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1. Introduction

Mononuclear Fe'' and heterobinuclear Fe'Ni"
thiolate complexes derived from a compartmental
hexaazadithiophenolato ligand: synthesis,
structure and properties

Christian Zocher, Martin Borner, Jennifer Klose,

and Berthold Kersting (= *

Vanessa Stephan,
Daniel Fuhrmann

Compartmental macrocycles have proven to be very successful for the synthesis of heterobinuclear tran-
sition metal complexes. We obtained a mixed-ligand FeNi thiolate complex, [FeNiL(u-OAc)IClO,4 (3),
where L2~ represents a 24-membered hexaaza-dithiophenolato ligand, by metalation of either the mono-
nuclear [Fe'(HoL)I(ClO4)> (1) or INi"(H,LI(CIO4), (2) complex with Ni'' or Fe' salts in good to moderate
yields. However, the homobinuclear [Fe,L(u-OAc)IClO4 (4), or [NiL(u-OAc)IClO, (5), complexes are
invariably formed as byproducts (x12-15%). The metal atoms in 3 are bridged at a distance of 3.4588(5) A
by two thiolate residues and one external p; 3-acetato ligand to give a bioctahedral NzFe'(p-(SR),(u-OAc)
Ni''Ns) core structure. Magnetic susceptibility measurements for 3 show the presence of a high-spin Fe'"
(S = 2) ion, which is antiferromagnetically coupled to the Ni'' (S = 1) ion to give a Sy = 1 ground state.
Broken symmetry DFT calculations revealed J = —6.88 cm™ (H = —JS,;S5). The integrity and robust nature
of complex 3 is maintained in solution as confirmed by ESI mass spectrometry and UV-vis-NIR spec-
troscopy. Cyclic voltammetry measurements for 3 in MeCN show two electrochemically quasi-reversible
redox waves which are assigned to sequential oxidations of Fe' and Ni', respectively (E(Fe"") = +0.30 V,
E(Ni"") = +1.29 V vs. SCE). The [Fe'(H,L)]?* complex was isolated as a pale-yellow, paramagnetic (ues =
5.41ug) perchlorate salt. It comprises a five-coordinated Fe'' ion in a distorted square-pyramidal N3S
coordination environment, and a system of intramolecular N*—H-.-S™ hydrogen bonds in the free pocket
of the compartmental macrocycle.

complexes.>*?® This is especially the case when combinations

of labile 3d block metal ions are targeted.””

In the past few decades, many heterobinuclear complexes have
been investigated because of their specific chemical and
physicochemical properties arising from the proximity of the
two disparate metal centers.'” Understanding the structural,
electronic, and reactivity features of such complexes is of

importance in the field of cooperative catalysis,*™""
12,13

sensing,
imaging, and molecular magnetism.'*'® Heterobinuclear
complexes of first-row transition metal ions have also attracted
much interest as structural mimics of the active site of certain
metalloenzymes.'” >*
popular for construction of heterobinuclear complexes due to
their high binding selectivity and the macrocyclic effect that

can lead to a higher thermodynamic stability of the

Compartmental macrocyclic ligands are

Institut fiir Anorganische Chemie und Kristallographie, Universitdt Leipzig,
Johannisallee 29, 04103 Leipzig, Germany. E-mail: b.kersting@uni-leipzig.de;
Fax: +49(0)341-97-36199

This journal is © The Royal Society of Chemistry 2025

Heterobinuclear complexes derived from symmetrical
phenol-based compartmental macrocycles have been known
since the 1980s,”®*° and their electrochemical and magnetic
properties were extensively studied.’*> More recently, the
catalytic activity of some heterobinuclear complexes has been
reported.***® Several synthetic procedures have been devel-
oped to access heterobinuclear complexes based on phenolate-
containing macrocycles. In a comparably straightforward
approach, the compartmental ligand can be generated in situ
by templation with the desired metal-ions, M; and M,
(Scheme 1, method 1). Accordingly, binuclear transition metal
complexes are obtained, however, preferably of homobinuclear
nature.’® Thus, stepwise approaches aiming the complexation
of one metal ion at the time are the better choice. Of great
success for asymmetric complexes are pre-organized ligands
which already coordinated one of the metal ions. Final cycliza-
tion then occurs in situ with complexation of the final M,
(Scheme 1, method 2).*° Furthermore, the exchange of labile
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Scheme 1 Four approaches to generate heterobimetallic complexes supported by phenolate-based compartmental macrocycles. 1: A ‘one-pot’
template-directed synthesis yields the compartmental complex. 2: Final cyclization of pre-organized M; complex occurs along with insertion of M.
3: Transmetallation of labile coordinated Pb" ion accelerates insertion of M,. 4: Metal ions like Mg" may aid the ligand synthesis by directed template
condensation reaction or the ligand is available with free binding pockets. With the mononuclear M; complex, the second free binding pocket is

available for M, insertion.

coordinated metal-ions in the second binding pocket, such as
Pb", may be of advantage. The addition of M, sulfates leads to
the precipitation of PbSO, and concomitant incorporation of
M, (Scheme 1, method 3).*'™*® A particularly versatile approach
targets the mononuclear M; complexes (Scheme 1, method 4),
through metalation of the free ligand** or exchange with a
templating agent like Mg"™.*> In the final step, the second
metal ion can easily be inserted.

Inspired by the abundance of catalytically active thiolate
complexes in metalloenzymes and their synthetic models, we
have synthesized and characterized several thiolato-bridged
transition metal complexes supported by acyclic and macro-
cyclic polyaza-thiophenolato ligands.*®™*® A coordinatively-
saturated [Fe"Ni"L']" complex supported by a compartmental
NgS; tripod ligand is a representative example (Fig. 1).*° It
should be noted that the above methods developed for pheno-
lato-based macrocycles are of little synthetic value for the syn-
thesis of such ligands. We have been successful by utilizing
metal-free protocols using protected thioether precursor
derivatives to access such ligands.

We have now been able to synthesize a bioctahedral FeNi
complex with an active coordination site, namely [FeNiL(p-
OAc)]ClO, (3), by utilizing a related macrocyclic amino-thio-
phenolato ligand H,L with an NgS, donor set. The active
coordination site in 3 is occupied by the acetato ligand. A step-
wise approach comprising metalation reactions of mono-
nuclear Fe"'N,S, (or Ni"'N;S,) metalloligands (1, 2) was devised
to synthesize such a complex. The formation of intramolecular
hydrogen bonds blocks one of the coordination sites allowing
for the isolation of the mononuclear intermediate complexes 1
and 2. Herein, we report on the synthesis, structure, and
physicochemical properties of this new heterobinuclear
Fe"Ni" complex. The synthesis and characterization of the new
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Fig. 1 Heterobinuclear Fe''Ni"" complexes supported by compartmental
amino-thiophenolato ligands. The [Fe'Ni'L'T* complex has been
reported previously.49

complex [Fe(H,L)](ClO,), (1) is also reported. To our knowl-
edge, only few heterobinuclear FeNi complexes derived from
macrocyclic ligands are reported in literature. The complex
[NiFeL]** supported by a Py,N,S, macrocycle is an example.”®

2. Results and discussion

Syntheses of the complexes [Fe(H,L)](ClO,), (1) and [FeNiL(p-
0Ac)|(Cl0,) (3)

The macrocyclic ligand H,L is known to form mono- as well as
binuclear complexes with various 3d block metal ions.”"** A
mononuclear Fe' complex has not been reported previously

This journal is © The Royal Society of Chemistry 2025
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and was considered as a precursor for a heterobinuclear
Fe"Ni" complex. Thusly, Fe(ClO,),6 H,0, NEt;, and H,L-6HCl
were reacted in a 1:6:1 stoichiometric ratio in MeOH under
N, (Scheme 2) for 24 h to afford a pale-yellow solution, from
which an off-white, air-sensitive, paramagnetic perchlorate salt
of composition [Fe(H,L)](ClO,), (1) was isolated in 69% yield.
Once the Fe" complex 1 was synthesized, its metalation with
Ni" salts was attempted. When a solution of [Fe(H,L)](ClO,4), 1
in MeOH/MeCN was treated with Ni(OAc),-4H,0 and NEt; as a
base for 4 d at room temperature, a yellow solution formed,
from which a golden-orange, paramagnetic, mixed-ligand
[Fe" Ni"L(pu-OAc)]" complex could be reproducibly isolated as a
perchlorate salt (3) albeit in moderate yield (42%) and invari-
ably contaminated by the known homobinuclear [Fe,L(u-OAc)]
ClO, (4) and [Ni,L(p-OAc)]ClO, (5) complexes. The total
amount of the byproducts was estimated to be %12% on the
basis of a mass spectrometric analysis (see the SI). Complex 3
could also be obtained in good yield (80%) by reaction of the
Ni" complex 2 with anhydrous Fe(OAc), and NEt; in MeOH/
MeCN, but again contaminated with 4 and 5. All attempts to
separate 3 from 4 and 5 have failed so far.

We performed control experiments to examine whether
metal scrambling occurs in the complex 3 in the solution
state. Therefore, a 1:1 mixture of genuine samples of the
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Scheme 2 Synthesis of complexes 1-5 as ClO, salts; salt metathesis to
the BPh, salts yielded 3, 4’ and 5'.
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homobinuclear complexes 4 and 5 was left to stir for several
days at room temperature, as indicated in eqn (1). According
to mass spectrometric analysis, the initial 1:1 ratio of the two
complexes 4 and 5 remained unchanged. A similar experiment
was conducted with complex 3, which was contaminated with
4 and 5. Again no changes in the stoichiometric composition
could be detected after stirring for several days. The absence of
metal scrambling was further confirmed by UV/vis spec-
troscopy and cyclic voltammetry (vide infra). It can be con-
cluded that the integrity of complex 3 is maintained in solu-
tion state and that the byproducts 4 and 5 form during com-
plexation reactions of the mononuclear species 1 and 2.

[Fe',L(u-OAC)ICIOs  +  [Ni',L(u-OAc)|CIO, ‘%’/‘é 2 [Fe'Ni"L(u-OAc)ICIO,

4 5 MeOH/MeCN 3
r.t.

(1)

The two new compounds have been characterized by
elemental analysis, mass spectrometry, UV-vis-NIR and FTIR
spectroscopy, variable-temperature magnetic susceptibility
measurements, cyclic voltammetry (for 3), X-ray crystallogra-
phy, X-ray powder diffraction (for 1) and SEM-EDX (for 3'). The
synthesis and characterization of compounds 2, 4, and 5 has
been reported previously.>*>* As demonstrated in these earlier
studies, the choice of counter-ion has a negligible effect on
their spectroscopic and electronic properties. Therefore,
unless otherwise noted, all compounds are discussed in their
ClO,™ salt form.

Crystallographic characterization of the complexes [Fe(H,L)]
(C104), (1) and [FeNiL(p-OAc)|BPh, (3')

Single-crystals of the perchlorate salt 1-MeOH suitable for
X-ray crystallographic analysis were obtained by slow diffusion
of Et,O into a concentrated MeOH solution. The title com-
pound crystallizes in the monoclinic space group P2,/n. The
asymmetric unit contains one independent complex dication,
two ClO,~ anions, and one MeOH solvent molecule. Fig. 2 dis-
plays a perspective view of the molecular structure of the
[Fe(H,L)]*" dication, as well as a ball and stick model of the
immediate coordination environment of the Fe atom. Selected
bond lengths and angles are given in the Figure caption (see
the SI for a full list of crystallographic and metrical data).

The Fe atom in 1 is five-coordinated by three nitrogen and
two thiophenolato-sulphur atoms. The coordination sphere is
best described as distorted square pyramidal, as manifested by
the 7 value of 0.36.>> A similar value was found for the isostruc-
tural [Ni(H,L)](ClO,), complex (2, 7 = 0.29).>* The average Fe-S
and Fe-N bond lengths at 2.3401(8) A and 2.241(2) A, respect-
ively, show no unusual features and match well with those of
other five-coordinated FeN;S, complexes.>*™® For instance, in
the distorted trigonal bipyramidal complex [Fe"S,N;(Pr,Pr)]>°
(SeN3(Pr,Pr) = 1,2-dimethyl-3,7,1-triazatridecane-1,13-dithio-
late) the average Fe-S and Fe-N bonds are of length 2.353(1)
and 2.177(6) A.

The two hydrogen atoms bonded to N4 and N6 are involved
in intramolecular hydrogen bonding interactions as illustrated

Dalton Trans.
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Fig. 2 Left: Ellipsoid representation of the molecular structure of the
[Fe"(H,L)** dication in crystals of [Fe(H,L)I(ClO4)-MeOH (1-MeOH)
(CCDC 2392032). Thermal ellipsoids drawn at 30% probability level.
Hydrogen atoms (except H4 and H6) were omitted for clarity. Dashed
lines refer to intramolecular NH---S hydrogen bonding interactions.
Right: The coordination polyhedron of the Fe atom in complex 1.
Selected interatomic distances and bond angles: N4---S1 3.777(2),
N4-..52 3.230(2), N6---S1 3.111(1), N4---N6 5.420(3), N6---N5 2.874(3), Fe—
S1 2.3291(6), Fe—S2 2.3511(6), Fe—N1 2.269(2), Fe—N2 2.150(2), Fe—N3
2.305(2) A; N1-Fe—N3 157.29(6)°.

in Fig. 2. According to Bondi’s van der Waals radii criterion
(N---S < 3.35 A, N---N < 3.10 A),*° one direct (N4---S2, 3.23 A)
and one three-centred, or bifurcated, hydrogen bond (N6---S1/
N5, 3.11, 2.87 A) are present. The latter involves two acceptor
atoms - specifically, a sulphur and a nitrogen atom. Bifurcated
hydrogen bonds are comparably rare. In the mixed ligand
complex [Ni(nmp)(S-o-babt)]" (nmp = the deprotonated form of
N-2 (mercaptoethyl)picolinamide, S-o-babt = thiolate of o-ben-
zoylaminobenzene thiol) a bifurcated hydrogen bond is
present, the corresponding N---S distances being 2.954 and
3.308 A.*

In general, hydrogen bond donor acceptor distances,
especially in bifurcated hydrogen bonds, can exceed the sum
of van der Waals radii.®" The presence (or absence) of such
weak hydrogen bonding interactions may be more reliably
determined by means of theoretical calculations.®> Thus, we
performed corresponding density functional theory (DFT) cal-
culation at the B3LYP level of theory and the def2-SVP and
def2-TZVP basis set followed by non-covalent interaction index
(NCI) calculations,®® in order to study the hydrogen bonding
interactions in 1. The NCI index determines the strength of
the hydrogen bonds based on the associated electron density
and its reduced density gradient.®*®* Fig. 3 shows a represen-
tative NCI plot involving the two S and three N atoms in 1.
This plot clearly shows the presence of two bifurcated hydro-
gen bonds (N4---S1/S2 and N6---S1/N5). From the NCI finger-
print plot, the strength of the hydrogen bonds can be esti-
mated.®® Importantly, negative values correspond to attractive
interactions with hydrogen bonds at higher density values
(=0.01 < p < —0.06 au) and positive values show repulsive
forces.®®®” Therefore, the strongest interactions in 1 occur
between N6-H---S1/N5 and N4-H:--S2 with —0.027/-0.017 and
—0.017 au respectively. The N6-H---N5 interaction is with
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Fig. 3 NCI plot showing the presence of bifurcated N4..-S1/S2 and
N6---S1/N5 hydrogen-bonding interactions (dotted lines) in 1. Gradient
isosurfaces (s = 0.3 au) coloured on an RGB-inspired scale according to
the sign(i,)p values over the range of —0.06 to 0.06 au. Blue surfaces
indicate hydrogen bonds and green surfaces van der Waals interactions.
Hydrogen atoms except those bound to N4 and N6 were omitted for
clarity. Additional weak C—H---S1 hydrogen interactions are visible as
smaller blue surfaces and not subject to further investigation.

—0.011 au the weakest. In contrast to the proposed hydrogen
bonding based on the van der Waals radii criterion (N---S <
3.35 A, N---N < 3.10 A),>® the NCI plot analysis supports the
presence of two bifurcated hydrogen bonds instead of just one.

Single crystals of [Fe"Ni"L(j-OAc)]BPh,-MeCN (3'-MeCN)
suitable for X-ray crystallography were obtained by slow evapor-
ation of a mixed MeCN/EtOH solution of 3 (contaminated by 4
and 5) to which NaBPh, had been added. The structure com-
prises binuclear [Fe"'Ni"L(u-OAc)]" complex (Fig. 4), BPh,~
anions and MeCN solvate molecules. There is only one
complex cation per asymmetric unit, with the Fe" and Ni"
atoms statistically distributed (50:50) about the two metal
binding sites. Thus, this crystal structure can only serve to
confirm the atom connectivity of the [Fe"Ni"L(p-OAc)]" cation.

The Fe"Ni" complex is isostructural with the corresponding
Fe, (4) and Ni, complexes (5), with the metal atoms sur-
rounded by three N and two S atoms from the macrocycle and
one O atom from the bridging acetato ligand in a distorted
octahedral fashion. The M---M distance in 3’ (3.4588(5) A) is
intermediate between that in 4’ (Fe---Fe 3.421(1) A) and 5'
(Ni---Ni 3.483(1) A), in agreement with the presence of two

Fig. 4 Left: Molecular structure of the [Fe'"Ni"L(u-OAc)]* cation in crys-
tals of 3"“MeCN (CCDC 2392031). Right: The coordination polyhedron of
the metal ions. Thermal ellipsoids drawn at 30% probability level. All
hydrogen atoms were omitted for clarity. The Fe and Ni atoms (M) are
statistically distributed (50 : 50) about the two metal binding sites.

This journal is © The Royal Society of Chemistry 2025
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metal ions with different ionic radii (Fe" 0.83, Ni"' 0.92 A).°%*°
The same applies to the corresponding M-S and M-N dis-
tances. The long metal-ligand bonds in 3' are indicative of a
high-spin configuration for the Fe' ion. Relative to the five-co-
ordinated Fe" in 1, the average metal-S and metal-N distances
in 3’ increase by 0.16 and 0.03 A, respectively (see SI). To
assess the distribution of Fe" and Ni" within a single crystal as
well as among a mixture of crystals, SEM-EDX analyses were
carried out with 3-MeCN. The measurements indicate a
largely homogeneous elemental distribution (see SI).

Spectroscopic characterization

FTIR spectroscopic measurements were carried out on
complex 1 to probe potential N-H---S hydrogen bonding.
However, for reasons unclear, no NH stretching bands could
be detected in the characteristic range (3400-2500 cm™").
Similar behavior was already noted for the isostructural [Ni
(H,L)](ClOy), (2) and [Zn(H,L)](ClO,4), (6) complexes. So, the
presence of these NH---S bonds relies solely on the basis of the
distance criteria for NH---S bonding and the DFT calculations.
The FTIR spectrum (Fig. S5) of 3 reveals two characteristic
vibrations at 1592 and 1425 cm™ " attributed to the symmetric
and asymmetric carboxylate stretches. The separation of the
two modes is large (Vasym — Veym = 167 em™') and consistent
with a p, 3-bridging acetato group as in 4 and 5. The IR spectra
of 3, 4, and 5 can be superimposed on one another. The three
complexes could not be clearly resolved with the available
spectral resolution.

The electronic absorption spectrum of complex 1, recorded
in MeCN solution, is presented in Fig. 5, with the corres-
ponding data compiled in Table 1 alongside those of the iso-
structural Ni"" and Zn" complexes 2 and 6. Since complex 6
does not exhibit charge-transfer or d-d transitions, its spectral
profile is dominated by two intense n-n* absorptions in the
UV region, both with extinction coefficients above 15000 M ™"

600
36000 i o
—[Fe'(H,L)I*" (1) L 1200
—— INI"(H,L)* (2)
[ [Zn"(H,L)}?* (6)
450 r
- L 800 g
£ 5
o 5
. 300
s .
~ w
w
=400
150 4
0 =0
400 1200

A/ nm

Fig. 5 Electronic absorption spectrum of the mononuclear Fe' (1)
complex in black (400-1200 nm, ¢ = 10~ M, MeCN, 295 K). The inset
shows the UV region 190-400 nm (c = 10~ M, MeCN, 295 K); spectra of
2 and 6 are shown for comparison.
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Table 1 Electronic absorption spectral data for 1 (ima/nm; e/M™t
cm™). The data for 2 and 6 are included for comparison

[Fe'(H,L)]
(Clo,), (1)

[NiII(HzL)](C104)2 [ZHH(HZL)] (ClO,),
(2) (6)

- 208(37 400), 209(35200), 250 211(34 500), 266
266(18 800) (sh), 280(14900) (25 700), 306(sh)
LMCT 298(10 500), 343(sh), 425 —
328(sh) (900), 504(1200)
d-d 806(33) 684(66) —
transitions

em™', and a shoulder ~313 nm. On this basis, the analogous
features observed for complex 1 are likewise assigned to m—m*
transitions. Additional shoulders around 298 and 328 cm™*
are discernible for complex 1, which are tentatively attributed
to ligand-to-metal charge transfer (LMCT). Comparable
LMCT transitions of similar energy have previously been
described for related five-coordinate Fe" aryloxide complexes”®
and are also observed for 2. The spectrum further reveals a
weak d-d transition at ~800 nm with an extinction
coefficient below 50 M™" em™". A second d-d transition is
expected above 2000 nm, which could not be detected with our
experimental setup. The (two) d-d transitions are assigned to
the B;(d,_,2) and A;(d,.) states (in pure, square-pyramidal (Cy)
geometry) as observed for other five-coordinated Fe' com-
plexes with the normal, doubly occupied d,, ground state
((dxy)z(dxz)l(dyz)l(dzz)l(dxl—yz)l)-nqél

Fig. 6 displays the electronic absorption spectrum of the
Fe"'Ni"" complex 3 in the vis-NIR region (600-1400 nm). The
spectra of the homobinuclear complexes 4 and 5 are shown for
comparison. The spectrum of 3 differs significantly from those
of 4 and 5, as one might expect for a heterobinuclear Fe"'Ni"
species. This is particularly evident from the position and
intensity of the characteristic d-d transition (v, *Tig « *Ayg
designation in pure Oy, symmetry) for the six- coordinated Ni"
(d®, § = 1) ion. This transition is significantly red-shifted from
648 in 5 to 660 nm in 3. Likewise, the extinction coefficient
decreases from 28 to 17 M~' em™". For a 50%/50% mixture of
4 and 5 no red-shift would be expected. Two further weak
absorptions at A, = 907 (shoulder) and 1188 nm are clearly
discernible in the NIR region for complex 3. A deconvolution
analysis of the spectrum reveals three ligand-field based tran-
sitions for six-coordinated Fe" ions (885 and 1275 nm) and
Ni" (1164 nm) ions, as illustrated in Fig. 6. The former tran-
sitions can be assigned to the components of the °E « °T,
absorption of a high-spin Fe" (d°, S = 2) ion, split by a dynamic
Jahn-Teller effect in the excited °E state which is typical for
high-spin Fe" compounds.”” The remaining absorption at
1164 nm is then readily assigned to the v; (*Ty(F) « A,y
ligand field transition of a six-coordinated Ni' (S = 1) ion.
Again, these values are different from those seen for the homo-
binuclear complexes (937(14), 1239(36) for 4, 1134(55) for
5).>#7° The third d-d transition of the Ni*" ion, v; expected at
~400 nm, is obscured by intense bands arising from thiolate-
to-M>" charge transfer transitions (Am. = 395 nm, & = 2640
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Fig. 6 Top: vis-NIR spectra for complexes 3-5 in MeCN (c ~ 107> M,
295 K). The absorption marked with an asterisk is related to the spectro-
meter. Bottom: Deconvolution of the absorptions of 3 in the
800-1600 nm range.

M~ em™).”” Overall, the electronic absorption spectrum
suggests that complex 3 exists as a stable heterobinuclear
Fe""Ni"" complex comprising a six-coordinated high-spin Fe" (S
= 2) and a six-coordinated Ni" (§ = 1) ion. The ligand field
strength in the N3S,0 compartment is thus surprisingly low,
comparable to a ligand field produced by six oxygen (aqua)
donors. This is in contrast to the complex [Fe"Ni"L']" which
comprises a low-spin Fe"" centre.*®

Variable temperature magnetic susceptibility measurements

In order to confirm oxidation and spin states, variable temp-
erature magnetic susceptibility measurements were carried out
in an applied magnetic field of 0.05 T over a temperature range
of 2-300 K for complex 1 and of 0.5 T for complex 3. Fig. 7
shows the effective magnetic moment y.¢ (per mononuclear
Fe" complex 1) versus T.

The effective magnetic moment at room temperature of
5.41up decreases steadily to 60 K (5.27up) and then rapidly to
4.44uy at 2 K, which may be due to zero-field splitting effects
and intermolecular exchange interactions. Nevertheless, the
room temperature value is clearly comparable to other five-co-
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Fig. 7 Temperature dependence of the p¢ value for the mononuclear
complex1at0.05T.

ordinated high-spin Fe" (d° S = 2) complexes with ¢ being
close to the spin-only value of 4.90u5.”®”° Fig. 8 shows the
temperature dependence of the effective magnetic moment g
(per binuclear complex) for the (impure) Fe"Ni" complex 3.
The data for complexes 4 and 5 are displayed for comparison.**
The susceptibility data of complex 3 was recorded for a pow-
dered sample between 2 and 300 K in an applied external mag-
netic field of B = 0.5 T. The effective magnetic moment at
room temperature (6.30xg) is much higher than expected for
two non-interacting high-spin Fe" (d°, S = 2) and Ni"' (d%, 5 = 1)
ions with g = 2.0 (5.6643). With decreasing temperature, the
magnetic moment decreases steadily to 1.83up at 2 K. This be-
havior is indicative of a weak antiferromagnetic superexchange

6 5= 85,0000 i
N DDDDD
DD
L o Fe'Ni' (3)
=]
5 5 o Fe', (4)
DD & Ni', (5)
4 4
om
3
§ 3
3
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2_]
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Fig. 8 Blue curve: measured temperature dependence of the effective
magnetic moment e (at 0.5 T) for 3. Due to contaminations, a fit of the
data was omitted. Black curves: the effective magnetic moments ¢ (at
0.2 T) for 4 and 5 with solid lines corresponding to the best fit.>*
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Fig. 9 Exchange interactions by ferromagnetic (F) or antiferromagnetic
(AF) coupling for the Fe"Ni'"' complex.

interaction. However, the expected maximum in the y,, vs. T
plot (SI) is not observed at low temperatures. This can be
traced to the small amounts of the paramagnetic impurities 4
and 5 in the sample.

Due to the homobinuclear impurities, no reasonable fits of
the magnetic susceptibility data could be obtained for complex
3. Consequently, broken symmetry DFT calculations (PBEO/
def2-TZVP level of theory) were performed. These calculations
confirmed an antiferromagnetic exchange interaction. The
exchange coupling parameter J = —6.88 cm™" (H = —JS,S,) was
calculated.®® The antiferromagnetic exchange interaction in 3
is somewhat weaker than in the Fe'' complex 4 (J = —11.97
(DFT), —10.63 (experiment)®* em™"). This may be traced to the
decrease of exchange interactions of the t,, <> e, type (expected
to be antiferromagnetic in nature) although other effects
cannot be ruled out.*’® To gain deeper insight into the path-
ways mediating the interaction between the paramagnetic Fe"
and Ni" sites, we examined the direct and differential overlap
of the corresponding orbital pairs obtained from the Broken
symmetry density functional theory solutions for 3, as done for
other triply bridged Cr'™ complexes.®*>¢ The results of the
corresponding orbital transformations are shown in Fig. S9.
The small overlap integrals for the corresponding orbital pairs
(0.063, 0.042 for the orbitals 222, and 223, respectively),
suggest that direct metal-metal through-space interactions are
not significant in the present complex.

The BS-DFT calculations further reveals that the two mag-
netic orbitals in 3 resemble the Fe'' d,, and d,, orbitals as well
as the Ni" d,. and d,._,. orbitals. In the case of these orbital
pairs, overlap occurs over the bridging ligands.*'” BS-DFT cal-
culations on truncated model complex 3" (with the carboxylate
bridge removed) have also been performed to study the indi-
vidual contributions of the carboxylate ligands and thiolato
bridges to the overall magnetic behaviour. This approach has
previously proven to be a powerful tool to unravel the contri-
butions of the individual bridges in Ni complexes supported
by (L)*~.*'2¢ The results imply that a dominant “antiferro-
magnetic” contribution (-17.11 cm™" (3") Table S8) through
the bridging thiolates is counterbalanced by a ferromagnetic
interaction by the carboxylato bridge (Fig. 9).

Cyclic voltammetry

Despite small impurities, the distinctive properties of complex
3 can still be evaluated by means of cyclovoltammetry. The
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Fig. 10 Cyclic voltammograms for 3-5 in MeCN (10> M, 0.1 M

nBu4PFg), Pt-disk working electrode, Pt-wire counter electrode, Ag wire

reference electrode, scan rate = 100 mV s,

cyclic voltammogram (CV) recorded in MeCN containing 0.1 M
nBuy,NPF, as the supporting electrolyte at 298 K shows two
electrochemically quasi-reversible redox waves at E, = +0.30 V
vs. SCE (AE, = 90 mV) and at +1.29 V (AE, = 93 mV), respect-
ively. The CV of 3 clearly differs from those of 4 and 5. The two
redox waves can be assigned to sequential one-electron oxi-
dations to the formal Fe™Ni" and Fe'™Ni™ redox states,
respectively, by comparison with the CVs of 4 and 5 (Fig. 10).
Not many redox-active Fe"'Ni" thiolate complexes have been
reported.®”®* The [FeNiL']" complex supported by the tripodal
NgS; ligand,” is oxidized at much more cathodic potentials
(—0.43 V, +0.45 V vs. SCE). The shifts of +0.73 V and +0.84 V for
the two oxidations of 3 relative to those in [FeNiL']" are consist-
ent with the much weaker ligand field in 3. Stronger donors in
[FeNiL']" that lie on the right-hand side in the spectrochemical
series (primary and secondary amine) are replaced by weak
field donors in 3 that are further to the left (tertiary amine, car-
boxylate) to destabilize the divalent oxidation states, thereby
causing the shifts in the redox potential.

3. Conclusion

Several synthetic routes for preparing heterobinuclear com-
plexes have been developed. Considerable success has been
achieved in case of NiFe complexes using the cis-thiolate strat-
egy, with significant contributions reported by Darensbourg
et al. (Scheme 3, common approach 1). The approach relies on
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Scheme 3 Comparison of approaches to generate heterobimetallic
complexes supported by thiophenolato-based ligands; 1. the approach
by Darensbourg et al. based on the reaction of a M1N,S, synthon with
M,(CO), or Mp(NO), fragments; 2. the stepwise strategy utilizing macro-
cyclic compartments presented herein.

coupling pre-formed MN,S, metallodithiolato synthons with
reactive M(CO), or M(NO), units, allowing both structural
variability and the formation of various heterobimetallic FeNi
complexes. This approach does not lead to homobinuclear
byproducts.*®

A newly prepared mononuclear Fe" complex with a NS,
coordination sphere is presented and fully characterized by UV-
vis-NIR and ATR-FTIR spectroscopy, single crystal X-ray crystallo-
graphy, and SQUID magnetometry. Additionally, the complex
exhibits advantageous N'-H---S™ hydrogen bonding, which facili-
tates the synthesis of heterobinuclear complexes. The presence of
this interaction was confirmed through NCI plot analysis.

The main findings of this paper are as follows: an air-stable
heterobimetallic Fe"'Ni"" complex featuring an active coordi-
nation site was successfully synthesized using a macrocyclic
NS, ligand. While the isolated product contained a minor pro-
portion (#12-15%) of homobinuclear complexes 4 and 5, its
preparation nonetheless demonstrates the feasibility of
forming the desired heterometallic species. Because the inter-
mediate mononuclear and homobinuclear complexes were
independently obtained and fully characterized in pure form,
the properties of the target heterobinuclear complex could be
evaluated in a comprehensive and well-supported manner.

In the molecular crystal structure of the heterobinuclear
complex, 3', the metal ions are bridged by an acetate group
with a M-M distance of 3.4588(5) A, which is intermediate of
the Fe-Fe and Ni-Ni distances in the homobinuclear com-
plexes 4’ and 5'. The UV-vis-NIR spectra differ significantly
from those in the homobinculear species which speaks in
favour of a heterobimetallic complex, instead of a 50/50%
mixture of the homobinuclear complexes. This is further sup-
ported by magnetic susceptibility measurements which imply
antiferromagnetic coupling of a high spin Fe" (S = 2) with Ni"
(S = 1) to produce an overall S = 1. The coupling constant of
J = —6.88 cm™" (H = —JS;S,) was determined by DFT calcu-
lations. Finally, the redox potential of Fe™™ is with +0.30 V
much lower than that of Ni'"/"™ with 1.29 V vs. SCE in MeCN.

Future advances target the issue of metal scrambling.
Separation of the hetero- from the homobinuclear complexes
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may be realized by either exploiting the different redox poten-
tials of complex 3, 4 and 5 or take advantage of different
chemical reactivity. Alternatively, the formation of homobinuc-
lear complexes may be impeded by utilizing the corresponding
deprotonated complex of compounds 1 or 2 for better inte-
gration of the second metal ion.

Of major interest is the binding mode of the coordination
site in complex 3. For instance, exchanging the acetato ligand
with a hydride ion could ease the understanding of functional-
ity in several enzymes.'”">*

4. Experimental
Materials and methods

All reagents were purchased from commercial sources unless
otherwise specified. Anhydrous methanol was prepared by
refluxing over magnesium, distilled and stored over N,. Mass
spectra were recorded with ESI(+) ionization on a Bruker
Daltronics Esquire 3000 Plus ITMS or Impact II UHR Qqg-TOF
instrument. Isotope patterns were simulated using
MestReNova 11.0, the estimation of contamination with homo-
binuclear species was established by systems of linear
equations. Infrared spectra (4000-400 cm™ ') were recorded at
2 em™ resolution and measured with 32 scans on a Bruker-
Vertex 80 V FTIR spectrometer using a diamond-ATR unit or
the Bruker Tensor 27 spectrometer. Spectra of complexes 1
and 3 were collected at room temperature on a Jasco V-670 UV-
vis-NIR spectrophotometer, equipped with a photomultiplier
and a PbS photoconductive cell. The spectrum was collected in
the 190-1600 nm range with a resolution of 2 nm.

Caution! Perchlorate salts of transition-metal complexes are
hazardous and may explode. Only small quantities should be
prepared and great care should be taken.

[Fe(H,L)](ClO,), (1). To a solution of Fe(ClO4),6 H,O
(60 mg, 0.17 mmol, 0.95 eq.) and H,L-6 HCl (156 mg,
0.18 mmol, 1 eq.) in anhydrous MeOH (50 mL) was added a 1
M solution of NEt; in MeOH (1.05 mL, 1.05 mmol, 6 eq.) was
added. The solution turned pale yellow. The reaction was
stirred for 1 d. Then, a solution of LiClO,-3H,O (281 mg,
1.7 mmol, 10 eq.) in '"PrOH (10 mL) was added. The mixture
was concentrated under reduced pressure to give a white solid,
which was filtered, washed with cold 'PrOH and dried in
vacuum. Further purification was done by slow diffusion of
Et,O into a concentrated MeOH solution, to obtain a fine crys-
talline product. Yield: 112 mg (69%), off-white powder. UV/Vis
(CH3CN): Amax (¢) = 208 (37 355), 266 (18 743), 298 (10 501), 328
(sh), 806 (33) nm. IR (KBr, 22°) = 2962 (m), 2913 (m), 2905 (m),
2869 (m), 1630 (W), 1466 (s), 1365 (W), 1301 (W), 1230 (W), 1153
(m), 11212 (s), 1108 (s), 1096 (s), 1014 (w), 890 (W), 844 (W),
819 (w), 636 (W), 624 (s) cm ™. ESI-MS (MeCN): m/z 363.19 [M-
2C10,**, 725.38 [M-H-2ClO,]", 825.33 [M-ClO,]". Elemental
analysis cale (%) for CsoH;,Cl,FeNgO4,S, (1-MeOH-H,0,
974.35): C 48.00, H 7.44, N 8.61; found: C 48.03, H 7.34, N
8.02. Based on the PXRD data recorded for 1-MeOH, the com-
pound can be identified as phase-pure with respect to crystalli-
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nity with an amorphous component due to sample prepa-
ration. Further details are provided in the SI.

[FeNiL(p-OAc)]ClO,4 (3). Method A: A solution of [Fe(H,L)]
(ClOy), (67 mg, 0.072 mmol, 1.00 eq.), Ni(OAc),-4H,0 (18 mg,
0.72 mmol, 1.00 eq.), and NEt; (15 pL, 0.14 mmol, 2 eq.) in
MeOH/MeCN (40 mL (1:1)) was stirred for 4 d. Then, a solu-
tion of LiCl043H,O (58 mg, 0.861 mmol, 5 eq.) in 'PrOH
(5 mL) was added. The mixture was concentrated under
reduced pressure to give an orange-brown solid, which was fil-
tered, washed with cold 'PrOH and dried in vacuum. The
crude product was purified by recrystallization from MeCN/
EtOH. Yield: 29 mg (42%), brown-orange, microcrystalline
solid. UV/Vis (CH;CN): Amax (log €) = 193 (4.76), 308 (4.15), 476
(sh), 659 (1.20), 910 (sh), 1184 (1.67) nm. IR (KBr): ¥ = 3441 (br,
w), 3022 (w), 2956 (m), 2905 (m), 2867 (m), 1630 (w), 1584 (s),
1552 (w), 1464 (s), 1424 (s), 1394 (W), 1367 (W), 1343 (W), 1302
(w), 1278 (w), 1228 (m), 1094 (br, s), 1016 (m), 971 (w), 929 (W),
911 (w), 896 (m), 852 (w), 819 (W), 792 (w), 759 (W), 742 (W), 656
(w), 624 (s), 599 (w), 537 (w), 478 (W), 455 (w) cm™'. ESI-MS
(MeCN): m/z 841.35 [M-ClO,4]". Elemental analysis calc (%) for
C4oH5, CIFeNgNiOgS, (3-2H,0, 978.15): C 49.12, H 7.32, N 8.59;
found: C 49.58, H 6.94, N 8.63. Byproducts of [Fe,L(u-OAc)]
ClOo, (4) and [Ni,L(p-OAc)]ClO, (5) were determined with
12.5% by mass spectrometry.

Method B: A solution of [Ni(H,L)](ClO,), (2) (100 mg,
0.11 mmol, 1 eq.), Fe(OAc), (23 mg, 0.13 mmol, 1.2 eq.), and
NEt; (31 pL, 0.22 mmol, 2 eq.) in MeOH (30 mL) was stirred
for 3 d. Then a solution LiClO4-3H,0 (35 mg 0.22 mmol, 2 eq.)
in EtOH (25 mL) was added. The solvent was concentrated
under reduced pressure to give an orange-brown solid, which
was filtered, washed with cold EtOH and dried in vacuum. The
crude product was purified by recrystallization from MeCN/
EtOH. Yield: 81 mg (80%), orange-brown, microcrystalline
solid. The analytical data for this material is identical with
that prepared by method A. Byproducts of [Fe,L(p-OAc)]ClO,
(4) and [Ni,L(p-OAc)]ClO, (5) were determined with 15.7% by
mass spectrometry.

Magnetic measurements

The magnetic susceptibility measurements were performed
with a MPMS 7XL SQUID magnetometer (quantum design).
Respective data were collected in the temperature range of 2 to
300 K for an applied dc field of 0.05 T for complex 1 and of 0.5
T for complex 3. The polycrystalline samples were grounded
and were prepared in a gelatine capsule. The measured suscep-
tibility data were corrected for the underlying diamagnetism,
which was estimated using Pascal constants. The data were
processed with the DAVE.?*

Cyclic voltammetry

Cyclic voltammetry measurements were carried out at room
temperature with an Autolab PGSTAT12 potentiostat/galvano-
stat. The cell contained a Pt disk working electrode, a Pt wire
auxiliary electrode, and a Ag wire as reference electrode.
Concentrations of sample solutions were 10~ M in a 0.1 M
supporting electrolyte (tetrabutylammonium hexafluoro-
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phosphate in MeCN). The scan rate was 100 mV s~ '. Ferrocene
was used as internal standard. All potentials were converted to
the SCE reference using tabulated values.®

X-ray crystallography

Suitable single crystals of [Fe(H,L)](ClO,),-MeOH (1-MeOH)
and [NiFeL(u-O,CMe)|BPh,-MeCN (3'-MeCN) were selected and
mounted on the tip of a polyimide loop using perfluoropoly-
ether oil. The data set for 1-MeOH was collected using a Stoe
Stadivari diffractometer equipped with a Cu-K, X-ray micro-
source (4 = 1.54178 A) with a graded multilayer mirror mono-
chromator and a Dectris Pilatus 300K detector. The data set
for 3"“MeCN was collected at 180(2) K using a STOE IPDS-2T
image plate diffractometer system equipped with a sealed Mo
X-ray tube (A(Mo-K,) = 0.71073 A) and a graphite monochroma-
tor crystal. Reflection data was processed using the X-area
package.®® The structure was solved by dual-space methods®”
and refined by full-matrix least-squares techniques on the
basis of all data using SHELXL-2018/3%% and Olex2.*® Platon
was used to search for higher symmetry.’® All non-hydrogen
atoms were refined anisotropically. Graphics were produced
with Diamond 4.6.8 by Crystal Impact GbR.”' The parameter 7
was calculated according to eqn (2).°

a-p
60°

T =

(2)

Crystallographic data for 1-MeOH

C30H,oFeNgS,Cl,05, M, = 957.80 g mol™', monoclinic group
P2,/n, a = 14.1064(3) A, b = 17.0368(4) A, ¢ = 19.4289(4) A, a =
90°, = 92.671(2)°, y = 90°, V = 4664.23(18) A®, Z = 4, peatea =
1364 g em™>, T = 180 K, u(Cu Ky = 4.952 mm™* (1 =
1.54186 A), 30056 reflections measured, 8768 unique, 7827
with I > 26(1). Final R; = 0.0364, WR, = 0.0962 (I > 20(I)), 613
parameters/149 restraints, min./max. residual electron density
= —0.34/0.47 e~ A=, Due to free rotation, the ClO,~ anions as
well as the methanol solvent molecule were found to be dis-
ordered over two and three positions, respectively. These dis-
orders were successfully modeled with a split atom model
using SADI instructions implemented in SHELXL.

Crystallographic data for 3'-MeCN

CesHooBFeN,NiO,S,, M, = 1202.93 g mol ™", triclinic space
group P1, a = 13.3261(6) A, b = 15.6750(8) A, ¢ = 16.9825(7) A,
a = 108.791(4)°, f = 92.255(4)°, y = 107.496(3)°, V = 3166.3(3)
A%, Z = 2, pealea = 1.262 g cm™>, T = 180(2) K, u(Mo K,) =
0.641 mm™ (1 = 0.71073 A), 22706 reflections measured,
12366 unique, 8827 with I > 2¢(I). Final R; = 0.0428, WR, =
0.1003 (I > 206(I)), 797 parameters/24 restraints, min./max.
residual electron density = 0.53/—0.57 e~ A™. It has not been
possible to assign the Fe and Ni atoms to the two coordination
pockets. A refinement with full site occupancy factors led to R
values of 0.0463 and 0.0473 for the two options. In both
models the Fe and Ni bond lengths are within experimental
error identical, suggesting that the metals are statistically dis-
tributed over the two coordination pockets. The refinements
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were therefore carried out with 50%/50% occupancy factors
using EXYZ and EADP instructions implemented in SHELX.
The tBu groups were found to be disordered over two posi-
tions. This disorder was successfully modelled with a split
atom model using SADI instructions implemented in SHELXL.

Computational details

The calculations were done using density functional theory
(DFT) within the broken symmetry approach.’>* The hybrid
functional of Perdew, Burke and Ernzerhof (PBE0)*>® and
Ahlrichs triplezeta valence basis set (TZV(P))”’ as
implemented in the ORCA®®®® program package (revision
4.2.0) were used for all calculations. The geometry of all con-
sidered structures were taken from the crystal structures and
were fixed during the calculations. All calculations make use
of the resolution of identity (Split-RI-J) approach for the
Coulomb term in combination with the chain-of-spheres
approximation for the exchange term (COSX) as implemented
in ORCA.'*'°* Grimme’s empirical dispersion correction D3
(B]) was employed."*'°® All calculations were performed using
increased iteration grids (GRID5 NOFINALGRID).

The calculation of J included the following steps: definition
of the geometry of the molecule from X-ray analysis; calcu-
lation of the total energy for the high-spin (HS) state (S = 2); cal-
culation of the total energy for the broken-symmetry (BS) state
(S = 0); calculation of the J value within the following scheme:

_ BSE(X) _ HSE(X)
J= HS<S2> _ Bs<52> (3)

where "SE, H5(s%) HSp, HS(§%) _ correspond to the total energy
and total spin angular momentum for the high-spin state (HS),
BSE and ®5(s?) to the total energy and total spin angular
momentum for the broken-symmetry state (BS). This scheme
is valid over the whole coupling strength regime.*® For the DFT
calculations required for the NCI plot,”*°*'%* the hybrid func-
tional B3LYP'®’ was used in combination with the def2-
TZVP'*® basis set as implemented in ORCA 5.0.4'°°71%8

Non-covalent-interaction plot analysis

NCI plots were computed with the NCIPLOT program using
the electron density derived from DFT calculations.' For
computing the NCI plots, we defined a cube with a side length
of 3 A with the midpoint between the two sulphur atoms at the
cube center, in which the electron density (p) and the reduced
density gradient (s) was computed. The representation of s
versus sign(4,)p shows representative peaks at low density
values in the presence of non-covalent interactions due to the
annihilation of the reduced density gradient at these points.'"°
To distinguish between attractive and repulsive interactions,
the NCI approach considers the accumulation or depletion of
density in the plane perpendicular to the interaction, which is
mainly characterized by the second eigenvalue 1, of the elec-
tron-density Hessian matrix."**

A very important feature is the visualization of the reduced
density gradient isosurfaces in real space using ChimeraX.""?
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The isosurfaces at s = 0.3 a.u. are colored according to their
relative strength using the value of the sign(4,)p from the gen-
erated fingerprint plot. An RGB-inspired color scale (red-green-
violet) is used, where red isosurfaces represent repulsive inter-
actions, green very weak van der Waals interactions and violet
attractive interactions.

X-ray powder diffraction

PXRD measurements were carried out on a STOE STADI-P diffr-
actometer (Stoe & Cie. GmbH, Darmstadt, Germany) equipped
with a sealed Cu X-ray tube, a germanium (111) monochroma-
tor crystal (4(Cu-Ky;) = 154.060 pm) and a DECTRIS Mythen 1K
detector (Baden, Switzerland). The sample was ground, filled
in a glass capillary (Hilgenberg, outer diameter 0.3 mm) and
measured in the Debye-Scherrer mode. Data analysis was done
by STOE WinXPOW software Version 3.11. Theoretical powder
diffraction from the single crystal structure (CIF file) was calcu-
lated using the WinXPOW software. The data were plotted
using Origin 2019.

Scanning electron microscopy with energy-dispersive X-ray
spectroscopy

SEM was performed on a leo gemini device with 20 kV accel-
eration voltage equipped with an Oxford Instruments 7426
EDX detector. Samples were drop coated in 'PrOH to a sample
holder with carbon pad and were dried at air. Samples were
covered with carbon using a carbon evaporator. All images
were obtained using the Everhart-Thornley detector. All EDX
mappings were measured for 1 h due to the limited thickness
of the crystals.
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