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Four new complexes of formula [Fe(H2pcpa)2(H2O)2] (1), {[Mn(Hpcpa)(H2O)3]•1/2H2O}n (2),  
{[Zn(Hpcpa)(H2O)3]•1/2H2O}n (3) and [Cu2(Hpcpa)2(bipy)2]•8H2O (4) [H3pcpa = N‑(4‑carboxyphenyl)
oxamic acid; bipy = 2,2′-bipyridine] have been synthesized and their structures determined by 
X-ray diffraction. The structure of 1 consists of mononuclear iron(II) units where each iron(II) 
ion is six-coordinate by two trans-positioned water molecules and two bidentate H2pcpa− ligands 
building a distorted octahedral environment. 2 and 3 consist of neutral zigzag chains of MnII 
and ZnII ions respectively, the Hpcpa2− groups acting as linkers in a bidentate/monodentate 
coordination mode with three mer-positioned water molecules achieving the six‑coordination 
around the metal centers. Compound 4 is a neutral centrosymmetric dicopper(II) complex where 
two Hpcpa2− groups adopting the bidentate/monodentate coordination mode and act as bridges 
and bidentate bipy molecules act as end-cap ligands, describing a square pyramidal surrounding 
around each copper atom. Cryomagnetic measurements for 1, 2 and 4 in the temperature range 
1.9-300 K reveal the occurrence of a field-induced single-ion magnet (SIM) behavior (1) and weak 
interchain (J = –0.22 cm–1, 2) and intradimer (J = –0.39 cm–1, 4) antiferromagnetic interactions, 
the Hamiltonian being defined as H = –J Sa

.Sb.
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Introduction

The metallosupramolecular chemistry is nowadays 
a multidisciplinary research field where the design and 
synthesis of a great variety of supramolecular structures 
with interesting properties such as electrochemistry, 
photophysics, catalysis and magnetism has been achieved.1 
A great interest was developed in molecular magnetism 
for the rational design of ligands capable of stepwise 
assembling metal ions to yield prefixed polynuclear 
arrays.2-5 Selected examples in this respect are oxalate6-19 
and substituted oxamate- and oxamidate-type ligands (see 
Figure 1).20-22 These ligands are able to mediate strong 
magnetic interactions between the paramagnetic metal ions 
which are linked by them.23 The variety of the R substituent 

on the oxamate (oxamidate) group is at the origin of the 
great versatility of these substituted ligands envisaging the 
preparation of multifunctional supramolecular structures, 
as shown in the last years.24-31

Among the different choices of the R group, 
we will focus first on some achievements with the 
monoxamate family where R is a phenyl group of 
a phenyl-substituted derivative. The first generation 

Figure 1. Oxalate (left), monosubstituted oxamate (middle) and 
disubstituted oxamidate (right). 
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of this family is represented by N-phenyloxamate 
(dianion of N-phenyloxamic acid, H2pma) and its 
methyl-substituted analogues N-2-methylphenyloxamic 
acid (H2Mepma), N-2,6-dimethylphenyl oxamic acid 
(H2Me2pma) and N-2,4,6-trimethylphenyloxamic acid 
(H2Me3pma). The heterobimetallic chains of general 
formula [MIICuII(Mexpma)2(H2O)y(DMSO)z]n (M = Mn 
and Co; x = 2 and 3; DMSO = dimethyl sulfoxide) were 
obtained, those with cobalt(II) exhibiting slow relaxation 
of magnetization, that is single chain magnet (SCM) 
behavior.32,33 Also mononuclear bis(N-substituted oxamato)
palladate(II) complexes with methyl-, methoxo-, and halo-
substituents on the phenyl ring of the N-phenyloxamate 
have been shown to be efficient and environmentally 
friendly catalysts in palladium catalyzed Suzuki and 
Heck reactions by using aryl halides in ionic liquids.34-37 
Interestingly, the elusive [Pd(H2O)4]2+ species which 
is considered a reaction intermediate for the nitrile 
hydration was trapped together with the acetamide 
molecule during an oxamate-palladate(II) complexation 
as illustrated by the X-ray structure of the compound 
(n-Bu4N)4[Pd(H2O)4][Pd(4‑Xpma)2]3

•2CH3CONH2  
(n-Bu4N+ = tetra-n‑butylammonium cation; X = Cl and Br).38

Aiming at improving the coordinating possibilities 
of the N-phenyloxamate ligand, some of us prepared the 
N-(4-caboxyphenyl)oxamic acid (H3pcpa) and started 
a systematic study of its complexing ability towards 
transition metal ions. The first attempts yielded the 
cobalt(II) chain of formula {[Co(Hpcpa)(H2O)3]n

•3/2nH2O} 
and the dicopper(II) complex [Cu2(MeHpcpa)4(MeOH)2] 
(MeHpcpa− = monoanion of the methyl ester derivative 
of the H3pcpa).39 The Hpcpa2− ligand exhibits a 
bidentate/monodentate bridging mode in the former 
compound whereas only the carboxylate group in the 
syn-syn bridging mode of the MeHpcpa− ligand is 
involved in the second one, the monoprotonated methyl 
oxamate fragment remaining uncoordinated. As an 
extension of this work, we present here the synthesis 
and X-ray structures of the compounds of formula 
[Fe(H2pcpa)2(H2O)2] (1), {[Mn(Hpcpa)(H2O)3]•1/2H2O}n (2),  
{ [ Z n ( H p c p a ) ( H 2 O ) 3 ] • 1 / 2 H 2 O } n  ( 3 )  a n d 
[Cu2(Hpcpa)2(bipy)2]•8H2O (4) (bipy = 2,2’-bipyridine) 
together with the variable-temperature magnetic study of 
1, 2 and 4.

Experimental

Materials and methods

Iron(III) chloride hydrate, manganese(II) chloride 
tetrahydrate, zinc(II) chloride, copper(II) nitrate trihydrate, 

copper(II) chloride dihydrate, sodium hydroxide, 
triethylamine, ethyl oxalyl chloride and 4-aminobenzoic 
acid were purchased from Sigma-Aldrich (Goiânia, Brazil) 
and used as received. The monoethyl ester derivative of the 
N-(4-carboxyphenyl)oxamic acid (EtH2pcpa) was prepared 
by reacting ethyl oxalyl chloride with 4-aminobenzoic acid 
and triethylamine in 1:1:1 molar ration under reflux at 80 ºC 
during four hours, the general procedure previously described 
for these type of ligands.40-42 Na2Hpcpa was prepared by 
treatment of the Et2H2pcpa proligand with aqueous NaOH 
(1:2.1 proligand to base molar ratio) at 65 °C for 30 min 
under vigorous stirring. The sodium salt was obtained as 
a white solid after reducing the volume of the resulting 
solution under gentle heating. The precipitate was collected 
by filtration, washed with small amounts of cold water, and 
air-dried. The compound [Cu(NO3)(bipy)(H2O)3](NO3)  
was prepared as reported in the literature.43 Elemental 
analysis (C, H, N) were conducted by the Microanalytical 
Service of the Federal University of Goiás and the metal 
contents was determined by spectrophotometry with a 
Hitachi-Z8200 spectrophotometer.

Preparation of complexes

Synthesis of [Fe(H2pcpa)2(H2O)2] (1)
X-ray quality crystals of 1 were grown by slow 

diffusion in an H-shaped tube of an aqueous solution of 
Na2Hpcpa (0.10 mmol, 1.0 cm3) on one arm and another 
aqueous solution of iron(III) chloride (0.10 mmol, 
1.0 cm3) at the other arm. Water was slowly added to fill 
the H-tube and after being covered with parafilm, it was 
allowed to diffuse at 30 ºC. Orange/brown plates of 1 
were formed after twenty days. They were collected and 
dried on filter paper under ambient conditions. Yield 24%; 
anal. data for 1 (C18H16N2O12Fe, MW = 508.18 g mol-1) 
calcd.: C 42.54, H 3.17, N 5.51, Fe 11.01, found: C 42.33, 
H 3.10, N 5.45, Fe 10.90%; IR (KBr) ν / cm−1 3415, 3360, 
1687, 1670, 1603, 1590, 1543, 1427, 1380, 1360, 1310, 
1292, 773, 698.

Synthesis of {[Mn(Hpcpa)(H2O)3] •1/2H2O}n (2) and 
{[Zn(Hpcpa)(H2O)3]•1/2H2O}n (3)

Colourless plates of 2 and 3 were grown by the same 
method used for 1, the starting aqueous solutions being 
Na2Hpcpa (0.10 mmol, 1.0 cm3) and the manganese(II) or 
zinc(II) as chloride salts (0.10 mmol, 1.0 cm3) for 2 and 
3, respectively. Yield 42 (2) and 62% (3); anal. data for 2 
(C18H24N2O17Mn2, MW = 650.27 g mol-1); calcd.: C 33.14, 
H 4.02, N 4.29, Mn 8.46, found: C 33.02, H 3.90, N 4.32, 
Mn 8.35%; IR (KBr) ν /  cm−1 3600-3200, 1667, 1610, 
1581, 1537, 1424, 1362, 791, 780, 697. Anal. data for 3 
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C18H24N2O17Zn2 (MW = 671.17 g mol-1) calcd.: C 32.12, H 
3.89, N 4.16, Zn 9.83, found: C 31.96, H 3.72, N 4.09, Zn 
9.75%; IR (KBr) ν / cm−1 3600-3200, 1667, 1611, 1580, 
1540, 1423, 1360, 793, 781, 698. 

Synthesis of [Cu2(Hpcpa)2(bipy)2].8H2O (4)
Blue prisms of 4 were also grown after twenty days by 

slow diffusion in an H-shaped tube containing an aqueous 
solution of Na2Hpcpa (0.1 mmol, 1.0 cm3) on one arm and 
[Cu(NO3)(bipy)(H2O)3]NO3 (0.2 mmol, 1.0 cm3) at the 
other arm. They were collected and dried on filter paper at 
the open air. Yield 74%; anal. data for 4 (C38H42N6O18Cu2, 
MW = 997.88 g mol-1), calcd.: C 46.81, H 3.93, N 8.80, Cu 
6.41, found: C 46.60, H 3.91, N 8.65, Cu 6.35%; IR (KBr) 
ν / cm−1 3650-3100, 1684, 1636, 1602, 1594, 1538, 1540, 
1447, 1359, 739, 771, 731, 699.

Physical techniques

Infrared spectra of 1-4 were recorded with a PerkinElmer 
Spectrum 400 FT-IR/FT-FIR spectrophotometer as KBr 
pellets in the range 4000-400 cm-1. Diffuse reflectance 
spectra of 1, 2 and 4 were performed in a PerkinElmer 
Lambda 900 UV/Vis/NIR in the 250-2500 nm region. X-ray 
powder diffraction data were collected for polycrystalline 
powders of 1-4 on an Empyrean PANalytical powder 
diffractometer, using Cu-Kα radiation (λ = 1.54177 Å) 
at a voltage of 45 kV and a current of 40 mA in the 2θ 
range 3.00-50.00º with step-size of 0.0131°. Variable-
temperature (1.9-300 K) direct current (dc) magnetic 
susceptibility measurements under applied dc fields of 
0.1 T (T ≥ 50 K) and 500 G (T < 50 K) and variable-
field (0-5 T) magnetization measurements at 2.0 K were 
carried out on crushed crystals of 1, 2 and 4 by means of 
a Quantum Design SQUID magnetometer. Alternating 
current (ac) magnetic susceptibility measurements on a 
sample of 1 were done with a Quantum Design Physical 
Property Measurement System (PPMS) under different 
applied dc fields in the temperature range 2.0-12 K. The 
corrections for the diamagnetism of the constituent atoms 
were estimated from Pascal’s constants44 as 231 × 10-6 (1), 
153 × 10-6 (2) and 522 × 10-6 cm3 mol-1 K (4) (per one 
iron(II) (1) / manganese(II) (2) and two copper(II) (4) 
ions). Corrections for the temperature independent 
paramagnetism (60 × 10-6 cm3 mol-1 per mol of copper(II) 
ions) (4) and the magnetization of the sample holder (1, 2 
and 4) were also applied. 

Computational details

In order to evaluate the parameters that determine 

the axial (D) and rhombic (E) zero-field splitting (zfs), 
calculations based on the second order N-electron valence 
state perturbation theory (CASSCF/NEVPT2) applied on 
the wave function, which was previously obtained from the 
complete active space (CAS) calculation, were performed 
on the structurally characterized molecular geometry of 
the high-spin iron(II) complex (1). The calculations were 
carried out with the version 4.0 of the ORCA programme45 
using the TZVP basis set proposed by Ahlrichs and co-
workers46,47 and the auxiliary TZV/C Coulomb basis 
sets.48-50 The contributions to zfs from 5 quintets and 20 
triplet excited states generated from an active space with 
six electrons in five 3d orbitals were included using the 
approach of the 2nd order spin-orbit coupling (SOC). 

X‑ray crystallography data collection and refinement

Single-crystals of 1-4 were mounted on a Bruker-AXS 
Kappa Duo diffractometer to measure the intensity data at 
room temperature by using CuKα radiation. Each single-
crystal was selected out from individual crystallization 
batches. The diffraction frames were recorded by ϕ and 
ω scans using APEX2,51 and raw dataset treatment was 
performed using the programs SAINT and SADABS.51 
Multi-scan absorption correction has been employed 
to all datasets.52 The structures were solved by direct 
methods with SHELXS-2014,53 wherein C, O, N, Mn, Fe, 
Cu and Zn were readily assigned from the Fourier map. 
All full-matrix refinements were performed on F2 using 
SHELXL-2014.53 Hydrogen atoms were stereochemically 
positioned and refined with fixed individual isotropic 
displacement parameters (Uiso) and equivalent isotropic 
displacement parameter (Ueq) [Uiso(H)  =  1.2Ueq(Caromatic 
and N) or 1.5Ueq(O)] using a riding model with fixed 
bond lengths of 0.93 Å (C−H, aromatic), 0.86 Å (N−H) 
0.82 Å (O−H, hydroxyl) and 0.84 Å (O−H in water). The 
Mercury54 and ORTEP355 programs were used within 
the WinGX55 software package to prepare artwork 
representations. Chimera56 was also employed to prepare 
illustrations. Residual electron density peaks close to the 
metal center were observed in the structures 2 and 4 even 
after the absorption correction. This led to high value 
for residual electron density peaks and consequently to 
high R1 and wR2 in statistics. Crystallographic data and 
refinement parameters of 1 to 4 are summarized in Table 1. 
Selected bond lengths and angles and the hydrogen bonds 
for all the compounds are grouped in Tables 2 and S1 
(Supplementary Information (SI) section), respectively. 
All crystallographic data are available in the SI section as 
CIF files. CCDC numbers are 1869708 (1), 1869709 (2), 
1869710 (3) and 1869711 (4).
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Results and Discussion

Synthesis and characterization 

The Na2Hpcpa salt was used as water soluble source 
of the oxamate ligand, the complexation reaction being 
done by slow diffusion in H-shape tubes in order to grow 
X-ray quality crystals. The metal sources were iron(III) 
chloride, manganese(II) chloride and zinc(II) chloride for 
1, 2 and 3 respectively, whereas the [Cu(NO3)(bipy)(H2O)3]
NO3 complex was used for 4. Interestingly, a reduction of 

the iron(III) to iron(II) occurs leading to the mononuclear 
compound of formula [Fe(H2pcpa)2(H2O)2] (1). The slow 
hydrolytic reaction of the oxamate (or the related oxamidate) 
to yield oxalate that has been observed by different authors 
either under ambient,20,57-61 or hydrothermal conditions62 is 
at the origin of this surprising result. This process is most 
likely accompanied by the well-known photo-induced 
ligand to metal charge transfer (LMCT)  reaction of the 
iron(III)-oxalate to give rise to the (photo) generation 
of iron(II) ions63-65 which in turn can interact with the 
remaining oxamate. Also the hydrolysis of the iron(III) in 

Table 1. Crystal data and refinement statistics for the compounds 1-4

1 2 3 4

Chemical formula C18H16N2O12Fe C18H24N2O17Mn2 C18H24N2O17Zn2 C38H42N6O18Cu2

Formula weight / (g mol-1) 508.18 650.27 671.17 997.88

Crystal system triclinic orthorhombic orthorhombic triclinic

Space group P-1 Pbcn Pbcn P-1

Z 1 4 4 1

Temperature / K 296(2) 296(2) 296(2) 296(2)

Unit cell dimensions a / Å 4.8094(4) 11.6109(4) 9.9959(15) 8.1399(11)

b / Å 5.9688(7) 7.3054(3) 12.6546(18) 9.9959(15)

c / Å 17.5936(10) 28.1064(10) 77.108(10) 12.6546(18)

α / degree 81.032(7) 90 88.005(10) 77.108(10)

β / degree 82.702(6) 90 87.143(9) 88.005(10)

γ / degree 82.265(8) 90 1002.2(3) 87.143(9)

Volume / Å3 491.42(8) 2384.05(15) 2312.41(14) 1002.2(3)

ρcalc / (g cm-3) 1.717 1.812 1.928 1.653

Absorption coefficient μ / mm-1 6.842 9.454 3.413 2.085

Absorption correc. (multi-scan) Tmin/Tmax 0.392/0.578 0.290/0.623 0.652/0.843 0.344/0.904

θ range for data collection / degree 7.693-66.426 3.145-66.574 3.172-66.495 3.584-66.464

Index ranges h −5 to 5 −13 to 9 −13 to 11 −9 to 5

k −5 to 7 −7 to 8 −8 to 8 −11 to 11

l −20 to 20 −32 to 31 −33 to 31 −14 to 14

Data collected 2257 5711 5004 5951

Unique reflections 1587 2011 1890 3200

Symmetry factor (Rint) 0.0360 0.0477 0.0272 0.0913

Completeness to θmax / % 91.5 95.2 92.6 90.9

F(000) 260 1328 1368 514

Refined parameters 151 177 178 289

Goodness-of-fit on F2 (S)a 1.047 0.952 1.137 1.578

Final R1
b factor [I > 2σ(I)] 0.0698 0.0812 0.0411 0.1226

wR2
c factor (all data) 0.2089 0.2415 0.1131 0.3939

Largest diff. peak/hole / (e Å-3) 0.630/−0.526 1.931/−0.951 0.589/−0.539 1.857/−2.067

CCDC deposit No. 1869708 1869709 1869710 1869711

ρcalc: calculated density; F(000): structure factor in the zeroth-order case; F2: squared structure factor; wR2: R-value for F2; CCDC: Cambridge Crystallographic 
Data Centre.
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the aqueous solution would account for the presence of the 
H2pcpa- ligand in 1 instead of the initial monoprotonated 
Hpcpa− form. These features are in agreement with the 
low yield of 1 (ca. 24%). In the case of zinc(II) and MnII, 
chains of formula {[Mn(Hpcpa)(H2O)3]•1/2H2O}n (2) and 
{[Zn(Hpcpa)(H2O)3]•1/2H2O}n (3) are obtained where the 
initial monoprotonated Hpcpa− species is present adopting a 
bidentate/monodentate bridging mode (see below). Finally, 
as far as the copper(II) ion is concerned, the presence of 
the bidentate bipy ligand precludes the chain formation, the 
neutral dicopper(II) compound [Cu2(Hpcpa)2(bipy)2]•8H2O 
(4) being formed, the Hpcpa− ligand exhibiting the same 
coordination mode than in 2 and 3. 

In order to confirm the phase purity of the synthesized 

compounds, their powder X-ray diffraction (PXRD) 
patterns were recorded. As shown in Figures S5-S8 (SI 
section), the PXRD patterns recorded for polycrystalline 
samples of 1-3 are in agreement with those simulated from 
the respective single-crystal X-ray data using the Mercury 
2.4 program54 demonstrating that the crystal structure is 
truly representative of the bulk materials. Based on the 
comparison between the experimental and simulated PXRD 
patterns of compound 4 (Figure S8, SI section), it is possible 
to find in the synthetic batch its crystal phase determined 
by single-crystal X-ray diffraction technique. However, a 
mixture of phases is present since there are several Bragg 
reflections which are not predicted from the corresponding 
crystal structure.

Table 2. Main bond lengths and angles for 1-4a-c

Bond length / Å Bond angle / degree

1

Fe1−O4 2.141(3) O4−Fe1−O4i 180 O4i−Fe1−O1Wi 90.92(16)

Fe1−O5 2.110(4) O4−Fe1−O5 77.77(14) O5−Fe1−O5i 180.0

Fe1−O1W 2.080(4) O4−Fe1−O5i 102.23(14) O5−Fe1−O1W 90.91(18)

O4−Fe1−O1W 90.92(16) O5−Fe1−O1Wi 89.09(18)

O4−Fe1−O1Wi 89.08(16) O5i−Fe1−O1W 89.09(18)

O4i−Fe1−O5 102.23(14) O5i−Fe1−O1Wi 90.91(18)

O4i−Fe1−O5i 77.77(14) O1W−Fe1−O1Wi 180.0

O4i−Fe1−O1W 89.08(16)

2

Mn1−O1 2.045(5) O1−Mn1−O4i 90.72(19) O4i−Mn1−O3W 88.76(19)

Mn1−O4i 2.209(4) O1−Mn1−O5i 160.3(2) O5i−Mn1−O1W 96.09(17)

Mn1−O5i 2.210(5) O1−Mn1−O1W 99.9(2) O5i−Mn1−O2W 84.40(18)

Mn1−O1W 2.164(4) O1−Mn1−O2W 84.7(2) O5i−Mn1−O3W 95.43(18)

Mn1−O2W 2.234(5) O1−Mn1−O3W  95.5(2) O1W−Mn1−O2W 88.23(18)

Mn1−O3W 2.217(5) O4i−Mn1−O5i 73.18(16) O1W−Mn1−O3W 91.72(18)

O4i−Mn1−O1W 169.25(17) O2W−Mn1−O3W 179.81(19)

O4i−Mn1−O2W 91.25(19)

3

Zn1−O1 1.980(3) O1−Zn1−O4i 88.97(11) O4i−Zn1−O3W 89.73(11)

Zn1−O4i 2.133(3) O1−Zn1−O5i 161.42(11) O5i−Zn1−O1W 93.42(10)

Zn1−O5i 2.133(3) O1−Zn1−O1W 100.91(11) O5i−Zn1−O2W 84.97(10)

Zn1−O1W 2.070(2) O1−Zn1−O2W 83.95(11) O5i−Zn1−O3W 94.43(10)

Zn1−O2W 2.179(3) O1−Zn1−O3W 96.79(11) O1W−Zn1−O2W 87.35(10)

Zn1−O3W 2.129(3) O4i−Zn1−O5i 76.30(9) O1W−Zn1−O3W 92.04(10)

O4i−Zn1−O1W 169.68(10) O2W−Zn1−O3W 179.12(9)

O4i−Zn1−O2W 90.76(10)

4

Cu1−O1i 2.255(6) O1i−Cu1−O4 94.2(2) O4−Cu1−N2 94.1(3)

Cu1−O4 2.005(7) O1i−Cu1−O5 92.7(3) O4−Cu1−N3 163.8(3)

Cu1−O5 1.931(7) O1i−Cu1−N2 99.3(3) O5−Cu1−N2 167.9(3)

Cu1−N2 1.965(9) O1i−Cu1−N3 102.0(3) O5−Cu1−N3 96.8(3)

Cu1−N3 1.953(9) O4−Cu1−O5 83.9(3) N2−Cu1−N3 81.8(3)

aSymmetry code for 1: (i) = 1 − x, −y, 1 − z; bsymmetry code for 2 and 3: (i) = ½ + x, ½ − y, 1 − z; csymmetry code for 4: (i) = 2 − x, 1 − y, 2 − z.
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Broad absorption bands are observed in the diffuse 
electronic spectra of 1-4. Intraligand n-π* and π-π* charge-
transfer transitions (CT) occur below 400 nm (25000 cm-1). 
The d-d transitions are observed at 442 nm for FeII shows 
distorted an octahedral geometry in 1 and at 690 nm for 
CuII shows a square pyramidal surrounding in 4. A very 
weak spin-forbidden absorption which is observed for 2 at 
540 nm is assigned to a d-d transition for MnII in a distorted 
octahedral geometry. 

The IR spectra of 1-4 (Figures S1-S4, SI section) 
show strong and broad absorptions in the high frequency 
region (centered at ca. 3400 cm-1) which are due to O–H 
stretching vibration of the water molecules together with 
the ν(N−H) stretching vibrations of the amide fragment 
in H2pcpa− (1) and Hpcpa2− (2-4) ligands, all of them 
involved in an extensive network of hydrogen bonds.66 A 
sharp peak at 3360 cm-1 is the diagnostic of the presence 
of the amide N−H function in 1, this absorption being 
masked by the O−H stretching vibrations in the other three 
complexes. Strong peaks in the range 1690‑1600  cm-1 
in the infrared spectra of 1-4 are due to νas(COO−) and 
νas(C=O) vibrations of the carboxylate and amide groups. 
The (δ(C−Harom)) deformation vibration of the phenyl ring 
of the N-substituted oxamate appears in the frequency range 
790-770 cm-1 in the infrared spectra of 1-4; an additional 
medium intensity peak at 731 cm-1 (δ(C−Harom)) in the case 
of 4 is indicative of the presence of bipy in this compound. 
All these spectroscopic features in 1-4 have been confirmed 
by the X-ray structures (see below). 

Description of the structures 

[Fe(H2pcpa)2(H2O)2] (1)
The structure of compound 1 was solved in the 

P-1 space  group and it consists of centrosymmetric 
mononuclear iron(II) units with two trans-positioned 
water molecules (O1W and O1Wi) and two bidentate 

monodeprotonate N-4-(carboxyphenyl)oxamate ligands 
(O4, O5, O4i and O5i) building a somewhat distorted 
octahedral surrounding (Figure 2). The root mean square 
deviation (r.m.s.d.) for the least squares (l.s.) basal plane 
defined by the four oxamate-oxygens did not show any 
significant error. An axial compression together with 
a significant rhombicity at the equatorial plane occurs 
around the iron atom, the value of the Fe−Owater bond 
distances (Fe1−O1W  =  Fe‑O1Wi = 2.080(4) Å) being 
shorter than the Fe−Ooxamate bond lengths (2.110(4) Å and 
2.141(3) Å for Fe1−O5 and Fe1−O4, respectively). The 
reduced bite of the bidentate monoprotonated oxamate 
fragment (77.77(14)º for O4‑Fe−O5) is one of the main 
sources for this distortion. Bond angles fall in the range 
77.77(14)‑102.23(14)º (see Table 2).

The neutral units of 1 are arranged in supramolecular 
zigzag chains parallel to crystallographic c axis which 
are in turn interlinked through hydrogen bonds along 
the b axis to result into a layered structure extending 
in the bc plane (Figure 3a, Table S1, SI section). These 
supramolecular layers are stacked along the [100] 
direction (Figure 3b). The presence of the carboxylic 
substituent at the phenyl ring precludes the expansion 
of the mononuclear unit as a coordination polymer (as 
occurs in 2 and 3, see below). One can see how the 
molecular packing of 1 is built-up by intermolecular 
hydrogen bonds between pairs of carboxylic groups 
along the crystallographic c axis though the formation 
of R2

2(6) synthon together with a bifurcated hydrogen 
bond involving the coordinated water molecule (O1Wii) of 
one complex unit and the carboxylate-monodeprotonated 
oxamate-oxygen atoms (O3 and O5) of an adjacent entity 
along the crystallographic b axis.

The values of the shortest intralayer iron-iron separation 
are 5.9688(7) Å (Fe1…Fe1ii) and 21.096(1) Å (Fe1…Fe1iii) 
whereas that of shortest the interlayer metal-metal distance 
is 4.8094(4) Å (Fe1…Feiv). 

Figure 2. Drawing of the structure of 1 with the thermal ellipsoids of the non-hydrogen atoms at the 50% probability level. The labels of hydrogen and 
carbon atoms were omitted for clarity (symmetry code: (i) = 1 − x, −y, 1 − z).
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{[Mn(Hpcpa)(H2O)3]•1/2H2O}n (2) and {[Zn(Hpcpa)
(H2O)3]•1/2H2O}n (3)

Compounds 2 and 3 are isostructural and their structure 
was solved in the Pbcn space group. One manganese(II) 
(2)/zinc(II) (3) a Hpcpa2− anion and three coordinated 
(O1W, O2W and O3w) and a free (O4W) water molecules 
constitute the asymmetric unit (Figure 4). The water 
oxygen O4W is located on a glide plane and therefore is 
only half occupied. Each Hpcpa2− ligand in 2 and 3 adopts 
a monodentate/bidentate bridging through a carboxylate-
oxygen (O1) of a monodeprotonated oxamate fragment 
and two cis oxygen atoms (O4i and O5i) from another 

symmetry-related Hpcpa2− ligand towards the metal center 
[Mn1 (2) and Zn1 (3)] the whole leading to neutral zigzag 
chains running parallel to the crystallographic a axis (see 
Figure 5).

Each crystallographically independent metal atom in 2 
and 3 is six-coordinate in a somewhat distorted octahedral 
surrounding built by three mer positioned water molecules 
(O1W, O2W and O3W) and three oxygen atoms (O1, O4i 
and O5i) from two Hpcpa2− ligands. The r.m.s.d. for the l.s. 
planes were 0.202 and 0.170 Å in 2 and 3, respectively. The 
O1O4iO5iO1W set of atoms define  the basal plane and the 
O2W and O3W water molecules fill the axial positions around 

Figure 3. (a) View of a fragment of the supramolecular layer of 1 extending in the crystallographic bc plane. The hydrogen bonds are represented as 
dashed cyan lines. (b) View of the stacking of the supramolecular layers along the [100] direction (symmetry codes: (ii) = x, 1 + y, z; (iii) = 2 + x, y, 1 + z; 
(iv) = 1 + x, y, z).

Figure 4. Asymmetric unit of (a) 2 and (b) 3 with thermal ellipsoids of the non-hydrogen atoms at the 50% probability level. The labels of hydrogen and 
carbon atoms were omitted for clarity (symmetry code: (i) = ½ + x, ½ − y,1 − z).
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the metal centers. The largest deviated atom from these planes 
is O4 for both structures, with distances of 0.120(2) Å (2) 
and 0.094(17) Å (3). The metal atom is away from the l.s. 
plane by 0.107(1) Å (1) and 0.120(5) Å (2). The values of the 
M−Ow and M−Ohpcpa cover the ranges 2.164(4)‑2.234(5) Å 
and 2.045(5)-2.210(5) Å for 2 and 2.070(2)-2.179(3) Å 
and 1.980(3)-2.133(3) Å for 3 (see Table  2). As in 1, 
the main source of the distortion of the octahedral 
surrounding at the metal atom in 2 and 3 is the reduced 
bite of the bidentate coordination of the monoprotonated 
oxamate (O4i‑M‑O5i = 73.18(16)º (2) and 76.30(9)º). 	

Given that 2 and 3 are isostructural compounds, their 
crystal packing is the same and then we will focus only 
on that of 2 and refer to the one of 3 for comparison. 
The neutral chains growing along the a axis are arranged 
by blocks in the crystallographic ac plane (Figure 6a) 
leading to a supramolecular layer where the neighboring 
chains are interlinked by hydrogen bonds along the c axis 
involving one the coordinated water molecule (O1W) and 
one carboxylate-oxygen (O5) (O1W…O5iii = 2.697(6) Å; 

symmetry code: (iii) = −x, y, 3/2 + z) from the coordinated 
monoprotonated oxamate of an adjacent chain (Figure 6b). 
Additional hydrogen bonds and π-π stacking interactions 
occur along the crystallographic b axis in 2 and 3 (Figure 7) 
that lead to a supramolecular three-dimensional network. 
The values of the distance between the centroids in the π-π 
stacking, calculated through the atoms of aromatic ring 
labeled C2−C7, is 3.669(10) Å (2) and 3.639(19) Å (3). 
Details of the hydrogen bonding pattern for 2 and 3 are 
listed in Table S1, SI section. 

The values of the metal-metal distance across the 
bridging Hpcpa2− ligand are 11.46(10) Å (Mn1…Mn1ii) and 
11.326(8) Å (Zn1…Zn1ii), whereas the shortest interchain 
metal-metal separation are 5.1449(12) Å (Mn1…Mn1iii), 
5.8195(14) Å (Mn1…Mnvii), 5.0961(8) Å (Zn1…Zn1iii) and 
5.7423(7) Å (Zn1…Zn1vii).

[Cu2(Hpcpa)2(bipy)2].8H2O (4)
The structure of 4 was solved in the P-1 space group 

and its structure consists of centrosymmetric dicopper(II) 

Figure 5. View of a fragment of the neutral zigzag chain of 2 running parallel to the crystallographic a axis (the same drawing is done for 3; see Figure S9, 
SI section) (symmetry code: (ii) = −½ + x, ½ − y, 1 − z). 

Figure 6. (a) A view of the crystal packing of 2 showing the arrangement of the chains in the crystallographic ac plane. (b) A detail of the hydrogen bonds 
(dashed blue lines) linking adjacent chains of 2 in the ac plane.
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units of formula [Cu2(Hpcpa)2(bipy)2] and water molecules 
of crystallization. A view of the asymmetric unit is shown 
in Figure 8a. The Hpcpa2− ligand in 4 adopts the bidentate/
monodentate coordination mode as in 2 and 3 but the 
presence of the bipy acting as an end-cap chelating ligand 
precludes the formation of a chain in 4 in contrast to what 
occurs in 2 and 3 (Figure 8b).

Each copper(II) ion in 4 is five-coordinate in a distorted 
square pyramidal surrounding with two nitrogen atoms of 
a chelating bipy (N2 and N3) plus two oxygen atoms (O4 
and O5) from a bidentate monoprotonated oxamate of a 
Hpcpa2− ligand building the basal plane and a carboxylate-
oxygen (O1i) from a symmetry related Hpcpa2− ligand at 
the apical position. The value of trigonality parameter (τ) 
is equal to 0.069 (τ = 0 and 1 for ideal square-pyramidal 
and trigonal-bypiramidal, respectively).67 The root mean 
square deviation for the least-squares plane defined by the 
N2N3O4O5 set of atoms is 0.071 Å. The greatest deviated 
atoms from this l.s. plane were N2 and N3, both of them 

with a deviation of 0.043(7) Å, while Cu2+ is shifted from 
this l.s. plane by 0.2402(11) Å. The basal Cu−Ocarboxylate 
bond length (Cu1−O5 = 1.931(7) Å) is shorter than the 
Cu‑Oamide‑oxygen (Cu1−O4 = 2.005(7) Å) as expected because 
of the greater basicity of the carboxylate oxygen versus the 
amide-oxygen, both bond lengths being shorter that the axial 
copper-to-oxygen interaction (Cu1‑O1i = 2.255(6) Å). The 
values of the angles subtended at the copper(II) ion by the 
chelating bipy and monoprotonated oxamate fragment are 
81.8(3) and 83.9(3)º, respectively.

The crystal packing is constituted by layers of neutral 
dicopper(II) units which are arranged parallel to ac plane, 
the dimers being oriented in [101] direction, with non-
coordinated water molecules in their surrounding (see 
Figure 9).

The intermolecular interactions connecting the 
dicopper(II) occur along the three crystallographic axes, 
being mainly cross-linked by water molecules (see 
Table S1, SI section). However, hydrogen bonds are not the 
only relevant interaction between the dicopper(II) entities. 
The π-π interactions along the crystallographic a axis also 
contribute to the stabilization of the crystal structure. There 
are two π-π type interactions between the dinuclear units, 
one involving the centroids defined as Cg1 and Cg2 and 
another one engaging Cg2 and Cg3. Theses centroids were 
fitted through atoms of the phenyl ring from the Hpcpa2− 
and each pyridyl ring from the bipy molecule, respectively. 
The distance between those centroids are 3.767(5) and 
3.722(5) Å in the two interactions, respectively. All these 
interactions are shown in Figure 10. 

The intramolecular copper-copper separation is 
9.975(2) Å (Cu1…Cu1i) whereas the shortest intermolecular 
copper-copper distances are 6.0561(19) and 7.385(2) Å 
for Cu…Cuii and Cu…Cuiii, respectively, (symmetry code: 
(ii) = 1 − x, 1 − y, 2 − z; (iii) = 1 − x, 1 − y, 1 − z). These two 
last values correspond to π-π stacking between dicopper(II) 

Figure 7. Intermolecular interactions in 2 along the crystallographic b 
axis through hydrogen bonds (dashed blue lines) and π-π stacking (dashed 
black lines) (symmetry code: (iv) = ½ − x, −½ − y, z; (v) = ½ − x, −½ + y, 
z; (vi) = −x, −y, 1 − z; (vii) = ½ − x, ½ + y, z).

Figure 8. (a) Asymmetric unit of 4 with thermal ellipsoids of the non-hydrogen atoms at the 50% probability level. The labels of hydrogen and carbon 
atoms were omitted for clarity. (b) Perspective drawing of the dicopper(II) unit of 4. Symmetry code: (i) = 2 − x, 1 − y, 2 − z.
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units, whose distances are measured between the metal 
atoms from dimers interacting through Cg1−Cg2 and 
Cg2−Cg3, respectively. 

The coordination of transition metal ions to nitrogen from 
pyridines (1,10-phenanthroline and bipy) concomitantly 
to oxamate ligands are already know.68-70 Unlike to the 
present structure, complexes bearing bipy contain also two 
oxamate bridges.68 These last ligands allowed the formation 
of discrete (including one dimer) and coordination 
polymers. On the other hand, the structure of 4 reported 
herein reveals the occurrence of an isolated dicooper(II) 
complex, although it shows only one oxamate bridge and 
one deprotonated carboxylic acid acting as ligands. The 
dimer from literature69 shows a closer distance between 
metals ions than that found here, which is justified by the 

stacking of one pyridyl ring on the top of an oxamate bridge 
from different coordination compounds. Nevertheless, the 
structure of 4 represents the first report with carboxylate, 
oxamate and bipy groups coordinated to the metal center. 
Among all other structures with only the Hpcpa2− ligand, 
which were reported by some of us, it was also verified 
the formation of both a coordination polymer and a dimer, 
indicating the versatility of the Hpcpa2− ligand to output 
complexes with different dimensionality.39

Crystal structures of coordination compound with 
carboxylic acid allied to an oxamate bridge as ligands 
are limited in the literature. Analyzing the Cambridge 
Structural Database (CSD version 5.39, May 2018),71 
only three coordination compounds with those features 
were found.39,72 Among these, two of them were reported 

Figure 9. View of the crystal packing of 4 showing the layered arrangement of the dicopper(II) units parallel to the crystallographic ac plane together 
with the water molecules of crystallization.

Figure 10. Intermolecular interactions between three dicopper(II) units, connected by hydrogen bonds (dashed cyan lines) along the crystallographic a 
and c axes and π-π stacking (dashed black line) along the a axis. 
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by our research group, which show the MeHpcpa− and 
Hpcpa2− ligands (CCDC refcode: VOPLIX and VOQDEM, 
respectively).39 The other one contains two oxamate 
bridges and only one deprotonated carboxylic acid, which 
changed therefore the geometry of the final complex 
and led to an entirely different packing due to a further 
coordination to an alkaline metal.72 Moreover, all these 
three structures contain the protonated carboxylic acid, as 
observed in 1. The presence of this acid hydrogen limited 
the formation of a coordination polymer, which results 
in an isolated coordination compound, as mentioned. 
Meanwhile, structures 2 and 3 are isostructural between 
each other and to VOQDEM,39 which has the formula  
{[Co(Hpcpa)(H2O)3]•1/2H2O)1.5}n. 

Magnetic properties

For pedagogical reasons, we will focus first on the 
magnetic properties of 4 followed by those of 2 and finally, 
we will present those of 1 (compound 3 being a diamagnetic 
species). 

The magnetic properties of 4 under the form of 
χMT versus T plot (χM is the magnetic susceptibility per 
dicopper(II) unit) are shown in Figure 11. χMT at room 
temperature is equal to 0.827 cm3 mol-1 K, a value which 
is as expected for two magnetically isolated spin doublets. 
Upon cooling down, this value remains constant until ca. 
50 K and it further decreases to 0.766 cm3 mol-1 K at 1.9 K. 
This small decrease at low temperatures is due to a weak 
antiferromagnetic interaction between the copper(II) ions. 
Following the dinuclear structure of 4, its magnetic data 
were analyzed through equation 1.73

χM = (2Nb2g2 / kT)[3 + exp(−J / kT)]−1 	 (1)

which is the Bleaney-Bowers expression for a coupled 
dinuclear system with local spin doublets, the spin Hamiltonian 
being defined as H = ‑JSCu1

•SCu2 + bH(gCu1SCu1 + gCu2SCu2), 
where N is Avogadro’s number, b is the Bohr magneton, g is 
the splitting factor, J is exchange coupling constant and S is 
spin values, SCu1 = SCu2 = ½ and g = gCu1 = gCu2. Least-squares 
best-fit parameters for 4 are J = −0.390(2) cm-1 and g = 2.101(5) 
with R = 2.1 × 10-6 (R is the agreement factor defined as  
∑i[(χMT)obs(i) – (χMT)calc(i)]2 / ∑i[(χMT)obs(i)]2). 

This very small value of J found for this compound can 
be understood by looking at the relative disposition of the 
magnetic orbitals involved and the large intramolecular 
copper-copper separation. In fact, the magnetic orbital 
at each copper(II) site (that is the molecular orbital that 
describes its unpaired electron) is of the d(x2-y2)-type and it 
is mainly delocalized on the equatorial plane, the spin density 

on the apical position (O1i atom) is predicted to be very 
small. The overlap between the parallel d(x2-y2) magnetic 
orbitals through the extended Hpcpa− bridge connecting 
an equatorial position at one copper center with the apical 
site at the other one, the copper-copper separation being 
ca. 9.98 Å (Cu1…Cu1i), is expected to be very small, if any. 
The poor overlap between these magnetic orbitals across 
the multiatom Hpcpa− bridge would account for the weak 
antiferromagnetic coupling observed its magnitude being 
proportional to the square of overlap integral after the Kahn’s 
model.74,75 Anyway, this value of J in 4 has to be considered 
as the upper limit given that there are intermolecular copper-
copper distances which are shorter than the intramolecular 
ones through π-π stacking (6.0561(19) and 7.385(2) Å for 
Cu...Cuii and Cu...Cuiii, respectively). 

The magnetic properties of 2 under the form of χMT 
versus T plot (χM is the magnetic susceptibility per two 
manganese(II) ions) are shown in Figure 12. χMT at room 
temperature is equal to 8.90 cm3 mol-1 K, a value which is 
as expected for two magnetically isolated spin sextets. Upon 
cooling, this value remains constant until 60 K and it further 
decrease to 6.31 cm3 mol-1 K at 1.9 K. The trend of this 
data is indicative of a weak antiferromagnetic interaction 
between the local spin sextets. 

An inspection of the structure of 2 shows the presence 
of two possible exchange pathways: (i) the intrachain one, 
provided by the bidentate/monodentae Hpcpa2− bridge 
with an intrachain metal-metal separation of 11.46(10) Å 
(Mn1…Mn1ii) and (ii) the shorter interchain interactions 
of 5.1449(12) Å through O1W-H1WB…O5ii (Mn1…Mn1iii)  
and 5.8195(14) Å across O3W-H3W…O1Wvii (Mn1…Mnvii). 
Having in mind the much shorter interchain separation 
through the (ii) pathway, it is reasonable to discard 
the (i)  one. Then, we analyzed the magnetic data of 2 

Figure 11. Temperature dependence of χMT for 4: (o) experimental; 
(__) best-fit curve through equation 1 (see text).
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through the expression for a discrete dimanganese(II) unit 
(equations 2-4).

χM = (Nb2g2 / kT)[A/B] 	 (2)

with 

A = exp(x) + 5exp(3x) + 14exp(6x) + 30exp(10x) + 
55exp(15x)	 (3)

and

B = 1 + 3exp(x) + 5exp(3x) + 7exp(6x) + 9exp(10x) + 
11exp(15x)	  (4)

where x = J/k, the spin Hamiltonian being defined 
as H  =  ‑JSMn1SMn2 + bH(gMn1SMn1 + gMn2SMn2). In the 
recent case, SMn1 = SMn2 = 5/2 and g = gMn1 = gMn2. Least-
squares best-fit parameters for 2 are J = –0.221(1) cm-1, 
g  = 2.020(5) and R = 1.6 × 10-5. The calculated curve 
matches well the experimental data in the whole 
temperature range explored. 

Dealing with the weak antiferromagnetic coupling 
observed in 2, previous magneto-structural studies have 
shown that hydrogen bonds are capable to be relatively 
good mediators of magnetic interactions.76,77 In this respect, 
values from weak ferro- to intermediate antiferromagnetic 
couplings were achieved in dicopper(II) complexes.78 
As far as we know, no data for magnetic coupling in a 
dinuclear manganese(II) species mediated by hydrogen 
bonds is available. A close case to 2 is a high-spin iron(III) 
compound (SFe = 5/2) of formula [Fe(bpym)Cl3(H2O)]•H2O 
(bpym = 2,2’-bipyrimidine) where a value of J of –0.68 cm-1 
was reported through the FeIII−OW−H…Cl−FeIII exchange 
pathway.79 

The dc magnetic properties of 1 in the form of χMT 
against T plot (χM is the magnetic susceptibility per 
one iron(II) ion) are shown in Figure 13. χMT at room 
temperature is 3.64 cm3 mol-1 K, a value which confirms the 
occurrence high-spin iron(II) ion (SFe = 2) with a gFe value 
largely above that for the free electron in this compound. 
Upon cooling, this value of χMT smoothly increases up to 
around 75 K, and it further decreases to 2.18 cm3 mol-1 K 
at 1.9 K. The trend in the high temperature range is due 
to the first-order SOC, whereas its subsequent decrease 
below 75 K could be attributed to either the SOC or zfs 
effects together with intermolecular antiferromagnetic 
interactions. An inspection of the crystal packing of 
1 shows that occurrence of a supramolecular uniform 
iron(II) chain along the crystallographic c axis, the possible 
exchange pathway being provided by the bifurcated 
Fe1ii−O1Wii‑H1WBii…O3−C9−O5−Fe1 hydrogen bond 
pathway (and its symmetry related), the iron-iron separation 
being ca. 6.0 Å (see Figure 3a). In the light of this large 
metal-metal separation, we discard the occurrence of any 
significant intermolecular magnetic interaction. 

Given that the magnetic properties of magnetically 
isolated six-coordinate iron(II) complexes are usually 
controlled by a first-order spin-orbit coupling (SOC), the 
use of the SOC Hamiltonian introduced through the T-P 
isomorphism constitutes an appropriate option to analyze 
their magnetic properties. The presence of a 5T2g ground 
state that does not mix with other ones supports the use 
of this approach. Therefore, the magnetic susceptibility 
of 1 were analyzed by means of the Hamiltonian of  
equation 5.

H = –κλLFeSFe + ∆[Lz,Fe − L(L + 1)/3] + bH(–κLFe +  
geSFe) 	 (5) 

In this Hamiltonian, λ is the spin-orbit coupling, κ 
accounts for the reduction of the orbital momentum (L)
caused by the delocalization of the unpaired electrons and 
∆ is the energy gap between the 5B2g and 5Eg levels arising 
from the splitting of the 5T2g ground state through an axial 
distortion of the Oh symmetry. Best-fit parameters through 
the VPMAG package80 in the temperature range 300-5 K are 
κ = 0.935(2), λ = –67.4(2) cm–1, ∆ = –383.6(4) cm–1, and 
R = 2.3 × 10-5. The values of κ and λ show that there is an 
important covalent reduction, which is usual in complexes 
of the first-row transition metal ions. These values are in 
the range of those previously reported for mononuclear 
high-spin six-coordinate iron(II) complexes.81 On the other 
hand, the large ∆ value agrees with the different electronic 
nature of the ligands occupying the axial and the equatorial 
positions of the six-coordinate environment.

Figure 12. Temperature dependence of χMT for 2: (o) experimental; 
(__) best-fit curve through equations 2-4 (see text). 
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As the orbital angular momentum in the ground state 
of the high-spin iron(II) complexes is not quenched by the 
ligand field, the resulting strong “in state” SOC can lead 
to a sizable axial zero-field splitting (zfs) parameter D.82 
In fact, the large ∆ value supports a strong splitting of the 
5T2g ground state into the 5B2g and 5Eg levels. Moreover, the 
different nature of the donor atoms in the equatorial plane 
at the metal center allows to describe a rhombic distortion 
through two different directions arising from the trans 
arrangement of the monoprotonated oxamate fragment, 
which leads to a splitting of the low-lying 5Eg level. Being 
this splitting large enough, the three states coming from 
the 5T2g ground state are well separated and do not present 
any orbital momentum. Having this in mind, a zfs approach 
should be also appropriated. So, CASSCF/NEVPT2 
calculations reveal that the energies of the two excited 
levels are 1097 and 2239 cm–1 above the ground level. 
The phenomenological approach based on the zfs used to 
analyze the magnetic susceptibility of 1 is summarized in 
the Hamiltonian of equation 6.

Hzfs+Zeeman = D[Sz
2 − S(S + 1)] + bHgS 	 (6)

The best-fit parameters through the VPMAG package80 
in the temperature range 300-5 K are D = –11.7(2) cm–1, 
g  =  2.296(3), temperature-independent paramagnetism 
(TIP) = –1040(40) × 10–6 cm3 mol–1 and R = 3.1 × 10–5. 
In this approach where 1st order SOC can be present, the 
temperature-independent paramagnetism accounts for the 
depopulation at high temperatures of the closest excited 
states. The negative sign for the D parameter has its origin 
in the axial compression as indicated by the negative 
value of the ∆ parameter. The fact that the χMT at very 
low temperatures do not tend to vanish, also supports 
a negative value for D. Moreover, this is confirmed by 
ab  initio CASSCF/NEVPT2 calculations on the real 
geometry of 1 which conducted through the version 4.0 of 
the ORCA programme,45 afforded negative axial and non-
negligible transverse zfs parameters: D = –10.1 cm–1 and 
E/|D| = 0.126 cm-1. Interestingly, the negative value of D, 
together with its relative large size, indicates an intrinsic 
spin-reversal energy barrier of Ueff = S2|D| = 40.4 cm–1, and 
consequently the possibility of slow magnetic relaxation. 
Also the negative value of D value for 1 confirms its uniaxial 
anisotropy and its magnitude is comparable with those of 
other two-,83 three-,84 four-,84,85-87 six,88,89 seven-90,91 and 
eight-coordinate92,93 iron(II) complexes from the literature. 
As mentioned above, the rhombicity in 1 has its origin in 
the fact that the two bidentate monoprotonated oxamate 
ligands building the equatorial plane exhibit a trans 
arrangement. The origin of the axial anisotropy mainly 

lies on the contributions from the low-lying quintet states 
(DQ = –8.8 cm–1) although those from the triplet states are 
not completely negligible (DT = –1.3 cm–1). Among the 
states that contribute to the D parameter, those arising 
from the 5T2g term are the dominant ones (see Table S2, 
SI section).

To probe the magnetization dynamics of 1, alternating 
current (ac) magnetic susceptibility measurements have 
been carried out for this compound below 12 K. In the 
absence of an applied dc field, no χM” signal was observed 
at frequencies up to 10000 Hz and temperatures down to 
2.0 K. However, the application of external dc field (Hdc) of 
5000 G (Figure 14) resulted in a set of frequency-dependent 
peaks in plots of χM” versus T. These features suggest the 
occurrence of fast tunneling of the magnetization (QTM) 
that is removed under non-zero applied dc fields. Figure 14b 
shows the presence of more than one relaxation process, and 
χM” shows well-defined peaks with the temperature only 
at a limited number of frequencies, being they incipient or 
hidden out-phase signals in most cases. This feature makes 
difficult the analysis of the dynamical behavior. In such 
cases, particularly in those where no peaks can be observed, 
there is an alternative to study the mechanisms that govern 
the slow relaxation of the magnetization.

In the past, the ln(χM”/ χM’) vs. 1/T plots have been 
useful in this kind of studies. Usually, these plots are 
limited to the range of temperature where just a relaxation 
process occurs, that is at high temperatures and above the 
temperature where χM” shows a maximum. In such cases, 
the slope of the plots should be frequency independent. 
This approach usually works well although the reality is 
not so simple. Figure 15 show these plots for 1 in the whole 
temperature range. The curvature of these plots points out 
that several relaxation mechanisms are competing, and 

Figure 13. Temperature dependence of χMT for 1: (o) experimental; (solid 
line) best-fit curve through SOC (black) and zfs (red) approaches (see text). 
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they are linear just at high temperature. The ln(χM”/ χM’) 
remains constant at low temperatures, which is a signature 
of a predominant quantum-tunneling in this domain. 
In the light of these features, we will choose the model 
consisting of two Orbach processes to treat the high and 
intermediate temperature domains together with a quantum-
tunneling describing the behavior at low temperatures (see 
equation 7).

τ-1 = τ01
-1 exp(−Ea1) / kT) + τ02

-1 exp(−Ea2) / kT) + B 	 (7)

where Eai and τ0i are the activation energy and preexponential 
factor of the Orbach processes, and B is the quantum-
tunneling term. The best-fit appears as bold lines in 
Figure 15, the obtained values of the parameters being the 
following: Ea1 = 43.2 cm–1, τ01 = 8.4 × 10–8 s, Ea2 = 6.8 cm–1, 
τ02 = 2.0 × 10–5 s and B = 4960 s–1.

The most common is to consider two-phonon plus 
one-phonon competing relaxation processes. In this sense, 
we have replaced the second Orbach process showing a 

low activation energy-which could be more difficult to 
justify-by a direct relaxation process governed by the A 
parameter (see equation 8). The application of this new 
approach becomes more limited in the temperature range 
explored, but its results seem reasonable. The set of best-
fit parameters through this approach are Ea1 = 42.0 cm–1, 
τ01 = 8.5 × 10–8 s, A = 930 s–1 K–1, and B = 4910 s–1. 

τ-1 = τ01
-1 exp(−Ea1) / kT) + AT + B 	 (8)

The replacement of two-phonon Orbach process by a 
Raman relaxation (equation 9). 

τ-1 = CT n + AT + B 	 (9)

led to very sensitive parameters with the frequency, 
and then it was finally discarded in this discussion. The 
negative D value obtained from the previous analysis of 
the experimental data or the theoretical study supports the 
presence of an energy barrier and the slow relaxation of 
the magnetization. Even further, the value of the energy 
barrier for the Orbach process (ca. 43 cm–1) agrees with 
those extrapolated from the D value extracted from 
both the magnetometry and theory (46.6 and 40.4 cm–1, 
respectively).

Conclusions

In summary, the reaction of a functionalized oxamate-
type ligand with iron(II) (1), manganese(II) (2), zinc(II) 
(3) and copper(II) (4) afforded a high-spin mononuclear 
iron(II) complex (1), two isostructural uniform chains (2 
and 3) and a dinuclear compound (4). Weak interchain 
antiferromagnetic interactions between manganese(II) 

Figure 14. Frequency dependence of the in-phase (a) and out‑of‑phase (b) 
ac susceptibilities for 1 under an applied static field Hdc = 5000 G with a 
± 5.0 G oscillating field at frequencies in the range 0.3-10 kHz.

Figure 15. ln(χM”/ χM’) vs. 1/T plots for 1 under an applied static field 
Hdc = 5000 G with a ± 5.0 G oscillating field at frequencies in the range 
0.6-10 kHz.
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through hydrogen bonds occur in 2 whereas interdinuclear 
π-π stacking interactions are most likely responsible for the 
weak antiferromagnetic coupling between the copper(II) 
ions in 4. Interestingly, compound 1 exhibits field-induced 
slow relaxation of the magnetization being the first reported 
example of a six-coordinate FeO6 high-spin iron(II) complex 
showing the single-ion magnet (SIM) behavior. Its magneto-
structural characterization has opened new windows towards 
the rational preparation of other examples of SIMs of six-
coordinate high-spin iron(II) complexes that will be subject 
of future studies. 
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Crystallographic data (excluding structure factors) for 
the structures in this work were deposited in the Cambridge 
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Page 2416, Table 1, column denominated “2”:
Where it reads              Should be read
0.952			   1.073

Page 2416, Table 1, column denominated “3”:
Where it reads              Should be read
9.9959(15)		  11.4598(4)
12.6546(18)		  7.2430(3)
77.108(10)		  27.8592(8)
88.005(10)		  90
87.143(9) 		  90
1002.2(3)		  90
5004			   5002
1890			   1888
92.6			   92.5
1.137			   1.130	
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