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Single-crystal X-ray structure and spectroscopic characterizations of Cu(s#(E€n),, are reported; salEen is

a Schiff base condensation product of equimolar amounts of salicylaldehydd, braiethylethylenediamine.

The complex crystallizes in a triclinic space graepwith a = 12.055(4) Ab = 10.652(3) A,c = 12.701(3) A,

o = 90.54(2%, p = 94.39(2}, y = 91.35(3}, andZ = 2. The coordination geometry around Cu(ll) ion is
tetrahedrally distorted square planar with salEen coordinating as a neutral bidentate ligand through N and O
donor atoms (average €N and Cu-O distances are 2.004 and 1.880 A, respectively). The counteriogr CIO
makes H-bonding contacts with the neighboring cation moieties and forms a one-dimensional layered arrangement
of the molecules. The pendeitN-diethylethylenediamine groups of salEen (from the centrosymmetrically related
molecules) in adjacent layers interpenetrate, forming novel bilayered architectures, which are further held together
by 7—ax stacking interactions. EPR studies on single crystals, in three mutually orthogonal planes, yield a rhombic
g tensor @, = 2.041(1),9y = 2.073(1), andy, = 2.220(1)) consistent with the distorted square planar geometry

of the CuNO, moiety. The peak-to-peak line width of the EPR signal exhibit§ @og 6 — 1|*3 variation,
attributable to one-dimensional magnetic exchange behavior of the complex. The analysis suggests that both the
dipole—dipole and exchange interactions contribute to the line width. Interestingly, the complex is amenable for
both EPR and NMR studies at ambient temperatures. The proton NMR signals are narroyGN G@lutions

and the HOMO correlation spectroscopy (COSY) studies revedHlwennectivities. Nuclear spin lattice relaxation

time (T1) measurements, using inversion recovery method, indicat&thalues for all the protons are remarkably

long compared to those of other mononuclear Cu(ll) complexes.

Introduction earlier reports on tetradentate salen complexes of Cugtyl
Copper(ll) is known to form complexes with a variety of those by Ratnasamy et &bn the zeolite-encapsulated com-

molecular geometries (e.g., tetrahedral, square planar, squar®/€Xes revealed higher activity for the chloro-substituted
pyramidal, and octahedrdlFurther, copper is a bioelement and complex, which has a tetrahedrally distorted square planar
an active site in several metalloenzymes and profethamong ~ 9eometry. In the course of understanding the struetfumction
these, the blue copper proteins have received considerablg€lationships, we report here the synthesis, crystal and molecular
interest because of their unusual spectral and structural proper-Structure, and single-crystal EPR studies of Cu(sal&et),,
ties24 The geometry around copper in blue copper proteins is where salEer= N,N-diethylethylenesalicylidenamine. The sal-
intermediate between tetrahedral and square planar. SeveraFen ligand coordinates in a bidentate fashion through N and O
model systems, including those with bidentate Schiff base donor atoms. The diethyl-substituted end of the amine group is
ligands, have been reported correlating the molecular structureleft free and participates in intermolecular interactions, forming
with the electronic ground state of those compled@©ur large porous cavity structures. The novelty of this molecule is
the distorted square planar geometry and bilayered architecture.
_*To whom correspondence should be addressed. Address: Catalysis|nterestingly, this bimolecular association is stable even in
SDr'iVn'ifl'gg@';':ttﬂg'.rggﬁT',Sg'x:L?gf)r_""ztg_%’é&”?”(iel'fu1 008, India. £ mall: g1ytions. Single-crystal EPR studies reveal one-dimensional
(1) Hathaway, B. J. Il€omprehensie Coordination Chemistrywilkin- magnetic behavior. The counterion, perchlorate, mediates the
son, G, Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: intermolecular exchange interactions. It is pertinent to note that
@ gé{gﬁgéiggﬁ;\/gén%e&]?ftev\,r_;S\i;ilgois,%_ Btruct, Bondingl983 one-dimensional materials are receiving continuing interest
53, 1-57. Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, ~because of their potential as molecular-based ferromagnets,

N. C.; Norris, V. A.; Freeman, H. C.; Solomon, E.J. Am. Chem. synthetic metal conductors, nonlinear optical (NLO) materials,
Soc.1981, 103, 4382.
(3) Abolmaali, B.; Taylor, H. V.; Weser, UStruct. Bondingl998 91,

91-190. (6) Yokoi, H.; Addison, A. W.Inorg. Chem.1977, 16, 1341. Yokoi, H.
(4) Messerschmidt, AStruct. Bondindl998 90, 37—68. Messerschmidt, Bull. Chem. Soc. Jpril974 47, 3037.

A. Blue Copper OxidaseAdv. Inorg. Chem.1994 40, 121-185. (7) Bhadbhade, M. M.; Srinivas, Dnorg. Chem.1993 32, 5458.

Sykes, A. G. Active-site properties of the Blue copper protefs. (8) Jacob, C. R.; Varkey, S. P.; RatnasamyMieroporous Mesoporous

Inorg. Chem.1991, 36, 377—-408. Mater. 1998 22, 465. Jacob, C. R.; Varkey, S. P.; Rathasamyagpl.
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and ferroelectric materiafsCopper complexes are generally not

amenable for NMR studies because of paramagnetism andchemical formula  GHuClLNOwCU  fw

unfavorable relaxation timé&:'*However, the present complex
exhibits sharp NMR signals at ambient temperatures. An
analogous Cu(ll) complex withl,N-dimethyl substitution was
reported by Das et &Fin which the Schiff base coordinates as
a tridentate ligand. The Cu(ll) complex exhibits catalytic activity
for the epoxidation of alkenes using molecular oxyéet The

details of the crystal structure, molecular association, EPR line zZ
width, and line shape anisotropies and proton relaxation times

of the title complex are discussed.

Experimental Section

Materials. CuSQ-5H,0, N,N-diethylethylenediamine, and NaCJO
obtained from Aldrich Co. were used as received. The solvents
employed were of A.R. grade and purified further by standard
procedured?

Synthesis.To an ethanolic solution dfl,N-diethylethylenediamine
(2 mmol, 25 mL) was added an equimolar amount of salicylaldehyde
(1 mmol) in small fractions, and the mixture was stirred overnight at
323 K. The orange, oily condensation product thus formed was
characterized byH NMR. H chemical shifts (ppm): 13.07 (s, OH),
8.36 (s, CH), 7.37, 7.29, 7.22 (t, phenyl), 6.98, 6.93, 6.90, 6.78 (m,
pheny), 3.81, 3.74, 3.67 (t, ethylenic GH 2.89, 2.83, 2.76, 2.69, 2.62,
2.54 (m, ethylenic and ethyl Gijand 1.15, 1.07, 1.00 (t, GH

Cu(salEenyClO4), was synthesized by adding dropwise an agueous
solution of CuS@5H;0 (0.5 mmol, 10 mL) to the above condensation
product while stirring at 323 K. To this was added Nag{®@ mmol)
in 10 mL of ethanol, and the resultant dark-green solution of the
complex was kept for slow evaporation. Good quality single crystals
were obtained in 10 days. Anal. Calcd for Gd0uH4Cl.O010: C, 44.41,

H, 5.69; N, 7.97. Found: C, 44.29; H, 5.81; N, 7.76.

Caution! Perchlorate salts of metal complexes are potentially
explosive and should be handled with great care.

Physical MeasurementsMicroanalysis of the complex was done
using a Perkin-Elmer PE 2400 series Il CHNS/O elemental analyzer.
Electronic spectra were recorded in various solvents by using a
Shimadzu UV~visible spectrophotometer (UV-160 A).

EPR investigations were performed on a Bruker EMX X-band
spectrometer with a field modulation of 100 kHz, modulation amplitude
of 2 G, and microwave radiation power of 2 mW. Spectra for solutions,
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Table 1. Crystallographic Data for Cu(salEe(10,)

721.26

a 12.055(4) A crystsyst triclinic
b 10.652(3) A space groupP1 (No. 2)
c 12.701(3) A T 25°C
a 90.54(2) Y3 0.7107 A
B 94.39(2) Pealcd 1.473 g cm?
% 91.35(3) u 8.98 cnt?
\Y 1625.6(8) & R(Fo?)? 0.089

2 Ru(Fo?) @ 0.220

2R=73||Fo| — |Fc[l/3|Fol; Ru = [ZW(Fo? — FAZ/ 3 [W(F?)T Y3 w
= 1o(Fo)2.

before proceeding with NMR experiments. Splattice relaxation time

(T1) measurements were carried out using a Bruker XWIN NMR
software package, which is based on the inversion recovery technique
consisting of the following train of pulse sequenées

(180°—7—90°—~Aq—D),

where Aq is the acquisition timé) is the delay to allow equilibrium
to be reached, and 8% is the calibrated 90pulse. The values of
magnetization, which are directly related to NMR signal intensity, vary
from —M40) whent = 0 to M«) whenz = 5T, andr is the variable
time delay between the two pulses. It is possible to relate the
magnetization to th&; values by the following equation:
M(7) = M[)[1 — 2 exp(-7/Ty)] )

T,, therefore, can be calculated by a least-squares fit analysis of the
experimental magnetization data as a functiorr.of

X-ray Crystallography. X-ray diffraction data for the complex were
collected at 298 K, with an Enraf-Nonius CAD-4 diffractometer, using
monochromatic Mo I radiations (0.7107 A), in thé range 2-25°.
Unit cell parameters were determined from a least-squares refinement
of the setting angles of 25 reflections with i the range 2428°. A
summary of crystallographic data is given in the Table 1. Three
reference reflections monitored throughout the data collection showed
no intensity loss for the complex. The structure was solved by the
heavy-atom method using the program SHELX%and refined by
the full matrix least-squares procedures. The crystal orientation,
refinement of cell parameters, and intensity measurements were carried
out using the program CAD-4 PE.Intensities were corrected for

at 298 K, were recorded using a quartz aqueous cell, and the | orentz polarization effects but not for absorption. The Lorentz
measurements at 77 K were done using a quartz finger Dewar. DPPHpolarization correction and data reduction were carried out using the

was used as a field markeg, = 2.0036). The spectra for single
crystals were recorded in three mutually perpendicular planes©at 10
intervals. Spectral simulations were carried out using a Bruker Simfonia
software package.

FT-NMR spectra were recorded on a Bruker 200 MHz DPX Avance

NRCVAX program?*®

Extensive disorder of one of the C/Oanions was observed at the
structure solution stage itself. After all the non-H atoms of the cation
and one of the perchlorate anions were located in the Fourier difference
map, the peak for the other perchlorate chlorine appeared with a height

spectrometer. TMS was used as an internal reference. Dissolved oxygersf ~16 e A3, while large number of peaks appeared with heights
was prevented by purging the solvents with zero-grade nitrogen gasranging from 2.0 to 1.2 e & joining the chlorine atom, which

(9) Chen, C.-I. Suslick, K. SCoord. Chem. Re 1993 128 293 and
references therein.
(10) NMR of Paramagnetic Molecules: Principles and Applicatioba
Mar, G. N., Horrocks, W. DeW., Jr., Holm, R. H., Eds.; Academic
Press: New York, 1973. Bertini, |.; Luchinat, SMR of Paramagnetic
Molecules in Biological Systepenjamin & Cummings: Menlo Park,
CA 1986.
Brink, J. M.; Rose, R. A.; Holz, R. Gnorg. Chem.1996 35, 2878.
Satcher, J. H., Jr.; Balch, A. lnorg. Chem1995 34, 3371. Lubben,
M.; Hage, R.; Meetsma, A.; Byma, K.; Feringa, B. lnorg. Chem.
1995 34, 2217. Mandal, P. K.; Manoharan, P.[fiorg. Chem1995
34, 270. Holz, R. C.; Brink, J. Mlnorg. Chem.1994 33, 4609.
Maekawa, M.; Kitagawa, S.; Munakata, M.; Masuda]mtrg. Chem.
1989 28, 1904. Holz, R. C.; Bennett, B.; Chen, G.; Ming, L.d.
Am. Chem. Sod 998 120, 6329.
(12) Das, G.; Shukla, R.; Mandal, S.; Singh, R.; Bharadwaj, P. K.; van
Hall, J.; Whitmira, L. H.lnorg. Chem 1992 36, 323.
(13) Yamada, T.; Takai, T.; Rhode, O.; MukaiyamaChem. Lett1991,
1

(11)

(14) P'errin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
Laboratory ChemicalsPergamon Press: Oxford, 1980.

correspond to the disordered oxygen atoms. Anisotropic full-matrix
refinement of all atoms, except the disordered oxygen atoms attached
to CI2, was carried out using SHELX-%7until convergence was
reached. Attempts to resolve the orientational disorder of,Cias

not possible because a large number of peaks with heighi® e A3
appeared in the difference Fourier map. Therefore, all the peaks with
heights greater than 1.3 e Awere included at every stage, only for
the structural factor contribution in the least-squares refinement, until
the difference Fourier map contained no significant peaks corresponding
to oxygen atoms. Hydrogen atoms were either obtained from the
difference Fourier map or included in fixed, idealized positions by a

(15) Becker, E. DHigh Resolution NMRAcademic Press: New York,
1969.

(16) Sheldrick, G. M.SHELX-97, Program For The Solution Of Crystal
Structures University of Gdtigen: Gdtingen, Germany, 1997.

(17) CAD-4 PC Softwareversion 5; Enraf-Nonius: Delft, The Netherlands,
1989.

(18) Gabe, E. I.; Le Page, Y.; Charland, I. P.; Lee, F. L.; White, RI. S.
Appl. Crystallogr.1989 22, 384.
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strain imparted by the diethyl substitution at the terminal
nitrogens N2 and N4. The CGtN distances (CutN1 =
1.996(6) A; Cut-N3 = 2.011(6) A) are well within the range
reported for the related Schiff base complexes of Cu(ll) salen.
The Cu-O distances (CutO1 = 1.884(5) A; Cut-02 =
1.876(5) A) are shorter compared to those of Cu(salen)
complexed,even though in the present case the protonated OH
group is coordinated to the metal center. This may be due to
the closer approach of the ligand moiety to form much stronger
six membered (02C14-C19-C20-N3 and O+C1-C6—
C7—N1) chelate rings with the Cu(ll), while thi,N-diethyl-
ethylenediamino substitutent is left free. The cis angles sub-
tended by the six-membered chelate ring with Cu(ll) from each
ligand (O1-Cul—N1 = 92.8(2F, O2—Cul—-N3 = 92.9(2y,
02—Cul-N1 = 90.4(2y, O1-Cul—N3 = 91.7(2}) deviate
only marginally from the ideal square planar value. However,
the trans angles (NMMCul—N3 = 160.2(2} and O2-Cul—-01

= 157.2(2)) at the Cu(ll) center deviate considerably from an
ideal square planar geometry, indicating a tetrahedral bias to
Figure 1. ORTEP view of Cu(salEen(ClO,).. Vibrational ellipsoids the Cu(ll) coordination. This may be due to the steric constraints

are drawn at the 40% probability level. imposed by the long flexible side chain for the right approach

Table 2. Selected Bond Lengths [A] and Angles [deg] for toward the metal for (_:oordl_natlon. '|:‘hIS"IS fu_rther stren_gthened

Cu(salEenyCIO,), Il:_>y thde meﬁ_n hplane myolvgg tlhe_ sal unltshfrorﬂ dlfLerent

igands, which are twisted relative to each other by ap-

Cu(1)-0(2) 1.879(6) Cu(1y0(1) 1.887(5) .
Cu(1)-N(1) 1.998(6) Cu(1yN(3) 2.011(6) proximately 146.3 and make angles o_f 167.5C1 to C7 and
O(1)-C(1) 1.310(8) O(2yC(14) 1.311(9) 0O1) and 36.2 (C14 to C20 and O2) with respect to the®}
N(1)—C(7) 1.301(9) N(1}-C(8) 1.444(10) mean plane. The N and O atoms show considerable deviation
ggg_cc(%%) i-ﬂgg%) 'EII((?E—))CC(I%H) 1-3328(1); from the mean plane involving J0,; both the trans oxygens
o) c(l) 1378(10) S6yC(r) 1/440(10) from two different salEen moieties (G2 —0.356 A and O2=

—0.361 A) and the trans nitrogens (N10.362 and N3= 0.355)
0O(2)—Cu(1)-0(1) 157.2(3) O(2Cu(1)-N(3) 92.9(3) are displaced in the same direction; the metal center is contained
O(2)~Cu(1)}-N(1) 90.6(2) O(1)-Cu(1)-N(1) 92.8(2) well within the plane (Cuf= 0.011 A). It is pertinent to note
O(1)-Cu(1)"N(3) 91.5(3)  N(1)-Cu(1)y-N(3) = 160.2(2) such a distortion in the Cu(ll) geometry in blue copper proteins.
C(1)-0O(1)—Cu(1) 129.8(5) C(14)O(2)-Cu(1l) 130.6(5) The catalvti L f alkvisalicvlid . cu(ll )
C(7)-N(1)~C(8) 115.0(7) C(8rN(D)-Cu(l)  121.9(6) ytic activity of alkylsalicylidenaminato u(ll) com
C(7)-N(1)—Cu(1) 123.1(5) C(20YN(3)-C(21) 116.7(7) plexes could be attributed to the distortion from the square planar
C(20-N(3)—-Cu(1) 122.5(6) C(2BHN(3)—Cu(l) 120.8(6) geometry, which results in an admixed electronic ground
C(20-C(19)y-C(14) 123.4(7) C(LyC(6)—C(7) 124.3(7) statel?.18
“gg—gg%fé?lg) ﬁ??g)) 8%2}2821)?&5)19) ﬁgég)) Bqth biQendate salEen ligands are coqrdinated in the same

fashion with the Cu(ll), but the conformations of the aliphatic
riding model using the program SHELX-97 At this stage 16 peaks  Chains attached to the azomethine nitrogens N1 and N3 are quite
corresponding roughly to four major orientations of @iOwith different. The ethylenediamine collar is almost in an extended
occupancy 0.25 were allowed to refine isotropically, while the rest of conformation for both the ligand moieties (torsion angles-N1

the non-H atoms were refined using the weighting scheme= C8—C9—N2 = —165.3(1), N3—C21-C22—-N4 = 164.9(2)).
1/o(F¢?)?. The inclusion of all the 16 disordered O atoms significantly Fqr the former ligand moiety the torsion angles involving the
reduced the refinement parameters sucR,aR,, and goodness of fit, carbon atoms attached to azomethine nitrogen N1 (C8, C9), the
implying the correct treatment of the anion disorder, although a terminal nitrogen N2, and the ethyl carbons (C12 and C13) are
constrained or rigid model refinement was not possible in this case. . ' . .

almost in an extended conformation (torsion angles-C8—
Results N2—C12 = 172.6(5], C9—N2—C12-C13 = —171.1(3})),

. whereas the other ethyl carbons (C10 and C11) connected to
X-ray Structure and Molecular Association of Cu(salEen)- N2 are in a folded form (torsion angles €89—N2—C10 =

(ClO4)2. An ORTEP® view of the complex cation is shown in —57.2(4F, C9-N2—C10-C11 = —63.9(5)). In the case of
Figure 1 along with the atom numbering. Selected bond lengths secor,ld salEen ligand similar comparison of the torsion
and angles are listed in Table 2. The metal center possesses @ngles shows marked differences. The torsion angles-{C21
tetrahedrally distorted square planar geometry wigdNlonor C22-N4—C23 = —77.59(5), C22-N4—C23-C24 =
atoms coordination from two different salEen ligand moieties. 162.9(43, 021—C22—N4—C25=, 162.6(3}, C22-N4—C25-

The Schiff base Iigand Is present as a neutral speclies with t.heC26= —73.1(8Y) clearly indicate that the ethyl groups attached
charge on the metal ion balanced by two perchlorate ions outsid 0 N4 are rotated with respect to each other, making a folded
the coordination sphere. Even though the ligand is tridentate in chain in which C23 is away from the conne;:ting chain from

nature, it binds to the.Cu(II) ior] in a bidentate fashion through N4 while C24 makes an approximately good extended sterio-
the OH of the phenyl ring and nitrogen of the azomethine group, chemistry with the rest of the three atoms C23, N4, and C22.

leaving the diethyl-substituted terminal nitrogen free. The . o i
i ) . . i s trend is just the reverse for the other ethyl group (C25,
bidentate coordination of the ligand can be attributed to the steric C26) with N4, C21, and C22.

(19) Jhonson, C. KORTEP Report ORNL-3794; Oak Ridge National 1 he packing diagram viewed down tlaeaxis is shown in
Laboratory: Oak Ridge, TN, 1976. Figure 2. The cationic part of the complex is packed in bilayers
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are as follows: intralayer CuCu separation= 6.74 A,
intrabilayer Cu-Cu separatior= 9.74 A, and Cu-Cu separation
between adjacent bilayers 6.49 A. The exchange interaction
is expected to be weak and the intrachain exchange interaction
is mediated via counterion perchlorate and H-bonding. EPR
spectroscopy has been proved to be a complementary technique
to magnetic measurements in such c&8e%.
EPR of Polycrystals and Single CrystalsThe spectra for
the polycrystalline samples of Cu(salEZR)O,), at 298 and
77 K are similar and correspond to a rhombically distorged
tensor. The hyperfine features due to copper could not be
resolved because of spispin and exchange interactions in the
solid state. A typical spectrum at 77 K is shown in Figure 3a.
EPR spectra for single crystals were recorded by rotating the
crystal in three mutually orthogonal plang’s, a*c, anda* b*.
Although there are two molecules per unit cell, they are
magnetically equivalent and thus showed a single line at all
Figure 2. Packing diagram of Cu(salEe{(I04) viewed down the the orie.ntatlions. Representative single-crystal EPR. spgctra are
axis showing the molecular association and the novel bilayered shown in F'Qure 4. The angu'@l_rfacmr dependence in tlith
molecular architecture. The pendéh-diethylethylenediamine groups ~ Crystal rotation can be described by the genegaltensor

from adjacent layers interpenetrate, creating cavities to accommodateexpressioff- 2
perchlorate anion as a guest molecule.

20\ .
along thebc plane with good stacking interactions of the “sal” g () =o; +ficosd +y;sinY 2

moieties. The free N-diethyl groups of the coordinated ligand

for the centrosymmetric molecule in the unit cell interpenetrate Where 6 is the azimuthal angle of the magnetic field. The
to form a bilayer with a cavity to encapsulate the disordered anisotropy parametets, i, andy; can be calculated by a least-
perchlorate anion. The disordered perchlorate makes a largesquares method from the experimental points and from the
number of G-H---O interactions varying from 2.6 to 3.5 A.  expressior®

The stable perchlorate anion that is at the exterior of the channels

interconnects the neighboring molecules to form layered struc- 1 M )

tures via strong €H---O intermolecular H-bonding with the o=n ;Ogi )

adjacent diethyl H atoms. This interconnectivity through the =

perchlorate anion is perhaps responsible for the one-dimensional M

magnetic behavior observed in single-crystal EPR studies (vide B = 2”_1;0%2(9) cos ¥

infra). The H-bonding interactions and symmetry code is =

summarized below. Tha--- stacking of the phenyl group, M

C—H---O interactions of the stable perchlorate, andHE:-O o1 o2 ;

short contacts by the disordered perchlorate anion play a vital vi=an gog, (0) sin 2 3)
role in the stabilization of the molecule in the crystal lattice

and also for the weak exchange interactions. wheren = 18 andM = 170 for 10° intervals. The angular

variations ofg values in all the three planes are depicted in

D-H H-+O D-+A OD—H-+-O symmetry Figure 5; the solid line represents the theoretical fit and circles

H-bonding A A A (deg) code the experimental points. A good fit to the experimental points
C24-H243--05 0.960 2.577 3.516  165.89 x,y,z+ 1 is seen. The anisotropy is larger itv*c anda*b* planes than
C10-H102--03 0.969 2.556 3.505 166.01 —x, 1-y, —z in the a*b plane. A collection ofw, i, andy; parameters for

) . . three orthogonal rotations enabled the determination ofythe

Electronic Spectra. The complex is soluble in several tensor components. The components ofdHensor are listed
solvents and showed two characteristic tWsible bands, one  pelow. The orthorhombicity of thg tensor is consistent with
near 370 nm and the other a I’elatlvely Weak, broad band with the tetrahedra”y distorted square p|anar geometry of the
a band maximum in the range 59842 nm. The former is  molecule.
attributed to A-* and 7—x* transitions of ligand origin while
the latter to d-d transitions. The solvent has little effect on the g, = 2.041(1) g,= 2.073(1), g,= 2.220(1)
ligand-centered band, while the-d band shifts to the lower X ’ e
energy side in the order GBN < DMF < THF ~ MeOH ~

H,O < DMSO, with increasingr-donacity of the solvent. The (20) Bencini, A.; Benelli, C.; Gatteschi, D.; Zanchini, Rroc. Indian Acad.
d shift of the @-d transition in DMF, THF, MeOH d Sci., Chem. Scll987, 98, 13.
red shiit orthe ransiton in ! » Me , D, an (21) Magneto-Structural Correlations in Exchange Coupled Systems

DMSO corresponds to solvent coordination and change in cop- Gatteschi, D., Khan, O., Willet, R. D., Eds.; NATO Advanced Study
per geometry from distorted square planar to square pyraﬁwidal. Institute Series; Reidel Publishing Co.: Dordrecht, 1985.

EPR Studies. As observed from the single-crystal X-ray (%% E'Cj'agjt F;'IeMntﬁ]W,;?é?gnﬂzcvaL{gf’kopleg%e PhenomenaKeller,

structure (vide supra), the molecules of Cu(sal&€lD.). are (23) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems
self-assembled and form a bilayered one-dimensional architec-( | Sprilnger-Verlagih Berlini 1990; Chglpter 10.

o : dan? _ ; 24) Weil, J. A.; Buch, T.; Clapp, J. Adv. Magn. Reson1973 6, 183.
.ture tthUth. T |nteraqt|ons of “sal groups and H bondmg (25) Waller, W. G.; Rogers, M. TJ. Magn. Resan1975 18, 39.
interactions via counterion perchlorate and interpenetration of (26) Hoffman, S. K: Corvan, P. J.: Singh, P.; Sethulekshmi, C. N.: Metzger,

pendent arms forming cavities. The nearest-Cul separations R. M.; Hatfield, W. E.J. Am. Chem. S0d.983 105, 4608.
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field, the line shape is Lorentzian. The analysis indicated that

the line shape of the EPR signal changes as a function of crystal

orientation. The shape is more of Gaussian than Lorentzian.

The observed EPR line widttlAH) has contributions from

. T " T ; both dipolar interactions, which broaden the signals, and
exchange interactions, which narrow the signals. In three-
dimensional magnetic systems, quite often the latter type of
interactions dominate and the lines are exchange-narrowed.
However, in one-dimensional systems the exchange effects are
less effective and the line widths are between the exchange-
narrowed and dipolar broadened limits. The spectra of one-
L : : . L : : dimensional systems are affected by the long time part of the

2500 2750 3000 3250 3500 spin correlation function, which is dominated by spin diffusion
Magnetic Field (Gauss) effects. In typical one-dimensional systems the angular variation
Agnenc Fend fhauss of the line width follows a3 co$ 6 — 1|43 dependence®-32

Figure 4. X-band EPR spectra of single crystals showing the anisotropy The line width of the resonance signal is indeed anisotropic
in line position and peak-to-peak line width at arbitrary orientations. and follows aj3 cog 6 — 1]%3 variation in all three planes. A

. For a typical .one-dlmensmnal cpmplex the §pe.ctrallllne shape (29) Ramakrishna, B. L; Manoharan, P. Mol. Phys. 1984 52, 65.
is non-Lorentzian when the applied magnetic field is parallel Kuppusamy, P.; Manoharan, P. Thorg. Chem.1985 24, 3053.
to the chain axis and could be described by the Fourier transform Venkatalakshmi, N.; Varghese, B.; Lalitha, S.; Williams, R. F. X.;

of exp(—t3?) time dependenc¥:? However, when the chain Manoharan, P. TJ. Am. Chem. S04.989 111, 5748.
(30) Velayutham, M.; Varghese, B.; Subramanianin®rg. Chem.1998

axis makes a magic angle (B4¥) with respect to the applied 37 5083,
(31) Towle, D. K.; Hoffman, S. K.; Hatfield, W. E.; Singh, P.; Chaudhuri,
(27) Drumbheller, J. EMagn. Reson. Re 1982 7, 123. P.Inorg. Chem.1988 27, 394.

(28) Dietz, R. E.; Merritt, F. R.; Dingle, R.; Home, D.; Silbernagel, B. G.; (32) Sanchis, M. J.; Gomez-Romero, P.; Folgado, J.-V.; Sapina, F.; Ibanez,
Richards, P. MPhys. Re. Lett. 1971, 26, 1186. R.; Beltran, A.; Garcia, J.; Beltran, Dnorg. Chem 1992 31, 2915.
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Figure 6. Angular variation of peak-to-peak line width in three
mutually perpendicular planes: @c; (i) ca; (ii) a*b*.
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maximum value of 175 G and a minimum of 28.2 G were
observed at different crystal orientations. The intrabilayerCu
Cu separation is more than the intralayer-@u separation,
which is more than the interbilayer €«€Cu separation. Since
the dipole-dipole contribution to the EPR line width varies as
r=6, the magnitude of this interaction varies in the order
interbilayer> intralayer> intrabilayer. For Ct-Cu separation
of 6.49 A, the contribution of dipoledipole interaction to the
line width is expected to be 360 G. A lower value of 175 G

Subramanian et al.

Table 3. EPR Spin Hamiltonian Parameters for Polycrystals and
Solutions of Cu(salEeg(ClO,), at 298 and 77 K

goor
state temp, Kgiorg: 99 Gso A G A3 G Aso G
polycrystals 298 2.205 2.047
2.061
77 2.208 2.046
2.057
CHClz 298 2.109 80.5
77 2.225 2.070 179.7 NR
pyridine 298 2.114 74.4
77 2.226 2.054 176.4 11.9
DMSO 298 2.117 74.5
77 2.230 2.053 181.7 11.8
DMF 298 2.114 80.1
77 2.235 2.051 182.7 18.5
methanol 298 2117 76.5
77 2.242 2.051 180.4 215

aNR = not resolved. DMSG= dimethyl sulfoxide. DMF= N,N-
dimethylformamide.

pyridine) at 77 K resemble that of noninteracting monomeric
species with well-resolved hyperfine features in the parallel
region and partially resolved features in the perpendicular region.
However, in CHCN or CHCE the resonances are broad and
the metal hyperfine features are barely seen or partially resolved
(Figure 3). Additional features are observed in the region 3505
3535 G and ag ~ 4.2 (at higher spectrometer gain) typical of
weakly interacting dimeric agglomerates in §HN or CHCh
solutions®® These observations indicate that the complex retains
dimeric association in weakly coordinating solvents. Strong
donor solvents probably weaken this association because of
solvolysis. The effect of solvent is more prominentgrand

Ap values. Except for CHGJ the g values for the rest of the
solvents are invariant (Table 3).

EPR spectra for the solid samples correspond to one-
dimensional magnetic material bridged through perchlorato ions.
However, in solutions the interconnectivities through counterions
do not exist, but the bimolecular association due to interpenetra-
tion of the pendent arms and the- stacking interactions of
the bimolecular units are present, showing weak additional
signals atg ~ 4.2.

IH NMR Studies in Solutions. A majority of the copper(ll)
complexes either fail to give detectable NMR signals or give
very broad, poorly resolved signals as a consequence of rapid
nuclear spin relaxation induced by the paramagnetfShinose
complexes, which show narrow NMR signals coupled with
isotropic shift, have very short electron relaxation times and
are not good candidates for EPR studies. Among the copper

observed indicates that the exchange interactions also contributeéomplexes with coordination number 4, the square planar

to the line width. The variation oAH in all three orthogonal
planes is shown in Figure 6.
EPR in Solutions. EPR spectra at 298 K and in various

Cu(acac) showed relatively broad NMR signals with isotropic
shifts34 In contrast, bid{-isopropylsalicylaldeiminato)Cu(ll)
with a psuedotetrahedral structu® = 60° in the solid state,

solvents show four equally spaced hyperfine features due towhere 6 is the dihedral angle between the CuNO planes)

the interaction of electron spitfBE& 1/2) with the nuclear spin
of copper ( = %,). The resonances exhihit-dependent line

exhibited a relatively well-resolved proton magnetic resonance
(PMR) spectrun®® Bis(N-substituted 5-ketoaminato)Cu(ll)

widths. The low-field hyperfine resonance is broader than the complexes also showed resolved PMR spettta.the case of

high-field resonance. Also, the intensity of the high-field dimeric Cu(ll) complexes the electron spin exchange of the
resonance is more than the intensity of the low-field line. dimeric complexes provide a sufficiently efficient mechanism
Isotropicg and A values evaluated by spectral simulation are for electron spin relaxation, and thus the resolved PMR spectrum
listed in Table 3. Thays, value is smaller for CHGlthan for could be obtainedt Although Cu(salEenjClO,), is not a dimer

the rest of the solvents and indicates a square planar coordination
for Cu(ll) in CHCI; and square pyramidal coordination in the (33) Sn;]ith, T. D.; Pilbrow, J. RCoord. CEem. Re 1974 13, 173.
rest of theo-donor solvents. This observation agrees well the gﬁ% ‘I]:(rjitzn,soHr.], él-;’ g‘(’)ﬁ;e’tté_e‘m\f‘:’-lé’ﬁ‘ér(’: rem. ;Sg%r?vgrgﬁé }]gli E
electronic spectral results (vide supra).

- Naturforsch.1966 21B, 725.
The spectra in strong-donor solvents (methanol, DMF, and  (36) Holm, R. H.; O’Connor, M. JProg. Inorg. Chem1971, 14, 241.
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Table 4. *H Chemical Shifts ¢) and Spin-Lattice Relaxation Timed; (in Parentheses in ms) of Cu(salE£6)0,), in Various Solvents

HC=N
solvent OH phenyl protons (azomethine) ethylene pendent ethyl
CDsCN 12.4 (50) 6.96 (452), 7.41 (376) 8.58 (419) 3.45,3.48,3.50,3.91,3.93,3.95  3.18, 3.20, 3.23, 3)25 (CH
1.24,1.28,1.31(Ch)
DMSO-ds 12.7 (104)  6.95(360), 7.38 (354) 8.66 (362) 3.81,3.83,3.85 3.13,3.16,3.19
7.48 (273), 7.69 (361) 3.23 (190)
1.18,1.22,1.26 (373)
methanolé, a 6.89, 6.93, 6.96 (149) 8.62 (120) 3.51, 3.54,3.57 (131) a3.35
7.32,7.36, 7.40, 7.44 (135) 3.97, 4.00, 4.02 (120) 1.32,1.36, 1.39 (141)
D,0O a 6.90, 7.43 8.62 3.51, 3.99 3.05,1.19

a Signals are broad af coupling not resolved.

CwBESOD), where the exchange coupling consthrt KT,
the decrease in nuclear spin lattice relaxation time is less than
a factor of 2, while in strongly coupled systems such as
ferridoxin, with J > kT, the reduction was by 3 orders of
magnitude, as expectédSurprisingly, in some weakly coupled
dimeric Cu(ll) systems the PMR signals were far too sharp and
suggest new relaxation pathways sometimes created upon dimer
. formation. The molecular association and distorted square planar
® ® geometry in the present system has a marked effect on the proton
spin lattice relaxation times. THE values estimated using the
inversion recovery method are listed in Table 5 along with the
chemical shift parameters. Generally, organic ligands shpw
in the range +10 s or longer, but these values for Cu(salizen)
(ClQg)2 in CDsCN are small and are on the order of mil-
liseconds. A gradual decrease ©f with electron-nucleus
distance Is) is observed. Phenolic OH has the shorfgstalue
(50 ms), while rest of the protons haVe values 9-fold larger
than that for phenolic OH (355450 ms). These results suggest
that the pendent grou,N-diethyl is comparatively rigid
because of molecular association, forming bilayers even in
3 solutions. The solvent has a considerable effect o thalue.
Figure 7. COSY-45 for Cu(salEen)ClOw), in CD:CN showing the The values are smaller in GDD. Relatively broad signals were
proton connectivities. observed in O.

wdd

ST SR T

v

in the true sense, it exhibits narrow PMR signals insCN at Discussion

ambient temperatures. It is interesting to note that the present Although salEen can coordinate as a tridentate ligand through
complex is amenable for both EPR and NMR studies. The lineé o N and one O atoms, the crystal structure of Cu(salEen)
widths of the PMR signals increase with solvents |n'the order (ClO,), reveals its coordination as bidentate through one N and
CDsCN < DMSO-ds < methanolés < D-O. The line widthat  one O atoms while thdl,N-diethylethyleneamine group is left
half-maximum of the PMR signal could be correlated to the free The pendent army,N-diethylethyleneamine participates
geometry around Cu(ll). The narrow PMR signals in N in forming bimolecular aggregates. The geometry around copper
reveal that the geometry around Cu(ll) is distorted square planaris tetrahedrally distorted square planar. A similar distortion from
or pseudotetrahedral and that the bilayered molecular assomatlorgquare planar geometry was observed by us earlier for Cu(5-
of Cu(salEenyClOx), is stable even in the solution. On the other  c|.salen)” However, the magnitude of the distortion is more in
hand, the broader signals in DMS9;MeOH-ds, and RO are e present complex than in Cu(5-Cl-saléBoth the trans N
due to solvent coordination forming square pyramidal geometry 5toms deviate from the mean plane of G@wlto one side, while
and weaker magnetic interaction between the bilayered units.ine trans O atoms deviate to the other side. The perpendicular
Chemical .shifts. of PMR signals are solvent-sensitive, and the yeviation of atoms is larger (abot0.36 A) compared to that
data are listed in Table 4. in Cu(5-Cl-salen) (about 0.11 A)7 The “sal” units are twisted
Figure 7 shows the 2D correlation spectroscopy (COSY)-45 with respect to each other (twist angte 146.3) and make
spectrum in CBCN revealing'H—*H connectivities. The COSY  angles of 167.3and 36.2 with respect to the best plane of the
spectrum show&J coupling between the triplet at 1.31and donor atoms. In the case of Cu(5-Cl-salen) the “sal” units are
quartet at 3.3% for N,N-diethyl and between the triplet at 3.45  twisted by 9.4 only and make angles of 1F.5nd 8.2 with
0 and 3.910 for ethylenic protons. Als@,J and®J connectivities  the best plane of the donor atoms. These observations indicate
were observed for aromatic protons of the “sal” group. The sharp that the tetrahedral distortion is more in the present complex
PMR signals are consistent with the distorted square planarwith a bidentate Schiff base ligand salEen than in the Cu(5-
geometry for Cu(ll) and agree well with the X-ray and EPR Cl-salen) having a tetradentate ligand. Similar distortions in
results. Although the complex is not dimeric, observation of square planar geometry were found in some salicylideaminato

narrow PMR signals is a notable feature.
Nuclear Spin—Lattice Relaxation Studies.Nuclear spin

lattice relaxation studies of paramagnetic molecules provide the
structural information. In the case of homodimers (e.g.z-Cu

Cu(ll) complexes’ Generally, the magnitude of tetrahedral
distortion is measured in terms of the “fold” angbebetween

(37) Pilbrow, J. R.; Lowrey, M. RRep. Prog. Phys198Q 43, 435.
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the CuNO plane and the best mean planedpthe dihedral signals at 77 K for Cu(salEesfClO,), could therefore be
angle between the planes CuNO. In Cu(sal&&iD,),, these explained as being due to (i) a significant amount of electron
angles are found to be 14.%and 30.%, respectively. For a  delocalization onto the ligand, (ii) a distorted square planar
tetrahedral geometry the value®fs about 90, and for a planar geometry for Cu(ll), and (iii) weak magnetic interactions in the
geometryd = 0°. The value of 30.1for 6 in the titled complex bimolecular unit.
reveals a geometry between square planar and tetrahedral. Itis The tetrahedrally distorted square planar geometry for blue
interesting to note such a tetrahedral distortion in type | blue copper proteins is responsible for its unique spectral character-
copper proteind# istics and reactivity. The chloro-substituted Cu(salen) complex
UV —visible spectra in CECN solutions showed a weak, showed higher catalytic activity than Cu(salen) in the selective,
broad band around 598 nm due te-d transitions. This band  |low-temperature oxidation gé-xylene and phend® Also the
for Cu(salen) type complexes appeared near 565 Anred rates of decomposition of hydrogen peroxide aed-butyl
shift of the d-d band for Cu(salEen(ClO,). is consistent with  hydroperoxide are more for Cu(5-Cl-salen). The higher reactivity
the tetrahedrally distorted square planar geometry revealed byof Cu(5-Cl-salen) compared to Cu(salen) is due to its tetra-
the X-ray crystal structure. Also, the rhombigvalues for hedrally distorted square planar geometry and admixgd,{t
polycrystalline samples are in agreement with this geometry. d2) ground state. The analogous complexes of the present type
The lower copper hyperfine couplingAif,, A1, and Ap) with dimethyl substitution exhibited catalytic activity in the
parameters for Cu(salEefT104), (Table 3) compared to  epoxidation of alkenes by molecular oxygen and 2-methylpro-
Cu(salen) could be explained by the following two reasons. (1) panol*? The present complex with more tetrahedral distortion
The tetrahedral distortion of the square planar geometry admixesthan that of Cu(5-Cl-salen) is therefore expected to be more
the “formal” 3de—y2 orbital ground state with the Zdorbital active, and experiments in this direction are in progress.
and thereby causes reduction in the copper hyperfine couplingMolecular association with two copper ions coming together is
constan®3°(2) Delocalization of spin density onto the ligands an added advantage of Cu(salE£8)Os).. Both copper sites
is more in Cu(salEen|ClO,), than in Cu(salen) complexes. This  could simultaneously participate in the catalysis to oxidize
agrees well with the shorter € bonds (CutOl = suitable substrate molecules. This probably opens up a new
1.884(5) A and Cut02 1.876 A) in Cu(salEen(ClO,)2, dimensionality for this molecule in the field of catalysis.
corresponding to a closer approach of the ligand moiety for a
much stronger chelate coordination with Cu(ll). In other words, Conclusions
both tetrahedral distortion and stronger chelate coordination are

; i ) ; Cu(salEen)ClOg4), complexes exhibit a novel one-dimen-
responsible for reduction in copper hyperfine coupling constants. . - o
The peak-to-peak line width variation in the three orthogonal sional structure. The pendent ariN-diethylethylenediamine

planes is indicative of one-dimensitional magnetic behavior. It ;rom thc')I copp%r units in thg gtld]acent Ia_yers leterpenﬁtéﬁte and
is obvious from the crystal packing diagram (Figure 2) that [or™M @ bilayered structure with large cavities. Two such bilayers

counterion CIQ~ makes strong contacts with the adjacent cation OMe closer with a CuCu distance of 6.49 A, and this

moiety and that these interactions are responsible for the one-molecular association is persistent even in noncoordinating
dimensional magnetic behavior of Cu(salE€@)Os). In ad- solvents, as revealed by EPR spectra at 77 K. The geometry of

dition to this, ther—z stacking interactions of phenyl rings COPPer is tetrahedrally distorted square planar withON

and bimolecular aggregation also contribute to the magnetism_coordlnatlon. EPR spectra for single crystals are consistent with
The weak additional signals in the region 35535 G and the one-dimensional magnetic behavior. Nuclear spin lattice
half-field signal § ~ 4.2) in CHCE and CHCN solutions give relaxation times are remarkably short and suggest rigidity for

evidence for the bimolecular association even in solutions. The 1€ Pendent arm because of interpenetration. The observation
red shift of the e-d band and largeg, values in pyridine, of both EPR and NMR spectra at ambient temperatures is an

DMSO, DMF, and methanol suggest solvent coordination and 'Ntéresting feature of this complex.

formation of square pyramidal complexe$he PMR spectra Acknowledgment. The authors thank Dr. Babu Varghese,

are in good agreement with UWisible and EPR results. 1 chennai for the help in crystal morphology determinations.

Narrow PMR signals for CECN correspond to tetrahedrally

distorted square planar Cu(ll) geometry, while broader signals  Supporting Information Available: X-ray crystallographic files

in DMSO-ds, methanolds, and DO are due to square pyramidal in CIF format, eight tables listing data for Cu(salE£@)O,)., and a

geometry. Observation of both sharp NMR signals and EPR figure showing the solvent effect on the U¥Visible spectrum. This
material is available free of charge via the Internet at http://pubs.acs.org.
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