 1978 structure determinationUniversity of Gadtingen: Gdtingen, 1985.
17, 3078. (47) Sheldrick, G. M.SHELXL-93. A computer program for crystal

(44) Sandip, K. SJ. Magn. Reson1989 82, 169. structure determinatignUniversity of Gdtingen: Gitingen, 1993.
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Table 1. Crystal Data and Structure Refinement for

empirical formula
fw
temp, K
wavelength f), A
cryst syst
space group
unit cell dimens

a, A

b, A

c A

o, deg

B, deg

v, deg
vol, A3

VA
density (calcd), g crr?
abs coeff ¢), cmt

GoH32CloN4C w011

692.48
293(2)
1.541 84
monoclinic
Cc(No.9)

12.472(2)

19.554(2)

12.185(12)
90
107.48(9)
90

2834.4(5)
4

1.62
41.19
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R(Fo)

Ru(Fo?)

Table 2. Atomic Coordinates % 10%) and Equivalent Isotropic
Displacement Parameters{A 10°) for 22

R1=0.0591
wWR2=0.1595

atom X y z Ueq)
Cu(1) 906(1) 2369(1) 3039(1) 58(1)
Cu(2) 600(1) 1179(1) 4527(1) 63(1)
N(1) 2202(6) 2670(3) 2607(5) 55(1)
N(2) —236(6) 2884(4) 1789(6) 64(2)
N(3) 1632(7) 435(4) 5207(6) 65(2)
N(4) —827(7) 678(5) 4547(7) 79(2)
o(1) 1746(4) 1572(3) 3863(5) 57(1)
0(2) —155(6) 1944(5) 3644(6) 82(2)
0O(3) 777(11) 1795(6) 6152(8) 119(3)
cl(1) 1539(7) 1686(3) 9117(4) 174(3)
O(4) 258(38) 1506(34) 8514(41) 465(37)
0(5) 1690(14) 1532(8) 10224(9) 145(5)
O(6) 1905(17) 1258(8) 8490(12) 164(6)
o(7) 1244(27) 2322(8) 8792(16) 204(9)
Cl(2) 6422(3) 1308(1) 393(2) 86(1)
O(8) 5314(25) 1019(16) 211(23) 265(15)
0(9) 6620(23) 1682(11) 1397(14) 212(10)
0O(10) 6335(27) 1687(10) —525(16) 236(12)
0O(11) 7202(37) 848(22) 556(33) 446(33)
C(1) 2579(6) 1246(4) 3639(6) 51(2)
C(2) 3210(6) 1565(4) 2999(6) 52(2)
c(3) 4114(7) 1226(4) 2778(8) 61(2)
C(4) 4408(7) 565(5) 3164(9) 67(2)
C(5) 3822(8) 265(4) 3825(8) 67(2)
C(6) 2933(7) 590(4) 4082(7) 56(2)
C(7) 5368(12) 224(7) 2905(15) 104(4)
C(8) 3029(8) 2275(4) 2589(7) 58(2)
C(9) 2226(10) 3380(5) 2207(10) 79(2)
C(10) 1193(12) 3524(7) 1207(14) 107(5)
C(11) 126(13) 3523(9) 1395(17) 125(6)
C(12) —612(13) 2374(6) 832(9) 95(4)
C(13) —1277(11) 3034(8) 2124(14) 106(4)
C(14) 2459(9) 240(4) 4888(8) 67(2)
C(15) 1415(11) 48(6) 6163(8) 83(3)
C(16) 226(14)  —249(7) 5845(13) 108(4)
Cc(17) —690(13) 282(7) 5622(12) 97(4)
C(18) —1740(10) 1168(7) 4466(13) 99(4)
C(19) —1190(12) 220(9) 3499(13) 110(5)

aU(eq) is defined as one-third of the trace of the orthogonalizgd

tensor.

been determined X-ray crystallographically. The structural

details of complexl have been reported elsewhé?e The

structural details of compleR are described here.
The ZORTEP® (30% probability thermal ellipsoid) repre-

sentation of the [(CY{DMDAP),IPA)(OH)(H20)](CIO4)2 (2)

(48) Zsolnai, L.; Pritzkowm, HORTEP program for Personal Computer

University of Heidelberg: Heidelberg, Germany, 1994.

Figure 2. (a) ZORTEP representation for [(&iDMDAP),IPA)(OH)-
(H20)1(ClO4)2 (2) with hydrogen and perchlorate atoms omitted (30%
probability thermal ellipsoids). (b) Unit cell packing diagram 2along
the ac plane.

Table 3. Selected Bond Distances (A) and Angles (deg)Zor
Bond Distances

Cul-02 1.889(7) Cuz202 1.916(7)
Cul-N1 1.936(7) Cuz2N3 1.955(8)
Cul-01 1.976(5) Cuz01 1.995(5)
Cul-N2 2.014(7) Cuz2N4 2.037(8)
Cul-Cu2 3.043(2) Cu203 2.271(10)
Bond Angles
02—-Cul-N1 168.3(3) 02-Cu2-N3 165.7(3)
02-Cul-01 77.33) 02-Cu2-01 76.3(3)
N1-Cul-01 91.1(2) N3-Cu2-01 89.9(3)
02—-Cul-N2 95.5(3) 02-Cu2-N4 95.6(4)
N1-Cul-N2 95.8(3) N3-Cu2—-N4 95.9(4)
O1-Cul-N2 157.7(3) O+ Cu2-N4 157.5(3)
Cul-01-Cu2 100.1(2) Cut02-Cu4 106.2(3)

complex is shown in Figure 2a, and selected bond distances
and bond angles around the Cu atoms are given in Table 3.
The structure consists of two copper centers bridged by one
phenoxy oxygen atom and one hydroxy oxygen atom with one
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Table 4. Least-Squares Planes &f and 2°

Least-Squares Planes fbr

equation of plane 1 (N1, N2, O1, 02)
0.790X + 0.3801Y — 0.479% — 2.3431=10

atom deviation from mean plane (A)
N1 —0.1193
N2 0.1206
o1 —0.1415
02 0.1404
Cul 0.1744
2?=0.0

equation of plane 2 (N3, N4, O1, 02)
0.6511X + 0.5583f — 0.514% — 3.7427=0

atom deviation from mean plane (A)
N3 0.0431
N4 —0.0432
O —0.0511
02 0.0512
Cu2 0.0767
¥?>=0.0

Least-Squares Planes fr

equation of plane 1 (N1, N2, O1, 02)
0.446X — 13.287Y — 8.648% — 5.5832=0

atom deviation from mean plane (A)
N1 —0.1196
N2 0.1958
o1 0.2290
02 —0.1593
Cul —0.1519
2?>=0.0

equation of plane 2 (N3, N4, O1, 02)
0.8270X — 9.8735¢ — 10.2457 — 5.5623=0

atom deviation from mean plane (A)
N3 —0.0729
N4 0.1690
o1 0.1935
02 —0.0987
Cu2 —0.1909
¥>=0.0

a Reference 281 This work.

imino nitrogen atom and one dimethylamino nitrogen atom
completing the CubD, plane. The CuCu separation is 3.04
(2) A, and the oxygen bridge angle from the azomethine unit
Cu(1)-0(1)—Cu(2) and from the dimethyl unit Cu(x0(2)—
Cu(2) are slightly different: 100.1(2)and 106.2(3), respec-
tively. The observed CuCu distance and bond angles around
Cu(1)-O(1)—Cu(2) and Cu(1yO(2)—Cu(2) are comparable to
those of the earlier reported binuclear Cu(ll) complexes of this
type27.2849 Azomethine linkages N(BC(8) and N(3)-C(14)

(mean 1.367 A) are essentially double bond in character,

whereas the dimethylamino-6N bond lengths N(2)C(11) and
N(4)—C(17) (mean 1.47 A) can be described by a single-bond

Asokan and Manoharan

however, be noted that a deviation of donor atoms of Cu(1)
from the mean plane is large in comparison to the plane
surrounding Cu(2). The metal atom Cu(1) is significantly out
of plane with a normal distance 6f0.1519 A from the mean
plane. The deviation of metal atom Cu(2) from the mean plane,
—0.1909 A, is, however, large when compared to that of
Cu(1). One water molecule occupies the axial position with a
somewhat large contact of 2.274 (9) A with Cu(2), which causes
the metal center to displace toward water molecules. The
geometry around Cu(2) is hence a distorted square pyramid.
The perchlorate ion is weakly interacting with the Cu(1) ion,
causing a small deviation of the Cu(1) ion from the mean plane
toward the perchlorate group. This indicates the absence of
bonding between Cu(1) and O(10) of the perchlorate group, the
geometry around Cu(1) being distorted square planar.

The shortest CuCu distance between two molecules-ig.6
A, which could lead to weak interdimer exchange coupling.
There are very few van der Waal contacts between the mole-
cules. The interaction of molecules with anions and water
molecules is responsible for crystal stability and packing forces.
Figure 2b shows the packing diagram of molecules projected
on theac plane.

Magnetic Properties. Solid State SusceptibilityThe room
temperature solid state magnetic moments of the hydroxo-
bridged complexes reported here range from 0.67 to &g2
(Table 5) and indicate a high degree of antiferromagnetic
interaction between the metal centers. These values are com-
parable to those obtained by Thomp$dRobsorf? and Okawa
and Kid&* for similar systems.

The variable temperature magnetic studies on coniesre
carried out in the temperature range—B00 K. The variable
temperature data was fitted to the Blean®powers$? equation
(eq 3), using the Heisenberg (isotropic) exchange Hamiltonian

_NgpT, 1 (=201 Neria
T kT [1+_ex W)] @=p)+ P

M N, 3

(H = —2J5-%) for two interactingS = 1/, centers, where-2J

is the energy difference between the singlet and triplet states,
xm IS expressed per mole of copper atoMgjs the temperature
independent paramagnetism, anid the fraction of monomeric
impurity. This procedure treats a complex as a ground state
singlet with a low-lying triplet state. A simplex curve-fitting
routiné®® was used to determine the parametgasid—2J. The

best data fit to eq 3 gavge= 2.13 &0.02),—2J = 581 6.0),

N, = 6.0 x 1075 p = 0.038, and least-squares err®®) =

2.13 x 10% A plot of effective magnetic moment versus
temperature is given in Figure 3. The observed and calculated
magnetic momentes decreases from a value of 0.4a at 300

K to 0.35 ug at 77 K, indicating a strong intramolecular
antiferromagnetic exchange interaction in this binuclear copper-
(I) system. A similar result was obtained for a dialkyl-
substituted ethylenediamine of a binuclear copper(ll) complex
of this type>*

character. The least-squares plane calculations (Table 4) ShOW,qy Thompson, L. K.; Mandal, S. K.; Tandon, S. S.; Bridson, J. N.; Park

that for Cu(1) donors O(1) and N(2) are displaced by 0.2290
and 0.1958 A, respectively, on one side of th®hNmean plane,
whereas donors O(2) and N(1) are displaced-Hiy1533 and

—0.1196 A, respectively, on the other side of the mean plane.

A similar situation exists around Cu(2). Donors O(1) and N(4)

M. K. Inorg. Chem 1996 35, 3117.

(50) (a) Robson, RAust. J. Chem197Q 23, 2217. (b) Dickson, I. E;
Robson, RInorg. Chem.1974 13, 1301.

(51) (a) Okawa, H.; Kida, SBull. Chem. Soc. Jpril97], 44, 1172. (b)
Okawa, H.; Kida, S.; Muto, Y.; Tokii, TBull. Chem. Soc. Jpri972
45, 2480.

are displaced by 0.1935 and 0.1690 A, respectively, on one side(52) Bleaney, B.; Bowers, KProc. R. Soc. London, Sect. 1952 214,

of the NbO, mean plane, whereas donors O(2) and N(3) are
displaced by—0.0987 and—0.0729 A, respectively. It may,

(53) Chéndramouli, G. V. R.; Balagopalakrishna, C.; Rajasekaran, M. V.;
Manoharan, P. TComput. Chem1996 20, 353.
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Table 5. Magnetic Moments and Exchange Coupling Constants-&8 and, for Comparisoré

Uil exchange coupling constant2J), cm !
study no. complex solvent solid solution solid solution
1 [(Cw(DAP)IPA)(OH)(H20)](ClO4)2:H20 (1) CDsCN 0.67 0.74 ~60C° 438+ 5.6
2 [(Cu(DMDAP),IPA)(OH)(H.0)](CIO4). (2) CDsCN 0.7® 0.83 581+ 6.0° 398+ 4.0
3 [(Cw(AEPXLIPA)(OH)(H20)](ClO4), (3) CDsCN 1.02 0.84 385 396+ 4.684
4 [Cux((hapmpia)(OH)(HO)](CIO4). (4) CDsOD 0.90 0.70 529

aFrom ref 42.° This work. ¢ As derived from the«e similarity of the compound in ref 3¥.Calculated by solution susceptibility measurement
using Bleany-Bowers equation (eq 4y.From ref 43.f From ref 27.

0.80 Recent theoretical calculaticison exchange coupling of
hydroxo-bridged binuclear Cu(ll) complexes predict the rela-
7 tionship between the CuO—Cu bridge angle and the magnitude
of the exchange coupling constant?J). When the bridge angle
o is 103, the calculated exchange coupling constant-43
cm1. However, they observed that small changes in the terminal
ligands or the elimination of counterions could cause changes
of the order of 56-60 cnT!. So one can expect that complexes
having a hydroxo bridge angle 6f103° and 0.66ug at 298 K
- can have an exchange coupling constant-600 cnT1.3! In
the case of complek, the hydroxo bridge angle is 102.and
0.50 A the magnetic moment at room temperature is Q:g,7so the
expected exchange coupling constant800 cnt. When the
7 bridge angle increases, the exchange coupling constant is also
expected to increasé?23In the case of compleg, though the
0.40 - observed hydroxo bridge angle is higher (108.the observed
magnetic moment at room temperature is relatively high when
compared to that of complek This is somewhat contrary to
0.30 . the expected trend, i.e., one should have expected larger
o Te T T T T antiferromagnetism in compleR rather than the complek.
“ % 120 T 1% 200 20 %0 The relatively high magnetic moment observed 2ds due to
‘emperature (K) -

the displacement of the Cu atom from the mean plane.

IPA)(OH)(H,0)](CIOx)s (2) in the solid state with® representing the Generally, the more planar is the geometry around the Cu(ll)

experimental data and the line representing the theoretical simulation ion, the Iarger is the magnetic exchange interaction betvyeen
using the expression in eq 3. the Cu(ll) ions®® Least-squares plane (see Table 4) calculations
show that complexd is more planar than compleX So, the

The variable temperature magnetic susceptibility measurementexpected antiferromagnetism is more for complethan for
for complex 3 has already been reportétThe exchange  complex2. The bulky methyl group substituted at the N atom
coupling constant<2J) for 3 obtained by using the Bleany causes the large distortion of the Cu atom from the mean plane
Bowers equation is 385 cmh. The corresponding magnetic  in 2. Hence, this observed magnetic moment data is consistent
moment obtained for this complex at 298 K is 102 whereas with the structural data for these dimers.
the room temperature magnetic moments for compléxasd Solution Susceptibility. We have measured the susceptibility
2 are much less when compared3g@Table 5). The observed  of all three complexes in solution using the modified Evans
low magnetic moments inl and 2 indicate very strong method}* considered to be a sensitive experiment though our
antiferromagnetic exchange coupling operating in the dimers experiment is restricted only to a small range of temperature
of these lattices. It may be noted that the azomethine linkage (unlike in the solid state) due to freezing and boiling point ranges
formed through DAPX) and DMDAP @) offers more flexibility of acetonitrile solvent as an internal standagctalculated from
in the metat-ligand linkages, which in turn leads to the frequency shift as a function of temperature using eq 2 is then
augmentation of the CtO—Cu bridge angle relative to the less  converted into molar susceptibility after the usual correction to
flexible configuration ir3. Thus the stronger antiferromagnetic  yy is applied®® Av, yp, andyw were obtained as a function of
interactions expected fdrand2 are consistent with the observed temperature. This molar susceptibility is then used to calculate
moments. the intradimer exchange coupling-2J) using the Bleany

The antiferromagnetic behavior of the binuclear complexes Bowers expressiop?
is attributed to spirrspin interaction occurring via the super-

Magnetic Moment (B.M)

Figure 3. Plot of magnetic moment vs temperature for {CQMDAP),-

. S 2 _ -1
ex_change pathway prov_lded by pheno>§y bndg!ng and hydroxy o= Ngzé 1+ 1 ex —2] )
bridging, rather than a direct metahetal interaction. The Cu M 3kT kT

Cu distance in our binuclear systems is estimated te-Bé)
A. This separation generally rules out any significant amount A simplex curve-fitting routine® was used to determine the
of direct Cu-Cu interaction. The observation that hydroxo exchange coupling constant-2J) of each set of magnetic
bridges and phenoxo bridges provide more pathways forspin

spin interactions has been well characterized in the dimeric (55) (&) Okawa, H.; Honda, M.; Kida, &hem. Lett1972 1027. (b) Muto,
Y.; Kato, M.; Jonassen, H. B.; Cusachs, LBull. Chem. Soc. Jpn

Cu(ll) systems studied primarily by Hatfiéldind Hodgson. 1969 42, 417. (c) Kato, M.; Muto, Y. Jonassen, K.. Imai, K.; Katsuki,
K.; Ikegami, S.Bull. Chem. Soc. Jpr1969 42, 2555.
(54) Okawa, H.; Tokii, T.; Nonaka, Y.; Muto, Y.; Kida, ®ull. Chem. (56) Carlin, R. L. InMagnetochemistrySpringer-Verlag: New York, 1986;

Soc. Jpn1973 46, 1462. p 3.
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Figure 4. Plot of magnetic moment vs temperature 192, and3 in
solution using the expression given in eq 4 watfor 1, 4 for 2, and ® R
* for 3 representing experimental data points and the solid lines I —1z~
representing the best fit lines obtained. ®

®n H
susceptibility data for all three complexes. Figure 4 illustrates © "'\%/\ /I” 0
the type of “best fits” obtained fot—3. The —2J values are CN/C"\O/C”\ :>
found to be in the range 43896 cn1! (Table 5) for the three ©.A. é WLy ,
complexes reported here. The magnetic moments obtained by
this method are in general comparable to the solid state magnetic c
moment (Table 5). These data indicate that the Cu(ll) ions in
all three complexes are strongly antiferromagnetically coupled U

[}

in acetonitrile solution because of the retention of the macro- A
molecular structure within the dimer moiety.

The slight differences monitored in the solution are due to ——pgp—— &+ v 4 0 00 0 b
coordination by solvent molecules and loosening of solid state
packing accompanied by loss of interdimer interactins.

The NMR Spectra and Isotropic Shift. The representative €

proton NMR spectra of complexels-3 at room temperature ® K

are shown in Figure 5ac. All three binuclear complexes exhibit e —lz'

relatively sharp hyperfine shifted signals spanning from 82 to @ ¢
—30 ppm forl, from 97 to—41 ppm for2, and from 113 to ®n o < ¢

—43 ppm for3. Spectra ofl—3 were monitored by variable TNEA S

temperature measurements3b to 75°C). Though there are © VAN "

many peaks, we are able to easily identify the change in
chemical shift as a function of temperature for five to six protons
as shown in Table 6. They are all quite sensitive to temperature; ® © T
the shift as a function of temperature for the OH proton (A) in
1is 50 ppm, in2 is 42 ppm, and irB is 34 ppm in the above
said temperature region (see Figure 6). The shift of=ti— .8 R e s -
CH, proton (E) inlis 17 ppm, in2 is 17 ppm, and ir8 is 13 Jw_‘,.JA__J L{J
ppm (see Figure 6). All other protons reveal a much lower shift 2
of around 5 ppm over the studied temperature region. A plot of T SN R S B
chemical shift vs I is given in Figure 6 only for protons A FPM
and E of 1-3 which have shown very large shifts (see Figure 5. (a) *H NMR spectrum forl in CDsCN solution at room
Supporting Information for the plot of chemical shift vsT1/  temperature. (b)H NMR spectrum for2 in CD;CN solution at room
for all protons of1—3). The other protons do not show such temperature. (cJH NMR spectrum for3 in CDsCN solution at room
drastic variations. It must be noted here that the NMR spectra 'emMperature.
of the pure ligand in the same solvent do not show observableincreases. It has been recently shown by Holz &t iat the
shifts with temperaturé®2>".>3Moreover, all three complexes  antiferromagnetically coupled dicopper(ll) systems havirega
follow anti-Curie behavior, i.e., shift increases as the temperature yalue of~250 cnt will follow Curie behavior, whereas those
with a —2J value of~350 cnr! may follow anti-Curie or non-

(57) La Mar, G. N.; Horrocks, W. D.; Holm, R. INMR of paramagnetic  crje hehavior. The-2J value for complexed, 2, and3 are

molecules: Prinicples and application&cademic Press: New York, . -

1973; Chapter 4. ~600, 581, and 385 cm. Hence it is not surprising that these
(58) Kitagawa, S.; Munakata, M.; Yonezawa, Kinki Univ. J. 1985 61. complexes follow anti-Curie behavior.
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Table 6. Peak PositionsT; and T, Values, Proximity of Hydrogens
to Cu, and Assignments fdr—3 at Room Temperature (2%2)

chemshifé  TyP  Ty° Reuw-, A
labeling assignment ppm ms Hz X-ray sold
Complex1
A O—H 82.26
B NH, -27.31 ~1 907 3.39 2.96
C H,N—CH, 25.59 8.00 580 4.99 4.19
D —CH, 7.5
E =N—-CH, 34.92 754 1500 4.86 4.15
F CH=N
G Ar—H 10.46 51.13* 20 5.70
H CHs —0.48
| H20 —30
Complex2
A O—H 97.24
B N—(CHzs), 22.56 4511 360 3.92 3.80
C (CHs),—N—CH; 30.24 6.821 486 4.90 4.06
D —CH, 7.56
E =N-CH, 34.09 5910 789 4.81 3.97
F CH=N
G Ar—H 11.50 4235 15 5.51
H CHs —-1.6 12.45 41
| H,0 —41.25
Complex3
A O—H 113.76
B PyN=CH (o) 31.30
C PyS-H 16.77
D —CH, 7.55
E =N-—CH, 35.52
F CH=N
G Ar—H 10.84
H CHs —-1.75
| H.O —43.20
J Pyfs-H 15.75
K Py y-H 12.35

a All shifts are in ppm related to TMS.T; values are obtained using
inversion recovery method.The line widths are full width at half-
maximum.? In solution, calculate®cy—n = Rref (T1i/ T1re) 6, WhereRes
and T, are reference (*) values.
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Figure 6. Plot of chemical shift v~ only for protons A and E for
dimersl, 2, and3.

Signal Assignment. [(Cy(DAP)2IPA)(OH)(H 20)](CIO 4),-
H.0 (1). We have observed the change in chemical shift as a
function of temperature for protons A, B, C, E, G, and llgh
CDsCN (Figure 7a (protons B, C, E, and | are shown) and Table
6). Signals have been assigned udin@ proton longitudinal

Inorganic Chemistry, Vol. 38, No. 25, 199%649

relaxation time 1), (ii) line width that correlates with through-
bond delocalization, and (iii) signal intensity. The first point
refers to the general observation that the majority of protons
close to copper will have shofi;s in the narrow range-510

ms (in the case of comple® with broader line widths (shorter

T, values), and those in the periphery will have longes of

~50 ms (in the case of comple¥) and hence narrow line
widths. The assumption is based on the fact that the protons
closer to the copper centers experience a stronger paramagnetic
effect and hence short&is and larger shifts. Another observa-
tion is that there is a good correlation between the solution
determined CuH distances usirf§° relative T; values and the
range found in the structure (Table 6). In fact on the basis of
these data one can assign the observed signals that are closer
to copper without any difficulty, as they are not accessible to
2D techniques because of their very short relaxation times. On
the basis of the above three points the signals C, D, E, G, and
H were assigned; these are consistent with the earlier reports
on binuclear copper(ll) complexes having a similar environ-
ment?728aSjgnals A, B, and | are the only remaining unassigned
signals in the proton NMR spectrum df Upon the addition of

a small amount of BD, all these proton signals disappear,
indicating that these protons are all exchangeable protons. Signal
B was assigned as an Nigroton, because comparison of the
spectrum ofl with that of a related compleXwhere the amino
hydrogens are replaced by methyl groups gives the opposite
shift behavior (see Figure 7b, proton B) as expected due to
opposite spin density mechanism as a result of spin polariza-
tion.59-61 Signal A was assigned to the OH proton on the basis
of the unpaired electron being present in tkee d orbital. This
would give a predominant: mechanisr??27:282 for super-
exchange causing a large downfield shift for the OH proton.
The remaining signal | is assigned as an axially coordinated
water proton signal. In this case a spin polarization mechanism
gives an upfield shift. The aldimine proton &M (F) could

not be detected because of its significant line broadefiing.

It may be seen that protons A, C, and E undergo a downfield
shift with an increase in temperature while the other two protons
B and | demonstrate an upfield shift. The line width of A, C,
and E increases with an increase in temperature. It can be seen
in antiferromagnetically coupled dicopper(ll) systems that the
population distribution in th& = 0 andS= 1 states will vary
with temperature and consequently the additional field due to
unpaired electrons (from tife= 1 state) at various nuclei causes
simultaneous line broadening and shift. As was the case with
the earlier published work,the —CH, group protons adjacent
to the coordinated nitrogen ligands seem to broaden quite
considerably due to a quadrupole effect fréiN, i.e., protons
C and E in our case. They also seem to suffer the maximum
temperature dependent shift next to OH and;Niddicating
the dominance aof bond effects in exchange coupling. In other
words the superexchange occurs via éheoiety. The earlier
theoretical calculations of exchange coupling constairtdicate
thato is the dominant route for exchange coupling.

[(Cux(DMDAP)2IPA)(OH)(H 20)](CIO 4)2 (2). The variable
temperature spectrum &fin CDsCN solution is given in Figure
7b (protons A, B, C, E, and | are shown). This figure shows a
spectral pattern similar to that dfexcept for the signal observed
at 23 ppm (Figure 7b (proton B), Table 6). Signal assignments

(59) Eaton, D. R.; Josey, A. D.; Phillips, W. D.; Benson, RJEChem.
Phys 1962 37, 347.

(60) La Mar, G. N.; Horrocks, W. D.; Allen, L. C]. Chem. Phys1964
41, 2126.

(61) Forman, A.; Murrell, J. N.; Orgel, L. El. Chem. Phys1959 31,
1129.
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Figure 7. (a) Variable temperaturid NMR spectra of E, C, B, and | protons &fin CDsCN solution. (b) Variable temperatutel NMR spectra
of A, E, C, B, and | protons o2 in CDsCN solution. (c) Variable temperatutel NMR spectra of E, B, and | protons &fin CD;CN solution.

for protons C, D, E, G, and H were made on the basik dhe substituents always produce shifts of opposite sign to that of
peak observed at 23 ppm (B) corresponds to gHN. This hydrogen atonmi?-1 Signals A (97 ppm) and 141 ppm) at

is confirmed by signal intensity as well as the opposite shift room temperature are the only remaining unassigned signals in
behavior observed for complek where methyl groups are the!H NMR spectrum of2. These signals can be assigned as
replaced by hydrogen atoms. This is due to the fact that methyl OH (A) and axially coordinated water protons (I), since the
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Table 7. Hyperfine Coupling Constant®\) for Different Protons Table 8. Exchange Coupling Constants for the Intradimer
and Exchange Coupling Constant4J) Obtained fromAdis, Using Interactions Derived from Various Experimental and Theoretical
Eq 6 for1-3 Studies
proton type —2J,cmt A Hz complex method —=2J(cm™Y)
Complex1 1 solid state ~600%
O—H 390+ 4.1 153, 995 theoretical calculation 472
=N—-CH, 379+ 2.5 59, 5577 solution state
HoN—CH; 372+ 2.5 41,0758 (a) susceptibility measurement 4385.6°
NH; 412+ 2.1 —60, 8182 (b) isotropic chemical shift measurement 3887
2 solid state 581
O—H Corgglleizl 7 167 413 theor_etical calculation 567
=N-CH, 381+ 1.4 58, 7110 solution state =
(CHs),—N— (a) susceptibility measurement 3984.0
5),—N—CH, 375+ 1.1 49, 6045 ; . . ;
(CHa)o— (b) isotropic chemical shift measurement  3#20°
5)2—N 392+ 1.8 42,3937 3 lid stat 388
Hz0 340+ 1.7 —51, 4036 sond siate .
theoretical calculation 46
Complex3 solution state
O—H 356+ 2.0 161, 314 (a) susceptibility measurement 3964.7
=N—CH; 351+24 48,4219 (b) isotropic chemical shift measurement 3622
PyN=CH 364+ 2.1 47, 3117 )
H,O 336+ 2.3 —52,1215 aFrom ref 31.° From ref 23b.° This work. 4 From ref 43.

addition of a small amount of D causes these signals to agreement factor or least-squares erR®ri§¢ calculated using
disappear. Moreover, as in the caselpfhere again spin is

transmitted predominantly via a mechanism. It is to be o Z(Aéios?)Sd_ Aéics?)lccbz
emphasized that the observed chemical shift range slightly R= (A69b5(32 @)
differs from that ofl. This is supported also by thg values. Z Iso

[(Cux(AEP)2IPA)(OH)(H 20)](ClIO4)2 (3). The variable tem-
perature spectrum @& in CDsCN solution is given in Figure
7c (protons B, E, and | are shown). Several of the isotropically
shifted™H NMR signals observed fd can be assigned on the
basis of signal intensity and df values. Signals D, E, G, and
H (Table 6) are assigned on the basid@nd2. Signals B, C,

J, and K (Table 6) were assigned on the basis of earlier reporte
similar system3 The signals observed at 113 ppm (A) and

The fitting was found to be excellent in all cases with the
least error value of the order of 1Bfor R.

Figure 8a shows the experimental points and the lines for
corresponding least-squares fit (using eq 6) for protons A, E,
C, and B (Table 6) in the case of compléxlt is noteworthy

of@ mention that-2J values calculated for these protons range
between 372 and 412 crh(Table 7). This small uncertainty

—43 ppm (1) are the only unassigned signals for this complex. in _.2‘.] arisgs chiefly owing to the errors ar?sing from the.sma"
ppm (1) y 9 9 P variations in the observed chemical shift over the limited

These signals disappeared when a drop g0 lvas added, temperature range used. However, the hyperfine coupling

indicating that these signals are exchangeable proton signals. o .
As was gsaid earlierg g the dominant r%ute fo? exchan%e constant is different for different protons (Table 7) as expected.

coupling of these systems and the closeness of the oxygen aton?'m”ar results were obtained for binuclear iron(l1l) complézes

of the hydroxy group (A) to the metal center leads to a direct a?((jj_?flnuclfa;]r cop?er(ll) coerIex&‘A co:nment_lcl)nbthg ong(ljn
delocalization of the unpaired electron from the cupric ion, o diirérent hypertin€é couplings on protons will be in order.

giving a large downfield shift. However, the weak axially This electrop_rnupleus hype_rfine interaction ‘?O”Sta?“) (can_
coordinated water proton (metabxygen bon,d is long) (1) gives have a contribution from either contact or dipolar interaction
an upfield shift due to a spin polarization mechanism. or both. It IS well-known that the magne_tlc a}nlsptropy gving
Calculation of Exchange Coupling Constant in Solution rise to the dipolar or pseudocontact contribution is usually very
Using Chemical Shift. In solution the magnetism of the small for Cu(ll) system&? In these cases contact shift is the

exchange-coupled system can be explained by the Simplepredominant one. The contact shift due to spin transmitted
Heisenberg Hamiltonian througho bonds predicts positive spin densities at protons A,

E, and C and negative spin densities at protons B and | as it is
H=—-2JS'S, (5) assigned now and hence the hyperfine coupling constants with
their respective signs. Also the magnitude of the spin densities
due to contact shift will steadily decrease as a function of bonds
away from the first coordination sphere of the metal atom.
Figure 8b shows a similar plot of experimental points and

with § = S, = Y5; the temperature variation of chemical shifts
could be used to calculate the exchange coupling using the

expressioff the lines for the corresponding least-squares fit (using eq 6) for
A o1 Erotons A, E, C, and B (Table 6) in the case of com@eXhe
Ad, = A 3+ex T (6) 2J values calculated for these protons with a range of375
(v/2m)k T 392 cntt and the corresponding hyperfine coupling constant

(A) values are given in Table 7. A comparison of thevalue

where A is_the hyperfine cquplin_g from the proton under  o¢'> \yith 1 indicates that the antiferromagnetism is slightly
referencey is the magnetogyric ratio, and2J is the exchange reduced in2 (vide supra).

coupling constant. & d 1o fi . | Figure 8c shows a similar plot of experimental points and
A computer progrant was constructed to fit experimental e jines for the corresponding least-squares fit (using eq 6) for

values ofAdis and T for parametersh and —2] by a least- protons A, E, and B (Table 6) in the case of compBxThe
squares method. The value gfin the calculated expression
for Adiso was taken as 2.0023. The best fit value®\@ind —2J (62) Boyd, P. D. W.; Murray, K. SJ. Chem. Soc. A971 2711.

for all three complexesl( 2, and3) are given in Table 7. The  (63) Esperson, W. G.; Martin, R. B. Am. Chem. Sod.976 98, 40.
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Figure 8. (a) Plot of chemical shift vs temperature fbwith ¢, @, A, and x representing experimental data points for protons A, E, C, and B,
and the solid lines representing the best fits obtained from eq 6. (b) Plot of chemical shift vs tempera2uséttio®, ®, A, and x representing
experimental data points for protons A, E, C, and B, and the solid lines representing the best fits obtained using eq 6. (c) Plot of chemical shift vs
temperature foB with €, O, and A representing experimental data points for protons A, E, and B, and the solid lines representing the best fits
obtained with the use of eq 6.

—2J values calculated for these protons in the range-35® and minor in other cases mainly due to structural packing and
cm~t and the corresponding hyperfine coupling consta)t ( intermolecular interactions in solids getting totally or partially
values are given in Table 7. If the2J values ofl and2 are altered in solution. Such observations are very well-knétg#342
compared with those &, there is a small reduction in the2J Moreover, a solvent perturbation can change the bridge angle
value of 3, indicating that the antiferromagnetism is further (M—O—M), which can alter the-2J value to a great extest2
reduced in3 (vide supra). In other cases, such perturbation can be small. However, all

At this point it is interesting to compare the results on these data (Table 8) indicate that these complexes are strongly
exchange coupling obtained from different methods as sum- antiferromagnetically coupled in both solid and solution states.
marized in Table 8. The diferences 2J between solid (by We also attempt to give a magnetostructural correlation for
SQUID) and solution (by NMR) can be substantial in some cases eight dimers (Table 9) including the presently reported ones
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Table 9. Magnetic and Structural Parameters (Bond Distances, A; Bond Angles, deg) for Binuclear Cu(ll) Cofmplexes

study no. compound CtCu, A Cu-0O—Cu, deg -2J,cmt ref
1 [(Cw(hapMPIA)(OH)(H.0)](ClO4). 3.011 102.94 529 27
2 [Cla(CzeH32N404)] - CH3CN-HO 3.018 1015 300 28a
3 [(Cuw(DAP)IPA)(OH)(H20)](ClO4)2-H-0 3.010 102.2 600 28b
4 [(Cw(AEPXLIPA)(OH)(H:0)](ClO4)2 385 43
6 [FSalENenNR,),Cu(OH)](CIO,)2 330 53
7 [Cw(NO)(OH)][BF4] 3.05 103.6 4106t 10 65
8 [(Cu(DMDAP),IPA)(OH)(H20)](ClO4)2 3.04 106.4 5846 this work

aha= histamine; MPIA, IPA= 2-hydroxy-5-methylisophthalaldehyde; DAP1,3-diaminopropane; L% [2 + 2] condensation of 2,6-diformyl-
4-methylphenol with 1,3-diaminopropane; FSaNenNR,). = Schiff base prepared from 2,6-diformyl-4-methylphenol Biid-dialkylethylenediamine
(alkyl = methyl); AEP= 2-(2-aminoethyl)pyridine; DMDAPR= N,N-dimethyl-1,3-diaminopropane.

and some from our earlier wofRaPIt seems that all of these 1 uo V| Qeﬂa

dimers are mostly hydroxy and phenoxy bridged and, having Tz,\ﬁ Z Ci2 S+ 125 +1)x

CwN40O;, type chromophores with CtCu bond distances of 15 I

~3.05+ 0.05 A and a Ct-O—Cu bridge angle of 1034 2°, 13z, 37,

are strongly coupled, to the extent-62J being 306-700 cnT?, exp—E/KT)| 4z, + + [z[(zs +

amounting to an average 6f490 cn. The variation must be 1+ w§ rg 1+ w| c

due to other influences such as differimg bonding effect 1) expE/KT)]] (9)
1

induced by solid state packing creating distortion from planarity
in addition to the commoun bonding effect as well as interdimer 52
interactions. -1 _ %< 2
This also draws support from the2J value of 438-396 cnt? Tim = 3 hZZ G SE+DES+1) x
for relaxed dimers ofLl—3 in solution, where the additional

interactions are absent. Ts
Relaxation Mechanism.We have investigated the NMR expCE/KT)——— [Z[(ZS"‘ 1) expt-E/kT)]] (10)
proton relaxation in twol and?2) of the three exchange-coupled 1+ ‘Us T

systems reported here. In principle the relaxation measurements

provides a wealth of information both on the extent of the __; 1 2

interaction between the resonating nuclei and the paramagnetlcTZM 3 z G 3(S+1ES+1)x
center and on the time dependence of the parameters associated h?

with the interaction. The time dependent phenomena associated T
with electror-nucleus interactions are related to the relaxation ~ exp(—E/KT)——— [Z[(ZS + 1) expE/KT)]] (11)
process of the electrons themselves, to the tumbling of the 1+ a) |

molecular system, and to the lifetime of different chemical

situations, if they are available for the resonating nucleus. The In the case of dicopper(ll) systems,

T, values are measured by using an inversion recovery method.

In the case of dicopper(ll) systemisand?2 the T; values are §=0,1; C= 1/2; E=0,1

mainly due to dipolar relaxation mechanisms, as evidenced by

the good agreement between the crystallographic distances and\fter substituting these values, eqs Bl reduce to

those calculated on the basis of a®ldependence (Table 6).

Therefore, we can estimate the correlation timeor these 1 2 [# Zy,z gﬁ ué[ YR 37,

dimers. Hence we are tempted to use the recent formulations Tim = 15|27 > 2 + > 2
30 . T ll + (,L) 1+ CU| T,

of Murthy et al?° to calculater. and correlate it tas and/orz; C

in view of their successful interpretation. On the other hand, in

their systems|2J| < KT, justifying the relaxation mechanism

to be mainly of dipolar origin. In our case, sin@&J| > KT, the

2+

%exp(—zanml (12)

relaxation should be of exchange modulated dipolar mechanism. 1 Zyz gz Mzr 13¢ 3r
This |2J| should find its expression in any equation related to T,% =_=~|— 1 2B 4t + cC 4 c 2+
T, and hence it is more apt that we use the formulation of 15\4r|  r® [ 1+ wit: 1+ w’t?
Bertini et al33064for strongly exchange coupled systems. 2

The equations for proton longitudinal and transverse relax- éexp(—ZJ/kT) (13)

ation rate enhancements due to dipolar and contact coupling to
an exchange-coupled system can be represented by

—1 _ 2 a
., N5 —1+ b 2/[2+ exp(—2J/kT)] (14)
. 2 ﬂo 2y! Oe Ug 5
Tim= 1o 2 . z CrS(§+1(ES+1)x
r ' 5 1a?
1
7, 3, T = 3h2—1+w2 2/[2+ expC 2J/k'D] (15)
exp(—E/KT) + [$12S + 1) x
! 2 2 2 2
ltwst, 1+ w)rg [

For proton, the value for the const4h{2/15)(uo/47)2y gius is
exp(—E/kT]] (8) 3.29x 10% mé s72 r is the distance from the metal center to
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the proton; andvs andw, are the transition frequencies for the between the monomeric value ané x 10719 s. Hence, no

electron and proton, respectively. Equation 12 serves as the basisonclusions about the shorteningmfin these systems can be

for interpretingT; values in exchange-coupled systems where made from the data.

|2]| > KT and where dipolar relaxation is the dominant effect.
The correlation timer; in eq 8 is the reciprocal of rate

constantr, . This overall rater, " is the sum of rates for three

different processe®?

Conclusions

In this article we have observed hyperfine shifiétiNMR
signals for three strongly antiferromagnetically coupled binuclear
copper(ll) complexes. By using the chemical shifts the exchange
coupling constant£2J) in solution has been calculated, which

Tclz tsl+ o T+ Tml (16) is compared with the solid state susceptibility measured by
SQUID measurement. The structures and magnetic properties
where r;l is the electron spin relaxation ratcz‘,_1 is the of all three reported complexes support a general correlation
rotational correlation rate, am:j;1 is the chemical exchange with the antiferromagnetic coupling constants as evidenced by
rate. In the case of systems reported hereis of no both solid and solution studies. The exchangeabteHNand
consequence. u-hydroxy protons provide important chemical shifts ahd
So we have estimateq by using eq 12. Average; values information for similar protons residing in metalloprotein active

of around 2.14x 10 19s and 1.86x 1019 s are obtained for  sites. The relaxation process for the dicopper system is mostly
complexesl and2, respectively. These values indicate tiiat ~ dominated by a dipolar mechanism. This alloWsvalues to

is being dominated by the rotational correlation time) or be used as a measure of the distance for any given proton
electron relaxation timer{) or a combination of both. Bertini ~ residing in the dicopper(ll) center complexes. These data taken
and co-worker¥41.66have extensively studied the dimeric metal collectively suggest thatH NMR spectroscopy is an excellent

complexes that have superexchange interactions|@dth> kT structural and magnetic probe of dicopper(ll) complexes in
and |2]| ~ kT. According to them, longitudinalTgy) and solution.
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