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The reaction of M(hfac), with the tridentate Schiff base H,L
(where H,L stands for the 1:1 condensation product of 2-
imidazolecarboxaldehyde with [-alanine) leads to the
complexes [M(HL)(hfac)],, [M = Mn", Ni", and Cu'; hfac =
hexafluoroacetylacetonate anion] (1-3). The structures of the
complexes 1 and 3 have been solved by X-ray
crystallographic methods. The structures are very similar and
consist of infinite zig-zag chains, running parallel to the b
axis, in which the metal ions are bridged sequentially by
anti-anti carboxylate groups with intrachain metal-metal
distances of 6.134 A for 1 and 6.239 A for 3. Each
monodeprotonated HL ligand acts as a tridentate one to a
metal(ll) ion and as a monodentate one to a neighbouring
metal(ll) centre. Metal atoms exhibit distorted octahedral
coordination spheres comprised of two oxygen atoms from

the hexafluoroacetylacetonate ligand, three donor atoms
from the HL ligand and the oxygen atom belonging to the
carboxylate group of an adjacent molecule. The complexes
1-3 have been confirmed to be isomorphous and isostructural
on the basis of X-ray powder diffraction and IR spectra. The
magnetic properties of the three compounds were studied by
susceptibility measurements as a function of the temperature
and successfully analyzed in terms of the isotropic spin
Hamiltonian for one-dimensional infinite chain systems to
give the coupling parameters J = -0.91 cm™, g = 2.03 (1);
J=-13.2cm™, g =2.24 (2); and J = 0.40 cm™}, g = 2.11 (3).
The magnetic behaviour for all three complexes can be
satisfactorily explained in terms of the conformation of the
bridge and the interaction between the d orbitals of the metal
centre and the bridge.

Polynuclear complexes containing bridging carboxylate
groups are of current interest due to the fact that the car-
boxylate ions play a key role as a ligand in many biochemi-
cal systems involving mono- and polymetallic active
sites.[?l In addition, polynuclear metal carboxylates are
good candidates for the investigation of exchange-coupling
interaction between adjacent metal ions.[>~¢ Carboxylate is
a versatile anion that can assume many types of bridging
conformations, the most important being monoatomic and
triatomic syn-syn, syn-anti, and anti-anti®>*% (see Scheme 1).
Copper(Il) complexes with monoatomic or syn-anti tri-
atomic conformations exhibit very weak magnetic exchange
interactions,>71 whereas triatomic syn-syn and anti-anti
conformations mediate large and weak to medium antifer-
romagnetic interactions, respectively.[®? Among metal(II)
carboxylate polymers, structurally and magnetically charac-
terized singly carboxylate-bridged chain complexes are
rarel*19~121 and those adopting the anti-anti conformation
are rarer still. To our knowledge, they are limited to three
Mn'"! Schiff base chain complexes!'!-'*!4 and one Fe!!l!”]
and one Cu'l®! two-dimensional complex.

Polydentate ligands with carboxylate groups are good
candidates to undergo self-assembly processes based on
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Scheme 1. The H,L ligand and some of the bridging conformations
for the carboxylate group

complexation reactions. In fact, we have previously shown
that the tridentate ligand 1,3-dimethyl-5-[(2-carboxyphen-
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yl)azo]barbituric acid reacts with copper(Il) leading to a
syn-anti carboxylate-bridged helix chain copper(II) complex
through a self-assembly reaction.[*! Following a similar
strategy we succeeded in obtaining a series of anti-anti
singly carboxylate-bridged chain complexes from the reac-
tion of the precursors M(hfac), [M = Mn', Ni'l, and Cu",
hfac = hexafluoroacetylacetonato anion] with the triden-
tate Schiff base H,L, where H,L stands for the 1:1 conden-
sation product of 2-imidazolecarboxaldehyde and B-alanine
(see Scheme 1). The present paper is devoted to the struc-
tural and magnetochemical studies of these complexes.

When the square-planar complexes M(hfac), [M = Mn!l,
Ni'', and Cu'] react with the tridentate Schiff base H,L,
the ligand loses the carboxylic proton and replaces one of
the hfac ligands of the precursor complex to give rise, in
principle, to a pentacoordinated complex. Because the
metal ion is able to additionally receive the non-coordinated
oxygen atom of the carboxylate group belonging to another
pentacoordinated molecule, a spontaneous self-assembly re-
action occurs leading to singly carboxylate-bridged chain
complexes [M(HL)(hfac)],. It should be pointed out that
chemical analyses, IR spectra and powder X-ray data con-
firm that compounds 1—3 are isomorphous and isostructu-
ral.

Crystal Structures

Complexes 1 and 3 are isostructural and consist of infi-
nite zig-zag chains, running parallel to the b axis, in which
the metal ions are bridged sequentially by anti-anti car-
boxylate groups. A perspective view of the zig-zag chain for
3, together with the corresponding atom labelling scheme,
is given as an example in Figure 1. Selected bond lengths
and angles are listed in Table 1.

Each monodeprotonated HL ligand acts as a tridentate
one to a metal(IT) ion and as monodentate one to a neigh-
bouring metal(Il) centre. Metal atoms exhibit distorted oc-
tahedral coordination spheres comprised of two oxygen
atoms from the hexafluoroacetylacetonate ligand, three do-
nor atoms from the HL ligand, and the oxygen atom be-
longing to the carboxylate group of an adjacent molecule.
As expected, the three donor atoms of HL occupy in-plane
coordination positions and then the carboxylate bridges
have to be oriented in a mutually cis fashion. The tridentate
behaviour of the HL ligand results in the formation of one
five- and one six-membered rings having the M—N(7) bond
in common. For 3, the anti-anti carboxylate group bridges
two Cu! ions in equatorial-axial positions and the sur-
rounding of each copper ion is (4+2), the octahedron being
elongated along the O(17)—Cu(1)—O(12)# axis (ii = 1 — x,
0.5+ » 1.5 = z). In the M—O—-C—0O—M fragment of 3,
the metal ions are pushed out of the COO plane by 0.214
and 0.806 A. In 1 the metal ions are also out of the COO
plane by 0.620 and 0.652 A. For both compounds large
deviations from the idealized orthogonal geometry are
found at the metal atom in the five-membered
M~—N(1)-C(2)—C(6)—N(7)—M rings [N(1)=Mn—N(7) =
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Figure 1. Perspective view of complex 3 along the b axis

Table 1. Selected bond lengths [10\] and angles [°] for 1 and 3

Complex 1

Mn(1)—-O(12)’ 2.111(5)  Mn(1)—0O(17) 2.218(5)
Mn(1)—0O(13) 2.134(4)  Mn(1)—N(1) 2.230(5)
Mn(1)—0(11) 2.142(5)  Mn(1)—N(7) 2.262(5)
O(12)'=Mn(1)—0(13) 91.90(17) O(11)—Mn(1)—N(1) 156.59(18)
O(12)'=Mn(1)—O(11) 89.15(18) O(17)—Mn(1)—N(1) 93.42(18)

O(13)—Mn(1)—O(11) 101.64(17) O(12)'—Mn(1)—N(7) 92.39(19)
O(12y—Mn(1)—0(17) 172.84(17) O(13)—Mn(1)~N(7) 174.24(18)
O(13)—Mn(1)—0O(17) 81.61(16)" O(11)—~Mn(1)~N(7) 82.28(18)
O(11)~Mn(1)—0(17) 89.21(19) O(17)—Mn(1)~N(7) 94.29(18)
O(12)—Mn(1)~N(1) 90.85(18) N(1)~Mn(1)~N(7)  74.33(18)
O(13)~Mn(1)—-N(1) 101.76(18)

Complex 3
Cu(1)—O(11)
Cu(1)—0(13)
Cu(1)—N(1)
O(11)—Cu(1)—0(13)
O(11)—Cu(1)—N(1)
O(13)—Cu(1)—N(1)
O(11)=Cu(1)—N(7)
O(13)—Cu(1)—N(7)
N(1)—Cu(1)=N(7)
O(11)—Cu(1)—0O(17)
O(13)—Cu(1)—-0(17)

1.9333)  Cu(1)-N(7)
1.9693)  Cu(1)~0(17)
1.984(3)  Cu(1)—O(12)’
91.80(12) N(1)—Cu(1)—-O(17) 94.41(13)
173.05(12) N(7)—Cu(1)~O(17)  96.15(12)
94.70(13) " N(1)—Cu(1)—O(12)" 88.60(12)
91.99(12) N(7)—Cu(1)—O(12)" 89.64(12)
175.92(13) O(11)—Cu(1)—0(12)789.06(12)
81.46(13) O(13)—Cu(1)—~O(12)788.89(11)
88.55(14) O(17)—Cu(1)—0O(12)" 173.81(9)
85.48(11)

2.007(3)
2.359(3)
2.446(3)

i=1—-x,05+»05—zii=1—-x,05+y 15—z

74.33(18)° for 1 and N(1)—Cu—N(7) = 81.45° for 3]. Such
deviations are expected to be due to the small bite distance
of this part of the HL ligand. Bond lengths of M(hfac) moi-
eties are in agreement with those reported for other hfac-
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containing Mn'™ and Cu" complexes.!"®! The anti-anti
bridging mode for 3 affords an intrachain metal—metal dis-
tance of 6.239 A, whereas for 1 the metal—metal distance
is 6.134 A; they are similar to those found for singly anti-
anti carboxylate-bridged Mn!M1L13.141 and Fel15] com-
plexes. The shortest interchain metal separations are 7.412
and 6.854 A for 1 and 3, respectively. The polymeric chains
are held together by pairs of complementary hydrogen
bonds between the N(3)—H group and the carboxylate oxy-
gen atoms of a neighbouring chain.

Magnetic Properties

The EPR spectrum of complex 1 at 100 K exhibits a fea-
tureless broad resonance at g = 2.00 with a half-height
width of 400 G. The broadness of this EPR signal is charac-
teristic of polynuclear manganese(Il) complexes. The frozen
methanol solution spectrum at 100 K exhibits an allowed
hyperfine sextuplet centred at g = 2.0 (4 = 88.10 *cm™!)
with forbidden hyperfine lines corresponding to transitions
between levels with different nuclear magnetic quantum
numbers. This spectrum is typical of electronically isolated
Mn!! species, thus suggesting either that the chain structure
of complex 1 is not retained in solution or that the small
antiferromagnetic interaction operating between the Mn!!
ions does not modify appreciably the EPR spectrum of the
complex. Neither polycrystalline powder nor solution EPR
spectra could be detected for complex 2. At 100 K the spec-
trum of a polycrystalline sample of 3 looks like that ex-
pected for a copper(Il) ion in a d(x*—»?) ground state. Two
main features are attributable to paralell (g, = 2.24) and
perpendicular (g. = 2.11) components of an axially sym-
metrical spectrum. In addition, signals of low intensity are
observed between these two features. The spectrum is de-
void of any hyperfine structure or half-field signal and does
not show any appreciable temperature dependence. Anal-
ogous spectra have also been observed for other ferromag-
netic chain copper complexes with oxalate!'” and syn-anti
carboxylate bridges.™ The frozen methanol solution spec-
trum of 3 at 100 K is typical of electronically isolated Cu'!
species, thus suggesting that the chain structure is not re-
tained in dilute methanol solution or that the magnetic ex-
change interaction does not appreciably affect the EPR
spectrum.

The magnetic properties of the complexes 1—3 are given
in Figure 2 in the form y,,T versus 7. The y,,T products
per metal atom at 290 K for complexes 1—3 are 4.41, 1.15,
and 0.425 cm*-mol ™K, respectively, which correspond well
with those expected for isolated metal ions. For complexes
1 and 2, y,,T continuously decreases upon cooling and re-
aches values, at 4.2 K, of 1.225 and 0.056 cm?®mol~ 'K,
respectively, thus revealing the existence of an antiferromag-
netic exchange interaction between metal ions through the
carboxylate bridging group. The occurrence of suscepti-
bility maximum around 5 and 25 K for 1 and 2, respectively,
is the signature of the antiferromagnetic interaction. The
absence of a Curie-like tail at the lowest temperatures al-
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lows one to assume the absence of impurities in these prod-
ucts. For 3, the y,,T product steadily increases when the
temperature decreases to a value of 0.63 cm*mol 'K at 2
K, thus suggesting a weak ferromagnetic interaction be-
tween the copper(Il) ions. The experimental magnetization
values as a function of the applied field at 5 K are higher
than those predicted by the Brillouin function for S = 1/2,
thus confirming the existence of weak ferromagnetic inter-
action between copper(II) ions.
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Figure 2. Magnetic plots (y,T vs T) of complexes: 1 (O) (right
axis), 2 (A) (left axis) and 3 (OJ) (left axis)

We fitted the data of 1 using the analytical expression
derived by Fisher for an infinite chain of classical spin
scaled to S = 5/2;['81 for 2 we used the expression derived
by Weng from calculations performed on ring systems of
increasing lengths, where the nickel ion is assumed to be
magnetically isotropic;!!'®] while the expression used to fit
the magnetic data of 3 was that of Baker et al.,['® which is
based on the high-temperature Padé expansion technique.

Very good fits of the data of the complexes 1—3 to the
corresponding theoretical equations can be obtained with
J=-091cm ! g=203(1);J=-132cm !, g=224
(2); J =040 cm™ !, g = 2.11 (3).

The difference in the magnitude and sign of the magnetic
exchange interactions found for 1, 2, and 3 can be satisfac-
torily explained in terms of the conformation of the bridge
and the interaction between the d orbitals of the metal cen-
tre and the bridge. It is noteworthy that despite the larger
separations found in complexes containing anti-anti bridges
this configuration is more favourable for transmitting the
interaction through the carboxylate bridge than the syn-anti
one. The reason of these different magnetic behaviours lies
in the fact that the contributions of the 2p oxygen orbitals
belonging to the magnetic orbital centred on the metal ions
are much more favourably oriented to give an effective over-
lap in the anti-anti than in the syn-anti configuration (see
Scheme 1), thus leading to stronger magnetic exchange
couplings.

In good accord with this, complexes 1 and 2 exhibit sig-
nificant antiferromagnetic couplings with J values that are
larger than those observed for singly bridged syn-anti car-
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boxylate Mn""'"T and alternating syn-anti and anti-anti car-
boxylate chain Mn!™ and Ni! complexes.?”l The J value for
complex 1 is much smaller than that of complex 2. Never-
theless, to deal with comparable values, the 7?1/l relation (n
is the number of unpaired electrons on each paramagnetic
centre) should be taken into account. From the J values of
1 and 2 and the #?IJ| relation we see that 1/l (13.2 cm™ 1)
>> 25/4 |Jya! (5.7 cm ™), thus illustrating the ability of Nill
as compared to Mn'! to yield antiferromagnetic interac-
tions, everything being equal. Similar J values have been
reported for Mn'! (—=1.1 cm™') and Ni'! (14 cm™') com-
plexes with 2,2'-bipyrimidine,>'-*?l a ligand that has been
shown to transmit intermediate magnetic exchange coup-
lings. Several reasons may contribute to the higher ef-
ficiency of the superexchange for the nickel(II) complex: (i)
the larger spin delocalization on the bridge in the case of
the Ni', since the energies of the 3dy; orbitals are lower
and the M—O distances generally shorter than those of the
Mn'%; (i) small structural differences affecting either the
carboxylate bridges or M""—N,O bond lengths, and (iii) the
possibility of more ferromagnetic contributions in the case
of Mn'l,

In the case of 3, the copper(Il) ion exhibits a tetragonal
elongated geometry, in which the unpaired electron is ad-
equately described by a d(x*>—y?) orbital pointing toward
the nitrogen and oxygen atoms of the basal equatorial
plane, O(11)N(1)O(13)N(7). In light of the structural fea-
tures of 3, it is evident that these copper(Il) orbitals are
mismatched for interaction to take place between them
through the carboxylate group, since the exchange pathway
Cu—0O—-C~—0-Cu involves an equatorial position on one
copper [d(x>—»?) direction] and an axial position on the
other copper atom [d(z?) direction]. Departures from the
idealized symmetry might allow some mixture with the
d(z?) orbital, but in any case the overlap would be very
weak. This would lead to a negligible antiferromagnetic
contribution so that the ferromagnetic one becomes pre-
dominant. It should be noted that other carboxylate-
bridged copper complexes having similar topology of the
bridges also exhibit weak ferromagnetic interactions.!!”]

Experimental Section

General: Elemental analyses were carried out with a Fisons-Carlo
Erba analyzer, model EA 1108. — IR: Perkin—Elmer 983 G (KBr
pellets). — Variable-temperature magnetic susceptibility data of 1
and 2 were collected on powdered samples of the compounds with
the use of a pendulum-type magnetometer (MANICS DSMS)
equipped with a helium continuous-flow cryostat working in the
300—4.2 K range and a Drusch EAF 164E electromagnet, whereas
those of 3 (2—290 K) were obtained with a SQUID-based sample
magnetometer using a Quantum Design Model MPMS instrument.
Data were corrected for the diamagnetism of the ligands using Pas-
cal’s constants. — EPR: Bruker ESP 300E (solid state: 300 and 100
K, methanol solution: 110 K).

Preparation of [M(HL)(hfac)] (1—3): These complexes were all pre-
pared using the same method as described in detail for complex 1
as an example. This complex was prepared by refluxing 2-imidaz-
olecarboxaldehyde (0.15 g, 1.56 mmol) and B-alanine (0.14 g, 1.56

444

mmol) for 1 h in 30 mL of an MeOH/H,O mixture (4:1, v/v). To
the cold, filtered yellow solution was added Mn(hfac), (0.73 g, 1.56
mmol) in 30 mL of MeOH dropwise with stirring. The resulting
yellow solution was kept at room temperature for 2 d and provided
yellow prism-like crystals, which were filtered and air-dried. Yield:
0.60 g (90%). — C1,HoF¢MnN30, (427.93): caled. C 33.66, H 2.12,
N 9.81; found C 33.49, H 1.96, N 10.15. — IR (KBr): ¥ = 3141
cm ! (Njn—H), 1649, 1602 (C=0), 1257, 1217, 1144 (F—C).

2: Green powder. — Yield: 0.54 g (80%). — Ci,HoF¢N;NiO,
(431.71): caled. C 33.41, H 2.10, N 9.75; found C 33.79, H 1.91, N
9.45. — IR (KBr): ¥ = 3137 em~" (Ny,,—H), 1649, 1600 (C=0),
1259, 1221, 1144 (F—C). — Powder X-ray diffraction:?*! mono-
clinic, Pe, a = 11.900(63), b = 8.462(24), ¢ = 16.578(104) A, p =
102.92(44)°.

3: Green plate-like crystals. — Yield: 0.44 g (65%). —
C,HoCuF¢N30, (436.54): caled. C 33.03, H 2.08, N 9.64; found
C 3298, H 2.09, N 9.53. — IR (KBr): ¥ = 3142 (N;,,—H), 1664,
1625 (C=0), 1259, 1209, 1141 (F-C).

X-ray Crystallographic Study: Crystallographic data are listed in
Table 2. The unit-cell parameters were determined and the data
collected with a Rigaku AFC7S diffractometer at —80°C for com-
plex 1 and with a Siemens P4 diffractometer at 20°C for 3. The
data were corrected for Lorentz polarisation effects and for disper-
sion, and an empirical absorption correction, using the programs
TEXSANP# and SHELXTL V5P4! for 1 and 3, respectively. The
structures were solved by Direct methods using the SHELXS-86
program!?*! and refined (full-matrix least squares on F2) by using
the SHELX-97 and SHELXL-93 programs.>*dl For 1, all non-hy-
drogen atoms were refined anisotropically, while for 3, all non-hy-
drogen atoms were refined anisotropically except the F atoms,
which were disordered and refined isotropically. In both cases, H
atoms were included in calculated positions and treated as riding
atoms using the SHELX-97 (for 1) and SHELXL-93 (for 3) de-
fault parameters.

Table 2. Crystal data and structure refinement for 1 and 3

Complex 1 Complex 3
Molecular formula CoHoN;O4FsMn  C,HoN;04F¢Cu
Mass 428.16 436.76
Unjt-cell dimensions
alA] 11.797(3) 11.290(5)
b[A] 8.611(3) 8.685(5)
c[A] 16.564(3) 16.799(5)
BI°] 104.49(3) 105.598(5)
zZ 4 4
deareq. [g cm ™3] 1.746 1.829
Crystal system monoclinic monoclinic
Space group P2(1)/c (no. 14) P2(1)/c (no. 14)

Crystal size [mm] 0.15% 0.12 X 0.06  0.40 X 0.30 X 0.06

Absorption coeff. [mm~!] 0.899 1.468

0 range data collection [°]  2.54—25.00 1.87—30.00
Reflections collected 3016 5663
Independent reflections 2868 4440
Data/restraints/parameters 2868/6/235 4419/0/295
R1[I>2(D] 0.0714 0.0442
WR2 [I>2(I)] 0.1433 0.1203
Goodness-of-fit on F? 1.033 0.731
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