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Ten new copper(Il) complexes of five potential bisthiocarbohydrazone and biscarbohydrazone ligands
were synthesized and physico-chemically characterized. The spectral and magnetic studies of compounds
are consistent with the formation of asymmetric di-, tri- or tetranuclear copper(Il) complexes of deproto-
nated forms of respective ligands. The variable temperature magnetic susceptibility measurements of all
complexes show antiferromagnetic interactions between the Cu(II) centers, in agreement with very broad
powder EPR spectra. However, frozen solution EPR spectral studies are found in contradiction with the
solid-state magnetic studies and indicate that the complexes are not very stable in solutions; the possible
fragmentations of complexes are found in agreement with MALDI MS results. The EPR spectral simulation
of most of the compounds is in agreement with the presence of two uncoupled Cu(Il) species in solution.
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1. Introduction

The chemistry of multinuclear coordination metal complexes,
especially of coupled systems is of special interest in various
fields of science. The main reason probably is due to the phe-
nomenon of interaction between metal centers lies at the crossover
point of two widely separated areas, namely the physics of the
magnetic materials and the role of polynuclear reaction sites in
biological processes [1]. The EPR and magnetic studies of multinu-
clear Cu(Il) complexes have attracted the eyes of various research
groups. It is found that EPR characteristics and temperature depen-
dence of magnetic susceptibility of multinuclear Cu(Il) complexes
of carbohydrazones and thiocarbohydrazones are least studied.
There is only one such work reported for thiocarbohydrazone
[2] and is of a dimeric dicopper(ll) complex of bis(pyridine-2-
aldehyde) thiocarbohydrazone, along with its crystal structure, to
the best of our knowledge. The dinuclear symmetric dicopper(II)
complex of bis(phenyl(2-pyridyl)methanone) thiocarbohydrazone
(H,L2) [3] describes the X-ray structure and lacks EPR and mag-
netic studies. For carbohydrazones, similarly, there is only single
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report [4] of magnetic and EPR features discussed along with
the crystal structure. The EPR characteristic of this complex is
described with a powder spectrum with a broad single g value and
magnetochemistry is confirmed with antiferromagnetic coupling
between Cu(ll) electrons. Therefore, an investigation including
temperature dependence of magnetic susceptibility and EPR char-
acteristics appeared relevant to the coordination chemistry of
potential class of carbohydrazone and thiocarbohydrazone lig-
ands.

The (thio)carbohydrazones are next higher homologues of
potential (thio)semicarbazones, with a possible extra metal binding
domain towards transition metal ions; their coordination chem-
istry, however, is found interesting and least studied. One of the
most striking aspects of copper(Il) coordination complexes is their
biological activity, which is of great interest in pharmacology.
Cu(Il) complexes of many Schiff bases like hydrazones, semicar-
bazones, thiosemicarbazones, etc. have been reported to have a
great variety of biological activity. In most cases, the metal com-
plexes show more activity compared to their metal free chelating
ligands. Several mono- and bis-carbohydrazone and thiocarbohy-
drazone ligands and some Cu(Il) complexes have been synthesized
and studied along with their antimicrobial and anti-mutagenic
activity [5]. Thiocarbohydrazones on complexation with Cu(II)
have also been proposed as anticancer drug analogues [2,6] like
thiosemicarbazones and their Cu(Il) complexes [7,8]. We recently
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have reported the first self-assembled square grid complex from a
carbohydrazone ligand [9]. In continuation of our investigations on
the complexing properties of carbohydrazones and thiocarbohy-
drazones, we synthesized the ligands 1,5-bis(di-2-pyridyl ketone)
thiocarbohydrazone (H,L!), 1,5-bis(2-benzoylpyridine) thiocarbo-
hydrazone (H,L2), 1,5-bis(quinoline-2-carbaldehyde) thiocarbo-
hydrazone (H,L3), 1,5-bis(di-2-pyridyl ketone) carbohydrazone
(H,L*) and 1,5-bis(quinoline-2-carbaldehyde) carbohydrazone
(H,L?). We have reported the ligands H,L* [10], HpL? and H,L>
[11] recently. Also, we have reported self-assembled Ni(Il) molec-
ular square grid complexes of these ligands [12]. Here we report
the syntheses and spectral characteristics of ten novel Cu(Il) com-
plexes of these five ligands with special emphasis to magnetic and
EPR spectral properties.

2. Experimental
2.1. Materials

Cu(OAc);-H,0 (Qualigens), CuBr; (Merck), CuCl,-2H,0 (Merck),
Cu(ClOg4);-6H,0 (Aldrich), NaN3 (Reidel-De Haen) were used as
received and solvents methanol (Rankem), chloroform (S.D. Fine),
DMEF (S.D. Fine), etc. were used as received.

Caution! Perchlorate and azide complexes of metals with
organic ligands are potentially explosive and should be handled
with care.

2.2. Syntheses of ligands

The syntheses of ligands H,L! [12], HyL2 [3,5], H,L3 [11], HoL4
[10] and, H,L? [11] have been published earlier.

2.3. Syntheses of complexes

All the copper complexes, except [Cus(HL!)L1Cl3]-3H,0 (1),
were synthesized by the reaction between 1:2 ratios of correspond-
ing ligand to metal salts under neutral conditions. The complex 1
was synthesized by equimolar reaction between H,L! and metal
salt. Refluxing of methanolic solution of the corresponding copper
salt with the methanol/chloroform solution of the ligand yielded
the compound 1, [Cug(L?),-2H,0](Cl04)4 (2), [Cuy(HL2)Br; |Br-H, 0
(3), [Cup(HL3)Cl3]-2H,0 (4), [Cuy(HL3)Bry]Br-H;0 (5), [Cuy(L4).
2H20](C104)22H20 (7), [CUz(HLS)C13]~H20 (9) and [CUz(HLS)Brzl
Br (10), whereas compounds [Cuy(HL*)Br,|Br-3H,0 (6) and
[CuyL4(N3),]-CH30H (8) were prepared in ethanol solution. The
complex 8 was synthesized by the metathetical displacement of
acetate ions of the metal salt by azide ions. Complexes 1 and 4
were synthesized by refluxing (10 min) 0.75 mmol of the respec-
tive ligands in 40 ml hot methanol with Cu(ClO4),-6H,0 in 10 ml
methanol. In a similar method, complex 9 was synthesized by
refluxing in 70 ml methanol for 1 h. Complexes 2 and 7 were pre-
pared by refluxing (30 min) 0.5 mmol of the respective ligands
(H,L2 in 10 ml chloroform and H,L* in 40 ml hot methanol) with
Cu(Cl0Og4),-6H,0 in 10 ml methanol. Complexes 3, 5, 6 and 10 were
synthesized by refluxing (30 min for 3 and 10, 20 min for 5 and 6)
0.6 mmol of the respective ligands (H,L2 in 10 ml chloroform, H, L3
and H,L* in 40 ml hot methanol) with CuBr, in 10 ml methanol. For
complex 8, a boiling solution of H,L# (0.75 mmol in 40 ml ethanol)
and Cu(CH3C00),-H,0 (1.5 mmol) in 10 ml of ethanol was added
followed by NaNs3 (1.5 mmol) in hot ethanol and refluxed for 1h.
The complexes precipitated were filtered, washed with methanol
(and followed by hot water for 8) and ether and dried in vacuo over
P4010.

[Cu3(HL!)L1Cl3]-3H,0 (1): Yield: 93.4%. Elemental Anal. Found
(Calc.): C, 45.48 (45.10); H, 3.78 (3.21); N, 18.28 (18.29); S, 5.35
(5.24)%.

[Cuy(12)3-2H,0](Cl04)4 (2): Yield: 83.7%. Elemental Anal. Found
(Calc.): C, 38.38 (38.57); H, 2.92 (2.59); N, 10.45 (10.79); S, 4.16
(4.12)%. Molar conductivity (Ap;, 10~ M DMF): 5 Q-1 cm? mol 1.
[Cuy(HI?)Bry]Br-H,0 (3): Yield: 76.3%. Elemental Anal. Found
(Calc.): C, 36.00 (36.60); H, 2.14 (2.58); N, 9.96 (10.24); S, 3.66
(3.91)%. Molar conductivity (Ap;, 10-3 M DMF): 88 ! cm2 mol-1.
[Cuy(HIL3)Cl3]-2H,0 (4): Yield: 88.8%. Elemental Anal. Found
(Calc.): C, 39.16 (38.63); H, 3.24 (2.93); N, 12.89 (12.87); S, 5.04
(4.91)%. Molar conductivity (A, 10-3 MDMF): 49 Q-1 cm? mol~1.
[Cuy(HL3?)Bry]Br-H,0 (5): Yield: 93.1%. Elemental Anal. Found
(Calc.): C, 3312 (32.83); H, 2.60 (2.23); N, 11.10 (10.94); S, 4.21
(4.17)%. Molar conductivity (Ap, 10-3 M DMF): 76 -1 cm?2 mol-1.
[Cuy(HL*)Br,|Br-3H>0 (6): Yield: 50.6%. Elemental Anal. Found
(Calc.): C, 32.44 (32.80); H, 2.45 (2.75); N, 13.37 (13.30)%. Molar
conductivity (Ap, 1073 M DMF): 93 Q-1 cm?2 mol-1.
[Cuy(L?)-2H,0](Cl04)»-2H,0 (7): Yield: 95.3%. Elemental Anal.
Found (Calc.): C, 33.86 (33.75); H, 2.57 (2.96); N, 13.78 (13.69)%.
Molar conductivity (Ap, 10~3 M DMF): 164 Q-1 cm2 mol~!.
[CusL4(N3),]-CH;0H (8): Yield: 38.9%. Elemental Anal. Found
(Calc.): C, 43.31 (43.44); H, 2.99 (3.04); N, 29.50 (29.55)%. Molar
conductivity (Ap, 1073 M DMF): 12 Q- cm? mol~1.
[Cuy(HL?)Cl3]-H,0 (9): Yield: 56.0%. Elemental Anal. Found (Calc.):
C, 40.90 (40.76); H, 3.23 (2.77); N, 13.37 (13.58)%. Molar conduc-
tivity (Apm, 1073 M DMF): 28 -1 cm?2 mol 1.

[Cux(HL? )Br|Br (10): Yield: 48.9%. Elemental Anal. Found (Calc.):
C, 34.94 (34.35); H, 2.24 (2.06); N, 11.60 (11.45)%. Molar conduc-
tivity (Apm, 1073 M DMF): 63 -1 cm?2 mol-1.

2.4. Physical measurements

Elemental analyses of all compounds were carried out using
an Elementar Vario EL III CHNS analyzer at SAIF, Kochi, India. The
molar conductivities of the metal complexes in organic solvents
at room temperature were measured using a direct reading con-
ductivity meter. Electronic spectra of the ligands and their metal
complexes (200-900 nm) were recorded on a Varian Cary 5000 ver-
sion 1.09 UV-vis spectrophotometer. Infrared spectra of ligands and
their metal complexes in the range 4000-400 cm~! were recorded
on a Thermo Nicolet, Avatar 370 DTGS model FT-IR spectropho-
tometer with KBr pellets and ATR technique at SAIF, Kochi. The
far IR spectra of metal complexes were recorded using polyethy-
lene pellets in the 500-100cm~! region on a Nicolet Magna 550
FTIR instrument at the SAIF, IIT, Bombay, India. High-resolution
MALDI spectra were measured by the MS-service, Laboratorium
fur Organische Chemie, ETH Zurich, Switzerland on an IonSpec
HiResMALDI apparatus in a DCTB matrix and dichloromethane
solvent. EPR spectra were carried out on a Bruker ElexSys E500
@9.6 GHz X band cw EPR spectrometer at EPR@ETH, ETH, Zurich,
Switzerland. Variable temperature and field dependent magneti-
sation were carried out in dc mode at the Department of Physics,
Boise State University, Boise, USA in the powder state on a Quan-
tum Design PPMS superconducting magnetometer at 500 Oe field
strength.

3. Results and discussion

For all complexes the respective ligands coordinate either by
monodeprotonated or by dideprotonated forms under neutral con-
ditions itself, and resulted in metal complexes with ligand to
metal ratio 1:2, except for compound 1; coordinating first Cu(II)
through thiolate sulfur/enolate oxygen, azomethine N and pyridyl
or quinolyl N. Azomethine N and pyridyl or quinolyl N of the
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remaining half of ligands and the imine nitrogen of the first half of
ligand coordinate the second metal. The second copper can be coor-
dinated by the NNS/NNO mode also to form symmetric dicopper
complex through sulfur/oxygen bridging. However, for the present
complexes the spectroscopic data are consistent with asymmetric
dicopper complexes, as would be expected primarily, is in agree-
ment with previous results [2,4,6]. Unfortunately, we could not
get X-ray quality single crystals of any of the copper complexes
for confirming the exact coordination. In the majority of cases the
NNS/NNO and NNN coordination modes of (thio)carbohydrazones

are seen, and the only one crystal study of a Cu(Il) carbohydrazone
[4] agreeing with asymmetric NNO and NNN coordination.

The complexes prepared were either green or dark brown in
color. All the complexes were found to be soluble in DMF and
DMSO, but only partially soluble in other organic solvents such as
CHCl3, ethanol, methanol, etc. The variable temperature magnetic
susceptibility measurements of all complexes showed antiferro-
magnetic interactions between the Cu(Il) centers. The complex 1
was synthesized by equimolar reaction between H,L! and metal
salt in methanol solution, but resulted into a product of 3:2 metal

Scheme 1. The tentative structures of complexes (X=S for 4 and 5. X=0 for 9 and 10).
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ligand ratios. The molecular formula of all the Cu(Il) complexes
were tentatively assigned by considering spectral, magnetic and
conductance studies with agreeing elemental analysis results. The
tentative structures of complexes are shown in Scheme 1.

3.1. Infrared and electronic spectra

It was found that some significant changes and differences in
mixing patterns of common group frequencies of complexes com-
pared to their respective metal free ligands, attributed to ligand
coordination to metal centers. Though the spectra in the IR and
far IR region are rich with bands, tentative assignments of bands
of Cu(Il) complexes were made and are listed in Tables 1 and 2.
Most of the compounds reveal a band at ~3200cm™!, along with
a broad band at ~3400cm~! corresponding to the lattice water,
attributed to free N-H vibrations and confirm the coordination still
leaves free -NH group. For the carbohydrazone complexes absence
of bands at ~1700 cm~! and new v(C-0) bands at ~1300 cm~! indi-
cate the coordination through enolate form after deprotonation.
This is similar to the frequency shifts seen with the thiocarbohy-
drazone copper complexes 1-5, where new v(C-S) bands are seen
in the range 1100-1148 cm~!. Absence of bands at ~2600cm~! for
thiocarbohydrazone complexes is indicative of absence of thiol tau-
tomers in free or coordinated form in these complexes [3]. The
sulfur coordination is supported by the evidences of strong bands
seen in the range 320-349 cm~! assigned to v(Cu-S) for complexes
1-5, while for complexes 6-10 oxygen coordination is clear as the
presence of strong bands in the range 344-390cm~! of v(Cu-0)
[13]. The differences in mixing patterns of C=N and N-N groups of
complexes compared to their respective metal free ligands may be
attributed to possible azomethine coordination. Also, the bands in
the range 408-425 cm~, assigned to the v(Cu-Na,,) band [14] also
support the azomethine nitrogen coordination in all complexes.
The pyridyl or quinolyl coordination is supported by the bands
in the range 255-298 cm~!, consistent with the v(Cu-Npy) [15].
However it is not possible to confirm the position of coordination
explicitly from IR results alone.

The perchlorate complex 2 shows strong bands at 1100 and
626 cm~!, while complex 7 exhibits broad bands at 1060-1140
and strong bands at 623 cm~! indicating the presence of ionic per-
chlorate. The bands at ~1100 cm~! are assignable to v3(ClO4) and
the unsplit bands at ~625 cm~! assigned to v4(Cl0,). For both the
compounds, very weak bands at 938 cm~! may be due to v;(ClO4)
suggesting that ionic perchlorate is distorted from tetrahedral sym-
metry possibly due to lattice effects or hydrogen bonding by the NH
functions of the coordinated ligand [16]. This along with unsplit
v3 and v4 bands show exclusive presence of non-coordinated per-
chlorate group [17]. For the azido complex 8, a broad band at 2051
is assigned as asymmetric stretching of coordinated azido group
[14]. The broadness may be due to the presence of second azide
group. A strong band at 1240 cm~! may be attributed to symmetric
stretching band of coordinated azido groups. Also the weak band
at 640 cm~! may be of 8(NNN). The far IR spectrum also supports
this assignment as the v(Cu-N,;4.) vibration is seen at 420cm™1.

The far IR spectra of complexes are found interesting and worth
to support the metal ligand coordination modes. The spectrum
of compound 1 shows strong bands at 320 and 161 cm™~!, due to
v(Cu-Cl) terminal and bridging modes respectively [17-19], indi-
cating bridging character in the Cu-Cl bond. However for the other
chloro compounds 4 and 9 only terminal v(Cu-Cl) band is observed
at 304 and 329cm™! respectively. No bands at ~160cm~! corre-
sponding to the bridging v(Cu-Cl) are found for these complexes.
The v(Cu-Br) frequency of complexes 5, 6 and 10 are observed at
240 cm~1, while that of complex 3 is seen at 238 cm~!, consistent
with the terminal bromo ligand [14,18,19].

Table 1

IR spectral assignments of ligands and their Cu(Il) complexes (cm~1).

VN-N

VC=S[VC-S

vC=N+ vC=C vC-N/vheterocyclic vC=0/vC-0
1303m, 1282m

vN-H

vH,0

Compounds

1117s

1223s

1580m, 1483s, 1454vs, 1423s

3340br

H,L!

1132vs

1225vs

1358m, 1300s

1568s, 1495vs, 1459vs, 14225

3323m, 3266m

H,12

1126s

1209s

1616m, 1575s, 1542m, 1482vs, 1412vs 1335m, 1293s

3442br

H,L3

1127vs

1704vs

1324s, 1279m

1580m, 1491s, 14565, 14265

3428br, 3155m

HpL4

1126s

1696vs

1593m, 1533vs, 1501s, 1454m, 1431m 1329m, 1264s

3455br

H,L>

1236m, 1153m

1100s

1385s, 1282s

1583m, 1488s, 1455vs, 1422vs

3229sh

3409br

[Cus(HL')L'Cl5]-3H,0 (1)

1207s

1318s, 1296s 1142s

1593s, 1493m, 1467s, 1407vs

3424br

[CusL?;)-2H,0](Cl04)4 (2)

1200m, 1152m

1100s

1330m, 1300s

3338m 3581m 1591s, 1561vs, 1529s, 14665, 1438s, 1410m

HL2)Br, |Br-H,0 (3)
HL2)Cl5]-2H,0 (4)

1218vs, 1088s

1148vs

1377m, 1315vs, 1251s

1585m, 1550m, 1510m, 1470m

3205sh

3440br

1215s, 1083s

1148vs

1332vs, 1251m

1618m, 1591s, 1552m, 1464s, 1413vs

3436br

HL3)Br |Br-H,0 (5)

1174m, 1124s

1307vs

1361s, 1237s

1602vs, 1567s, 1511s, 1474s, 1427s

3252sh

3412br

HL*)Br; |Br-3H,0 (6)

1240s

1311vs

1371s, 1270s

1597s, 1564s, 1514vs, 1464s

3421br

14)-2H,0](Cl04);-2H,0 (7)

1172m, 1126s

1285s

1357m, 1336m

1593s, 1561s, 1498s, 1450s

[Cu,L4(N3),]-CH30H (8)

[Cua(HL5)Cl3]-H,0 (9)
[Cuy(HL3)Br; |Br (10)

br

1245m, 1140vs

1296s

1615m, 1583s, 1547m, 1512s, 1483s, 1448m 1385vs, 1345m

3207sh

3414br

1240s, 1142vs

1294s

1605m, 1585vs, 1540m, 1515s, 14765, 1445m 1378vs, 1355m

3432br, 3212sh

477

weak.

=shoulder, s =strong, vs =very strong, m=medium and w =

broad, sh
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Table 2

Metal-ligand stretching frequencies (cm~1) of the complexes.

Compounds vCu-Na0 vCu-Npy/qu vCu-S vCu-0 vCu-X
1 409s 267s 337s 320s, 161s
2 415s 270s 320s
3 410s 270s 340m 238s
4 408m 264m 349s 304m
5 411m 298s 349s 240s
6 417s 274s 344s 240s
7 415m 280m 379m
8 403s 259s 370s
9 405m 255m 380m 329m

10 425s 275s 390s 240s

X=Clfor 1,4 and 9. X=Br for 3, 5, 6 and 10.

The electronic spectra of carbohydrazone Cu(Il) complexes
(6-10) differ considerably from that of thiocarbohydrazone Cu(II)
complexes (1-5). The absorption bands with extinction coefficients
are listed in Table 3. The intense bands at ~20,000cm~"! of thio-
carbohydrazone Cu(ll) complexes mainly include S— Cu charge
transfer transitions and possible 2E; < 2B; d-d bands, which tails
to ~17,000cm™!. Due to broadness of the bands, all possible d-d
transitions could not be resolved. For the Cu(Il) complexes, with
a square-based pyramid geometry in a close to C4, group, there
are three spin allowed transitions viz. 2A; < 2By, 2B, < 2B; and
2E; < 2By, usually very difficult to resolve them into separate bands
due to the very low energy difference between these bands. For
a square planar geometry with dxzfyz ground state, similar tran-
sitions are possible corresponding to dxz_yz —dyp, dxz_yz — dyy
and dxziyz — dxz; dy;. However, we could not resolve these low
intense bands. EPR studies are found very consistent withad,>_,»
ground state and is the most common ground state for Cu(Il) com-
plexes. For carbohydrazone Cu(ll) compounds intense bands at
~21,000cm™1 are attributed to O — Cu charge transfer transitions.
The intense bands near 27,000 cm~! are attributed toN — Cu charge
transfer transitions and are seen for all complexes. The bands at
~44,000 and ~32,000cm~! are assigned as intraligand 7 — 7* and
n— r* transitions of complexes, suffered marginal shift from that
of their corresponding free ligands. However some charge transfer
bands may also be present in this region for Cu(Il) complexes [20].
Also, many intraligand transitions are observed in complexes with
quinoline-derived ligands, as expected. As the quinoline is an elec-
tron delocalizing group, some of the bands may be metal to ligand
charge transfer bands, though which are difficult to assign.

Table 3
Electronic spectral features of Cu(Il) complexes.

Compounds Absorbance features Amax (cm=1) (¢ (M~'cm1))
1 45,660, 37,170, 30,770, 24,690sh, 22,075, 19,010sh
2 36,500 (8900), 29,760 (6560), 21,830sh (8100), 18,940 (10,760)
3 35,970 (18,370), 29,070 (15,500), 27,100sh (13,090), 20,640sh
(21,120), 18,730 (24,930)
4 33,560sh (14,950), 31,850 (15,010), 26,180 (13,270), 20,580
(14,970), 18,940sh (13,090)
5 32,360 (17,040), 26,110 (12,440), 22,730sh (13,810), 20,700
(16,280), 19,050sh (14,390)
6 32,470 (22,410), 30,900 (22,080), 26,380sh (4820), 20,920
(8450)
7 30,390sh (21,050), 27,470sh (14,880), 20,920 (21,550)
8 33,220sh (19,400), 30,390sh (15,980), 26,320 (14,010), 20,660
(136,20)
9 32,150 (20,470), 29,940sh (13,640), 26,500 (9720), 25,250
(10,190), 24,150 (10,600), 20,040 (19,670)
10 32,890 (23,230), 29,940sh (16,630), 26,670 (13,470), 25,250

(13,910), 23,810sh (14,180), 21,100 (20,940), 20,040sh (18,580)

All spectra, except that of complex 1, were recorded as DMF solution. Spectrum of
1 was taken in ethanol solution.

3.2. Magnetic studies

For all the copper compounds the temperature dependence of
molar magnetic susceptibility xm, in the powder form is carried out
in the temperature range 5-325 K. All compounds are found to show
common features. The effective magnetic moments pef at room
temperature of all dicopper(ll) compounds are found to be low or
near compared to that expected for two independent Cu(Il) ions
(2.45up) and also show a regular decrease with decreasing tem-
perature suggesting antiferromagnetic interactions between Cu(Il)
ions. The temperature dependence curves of 1 and 2 also show sim-
ilar nature. These features indicate a dominant antiferromagnetic
interaction in these compounds. Also it is found that Curie law is not
obeyed by all systems, in agreement with the exchange coupling.

The room temperature /¢ Of trinuclear complex 1 and tetranu-
clear complex 2 are found to be 3.09 and 3.60up respectively,
and as the temperature is lowered uef decreases gradually and
reaches a minimum of 0.53up for 1 and 0.47up for 2 at 5K. Both
compounds show dominant antiferromagnetic interactions as evi-
denced by the behavior of variable temperature magnetic curves.
The slightly higher pq¢ value at room temperature for 1 (by 3%)
and 2 (by 4%) compared to spin only magnetic moments for three
and four independent Cu(Il) species respectively may be attributed
to the presence of orbital contribution or presence of impuri-
ties.

For all the other complexes, the room temperature effective
magnetic moments [qf range from 1.83 to 2.44up. The values
include 2.2, 1.90, 2.44, 2.09, 2.13, 1.83, 2.03 and 1.98 g respectively
atroom temperature and show minima of0.29, 0.30,0.31,0.40, 0.28,
0.24,0.26 and 0.26 g at 5 Krespectively for complexes 3,4,5,6, 7, 8,
9 and 10 respectively. The thermal dependence curves of (i of all
these complexes are almost similar and show a regular decrease
on cooling, which suggest strong antiferromagnetic interactions
between the Cu(Il) centers. The experimental temperature depen-
dence curves of molar magnetic susceptibility ym and effective
magnetic moments (e Of some selected complexes are given in
Figs. 1-5. The general nature of the susceptibility curves of all com-
plexes are consistent with strong coupling interactions between
Cu(Il) electrons through their connecting moiety. The rapid increase
in xm for some compounds at low temperature is due to monomer
impurity.

The model often used to describe the magnetic behav-
ior of isolated dicopper(ll) complexes is provided by modified
Bleaney-Bowers equation [21]. The susceptibility data of all dicop-
per complexes, however, found cannot be satisfactorily fitted to
Bleaney-Bower equation. Around the maximum, the fit departs
from the experimental data. Inter-dimer exchange interactions
between neighboring ions may occur [22], possibly having influ-
ence in the susceptibility around Trax. The existence of other kinds
of secondary interactions may also be present in the compounds.
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(O) data as a function of temperature for complex 2.

To fit and interpret the magnetic susceptibility data of complexes,
first it is necessary to find all possible magnetic pathways in the
complex structures, and in the absence of X-ray crystallographic
structural results it is not possible to use any magnetic interacting
models.

479
2 57 T ¥ T ¥ T ¥ T . T * T T . 1 00045
. ]
i o J0.0040
2.0 " ]
"L
an” 400035 _
a" =
. .
@ 1.5 " g
= o - 400030 =
=] l [ ] E
o " =
= " 2
104 " 400025 =
\ . >
o ] s
b
% o 40.0020
&%, /
ak . 0'0-00-0-00o-oooooooooo-ooo-O‘O'O'ODD
40.0015
T ¥ T T v T v T v T ¥ T ¥ T
0 50 100 150 200 250 300 350
T(K)

Fig. 4. Effective magnetic moment /. (M) and molar magnetic susceptibility xm
(O) data as a function of temperature for complex 6.

3.3. MALDI spectral studies

MALDI mass spectra of all the complexes were taken in CH,Cl,
as DCTB mix on positive ion mode. The MALDI mass spectra of
Cu(Il) complexes show some similar features. Though molecular
ions could not be observed for all compounds, sensible fragments
were observed. This is reasonable as the structure and stability of
coordination complexes underionization conditions are dependent
on various factors like the ligand itself, metal ions, counter ions,
solvent, temperature, concentration, etc. However, the [Cu(HL)]*
fragment was readily observed in all cases.

The complex 1 exhibits peaks centered at m/z 501.1, 4671,
4452, 405.2, etc. The peak at 501.1 assigned as [Cu(HL")]* (calc.
500) and at 467.1 as [Cu(HL!)-SH]* (calc. 468) agreeing with cal-
culated isotopic distribution patterns. The compound 2 shows
peaks centered at m/z 1219, 1123, 1061, 998, 935, 561, 499,
etc. (Fig. 6). The very low intense peak at 1219 may be of the
species [CugL2,(ClO4)-2H*]* (calc. 1220). Other major peaks are
assigned as [CupL2(HL2).-CH30H-H,O0]* (calc. 1061), [Cu,L2(HL2)[*
(calc. 997), [Cu(H,L2)HL2]* (calc. 934), [CupL2-H*]* (calc. 559). The
base peak corresponds to [Cu(HL2)]* (calc. 498). All these are in
agreement with calculated isotopic patterns and are characteristic
peaks for the compound which is assigned as molecular formula
[CU4L22~2H201(C104)4.

The peaks of 3 are seen centered at m/z 641.8, 560.9 and
base peak at 498, which are assigned as [CupL2Br]* (calc. 641),
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Fig. 3. Effective magnetic moment 1. (M) and molar magnetic susceptibility xm
(O) data as a function of temperature for complex 3.
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Fig. 5. Effective magnetic moment /t.;r (M) and molar magnetic susceptibility xm
(O) data as a function of temperature for complex 9.
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Fig. 6. The MALDI MS spectrum of tetranuclear copper(Il) compound 2.

[CuyL2-H*]* (calc. 559) and [Cu(HL?)]* (calc. 498) are in well
agreement with simulation. Of the other weaker peaks, m/z 785.6
corresponds to [Cu3L?Bry,-H*|* (calc. 784) may be formed under
ionization condition by the coordination of one copper to the
species [Cu,L2Br]*. The spectrum of complex 4 exhibits peaks cen-
tered at m/z 831, 447, 385, etc. The peak at 447 corresponds to
[Cu(HL3)]* (calc. 446) and is in agreement with calculated isotopic
distribution. The base peak at 385 is of the free ligand H,L? and
weaker peak at 831 is assigned as [Cu(HL3)(H,L3)]* (calc. 830), may
be formed under MALDI conditions. The spectrum of 5 shows m|/z
447 as base peak, which corresponds to [Cu(HL?)]* (calc. 446) and
the peak at 413 corresponds to [Cu(HL3)-SH]* (calc. 414), both are
in agreement with calculated isotopic patterns. The spectra of com-
plexes 6-8 are found not good enough to get characteristic peaks. A
weak peak centered at 567 is assigned to [Cu(H,L#)Br]* (calc. 566)
for compound 6. The base peak of 9 and 10 at m/z 369 are of the
free ligand H,L>. The spectrum of 9 exhibits a characteristic peak
at 431 of [Cu(HL%)]* (calc. 430) and a new coordinated species at
799 of [Cu(HL?)(H,L?)]* (calc. 798) as weaker peak. These results
are attributed to the less stability of these carbohydrazone copper
complexes in solution and/or under the condition of MALDI.

3.4. EPR spectral studies

The EPR spectra of all compounds under the investigation condi-
tion, in frozen DMF solutions at 77 K, exhibit signals characteristics
of uncoupled Cu(Il) species at ~3300G and not showed signals
typical for coupled binuclear complexes. The binuclear complex is
connected with the antiferromagnetic coupling of two Cu(ll) ions,
leading to a singlet ground state and an excited spin triplet state.
For a coupled system of two Cu(lIl) species equally distributed seven
hyperfine features (2nl+1; n=2 and I=3/2) are expected. However
none of the frozen solution spectra show this feature and half field
signals, and the computer simulation of most of the compounds isin
good agreement with the presence of two uncoupled Cu(lII) species.
This frozen DMF features are in contradiction with the solid-state
magnetic studies, which is attributed to the possible fragmentation
in DMF at low concentrations. Absence of any half field signals in
solution for all the compounds may be due to the absence of any
considerable Cu-Cu interactions, which might be due to the lack
of enough intensity. It is most likely due to the dissociation of di-

or polynuclear to mononuclear copper compounds and presence of
an equilibrium mixture with greater monomer percentage. The EPR
spectra of binuclear compounds are reported to dissociate to yield a
series of mononuclear species, depending upon concentration [23].
The copper(Il) ion, with a 3d° configuration, has an effective
spin of S=1/2 and is associated with a spin angular momentum,
ms =41/2, leading to a doubly degenerate spin state in the absence
of a magnetic field. In a magnetic field the degeneracy is lifted
between these states and the energy difference between them is
given by E = hv=gfB, where his Planck’s constant, vis the frequency,
gis the Lande splitting factor (equal to 2.0023 for a free electron), 8
is the Bohr magneton and B is the magnetic field. The appropriate
axially symmetric spin Hamiltonian [24,25] is then given by

A =g, BB;S; + g1 B(BxSx + BySy) + A SzIz + AL (Sxlx + Syly) (1)

The formation of a binuclear complex is connected with the
antiferromagnetic coupling of two Cu(Il) ions, leading to a singlet
ground state and an excited spin triplet state. The energy difference,
2], between these states depends on the strength of the interaction.
If the triplet state is thermally accessible (2] ~ kT~ 200-400cm™1),
paramagnetism is observed and the EPR spectra could be satis-
factorily described using the interactive spin Hamiltonian [26] for
isolated Cu(Il) dimer (S=1),

H:gﬂBS+DS§+E(S§—S§)—? (2)

where D and E are the zero field splitting parameters.

However, the present spectra all indicate the presence of two
different Cu(lIl) species and there are no characteristic features of
transfer of any coupling between the two Cu(ll) centers by the
bridging moiety connecting them in frozen DMF. So the spectra
were simulated by considering with the presence of two noninter-
acting Cu(ll) d° groups using EasySpin [27]. The various magnetic
interaction parameters obtained by simulations are summarized in
Table 4.

The spectra of all the compounds, except 7, exhibit some com-
mon features as evidenced by the nature of spectra. The spectrum
of 7 is broad but not isotropic in nature and does not give much
information, but is consistent with antiferromagnetic interaction
between Cu(ll) centers, as it is expected. The experimental and sim-
ulated best fits of selected complexes are given in Figs. 7-10. All of
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Table 4

EPR spectral parameters of the copper(Il) complexes in frozen DMF solution.

Compounds Species g g0 A (Cu) cm™! A (Cu)cm™! G Species g o o? f

(10-4) (104)

1 A 2.226 2.049 175.12 20.01 4.79 2.108 21 0.7702 127.11
B 2.186 2.045 166.78 18.35 4.30 2.092 . 0.7052 131.07

2 A 2.185 2.061 191.79 25.01 3.11 2.102 2145 0.7806 113.93
B 2.391 2.085 135.09 13.34 4.70 2.187 . 0.8394 176.99

3 A 2.392 2.085 133.43 10.01 4.71 2.187 2185 0.8358 179.27
B 2.392 2.078 133.43 10.01 5.14 2.183 . 0.8328 179.27

4 A 2.392 2.080 133.43 13.34 5.01 2.184 2144 0.8336 179.27
B 2.147 2.082 120.08 10.01 1.81 2.104 . 0.5524 178.79

5 A 2.391 2.080 133.43 10.01 5.00 2.184 2137 0.8326 179.19
B 2.123 2.074 113.41 8.34 1.68 2.090 . 0.5066 187.19

6 A 2.310 2.075 163.45 16.68 423 2.153 5142 0.8329 141.33
B 2.254 2.070 176.79 20.01 3.72 2.131 . 0.8117 127.49

2.0955

7

s A 2.257 2.054 145.1 16.68 4.93 2.122 2121 0.7199 155.55
B 2.244 2.050 173.45 26.68 5.07 2.119 . 0.7839 129.37

9 A 2.392 2.0801 133.43 10.01 5.01 2.184 2175 0.8337 179.27
B 2.352 2.0711 146.77 13.34 5.08 2.165 . 0.8269 160.25

10 A 2.391 2.0845 135.09 6.67 4.73 2.187 2179 0.8391 176.99
B 2.352 2.0803 146.77 8.34 4.48 2.171 . 0.8308 160.25

these spectra are found axial in nature and g, > g, >2.0023 for both
species considered, which points towards ad,» _y2 ground state [28].

The geometric parameter G, empirical factor f and in-plane
sigma bonding parameter o2 values of all simulated spectra are
calculated. G is a measure of the exchange interaction between
the copper centers, is calculated for each species using the equa-
tion: G=(g;-2.0023)/(g,-2.0023) for all axial spectra. If G>4,
exchange interaction is negligible and if it is less than 4, consid-
erable exchange interaction is indicated in the solid complex [29].
The value of in-plane sigma bonding parameter o2 was estimated
for each species, from the expression,

2

Ay 3
= 70036 (8 —2.0023) + = (g1 —2.0023) + 0.04

7

The empirical factor f, an index of tetragonal distortion, is calcu-
lated as f=g) /A

— Experimental

—— species A
species B

—— Simulation (A+B)

300 320 340 360 380

Bo(mT)

240 260 280

Fig. 7. Experimental (black) and simulated best fit (blue) of the frozen DMF EPR
spectrum of complex 1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

It has been suggested that the smaller value of A; arises from a
distortion of a copper site away from planarity [30]. The hyperfine
splittings are more or less twice than that for dimers indicating
the complex under investigation behaves like localized electrons
[28] in each copper(Il) centers. The value of A;; <0.0140 cm~! rules
out the possibility of square planar nature for such Cu(Il) centers
as such values are not reported for any complexes even with four
sulfur ligands [31]. The empirical factor fis an index of tetrahedral
distortion and its value vary from 105 to 135 for small to extreme
distortion in square planar complexes, and that depends on the
nature of the coordinated atom [32]. Here the f values of some of
the complexes are indicating significant distortion from planarity.
The value of f can increases markedly on the introduction of tetra-
hedral distortion to the chromophore. The tetrahedral distortion
of a square planar chromophore with any of the biomimetic (N,
O or S) donors reduces A, and increases g, shifting the f values
[31]. The factor o2 is a covalency parameter, which describes the
in-plane sigma bonding, arises from the dipole-dipole interaction
between magnetic moments associated with the spin motion of

— Experimental

—— species A
species B

—— Simulation (A+B)

L 1 L 1 1

1
240 260 280 300 320 340
By(mT)

360 380

Fig. 8. Experimental (black) and simulated best fit (blue) of the frozen DMF EPR
spectrum of complex 2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
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— Experimental

—— species A
species B

—— Simulation (A+B)

240 260 280 300 320 340 360 380
By(mT)

Fig. 9. Experimental (black) and simulated best fit (blue) of the frozen DMF EPR
spectrum of complex 6. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

the electron and the nucleus and its value decreases with increas-
ing covalency [33]. The stronger covalency should result in smaller
hyperfine interaction. Since, o2 values obtained lies above 0.5 and
below 1.0, which is expected for 100% ionic character of the bonds
and become smaller with increasing covalent bonding, it is inferred
that the complexes have some covalent character in the ligand envi-
ronment. The values of o2 indicate that approximately 80% of the
spin population is in the copper d,» _y2 orbital of most of the Cu(II)
species concerned.

The spectrum of compound 1 shows an axial nature with the
indication of a second Cu(ll) species as evidenced in the spectrum,
there was hardly any indications of a third species. Both two species
of the complex 1 show typical axial behavior with different g
and g, values. g, >g, >2.0023 are consistent with a dya_,2 ground
state in a square planar or square pyramidal geometry. The f values
obtained are nearly the same as reported for similar chloro-bridged
copper(Il) dimers [22]. The spectrum of the compound 2 is found
to be more of an axial type. The simulation was done by consid-
ering two uncoupled axial Cu(Il) species, though the second Cu(Il)
species might be of rhombic features. There may be more than two
different species also. However, the simulation is found in good
agreement with two axial Cu(Il) species.

— Experimental

— species A
species B

—— Simulation (A+B)

L

240 260 280 300 320 340 360 380

Bo(mT)

Fig. 10. Experimental (black) and simulated best fit (blue) of the frozen DMF EPR
spectrum of complex 8. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

The spectrum of compound 3 resembles a typical axial Cu(II)
monomeric species. However, as the complex is having two metal
centers, the simulation was done by considering so. However, frag-
mentation due to lower stability in DMF can also lead to spectra like
this (high g values). But, the EPR of the copper is governed by the
chemical nature and charge state of the close-lying ligand atoms to
the metal atom and is not directly correlated with thermodynamic
parameters, which govern stability of metal-ligand complexes [30].
For example, various polyamines bind to copper with first dissoci-
ation constants ranging over 16 orders of magnitude while the EPR
parameters do not vary significantly [30]. Thus, arguments based
on stability alone could not be used to make the type of assign-
ment [30]. Also it is reported that, on the whole, EPR studies even
of frozen solutions of a wide range of copper(Il) systems, do not
show any evidence of pair formation, though EPR triplet spectra
had been observed in a number of copper compounds [34]. The
spectra of compounds 4 and 5 show common features. The axial
spectra show the presence of second uncoupled Cu(Il) species. The
two different species present in 4 resembles that in 5 as evidenced
by the g, and g, values of the two species A and B. Both complexes
have a similar Cu(Il) center as evidenced by an exactly matching
parameters of one of their Cu(Il) species (species A).

The g values of some of the species in these compounds are
too high than expected, is attributed to weak coordination to metal
centers [30]. The electron-donating capacity of a ligand to Cu(II)
will determine the magnitude of gj.. The presence of electron poor
water ligation can also be behind the high g values, for example.
The very low A, values also support this. These high g, values expect
a positive net charge for the complex part. So the possibility of
ionic copper at NNN centers and its weakening may be behind this
and is in accordance with thiolato/enolato coordination assigned
to second Cu(Il) for 4, 5, 9 and 10. For complexes having the same
atoms of ligation, a decrease in charge of the metal-ligand com-
plex decreases g and increases A [30]. Conversely, the smaller
g values for some other species indicate increased delocalization
of the unpaired spin density away from the copper nucleus, and
has been often interpreted in terms of increased covalency in the
metal-ligand bond [35,36]. In all the complexes having differ-
ent Cu(Il) species g, >g, >2.0023 and G values within the range
1.68-5.14 are consistent with a d,>_,» ground state in a square pla-
nar or square pyramidal geometry, as would be expected, and rules
out the possibility of a trigonal bipyramidal structure which would
be expected to have g, >g;,. Octahedral geometry is rarely sustained
in Cu(Il) complexes as they are most prone to Jahn Teller distortion
giving rise to rhombic symmetries. Also, itis inferred that the geom-
etry of the compound undergoes changes upon dissolution in polar
coordinating solvents.

The compounds 4, 5, 9 and 10 having quinolyl substituted lig-
ands have one similar Cu(Il) species as evidenced by the nearly the
same g values, may be indicating a weaker N,N,N coordination. The
second speciesin4and 5 are almost same and smaller g values may
be due to possible NNS coordination compared to the possible N,
N, O coordination in 9 and 10. The g, values of both Cu(II) species
in compounds 1, 6 and 8 having dipyridyl substituted ligands are
different from the above complexes may support this. However this
observation is ambiguous, especially without confirming the exact
nature of the complexes in solution and in the absence of any crystal
structure to support the coordination.

The room temperature powder EPR spectra of complexes are
very broad with no good hyperfine splittings. These kinds of spec-
tra do not give much information but indicates the presence of
antiferromagnetic interaction between copper(ll) ions. Some of
the powder spectra however exhibit some indications of very
weak triplet state lines at half fields of Cu(Il). . .Cu(Il) interactions.
A previous report [2] of a similar asymmetric Cu(Il) compound
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of bis(pyridine-2-aldehyde) thiocarbohydrazone in frozen H3POg4
solution shows two monomeric axial Cu(Il) species, one with a g,
value of 2.33, somewhat similar behavior of our study. We are cur-
rently on investigation of the in vitro anticancer activities of the
present set of ligands and complexes.
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