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Pentagonal Bipyramidal 3 d-Metal Complexes Derived from

a Dimethylcarbamoyl-Substituted Pentadentate-[N;0,]
Ligand: Aiming for Increased Solubility

Valentin Jubault,”’ Francois Genevois,” Barthélémy Pradines,” Benjamin Cahier,"
Wejden Jbeli,® < Nicolas Suaud,” Nathalie Guihéry,” Carine Duhayon,” Céline Pichon,” and

Jean-Pascal Sutter*?!

A pentadentate-[N;0,] ligand, H,L""?, formed by condensation
of diacetyl pyridine and dimethylcarbamoyl hydrazide (i.e.
Me,NCONHNH,), is reported to yield mononuclear pentagonal
bipyramidal (PBP) metal complexes with Cr", Mn", Fe", Co", and
Ni", that exhibit good solubility in a wide range of solvents as
compared to the classically used H,L® ligands. With Cu",
dinuclear complexes were obtained. The potassium salt of the
deprotonated ligand, K,L"Y*?, was also characterized. The
reported complexes consist of [CrH,L"M2CL,]-CI;
Cat[CrL™e(CN),] (Cat=K* or PNP*); [MH,L""¢%(H,0),]-(CIO,),

Introduction

Magnetic anisotropy plays an important role in the behavior of
magnetic materials. For instance, the hardness (i.e. coercive field)
of bulk magnets is mainly proportional to the magnetic
anisotropy; the energy barrier for the reversal of magnetization
of molecular nanomagnets such as Single-Molecule Magnets
(SMM) and Single-Chain Magnets (SCM) greatly relies on large
axial anisotropy; and the operation of molecular Spin Qubits
necessitates a weak in-plan magnetic anisotropy. The design of
such materials therefore requires a perfect control of the
magnetic anisotropy of individual magnetic centers, which
depends on various parameters such as the nature of the metal
ion and its electronic configuration, as well as its coordination
geometry.'?
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with M=Mn", Co", or Ni'; [FeH,L"**(MeCN),] (PF),-MeCN;
[FeH,L""**(MeOH)X] - X (X=Br or );
[{CuH,L""},(MeOH)(ClO,)1- (ClO,); - 1H,0-1.75H,0;
[CuHL®?,.(Cl0,),-H,0; and [CuH,L""*3(H,0)],-(ClO,),- 5H,0.
The magnetic behaviors of the PBP derivatives were assessed,
especially the zero-field splitting (ZFS) characteristics for the
Cr", Fe", Co", and Ni" derivatives. The ZFS characteristics were
also determined from ab initio theoretical calculations. The
obtained values confirm those extracted from magnetic
measurements.

For molecule-based materials assembled from molecular
fragments, these features can be defined in the preformed
building units, thereby imparting controlled magnetic anisotropy
to the magnetic centers of the targeted system. In this context,
seven-coordinated 3d ion complexes with pentagonal bipyrami-
dal (PBP) geometry are of great relevance as building blocks.
This coordination geometry allows easy access to a wide range
of axial or planar magnetic anisotropy that depends mainly on
the electronic configuration of the metal ion. Thus, small or large
Zero-Field Splitting (ZFS) D values (up to about+30 cm™) with a
positive or negative sign can be rationally obtained simply by
selecting the appropriate metal center.” Furthermore, PBP
complexes based on a pentadentate equatorial ligand are robust
enough to allow substitutions at the apical positions without
compromising the coordination geometry and, consequently,
the magnetic anisotropy. The latter complexes are particularly
suitable for the formation of 1D coordination polymers as
illustrated by the preparation of several SCMs.*"'® However,
chain systems are not systematically the result of these
associations; frequently smaller polynuclear compounds are
crystallized. Based on our experience with PBP complexes
formed with the pentadentate ligand H,L* (Scheme 1, R=NH,,
Ph, alkyl, etc.), we suggested that the peripheral R-group plays
an important role in the outcome of the assembly process,"”
which can be attributed to solubility considerations of the
oligomeric species formed during the assembly process. The
same argument also applies to the solubility of these PBP metal
complexes in various solvents. We therefore considered a ligand,
i.e. the substituent R, which would lead to good solubility of the
metal complexes in common solvents without being intrusive
and changing the coordination characteristics of the ligand.
Herein we report that these conditions are met for R=NMe,.
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Scheme 1. Synthesis pathway to H,L""*? and reported complexes. @ PNP*
stands for bis(triphenylphosphine)iminium.

Several metal complexes (Cr", Mn", Fe", Co", Ni", and Cu") have
been prepared to confirm the coordination features of the
ligand, and the magnetic behaviors of the PBP derivatives were
assessed, especially the ZFS characteristics. The ZFS character-
istics have also been examined from a theoretical view point.
The potassium salt of the deprotonated ligand, K,L"", was
characterized; this reagent was involved in the synthesis of the
dicyanido complex [CrL\®3(CN),]".

Results and Discussion
Synthesis

The ligand H,L""*? was prepared in high yield as outlined in
Scheme 1, details can be found in the experimental section."?
During the synthesis of the dimethylcarbamoyl hydrazide, a
small amount (1-3%) of a by-product was systematically
observed by '"HNMR (singulet at 8 =2.97 ppm in CDCl;) which is
tentatively assigned to bis-substituted  N,N’-bis(dimeth-
ylcarbamoyl) hydrazide. This impurity was found even when a
larger excess of hydrazine was used but since it cannot interfere
in the second step of the synthesis, the condensation with
diacetylpyridine was performed without further purification,
giving H,L""** with about 90% vyield. It can be mentioned that
the latter reaction must be performed at room temperature to
avoid the formation of side products.

ChemistrySelect 2023, 8, €202204935 (2 of 10)

The reaction of H,L"*? and two equivalents of ‘BuOK in
anhydrous THF gave the dianionic ligand salt [K,L\V]. Yellow-
orange needles of K,L"Y*22THF were formed in the reaction
mixture, allowing the structural characterization of this com-
pound.

[CrH,L"e2Cl,]-Cl, 1, and Cat[CrL™*(CN),], 2a,b (Cat=K* and
PNP7, respectively): Complex 1 was isolated from the reaction of
H,L"Y2 and CrCl,.6H,0 in MeOH upon addition of Et,0. This is a
rare example of Cr'" of PBP geometry with a neutral H,L*
ligand;""¥ in general ligand deprotonation is concomitant with Cr
coordination.™"® Unsurprisingly, X-ray powder diffraction data
indicated that 1 is not the sole product of the reaction
(Figure S14), suggesting that a deprotonated complex was also
formed. No attempts were made to obtain 1 in pure form
because this mixture of Cr complexes was involved in a reaction
with an excess of cyanides, acting as ligands and base, to
obtained the para dicyanido complex [CrL""*(CN),]”. A more
rational synthesis of [CrLN"®2(CN),]~ consisted in the deprotona-
tion of H,L""*2 with 'BuOK prior to complexation with CrCly(THF)s,
and subsequently addition of the CN~ ligands. This led to the
potassium salt 2a which appeared difficult to purify and very
hygroscopic. The same reaction sequence gave 2b with about
68% yield after cation exchange for
bis(triphenylphosphine)iminium (PNP*). The latter compound
was found to be soluble in MeOH, EtOH, CH,Cl,, CHCl;, and
MeCN. It crystallized easily by diffusion of Et,O into a solution in
MeCN, CH,Cl,, or CHCI;, forming the same crystallographic
phase. The IR signal characteristic for vg was found at
2132 cm™ for 2a and at 2127 and 2119 cm™ for 2b; these
bands are weak (Figures in SI).

[MH,L"*(H,0),]- (CIO,),, 3-5: The complexes with M=Mn"
(3), Co" (@), or Ni" (5) were obtained reacting H,L""*? and the
corresponding perchlorate salt in MeOH/H,0 (1/1) solution;
crystals were formed by slow evaporation of the solvent.

[FeH,L""2(MeCN),] - (PF,),- MeCN, 6: This complex was synthe-
sized in oxygen-free conditions from anhydrous FeCl, in
acetonitrile in the presence of NH,PF,. The IR of a solid sample
showed three bands at 2297, 2263, and 2252 cm™' attributed to
MeCN; the last two can be assigned to lattice solvent
molecules"® and that of highest energy to the coordinated
acetonitriles. A temporal follow-up by infrared showed their
strongly labile character, whether co-crystallized or coordinated.
All three bands disappeared within a few minutes with the
concomitant emergence of a band at 3637 cm™' suggesting an
exchange with H,O from air (see Figure S15).

[FeH,L""2(MeOH)X]-X, 7 (X=Br) and 8 (X=I): The complex
[FeH,L""*(MeOH)Br]-Br, 7, was prepared by reaction of H,L""*
with anhydrous FeBr, in MeOH whereas the homologous
complex [FeH,L""**(MeOH)I]-l, 8, was obtained by halogen
exchange from the chloro-complex. The complex with X=Cl
could not be crystallized; therefore it is not discussed herein.

Several attempts were made to obtained PBP Cu" complexes
but only binuclear derivatives with penta- or hexa-coordinated
Cu centers were isolated (i.e.
[{CuH,L""*%},(MeOH)(ClO,)]- (ClO,); - TH,0-1.75H,0, 9;
[CuHL"™*],-(C10,),- H,0, 10; and [CuH,L(H,0)],- (CIO,),-5H,0, 11).
Details of the reaction conditions can be found in the

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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experimental section (see SI). In 10, each pentadentate ligand is
singly deprotonated, which is clearly reflected by the IR
spectrum that shows split bands, in particular for the CO and the
CN vibrations (1642/1635 and 1540/1535 cm™).

Figure 1. [K,(THF)L\Y*?].THF: (a) Molecular structure and (b) supramolecular
organization. Hydrogen atoms and lattice THF are not depicted.

Figure 2. Molecular structures of the Cr complexes 1 (a), 2a (b), and 2b ()
with their counter-ions. Lattice solvent molecules and H-atoms are not
shown except the H of the N-hydrazide moieties in 1.

Crystal structures

The crystal structures for all the metal complexes have been
solved. General crystallographic information are gathered in
Table S1 and S2 in the Supporting Information where plots with
atoms labels and selected bond distances and angles can be
found for each structure.

The compound K,L""*2 2THF crystallized in the triclinic space
group P-1. It consists in a 1D coordination polymer made up by
two K*, one [L"*?]*", and one THF molecule, an additional THF
being located in the lattice. The [L"Y4?>~ unit is flat with
N-N—-C(O) angles of 109.1 and 109.4°, in agreement with
deprotonated hydrazide moieties.”! . The potassium ions are
located above and below the cavity of [L""*4]*~ ligand to which
they are bound by «>-N;0, chelating coordination. The K™ ions
also coordinate to O- and N-atoms of neighboring [K,L""¢?] units,
thus developing the 1D-organization depicted in Figure 1. The
coordinated THF molecule is bonded to K1, the second is located
between the [K,(THF)(L""*?)] arrays.

The molecular structure for [CrH,LN*2Cl,]-Cl-MeOH-0.5H,0,
1, KICrL""(CN),], 2a, and PNP[CrL"Y*}(CN),], 2b are shown in
Figure 2. These complexes crystallized in the triclinic space
group P-1. Their structure corresponds to heptacoordinate Cr"
center with PBP geometry. The equatorial plane consists of three
N and two O atoms of the neutral H,L""** for 1, or dianionic
(LM~ ligand, for 2a,b, while the apical positions are
respectively occupied by two chloride or two cyanido groups. In
the pentadentate ligands, the hydrazide moieties have N—N-C(O)
angles (Table 1) above in 1, and below in 2a,b, the 110°
threshold angle distinguishing protonated from deprotonated
hydrazide groups in this type of ligand.”’ These geometrical
parameters confirm the occurrence of the ligand in its neutral
form, H,L"M in 1 and its dianionic form, [L""*?]*", in 2a,b.
Complex 1 is therefore monocationic and its charge is balanced
by a chloride ion; it crystallized with one MeOH and 0.5 H,O
lattice molecules. Compounds 2a,b are monoanionic and their
charge is balanced by one K™ or PNP* ion, respectively. The
metal-ligand bond lengths of the first coordination sphere are
given in Table 1. It can be noticed that in 2a the equatorial Cr—O
bond distances are significantly larger as in the other two
complexes, a feature that can be ascribed to the interactions of
the same O atoms with the K* ions. Likewise, the Cr—CN
arrangement is slightly bent (171.7°) due to an obvious
interaction of the m-electron cloud of the C=N group with

Table 1. Coordination bond lengths (A) and angles (°) for 1, 2a, and 2b.

1 2a 2b

Cr1—N1 2.347(2) Cr1-N4 2.024(3) Cr1-N4 2.403(1)
Cr1—N2 2.173(2) Cr1—N3 2.062(4) Cr1—N3 2.264(1)
Cr1-N7 2.287(2) Cr1—-N5 2.149(4) Cr1—N5 2.203(1)
Cr1-02 2.010(2) Cr1-02 2.467(3) Cr1-01 1.978(1)
Cr1-01 1.990(2) Cr1-01 2.127(3) Cr1-02 1.972(1)
Cr1—CI2 2.315(1) Cr1—C16 2.094(3) Cr1—C17 2.093(2)
Cr1—Ch 2.316(1) cr—-C17 2.047(3) Cr1—C16 2.108(1)
Cl2—Cr1—CI 176.05(3) C16—-Cr1—C17 173.8(2) C17-Cr1—C16 176.09(5)
N2—-N3—-C8 111.7(2) N3—-N2—-C3 107.9(3) N3—N2—-C3 107.5(1)
N7—N6—C13 112.0(2) N5-N6—C13 110.0(3) N5-N6—C13 107.9(1)
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potassium. Such bending is no longer observed in 2b. The
shortest intermolecular M--M distances are 9.342, 9.206 and
12.961 A for 1, 2a, and 2b.

In the three complexes the Cr centers exhibit PBP coordina-
tion polyhedra. Distortion from the ideal geometry was
evaluated with SHAPE software” and given by the deviance
from zero of the CShM values™ for the PBP-7"" and PP-5"
(equatorial plane) geometries. Values of respectively (PBP-7/PP-
5) 0.358/0.247, 0.261/0.270, and 0.330/0.290 have been found for
1, 2a, and 2b, confirming PBP coordination spheres and slightly
distorted equatorial arrangements.

The complexes [MH,L""**(H,0),] - (ClO,), with M=Mn" (3), Co"
(4), or Ni" (5) crystallized in the orthorhombic space group Pbca
for 3 and 4, and in the monoclinic group P2,/n for 5. Their
molecular complexes are isomorphous; each consists in a
heptacoordinate M** center of slightly distorted PBP geometry
(Figure 3). The equatorial plane is constituted by three N and
two O atoms of the pentadentate ligand H,L"Y** and the two
apical positions are occupied by H,0 molecules. For all
complexes the hydrazide moieties have N-N—C(O) angles above
110° (Table 2) confirming that the pentadentate ligand is
involved in its neutral form. The charge of the dicationic
complex is compensated by two ClO,” anions. The metal-ligand
bond lengths of the first coordination sphere of each derivative
and some angles are given in Table 2. It is noticed that Mn" and
Co" ions adopt an almost symmetrically position in the [N;O,]
pentagonal plane; this is not the case for Ni'. In 5, significantly
different bond distances are found with the two imino-nitrogen

04
\W\
N )s,

3 cot_aNS
s O cis ©
{ o2
o1
\\ o
a

Figure 3. Molecular structures of [MH,L""**(H,0),]- (CIO,), with M=Mn" (3),
Co" (4), or Ni" (5). The counter-ions and H atoms are not shown except the H
of the N-hydrazide moieties.

atoms, N3 and N5, and even more for the carbonyl-oxygen
atoms, the Ni—O1 bond reaching 2.51 A. This is not unusual in
PBP Ni complexes and can be attributed to the smaller ionic
radius of Ni', and the Jahn-Teller effect that applies for this
ion.”"?" However, SHAPE calculations revealed that the coordi-
nation sphere in 5 only slightly deviates from ideal PBP with
CShM value of 0.47 compared with 1.00 for 3 and 0.74 for 4. The
larger deviation for the last two complexes is related to a
distortion of the equatorial coordination arrangements that
significantly deviate from planar pentagonal (CShM versus PP-5
of respectively 1.27 and 0.91). For 3 and 4, the O atoms of the
ligand (i.e. O1 and O2 in Figure 3) are positioned slightly above
and below the plane defined by the three N-atoms linked to the
metal center.

When comparing these complexes with related compounds
of general formulation [M(H,L®)XY]Z, it is apparent that Co" and
Mn" derivatives 3 and 4 have some of the shortest metal-ligand
bonds while for 5 they are similar to those found in PBP Ni
complexes (see Table S3). These shorter bond lengths result in a
more compressed equatorial coordination sphere, which may
explain the deformations in 3 and 4.

The compounds  [FeH,L"M**(MeCN),]- (PFy),-MeCN, 6,
[FeH,L""*((MeOH)Br]-Br, 7, and [FeH,L""**(MeOH)I]-I, 8, crystal-
lized in the monoclinic space group P2,/c. Each of these
molecular complexes consists in a Fe" center with PBP coordina-
tion sphere (Figure 4). The equatorial plane accommodates three
N and two O atoms of a neutral H,L""*? (the hydrazide N-N—C(O)
angles are above 110° Table 3) while the apical positions are
occupied by two MeCN for 6, MeOH and Br for 7, and MeOH
and | for 8. The dicationic charge of complex 6 is compensated
by two PF;~ anions; and a MeCN is located in the crystal lattice.
Complexes 7 and 8 are monocationic and their charge is
compensated by a bromide and iodide ion, respectively.

Evaluation with SHAPE of the coordination sphere distortion
from the ideal PBP geometry yielded CShM values of 0.164,
0.792, and 1.237, respectively for complexes 6-8. For these
complexes, the apparent deviation from a PBP geometry is not
due to a non-planarity of the equatorial coordination sphere as
for complexes 3 and 4; here, all the atoms involved lie in a
pentagonal plane (CShM values versus PP-5 are 0.12, 0.22, and
0.21, respectively from 6 to 8). The increasing distortion of the
PBP shape is due to the elongation of the apical bond following
the increase in the atomic radius of the coordinated atom (N <

Table 2. Selected bond lengths (A) and angles (°) for 3-5.

3 4 5

Mn1-N3 2.295(2) Co1-N3 2.190(2) Ni1—N3 2.093(2)

Mn1-N4 2.290(2) Co1-N4 2.184(2) Ni1-N4 2.023(2)
Mn1-N5 2.288(2) Co1-N5 2.186(2) Ni1-N5 2.186(2)

Mn1-01 2.191(1) Co1-01 2.188(1) Ni1—01 2.247(2)

Mn1-02 2.221(2) Co1-02 2.144(1) Ni1-02 2.511(2)

Mn1-04 2.235(1) Co1-03 2.158(1) Ni1—-03 2.041(2)

Mn1-03 2.215(2) Co1-04 2.151(2) Ni1—04 2.0.57(3)
04-Mn1-03 178.54(5) 03—Co1-04 176.47(5) 03—Ni1-04 173.72(9)
N3-N2—-C13 113.1(2) N3-N2—-C3 112.6(2) N3-N29-C3 113.5(2)

N5-N6—C3 114.2(2) N5-N6—C13 113.4(2) N5-N69-C13 114.1(2)
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Figure 4. [FeH,L""**(MeCN),] - (PF¢),- MeCN, 6, [FeH,L""**(MeOH)Br]-Br, 7, and
[FeH,L""**(MeOH)I] -1, 8. The lattice solvent molecule (in 6) and H-atoms are
not shown except the H of the N-hydrazide moieties.

Br<I; Fel-N8=2.155A (6)<Fel-Br1=2677A
2.881 A (8)).

The Cu" derivatives all consist in dinuclear complexes
involving two pentadentate ligands wrapped around two Cu"
ions (Figure 5).

Complex [{CuH,L""%},(MeOH)(ClO,)] - (ClO,);- TH,0-1.75
MeOH, 9, crystallized in the triclinic space group P1 as a
dinuclear complex with two distinct hexacoordinate Cu centers.
The asymmetric unit comprises two complexes that differ in
the direction of the ligand wrapping around the Cu ion (i.e.
clockwise or counter-clockwise). The coordination sphere of
each Cu" involves two H,L"Y ligands in 3+2 coordination
mode. For each ligand, one O-atom and two nitrogen atoms of
the pyridine and one hydrazone occupy three sites of the basal
coordination sphere of one Cu center and the remaining O-
and N-atoms are linked to the second metal center. This [N,O +
NO] coordination motif between the pentadentate ligands and
the Cu" ions is found in the three compounds 9, 10, and 11.
The coordination sphere of the Cu centers in 9 is completed to
six by respectively one MeOH and one ClO,™ anion, coordinated
by an oxygen atom. The coordination polyhedron of the Cu

(7)<Fel-l1=

11

03
( 01

Cu1 ’<

e
S
— N5
02

Figure 5. Crystal structures of the molecular complexes in
[{CuH,L""<%,(Cl0,)(MeOH)] - (CIO,); - 1H,0-1.75MeOH, 9,
[CuHL"2, . (ClO,),- H,0, 10, and [CuH,L""*2(H,0)], - (ClO,),-5H,0, 11. The
anions, lattice solvent molecule, and H-atoms are not shown except the H
atoms of the N-hydrazide moieties.

centers is best described as a strongly distorted octahedron
(CShM values versus ideal octahedron are 5.173 for Cu1, 4.850
for Cu2, 5.276 for Cu3, and 3.997 for Cu4). Each dinuclear
complex is associated to three CIO,™ anions and 1 H,O and 1.75
MeOH solvate molecules.

Complex [CuHL™*%,.(ClO,),-H,0, 10, crystallized in the
monoclinic space group P2,/n as a dimer with two distinct
pentacoordinate Cu centers in a strongly distorted square
pyramidal arrangement. The coordination sphere of each Cu"
involves two mono-anionic [HL"Y*Y]~ ligands in the 3+2
coordination mode as described before. However, in 10 each
ligand is deprotonated once as suggested by the hydrazide
N-N—C(O) angles, one showing a value above 110° whereas the
second is clearly below (Table 4). The bimetallic complex is

Table 3. Selected bond lengths (A) and angles (°) for 6-8.

6 7 8

Fe1-N5 2.243(3) Fe1—N5 2.222(2) Fe1-N3 2.229(3)
Fe1-N4 2.216(3) Fe1-N4 2.203(2) Fe1-N4 2.197(3)
Fe1-N3 2.232(3) Fe1—N3 2.231(2) Fe1-N5 2.228(4)
Fe1-02 2.166(3) Fe1-02 2.221(2) Fe1-01 2.206(3)
Fe1-0O1 2.145(3) Fe1-01 2.101(2) Fe1-02 2.108(3)
Fe1-N8 2.155(3) Fe1-Br1 2.676(1) Fel-I1 2.881(1)
Fe1-N9 2.194(3) Fe1-03 2.191(2) Fe1-03 2.170(4)
N8—Fe1-N9 176.1(1) Br1—Fe1-03 175.67(6) 11-Fe1-03 176.32(9)
N3-N2—-C3 113.4(3) N3—-N2—-C3 112.4(2) N3-N2—-C3 112.4(3)
N5-N6—C13 112.7(3) N5—-N6—C13 112.0(2) N5-N5-C13 112.2(3)
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Table 4. Selected bond lengths (A) and angles (°) for 9-11.

9 10 1
Cul-N1 2.046(7) Cul-N3 1.925(3) Cu1-N3 1.954(2)
Cu1-N5 1.927(4) Cul-N4 2.043(3) Cul-N4 2.070(2)
Cu1-N9 2.322(5) Cul1-N25 2.304(2) Cu1-01 2.014(2)
Cu1-02 2.036(6) Cu1-02 1.969(2) Cu1-02 1.940(1)
Cu1-03 2.829(5) Cu1-01 1.988(2) Cu1-03 2.333(2)
Cu1-050 2.474(2) Cu2—-N5 2.291(3) Cul-N5 2.450(2)
Cu2-N2 2.338(6) Cu2-N24 2.052(3) N5—Cu1-03 150.83(6)
Cu2-N8 2.045(7) Cu2—-N23 1.923(3) N3-N2-C3 111.2(2)
Cu2—N12 1.883(8) Cu2-021 2.018(3) N5-N6—C13 115.2(2)
Cu2-01 1.934(6) Cu2-022 1.974(2)
Cu2-04 2.04(1) N3-N2—C3 106.9(3)
Cu2-010 2.375(8) N5-N6—C13 113.3(3)
N2—N3-C8 112.4(7) N23—-N22-C23 107.8(3)
N4-N5—-C9 110.9(5) N25-N26—C33 113.1(3)
N9—-N10—C23 113.9(5)
N12-N11-C24 108(1)

therefore dicationic and associated to two ClO,” anions, one
being disordered over two positions. The compound crystallized
with one lattice H,O molecule.

Compound [CuH,L"**(H,0)],- (ClO,),-5H,0, 11, crystallized in
the C2/c monoclinic space group and consists in a binuclear
complex of hexacoordinated Cu" centers very similar to that
found in 9. The H,L""? ligands have a [N,O+ NO] coordination
to the Cu centers and are neutral as confirmed by the hydrazide
N—-N—C(O) angles above 110° (Table 4). The sixth coordination
site of each Cu ion is occupied by a H,O located in apical
position. The charge of the molecular complex is balanced by
four ClO,™ ions, two of which were found disordered over two
positions. Five H,O molecules per complex complete the crystal
lattice.

Powder X-ray diffraction investigations confirmed the phase
purities of all the samples (Figure S14).

Magnetic behaviors

The magnetic behaviors for complexes 2-8 were studied in
order to evaluate a possible effect of the new pentadentate
ligand on their magnetic anisotropy. The temperature depend-
ence of the magnetic susceptibility, %, between 2 and 300 K
and the field dependence of the magnetization for different
temperature between 2 and 8 K were systematically recorded.
For Co and Fe derivatives, AC susceptibility behaviors were also
investigated. When appropriate, the magnetic anisotropy ex-
pressed by the complexes was evaluated by considering a zero-
field splitting (ZFS) effect; the axial parameter, D, and eventually
the rhombic parameter, E, were deduced from a simultaneous
analysis of the yyT=Af(T) and M=f(H) behaviors, using the PHI
software.”

The yuT=AT) plot for C" complex 2b (Figure S16) is
consistent with a mainly paramagnetic behavior. The yuT
product at 300 K is 1.87 cm®mol 'K, in agreement with the Curie
contribution for an S=3/2 with g=2. This value remains
unchanged as T is reduced to about 10K, and it decreases
slightly for lower temperatures to reach 1.75 cm®mol 'K at 2 K.

ChemistrySelect 2023, 8, €202204935 (6 of 10)

The field dependence of the magnetization at 2 K is 2.8 p; for a
field of 5 T. Analysis of these behaviors led to an axial ZFS
parameter of |D|=1.0240.04cm™" and g=2.00 but its sign
could not be ascertained; the same agreement between
calculated and experimental data was found whether the sign of
this value was positive or negative. However, theoretical
calculations (vide infra) suggest a negative D for 2. The D
obtained is similar to the few reported experimental values for
related PBP Cr" complexes."*™

The behaviors for the complexes [MH,L"V¥}(H,0),]-2CIO,
with M=Mn" (3), Co" (4), or Ni" (5) are shown in Figures 6 and
S17. The values found for y,T at 300K are 4.64, 2.54, and
1.30 cm®mol 'K respectively, for 3-5, in good agreement with
the contributions anticipated for these ions. The Mn" complex
shows mainly a Curie behavior, modeling considering intermo-
lecular interaction lead to g=2.07 and zJ=—0.0074+0.001 cm™,

5.0 7
| e Sses e
] 3(Mn") [
4.0'_ C
. [
— 3.0 1 1l o
o ] 4(C I
ME i (O)
g ]
g 2.0'_ | -
& 5(Ni') ;
1.0 1
0.0-""I""I""I""I""I""-

0 50 100 150 200 250 300
T(K)

Figure 6. Experimental and calculated (red full lines) y,T=f(T) behaviors for
3-5.
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thus supporting the absence of intermolecular exchange
interactions. For Co" and Ni' derivatives, a decrease of yuT is
observed in the lower T domain in line with the ZFS effect
applying for these ions. Modeling of these behaviors gave for 4
D=3564+03cm™' with g=233, and for 5 D=-1445+
0.05cm™', E=1.5794+0.009 cm™', and g=2.28. These D values
confirm the substantial magnetic anisotropy exhibited by these
ions in PBP coordination geometry. The strength and sign of the
obtained D parameters are in agreement with reported values
for Co" and Ni" in a related coordination environment.””

The behaviors for [FeH,L""*(MeCN),]-2PF,-MeCN, 6 (Fig-
ure 7), [FeH,L""**(MeOH)Br]-Br, 7, and [FeH,L"*2(MeOH)I] 1, 8
(Figure S18) are very similar. The values found for T in the
upper T domain are 3.48, 3.50, and 3.20 cm 'mol 'K, respec-
tively, in agreement with an S=2 spin with g slightly larger than
2 as typically found in related PBP derivatives.””*® These values
hardly change as temperature is reduced to about 50 K, and, for
lower temperatures, yuT decreases sharply to 2.68 and
2.93 cm ™ 'mol 'K respectively, for 6 and 7. Complex 8 shows a
similar decrease in T, but below 5K a slight rise is detected,
which was observed for different samples from different
syntheses. As a movement of crystallites under the effect of the
field can be excluded because they are blocked in grease or
benzene, the origin of this behavior must be attributed to
intermolecular interactions. The magnetizations recorded at 2 K
reach respectively 2.34 g, 2.86 g, and 2.50 pg for an applied
field of 50 kOe, significantly below the expected saturation for
an S=2 thus underlining substantial ZFS effect for the Fe"
centers. Simultaneous analysis of the y,T=fT) and M=f(H)
behaviors for each derivative gave, for 6 D=—114+04cm™,
z/=0.030+ 0.004 cm™', and g=2.12; for 7 D=—-5.94+0.2cm™,
z)'=0.030£0.002cm™', and g=2.16; and for 8 D=-73+
03 cm™, z/'=0.0474+0.004 cm™', g=2.05. For all these com-
plexes the magnetic anisotropy is characterized by a negative D

3.5 1 e o

3.0 7 / s

_ 254 % oa / -
= ] ¥
— ] e L
mg 2.0 ] : / Y
S ] I
S 15 : s
= 1 j g
= h 175 8K L[
1.0 9 00 )/ —Fits 2

] 2 i

] F— ; ; ; L

0.50 1 0 T 20 30 40 s0 .
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00— ——— T ——— 77—
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Figure 7. Temperature dependence of T and (insert) field dependence of
the magnetizations for [FeH,L""*2(MeCN),] - 2PFs.MeCN, 6 (solid lines are best
fits).
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value as anticipated for high-spin Fe" in PBP geometry. The
differences observed can be ascribed to the ligands in the apical
positions that act on the relative energy levels of the d,, and d,,
orbitals of the Fe, and thus on D.”® When the coordinated atom
has a symmetric overlap with these orbitals their energy
difference is small and |D] is large whereas a dissymmetric
interaction splits the energy levels resulting in a smaller |D|. The
former situation is found for halide ligands or nitrogen-
coordinated nitrile/cyanido ligands and the latter for ligands
bound to the metal center by an oxygen (i.e. H,0, ROH), which
is the case for 6 and 7-8, respectively. Thus, the differences in
the magnetic anisotropy parameters for these compounds are
directly correlated to the type of ligand in the apical positions.

AC magnetic susceptibility investigations revealed an out-of-
phase component, y,,", for [CoH,L""**(H,0),]-2ClO,, 4, and for
[FeH,L""*2(MeCN),]- 2PF,, 6, when applying a static magnetic
field. For Co derivative, 4, the optimal applied field was found to
be 2kOe (Figure S19) and AC susceptibility behavior was
recorded in the frequency range 1-1500 Hz. The frequency
dependence behavior exhibited by this compound is typical for
slow relaxation of the magnetization (Figure 8 and S19). The
relaxation times, 1, were assessed by analyzing the y,"=f(v)
behaviors with an extended Debye model.” The resulting 1/t=
f(T) behavior (Figure 8b) was perfectly reproduced with a model
comprising a Raman and a direct relaxation, i.e. 1/t=RT"+ AH?T.
Best fit parameters are R=44+2K"s™', n=3.7+0.2, A=33+5X
107 K™'s7' Oe 2 Such field-induced slow relation of the magnet-
ization governed by Raman and direct relaxation processes are
often found in PBP Co" complexes with large positive D.”' It is
attributed to the van Vleck cancellation mechanism 5"

The optimal applied field for [FeH,L\"*2(MeCN),] - 2PF,, 6, was
found to be 750 Oe (Figure $20) and AC behaviors was recorded
with this applied field; a plot of yx,,"=f(v) between 2 and 4K is
shown in Figure 9 with the deduced relaxation times. The
temperature dependence of T was best modeled using Raman
equation (see above) with best fit parameters R=546+
16 K™"s™', n=2.3740.03.

Theoretical calculations

Ab initio calculations have been performed on compounds 1,
2b, 4, 5, 6, 7 and 8 in order to determine the nature and
magnitude of the magnetic anisotropy of the metal ions and to
find the orientation of the magnetic axes. The method®" used to
evaluate the magnetic anisotropy parameters D and E was
described extensively,”**>" therefore only the main aspects are
reported in the Computational Information section. Results are
reported in Table 5 while the magnetic axes are pictured in
Figures 10 and S21. The contribution to the D and E parameters
provided by the most contributing excited states are given in
Table S4. As usual, it is possible to rationalize the magnitude and
nature of the ZFS using perturbative energetic contribution of
each excited states and the simple spin-orbit coupling (SOC)
operator &> ;(Fs? + (I's; +17s)/2) where ¢ is the spin-orbit
coupling constant of the free ion. When an excited state and
ground state are of same spin and are coupled through the /s,
part of the SOC operator, the contribution is negative. If their

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 8. [CoH,L""*%(H,0),]-2ClO,, 4: (a) " =f(v) behaviors between 2 and
8 K with Hpc =2 kOe, (b) 1/t =f(T) with best fit (red line) of an expression for
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Figure 9. [FeH,L"V**(MeCN),] - 2PF, 6: (a) %" =f(v) behaviors between 2 and
4 K with Hpc=0.75 kOe, (b) 1/T=AT) with best fit (red line) of an expression
for Raman relaxation.

Table 5. Experimental and calculated ZFS parameters (in cm™') and g values for compounds 1, 2b, 4, 5, 6, 7, and 8. The lines marked [a] and [b] correspond
respectively to complexes whose nearest halide anion has, or has not, been explicitly introduced in the calculations (see text).
Experimental Calculated
D Fiso D E/D E I« gy [ Giso
1 - - —1.57 0.12 -0.19 1.96 1.96 1.93 1.95
2b [1.02] 2.00 —1.22 0.23 —0.28 1.97 1.97 1.94 1.96
4 35.6 233 36.42 0.03 1.13 231 2.34 2.02 2.23
5 —14.45 2.28 —-17.79 0.10 —-1.74 2.26 2.26 2.36 2.28
E=158
6 —11.4 2.12 —14.69 0.12 —2.04 2.05 2.05 2.36 2.13
7 5.9 2.16 @l —-7.97 0.33 261 2.09 2.09 2.25 212
e 7.28 0.24 1.72 2.09 221 2.02 2.1
8 —7.3 2.05 fal —9.62 0.27 2.39 2.08 2.01 2.27 2.12
el 7.72 0.33 2.56 2.08 224 2.01 2.1

spins differ by 1 then the 1,5, coupling brings a positive
contribution. Conversely, for two states of same spin, a coupling

ChemistrySelect 2023, 8, €202
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through (I*s™ + /"s")/2 generates a positive contribution to D,
but if their spin is different, this coupling provides a negative
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contribution. Let us recall that the d,, and d,._,. orbitals are
linear combinations of the d,_ to the d,, spherical harmonics,
d,, and d,, are linear combinations of the d;_ to the d,, and
d; = d,. Then, I, may couple d,, with d._,. or d,, with d,, and
I*and I~ may couple d,, and d,, with either d,,, d,._,. or d,..

As expected in PBP geometry, the axial parameter D is
negative for the Ni complex, 5 (Table 5). The main determinant

of the ground state is |d,,d,.d,.d,, d,. . dec_,.d,, d,2|. The three

first triplet and the third singlet excited states play the most
important role. The first triplet that is obtained by an excitation
from the d,._. to d,, orbitals therefore generates a negative
contribution to D. The second and third excited triplets are
obtained by excitations from d,, and d,, to d, respectively,
generating a positive contribution to D. The open-shell singlet
essentially carried by the configuration d,d) d; d}, .dj, brings
a positive contribution as it is coupled through the I,s, operator
to the ground state. As these three last excited states are much
higher in energy than the first one, the overall contribution is
negative.

For Co" complex 4, the anticipated positive value of the D
parameter was indeed obtained. The main determinant of the

ground state is |d,.d,.d,.d,, de_, d,, dg|. The third and fourth

excited quartet states contribute positively to D as they are
obtained by excitations from the d,, and d,, orbitals to the d,._.
one. The fourth excited doublet state is obtained by an
excitation from the d,, to the d,. . orbitals. Because it has a
different spin than the ground state, its contribution is also
positive. Unlike the Ni complex where the contributions were
opposite, here all the contributions add up to a very large D
value.

For the Cr'" complexes, 1 and 2b, the main determinant of
the ground state is |d,.d,, d,,|. The same physics governs the
anisotropy of both complexes. Only the first excited quartet and
the fifth doublet contribute significantly to the ZFS. The first
quartet obtained through the excitation from the d,, to the
d,._,. orbitals contributes negatively. The fifth doublet is a three-
open-shell state mainly carried by the configuration d,d),d}, ..
It therefore brings a positive value. As the two contributions are
of comparable magnitude but opposite sign, the resulting value
of D is low.

The wave function for Fe" complex 6, is dominated by the

determinant . This determinant is coupled

ded,d, do . d, dy

-y
through I,s, with the first excited quintet state that is dominated

by the determinant . The contribution is

dodod,, oy d, d:

therefore negative. Several other excited states bring a small
contribution, sometimes positive, sometimes negative, ration-
alizing the final value obtained. We will not specify them here
for reasons of simplicity. However, the same reasoning as above
applies and allows to explain the nature of each of them. For
complexes 7 and 8, the |E/D| value is very close the
undetermined case (|E/D|=1/3) where the D and E values
cannot be determined. In such a situation, the slightest geo-
metrical or electrostatic change can make D change from

ChemistrySelect 2023, 8, €202204935 (9 of 10)

4(Co) 5 (Ni)

7 (FeBr+Br) 7 (FeBr)

Figure 10. Computed magnetic axes (x is red, y is green and z is blue) for the
4 (Co", 5 (Ni"), and 7 (Fe"). The role of H-bonded X~ counter-anion (FeBr -+ Br)
and without (FeBr) is illustrated for 7.

positive to negative, i.e. swap the axes of easy and hard
magnetization. In order to improve our description, we have
introduced the closest halide anion (either Br~ or I7) explicitly in
the calculation (in addition to the coordinated halide that is
always considered). As a result, the value of D changes from
positive to negative and the y and z axis of the ZFS tensor
permute (see Tables 5 and S4, and Figure 10). The main effect of
this intermolecular interaction is the rotation of the OH bond of
the coordinated MeOH in the direction of the halide and the
formation of an H-bond, which probably changes slightly the
ligand field in the first coordination sphere (we recall that the
position of the H-atoms was optimized, see computational
details). For these calculations, the analysis of the contributions
to D is the same as that given for complex 6.

It may be noted from Figure 10 that the z-axis is nearly
aligned along the metal-L,,, bonds (i.e. perpendicular to the
equatorial plane) for all complexes except complex 7 in absence
of the closest halide, for which ab initio calculations predict a
positive D value.

Concluding Remarks

The information gathered on the metal complexes formed with
H,L"e2 confirms that the NMe, substituents in the hydrazide
moieties do not alter the ability of the ligand to stabilize the PBP
coordination arrangement. Referring to the shorter bond
lengths, it appears that the metal-ligand interactions are among
the strongest known for this H,L® ligand family. This is likely
related to the increased donor character of the dimethylamino
groups. As a result, the equatorial ligand field must be larger.
However, the magnetic anisotropy found for the Co" and Fe"
complexes are very similar to that known for related PBP
derivative, confirming the ligand H,L"**? has no major effect on
these magnetic characteristics. Ab initio calculations confirm the
values of the ZFS parameters extracted from magnetic measure-
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ments. Analyses of the wave functions rationalize the magnitude
and nature of the ZFS. One may note, that for complexes 7 and
8, the value of |E/D]| is very close to 1/3 and that this makes
them very versatile compounds, likely to exhibit axial or planar
magnetic anisotropy.

Finally, the metal complexes formed with H,L""* exhibit
good solubility in a wide range of solvents compared to the
classically used H,L* ligands with R=NH,, aryl, or alkyl. They also
proved to be quite easy to crystallize.

Supporting Information Summary

The supporting information contains the experimental details,
synthesis procedures and analytical information, crystallographic
and geometric information; NMR; IR, and PXRD plots; additional
magnetic data.
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