
Role of Spin State and Ligand Charge in Coordination Patterns in
Complexes of 2,6-Diacetylpyridinebis(semioxamazide) with 3d-Block
Metal Ions: A Density Functional Theory Study
Stepan Stepanovic,́† Ljubica Andjelkovic,́† Matija Zlatar,† Katarina Andjelkovic,́‡ Maja Gruden-Pavlovic,́*,‡

and Marcel Swart*,§,⊥

†Center for Chemistry, IHTM and ‡Faculty of Chemistry, University of Belgrade, Studentski trg 12−16, Belgrade, Serbia
§Institut de Química Computacional i Catal̀isi (IQCC) and Departament de Química, Universitat de Girona, Campus Montilivi,
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ABSTRACT: We report here a systematic computational study on the effect of the spin state
and ligand charge on coordination preferences for a number of 3d-block metal complexes with
the 2,6-diacetylpyridinebis(semioxamazide) ligand and its mono- and dianionic analogues. Our
calculations show excellent agreement for the geometries compared with the available X-ray
structures and clarify some intriguing experimental observations. The absence of a nickel
complex in seven-coordination is confirmed here, which is easily explained by inspection of the
molecular orbitals that involve the central metal ion. Moreover, we find here that changes in
the spin state lead to completely different coordination modes, in contrast to the usual
situation that different spin states mainly result in changes in the metal−ligand bond lengths.
Both effects result from different occupations of a combination of π- and σ-antibonding and
nonbonding orbitals.

■ INTRODUCTION

Rapid progress in computational science, combined with
advances in the development of electronic structure theory,
has made computational chemistry an inseparable partner for
experiments in recent years.1−4 From a broad palette of
electronic structure methods, density functional theory (DFT)
emerged in the mainstream of quantum-chemical methods
because of its good compromise between the accuracy of the
results and the computational efficiency. This is true for organic
chemistry,5−10 but the advantages of DFT are still greater for
transition-metal compounds,11,12 where ligands cannot always
be considered innocent bystanders.13−15 Furthermore, there is
no need to emphasize the importance of coordination
compounds and the beauty of their rich stereochemistry and
reactivity. However, most coordination compounds studied by
theory are those with coordination numbers of 616,17 and
4,18−20 even though in the past decades the interest in other
coordination polyhedra has increased significantly because of
their possible applications in biology and chemistry.21−23

Complexes of polydentate acylhydrazone ligands with d
metals are particularly interesting because they have remarkable
structural features that lead to a diversity of potential
applications.24−26 Among many others, 2,6-diacetylpyridinebis-
(semioxamazide) (H2dapsox) and its monoanionic (Hdapsox)
and dianionic (dapsox) forms are conformationally flexible
ligands. Moreover, they have a large number of potential donor
atoms (see Figure 1) and hence display versatile behavior in
metal coordination, the exact nature of which depends on the

reaction conditions. The mode of coordination appears to be
governed by the nature of the central metal atom, the charge of
the ligand, and the presence of other species able to compete
for the coordination pockets.27 Interestingly, the Hndapsox
ligands (n = 0, 1, 2) enable the formation of pentagonal-
bipyramidal complexes (PBPY-7) with some 3d elements, even
though seven-coordinate complexes are usually more common
with large (d-block) metal ions. Until now, 3d metal PBPY-7
complexes have been isolated and characterized for the
H2dapsox ligand with MnII,28 FeII,29 CoII,30 and ZnII28 and
for Hdapsox and dapsox with FeIII31,32 and CoII.30,33 Other
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Figure 1. Schematic representation of the H2dapsox ligand. Its mono-
and dianionic forms are obtained primarily by dissociation of the
hydrogen atoms indicated in blue.

Article

pubs.acs.org/IC

© 2013 American Chemical Society 13415 dx.doi.org/10.1021/ic401752n | Inorg. Chem. 2013, 52, 13415−13423

pubs.acs.org/IC


geometries are also possible: an octahedral environment is
found for [FeIII(dapsox)Cl]34 and [NiII(Hdapsox)(MeOH)2]-
ClO4,

32 while with dapsox, NiII forms a square-planar
complex.35 Furthermore, the di- and monoanionic forms enable
the formation of square-pyramidal (SPY-5) complexes with
CuII32,36 and FeIII.34 Therefore, these ligands act as ligands of
changeable dentation and exhibit a stereochemical diversity,
especially with respect to coordination numbers and/or
geometries observed for various d metal ions.
A characteristic feature of open-shell transition-metal ions in

general is that several electronic configurations are accessible
that may give rise to a number of different spin states, where
the preferred one is determined by the ligand-field strength. In
the case of the Hndapsox ligand, this might be governed by the
degree of (de)protonation.14,37,38 The calculation of spin-state
energies has turned out to be quite a challenge for
computational methods,14 in particular for density functionals.
Early pure functionals like LDA,39−42 BP86,43,44 BLYP,43,45 or
PBE46 have a tendency to favor low-spin states,47 while hybrid
functionals (B3LYP,48 PBE0,46,49 and M06-2X50) have a
tendency to favor high-spin states51 because of inclusion of a
portion of Hartree−Fock exchange in these hybrid functionals.
The situation changed completely through the application of
more appropriate functionals like OPBE,38,46,52,53 SSB-D54

(and it successor S12g55), and TPSSh.56 A recent study,55

however, showed that long-range-corrected hybrid functionals
[with 100% (long-range) Hartree−Fock exchange] could also
be used reliably for providing the ground state of two related
iron(II) complexes (monopyridylmethylamine FeII(amp)2Cl2
and dipyridylmethylamine [FeII(dpa)2]

2+), given that the
former has a high-spin ground state and the latter a low-spin
ground state. The combination of these two complexes was
shown38,55 to be a critical test for computational methods.
To the best of our knowledge, and in spite of many

experimental studies,29,57−59 there are only few theoretical
attempts that have tried to rationalize the structure and
electronic properties of 3d metal complexes with H2dapsox and
its anionic forms.22,23,25,60 Because these complexes represent
mimics of superoxide dismutase (SOD) and ditopic receptors
for lithium salts, they are of the utmost importance, and hence
detailed kinetic and mechanistic experimental studies were
reported previously.29,57−61 Recently, time-dependent DFT
(TDDFT) and semiempirical calculations were performed in
order to rationalize the UV−vis spectra of the SOD mimics
redox pair [FeIII(dapsox)(H2O)2]

+ and [FeII(Hndapsox)-
(H2O)2]

n+, explaining the nature of correctly tuned redox
potentials in catalytic superoxide disproportionation.25 How-
ever, it is still not clear why the experimentally observed

Figure 2. Possible general isomeric structures for [M(Hndapsox)(H2O)2]
q. For [MnII(dapsox)(H2O)2], relative energies (OPBE/TZP//LDA/TZP;

kcal·mol−1) are compared to those of the most stable isomer I; bonds that lie in the equatorial plane are labeled in blue.
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complexes are in a particular coordination geometry and, even
less, what the roles are of the ligand charge and spin state of the
3d metal on these geometries. Thus, in order to enhance our
understanding of these coordination preferences, we have
performed a systematic DFT study of complexes of some 3d-
block metal ions with Hndapsox ligands. With these
calculations, we have elucidated how the chelation properties
of the ligands influence the stability of different geometries
around the metal ions, which is achieved through different
donor atoms as well as variation in the orbital occupations of
the metal ions.

■ COMPUTATIONAL DETAILS
The calculations using the unrestricted formalism have been
performed with the Amsterdam Density Functional (ADF) program
package,62−64 versions 2012.01/2013.01. Molecular orbitals (MOs)
were expanded in an uncontracted set of Slater-type orbitals (STOs),65

of triple-ζ quality containing diffuse functions plus one set of
polarization functions (TZP). Geometry optimizations of all
investigated structures were performed with the local density
approximation (LDA).39−41 Geometry optimizations have also been
performed using generalized gradient approximation (GGA) func-
tionals consisting of OPTX52 for exchange and PBE46 for correlation
(OPBE53) on a carefully selected subset of the investigated complexes.
Default integration and gradient convergence criterions were used.
Subsequently, single-point-energy calculations were performed on the
LDA- and OPBE-optimized geometries using either OPBE (for LDA
geometries) or dispersion-corrected functionals: SSB-D,54,66 which has
so far shown to be very accurate for spin states,67 and its recently
reported successor S12g.55 In order to check the possible influence of
an environment, we also performed single-point calculations with a
dielectric continuum model (COSMO)68−70 (using water as a
solvent), as implemented in ADF,71,72 with the OPBE, SSB-D, and
S12g functionals (on LDA geometries). The examined seven-
coordinated complexes are described by the general formula
[M(Hndapsox)(H2O)2]

q, where q = 0, 1, 2, 3, n = 0, 1, 2, and M =
MnII, FeII/FeIII, CoII, NiII, ZnII, while five-coordinated complexes are
denoted by [M(Hndapsox)L]

q, q = −1, 0, 1, 2, n = 0, 1, L = H2O, Cl,
and M = FeIII, CuII. For all d-block metal complexes, the geometry
optimization is carried out for all accessible spin states separately: S =
1/2,

3/2, and
5/2 for MnII, S = 1/2,

3/2, and
5/2 for Fe

III, S = 0, 1, and 2
for FeII, S = 1/2 and

3/2 for Co
II, S = 0 and 1 for NiII, S = 1/2 for Cu

II,
and S = 0 for ZnII.

■ RESULTS AND DISCUSSION

Stereochemistry of Seven-Coordinate Complexes.
The most commonly observed coordination polyhedra in
seven-coordinated transition-metal complexes are pentagonal
bipyramid (PBPY-7), capped octahedron (OCF-7), and capped
trigonal prism (TPRS-7);27,73 see Figure 2. However, if the
crystal structure is not determined, unambiguous experimental
assignment of coordination polyhedra in seven-coordinated
complexes is difficult because one structure may resemble more
than one reference polyhedral, hence the need for a
computational study of these complexes. The H2dapsox ligand
studied here has 11 potential ligator atoms (see Figure 1), some
of which are mutually exclusive. This, together with the
flexibility of both side chains attached to the pyridine ring,
creates quite a diversified stereochemistry36 with respect to the
possible coordination modes, which could be summarized as
follows: isomer I corresponds to the PBPY-7 X-ray-determined
structures of the investigated complexes (vide supra),29−31

while isomers II and III might be quoted as rotamers of isomer
I.

The remaining isomeric structures of PBPY-7 have a different
type, or positioning, of ligator atoms. In isomers VII and VIII,
the dapsox ligand is not planar and its side chains occupy axial
positions. When the dapsox ligand is in a planar conformation,
there are two additional isomers, mutually rotamers, in which
terminal NH2 groups (isomer XII) or carbonyl groups (isomer
X) form six-membered rings upon coordination. Two other
isomers, IX and XI, originate from the asymmetrical
combinations of side-chain conformations of isomers I, X,
and XII and are also rotamers. Of course, the mixing of isomers
IX and XI is also possible, but the resulting isomer is not shown
in Figure 2 because it has an unreasonably high energy and was
highly distorted after optimization of its geometry. Finally,
isomer IV is in a TPRS-7 environment, while isomers V and VI
correspond to OCF-7.
Even though there is the likelihood of formation of each

isomer, it has been experimentally confirmed that the Hndapsox
ligand always forms isomer I (PBPY-7) complexes with MnII,28

FeIII,31,32 FeII,29 and CoII.30,33 Whenever a different ground
state is possible, high spin is always observed. In order to
elucidate the factors that govern this structural preference, we
performed DFT calculations for all of the above-mentioned
isomers (I−XII) of [M(Hndapsox)(H2O)2]

q to examine their
relative stability (see Figure 2), although some of them cannot
be experimentally achieved. The apical position can be
occupied with different molecules, depending on the nature
of the solvent;60 hence, for this study we modeled the apical
coordination sphere with two molecules of water.
For [MnII(dapsox)(H2O)2], isomer I is the most stable one

(see Figure 2), in which dapsox is coordinated in a symmetrical
pentadentate mode through pyridine, two azomethyne (imine)
nitrogen atoms, and two α-oxyazine oxygen atoms. The least
stable structure corresponds to the isomer XII (PBPY-7)
because of the coordination of two amide nitrogen atoms and
the formation of two six-membered rings. The origin of the
different stabilities for the two OCF-7 isomers (V and VI) can
be found in the distinctive ligator atoms and the formation of a
six-membered ring in isomer VI. Isomers II and III, obtained
by outer amide rotation, have stability similar to that of isomer I
because the high conjugation in the equatorial plane is
preserved. All other isomers are much higher in energy. We
were unable to obtain the TPRS-7 coordination (isomer IV)
because of the structure of the ligand and the presence of
strong hydrogen bonds between the two neighboring water
molecules. The combination of these two effects caused the
transition-metal complex to completely change conformation,
and therefore the relative energy cannot be shown in Figure 2.
This trend has been observed for all investigated [M-
(Hndapsox)(H2O)2]

q complexes with other metals; see Table
S1 in the Supporting Information. It is noteworthy that the
geometries of the calculated structures of isomer I are in
excellent agreement with those of similar structures charac-
terized by X-ray.29−31 Selected bond lengths and valence angles
are collected and compared in Table S2 in the Supporting
Information for corresponding structures, while the super-
position of some of the crystal structures29−31 and structures
computed at the LDA level are presented in Figure 3. This
figure shows the large coherence between the optimized and X-
ray structures, which is the confirmation that LDA tends to give
good geometries for coordination compounds.67,74−76

Because PBPY-7 and OCF-7 (isomers I and V, respectively,
in Figure 2) are the most representative examples of
coordination number 7, the following detailed discussion will
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be focused only on them; a full report of the energies of all
other isomers with the different metal ions is given in Table S1
in the Supporting Information.
The influence of ligand deprotonation and the nature of the

central metal ion on the stability of isomers I and V is
presented in Table 1 for MnII, FeIII, FeII, CoII, and ZnII.
Additionally, we studied also the same types of complexes with
NiII in order to rationalize experimental findings that reveal
another type of coordination with this metal ion. The
differences in energy for isomers I and V are observed within
a range of a few kilocalories per mole (see Table 1), and in
some isolated cases, the order of stability depends on the choice
of the XC functional. The largest differences are found between
LDA, on the one hand, and OPBE, SSB-D, and S12g, on the
other hand (in all cases using LDA geometries). However, it is
well-known that LDA has a very poor performance considering
energies of d-block metal (TM) complexes,77 in contrast to the
geometries and vibrational frequencies of coordination
compounds for which it does give accurate results.67,74−76

Therefore, the relative energies obtained at LDA will not be
further discussed. With the LDA/GGA functionals, isomer I is
always found to be the most stable one, irrespective of the
charge on the ligand and the nature of the central metal ion,
except in the cases of [ZnII(Hdapsox)(H2O)2]

+ and
[ZnII(H2dapsox)(H2O)2]

+2. For these two cases, OPBE
predicts OCF-7 (isomer V) to be the most stable isomeric
structure, while SSB-D and S12g favor isomer I. However, the
differences obtained with SSB-D and S12g are also quite
smaller than those for the other d-block metal systems. To be
certain that these results are not affected by the use of LDA
geometries, we also used OPBE geometries, which led to the
same conclusions (see Table S3 in the Supporting Informa-
tion). Therefore, it is again shown that it is indeed valid to be

using GGA functionals for the energy obtained in a single-point
fashion on LDA geometries.
While with MnII, FeIII, FeII, CoII, and ZnII seven-coordination

is always found to be the stable one, attempts to model seven-
coordinated structures with NiII and Hndapsox ligands failed,
resulting in an OC-6 geometry, even if we started from a PBPY-
7 environment. The calculated geometry resembles the OCF-7
coordination, but one oxygen that lies on the face of the
octahedron is sufficiently far away from nickel (3.16 Å) that it
cannot be considered as a bond. This is in agreement with
experimental findings, which hinted at the infeasibility of
obtaining PBPY-7 structures for NiII with the dapsox ligand. In
an ideal PBPY-7 geometry (D5h symmetry) for high-spin
nickel(II) complexes, e2′ orbitals are unequally populated73 and
prone to Jahn−Teller78 distortion. In the resulting lower
symmetry, like in the present case, the degeneracy is lifted, so
the octahedral geometry (OC-6) in the [NiII(dapsox)] complex
can be explained as the result of a pseudo-Jahn−Teller effect79
operating on the PBPY-7 environment, which leads to
structural distortion.27 The results obtained for the two isomers
of NiII are shown in Table 2; they differ in the size of the
chelate ring upon coordination and resemble isomers V and VI
of the seven-coordinated environment from Figure 2 (differing
from these because of the six-coordination, vide supra),

Figure 3. Overlays of available experimental X-ray- (gray) with LDA-
optimized (light blue) global minimum structures of [FeIII(dapsox)-
(H2O)2]

+, [FeII(H2dapsox)(H2O)2]
2+, [MnII(H2dapsox)(H2O)2]

2+,
and [CoII(H2dapsox)(H2O)2]

2+.

Table 1. Relative Energies (kcal·mol−1)a of Isomers I and V
(See Figure 2) for Different 3d Metal Ions in the High-Spin
State

3d metal
ion ligand

expt
obsd isomer LDA OPBE SSB-D S12g

MnII dapsox I 0 0 0 0
V 1.7 3.5 5.0 5.1

Hdapsox I 0 0 0 0
V 0.1 1.9 4.8 4.0

H2dapsox ref 28 I 0 0 0 0
V −0.7 5.4 7.9 7.8

FeIII dapsox ref 35 I 0 0 0 0
V −2.1 5.2 7.2 6.6

Hdapsox ref 32 I 0 0 0 0
V 2.3 4.9 8.2 6.5

H2dapsox I 0 0 0 0
V 4.2 8.9 11.2 10.6

FeII dapsox I 0 0 0 0
V 1.7 0.8 4.4 3.7

Hdapsox I 0 0 0 0
V 0.1 3.6 6.6 5.3

H2dapsox ref 29 I 0 0 0 0
V 3.1 4.2 7.8 6.9

CoII dapsox ref 30 I 0 0 0 0
V −0.2 0.2 0.6 0.6

Hdapsox ref 30 I 0 0 0 0
V −2.3 0.5 3.2 1.8

H2dapsox ref 33 I 0 0 0 0
V 1.3 4.0 8.1 6.5

ZnII dapsox I 0 0 0 0
V 14.6 4.4 6.4 6.9

Hdapsox I 0 0 0 0
V 3.6 −2.0 3.4 2.1

H2dapsox ref 28 I 0 0 0 0
V −0.4 −4.7 1.0 0.5

aSingle-point energies with the TZP basis set, on LDA/TZP
geometries.
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respectively. Isomer VI* is the most stable one with both
Hdapsox and dapsox, while isomer VI* cannot be formed with
H2dapsox.
As expected, structures with the H2dapsox ligand are less

distorted in comparison with its mono- and dianionic analogues
because of weaker intermolecular hydrogen bonds; see Figure
4. In all [M(dapsox)(H2O)2]

q complexes, the water molecules
are oriented in order to form strong intermolecular hydrogen
bonds, while in the complexes with H2dapsox, the hydrogen
bonds are much weaker because of the different orientations of
water ligands.
Spin-State Energies of Seven-Coordinate Complexes.

The effect of (de)protonation of the coordinated acylhydrazone
polydentate ligands on the ligand-field strength and spin state
of 3d-block metal ions, and thus on the stability of the PBPY-7
geometry, was only empirically approached in the literature:27

the high-spin state was experimentally found to be the ground
state in all investigated complexes.28−33 As a result of our
interest in both the coordination chemistry of 2,6-diacetylpyr-
idine hydrazones and 3d metal seven-coordinate com-
plexes27−36 and an accurate theoretical description of spin
state energetics,14,15,38,67 here we performed DFT calculations
for a systematic investigation of the spin-state splitting in these
complexes. We studied [MHndapsox(H2O)2]

q, M = MnII, FeIII,
FeII, CoII, and NiII, with the aim of examining how the degree of
(de)protonation and the nature of the central metal ion affects
spin-state preferences.
The accurate description of spin states in transition-metal

complexes by means of DFT has been the focus of many
studies in the past decade,13−15,38,67,80−82 from which emerged
a number of preferred density functionals (B3LYP*,48,83−86

OPBE,38,46,47,52,87 TPSSh,56,88,89 M06-L,90,91 SSB-D,14,54,67,92

and S12g55), and still presents a challenge.14 Hereby, we
decided to use OPBE, SSB-D, and S12g14,38,55,67 because of the
proven accuracy for these types of problems and added solvent
effects72 through the COSMO dielectric continuum
model68,69,71 that can mimic small electrostatic perturbation

from the environment. Our theoretical findings, which are in
accordance with experimental data, suggest that the high-spin
configuration is favored for all investigated complexes in the
PBPY-7 environment with OPBE, SSB-D, and S12g. There are,
however, two exceptions: for [CoII(Hdapsox)(H2O)2]

+ and
[CoII(dapsox)(H2O)2], OPBE and S12g predict a low spin
state, while the SSB-D functional was able to capture the
experimentally observed high-spin ground state (see Tables 3
and S4 in the Supporting Information). Note that these are
electronic energies, without zero-point energies or entropy
effects, both of which favor high-spin states.93 Finally, it should
be noted that similar results were obtained when we used either
LDA (Table 3) or OPBE (Table S5 in the Supporting
Information) geometries.
Neither the nature of the central metal ions nor the degree of

deprotonation affects the stability ordering of the isomers;
however, this cannot be said for the spin states. Interestingly,
during the optimization of low-spin states, the structures distort
from a PBPY-7 geometry toward the isomeric structure OCF-7
(or in some cases even to OC-6), which becomes the global
minimum on the potential energy surface. This is an interesting
example where the spin state can change the relative stability of
isomers because a change of the spin state (of one and the same
complex) is usually accompanied only with changes in bond
lengths.94−97 Again, NiII is a special case, where the triplet state
is in an octahedral environment, while the singlet state distorts
toward square-pyramidal geometry, corroborating experimental
observations.35

A closer look at the MOs (see Figure 5) helps to explain our
findings for the different coordination modes. In all seven-
coordinated complexes, MOs that originated from d metal
orbitals are quite similar in shape (see Figure S1 in the
Supporting Information). The lowest two MOs are π-
antibonding with respect to the oxygen atom of the dapsox
ligand; the third MO is clearly σ-antibonding, with significant
contribution of oxygen p orbitals, while the highest two MOs
are nonbonding with respect to the oxygen atoms. According to
the obtained results, the high-spin configuration will always
favor the formation of a bond between the central metal and
the oxygen atom in the equatorial plane, except for nickel(II)
complexes. Complexes with a d5 high-spin electronic
configuration, i .e . , [FeI I I(H2dapsox)(H2O)2]

3+ and
[MnII(H2dapsox)(H2O)2]

2+, possess one unpaired electron in
each MO. In contrast, in the low-spin state, one unpaired
electron is placed in the σ-antibonding MO, but the π-
antibonding orbitals are now fully occupied, which leads to
rupture of the M−Oeq bond. Something similar happens for the
[FeII(H2dapsox)(H2O)2]

2+ complex with a d6 electronic
configuration, which has four unpaired electrons in the high-

Table 2. Relative Energies (kcal·mol−1)a of Isomers V* and
VI* for Nickel(II) Complexesb in the High-Spin State

TM ion ligand isomer LDA OPBE SSB-D S12g

NiII dapsox V* 0 0 0 0
VI* −4.9 −0.4 −6.4 −4.5

Hdapsox V* 0 0 0 0
VI* −9.1 −3.2 −7.7 −6.6

aSingle-point energies with the TZP basis set, on LDA/TZP
geometries. bThe coordinations V* and VI* resemble those of
isomers V and VI shown in Figure 2 (see the text).

Figure 4. Structures of [CoII(dapsox)(H2O)2] (left) and [CoII(H2dapsox)(H2O)2]
2+ (right) with depicted bonds. Bond lengths are given in

angstroms.
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spin state. These unpaired electrons are placed in the highest-
lying π-antibonding, in a σ-antibonding and two nonbonding
MOs. Instead, in the low-spin state, two π-antibonding and the
σ-antibonding MOs are doubly occupied; hence, the breaking
of the M−Oeq bond is a consequence of both π- and σ-
antibonding interactions. In the case of [CoII(H2dapsox)-
(H2O)2]

2+, both high-and low-spin states have doubly occupied
π-antibonding MOs (Figure 5); hence, the difference in

geometry between the two states results almost completely
from σ-antibonding interactions. Finally, [NiII(H2dapsox)-
(H2O)2]

2+ has doubly occupied π- and σ-antibonding MOs in
high- and low-spin states; thus, in both cases, the PBPY-7
coordination cannot be the preferred geometry (as is indeed
observed in our calculations and in previous experiments).

Five-Coordinated Complexes. Because Hndapsox has
many potential ligator atoms, it can be coordinated not only

Table 3. Relative Spin-State Energies (kcal·mol−1)a for Some Metal Complexes with Hndapsox Ligands

OPBE OPBE/COSMO SSB-D S12g

spin state LS IS HS LS IS HS LS IS HS LS IS HS

MnII [MnII(H2dapsox)(H2O)2]
2+ 45.2 33.1 0 43.2 33.2 0 52.7 37.7 0 42.3 30.2 0

[MnII(Hdapsox)(H2O)2]
+ 25.9 12.6 0 27.4 14.8 0 33.5 16.9 0 23.6 10.7 0

[MnII(dapsox)(H2O)2] 21.1 12.9 0 24.9 14.9 0 28.9 19.3 0 19.0 12.9 0
FeIII [FeIII(H2dapsox)(H2O)2]

3+ 17.4 23.8 0 24.0 22.3 0 29.3 23.7 0 20.8 22.3 0
[FeIII(Hdapsox)(H2O)2]

2+ 14.4 13.4 0 15.9 16.2 0 25.6 20.5 0 17.5 15.8 0
[FeIII(dapsox)(H2O)2]

+ 12.4 12.0 0 15.8 17.1 0 23.8 18.9 0 15.5 14.1 0
FeII [FeII(H2dapsox)(H2O)2]

2+ 17.8 32.7 0 15.7 29.4 0 29.5 34.8 0 22.2 32.0 0
[FeII(Hdapsox)(H2O)2]

+ 12.0 8.6 0 10.1 9.4 0 24.8 16.6 0 17.4 12.1 0
[FeII(dapsox)(H2O)2] 7.5 9.6 0 5.3 10.1 0 17.7 16.9 0 11.4 12.5 0

CoII [CoII(H2dapsox)(H2O)2]
2+ 2.1 0 5.5 0 15.1 0 8.4 0

[CoII(Hdapsox)(H2O)2]
+ −8.1 0 −5.4 0 1.9 0 −3.8 0

[CoII(dapsox) (H2O)2] −7.8 0 −6.7 0 2.5 0 −3.1 0
aSingle-point energies with a TZP basis set, on LDA/TZP geometries; LS = low spin, IS = intermediate spin, HS = high spin.

Figure 5. Representation of MOs for [MHndapsox(H2O)2]
q, where q = 0, 1, 2, 3, n = 0, 1, 2, and M = MnII, FeIII, FeII, CoII, NiII. Graphical 3D

representations of the MOs (middle) are obtained for [CoII(dapsox)(H2O)2] in the high-spin state (see also Figure S1 in the Supporting
Information).
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as a pentadentate but also as a tetradentate ligand, forming
complexes with coordination number 5. It is well-known that
complexes with coordination number 5 can form trigonal-
bipyramidal (TBPY-5) and SPY-5 geometries. Bearing in mind
the rigidity of the mono- and dianionic forms of the ligand
upon coordination in the equatorial plane, the formation of the
TBPY-5 isomer is not possible, and our discussion will be
limited to SPY-5 complexes. Furthermore, because of the
presence of the two additional protons at the nitrogen atoms,
SPY-5 cannot be formed with H2dapsox. To the best of our
knowledge, only [CuII(dapsox)H2O] and [CuII(Hdapsox)-
H2O]

+ complexes were determined crystallographically,32,36

while [FeIII(dapsox)Cl] was synthesized but not characterized
crystallographically.34 The two crystal structures of the copper
complexes have different conformations; i.e., the uncoordinated
pending arm of the ligand lies respectively above and below the
equatorial plane in [CuII(dapsox)H2O] and [CuII(Hdapsox)-
H2O]

+. Interestingly, previous experimental work had shown
that the intermediate spin state (S = 3/2) is the electronic
ground state for the SPY-5 complex of [FeIII(dapsox)Cl].34 In
order to study this surprising (and unusual) spin ground state
in more detail, we performed DFT calculations for [M-
(Hndapsox)L]

q, where M = FeIII, CuII and L = H2O, Cl
−. The

DFT-optimized geometries of [CuII(dapsox)H2O] and
[CuII(Hdapsox)H2O]

+ are in excellent agreement with the X-
ray structures (see Figure 6), giving us considerable confidence

about the reliability of the computed structure of the
[FeIII(dapsox)Cl] complex as well. Selected average bond
lengths and valence angles for DFT-optimized and X-ray
structures are tabulated in Table S6 in the Supporting
Information.
Spin-State Energies of Five-Coordinated Complexes.

The only synthesized five-coordinated complex with Hndapsox

ligands that has the possibility of multiple spin states is
[FeIII(dapsox)Cl]. As already mentioned above, this complex
has been well characterized, and the measurement of its
magnetic momentum with EPR spectra at different temper-
atures clearly indicated a rarely observed intermediate spin
state.34 Motivated by this interesting result, we have performed
DFT calculations for obtaining the spin-state splitting in
[FeIII(Hndapsox)L] with n = 0, 1 and L = H2O, Cl

−, with the
aim of examining how the degree of deprotonation and the
nature of the apical ligand affect the spin-state preferences. The
results are shown in Table 4.
In the case of [FeIII(dapsox)Cl], all three functionals (OPBE,

SSB-D, and S12g) indicated correctly the intermediate spin
ground state, in agreement with the intriguing experimental
results.34 In contrast, for the Hdapsox ligand (not isolated
experimentally), a high-spin state is predicted by all methods,
but the splitting with the intermediate spin is greatly reduced
(to ca. 1−6 kcal·mol−1, depending on the functional and
whether solvent effects have been taken into account). Hence,
in the continuous compromise between larger orbital splittings
(preferring low spin) and enhanced exchange interactions98

(favoring high spin), in this latter case, the exchange
interactions are more important.
Examination of the complexes with a water molecule in the

apical position, [FeIII(dapsox)H2O]
+ and [FeIII(Hdapsox)-

H2O]
2+, showed that the intermediate spin is favored by

OPBE and S12g, while SSB-D predicts a high-spin config-
uration with Hdapsox but an intermediate spin with dapsox
(see Table 4). It is worth mentioning that in the case of
[FeIII(dapsox)H2O]

+ all three methods predict that the high
and intermediate spin states are very close in energy, thereby
indicating that it can be considered a potential candidate for
spin-crossover systems. It should be noted that these
conclusions were not affected either by the addition of solvent
effects with COSMO (Table S7 in the Supporting Information)
or by optimization of the geometry at OPBE/TZP (Table S8 in
the Supporting Information).

■ CONCLUSIONS
The electronic structure and stereochemistry of acylhydrazone
complexes with MnII, FeIII, FeII, CoII, NiII, CuII, and ZnII were
studied by means of DFT. Some of these complexes exhibit an
unusual PBPY-7 geometry, which has rarely been studied until
now. Because H2dapsox and its anionic forms have 11 potential
donor atoms and therefore a versatile coordination behavior
with respect to the ligator atoms, 12 possible isomeric
structures were examined in the seven-coordinated environ-
ment. Isomer I was obtained experimentally always, regardless
of the different possibilities of ligand coordination and the large
number of possible isomers. Our theoretical investigations have
shown that the geometry of isomer I, in the high-spin
configuration, is in excellent agreement with the X-ray

Figure 6. Superposition of available experimental X-ray- (gray) with
LDA-optimized (light blue) global minimum structures of
[CuII(dapsox)H2O] and [CuII(Hdapsox)H2O]

+.

Table 4. Relative Spin-State Energies (kcal·mol−1)a for Five-Coordinated FeIII with Hdapsox and dapsox Ligands

OPBE OPBE/COSMO SSB-D S12g

spin state LS IS HS LS IS HS LS IS HS LS IS HS

[FeIII(dapsox)Cl] 7.6 −9.7 0 8.1 −10.5 0 11.1 −6.6 0 3.3 −11.9 0
[FeIII(Hdapsox)Cl]+ 13.6 2.6 0 11.7 0.6 0 19.8 5.6 0 14.0 2.2 0
[FeIII(dapsox)H2O]

+ 3.7 −2.2 0 4.8 −1.5 0 11.9 1.8 0 5.1 −3.4 0
[FeIII(Hdapsox)H2O]

2+ 8.4 −6.3 0 8.8 −6.4 0 12.3 −4.9 0 6.2 −7.8 0

aSingle-point energies with TZP basis set, on LDA/TZP geometries; HS = high spin, IS = intermediate spin, LS = low spin.
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structures; moreover, this isomer is found to be the most stable
one, irrespective of the nature of the central metal or the charge
of the ligand. The energy ordering for the other isomers was
found to be clearly influenced by the types of donor atoms and
the size of the chelate rings formed upon coordination.
A different situation is observed when we consider low-spin

configurations of the central metal ions. Because of the different
populations of bonding/antibonding orbitals, the geometry
optimization of an initial PBPY-7 coordination distorts toward
an OCF-7 geometry, which explains why only high-spin states
are detected in a PBPY-7 environment. Furthermore, our
calculations explain why NiII is not forming seven-coordinated
complexes with these ligands: an octahedral polyhedral
environment is found to be the most stable one, for high
spin, even though the optimization was started from a different
coordination number. However, nickel(II) complexes in a
singlet state distort toward a SPY-5 geometry, corroborating
experimental observations. This is an interesting example where
the spin state can completely change the geometry of the stable
species, even though usually a change of the spin state (for one
and the same complex) is accompanied only by a change of
bond lengths.
The intriguing experimental observation that [FeIII(dapsox)-

Cl] is in the intermediate spin has been confirmed by our DFT
calculations, with the OPBE, SSB-D, or S12g functionals. This
proves that a DFT calculation with either one of these density
functionals is the method of choice for studying the spin-state
diversity. As a final remark, our computational results explain all
experimental findings and give deeper insight into the
understanding of the chemistry of these interesting compounds,
which may affect further development in the field as well as the
rational design of new compounds with desired properties.
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Chem. Chem. Phys. 2013, 15, 6631−6639.
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