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A series of diester-dicarboxylic acids, L1H2, L
2H2, L

3H2, L
4H2, and L5H2 and their dinuclear

Cu2 complexes [Cu(L1)CH3CN]2 (1), [Cu(L2)H2O]2 (2), [Cu(L3)CH3CN]2 (3), [Cu(L4)EtOH]2
(4), and [Cu(L5)CH3CN]2 (5), were synthesized. The crystal structures obtained for 1, 2, and 4

and the density functional theory optimized structures for 2, 3, and 5 illustrated the formation
of tetracarboxylate ‘‘paddle wheel’’ complexes. The phthalyl and diphenyl head groups and the
spacer moieties were appropriately altered and the size of the chelate ring expanded from 15-
membered in 1 to 21-membered in 5. The dinuclear units have strong Cu–Cu interaction with
EPR spectra exploring spin coupled features.

Keywords: Carboxylates; Dinuclear; Paddle wheel complexes; Copper(II); Bis-chelate

1. Introduction

Synthetic host molecules [1] with variable ring size and cavity pertain to molecular

recognition [2–4]. Ring compounds such as crown ethers [5], cryptands [6], spherands,

and calixarenes [7] play key roles in host–guest chemistry [8]. Cyclic compounds [9–11]

possessing metal active sites and macrocyclic rings are potential candidates for

functional materials. Metal carboxylates [12] with versatile coordinating capability and

ubiquitous presence in many metalloproteins and metalloenzymes inspired the synthesis

of dinuclear Cu(II) complexes [13, 14]. Hence, a variety of such metal acetates [14] were

synthesized to investigate various aspects such as Cu–Cu interactions, catalysts [15, 16]

in many organic reactions, and building blocks in MOF [17]. Monocarboxylic acids

with mono, bidentate, chelate, cis–cis, trans–trans, cis–trans coordination modes [18, 19]

and di- and polycarboxylic acids with flexible aliphatic backbones have conformational

freedom. Considering the conformational freedom and the diversified coordination

provided by carboxylates, we synthesize a series of diester-dicarboxylic acids L1H2-

L5H2. These multidentate ligands, when treated with cupric acetate, form a series of
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interesting dinuclear Cu(II) tetracarboxylate complexes, i.e., [Cu(L1)CH3CN]2 (1),
[Cu(L2)H2O]2 (2), Cu(L

3)CH3CN]2 (3), [Cu(L
4)EtOH]2 (4), and [Cu(L5)CH3CN]2 (5).

McCrindle et al. [20, 21] and Bickley et al. [22] reported similar bis-chelate complexes,
differing by their ether spacer group instead of ester spacer reported in the present
complexes. Literature survey shows no such diester-dicarboxylic based paddle wheel
Cu2 complexes except the 15- and 19-membered bis-chelate complexes reported by us
[23]. In continuation, this report establishes formation of 15-, 17-, 19-, and 21-
membered chelate rings in this series. Complexes 1–5 possess chelate rings and Cu(II)
active site for potential application in host–guest chemistry and catalysis. Crystal
structures obtained for 1, 2, and 4 and the density functional theory (DFT) optimized
structures of 2, 3, and 5 indicate the formation of chelate rings. The strong Cu � � �Cu
interaction and the dinuclear assembly are investigated in detail.

2. Experimental

All chemicals were purchased from Aldrich & Co. Microanalysis of the complexes was
done using a Perkin-Elmer PE 2400 series II CHNS/O elemental analyzer. Electronic
spectra were recorded on a Shimadzu UV 3101PC spectrophotometer. Mass analyses
were performed using electron spray ionization (ESIþ) on a Waters Q Tof-micro mass
spectrometer. IR spectra were recorded using KBr pellets on a Perkin-Elmer Spectrum
GX FT-IR spectrometer. 1H and 13C NMR spectra were recorded on a BRUKER
Avance 200 NMR and 500 NMR spectrometer. The resonance frequencies for 1H and
13C nuclei were 200.16 and 50.13 (200MHz) or 500.13 and 125.76 (500MHz),
respectively. 1H NMR signals were calibrated with respect to TMS, used as an internal
reference. Electron spin resonance spectra were recorded using a Bruker X-band
Electron Paramagnetic Resonance Spectrometer.

2.1. Synthesis of ligands

2.1.1. L
1
H2. The ligand was synthesized following our earlier reported procedure [23].

2.1.2. L2H2. 2-({2-[(2-carboxybenzoyl)oxy]-1-methylethoxy}carbonyl) benzoic acid.
The above procedure was repeated except using 1,2-propanediol in place of 1,2-
ethanediol. Yield 82%. Anal. Calcd (Found) for C19H16O8 (%): C, 61.29(61.08);
H, 4.33(4.21). ES-MS: Calcd for C19H16O8Na (MþNa)þ 395.31; Found: 395.24. 1H
NMR (CDCl3, �, 500.13MHz) 8.12–8.53 (b, 2H, OH), 7.827–7.835 (d, 2H, Ar–H),
7.73–7.83 (m, 2H, Ar–H), 7.58–7.591 (d, 2H, Ar–H), 5.49–5.51 (m, 1H, –CH), 4.65–4.68
(q, 1H, –CH2), 4.41–4.43 (q, 1H, –CH2), 1.40–1.42 (d, 3H, –CH3);

13C[1H] NMR
(CDCl3, �, 125.76MHz) �: 173.62 (C¼O), 167.33 (C¼O), 128.49 (quat –C), 128.58 (quat
–C), 129.83 (¼CH), 131.37 (¼CH), 131.57 (¼CH), 70.49 (–OCH2), 67.51 (–OCH), 15.55
(–CH2). IR spectra (�, cm�1): 3426, 3071, 2966, 2877, 2675, 2542, 1955, 1722, 1694,
1601, 1579, 1493, 1458, 1420, 1311, 1253, 1126, 1076, 1038, 941, 806, 745.
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2.1.3. L3H2. 2-[({(2Z)-4-[(2-carboxybenzoyl)oxy]but-2-enyl}oxy)carbonyl]benzoic acid.
The above-mentioned procedure for L1H2 was repeated except using cis-but-2-ene-1,4-
diol (0.02mol, 1.645mL) in place of 1,2-ethanediol. Yield 68%. Anal. Calcd (Found)
for C20H16O8 (%): C, 62.50(62.80); H, 4.19(4.30)%. ES-MS: Calcd for C20H16O8Na
(MþNa)þ 407.07; Found: 407.02; 1H NMR (CD3OD, �, 200.16MHz): 7.65–7.64 (m,
ArH, 2H); 7.60–7.56 (m, ArH, 6H) 5.94, 5.92, 5.90 (t, CH, 2H, J¼ 4Hz) 4.98, 4.96, 4.94
(d, 4H, –CH2).

13C[1H] NMR (CD3OD, �, 50.3MHz); 170.35, 169.68 (C¼O), 134.03,
133.28 (quat –C), 132.48, 132.08, 130.26, 129.15 (CH), 129.58 (quat –C), 62.31
(–OCH2). IR spectra (�, cm�1, KBr): 3359, 2971, 2881, 2676, 2558 (CH str), 1735
(st, int, �COO); 1687, 1416, 1343, 1281, 1254, 1126 (C–O), 955, 743.

2.1.4. L
4
H2. The ligand was synthesized following our earlier reported procedure [23].

2.1.5. L
5
H2. 20,200-(1,2-phenylenebis(methylene))bis(oxy)bis(oxo methylene)dibiphe-

nyl-2-carboxylic acid. The above-mentioned procedure for L4H2 was repeated using
benzene 1,2-dimethanol in place of 1,2-ethanediol. Yield 78%. Anal. Calcd (Found) for
C36H26O8 (%): C, 73.71 (73.45); H, 4.47 (4.42). ESI-MS: Calcd for C36H26O8Na
(MþNa)þ 609.15; Found: 609.26; 1H NMR (CD3OD, �, 500.13MHz): 7.95–7.93 (d,
2H, Phenyl), 7.78–7.77 (d, 2H, Phenyl), 7.55–7.52 (t, 2H, Phenyl), 7.41–7.369 (quat, 4H,
Phenyl), 7.26–7.21 (m, 4H, Phenyl), 7.17–7.15 (d, 2H, Phenyl), 7.07–7.06 (d, 2H,
Phenyl), 7.03–7.02 (d, 2H, Phenyl), 4.89 (s, –CH2, 4H). 13C[1H]-NMR (CD3OD, �,
125.76MHz): 168.94 (C¼O), 167.16 (C¼O) 143.33 (quat –C), 143.17 (quat –C), 133.98
(¼CH), 131.23 (¼CH), 130.89 (¼CH), 130.16 (¼CH), 1129.91 (¼CH), 129.60 (¼CH),
128.07 (¼CH), 126.74 (¼CH), 63.71 (–CH2). IR spectra (�, cm�1, KBr): 3405, 3062,
2647, 1724 (st, int), 1698, 1444, 1403, 1373, 1286, 1251, 1130, 754.

2.2. Synthesis of complexes

2.2.1. [Cu(L1)CH3CN]2 (1). Ethanolic solutions of [Cu(CH3COO)2] �H2O (0.398 gm,
0.002mol) and L1H2 (0.716 gm, 0.002mmol) were mixed and constantly stirred
followed by addition of triethylamine (5.5mL, 0.004mmol). Transition from green to
pale blue was observed indicating complexation. A resultant precipitate was separated,
washed with water, and dried. Suitable pale blue single crystals were obtained from
acetonitrile-chloroform upon slow evaporation at room temperature for 48 h. Yield 75%.
Anal. Calcd (Found) for C40H30Cu2O16N2 (%): C, 52.12 (52.17); H, 3.28 (3.16); N, 3.04
(2.96). ES-MS: Calcd for C36H24Cu2O16Na (MþNa)þ: 860.96. Found: 861.18. UV-Vis
(CH3CN, �, nm, ", (mol L�1)�1cm�1): 269 (1950), 699 (516). IR spectra (�, cm�1, KBr):
3069, 2967, 2358, 1719, 1631, 1595, 1401, 1283, 1255, 1121, 1082, 838, 753.

2.2.2. [Cu(L2)H2O]2 (2). The above procedure for 1 was repeated using L2H2 in place
of L1H2. The complex was crystallized in aqueous ethanol and acetonitrile mixture.
Yield 75%. Anal. Calcd (Found) for C38H32Cu2O18 (%): C, 50.50 (50.47); H, 3.57
(3.58). ES-MS: Calcd for C38H28Cu2O16 (MþH)þ: 866.00. Found: 867.02. UV-Vis:
(CH3CN, �, nm, ", (mol L�1)�1 cm�1) 260 (1935), 730 (448). IR spectra (�, cm�1): 3421,
3072, 2987, 1722, 1633, 1405, 1287, 1254, 1128, 1071, 965, 750.

Paddle wheel Cu(II) complexes 3497
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2.2.3. [Cu(L3)CH3CN]2 (3). The procedure for 1 was repeated using L3H2 in place of
L1H2 and 3 was recrystallized in acetonitrile. Yield 70%. Anal. Calcd (Found) for
C44H36Cu2N2O16 (%): C, 54.27 (54.48); H, 3.53 (3.66); N, 2.88 (2.83). ES-MS: Calcd
for C40H28Cu2O16Na (MþNa)þ: 912.99. Found: 913.16. UV-Vis (CH3CN, �, nm, ",
(mol L�1)�1 cm�1): 273 (1725), 700 (467). IR spectra (�, cm�1): 3059, 2356, 1954, 1715,
1627, 1593, 1404, 1283, 1257, 1126, 1077, 1038, 959, 749.

2.2.4. [Cu(L4)EtOH]2 (4). The procedure for 1 was repeated using L4H2 in place of
L1H2; complex 4 was crystallized in ethanol. Yield 60%. Anal. Calcd (Found) for
C64H52Cu2O18 (%): C, 62.18(62.34); H, 4.24(4.26). ES-MS: Calcd for C60H40Cu2O16Na
(MþNa)þ: 1165.08. Found: 1165.66. UV-Vis (CH3CN, �, nm, ", (mol L�1)�1cm�1):
315(1255), 699(534). IR spectra (�, cm�1): 3440, 3060, 2969, 2360, 1944, 1712, 1623,
1596, 1402, 1285, 1252, 1128, 1085, 1048, 848, 756.

2.2.5. [Cu(L5)CH3CN]2 (5). The procedure for 1 was repeated using L5H2 in place of
L1H2; complex 5 was recrystallized in acetonitrile. Yield 58%. Anal. Calcd (Found): for
C76H54Cu2N2O16 (%): C, 66.23 (66.11); H, 3.95 (3.86); N, 2.03 (2.13). ES-MS: Calcd for
C72H48Cu2O16 (MþH)þ: 1294.15. Found: 1296.00. UV-Vis (CH3CN, �, nm, ",
(mol L�1)�1 cm�1): 318 (1464), 671 (535). IR spectra (�, cm�1): 3061, 2363, 1946,
1713, 1624, 1596, 1401, 1284, 1253, 1122, 1089, 1045, 933, 753.

2.3. Crystallography

Suitable single crystals for 1, 2, and 4 were selected under the microscope and immersed
immediately in partone oil mounted on the tip of a glass fiber and cemented using epoxy
resin. Intensity data for all three crystals were collected using Mo-Ka (�¼ 0.71073 Å)
radiation on a Bruker SMART APEX diffractometer equipped with a CCD area
detector at 100K. The data integration and reduction were processed with SAINT [24]
software. An empirical absorption correction was applied to the collected reflections
with SADABS [25]. The structures were solved by direct methods using SHELXTL [26]
and refined on F2 by full-matrix least-squares using the SHELXL-97 [27] package.
Graphics were generated using PLATON [28] and MERCURY 1.3 [29]. In all three
complexes, the non-hydrogen atoms were refined anisotropically until convergence.
Hydrogen atoms in the ligands were fixed at idealized positions.

2.4. Modeling

Computational study of the Cu transition metal complexes has been carried out using
DFT [30] methods implemented in Gaussian 03 DFT. The structures studied herein
were subjected to unrestricted energy minimizations by using hybrid-DFT B3LYP
[31, 32] exchange correlation functional and the double-� 6-311þG(d,p) basis set for all
atoms in 2 and 3, whereas double-� 6-31þG(d,p) was used for 5. Normal self-consistent
field (SCF) and geometry convergence criteria were employed throughout using either
CS or C1 symmetry. The calculated geometries with all bond lengths and bond angles
are within standard errors expected for geometry optimizations using the B3LYP

3498 P. Mosae Selvakumar et al.
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exchange correlation functional and the 6-31þG(d,p) and 311þG(d,p) basis set. Small
differences arise from a combination of inherent errors in DFT calculations and from
error associated with comparison of experimental solid-state structures with DFT
optimized structures (S7).

3. Results and discussion

Scheme 1 represents the synthesis of diester-dicarboxylic acids and the respective
dinuclear Cu(II) complexes. L1H2, L

2H2, and L3H2 were obtained by desymmetrizing
phthalic anhydride [33, 34] with appropriate diols, such as 1,2-ethanediol, 1,2-
propanediol and 1,4-cis-butene-diol, respectively. Similarly L4H2 and L5H2 were
obtained upon coupling diphenic head group with 1,2-ethanediol and 1,2-benzenedi-
methanol spacers, respectively. These ligands possess two carboxylic units at their
terminal phenyl and two ester groups in their spacer unit. The synthetic approach with
1 : 1 copper(II)acetate/ligand ratio offered a series of Cu2 bis-chelate complexes
[Cu(L1)CH3CN]2 (1), [Cu(L2)H2O]2 (2), [Cu(L3)CH3CN]2 (3), [Cu(L4)EtOH]2 (4), and
[Cu(L5)CH3CN]2 (5). Mass spectral data (S1) obtained for all these complexes
showed the characteristic positive m/z ion peak and are in accord with formation of
dicopper formulae showing an excellent agreement with calculated and experimental
values. It may be noted that the mass values of all ligands and complexes correspond to
the Naþ adduct [complexþNaþ] and Kþ adduct [complexþKþ] is well-known [35]
in LCMS.

3.1. Electronic spectra

UV-Vis electronic spectra (S2) recorded in acetonitrile for these complexes exhibit a
broad band at 700 nm attributable to d–d transition. UV band at 270–313 nm may be
assigned to ligand to metal charge transition mediated through carboxylate oxygen to
Cu(II) and ligand centered transition. The UV-Vis spectra resemble spectra of cupric
acetate, confirming similar geometry. The crystal structures determined for 1, 2, and 4

with solvent coordination further confirm that axial coordination site for all these
complexes are similar to that of cupric acetate. Depending upon the position of the d–d
band, the complexes could be arranged in the order of increasing wavelength (� nm, ")
5(671, 535)5 4(699, 534)� 1(699, 516)� 3(700, 467)5 2(730, 448).

3.2. IR spectra

IR spectra for 1–5 and L1H2–L
5H2 were recorded in KBr. The diester-dicarboxylic acids

had two sets of intense peaks at 1717–1735 cm�1 and 1688–1698 cm�1 corresponding to
�asym of C¼O of the ester and acid, respectively. Intense peaks at 1416–1445 cm�1 may
be assigned to the �sym of C¼O of terminal COO group. As indicated in table 1, upon
complexation with Cu(II) these ligands retained a similar IR pattern with significant
shift of the carboxylate. The difference between �asym and �sym of COO is a sensitive tool

Paddle wheel Cu(II) complexes 3499
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[18, 36] to understand the mode of carboxylate coordination; D� falling well in the range
221–230 cm�1 indicates syn–syn coordination with CuII. The broad band at
3200–3400 cm�1 and a sharp band with medium intensity at 930–955 cm�1 of the
ligands are attributed to O–H stretching and bending. These bands disappear in their
respective Cu(II) complexes, revealing complexation.
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3.3. Structural investigation

ORTEP diagrams of the dinuclear Cu(II) complexes 1, 2, and 4 are depicted in figure 1
and summaries of crystallographic data are presented in table 2. Selected bond distances
and angles are given in supplementary material (S5). The crystal structures show

Figure 1. ORTEP diagrams of the complex (a) [Cu(L1)CH3CN]2 (1), (b) [Cu(L2)H2O]2 (2) (the lattice
CH3CN molecule is omitted for clarity), and (c) [Cu(L4)EtOH]2 (4) (30% probability factor for all thermal
ellipsoids).

Table 1. IR spectral data for ligands and 1–5.

Compound
Ester �asym
(C¼O) cm�1

COO �asym
(C¼O) cm�1

COO �sym
(C¼O) cm�1 D�¼ [�asym� �sym] cm

�1

L1H2 1723 1694 1419 –
L2H2 1730 1694 1420 –
L3H2 1735 1687 1416 –
L4H2 1717 1688 1445 –
L5H2 1724 1698 1444 –
1 1719 1631 1401 230
2 1722 1633 1405 228
3 1715 1627 1404 223
4 1712 1623 1402 221
5 1713 1624 1401 223

Paddle wheel Cu(II) complexes 3501
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symmetrically disposed deprotonated ligands coordinating through both oxygen atoms
of terminal carboxylates in syn–syn mode generating a dinuclear Cu(II) ‘‘paddle wheel’’
[37], similar to that of [Cu(CH3COO)2H2O]2. The Cu–Cu distances 2.6248(10) Å in 1,
2.634(3) Å in 2 and 2.6024 Å [Cu(1)–Cu(1)] in 4a and 2.5863 Å, [Cu(2)–Cu(2)] in 4b

indicate a strong intermetallic interaction. The phenyl rings C2–C7 and C8–C13 of L1

are twisted by 83.93�.

3.3.1. Bis-chelate ring. For L1H2–L
3H2 with phthalyl head groups, the spacer moieties

were varied by 1,2-ethanediol, 1,2-propanediol, and 1,4-cis-butenediol, respectively;
L4H2 and L5H2 were composed with diphenic head groups and 1,2-ethanediol or 1,2-
benzenedimethanol spacers, respectively. Thus the series of ligands possessing different
head groups and spacers vary in their length. Upon complexation the ligands establish
an interesting macrocycle-like chelate-ring, incorporating Cu(II). Thus 1, 2, and 3

possessing phthalyl head group generate 15-membered and 17-membered bis-chelate
rings which expand to 19 - and 21-membered rings in 4 and 5. L2, possessing a chiral
centre at its isopropyl spacer, has (R) and (S) isomers. The racemic mixture might
provide racemic Cu(II) complexes; each Cu2 unit possessing two such ligands can form
(RR), (SS), or (RS) pairs. However, isopropyl moiety of L2 in 2 shows severe disorder
preventing assignment of the chirality of the asymmetric carbon. Similarly, 4 with 2,20-
diphenic acid can twist within the diphenic moiety indicating the existence of axial
chirality. The phenyl rings C18–C23 and C24–C29 of L4 twist with an angle 70.49� to
each other. The twist angle in 4 is comparatively higher than its acetonitrile counterpart
(where the twist angle is 63�–74�) [23]. Complex 4, showing two different molecules,
4a and 4b in the asymmetric unit, existing opposite to each other, can be pronounced as
atropisomers. Depending upon the twist between the phenyl rings, the axial chirality on

Table 2. Summary of the crystallographic data for 1, 2, and 4.

Complex 1 2 4

Chemical formula C40H30Cu2N2O16 C40H19Cu2NO18 C64H50Cu2O18

Formula weight 921.74 928.64 1234.12
Unit cell dimensions (Å, �)
a 10.1101(11) 21.269(2) 13.3688(15)
b 10.0508(12) 20.381(2) 14.6554(16)
c 19.278(2) 20.644(3) 15.5964(17)
� 90 90 73.123(2)
� 103.262(2) 90 86.871(2)
� 90 90 78.228(2)
Volume (Å3), Z 1906.6(4), 2 8948.8(18), 8 2862.6(5), 2
Crystal system Monoclinic Orthorhombic Triclinic
Space group P21/n Cmca P�1

Calculated density (g cm�3) 1.606 1.379 1.432
Absorption coefficient (mm�1) 1.196 1.022 0.818
Temperature (K) 100(2) 100(2) K 100(2)
Final R (F2

o)
a 0.0698 0.1433 0.0810

Weighted R (F2
o)

b 0.1285 0.2939 0.1632
R(int) 0.0679 0.1921 0.0381
Residual electron density max/min (e Å�3) 0.735 and �0.610 1.310 and �1.366 1.939 and �1.700

R¼
P

|Fo�Fc|/
P

|Fo|; Rw¼ [Sw(F2
o�F

2
c )

2]/S[w(F2
o)

2]1/2; w¼ 1/	(Fo)
2.
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the C–C axis could be assigned as (R)/(S) or (P)/(M) rotation. Each dicopper unit in 4

with four such diphenic moieties has complicated chirality compared to 2 and may
generate sixteen different combinations, such as (RRRR), (RSSS), (RRSS), (SSRR),
(RRRS), (SRRR), (SSSR), (SSSS), (RSRS), (SRSR), (RSSR), (SRRS), (RSRR),
(SRSS), (RRSR), and (SSRS). For 4 and 5 with diphenic acid as head group, the twist
angle produces interesting atropisomers. Hence these complexes possess chiral
properties important in host–guest chemistry and catalysis.

3.4. Molecular modeling

Attempts to get single crystals for 3 and 5 failed and hence we optimize the respective
structures using DFT along with 2, which showed severe distortion in its structure. All
three optimized structures are shown in figure 2. In addition to the bis-chelate ring, the
distances measured for Cu–Cu and Cu–solvent from the experimental and DFT
calculations are analyzed below. As observed from the crystal structure and optimized
structure the change in the spacer and the number of carbons in expanding the size of
the chelate ring does not change the basic paddle wheel geometry. With minor
difference in Cu–Cu distances, the flexibility provided by terminal COO and ester COO
on the phthalyl facilitate formation of paddle wheel molecules with expanded chelate
rings. Similar paddle wheel Cu(II) complexes with acetate and formate bridge reported
recently [39, 40] gains significance. Although these molecules do not have bis-chelate
rings as in this study, the acetate and formate retained the paddle wheel structure with
the shortest Cu–Cu distance, clearly exhibiting flexibility by the spacer moiety facilitates
formation of a ‘‘paddle wheel’’.

Figure 2. DFT model for 2, 3, and 5.
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3.5. Solvent effect and intermetallic interaction

As these complexes exist with solvent coordinated, we attempt to derive a correlation

between Cu–Cu interaction and solvent coordination. The axial sites in 1–5 are found

readily replaced by solvent. Complex 1 has acetonitrile [Cu(1)–N(1)¼ 2.164(4)Å], while

complexes 2 and 4 are obtained with water [Cu–O¼ 2.179(13)–2.124(14) Å] and ethanol

[Cu–O¼ 2.198(3)–2.173(4) Å], respectively, depending upon the solvent in which it

was crystallized. Analytical data support the existence of acetonitrile and the Cu–

N(CH3CN) distances are derived from optimized structures of 3 [2.230–2.194 Å] and

5 [2.256–2.182 Å].
Each copper in the dinuclear unit has square-pyramidal geometry with the square

base occupied by carboxylate oxygen atoms. The average Cu–O distances in all these

complexes are 1.952–1.966 Å. Figure 3 shows the schematic representation of the

solvent coordination on the axial site and the subsequent effect in the Cu–Cu distance

along with the square formed by the carboxylate oxygen atoms.
Each Cu(II) in 1, at 0.153 Å above this least squares plane, moved away, lengthening

the Cu–Cu distance. Likewise, in 2, Cu(1) and Cu(2) showed a similar displacement by

0.164 Å from each other, due to stronger coordination with water. The Cu(1) and Cu(2)

in 4a and 4b were displaced by 0.183 [Cu(1)–Cu(1)] and 0.184 Å [Cu(2)–Cu(2)] above

the least squares from strong coordination with ethanol. In the optimized structures of

2, 3, and 5, Cu–Cu distances are 2.639, 2.588, and 2.616 Å, respectively. The change in

Cu � � �Cu distance is influenced by various factors (table 3), solvent coordination,

Cu � � �Cu interaction, etc. Based on dinuclear Cu � � �Cu distance, the molecules can be

arranged as 35 4b5 4a5 55 15 2. Solvent coordination in the axial site plays an

important role on the Cu � � �Cu interaction, as measured by Cu(II)-solvent distance.

The polarity of the solvent significantly influences the intermetallic Cu–Cu distance;

water (in 2) caused longer Cu � � �Cu (2.639 Å) distance, indicating migration of Cu(II)

in the molecular z-direction resulting in weaker intermetallic interaction. Comparatively

weak coordinating solvent, acetonitrile, showed medium Cu–Cu distance (S9, S10)

in 1, 3, and 5. Depending on Cu–solvent distance, these molecules are arranged

Figure 3. Schematic representation showing the influence of the axially coordinated solvent on the dinuclear
Cu(II)–Cu(II) distance. (i) Ideal position of the Cu(II) ion; (ii) Cu(II) ion sitting above the ideal least square
plane. Here ‘‘S’’ denotes the solvent.

3504 P. Mosae Selvakumar et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

27
 1

3 
O

ct
ob

er
 2

01
3 



2(2.151)5 1(2.165)5 3(2.213)5 5(2.219)5 4(2.257 Å). The opposite order shown by

Cu–solvent distance and Cu–Cu distance indicates that the axially coordinated solvent

significantly affects the intermetallic interaction depending upon its donor strength.

Short Cu–Cu distance, 2.58–2.63 Å, inspired us to investigate the copper–copper

interaction [41].
EPR spectra recorded for powdered samples of 2 and 3 at room temperature are

depicted in figure 4. Electronic spectra of these complexes reveal a similar geometry to

Cu(II) acetate [41, 42] and [Cu(ClCH2COO)]2H2O. EPR spectra of 2 and 3 also

resemble EPR spectra of Cu(CH3COO)2 � 2H2O [43] with zero field splitting (D)

significantly greater than h� and E¼ 0 (axial symmetry). The spectra are quite

incompatible with isolated spins, i.e., S¼ 1/2 for Cu(II), but could be fitted

satisfactorily using the interactive spin Hamiltonian for isolated Cu(II) dimers (S¼ 1)

as indicated in Equation (1) [43, 44].

H ¼ DS2
z þ EðS2

x � S2
yÞ þ �ð gzHzSz þ gxHxSx þ gyHySyÞ, ð1Þ

where D and E are zero field splitting parameters, � is the Bohr magneton, and x, y, z

are principle axes, fixed with respect to the Cu � � �Cu bond. When the external magnetic

field is in an arbitrary direction with respect to the x, y, and z axes, we expect in general,

three transitions; two DMs¼�1 transitions and one DMs¼�2 transition. When the

magnetic field is along the x, y, and z directions, respectively, one can obtain six

DMs¼�1 resonance fields from Equation (1) as shown below:

H2
x1 ¼ ð ge=gxÞ2½ðHo �D0 þ E0ÞðHo þ 2E0Þ�,

H2
x2 ¼ ð ge=gxÞ2½ðHo þD0 � E0ÞðHo � 2E0Þ�,

H2
y1 ¼ ð ge=gyÞ2½ðHo �D0 � E0ÞðHo � 2E0Þ�,

H2
y2 ¼ ð ge=gyÞ2½ðHo þD0 þ E0ÞðHo þ 2E0Þ�,

H2
z1 ¼ ð ge=gzÞ2½ðHo �D0Þ2� E02Þ�,

H2
z2 ¼ ð ge=gzÞ2½ðHo þD0Þ2� E02Þ�,

ð2Þ

where Ho¼ h�/ge�, D
0 ¼D/ge�, and E0 ¼E/ge�; H

1
z and H2

z are, for example, the two

DMS¼�1 transitions when the magnetic field is along the z-axis and ge is the free

electron g-value (2.0023). However, for powder samples, the spectrum is an average of

Table 3. Structural data derived from 1 to 5.

Complex Ring size (membered) Solvent

Crystal data Simulated

Cu–Cu Cu–solvent Cu–Cu Cu–solvent

1 15 CH3CN 2.625 2.165 – –
2 15 H2O 2.634 2.123 2.640 2.232
3 17 CH3CN – – 2.619 2.315
4 19 Ethanol 2.602 2.197 – –

2.586 2.173 – –
5 21 CH3CN – – 2.616 2.256
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the spectra corresponding to several possible orientations. Six allowed DMS¼�1

transitions along with a half-field (DMS¼�2) transition are observed for a rhombic

symmetry (i.e., E 6¼ 0). When D5 h�, four DMS¼�1 transitions along with a half-field

(DMS¼�2) transition are allowed for axial symmetry (E¼ 0). When D4 h�, as in the

case of the present copper dimers at X-band frequency, H1
x and H1

y and the half-field

DMS¼�2 transition lines can no longer be observed. Hence the powder spectrum

consists of only four lines. If, in addition, E¼ 0, only three EPR lines are observed and

Equation (2) can be rewritten as follows:

H2
z ¼ ð ge=gzÞ2½HoðHo þD0Þ�,

H1
z ¼ �ð ge=gzÞðHo �D0Þ,

H2
z ¼ ð ge=gzÞðHo þD0Þ:

ð3Þ

Powdered samples for 2 and 3 show two signals, 4730G and 6100G. In general, the

interactive Cu(II) spins, similar to Cu(II) acetate, would give classical triplet state

resonance features with three resonances representing H1
z , H?, H

2
z spin Hamiltonians.

The strong signal observed for 2 at 4725 G is attributed to H? and the weak signal at

6040 G representing H2
z ; the signal corresponding to H1

z is not observed. Similarly, EPR

spectra for 3 exhibit two resonances at 4730 and 6110 G attributable to H? and H2
z ,

respectively. Both complexes possess a cage-like Cu2 and similar paddle wheel Cu2
acetate structures to cupric acetate and monochlorocupric acetate. EPR spectra

reported using X-band for cupric acetate monohydrate and monochlorocupric acetate

indicate three resonances including the zero-field resonance at 500–100 G. Complexes

1–5 do not show zero-field resonance, suggesting H1
z signal falls below 100 G, out of the

range of the magnetic field of X-band.

Figure 4. X-band EPR powder spectrum for 2 and 3 at 293K.
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4. Conclusion

We have synthesized a series of Cu2-tetracarboxylate complexes, which retain the Cu2
acetate paddle wheel geometry. The bola-shaped diester-dicarboxylic ligands although
differing by spacer and head groups form a series of macrocycle-like bis-chelate rings
forming syn-syn coordination through their terminal carboxylate (COO�) oxygen
atoms with Cu(II). The tetracarboxylate Cu2 complexes demonstrate expansion of the
bis-chelate ring from 15-membered to 21-membered in 1–5. Crystal structures
determined for 1, 2, and 4 and computational analysis for 2, 3, and 5 establish the
largest bis-chelate rings reported so far in this series of complexes. Strong intermetallic
interactions observed in the dimers was explored using room temperature EPR spectra.
Increased ligand strength and the corresponding change in d–d transitions indicate that
these complexes can play roles, parallel to the cupric acetate, in catalysis, synthesis, and
molecular recognition; work in this direction is in progress.

Supplementary material

The 1H NMR spectra recorded for the ligand, cartesian coordinates determined by the
DFT method for 2, 3, and 5 are available as supplementary material. Crystallographic
data for the structural analysis have been deposited with the Crystallographic Data
Center, CCDC Nos 694604 (1), 694605 (2), and 694606 (4). Copies of this information
can be obtained free of charge via Email: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk.
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