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Dicopper(ll/ll) complexes of an amine phenol hexadentate ligand
showing p-bis(tridentate) coordination: EPR spectral model of binuclear
Cu, centre of nitrous oxide reductase

Manindranath Bera, Sanjit Kumar Mahato and Debashis Ray*
Department of Chemistry, Indian Institute of Technology, Kharagpur 721 302, India

A new family of binuclear Cu(ll)-Cu(ll) complexes with a hexadentate Schiff base ligand containing imine-phenol end
groups has been studied as an EPR spectral model of the binuclear Cu, centre of nitrous oxide reductase. The complexes
have been characterised by elemental analysis, solution electrical conductivities, IR, UV-vis, EPR spectral, magnetic

studies and geometrical optimisation by molecular mechanics (MM2) method.
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Synthetic dicopper complexes show promise as spectroscopic
models for structure and ligand specific binding patterns of
biocatalytic functions. One such binuclear copper centre has
recently been identified in the Cu, site of nitrous oxide
reductase (N,OR) in Pseudomonas nautica 617, which
catalyses the conversion of N,O to N,, in the last step of the
complete denitrification pathway in denitrifying bacteria.l
The required two electrons for the catalytic reaction are
supplied by the metal ions. Besides these biological model
aspects, magnetic exchange interactions in dinuclear
complexes? have been investigated for along time. Design and
synthesis of heterocyclic ring grafted binucleating ligands are
important to bind two same or different metal ions.34 Use of
simple hexadentate ligands of ethylenediamine bridging for
the synthesis of dicopper complexes have not been reported in
the literature. This paper describes the synthesis of a new
symmetrical hexadentate Schiff base ligand H,L and its
binding in a p-bis(tridentate) fashion in dinuclear copper (I1)
complexes. This new acyclic ligand H,L gives singly bridged,
binuclear Cu(l1)—Cu(ll) complexes (1a and 2a) in reasonable
yields where the fourth coordination site of each copper atom
is satisfied by the exogeneous bridging N-donor ligands.

The hexadentate ligand H,L was synthesised by a simple
Schiff base condensation reaction with 2-hydroxyacetophenone
and triethylenetetramine in 2:1 molar ratio shown in the
following Scheme 1.

The resulting Schiff base is a yellow oil and was not isolated
as a solid but was treated with the metal salt in situ.
The reaction of copper(ll) perchlorate hexahydrate with this
heitherto unknown ligand in 2:1 molar ratio in acoholic media
and at room temperature and in presence of different exogenous
bridging ligands affords dark green [Cu'',(-X)(L)](ClIO,).2H,0
(1a and 2a) (X= Pz, N3) complexes. These represent a new
family of pyrazolato- and azido- bridged dicopper(l1/I1)
complexes. Both the complexes are insoluble in water and
separate immediately from the reaction medium. The complexes
are soluble in DMF and DMSO. The molar conductivity
measurements of both the complexesin DMF showed values of
70 to 80 1 cm? mol-1 (28 °C) and were consistent with a 1:1
electrolyte, i.e., amonocationic metal complex formulation.>

Table 1
(energies in kcal/mol)

COCH,

OH  cH,oH

/ \/ \ / \ +2
H,N N N NH,

Refluxed for 30 mins
H H
2
Scheme 1
PzH / NEts
2CU(ClO)2.6H0 + Hol ———— [Cu'y(u-P2)(L)](CI0s).2H,0 (1)
MeOH / H,0
R.T. stirring
NaN3
2CU(ClOg)2.6H;:0 + Hll  —————  [Cu'5(u-N3)(L)](CI0s).2H,0  (2)
MeOH / H,0
R.T. stirring

A geometric optimisation of the synthesized ligand and its
complexes was made by the method of molecular
mechanics(MM2)¢ to establish the preferred molecular
geometries of the complexes and the nature of exogenous
bridging. The object of molecular mechanics is to predict the
energy associated with a given conformation of a molecule.
Bond lengths, bond angles and torsion angles are all atered
using potential energy functions during a process known as
optimisation. The data for the most stable conformations
of the ligand and the complexes are listed in Table 1. These
three energy minimised conformations are shown in Fig. 1.
The total energy for the stable conformation of ligand is
calculated to be —10.537 kcal/mol and the total energies for
the corresponding stable conformations of two complexes

Energies of the most stable conformations of the ligand and the complexes from the MM2 force field calculations

Molecule Total Stretch bend Angle Torsional (dihedral) van der Waals Stretch Electrostatic
Ligand -10.548 0.289 10.046 -40.179 12.388 1.023 5.885
Complex 1a 77.355 0.574 61.032 -2.419 24.052 4.600 -10.484
Complex 2a 46.675 0.635 40.659 -11.171 22.276 3.718 -9.442
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Fig. 1 (a) Calculated (MM2) conformation for the ligand H,L.
(Total strain energy is -10.537 kcal /mol). (b) Calculated (MM2)
conformation for the compound [Cu'(u-Pz)(L)I(CIO4).2H,0.
(Total strain energy is 77.355 kcal /mol). (¢) Calculated (MM2)
conformation for the compound [Cu';(u-N3)(L)I(CIO,4).2H,0.
(Total strain energy is 46.675 kcal /mol).

[Cu"5(1-Pz)(L)](CIO,).2H,0  (1a) and [Cu''y(u-Ng)(L)]
(ClO,).2H,0 (2a) are caculated to be 77.355 kcal/mol and
46.675 kcal/mol respectively. The analysis of the total energies
for al the conformations have shown that the energies are
primarily due to especialy the torsional strain and van der
Waals interactions.

The IR spectra of the complex 1la show the strong C=N
stretching frequency of the terminal imine functions at 1605 cnrt
indicating the presence of C=N functionalities and the
N-N stretching frequency at 1984 cmrl indicating the bridging
pyrazolate. From the IR spectra of the complex 2a it is clear that
the C=N dtretching frequency of the termind imine function
appears a 1609 cm! and the N-N stretching frequency of the
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single cis-1,3-bridging (end-to-end) azido- group appears a
2050 cm.7. 8 The band at 2050 cm? is attributable to the v
stretching frequency and supports the azido-bridging mode
through the two terminal nitrogen atoms as suggested from MM2
caculations (vide infra). The absence of a band near 1300 cnmr?
due to v stretching mode for end-on (u-1,1) bridging eiminates
the dternative possibility. IR spectra of the two complexes are
similar and the stretching mode of C=0 at 1700 cnl for the
acetophenone disappeared during Schiff base formation. Also a
broad band around 3426 cml suggests the presence of lattice
water molecules only. The strong unsplit band (v oq) in both the
complexes at around 1094 cm! suggests no coordination of
perchlorate ions?®

The UV-vis spectroscopic properties of both the compounds
were studied to gain insight into the co-ordination geometry of
the compounds. The spectra of the complexes were recorded in
DMF in the range 200 — 800 nm. The electronic absorption
spectraof the dicopper (11/11) complexesin DMF solution show
several intense absorption bands in the visible region which are
probably due to the allowed d—d and charge transfer transitions.
The complexes 1a and 2a exhibit broad bands at 606 nm and
602 nm with molar extinction coefficients of 325 and
440 M-1em1 respectively, indicating d—d transitions. The higher
intensity charge transfer transitions for complex la are
exhibited a 366 and 273 nm with molar extinction coefficients
of 9115 and 23745 M-1 cm1 respectively and similar bands for
complex 2a are exhibited at 367 and 273 nm with molar
extinction coefficients of 7480 and 22565 M-1cm? respectively.
One of the representative spectra for complex la is shown in
Fig 2. When [Cu(dien)]?* binds one azide in the equatoria
plane, the azide- to- copper CT occurs at 345 nm with an & 10 of
2600 M-1 cml. The equatorid binding of N5 is therefore
assigned for the present complexes by comparing the bands at
366 and 367 nm. These therefore support the singly bridged,
sguare-planar geometry around copper for both the complexes.

The room temperature magnetic susceptibilities of the
complexes were measured with a Gouy balance using
powdered samples. A diamagnetic correction of 278.43x106
cgsu per complex, as calculated from the Pascal’s constants,
was made on the susceptibility values.1t At room temperature,
the effective magnetic moment value of complex la in the
powdered state is 2.40 ug (1.69 ug/Cu). The yuT product at
room temperature, 0.71 cm3 mol-1 K, isdightly lower than the
spin-only value of 0.75 cm3mol-1 K expected for two isolated
copper(ll) ions (S = 1/2) assuming g = 2.00. The singly-
bridging pyrazolate anion was not involved in strong
antiferromagnetic interaction as seen from the room
temperature magnetic moment value (which is 0.98 ug for
alkoxide-pyrazolate double bridging).1?2 The effective
magnetic moment value of complex 2a in the powdered state
is 248 ug (1.75 pg/Cu) a room temperature which is also
slightly higher than the spin only value. The T product at
room temperature, 0.76 cm3 mol-1 K, isdlightly larger than the
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Fig. 2 Electronic spectra for complex [Cu',(u-Pz)(L)1(CIO4).2H,0 (1a) in DMF at 298 K.
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Fig. 3 X-band EPR spectra for complex [Cu,(L)(u—N3)]
(Cl04).2H,0 (2a). (1): solid powder spectrum at room
temperature; (2): frozen DMF solution spectrum at 77 K.

spin-only value of 0.75 cm3mol-1 K. Azideion can bridge two
copper(I1) ions either in an end-on (EO; cis-u, ;) fashion or in
an end-to-end (EE; cis-u;3) manner. In the equatorial-
equatorial (ee) configuration, where the azide group
coordinates via the equatorial bonds to both the copper atoms
in square (four coordinate) geometry, strong
antiferromagneticl3 coupling can occur since the o-orbitals on
the azido group couple directly with the unpaired electron
density in the d,2,2 orbitals. Weak antiferromagnetic
interactions (3.1 to —11.1 cm?) is observable in doubly i, -
azide bridged complexes.’* Five coordinate and four
coordinate dicopper complexes with end-to-end bridging
behave differently. In square-pyramidal coordination
environment L, 3-N3 bridging leads to ferromagnetic
interactions.’> All these data suggest that in the solid state
some sort of antiferromagnetic spin exchange interaction is
operative between the two metal centers through the bridging
pyrazolato and bridging azido ligands in these complexes.
The polycrystalline X-band EPR spectrum of [Cuy(L)
(u—N3)](ClO,).2H,0 at 77 K shows an quasi-isotropic signal
around g = 2 region. The g values of the X-band spectrum in a
DMF- glass are shown in Fig. 3. The characteristic “half-field”
signa in the g ~ 4 region (diagnostic of triplet state and AMg=
2 transition) was very weak and could not observed at the
present spectrometer gain of 10x10% with microwave power
5 mW and obscured by the intense signal around g = 2.
The latter signal is due to the dimer and similar to the Cup
signal of N,OR in Pseudomonas nautica 617. The nature of
the spectrum and the g values are typical of avariety of bridged
copper(ll) dimers. Here in the strongly coordinating solvent,
dimethylformamide, the bridged structure is retained.
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The hyperfine splitting constant values are also small compared
to a tetragonal spectrum. The spin-Hamiltonian parameters
0, = 223, gyy = 2.04, A, = 883 mT for our complexes are
similar to those of the dinuclear Cu, centre of N,O reductase!
(9, = 2172, gy = 2.02, A, = 354 mT).1519 In the frozen
solution EPR spectrum of complexes 1a and 2a, six of the seven
hyperfine lines in the g, peak are well-resolved. The nature of
the EPR spectrum with this respect is very similar to the Cup
center of N,O reductasein Pseudomonas nautica 617.

We have synthesised anew family of binuclear copper(l1/11)
complexes of the new hexadentate amine phenol ligand
formed from the Schiff base condensation of 2-hydroxy
acetophenone and triethylenetetramine. Bis(tridentate)
behaviour is shown by the ligand in association with
exogenous bridging. The complexes were characterised by
molecular modelling, spectral and magnetic studies to
establish the proposed four-coordinated square-planar
geometry. The crystals grown so far by any solvent diffusion
techniques were not of X-ray diffraction quality.

Experimental

Synthesis of the complexes:
[Cuy(L)(1-P2)](ClO,).2H,0 (1a): 2-Hydroxy acetophenone (0.3 ml,
2.2 mmol) and triethylenetetramine (0.2 ml, 1.3 mmol) were mixed in
30 ml methanol. The resulting light yellow solution was refluxed for
30 minutes. The colour of the solution became dark yellow. Then it was
cooled to room temperature. To this methanolic solution of in Situ
generated ligand H,L, was added the methanolic solution of
Cu(ClOy),.6H,0 (0.97 g, 2.6 mmoal). The colour of the solution
immediately changed to bluish-violet. After 0.5 h. gtirring, an agueous
solution of pyrazole (0.09 g, 1.3 mmol) was added to it followed by the
addition of NEt; (0.54 ml, 3.9 mmol).The stirring was continued for
total 1 h. Gradudly the dark green compound separated out. The
compound was isolated by filtration, and washed with water. Findly the
isolated compound was dried in vacuo over P,O4. Yield: 0.81g (82%).
Anal. Calc. for CsH3sNgOgCICu,: C, 42.26; H, 5.0; N, 11.9; Cu,
17.9%. Found : C, 42.32; H, 4.7; N, 114, Cu, 17.5%. Infrared
spectrum (cml, KBr disk): v = 3417(b), 1984(s), 1605(vs), 1539(s),
1442(s), 1403(s), 1338(s), 1297(s), 1201(s), 1093(s), 899(s), 758(S).
Molar conductance, Ay;: (DMF solution) 75.24 Q-1 cm?mol-1. UV-vis
spectra [Amae "M (g, Imol-tcmrl)]: (DMF solution) 606 (327), 366
(9114), 273 (23746). L (tot.): 2.40ug; Ue/ Cu: 1.691p.
[Cux(L)(u—N3)1(ClO,).2H,0 (2a): 2-Hydroxy acetophenone
(0.3 ml, 2.2 mmol) and triethylenetetramine (0.2 ml, 1.3 mmol) were
mixed in 30 ml methanol. The resulting light yellow solution was
refluxed for 30 minutes. The colour of the solution became dark
yellow. Then it was cooled to room temperature. To this methanolic
solution of in situ generated ligand H,L, was added a methanolic
solution of Cu(ClO,),.6H,0 (0.97 g, 2.6 mmol). The colour of the
solution immediately changed to bluish-violet. After 0.5 h. stirring, an
aqueous solution of NaN; (0.09 g, 1.3 mmol) was added with constant
stirring for total of 1 h. The dark green coloured compound gradually
separated out and was filtered, washed with distilled water and dried
over P,O;p in vacuo. Yield 0.79 g (81%). Ana. Calc. for
CyH3oN;0gCICu,: C, 38,57 ; H, 4.71; N, 14.31 ; Cu, 18.54 %. Found
:C,38.32; H, 4.86; N, 14.47, Cu, 18.49 %. Infrared spectrum (cm-L,
KBr disk):n = 3439(h), 2050(s), 1609(vs), 1539(s), 1441(s), 1338(s),
1297(s), 1201(s), 1094(s), 889(s), 757(s). Molar conductance,
Anm: (DMF solution) 70 Q1 cm? mol-L. UV-vis spectra [Apa, M
(e, Imol-Icm1)]: (DMF solution) 602 (439), 367 (7482), 273 (22564).
et (tOL.): 2.48 up; Ugss/ Cu: 1.75 pg.

CAUTION: Azide derivatives are potentialy explosive,
only a small amount of materials should be prepared,
and they should be handled with proper care.
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