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Mononuclear cobalt(i) complexes [Co(S-dept)X,] [X = Br (1),
I (2) and NCS (3)] were synthesized using N,N,N',N'-tetra-
ethylpyridine-2,6-dithiocarboxamide (S-dept), and charac-
terised by conductivity, spectral and single-crystal X-ray dif-
fraction studies. These studies reveal that the compounds
consist of discrete monomeric molecules in which the cobalt
atoms are five-coordinate in an environment that is best de-
scribed as being distorted square-pyramidal. In dimethyl-
formamide the iodo complex shows significant ionic dissoci-
ation (1:1 electrolyte) and its crystal field absorption spec-
trum is interpretable in terms of an octahedral structure

[Co(S-dept)(DMF),lI]*. The temperature dependence of the
magnetic susceptibility data is indicative of a high-spin com-
pound with an important zero-field splitting. The best fit
was obtained with IDI = 20.5 cm™ and g = 2.53 for 1, IDI =
14.2cm™' and g = 2.38 for 2 and IDl = 17.7 cm™ and g = 2.35
for 3. The X-band EPR spectra at low temperature is also
characteristic of an S = 3/2 state with important zero-field
splitting. The most important band appears at low fields (ca.
1200 G).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

There has been a growing interest in the development
of coordination chemistry of nonmacrocyclic multidentate
ligands derived from pyridine-2,6-dicarboxylic acid (I).['-?]
The symmetrical tertiary amide side arms at the 2- and 6-
positions of the central pyridine ring provide a variety of
novel ONO-tridentate receptors for binding to metal ions
(ID).”) The inflexibility of the ligand in these systems has
been one of the important factors leading to the isolation
of low-symmetry five-coordinate complexes of Cu'l, Co'l,
Ni'lB-61 and nine-coordinate complexes of lanthanide
ions.”l Steric and electronic consequences brought by pe-
ripheral substitutions to the terminal carboxamide side
arms have been well illustrated by Piguet et al.”) on the
complexation of Ln"" jons. Recently, we have extended
these studies to ligands containing C=S instead of C=0
bonds on the side arms at the 2- and 6-positions, i.e., li-
gands containing an SNS set of donor atoms (II1).7-8! Devi-
ations from idealized geometries would be naturally ex-
pected because of the bulky alkyl groups on the nitrogen
atoms and may cause structural constraints. N,N,N',N'-Tet-
raethylpyridine-2,6-dithiocarboxamide [R!, R? = Et in (I1I);
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S-dept] coordinates through the planar SNS set of donor
atoms. Our recent studies on (S-dept),MCl, (M = Co and
Cu) complexes have revealed significant structural differ-
ences between the two complexes.l”8] The copper complex
is composed of cationic and anionic dimers: [Cu,Cl,(p-S-
dept),][Cu,Cly(u-Cl),]. The cationic fragment exhibits an
unusual Cu—Cu disposition taking place through bridging
sulfur atoms, observed only in a few Cu'! complexes.®! The
coordination geometry around each Cu center is approxi-
mately distorted square-pyramidal. On the other hand, the
cobalt complex”! is built up of [Co(S-dept)(CD)]* and
[Co,Cly(u-Cl),]* ions. The cobalt ion in the cation has a
distorted square-planar geometry. The cationic units are
stacked over each other in a staggered manner so that each
cobalt ion interacts weakly with a sulfur atom of a unit
above and below it.
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Spectrophotometric, magnetic and electrical conductivity
measurements had been reported for a large number of five-
coordinate complexes of cobalt(i).” 2’1 In most cases, the
magnetic moment was only measured at room temperature,
in order to determine the spin-sate of the system [high-spin
(S = 3/2) or low-spin (S = 1/2)]. For some compounds the
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magnetic measurements at different temperatures were re-
ported but not the X-ray crystal structure.?>2!l In other
cases, the X-ray crystal structure was reported, but not the
study of yy = AT).1913:2425,27.28]

To the best of our knowledge, very few high-spin five-
coordinate Co" complexes are structurally and magneti-
cally characterized. Some of them are polynuclear sys-
tems?* 32! and their magnetic properties are due to the in-
teraction between the Co' ions. Only 3 mononuclear com-
plexes are reported in the literature with the structural data
and magnetic study (y vs. T): [Co{(tBu)(Me)salmdptn}],>*
[Co(saloph)(2-Melmd)]*! and [Co(L?),(H,0)]?%! with HL?
= N-(2-chloro-6-methylphenyl)pyridine-2-carboxamide.

In this paper, we describe the crystal structure and mag-
netic properties of [Co(S-dept)X,] (X = Br, I and NCS)
compounds. The present work is aimed to determine the
steric influence of the SNS set of donor atoms of S-dept on
the geometry of the complexes. Our studies have revealed
significant structural differences between [Co(S-dept)-
(NCS),] and its nickel analogue.>!

Five-coordinated mononuclear Co" (d’) complexes can
be high-spin (S = 3/2), low-spin (S = 1/2) or a temperature-
induced spin-transition can be observed. For high-spin Co!!
complexes the study of the magnetic properties allows to
find the value of the zero-field splitting parameters. In this
work, we report the temperature dependence of the mag-
netic susceptibility and the fit of the experimental data al-
lows finding the parameters of the zero-field splitting. The
EPR spectra in frozen solution is also reported.

Results and Discussion

These complexes are obtained in good yield by mixing
equimolar amounts of S-dept and the appropriate salt in
anhydrous EtOH. The compounds are air- and moisture-
stable and are readily soluble in the common organic sol-
vents such as CHCl;, CH,Cl,, and 1,2-dichloroethane. The
tridentate nature of the ligand and the fact that the com-
plexes are practically undissociated in chloroform and
dichloromethane solutions suggest penta-coordination
around the metal ion in these solvents. In CH;CN and
DMF solutions, the iodo complex 2 shows significant disso-
ciation and molar conductivities are in the range typical of
1:1 electrolytes.*> The complex most probably ionizes to
give [Co(S-dept)I]*y,v and 1™ in these solutions. The con-
ductivity data clearly show that the dissociation is less ex-
tensive for the bromo and thiocyanato complexes and mo-
lar conductivities are significantly less than the values ex-
pected for 1:1 electrolytes.

The expected positive shifts in position and changes in
intensity of the principal IR bands of the pyridine ring are
interpreted in favour of the coordination of S-dept through
the pyridine ring nitrogen atom[®®! in the complexes. Bands
at 1263, 990, and 818 cm ! may be considered as having
significant contribution from C=S vibrations, based on
comparison of the spectra of O-deap and S-dept. These
bands show a slight downward shift in frequency in these
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complexes indicating coordination of the sulfur atoms. The
presence of a band at 2062 cm™' in 3 is consistent with N-
bonded terminal thiocyanato groups.[*”! The corresponding
v(CS) modes are obscured by ligand vibrations.38-3%1

The close similarity between the crystal-field spectra of
the solid compounds (Br and NCS derivatives) and of their
solutions in CHCI; indicates that these compounds retain
the same structure (see Table 4). Compounds 1, 2, and 3
each show four distinct bands which are consistent with
five-coordinate high-spin cobalt(i1) complexes.l'* 191 The
spectra can be correlated with those of the complexes
Co(MABenNEt,)Cl,,[!l Co(Et,dien)X, (X = CI, Br, I, N,
and NCS),[15] Co(Mesdien)ClL,!!31%1 and Co(Et,dien)Cl,.['!]
The complexes 1-3 show a common band at ca. 625 nm
which is assigned to the *A,.(F)—*A,.(P) transition. This
band is characteristic of five-coordinate complexes irrespec-
tive of the nature of the donor atoms and the true geometry
of the complex.['®) Their electronic spectra also show sol-
vent dependence. In DMF solutions, the spectra are consis-
tent with Co'l in an octahedral configuration, probably
formed by coordination of DMF. In DMF solution, the
iodo complex is, however, strongly conducting, probably
one of the iodine atoms is dissociated to give [Co(S-
dept)(DMF),I]* and free iodide ions. Complexes 1 and 3
are non-conducting in DMF and may be formulated as
[Co(S-dept)(DMF)X,] (X = Br and NCS).

Crystal Structures of [Co(S-dept)X,] [X = Br (1), I (2), and
NCS 3)]

The molecular structures and the atom labelling scheme
of the complexes are shown in Figures 1, 2, and 3. Selected
bond lengths and angles are listed in Table 1. The three
complexes consist of monomeric molecules with a five-co-
ordinate stereochemistry resulting from bonding to terdent-
ate S-dept ligand and the other two positions are occupied
by two X groups (Br, I or terminal N-bonded NCS). The
geometry about the cobalt atom may be described either as
square-pyramidal or trigonal-bipyramidal, depending on
the parameter, T = f — a/60 (f is defined as the larger of the
basal angles and « is the remaining angle).** When 7 is 0,
the coordination is square-pyramidal; however for a trigo-
nal-bipyramidal configuration 7 is 1, and is often reported
as a percent value. The 7 values for 1 [f = N(1)-Co(1)-
Br(2), 159.66(17)° and a = S(2)-Co(1)-S(1), 137.96(9)°], 2
[# = N(1)-Co(1)-1(2), 166.19(12)° and a = S(1)-Co(1)-S(2),
131.58(7)°], and 3 [ = N(5)-Co(1)-N(1), 164.27(18)° and «
= S(1)-Co(1)-S(2), 138.76(6)°] are 36.2, 57.7, and 42.5%,
respectively. Complexes 1-3 may be considered as distorted
square-pyramidal. The anions differ in the angles with the
metal atom which destroys the two-fold rotational sym-
metry of the molecules. The torsion angles between the pyr-
idine ring (C1,C2,C3,C4,C5 and N1) and the thioamide
planes (C1,C6,S1,N2 and C5,C11,S2,N3) are: 45.4(1) and
35.9(1) for 1, 38.8(1) and 35.9(1) for 2, and 38.8(1) and
52.1(1) for 3. There appears to be no correlation between
the angle of rotation of thioamide groups and the pyridine
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ring. However, the conformation of the ligand seems to be
dependent on the size of the anion. The conformation of
iodide and thiocyanate complexes are almost identical with
methyl carbon atoms C13 and C15 being on the same side
of the amide group, whereas C8 and C10 are on opposite
sides of the plane. In the case of the bromide complex the
methyl groups C8 and C10 as well as C13 and CI15 are on
the opposite sides with respect to the thioamide plane.

Figure 1. Perspective view of complex 1 with atom numbering
scheme (thermal ellipsoids at 50% probability level).

Figure 2. Perspective view of complex 2 with atom numbering
scheme (thermal ellipsoids at 50% probability level).

In the structure of 1 the bromine atom Br(1) occupies
the apical position and sulfur atoms S(1), S(2), pyridine
N(1) and Br(2) form the base of the pyramid. The mean
plane through these atoms indicates that the atoms are
0.205, 0.203, —0.238, and —0.170 A, respectively, above and
below the mean plane. The Co ion is —0.607 A below the
mean plane defined by these four atoms. Similarly, in the
structure of 2 the iodine atom I(1) occupies the apical posi-
tion and sulfur atoms S(1), S(2), pyridine N(1) and I(2)
form the base of the pyramid. The mean plane through
these atoms indicates that the atoms are 0.307, 0.328,

3886 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Perspective view of complex 3 with atom numbering
scheme (thermal ellipsoids at 50% probability level).

Table 1. Selected bond lengths [A] and angles [°] for complexes 1—
3.

Complex 1

Br(1)-Co(1) 2.3985(15) Br(2)-Co(1) 2.4121(15)
Co(1)-N(1) 2.150(6)  Co(1)-S(2) 2.365(2)

Co(1)-S(1) 2.368(2)  S(1)-C(6) 1.708(8)

S(2)-C(11) 1.696(7)

N(1)-Co(1)-S(2)  80.14(15) N(1)-Co(1)-S(1) 81.06(15)
S(2)-Co(1)-S(1) 137.96(9) N(1)-Co(1)-Br(1) 91.73(16)
S(2)-Co(1)-Br(1)  109.03(7) S(1)-Co(1)-Br(1) 108.79(8)
N(1)-Co(1)-Br(2) 159.66(17) S(2)-Co(1)-Br(2) 93.91(6)

S(1)-Co(1)-Br(1)  90.94(7)  Br(1)-Co(1)-Br(2) 108.58(5)
C(6)-S(1)-Co(1) 94.9(2)

Complex 2

I(1)-Co(1) 2.6156(9) I(2)-Co(1) 2.7065(9)
Co(1)-N(1) 2.137(5)  Co(1)-S(1) 2.3574(18)
Co(1)-S(2) 2.3799(17)  S(1)-C(6) 1.714(6)

S(2)-C(11) 1.709(6)

N(1)-Co(1)-S(1)  80.17(13) N(1)-Co(1)-S(2) 79.99(12)
S(1)-Co(1)-S(2) 131.58(7)  N(1)-Co(1)-I(1) 89.55(12)
S(1)-Co(1)-I(1) 107.42(6)  S(2)-Co(1)-1(1) 116.11(5)
N(D)-Co(1)-1(2)  166.19(12) S(1)-Co(1)-1(2) 98.69(5)

S(2)-Co(1)-1(2) 90.87(4)  I(1)-Co(1)-1(2) 103.83(3)
C(6)-S(1)-Co(1)  95.61(19) C(11)-S(2)-Co(1) 96.37(19)
Complex 3

Co(1)-S(2) 2.3979(16) Co(1)-S(1) 2.3777(15)
N(4)-Co(1) 1.964(5) N(5)-Co(1) 2.003(5)

N(1)-Co(1) 2.134(4) C(17)-S(3) 1.612(5)

C(17)-N(5) 1.147(6) C(16)-S(4) 1.609(7)

C(16)-N(4) 1.149(7)  C(6)-S(2) 1.682(6)

C(11)-S(1) 1.698(4)

N(@4)-Co(1)-N(5)  102.1(2) N(4)-Co(1)-N(1) 93.57(18)
N(5)-Co(1)-N(1) 164.27(18) N(4)-Co(1)-S(1) 114.34(17)
N(5)-Co(1)-S(1)  94.34(14) N(1)-Co(1)-S(1) 80.03(10)
N(4)-Co(1)-S(2)  103.34(17) N(5)-Co(1)-S(2) 93.56(15)
N(1)-Co(1)-S(2)  81.56(10) S(1)-Co(1)-S(2) 138.76(6)
C(11)-S(1)-Co(1) 98.48(16) C(6)-S(2)-Co(1) 91.50(18)

~0.396, and —0.239 A, respectively, above and below the
mean plane. The Co ion is —0.599 A below the mean plane
defined by these four atoms.
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The isothiocyanate nitrogen atom N(4) occupies the api-
cal position and sulfur atoms S(1) and S(2), pyridine N(1)
and thiocyanate N(5) form the base of the pyramid. The
mean plane through N(1), N(5), S(1), S(2) indicates that
these atoms are 0.39, 0.52, —0.05, —0.08 A, respectively,
above and below the mean plane. The Co ion is 0.74 A
above the mean plane defined by these four atoms. It is
interesting that the Co-NCS linkages in 3 are bent with
Co-N(5)-C(17) and Co-N(4)-C(16) angles of 171.0(5) and
167.0(6), respectively. It has been observed by others#?4!]
that this linkage may be either linear or angular, with exam-
ples of M—N-C angles falling in the range 141-174°. The
non-linearity of this type may be attributed to steric fac-
tors.”! Tt also suggests electron density localisation on the
donor nitrogen atom such that a canonical form I contrib-
utes to the structure.[0:42!

It has been known that interactions of cobalt and nickel
thiocyanates with terdentate ligands provide complexes of
different stereochemistry.l*>#3 Our present results provide
ample evidence that cobalt has a greater tendency than
nickel to give monomeric five-coordinate complexes rather
than octahedral complexes.

Extended Hiickel Calculations

The compounds reported here show a CoNS,X, core,
with significant differences in the Co-ligand distances.
Compound 3 shows a CoN3S, core, with three short Co-N
distances (ca. 2.1 A) and two long Co-S (ca. 2.4 A) (x-axis)
distances (see Scheme 1). Compound 1, with a CoNBr,S,
core, has one short Co—N (ca. 2.1) and four long Co-S and

Co-Br (ca. 2.4 A) (yz-plane) distances. Finally, for com-
pound 2 with a CoNIL,S, core, we observe one short Co—N
(ca. 2.1 A), two long Co-S (ca. 2.4 A) (x-axis), and two very
long Co-I distances with values in the range ca. 2.6-2.7 A.
Then, from the point of view of bond lengths, compound 3
shows a more regular core, with short Co-L distances, while
compound 2 shows the most irregular core, with long Co—
L distances.

z
)
Xa X
Xb\c /82‘
O,
Sl \\\y

Scheme 1.

Extended Hiickel calculations with the crystallographic
coordinates of compounds 1-3 were carried out with the
CACAO program.[*¥ Due to the absence of symmetry in
these complexes a full split of the five d orbitals is obtained
and a great delocalisation towards the ligands is observed
in all cases. There are at least nine MOs with a cobalt con-
tribution >15%.

High-spin Co™ compounds show three singly occupied
molecular orbitals (SOMOs). The highest energy SOMO
shows a significant contribution of the x> — y? orbital of
the cobalt ion and has a c*-character with the ligands in
the basal plane (S;, N, S,, and X)), while the next SOMO
is constituted essentially by the z? of the cobalt ion and the
p orbital of the monodentate ligand in apical position (X,)
(or the non-bonding m,;, orbital of the NCS ligand). The
lowest energy SOMO shows a significant contribution of
the xz orbital of the Co™ ion and of the p orbitals of S;
and S,. In the iodide complex (and in minor proportion in

Table 2. Energy and compositionl®! of the three SOMOs for compounds 1-3.

Energy % Co % N % S1 % S2 Xb Xa
Compound
1
ab* -10.258 33 (x*>9%); 3 (2%); 3 (»2) 15 6 6 14 -
ga* -11.572 41 (z%); 6 (pz) 2 - 4 - 22
n* -11.775 28 (x2); 8 (x); 4 (px) 17 19 2 6
Compound
2
ab* -10.430 32 (x*>%); 5 (%) 18 4 5 17 2
ga* -11.646 32 (2%); 5 (x>%); 5 (pz) - 8 4 2 26
n* -11.783 27 (x2); 7 (xp); 4 (px) - 17 16 3 11
Compound
3
ab* -10.243 38 (x*>%); 7 (%) 17 6 5 6
ga* -11.690 46 (z2); 5 (x*>%); 6 (pz) - 6 7 - 8
n* -11.878 24 (x2); 6 (xp); 2 (z2); 3 (px) - 17 23 - -

[a] See Scheme 1.

Eur. J. Inorg. Chem. 2005, 3884-3893 www.eurjic.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3887



R. Kapoor, A. Kataria, P. Venugopalan, P. Kapoor G. Hundal, M. Corbella

FULL PAPER

IGBal E=-10.

M=t

238

HO=54

T HOE3

(ERa) E=-10

|| #Mo=58 §EGE3 =41 .77

3
-,

: -
~A\

!

MO =55 11,783

{BEal E

Figure 4. SOMOs for compound 1 (top), 2 (centre), and 3 (bottom).

the bromide complex) a considerable contribution of the
apical ligand is also observed (Table 2, Figure 4).

Due to the distortions in the geometry, the xz, yz, and
xy orbitals of the Co'l ions contribute to several MOs.
However, these results confirm the description of the struc-
ture of these compounds as a distorted square pyramid.
The energy of ¢,* is similar for the three compounds, while
op* is more stabilized for compound 2, which shows a
major distortion to the trigonal-bipyramidal geometry, than
for 1 and 3 (Figure 5).

One of the limitations of the extended Hiickel calcula-
tions is the non-inclusion of the inter-electronic repulsions;
nevertheless, from a qualitative point of view, we can con-
sider for each compound, a similar pairing energy in each
orbital, and from the energy diagram shown in Figure 5, we
can find an approximate value for the relative energies of
the different excited states (E1-E6). From these results, we
can propose, for the three compounds, the presence of se-
veral excited states close in energy to the ground state (ca.
5000 cm !, E1-E3 and E4) (Table 3). These states would

3888 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. MO energy diagram for compounds 1-3.
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correspond to the different transitions n*—n* and n*—ca*
(z%), and the transition n*—cb* (x? — y?) should appear at
higher energy (ca. 16000 cm™).

Table 3. Relative Energy [103 cm '] of the different excited states
proposed for compounds 1-3.

1 2 3
(x1)(r2)(x2)(z2)(x>?)? E6 17.6 15.8 19.0
() 2(2)(x2)(22)(x2—2)? E5 15.6 14.6 16.8
ey (2)*(ez)(22)A(x*—p?) E4 7.1 6.1 7.4
() (r2)2(x2)*(z)(x*>-p?) E3 5.5 5.0 5.9
() (r2)(ez)(22)A(x*-p?) E2 5.1 4.8 5.2
() (r2)(x2)* (2 (x> El 3.5 3.7 3.7
(xp)2(r2)*(x2)(23)(x*-)?) E0 0 0 0

Magnetic Properties

The magnetic susceptibility of 1-3 was measured in the
range 2-300 K (Figure 6). In all cases, the y\7 product de-
creases with the temperature. The shape of the three graphs
is similar, but for compound 1, we found higher ;7 values.
The room-temperature values of yy7T = 3.03 cm® mol™! K
(for 1) and 2.7 cm?® mol™! K (for 2 and 3) differ from the
spin-only value 7 = 1.87 cm® mol ' K for S = 3/2 (high-
spin Co'' complexes) which indicates an orbital contri-
bution to the g-values. On lowering the temperature, yy 7T
decreases, and under 50 K y\,7 falls drastically. The shape
of the y\T vs. T graph is indicative of an important zero-
field splitting. Owing to spin-orbit coupling, the S = 3/2
state is split into two Kramer’s doublets (M, =+ 1/2,+3/2),
separated by 2D, with D being the axial zero-field splitting
parameter. Formally, the magnetic behaviour can be treated
as an S = 3/2 spin state under the action of the spin Hamil-
tonian H = D[S.> — S(S + 1)/3] + gfHzS. +g p(H.S, +
H\S,). The expression of the magnetic susceptibilities
[with ym = (g + 2x.)/3] is derived from this Hamilto-
nian.*! With the aim to fit the low-temperature values, it
was necessary to modify the equation, including the term
of the intermolecular magnetic interactions zJ, where J is
the interaction parameter between two nearest neighbour
magnetic species and z is the number of nearest neighbours
around a given magnetic molecule in the crystal lattice.
Then the equation used to fit the experimental data is

_ TNg2BpIF(D.T)
XMT T 3kT-zJ-F(D,T)

where
14,3 _ 3 _
F(D,T)=1 1+9exp(-2D/kT) +2kT (kT)+4D 4DeXp( 2DIAT)
4| 1+exp(-2D/kT) l+exp(-2D/kT)

The best fits were obtained with |D| = 20.5cm !, g =
2.53,zJ =-0.50cm ' and R = 1.8:10% (1); |D| = 14.2 cm™ !,
g =238, zJ =-1.67cm! and R = 2.7 10* (2); |D| =

Eur. J. Inorg. Chem. 2005, 3884-3893 www.eurjic.org
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Figure 6. ypmT vs. T plot for 1-3. The solid line is the best fit to the
experimental data.

17.7cm™!, g =235, zJ =-123cm ' and R = 2.9 104 (3).
As it can be seen in Figure 6, compounds 2 and 3 show
similar yp T values, while compound 1 shows at room tem-
perature a higher y\7 value, indicative of a large g value.
The best fit of the experimental data also corresponds to a
largeer D value for 1 than for 2 or 3.

As it has been indicated, very few high-spin five-coordi-
nate Co'! complexes are structurally and magnetically char-
acterized. Only three mononuclear complexes are reported
in the literature with the structural data and magnetic study
(x vs. T): [Co{(1Bu)(Me)salmdptn}] (with D = -38.9 cm™!,
E=17cm", g. =168, g, = 189, g. = 3.21 and zJ =
~1.0em"),?2l [Co(saloph)(2-MeIlmd)] (with |D| =
22.6cm !, g = 2.14),23 and [Co(L%),(H,0)] with HL> = N-
(2-chloro-6-methylphenyl)pyridine-2-carboxamide (Curie—
Weiss law between 80-300 K).*! The study of the magnetic
properties of [Co(Salpad),(t-MeStpy)] (D = 16.57 cm™!, g =
2.39),29 [Co(H,fsa),(phn)(t-MeStpy)] (spin equilibrium),"]
and [Co(bzimpy)Cl,] (D = 73.4cm™!, E=328cm™, zJ =
—0.205 cm 1)1 are also reported in the literature, but to
the best of our knowledge, the crystal structure of these
compounds is not published.

In spite of the limited number of mononuclear Co' com-
pounds with five-coordination which have been structurally
and magnetically characterized, two facts could be dis-
cussed: the stabilization of the spin state S = 3/2 and the
magnitude of the zero-field splitting.

Cobalt(ir) complexes with Schiff-base ligands could be
high-spin or low-spin. In a comparative study of five-coor-
dinate Co" complexes of the types [Co(salen)L] and [Co-
(saloph)L] reported by Kennedy et al.,[>’] the authors note
an increase of the out-of-plane displacement of the Co" ion
from ca. 0 A for low-spin complexes to ca. 0.45 A for the
high-spin compounds [Co(saloph)(2-MeImd)] (0.45 A)23]
and [Co(3-MeOsalen)(H,0)] (0.43 A).281 The three com-
pounds reported in this paper show a high-spin configura-
tion and all of them show an important out-of-plane dis-
placement of the Co' ion of ca. 0.6-0.74 A. The high value
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Table 4. Comparison of the ZFS parameters and distortions for high-spin five-coordinate Co'' complexes.

Core |D| [em™] g —zJ [em™] bl Ref.
[Co(S-dept)Br] CoNS,Br, 20.5 253 0.5 0.36 [
[Co(S-dept)Ly] CoNS, 1, 14.2 238 1.67 0.58 [
[Co(S-dept)(NCS),] CoNN',S, 17.7 235 1.23 0.43 [
[Co(tBu)(Me)(salmdptn)] CoO,N,N’ 38.9 2.2614 1.0 0.64 (221
[Co(saloph)(2-Melmd)] CoO,N,N’ 22.6 2.14 0.19 (23]

[a] € = (gx + gy + g2)/3. [b] © = 1: trigonal-bipyramid; r = 0: square pyramid.3¥ [¢] This work.

of this displacement could be attributed to the different na-
ture of the ligands in the basal plane: N,O, for salen and
saloph and NS,X for compounds 1-3. The presence of a
voluminous donor-atom ligand favors the distortion and
stabilize the S = 3/2 state.

In the same way, Hitchaman showed™®! that increasing
distortions from a square-pyramidal geometry could lead
to a rapid decrease in the quartet-state energy, especially
when f > 102° (f = L,,—Co-N angle). For the three com-
pounds reported in this paper, the largest f angle is found
for the iodo complex 2 with f = 107° (major distortion to
the trigonal-bipyramidal geometry); for 1 and 3 the f angle
is slightly more than 90° (91.7° and 93.6°, respectively).

In comparison with the Schiff-base complexes, com-
pounds 1-3 show a major distortion in the geometry: the
presence of the S-dept ligand, with its sulfur atom coordi-
nated to the Co' ion favors the out-of-plane displacement
of the metal center. Due to the tridentate character of the
S-dept ligand, the fourth position of the basal plane is occu-
pied by a monodentate ligand, consequently a major flexi-
bility of the geometry could be attended. The most volumi-
nous monodentate ligand, iodide, leads to a major distor-
tion from the square-pyramidal to the trigonal-bipyramidal
geometry. Therefore, in the reported compounds [Co(S-
dept)X,] (1-3) both ligands, S-dept and X, favor the stabili-
zation of the S = 3/2 state in preference to the S = 1/2 state.

For systems with an S = 3/2 state, the magnetic anisot-
ropy due to the non-spherical distribution of the spin den-
sity is enhanced by the low symmetry of the five-coordinate
chromophore. The D values found for compounds 1-3 are
of the same order as reported for other five-coordinate Co!
complexes with S = 3/2. Attempts to correlate the zero-field
splitting parameter (D) with the structural distortions are
hard, due to the limited number of compounds of this kind
reported in the literature. Compounds 1-3 show quite
smaller D and g values than [Co{(Bu)(Me)salmdptn}]?
and [Co(saloph)(2-MeImd)]?3 (Table 4).

It is difficult to interpret the differences in the zero-field
splitting parameters for five-coordinate Co!' complexes.
The magnitude of D and g values is influenced by the sec-
ond-order spin-orbit coupling, A and 1/4,, where A is the
spin-orbit coupling constant and A4; the energy gap between
ground state and excited states. The expression of the axial
ZFS parameter D = f(4, 1/4;) for different ions and geome-
tries could be found in a recent review about the zero-field
splitting in metal complexes.[*”! For Co'! ions, the equation
for the d” ion in a tetrahedral environment is also described
in this paper, but not for a five-coordinate complex.

3890 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

For a free Co" ion 4 = ~180 cm!. But this parameter is
sensitive to the covalence of the bond. Compounds 1-3 with
the S-dept ligand must show a greater degree of covalence
than the compounds with Schiff-base ligands. Thus, a lower
|4] value must be expected for compounds 1-3. Complex 2
with iodide as monodentate ligand, should show a maxi-
mum covalence in the Co—X bonds, and consequently the
small |/| value must correspond to this compound.

On the other hand, the D value is sensitive to the proxim-
ity of excited states with orbital contribution. Several fac-
tors influence the energy gaps, 4,, such as the bond coval-
ence, the kind of donor atom and the distortions in geome-
try. In spite of the limitations of the extended Hiickel calcu-
lations, the presence of several excited states at low energy
could be attended. However, the inter-electronic repulsion
must be different for the three complexes, due to the pres-
ence of different X ligands (Br, I, NCS), and it is not precise
to compare the energy values of the excited states pos-
tulated in Table 3. The presence of excited states at low en-
ergy contributes to the D value, but it is not possible to
rationalize their effect.

Compounds formed by voluminous donor ligands such
as S-dept or iodide, could contribute to diminish the zero-
field splitting (small |D| values). Compounds 1-3 show
lower values than the compounds with Schiff-base li-
gands.?>23 Therefore, complex 2 containing S-dept and io-
dide exhibits the lowest |D| value.

On the other hand, it is difficult to correlate the distor-
tion of the coordination polyhedron with the zero-field
splitting parameter. For the two complexes with Schiff-base
ligands the compound with major distortion from the
square-pyramidal geometry (larger t) show a larger D value,
while for the three complexes reported here with the S-dept
ligand, the maximum 7 value corresponds to compound 2,
with the lowest value of the zero-field splitting parameter.

EPR Spectra

The EPR spectra of powdered samples and of frozen
CH,Cl, solution of 1-3 were recorded at different tempera-
tures. Only below 100 K was the EPR signal significant, due
to the relaxation effects.

The EPR spectra of powdered samples show in all cases
a very broad band, with a better resolution at 4 K. The
most intense features were found at low field, in the region
of 2000 G. In frozen solution the three compounds show
very similar spectra (Figure 7) with the most intense feature

www.eurjic.org Eur. J. Inorg. Chem. 2005, 3884-3893



Coordination of N,N,N’,N'-Tetraethylpyridine-2,6-dithiocarboxamide

FULL PAPER

at ca. 1200 G (g = 5.5). The position of this band is similar
for the three compounds (1150 G for 1, 1250 G for 2, and
1180 G for 3). Another small feature was observed at
2760 G. The low-field signal can be attributed to g, and
the small signal centred at ca. 2800 G to gj. These spectra
are characteristic of a high-spin Co!' complex, with S =
3/2 and a large zero-field splitting (D > gfH), as occurs in
compounds 1-3 whose |D| values are between 14-21 cm™'.

— 7T T T " T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
H(G)

Figure 7. X-band EPR spectra of frozen CH,Cl, solutions of com-
plexes 1-3.

Conclusions

In this work we have reported the synthesis and charac-
terization of three new five-coordinate Co™' complexes. In
all cases, the coordination polyhedron of the Co™ ion is a
distorted square pyramid, with an electronic configuration
of high-spin. Although there is no correlation between the
angle of rotation of thioamide groups and the pyridine ring,
the conformation of the ligand is dependent on the size of
the anion. The compounds show major distortion in the
geometry with a large out-of-plane displacement of the Co!!
jon of ca. 0.6-0.74 A. The distortion of the geometry, due
to the S-dept ligand with voluminous donor atoms, could
explain the stabilization of the S = 3/2 state than the S =
1/2 state.

Important zero-filed splitting is observed, as it could be
expected for high-spin Co'! compounds. The D value seems
to be very sensitive to the nature of the ligand. The com-
pounds reported in the literature, with a CoO,N, core show
larger |D| values than compounds 1-3, with a CoNS,X,
core. The smallest value corresponds to compound 2 con-
taining more diffuse donor atoms (CoNS,I, core) with
maximum covalence of the Co-L bonds.

The EPR spectra at low temperature show two bands, at
low fields, characteristic of systems with an S = 3/2 ground
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state and an important zero-field splitting, as is the case for
Co' compounds.

Experimental Section

Materials: All reactions were carried out under anhydrous condi-
tions. Solvents were dried using standard techniques. Absolute eth-
anol (AR quality, Hayman Ltd.) and pyridine-2,6-dicarboxylic acid
(Fluka) were used as supplied. N,N,N',N'-Tetraethylpyridine-2,6-
dithiocarboxamide was prepared as described earlier.[”®]

Synthesis of the Complexes [Co(S-dept)X,] [X = Br (1), I (2) and
NCS (3)]: CoCl, (3 mmol), dissolved in anhydrous ethanol (20 mL),
was added to a solution of KBr or KI or KSCN (each 6 mmol) in
ethanol (20 mL). The mixture was refluxed for about 4 h. The white
precipitate of KCl was removed by filtration and S-dept (3 mmol),
dissolved in ethanol (20 mL), was added to the solution. After re-
fluxing for about 4-5h, 1, 2 and 3 were obtained as dark green
solids on keeping at room temperature. The complexes were crys-
tallized from anhydrous ethanol by slow concentration at room
temperature. 1: Yield 1.36 g (86%). M.p. 210 °C. C;5H»;Br,CoN;S,
(528): calcd. C 34.09, H 4.35, Br 30.3, N 7.95; found C 33.92, H
4.12, Br 29.8, N 8.10. Conductivity (ca. 1 mm solution at 298 K):
Ay = 32 (MeCN) and 24 (DMF) Q' cm®mol ! (expected range
for 1:1 electrolytes in MeCN and DMF is 120-160 and 65—
90 Q' cm?mol, ! respectively). UV/Vis [103 cm™!]: A = 19.8, 17.0,
13.7, 11.0 (CHCl,); 15.7, 14.9 (DMF); 23.5, 16.6, 10.0, 5.9 (solid).
Selected IR frequencies (KBr disk [em™']): ¥ = 1600, 1579, 1530,
1463, 1442, 1316, 1310, 1275, 1252, 1186, 1170, 1149, 1097, 1073,
1000, 978, 914, 809, 762, 746, 723, 682, 662, 648, 508, 488, 454.
2: Yield, 1.79 g (87%). M.p. 242 °C. C;sH»;ColI,N5S, (622): calcd.
C 28.93, H 3.69, 1 40.8, N 6.75; found C 28.78, H 3.57, 140.3, N
6.54. Conductivity (ca. 1 mm solution at 298 K): Ay = 95 (MeCN)
and 67 (DMF) Q! cm>mol!. UV/Vis [103cm ™ ']: A = 17.4, 15.6,
13.6, 9.3 (CHCl5); 19.0, 15.0 (DMF). Selected IR frequencies (KBr
disk [em™']): ¥ = 1600, 1584, 1534, 1463, 1444, 1410, 1314, 1277,
1255, 1186, 1165, 1144, 1097, 1073, 1002, 980, 910, 806, 759, 746,
722, 680, 666, 632, 510, 486, 450. 3: Yield 1.47 g (87%). M.p.
205 °C. C;7H,3N5S,Co (484): caled. C 42.14, H 4.75, N 14.46, S
26.4; found C 42.02, H 4.54, N 14.28, S 26.1. Conductivity (ca.
1 mm solution at 298 K): Ay = 30 (MeCN) and 25 (DMF)
Q' em?mol!. UV/Vis [1073 cm™]: 17.2, 15.6, 14.2 (CHCl,); 17.2,
16.0 (DMF); 23.5, 17.1, 11.1, 5.9 (solid). Selected IR frequencies
(KBr disk [em™]): ¥ = 2062, 1600, 1580, 1530, 1460, 1438, 1410,
1315, 1277, 1259, 1187, 1164, 1144, 1094, 1072, 1010, 980, 909,
812, 722, 668, 640, 562, 478, 456, 424.

Physical Methods: Elemental analyses (C,H,N) were carried out
with a Perkin—Elmer model 2400 CHN elemental analyzer at the
SAIF, Panjab University. Bromide and iodide anions were deter-
mined by precipitation as silver salts and sulfur by precipitation as
BaSO,. IR spectra were recorded as KBr pellets with a Perkin—
Elmer RX-1 FTIR spectrophotometer. Molar conductances were
measured using a Digital conductivity bridge, Model CC601.The
UV/Vis spectra were recorded with a JASCO V-530 UV/Vis spec-
trophotometer in a 1-cm matched quartz cell. The diffuse reflec-
tance spectra of powdered samples were recorded with a Hitachi
Model 330 integrating sphere reflectance spectrophotometer in the
185-2600 nm region, using magnesium oxide as reference. Mag-
netic susceptibility measurements, for polycrystalline samples of 1—
3, were performed with a Quantum Design SQUID MPMS-XL
susceptometer, working in the range 2-300 K under magnetic fields
of 2000 G, at the “Servei de Magnetoquimica” (Universitat de Bar-
celona). Pascal’s constants were used to estimate the diamagnetic
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Table 5. Crystal data and structure refinement parameters for complexes 1-3.

Complex 1 Complex 2 Complex 3
Emperical formula C15H23Br2C0N382 C15H2312CON3SZ C17H23CON554
Formula mass 528.23 622.21 484.57
Temperature 293(2) K 293(2) K 293(2) K
Wavelength 0.71073 A 0.71073 A 0.70930 A

Crystal system, space group
Unit-cell dimensions

Volume

Z, calculated density
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Scan type

Scan speed

Limiting indices

Reflections collected/unique
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I > 20(1)]
R indices (all data)

Largest difference peak/hole

triclinic, PI

a=8434(1) A, a = 91.40(1)°
b =10.330(1) A, = 108.58(1)°
e =13.220(1) A, y = 113.56(1)°
985.34(17) A3

2, 1.780 Mg/m?

5.139 mm!

526

0.24%0.20%0.16 mm
2.18-23.99°

20-0

variable, 2.0-60.0°/min in ®
0=h=9

“11=k=10

-15=l=14

3270/3012 [R(int) = 0.0309]
Full-matrix least squares on F?
3012/0/208

1.012

Ry = 0.0747, wR, = 0.2200

R, = 0.0804, wR, = 0.2275
2.051/-1.579 e-A3

monoclinic, P2,/c
a=12.824(1) A, a = 90°

b =14.967(1) A, = 92.88(1)°
¢ =11.092(1) A, y = 90°
2126.3(3) A3

4, 1.944 Mg/m?

3.909 mm™!

1196

0.28x0.24x0.19 mm
2.09-24.00°

20-0

variable, 2.0-60.0°/min in ®
14=h=14

0=k=17

0=/=12

3546/3342 [R(int) = 0.0190]
Full-matrix least squares on F?
3342/0/208

1.012

R, = 0.0383, wR, = 0.1093
Ry = 0.0420, wR, = 0.1127
0.930/~1.670 e-A3

triclinic, PI

a = 8.6220(9) A, a = 88.277(6)°
b =11.4370(8) A, 8 = 80.842(7)°
¢ =12.154009) A, y = 81.312(7)°
1169.63(17) A3

2, 1.376 Mg/m3

1.102 mm™!

502

0.2%0.2x0.1 mm

1.69-24.96°

20-60

variable, 2.0-60.0°/min in ®
0=h=10

-13=k=13

-14=/=14

3602/3602 [R(int) = 0.0147]
Full-matrix least squares on F?
3602/0/244

1.053

R, = 0.0535, wR, = 0.1422

R, = 0.0668, wR, = 0.1534
0.765/-0.363 e-A~3

corrections. The fits were performed by minimizing the function R
= Z[GmDexp — OMDeal’ZGmDexp>- EPR spectra for 1-3 were
recorded at X-band (9.4 GHz) frequency with a Bruker ESP-300E
spectrometer from room temperature to 4 K, at the “Servei de
Magnetoquimica” (Universitat de Barcelona).

X-ray Crystallography: Crystallization of 1, 2 and 3 by slow concen-
tration of their saturated ethanolic solutions at room temperature
yielded good single crystals. Intensity data were collected with a
Siemens P4 single-crystal diffractometer equipped with a molybde-
num sealed tube (A = 0.7173 A) and highly oriented graphite mono-
chromator. Table 5 shows the unit cell parameters and data mea-
surement details. The parameters associated with the structure of
1 are as follows: Crystal size 0.24x0.20 X 0.16 mm. The lattice pa-
rameters and standard deviations were obtained by least-squares
fit to 40 reflections 10.085° < 20 < 30.312° The data were collected
by the 26-0 scan mode with a variable scan speed ranging from 2.0
to a maximum of 60° min~'. Three reflections were used to monitor
the stability and orientation of the crystal and were measured after
every 97 reflections. Their intensities showed only statistical fluctu-
ations during 40.28 h of X-ray exposure time. The data were col-
lected for Lorentz and polarisation factors and an empirical ab-
sorption correction based on the y-scan method was applied. The
structure was solved by direct methods using SHELX-9703% and
also refined on F? using the same one. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were included in
the ideal positions with fixed isotropic U values and were riding on
their respective non-hydrogen atoms. A weighting scheme of the
form w = 1/[(¢F,?) + (ap)* + bp] with a = 0.1606 and b = 8.27 was
used. The refinement converged to a final R value of 0.0747 (WR,
= 0.22 for 3012 reflections) [/ > 2a(I)]. The final difference map
was featureless. The data collection procedure, structure solution
and refinement for compounds 2 and 3 were essentially the same
as for 1. The parameters associated with the structures are as fol-
lows: 2: 40 reflections (0.420° < 26 < 30.118°) for an accurate cell
parameter determination, crystal size 0.28 X 0.24 X (0.19 mm, a total
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of 46.90 h of X-ray exposure time, R = 0.0383 (wR, = 0.1093 for
3342 reflections) [/ > 20(/)] with a = 0.0572 and » = 10.73 in
weighting scheme. 3: 40 reflections (0.420° < 26 < 30.118°) for an
accurate  cell  parameter  determination,  crystal  size
0.20%0.20x0.10 mm, a total of 48 h of X-ray exposure time, R =
0.0535 (wR, = 0.1422 for 3602 reflections) [I > 2¢(])] with a =
0.0811 and » = 1.8505 in above mentioned weighting scheme. A
summary of the crystal parameters, experimental details and refine-
ment results are listed in Table 5. CCDC-254292 (1), -254293 (2),
and -254294 (3) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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