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ABSTRACT: A new family of single-pocket metal complexes bearing O,N,O-tridentate and
O,N-bidentate chelating members {Cu, 1b (P2,/n); Ni, 1c (C2/c); Mn, 1d (I12/a); Cu, 2b;
and Nj, 2c (both P2,/c)}, starting from synthesized and fully characterized Zn(II) (1a; I2/a)
and Cu(Il) (2a; C,) precursors, were conveniently prepared via cation-induced solvent-
assisted and ligand-induced solvent-assisted transformations. Herein, we show multistep
solvent-assisted transformations from cis-1a — trans-1b — cis-1¢ — cis-1d, as well as all-trans
2a — 2b — 2c. All processes are one-way irreversible, as substantiated by thermodynamic

aspects (enthalpies based on Gibbs free energies) derived from density functional theory eeaaa
calculations. On the other hand, complex 2a’ (C2/c; a polymorphic form of 2a) was obtained s, E

through a routine synthetic procedure. The compounds have been established by various B Seies o O
spectroscopic techniques (infrared, UV—vis, ESI-MS, 'H, and "*C NMR), elemental analysis, = ‘+\ -, ; ?;( ¢
and X-ray crystallography. Single-crystal X-ray studies reveal that complexes la—d exhibit a ‘ S R

pseudo-octahedral geometry around each metal center, with 2a displaying a four-coordinate

seesaw geometry Cu(II) sphere (Addison parameter; 7 = 0.42), while 2a’ (z = 0.00), 2b (7 = 0.00), and 2¢ (7 = 0.00) possess a
perfect square-planar configuration around each metal center. Furthermore, distortion is stabilized by the presence of peripheral O-
donor atoms from the bulky —OMe group, and by virtue of its size, increased bond lengths and angles are accommodated. Ligand
substitution induced coordination geometry transformation from quasi-square-planar 2a to perfect square-planar 2b. Assessment of
the metric parameter shows that the distances between the two Cu—O are all largely positive due to Jahn—Teller distortion,
indicating an unprecedented tetragonal bipyramidal geometry in 1b.

methoxy

1. INTRODUCTION graphic transformations are highly desirable for comprehend-
ing structural changes. However, one major challenge is

Over time, the inorganic chemistry community has pro- e )
obtaining the crystalline phase of both the reactant and the

gressively developed many unconventional routes to devise

and prepare unique inorganic systems. The major significant product without crystal degradation, in which case, these
synthetic impediment for inorganic chemists is frequently solution-mediated transformations, more often than not, are
acquiring pure chelates and bringing forth their coordination to accompanied by single-crystal to amorphous-phase transi-
suitable metal centers or reactive metal precursors that allow tions.””**

for mild reaction conditions, short reaction times, and, most The phenomenon of solution-mediated transformation has
importantly, high yields and product purity.' ™ This can be been studied long ago,””*" and since then, it has been paid
accomplished, for example, by employing renowned synthetic continuous attention as evidenced by the increase in the
pathways such as cation-induced solvent assisted (CISA)“ and number of publications in recent years.”'~** Generally,
hgand 1nduced solvent-assisted (LISA)” transformation reac- redissolution and reprecipitation reactions are often exempli-
tions.™” Solvent-assisted transformations render one of the

fied by a color change which nominates multidentate chelating

most indispensable strategies for preparing novel complexes ligands as potential contenders for sensor technology.45_48

which otherwise cannot be obtained via conventional
routes." > Generally, solvent-assisted transformations admit
to bond breaklng/formatlon P15 As such, self-assembly
transitions can be reversible®'® or irreversible'’~** depending
either on thermodynamic or kinetic factors governing the
metal’s reactivity (ie., preferable coordination number and
geometry, availability of d-orbitals, change in ionic radii, and
oxidation state of the metal).'”>° Furthermore, crystallo-
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Moreover, structural transformation describes a micromutual
process through which a single crystal undergoes phase
transitions upon exposure to external perturbation such as
temperature, pressure, or light, solvent molecules (or vapors),
and seldom by employing mechanochemical forces.*’>°
Solvent-assisted post-synthetic modification (PSM) may be
stimulated by ion exchange (both cation and anion). For
achieving CISA-based structural transformation, a single crystal
is immersed in the solution of another solid material with
which the cation is substituted, and structural modifications via
transmetalation are observed.”’ Direct cation exchange is
usually employed in isostructure synthesis of small molecules
with tractable physical properties’” " and is also one of the
PSM pathways for designing topolo$ically identical but
functionally diverse crystalline materials.>*°~%*

To date, a significant amount of studies have been
undertaken on transmetalation; however, studies on solution-
mediated transformations involving hybrids based on the
combination of metal ion centers and organic ligands still
remain scarce. In particular, CISA and LISA transitions relating
to single-pocket (or salicylaldimine) metal complexes, despite
the fact that solid-state transformations, have been known for
decades. As recently as 2013, Huang et al.** reported metal
ion-exchange reaction in a discrete [Co(bpip)ClL,], (where
bpip = N,N-bis-(3-pyridyl)isophthalamide) complex to the
isomorphous structure [Hg(bpip)Cl,], on introducing a
methanolic solution of mercury(Il) chloride. In addition, the
latter was further transformed into a two-dimensional wavy
sheet [Cd(bpip)(SO,)(H,0),], structure when the crystals of
the latter were soaked in methanolic cadmium(II) sulfate
solution utilizing equimolar amounts. The cation exchange
proceeds via a recurrent dissolving-exchange-crystallization
phenomenon of the solvent-controlled mechanism accompa-
nied by bond breaking and new bond formation.”® Another
recent example of inorganic systems that undergoes structural
transformations for which the initial and final crystalline phases
have been elucidated by single-crystal X-ray diffraction
(SCXRD) includes a one-dimensional (1D) zigzag chain of
Zn"-salicylaldiminato which was investigated via metal ion
exchange, and this led to the formation of a new structure in
conjunction with change in the coordination environment of
the Zn" center.*>®’

In few ligand substitution transformations,”* ™" a Cj-
symmetry semi-rigid N,N’,N”-tris(3-pyridinyl)phosphoric tri-
amide (tppa) ligand was employed to construct a discrete
octahedral nanocage [Cug(tppa)s(H,0)s](ClO,),(H,0),4,.%
Upon adding NaCl solution, the non-coordinating ClO,~ ions
were substituted by bridging and non-coordinating CI™ ions to
afford a 1D polymericé8 [CusCly(tppa) (u-Cl)],(Cl)6(H,0),,.
Essentially, this ligand-exchange reaction was abetted by
structural transformation. To this end, one cannot over-
emphasize the importance of the aforementioned unconven-
tional synthetic approaches in the fields of coordination and
organometallic chemistry. The two classical approaches,
however, concern the development of catalytic transformation
by one-pot synthesis to obtain desired products in the most
efficient manner.””> Furthermore, applying synthetic control
over the coordination geometry of inorganic systems is
cardinal to eliciting specific physicochemical properties, and
thus, synthetic routes to access unique coordination config-
urations create opportunities to innovate new chemical
models.”*~”
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Scheme 1. Synthetic Procedure for Ligands LIH-L3H
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As part of the effort in studying salicylaldimine ligands
(Scheme 1), herein we have made use of S-nitro-N-[2-
(methoxy)phenyl]salicylaldimine (L1H), S-bromo-N-[4-(me-
thoxy)-phenyl]salicylaldimine (L2H), and S-bromo-N-[4-
(methyl)phenyl]salicylaldimine (L3H) featuring O,N,O-tri-
dentate and O,N-bidentate donor sets for the synthesis of Zn"!
(1a) and Cu" (2a) precursors by slow evaporation at room
temperature (RT). A new family of metal complexes were
prepared utilizing the above-mentioned precursors via CISA
(Cu, 1b; Ni, 1c; Mn, 1d; and Ni, 2¢) and LISA (Cu, 2b)
transformations. Notably, the crystal structure of complex 2b is
known and has been reported previously.”® Therefore, a total
of nine new compounds were elucidated by SCXRD and fully
characterized by various analytic techniques. The metal(1I)
precursors were chosen due to their synthetic availability,
versatility as synthons for other divalent metal ions such as
Mn*', Ni**, and Cu**, and accordingly their ability to provide
diverse geometries. On the other hand, the choice for the
ligands is favorable owing to the involvement of borderline
donor property of azomethine nitrogen along with a hard
oxygen donor originating from the phenolato moiety to
coordinate the 3d metal ions. For ligand substitution
transformation, electron-withdrawing (5-Br) and electron-
releasing (4-OMe, 4-Me) substituents’ effect of individual
ligands are the main constituents that require consideration.
With this in mind, we employed L2H and L3H in LISA
transformation. The aforementioned chelating derivatives
exhibit very similar structures and coordination abilities but
are slightly different in size. In this work, we surmise that the
ligand with weak coordination capability will be substituted by
the stronger one, favoring the occurrence of solution-mediated
transformation. The purpose of this work is to study by
experimental and computational means how the nature of the
chelates can influence the overall structures of the six- and
four-coordinate metal complexes.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterizations. Schiff condensa-
tion reactions of aldehydes with 1 equiv of aromatic anilines
were carried out under reflux in ethanolic solutions to afford
L1H, L2H, and L3H (Scheme 1) in good yields (76—87%).
Single crystals of the above congeners were grown by slow
evaporation from different solvent systems (see the Exper-
imental Section). The atomic numbering scheme and the
anisotropic displacement parameters are depicted in Figure
Sla—c (Supporting Information), and their crystal data
parameters, selected bond lengths, and angles are shown in
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Scheme 2. Self-Assembly of 1a: (i) Zn(OAc),"2H,0, DMF/MeOH (1:1, v/v) Mixture at RT, CISA Transformations la — 1b:
(i) Cu(OAc),"2H,0, MeOH at RT; 1b — 1c: (iii) Ni(OAc),2H,0, DMSO/MeCN (1:2, v/v) at RT, Destructive

Transmetalation: (iv—vi) MX,:xH,0 (M = Co>" and Fe?*; X = CI", NO;7, etc.), MeOH or EtOH at RT, CISA Transformation
of 1c — 1d: Mn(OAc),-4H,0), MeOH at RT, and Decaying of LIH — mbac: (vii) CoCl, and MeOH/THF (1:2, v/v) at RT
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Tables S1—SS. The crystal packing in LIH—L3H is secured by
various strong intermolecular interactions (Figure S2 and
Table S6) between adjacent molecules bringing forth different
supramolecular synthons.

To elucidate the retention of the chelates, liquid-state 'H
NMR experiments were performed in DMSO-ds solvent
(Figure S3). The base peaks in the (ESI-MS)* spectra were
found at m/z 273.0873, 306.0134, and 290.0182, correspond-
ing to ([L1H + H]"), ([L2H + H]"), and ([L3H + H]"),
respectively (Figure S4). A search of the Cambridge Crystallo-
graphic Data Centre (CCDC) 2022.3 (Cambridge Structural
Database Release, November 2022)””7* flagged no reports of
X-ray crystallographic studies on the chelating ligands
presented in this work, except for LIH which was recently
described by our group.”

First, to construct a bis(chelate) complex [Zn(O,N,0-L1),]
(cis-1a), L1H was treated with 0.5 equiv of Zn(II) acetate
dihydrate in a DMF/MeOH (1:1, v/v) mixed solvent system at
RT. Single crystals of 1a could be obtained in 70% yield after 5
days by slow evaporation from the mother liquor (Scheme 2).
After isolating the product, the '"H NMR spectrum in CDCl,
(Figure S3) showed the signal based on the expected C,,
symmetry of a Zn(II) complex. However, the imine proton
undergoes an expected upfield shift from 6y = 8.31 to ~8.76
ppm on complexation. The absence of the phenolic proton
signal (at 14.66 ppm in the free L1H ligand) in la indicates
coordination by phenolic oxygen (O1) to Zn(Il) after
deprotonation. The 'H and C NMR spectra conform to
the structure of la in agreement with elemental analyses.
Electrospray ionization mass spectrometry (negative mode;
ESI-MS) illustrated the presence of a mononuclear structure
(observed m/z = 605.0703) which corresponds to the desired
la (caled m/z = 606.0729). Moreover, C=N at 1618 cm™’
(Figure SS) stretching vibration of L1H was red-shifted to
1609 cm™, with the vo_g vibration between 3500 and 3179
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cm™' disappearing after metalation, again demonstrating the
involvement of Ol oxygen atom with the Zn(II) center. As
illustrated in Figure S6, the homogeneity of 1a was confirmed
by powder X-ray diffraction (PXRD) patterns. As expected,
magnetic moment measurements (Uei) show a diamagnetic 1a.
The impetus for the synthesis of la was to use this readily
isolated starting material in the preparation of other
coordination compounds incorporating 3d metals. However,
starting from the precursor of la, we were able to grow
[Cu(O,N,0-L1),] (trans-1b) after 7 days by the CISA
method, and single crystals were obtained in 74% yield. This
was achieved by dipping brown crystals of 1a in a concentrated
methanolic solution of Cu(OAc),-2H,0 (0.1 M) at RT.
Unlike the reaction of L1H with zinc(II) acetate, complexation
at ambient temperature using acetate/nitrate salts of copper-
(II) and manganese(I) was ineffective as was running the
reaction under reflux for 2 h. Nonetheless, the positive mode
ESI-MS analysis of 1b showed a peak for the pseudo-molecular
ion with m/z 606.0806 ([1b + H]*) and/or 628.0626 ([1b +
Na]*), which could be rationalized by considering a
mononuclear complex. When the crystals of 1b were immersed
at RT in a DMSO/MeCN (1:2, v/v) mixture of Ni(OAc),
4H,0, yellow-green needles of [Ni(O,N,0-L1),] (cis-1c) were
obtained after 4 days in 68% yield. The formation of the Ni(II)
species, confirmed by the positive mode ESI-MS, showed a
prominent peak at m/z 601.0861 corresponding to ([1c +
H]*) (calculated m/z 600.0791). Saddle brown prisms of
[Mn(O,N,0-L1),] (cis-1d) were grown in 79% vyield after 4
days in a similar manner as with 1c, but instead a methanolic
solution comprising an excess of manganese acetate tetrahy-
drate was utilized. The product of the above reaction displayed
signals at m/z 536.1652 ([1d — (HNO;) + H]*) and $57.1653
([1d = (HNOj;) + Na]*) in positive mode ESI-MS.
Compounds la—d were isolated as crystalline solids which
differ in color; brown la — Prussian blue 1b — yellow-green

https://doi.org/10.1021/acs.cgd.3c00055
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Scheme 3. Self-Assembly of 2a: (i) Cu(OAc),"2H,0, DMF/MeOH (1:1, v/v) at RT, (ii) Refluxing Cu(OAc),"2H,0 and L2H
in Ethanolic Solution at 80 °C for 12 h, which was then Recrystallized Using DMF/MeOH (1:1, v/v) Mixture”
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“Crystals of 2a’ were grown by slow evaporation at RT, (iii) LISA transformation of 2a — 2b, (iv) CISA transformation of 2b — 2c, (v) self-
assembly of 2c: refluxing Ni(OAc),-2H,0 and L3H in DMF/acetone (1:1, v/v) mixture at 70 °C, and (vi) LISA transformation was not detected.

lc = 1d saddle brown after solution-mediated trans-
formations. The RT magnetic moments (ue) of complexes
1b—d were in the range of 1.77—5.89 g, corresponding to
their electron configurations. As with IR spectra of la, the
absorption bands at 3300—3500 cm™' (Figure SS) for the
hydroxyl groups in the free ligand disappeared in complexes
1b—d, suggesting the deprotonation of L1H and successful
formation of the o bond with the respective metal ions.
Furthermore, the peaks in the range 1596—1610 cm™" in their
IR spectra, assigned to the stretching vibrations of the imine
groups, shifted to lower frequency compared to the free ligand
L1H (1618 cm™"), indicating the coordination of the C=N
groups with the metal center. The elemental analysis data
(Experimental Section) is consistent with the formulation
CysH,,N,OsM [M = Cu (for 1b), Ni (for 1c), and Mn (for
1d)]. As shown in Figure S6, the PXRD patterns coincide with
the structures elucidated by single-crystal diffraction data,
substantiating the pure phases of 1b—d. Our numerous
attempts to isolate Co' and Fe'' complexes containing anionic
L1 via the transmetalation route unexpectedly led either to the
formation of a powdered solid (in the case of Co(IL) species)
or demetalation if not a complete decomposition of L1H to
generate 2-methoxybenzenamonium chloride (designated as
mbac; Figure S1d) salt. Significantly, metal ion exchange
occurred in the same order as the ionic radii Mn > Ni > Cu >

4839

Zn. Solution UV—vis spectroscopy not only confirmed in situ
one-way metal ion exchanges (see later) but also suggested
geometry configurations of 1b. In general, the electronic
transitions for d'%-block Zn(II) and d*-block high-spin Mn(II)
complexes are spin-forbidden and hence cannot be observed.
The electronic spectrum of 1b (Figure S7) displayed
absorption bands typical for octahedral geometry. The
characteristic band in the visible region (at 676 nm) may be
ascribed to a comp0s1te of two possible transitions Blg ZBZg
and 2B1 - Eg out of three spin-allowed transitions of
tetragonally elongated copper(Il) ions with approximate Dy,
symmetry.”’ Reduction of symmetry from pseudo-octahedral
to Dy, is also indicated by a weak bond formed between the
Cu(II) and O2 atoms of the 2-OMe groups as a consequence
of distortion and high dipole moment in 1b. The electronic
spectrum of the nickel complex 1c is also consistent with
octahedral geometry displayl’ng two d—d transitions at 690 and

392 nm assignable to *A,, (F) — Ty, (F) and *A,, (F) = °T,,
(P) transitions, respectively.”’ The magnetic moment of lc
was Us = 3.68 BM, supporting the d® high-spin distorted
octahedral structure.

Next, the combination of L2H with the copper(Il) acetate
dihydrate (0.5 equiv) in DMF/MeOH (1:1, v/v) solvent
mixture at RT affords [Cu(O,N-L2),] (trans-2a) crystals in
72% vyield on standing for 4 days.
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Figure 1. UV—vis spectra of (A) la — 1b after the addition of 0.1 M Cu(OAc),-2H,0 methanolic solution; (B) 1b — 1c after the addition of
DMF/MeOH (1:1, v/v) solvent mixture of Ni(OAc),-2H,0; (C) 1b — 1c when a methanolic solution of Mn(OAc),-4H,0O was utilized; (D) 2a
— 2b after a 1.0 M solution of L3H in water/DMF (2:1, v/v) mixture was introduced, and (E) 2a — 2b after the addition of 0.5 M Ni(OAc),-
2H,0 in DMF/acetone (1:1, v/v) mixture. All the electronic spectra measurements were conducted at RT, and the starting times (in hrs) are
presented by the colored lines: black (0), red (12), green (24), blue (36), cyan (48), pink (60), yellow (72), golden brown (84), peach (96), indigo
(108), brown (120), light green (132), dark green (144), dark blue (156), orange (168), and purple (180).

Treatment of Cu(OAc), and L2H gave rise to a
polymorphic form of 2a (hereafter denoted as 2a’) as a
crystalline powder after stirring under reflux for 12 h at 80 °C.
The experimental and simulated PXRD patterns are imposable
(Figure S6), confirming the purity of 2a’. Dark blue crystals of
2a’ (obtained in 81% yield) were harvested by recrystallization
of the crude powder from a similar solvent mixture as in the
syntheses of la and 2a. Furthermore, transmetalation of
Mn(II) to Zn(II) complexes from 2a were all futile. This urged
us to forge ahead with ligand substitution (Scheme 3) by
dipping crystals of 2a in a saturated methanolic solution
containing L3H to form [Cu(O,N-L3),] (trans-2b). As
exemplified by SCXRD, L3H insertion induces change in
geometry from quasi-square-planar trans-2a to a perfect
square-planar trans-2b complex. The transformation proceeded
within 6 days giving 2b in 73% yield. Therefore, the square-
planar product 2b of a substitution reaction has a vastly
different coordination environment as the reactant 2a triggered
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by replacement of the departing L2H by the incoming L3H
ligand. In contrast, [Ni(O,N-L3),] (trans-2c) crystals were
grown in 74% yield after 3 days in a similar manner as with 1c,
but instead, a DMF/acetone solvent system containing nickel
acetate dihydrate was employed. Reaction of Ni(OAc),
solution with L3H at 70 °C (12 h) afforded 2c as a light
green powdered solid in 77% yield. Compound 2a was able to
undergo LISA transformation into 2b, assisted by a stereo-
chemical change, in a process triggered by excess L3H. This is
a very rare case and can be characterized as an Sy2 nucleophilic
ligand substitution reaction. The distorted square-planar
geometry of 2a is somewhat surprising in light of the
observation of square-planar complexes 2a’, 2b, and 2c for
bidentate chelates. This switch in geometric preference is not
immediately apparent and is certainly not a result of subtle
steric interactions. On the basis of these observations, L2H is a
significantly weaker bidentate O,N-donor chelate in compar-
ison to L3H owing to the deficient electron-donating
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Figure 2. Molecular structures with partial atom numbering scheme of (top left) 1a viewed down the [011] direction, (top right) 1b viewed along
the a-axis, and (bottom left) 1c and (bottom right) 1d both viewed down the b-axis. Ellipsoids are drawn at 50% probability. The ligand units are
related by 2-fold rotation symmetry for each molecule. H atoms are shown as small gray spheres of arbitrary radii. Selected bond distances (A) and
bond angles (deg): for la, Zn1—O1 1.9760(14), Zn1—02 2.2853(1S), Zn1—N1 2.0763(13), O1-Zn1—02 163.64(6), and O1—-Zn1—-O1*
101.64(11). For 1b, Cul—01 1.9135(13), Cul—05 1.8974(13), Cul—=NI1 1.9959(15), O1—Cul—05 88.01(6), and O1—Cul—N1 91.69(6). For
1c, Nil-01 1.977(S5), Nil—02 2.132(5), Nil—=N1 2.031(6), O1-Nil—02 170.10(2), and O1—-Nil—O1* 95.90(3). For 1d, Mn1-01
2.0329(16), Mn1—02 2.2656(16), Mn1—N1 2.2234(16), O1-Mn1—02 156.98(6), and O1—-Mn1—01* 100.12(14).

characteristic of the p-OMe (at 4-position) substituent in 2a.
Hence, the former was easily substituted by the latter via LISA
transformation. While the molecular structure of 2a (4 1.88
BM) shows the trans configuration of the oxygen donors, both
2a’ (e 1.71 BM) and 2b (ug 1.68 BM) assume a square-
planar environment. Also, typical solvent-assisted trans-
formation were followed visually by the fast color change
from dark blue (2a) — light blue (2b) — green for nickel(II)
species 2c with absorption of their respective [M(O,N-L),]
chromophore observed at 4., = 415, 362, and 386 nm for
LLCT/LMCT transition. Signals in the proton NMR spectra
of 2a, 2a’, and 2b complexes are very broad owing to the
paramagnetic nature of the Cu" ion, and hence, no further 'H
NMR analysis was performed. As shown in Figure S4,
mononuclear 2a, 2a’, 2b, and 2c complexes were, respectively,
assigned by ESI-MS (m/z = 669.9510 for ([2a — H]*),
697.9005 for ([2a’ + Na]*), 645.9782 for ([2b + H]*), and
636.9355 for ([2c + H]*) in 48.6%, 51.4, or 100% abundance),
and these molecular ion peaks are indicative for 1:2 (M/L)
structures. By looking at the IR spectra of 2a, 2a’, 2b, and 2c,
the formation of azomethine bonds can be verified. Namely,
the IR vibration centered +1613 cm™ in L2H/L3H disappears
as a new band corresponding to the chelating C=N unit
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emerges at 1608 cm™' (for 2a), 1605 cm™ (for 2a’), 1609
ecm™ (for 2b), and 1606 cm™ (for 2c). The purity of the
complexes was validated by elemental analysis and PXRD
diffractograms. Agreeing with SCXRD (see crystal structure
discussion later), again, the coordination environment around
each metal(II) ion was also inferred by solution electronic
spectra. The adsorption bands located below 4., = 350 nm
were ascribed to a ligand-to-metal charge-transfer (LMCT)
transitions for 2a, 2a’, 2b, and 2c. The UV—vis spectra
recorded in CHCI; showed an absorption band at 672 nm
(assigned for lAlg - 'B 1g transition) characteristic of distorted
square-planar 2a. The electronic spectra of 2a’ and 2b both
showed two bands characteristic for square-planar config-
urations: at 505—508 nm (for 2Blg - 2Eg) with 2¢ exhibiting a
very intense spin and dipole allowed ligand-to-ligand charge-
transfer (LLCT) at 700—650 nm for a typical (y.g: 0.089 BM.;
diamagnetic) square-planar Ni(II) complex. Moreover, the
latter two bands in 2a’ and 2b are related to the non-resolved
d—d transitions from the four low lying d-orbitals (d.? d,,, d,.,
and d,)) to the half-filled (Cu) d;_ orbital.*>%

To gain insights into ligand exchange and Zn(Il) — Cu(1l),
Cu(Il) — Ni(II), and Ni(II) — Mn(II) (first series) and
Cu(Il) — Ni(II) (second series) transmetalations, UV—vis
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Figure 3. Molecular overlays of the crystal structures of (left): 1a (green), 1c (blue), and 1d (red) with rms = 0.0751; (green and red) and 0.0768
(green and blue); (middle): 2a (purple) and 2a’ (bronze) with rms = 0.0198; (right): 2b (royal blue) and 2c (pink) with rms = 0.045. All rms
values calculated are based on the structure overlays of pairs of complexes with the same atoms (where possible): 1a, 1c, and 1d: O1, N1, 02, and
M1 (M = Zn, Ni, and Mn); 2a and 2a’: O1, N1, and Cul; and 2b and 2c: O1, N1, and M1 (M = Cu and Ni).

aliquot sampling at 12 h intervals were recorded. Con-
sequently, UV—vis experiments at RT were performed by
removing stoichiometric volumes (~2 uL) from the reaction
mixtures, and accordingly, the samples were further diluted
(10-fold) in CHCly. In the Cu(OAc), aliquot sampling
experiment, a profound bathochromic shift is observed from
the absorption band at 283 nm in la to 289 nm in 1b,
accompanied by an increased absorption intensity in the lower
energy band (left in Figure 1A) as well as the color variation
from brown to reddish-orange for the reaction mixture.
Notably, an absorption band at 269 nm in la disappears
with a new band emerging at 362 nm in 1b (right in Figure
1A) after 96 h.

Concerning the nickel complex 1c, the color of the solution
immediately changed from green to purple upon the addition
of the Mn(OAc), methanolic solution, while for those
comprising copper(II), the solutions preserve their initial
blue tint, with both 1b and 2b solutions turning (after 36 and
48 h, respectively) from pale blue to blue-green upon insertion
of Ni** ions. Except for the continuously increasing shoulder at
428 nm, no changes were observed in the d—d transition bands
for Mn(OAc),-directed Ni(Il) — Mn(II) transmetalation
(Figure 1C). However, solvent-assisted transformations of la
— 1b, 1b — 1¢, and 1c — 1d were confirmed later by their
solid-state structures.

During the formation of 2b from 2a in solution, the intensity
of the absorption bands at 274 nm (left in Figure 1D)
increased, while the band at 352 nm is hypochromic (middle in
Figure 1D) and with a new band appearing at 420 nm (right in
Figure 1D), indicating the transformation of one species into
another. The change in intensity in the latter two absorption
bands are arguably ascribed to the disappearance of the
uncoordinated OMe oxygen species during 2a — 2b
transmetalation. In the UV region, the distinguishable band
underwent a slightly bathochromic shift from 273 nm in 2b to
276 nm in 2c (left in Figure 1E) upon the addition of
Ni(OAc), solution, with broad and narrow hyperchromic
absorption bands (middle and right in Figure 1E, respectively)
presenting minimal hypochromic shifts, suggesting 2b — 2c
transformation.

Following the geometric moieties realized between chelates
L2H and L3H with Cu?', we rationalized that Zn**, with a
slightly larger ionic radius, would institute similar outcomes.
However, after multiple trials, this reaction was not feasible.
Furthermore, an attempt to synthesize the analogous cobalt(II)
complex from [Cu(O,0,N-L1),] (1b) in the presence of
Co(OAc),-4H,0 solution led to demetalation and isolation of

single crystals of L2H. By careful analysis of the transformation
phenomenon, three specific points were noticed: (1) 1a — 1b
— 1lc — 1d self-assembly occurred much faster than 2a — 2b
— 2¢, (2) the transformations take place only when metal
acetates (numerous attempts were performed with the nitrates,
sulfates, and bromides/chlorides without success) are utilized,
and (3) all the transformation processes are irreversible.
Consequently, solid-state-to-solid-state transformations in-
volved permanent cleavage of old metal—ligand bonds and
formation of new metal—ligand bonds. The kinetics for metal
ion exchange of Zn(II) by Cu(II), Cu(II) by Ni(II), Ni(II) by
Mn(1II), and finally Cu(II) by Ni(II) were monitored by AAS.
Nearly, 50% of the M(II) ions in the complexes were replaced
within S days (in 1b), 2.5 days (in 1c), 1.5 days (in 1d), and 2
days (in 2c). In addition, 99% of the M(II) ions were
exchanged between 3 and 7 days (Figure S8 and see the
Experimental Section for further details). We also studied the
behavior of a reverse ion exchange by soaking 1b crystals in a
methanolic solution of Zn(OAc),-2H,0 (0.1 M) at RT for 2
weeks. Expectedly, the ion-exchange process did not occur.
Similarly, transmetalation processes were irreversible for 1d —
lc — 1b, 2b — 2a, and 2¢ — 2b. In addition, “diagonal”
transmetalation reactions (i.e., 1la — 1c, la — 1d, 1b — 1d,
and 2a — 2c) were tried to no avail. We are currently
investigating the exchange behavior of 1la—2c¢ metal ions with
other 3d metal ions, in attempt to elucidate the factors that
govern the metathesis reaction reported herein.
Diagrammatic representations (50% probability ellipsoids)
of the crystal structures of la—d are depicted in Figure 2 with
selected bond lengths and bond angles. Compound 1c
crystallizes in the C2/c (no. 15) space group with Z = 4,
while both la and 1d are shown to crystallize in the
monoclinic 12/a (no. S) space group with virtually identical
lattice constants, and their cell volumes are 98.84% similar.
The superposition (Figure 3) of the compounds shows that the
two C2-symmetry compounds are isostructural. From the
structural view point, each metal(II) center in 1a, 1c, and 1d is
six-coordinate composed of four O donors arising from two
monoanionic (L17) units in a bidentate manner via phenolato
O1 and methoxy O2 atoms to form a square-planar CuO,
coordination core with two axial sites occupied by N1 and N1*
donors (N1-Znl1—N1* 161.14(8)°, N1—-Nil—-N1*
170.30(3)°, and N1—-Mnl1—N1* 163.38(9)° for the former
and latter, respectively), completing the octahedral geometry.
The neutral mononuclear complex 1b crystallizes in the space
group P2,/n (no. 14) and Z = 4. Furthermore, the highly
distorted square-planar [Cu(O1, 02, OS, and 06)] subunit

https://doi.org/10.1021/acs.cgd.3c00055
Cryst. Growth Des. 2023, 23, 4836—4854


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.3c00055/suppl_file/cg3c00055_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00055?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00055?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00055?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00055?fig=fig3&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.3c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

Br(1)

Figure 4. Molecular structures with the partial atom numbering scheme of (left) 2a viewed down the b-axis and (right) 2a’ viewed along the [111]
plane. Ellipsoids are drawn at 50% probability. The ligand units are related by 2-fold rotation symmetry for each molecule. H atoms are shown as
small gray spheres of arbitrary radii. Selected bond distances (A) and bond angles (deg): for 2a, Cul—0O1 1.8826(18), Cul—N1 2.000(2), O1—
Cul—01%* 149.47(16), and O1—Cul—N1 93.13(9). For 2a’, Cul—01 1.8915(4), Cul—N1 2.001(4), O1—Cul—01* 180.00, and O1—Cul—N1

91.30(18).

has a trans-form (O1—Cul—05 88.01(6) and N1-Cul—N3
98.57(6)° in the basal position), in contrast to a cis-
configuration (O1-Znl1—O1* 101.64(11)° for la, Ol—
Nil—01* 95.90(3)° for 1c, and O1-Mn1—-01* 100.15(8)°
for 1d). The distortion of the octahedral geometry is
understood with the above-mentioned bond angles or at
least their halves, and in this case, all deviate from the ideal
values of 90° (for cis angles) or 180° (for trans angles). Within
the O,N,O tridentate pocket around the 3d center in 1b, the
Cu'"=N,,;.. distances are different at 1.9959(15) and
1.9703(15) A, Cu"—Openoiare are 1.9135(13) and 1.8974(14)
A, while the CuH—Omeﬂloxy distances are notably longer
measuring 2.7102(14) and 2.6769(14) A due to the presence
of a bulky OMe group, forming an overall pseudo-octahedral
CuO,N, coordination core. Coordination of the Cu(II) ions in
1b led to severe strain on the commonly planar CuO, center.
This strain is driven by the deviation of the ligand backbone
from ideal planarity, which gave rise to serious distortion
leading to an unprecedented geometry around the Cu(II)
center. Close inspection of the coordination environment
indicate that the Cu(II) sphere forms a tetragonal plane based
on 01,01%, N1,02%, and bipyramidal geometry appears from
axial existence of two donor sites, N1* and O2. Most
copper(Il) complexes with Jahn—Teller distortion®*** undergo
elongation of the z-axis and consequently provide an
exceptional thermodynamic stability.*>®’ Similarly, the geom-
etry of the Cul atoms in 1b is somewhat an elongated
octahedral; the axial M1—O1 bond lengths are 1.9760(14) A
(for 1a), 1.977(5) A (for 1c), and 2.0329(16) A (for 1d),
which are noticeably longer than those of the four equatorial
bonds of 1b as presented in the notation of Figure 2. It should
be pointed out that the MH—Ophem,{mo/MH—Nimido distances
follow the order 1d > 1c > 1a > 1b. Contrarily, the O1-M1—
02 bond angles for 1a, 1b, 1c, and 1d are 163.64(6),

4843

127.31(5), 170.10(2), and 156.98(6)°, respectively, indicate
that the tension of the chelate from the phenolato and
azomethine groups follows the sequence 1c > 1a > 1d > 1b.

The crystal packing view of complexes 1a, 1c, and 1d is very
similar; therefore, only packing properties of la, which are
comparably different from the packing features of 1b, are
presented and discussed (Figure S9; see the Supporting
Information for details).

The structural motifs of the two polymorphs are identical,
with slight differences in the unit cell parameters conceivably
owing to differences in symmetry. Interestingly, the two
polymorphs 2a and 2a’ were identified based on their crystal
form. Both structures are monoclinic, but one crystallizes in a
chiral space group C2 (no. 5), with Flack parameter™ at
0.019(10), indicating that the absolute structure is correct, and
the other in the space group C2/c (no. 15). The asymmetric
units contain one metal ion on a special position, two anionic
ligands (L7), and with no lattice or coordinated water
molecules. The crystal structures of complexes 2a and 2a’
are shown in Figure 4 together with selected bond distances
and angles. Despite the obvious differences in packing (Figure
S10), the asymmetric units of the two polymorphic structures
almost perfectly overlap (middle of Figure 3). Symmetry
expansion reveals metal ions with four-coordinate geometries
(a seesaw geometry—an intermediate conformation between
tetrahedral and square planar with a calculated Addison
parameter®”’ 7 = 0.42 in 2a, while 2a’ features a perfect
square-planar configuration with 7 = 0.00), and the
coordination spheres are occupied with two phenoxido O1
and OI1* atoms as well as two iminido N1 and NI1* atoms.
Unexpectedly, the M—O and M—N bond distances in 2a are
slightly shorter and longer, respectively, than those in 2a’. In
2a, the M—O,}noxido aNd M—N 140 distances are 1.8834(12)
and 2.0040(3§ A, respectively, while in 2a’, they are 1.8915(4)
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Br(1)

Figure S. Molecular structures with the partial atom numbering scheme of (left) 2b and (right) 2c both viewed along the a-axis. Ellipsoids are
drawn at 50% probability. The ligand units are related by 2-fold rotation symmetry for each molecule. H atoms are shown as small gray spheres of
arbitrary radii. Selected bond distances (A) and bond angles (deg): for 2b, Cul—O1 1.8883(16), Cul—N1 2.0047(18), O1—Cul—01* 180.00,
and O1-Cul—N1 91.31(7). For 2¢, Nil—01 1.8349(16), Nil—N1 1.9132(18), O1—Nil—01* 180.00, and O1—Nil—N1 92.54(7).

3¢ R ¥
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2a

Figure 6. Molecular overlays of the solid-state structures (SCXRD) in dark green and the theoretical optimized structures (DFT) in dark red.

Hydrogen atoms are omitted for clarity.

and 2.001(4) A in the same order. However, the bond
distances are slightly different from the corresponding value
(1.895(2) A) presented in a recently reported analogous
Cu(1I) complexes.”' =

The bond angles O—Cu—0O and N—Cu—O are comparable
and vary from 93.11(1) to 151.38(1)° in 2a and 88.74(16) to
180.0° in 2a’. Compounds 2b and 2c are isostructural; their
analogy is discussed. As can be seen in the superposition of the
molecular structures (right of Figure 3), there is almost an
unnoticeable difference in the periphery between the two
complex molecules. However, after inserting Ni** into 2b, one
can note a very slight decrease in the length of the ¢- and b-axes
and an increase in the g-axis length. As illustrated in Figure S,
the asymmetric unit of the two complexes contains one half-
molecule with the other half generated by an inversion center,
which lies at the midpoint of the copper(Il) and nickel(II)
atoms. Coordination geometry of the two metal atoms can be
described as a square planar with Cul (z = 0.00) and Nil (z =
0.00) atoms forming two six-membered chelate rings related to
each other by the 2-fold rotation axis passing through the
metal. As in 2a’, the ligands in 2b and 2c adopt a K N/O
coordination mode via the imine nitrogen and phenolate
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oxygen atoms. Consequent with a square-planar geometry, the
metal center in the two structures are surrounded by
equidistant Cu—O 1.8883(16) A and Ni—O 1.8349(16) A].
The O and N donor atoms are positioned cis to each other. In
2b, the Cul—O1 and Cul—N1 distances are slightly different
from the corresponding values (1.884(2)—1.887(2) A)
reported in the literature.”””**® The Ni—O and Ni—N
bond distances in 2c are, however, slightly longer than the
corresponding bond lengths for the previously reported nickel
bis(bidentate) molecular complex (Ni—O 1.829(10) and Ni—
N 1.909(12) A).”” Quite expectedly, the complementary sum
of the O1—-M—N1 and N1-M—O01 angles at the metal centers
[91.31(7) and 88.69(7)° in 2b] and [92.54(7) and 87.46(7)°
in 2c] are perfectly averaged to 90°. The packing features of 2b
and 2c are thoroughly described in the Supporting
Information.

3. COMPUTATIONAL STUDY

A DFT study of the various complexes has been conducted in
order to gain more insights into the effects the different ligands
L1H-L3H have on the geometry, electronic structure, and
ligand substitution trends of the resulting complexes. In
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general, the computed geometries correlated with the
experimental (SCXRD) geometries with rms values between
0.010 and 0.144 (Figure 6). The major outliers were those of
2a and 2b, where the (distorted) square-planar Cu(II)
complexes were obtained experimentally, in contrast to the
computationally derived (highly) distorted square-planar (2a)
and tetrahedral (2b) geometries (spin multiplicity of 2 for
Cu®). The calculated distorted square-planar/tetrahedral
geometries were also around 142 kJ mol™" lower in energy
as compared to the experimental square-planar counterpart.
Solid-state packing effects are thought to be the major cause
for the difference in geometries. The other outlier was complex
1d, where in general, one of the coordinated ligands folded
away from the ideal 90° angle between all adjacent
coordinating atoms. Both spin multiplicities (2 and 6) were
considered for Mn?* in the low and high spin cases,
respectively. However, the result from the sextet multiplicity
(high spin) was chosen as the experimental properties of the
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complex corresponded best to the case of the highly
paramagnetic complex. Considering the experimental and
calculated M—O and M—N bond lengths, these also mostly
corresponded well, apart from complex 1d (Figure S12,
Supporting Information).

Here, the calculated average Mn—O and Mn—N bond
lengths were consistently between 0.21 and 0.35 A shorter than
the corresponding experimentally measured bond lengths. The
calculated bond lengths of 1c (spin multiplicity 2, low spin
case) deviated further from the corresponding experimental
bond lengths. The thermodynamics of each of the reactions to
form 1b, 1c, 2b, and 2c¢ was also evaluated using reaction
enthalpy (AH) calculations based on the Gibbs free energies.
The enthalpy of formation for each compound is calculated as
the sum of the Gibbs Free energies of the products, less than
the sum of the Gibbs free energies of the reactants. The
formation enthalpies (based on Gibbs free energies) in the first
series of reactions (i.e, la — 1b — 1c — 1d) are as follows:
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—10.3 kJ mol™ to form 1b, —345.6 k] mol™ to form Ic, and orbitals, as well as the noticeable level of metal/hgand orbital
—5.20 kJ mol™" to form 1d). mixing throughout the series of complexes.”

This finding suggests the reverse series of reactions to be All complexes (apart from 1a and 2c) exhibited both a- and
energetically unfavorable (in general, and within computational P-electron contributions, as can be seen in Figures 7—11. The
error). When considering the second series of reactions, the last five occupied orbitals of the Zn complex (d'?) are fully
reaction of 2a to form 2b is unfavorable with a positive filled and resembles that of an octahedral field. Removal of one
formation enthalpy of 460 k] mol™' and is largely based on the electron to form the d° Cu complex (1b) results in a distorted
conversion from the more stable tetrahedral (experimentally octahedral field with a degree of Jahn—Teller distortion due to
observed, theoretically predicted) to the less stable square- the asymmetrical occupation of the e, orbitals.
planar geometry. If the reaction of 2a’ to form 2b is considered This manifests as elongated apical Cu—O,qy, bonds, as
instead, it becomes favorable with —9.8 kJ mol™ (square compared to the shorter Cu—O,,, basal bonds. This is of
planar — square-planar geometry). Conversion of 2b to 2c is course not the case in the Ni** (d®) complex of lc: the
predicted to be favorable with a formation enthalpy of —12.6 (experimental) Ni—OMe bonds are the shortest of the series
k] mol™'. The effect of the d-electron contribution to the (1.98 A from XRD and 1.99 A from DFT) from which the
molecular orbitals of the different metals belonging to overall geometry correlates well with the Zn*" congener (1a).
complexes la—c and 2a—c is shown in Figure 7. The depiction In the case of the Mn complex (1d), a high-spin sextet
of the corresponding frontier orbitals of each of the complexes multiplicity leads to a-spin-filled orbitals, in which case is
is shown in Figures 8 and 9. The variation of metal—ligand largely based on d-metal and 7#-ligand orbitals. Moving over to
bond lengths may be rationalized by considering a balance of the four-coordinate complexes 2a—c, the electron distribution
the electronic contributions to the bonding and antibonding resembles that of a distorted square-planar field, with the
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nickel-based complex 2c¢ exhibiting a formal square-planar field
of which a noticeable contribution from the d-metal orbitals is
observed. Considering the a-spin electron contribution of
complexes la—d, an energy gap of 3.53 eV (Zn, 1a) increases
to 3.76 eV (Cu, 1b) and then decreases back to 3.56 eV (Ni,
1c). For the transformation of 1c — 1d, the energy gap sharply
decreased to 1.05 eV (Mn, 1d; 3.19 eV energy gap from f-spin
contribution), suggesting enhanced reactivity (or lowered
stability) of 1d as compared to la—c. In the series 2a—c, the
energy gap of Cu-based 2a and 2a’ (3.65 eV in each case)
slightly increases to 3.70 eV (Cu, 2b), which in turn decreases
to 3.43 eV (Ni, 2c), suggesting similar complex reactivities
and/or stabilities.

4. CONCLUSIONS

Herein, we surmise that the lower stability of single-pocket
Zn(II) and Cu(II) complexes that make possible the cis-1a
(Zn) — trans-1b (Cu) — cis-1c (Ni) — cis-1d (Mn), 2b (Cu)
— 2¢ (Ni) transmetalations, and 2a (Cu) — 2b (Cu) ligand
substitution. The unit cell parameters changed significantly
from la — 1b — Ic — 1d transmetalations but just slightly
from 2b — 2c. In the one-way irreversible solvent-assisted
transformations, the cleavage of coordinative bonds and the
subsequent distortion are influenced by the —OMe substituent
regardless of their position (ortho- or para) on the aniline ring.
The one-way directionality of the transformations was
confirmed experimentally as well as computationally (DFT)
by means of the calculated reaction enthalpies based on the
corresponding Gibbs free energies. Furthermore, the Jahn—
Teller and steric effect accompanied by the 2-OMe substituent
is responsible for a significant distortion observed in 1b.
However, a substitution of the 4-OMe group by the 4-Me
functionality of the O,N-donor chelate considerably influenced
relaxation of distortion from an unprecedented tetrahedral
bipyramidal 2a to a perfect square-planar 2b. In addition, 2a —
2b solvent-assisted transformation is possible because L3H
exhibits a stronger ligand field than L2H as explicated by
shorter metal—ligand bonds and larger bite angles in 2b. The
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significant new advance of this work lies in the successfully in
situ metal ion exchange and ligand substitution reactions of
metal complexes bearing relatively large and rigid multidentate
ligands. The current solvent-assisted transformation studies
could provide new approaches to the selective preparation of
metal complexes and further insights into mechanistic
pathways that could lead to preferable geometries around
coordination spheres and their physicochemical properties.
This means that metal ion exchange within the context of
coordination compounds may serve as a very efficient way of
controlling the formation of new inorganic systems with
different structure topologies. Additionally, single crystals that
possess CISA and LISA transformations show great promise
for application to advance adsorption and switching materials,
selective chemosensors, or smart actuators.

5. EXPERIMENTAL SECTION

5.1. Reagents and Starting Materials. Chemicals used were
obtained from the following sources: acetate salts of zinc(Il),
copper(II), manganese(II), nickel(II), and cobalt(Il) and S-
bromosalicylaldehyde, S-nitrosalicylaldehyde, o-anisidine, p-anisidine,
and p-toluidine from Sigma-Aldrich (Pty) Ltd and Merck (Pty) Ltd
with >95% chemical purity; CDCl; and DMSO-d, (deuterated NMR
solvents) from Sigma-Aldrich (Germany) with >98% chemical purity;
acetonitrile (MeCN) from Ranbaxy Fine Chemicals Ltd (India) of
high-performance liquid chromatography grade; acetone, dimethyl-
formamide (DMF), and ethanol (EtOH) from Protea Chemicals
(South Africa); chloroform (CHCL) from BM Scientific/Parow
Industria (South Africa); and methanol (MeOH) from Merck
(Germany). All reagents and solvents were purchased from
commercial sources and used without further purification.

Melting points (for ligands) were determined on a Reichert Hot-
Stage (Protea Holdings Ltd.) melting point apparatus and
uncorrected.

Carbon, hydrogen, and nitrogen (CHN) analysis (the sample was
used as is) was performed on an Elementar Analysensysteme vario
MICRO V1.6.2 GmbH analysis system. Atomic absorption spectros-
copy (AAS) results (for Zn, Cu, Ni, and Mn determination using
respective MCL-2H,O (acquired from Sigma-Aldrich) as standards
for calibrations, 4 = 213.857, 324.754, 232.003, and 279.482 nm),

https://doi.org/10.1021/acs.cgd.3c00055
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Table 1. Crystal Data Parameters of Complexes la—d

complex

empirical formula
F. W. (g mol™)
T (K)

crystal size (mm?®)
crystal color
lattice

space group

a (A)

b (A)

c(A)

B (deg)

vol. (A%)

7,7

Deyieq (g cm™)
F(000)

# (mm™)

no. reflns.
data/restr./par.
R(int)/R(sigma)
GOF*

R,/WR, (I > 26(I))"
R,/wR, [all data]®

max./min. (e A™3)

la
C,sHy,N,O5Zn
607.86
296.0(2)
0.31 X 0.27 X 0.17
brown
monoclinic
12/, (no. 15)
12.6990(6)
11.9496(7)
17.4447(9)
97.930(3)
2621.9(2)
4,1/2
1.540
1248.0
0.997
23403
3269/0/187
0.0492/0.0282
1.056
0.0328/0.0842
0.0431/0.0897
0.34/-0.18

1b
C,5H,,N,04Cu
606.03
150.0(2)
0.30 X 0.29 X 0.11
Prussian blue
monoclinic
P2,/n (no. 14)
10.7901(3)
9.7115(2)
24.7822(5)
100.031(2)
2557.18(10)
4,1
1.574
1244.0
0916
47601
7013/0/372
0.0396/0.0284
1.025
0.0372/0.0926
0.0559/0.1000
0.59/-0.35

1c
C,sH,,N,OgNi
601.20
100.0(2)
0.37 X 0.20 X 0.19
yellow-green
monoclinic
C2/c (no. 15)
20.0280(2)
11.8199(15)
12.6842(15)
121.514(4)
2559.90(5)
4,1/2
1.560
1240.0
0.819
31946
1660/0/187
0.1390/0.0413
1.262
0.0600/0.1424
0.1171/0.2086
1.18/-0.65

1d
C,sH,,N,OsMn
597.45
150.0(2)
0.40 X 0.26 X 0.19
saddle brown
monoclinic
12/a (no. 15)
12.6868(2)
12.0187(2)
17.2434(3)
99.721(2)
2591.50(8)
4,1/2
1.531
1228
4.670
18248
2551/0/187
0.0320/0.0156
1.112
0.0384/0.1060
0.0396/0.1068
0.33/-0.32

“GOF = {Z[w(F,2 = F2)*/(n — p)}V% 'R, = ZIIF,| — IFIl/ZIF,l. “WR, = {Z[w(F,> — F.})?]/Z[w(F.,%)*]}"/? where w = 1/[6*(F.2) + (aP)? + bP],

P=(E!+2F2)/3.

Table 2. Crystal Data Parameters of Complexes 2a—c

complex

empirical formula
F. W. (g mol™)
T (K)

crystal size (mm?®)
crystal color
lattice

space group

a (&)

b (A)

c(A)

P (deg)

vol. (A%)

7,7

Deq (g em™)
F(000)

p (mm™)

no. reflns.
data/restr./par.
R(int)/R(sigma)
GOF*

R,/wR, (I > 20(I))"
R,/wR, [all data]®
max./min. (e A™%)

Flack parameter

2a
CysH»,N,0,Br,Cu
673.85
100.0(2)
0.16 X 0.10 x 0.04
dark blue
monoclinic
C2 (no. S)
23.0466(15)
3.9565(3)
17.4279(11)
129.935(3)
1218.51(15)
2,1/2
1.837
670.0
4.216
10895
3182/1/170
0.0307/0.0467
1.018
0.0243/0.0436
0.0270/0.0444
0.51/-0.41
0.019(10)

2a’
C,3H,,N,0,Br,Cu
673.85
100.0(2)
0.24 X 0.11 X 0.09
dark blue
monoclinic
C2/c (no. 15)
22.5171(17)
10.1586(7)
12.5589(10)
116.276(2)
2575.9(3)
4,1/2
1.738
1340.0
3.988
11240
3135/0/170
0.0672/0.0607
1.041
0.0572/0.1376
0.0925/0.1670
1.24/-1.37

2b
C,sH,,N,0,Br,Cu
641.85
100.0(2)
0.32 X 0.31 X 0.28
light blue
monoclinic
P2,/c (no. 14)
9.9365(9)
10.4339(9)
12.1834(10)
102.221(3)
1234.51(19)
2,172
1.727
639.6
2.218
26008
3046/0/160
0.0737/0.0379
1.057
0.0276/0.0610
0.0411/0.0695
0.44/-0.46

2c
C,sH,,N,0,Br,Ni
637.00
150.0(2)
0.41 X 0.33 X 0.19
green
monoclinic
P2,/c (no. 14)
10.0479(15)
10.2768(15)
12.0513(18)
102.040(5)
1217.0(3)
2,1/2
1.738
636.0
4.110
87207
2493/0/161
0.0508/0.0121
1274
0.0200/0.0616
0.0266/0.0807
0.35/-0.38

“GOF = {Z[w(F,} — F2)}]/(n — p)}"/%. 'R, = ZlIF,| — IFl/ZIF,l. “WR, = {Z[w(F,} — F.2)*]/Z[w(F, 2]}/, where w = 1/[6*(F.}) + (aP)? + bP),

P=(F}?+2F?)/3.

were obtained employing a Varian 1275 spectrometer with a laminar

acetylene burner.

Magnetic susceptibilities (Bohr Magneton; BM) of the mono-
nuclear transition metal complexes were measured by the Gouy
method at RT using the MKI Johnson Matthey model, Alfa Products,
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UK, a magnetic susceptibility balance, using Hg[Co(SCN),] as a
calibrant. Diamagnetic corrections for each complex were estimated
using Pascal’s constants. Effective magnetic moments were

determined from the expression f.g = 2.88 ()", where gy is

https://doi.org/10.1021/acs.cgd.3c00055
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the molar magnetic susceptibility corrected for diamagnetism of the
constituting atoms.

High-resolution mass spectrometry was performed on a Waters
Synapt G2 TOF instrument with an ESI source, ESI Pos, Cone
Voltage 15 V.

'H and "*C NMR spectral data were collected using a Bruker
AVANCE III HD 400 MHz NMR spectrometer with tetramethylsi-
lane as an internal reference. Spectra were recorded in deuterated
solvents: all chemical shift values are reported in parts per million
(ppm) referenced to residual solvent resonances (CDCly 8y 7.26, 8¢
77.36; DMSO-d, 8y 2.50, 8¢ 39.5).

Infrared (IR) spectra were collected on a PerkinElmer Spectrum
100 spectrometer with a KBr beam splitter and fitted with an
attenuated total reflection (ATR) attachment. Mid-infrared spectra
with a frequency of 4000—650 cm™' (note: br—broad, m—medium,
sh—shoulder, s—strong, and w—weak) were obtained by placing
samples on a diamond/ZnSe crystal plate.

Ultraviolet—visible (UV—vis) spectra were recorded on a
PerkinElmer UV—vis spectrophotometer model LAMBA 25. The
compounds were dissolved in either chloroform (CHCL;) or N,N'-
dimethylformamide (DMF) with concentration approximately ~0.4
mM.

Thermogravimetric (TG) measurements were carried out on a
PerkinElmer TG-4000 (Pyris Version 4.01 software) at 10 °C min™"
heating rate with a mass between 2 and S mg, purging with nitrogen
gas at 20 mL min~".

PXRD patterns were collected on a Bruker D8 ADVANCE
diffractometer with monochromatic Cu Ka (4 = 1.54184 A) radiation
and the 26 range of 5—60° at RT.

5.2. Single-Crystal X-ray Crystallography. All single crystals
were picked under the microscope, leapt in cryo-oil or paratone oil,
and mounted in a nylon loop, and all geometric and intensity data
were taken from one single crystal. Datasets were collected on a
Rigaku XtaLAB Synergy R/Bruker D8 VENTURE with a Photon III
detector diffractometer equipped with graphite monochromated Mo
Ka (4 = 0.71073 A)/Cu Ka (4 = 1.54184 A), with a rotating-anode
X-ray source. Data reduction and absorption were carried out usin
the CrysAlisPro (version 1.171.40.23a)””/Bruker program SAINT'®
software packages. Data were collected for absorption effects using
either multiscan or numerical absorption correction SADABS,'*! and
the structures were solved by the direct methods package SHELXS/
SHELXT-2018/2 (ref 102) or SIR-97 (refs 103 and 104) and refined
using SHELXL-2018/3 (ref 105) or Olex2 (version 1.2) software
incorporating SHELXL.'”® The final anisotropic full-matrix least-
squares refinement was done on F%. All non-hydrogen atoms were
refined anisotropically, while all hydrogen atoms were placed in
idealized positions and refined using riding models. Crystallographic
data for all the complexes are given in Tables 1 and 2. Programs:
PLATON'""'% (for structure validation and geometrical calculation),
Mercury,"” and X-Seed''® were utilized for molecular graphics and
refinements, while enCIFer''" was employed for CIF editing.

5.3. Computational Chemistry. All calculations were carried out
using density functional theory (DFT) incorporating the B3LYP-D3
(B3LYP with the Grimme empirical dispersion correction D3) hybrid
functional,""*'"® as implemented in the Gaussian 16 package."''* The
triple-¢ basis set def2-TZVPP''® was used for all atoms. The
geometries of all compounds were fully optimized without any
symmetry restrictions, ensuring that the local minima had zero
imaginary vibrational frequencies and to provide the thermal
correction to free energies at 298.15 K and 1 atm. For the reaction
enthalpy calculations, since there are two reactants (R) and two
products (P), the free energy of the reaction in the liquid state is
calculated as AGYs = (Goes(P1) + Gs(P2)) — (Gs(R1) +
Gos(R2)). For a given reactant or product, the free energy is
calculated as Ggg = E + Gluns + Grop + Gyip + Geony where GO Groy
Gy, and G, are, respectively, the translational, rotational, vibra-
tional, and conformational free energies and E = Born—Oppenheimer
energy at the equilibrium structure. The conformational energy
between the reactants and products in each reaction cancel as little to
no change in the ligand conformation is observed, so G, is omitted.
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Solvent-based corrections were made for calculations using the
polarizable continuum model''® that uses the integral equation
formalism variant''” as implemented in Gaussian 16 with MeOH (& =
32.613) as a solvent. All energies used and reported in this work are
zero point vibrational-corrected. Frontier orbital density plots were
generated using Chemcraft''® using an isovalue of 0.05.

5.4. General Procedure for the Synthesis of L1H, L2H, and
L3H. A mixture of aldehyde (10 mmol), amine (1 equiv), and EtOH
(25 mL) was heated to reflux for 2 h in a 100 mL round-bottom flask
equipped with a mechanical stirrer bar and a water-cooled condenser.

5.4.1. 5-Nitro-N-[2-(methoxy)phenyl]salicylaldimine (L1H). Upon
cooling the reaction mixture, a red-orange precipitate formed, and it
was then filtered off, washed with cold MeOH (10 mL X 3), dried
under vacuum, and recrystallized from a saturated CHCly/water (2:1,
v/v) solvent mixture. Red needles suitable for SCXRD analysis were
obtained by slow evaporation after 8 days. Yield: 1.22 g (73%). mp
192 °C. IR v, (ATR) (v, cm™): 3500—3179(br), 3055(w),
1618(s), 1555(s), 1464(m), 1313(s), 1177(s). UV—vis 4., (nm) (¢,
M em™) (CHCL): 365 (1593), 289 (1681), 271 (1728). NMR
(CDCl,, 400 MHz) 'H 3.88 (s, 3H), 6.95—7.00 (m, 3H), 7.24—7.28
(t, ] =8.2 Hz, 2H), 8.15—-8.18 (d, ] = 12.0 Hz, 1H), 8.30—8.31 (d, ] =
2.8 Hz, 1H), 8.74 (s, 1H), 14.66 (s, 1H); *C 57.1, 112.3, 117.5,
118.8, 120.0, 122.1, 128.9, 129.7, 134.9, 139.9, 153.5, 160.1, 169.7.
HRMS (ESI) (positive mode, m/z): calcd for C ,H,,N,0,, 272.0797;
found, 273.0873 ([M + HJ"). Anal. Calcd for C,,H;,N,0,: (%) C,
61.76; H, 4.44; N, 10.3. Found: C, 61.64; H, 4.29; N, 10.6.

5.4.2. 5-Bromo-N-[4-(methoxy)phenyl]salicylaldimine (L2H).
Upon cooling the reaction mixture, a green precipitate formed, and
it was then filtered off, washed thrice with 25% EtOH—water, dried
under vacuum, and recrystallized from a saturated MeOH/CHCI,
(2:1, v/v) solvent mixture. Yellow-green needles suitable for SCXRD
grew after 4 days. Yield: 1.47 g (83%). mp 168 °C. IR v,,,, (ATR) (v,
cm™): 3018(s), 1612(s), 1558(s), 1481(m), 1169(s). UV—vis A,
(nm) (¢, M~ cm™) (CHCL,): 408 (2906), 356 (5632), 309 (5792),
277 (7116). NMR (DMSO-d,, 400 MHz) 'H 3.40 (s, 3H), 7.66—7.72
(d, J = 24.0 Hz, 3H), 7.86 (s, 1H), 7.99—8.01 (d, J = 8.0 Hz, 3H),
8.94 (s, 1H), 1323 (s, 1H); 3C 56.3, 110.5, 114.5, 119.5, 121.8,
128.4, 129.3, 129.7, 130.5, 134.0, 136.6, 161.6. HRMS (ESI) (positive
mode, m/z): caled for C,,H;3BrNO,, 305.0051; found, 306.0134 ([M
+ HJ"). Anal. Caled for C,H,BrNO,: (%) C, 54.92; H, 3.95; N,
4.58. Found: C, 54.86; H, 3.89; N, 4.63.

5.4.3. 5-Bromo-N-[4-(methyl)phenyl]salicylaldimine (L3H). The
synthetic procedure was the same as the method of L2H to afford a
yellow solid which was then filtered off, washed thrice with 25%
EtOH—water, dried under vacuum, and finally recrystallized from a
saturated EtOH solution. Yellow needles suitable for SCXRD grew
after S days. Yield: 1.75 g (87%). mp 175 °C. IR v, (ATR) (v,
em™): 3012(s), 1613(s), 1559(s), 1497(m), 1174(s). UV—vis A,
(nm) (e, M™! em™) (CHCL,): 397 (2944), 355 (6246), 285 (6010),
281 (7160). NMR (CDCl,, 400 MHz) 'H 3.77 (s, 3H), 6.83—6.90
(m, 3H), 7.42—7.33 (m, 2H), 8.46 (s, 1H), 13.38 (s, 1H); 13C 55.6,
110.4, 114.7, 119.2, 120.8, 122.4, 133.9, 135.2, 140.8, 158.8, 159.2,
160.0. HRMS (ESI) (positive mode, m/z): caled for C;,H;;BrNO,
289.0102; found, 290.0182 ([M + HJ*). Anal. Calcd for
C,,H,BNO: (%) C, 57.95; H, 4.17; N, 4.83. Found: C, 58.04; H,
4.11; N, 4.77.

2-Methoxybenzenaminium chloride (mbac) is a serendipitous
product from decaying L1H (note: a comparable structure (with
CCDC refcode XIGMAC) has already been published).""” HRMS
(ESI) (positive mode, m/z): caled for C;H,,CINO, 161.0421; found,
162.0528 ([M + H]"). Anal. Caled for C,H,,CINO: (%) C, 52.67; H,
6.31; N, 8.78. Found: C, 52.61; H, 6.27; N, 8.83.

5.5. Preparation of 1a, 2a, and 2a’. To a stirred LIH/L2H (10
mmol) in 30 mL of DMF/MeOH (1:1, v/v) solvent mixture was
added M(OAc),-2H,0 in 0.5 equiv (M = Zn, 1a; and Cu, 2a) at RT.
The mixture was left under continuous stirring for 1 h. The resulting
solution was filtered, and crystals were grown by slow evaporation
from the mother liquor in air at RT. In another experiment, a well-
stirred ethanolic solution of Cu(OAc),-2H,0 (5 mmol) and L2H
(2.0 equiv) was refluxed for 12 h at 80 °C. Consequently, the formed
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green powder of 2a’ was recrystallized in the DMF/MeOH (1:1, v/v)
solvent mixture, and the crystals were grown by slow evaporation at
RT.

5.5.1. cis-Bis[2-({[2-(methoxy)phenyl]imino-kN}methyl)-4-nitro-
phenolato-1<2 O,0]-zinc(ll) (1a). After 5 days, brown block-like crystals
suitable for SCXRD were collected by filtration and washed with a
very small amount of MeCN. Yield: 79.7 mg (70%). mp >273.54 °C.
IR 7, (ATR) (v, cm™): 3061(s), 1609(s), 1559(w), 1514(m),
1497(m), 1305(s), 1241(s). NMR (CDCl;, 400 MHz) 'H 2.11 (s,
6H), 7.48—7.52 (t, ] = 16.0 Hz, 2H), 7.89—7.93 (t, ] = 16.0 Hz, 1H),
8.76—8.77 (d, ] = 4.00 Hz, 2H). HRMS (ESI) (negative mode, m/z):
caled for C,4H,,N,O4Zn, 606.0729; found, 605.0703 ([M — HJ").
Anal. Calcd for C,4H,,N,O4Zn: (%) C, 55.32; H, 3.65; N, 9.22; Zn,
10.8. Found: C, 55.25; H, 3.59; N, 9.36; Zn, 11.3. ys = 0.0 BM
(diamagnetic).

5.5.2. trans-Bis[2-({[4-(methoxy)phenyllimino-kN}methyl)-4-bro-
mophenolato-xO]-copper(ll) (2a). Dark blue blocks suitable for
SCXRD were obtained directly after 4 days. Yield: 83.8 mg (72%). mp
>270.33 °C. IR v, (ATR) (v, em™): 3056(s), 1608(s), 1561(s),
1498(m), 1243(s), 1016(s). UV—vis A, (nm) (&, M™' cm™)
(CHCL,): 672 (109), 402 (1185), 370 (1624), 306 (3162). HRMS
(ESI) (negative mode, m/z): caled for C,5H,,Br,N,0,Cu, 670.9242;
found, 669.9510 ([M — H])*. Anal. Calcd for C,gH,,Br,N,0,Cu:
(%) C, 49.91; H, 3.29; N, 4.16; Cu, 9.43. Found: C, 49.82; H, 3.19;
N, 4.18; Cu, 9.28. ji5 = 1.88 BM.

(2a’): Dark blue prisms suitable for SCXRD were harvested after S
days. Yield (93.9) (81%). mp >291.65 °C. IR v, (ATR) (v, cm™):
3059(s), 1605(s), 1558(s), 1501(m), 1246(s), 1018(s). UV—vis A,
(nm) (g, M™! cm™") (CHCL): 505 (941), 357 (5853), 318 (5047),
276 (5480). HRMS (ESI) (positive mode, m/z): calcd for
C,sH,,Br,N,0,Cu, 670.9401; found, 697.9005 ([M + Na]*). Anal.
Caled for CygH,,Br,N,0,Cu: (%) C, 49.91; H, 3.29; N, 4.16; Cu,
9.43. Found: C, 49.87; H, 322; N, 4.22; Cu, 9.19. yi.¢ = 1.71 BM.

5.6. 1Ta — 1b CISA Transformation. The crystals of la, after
being washed with a small amount of MeCN, were dipped in a
solution of respective Cu(OAc),2H,0O (0.1 M) in a methanolic
solution at RT. During this period, the solution was replaced with a
fresh solution at least twice. After 7 days, the solution was decanted,
and the exchanged Prussian blue block-like crystals of 1b were washed
thoroughly with MeCN.

5.6.1. trans-Bis[2-({[2-(methoxy)phenyl]limino-kN}methyl)-4-ni-
trophenolato-K*0,0]-copper(ll) (1b). Yield: 1.63 g (74%). mp
>289.01 °C. IR v,,, (ATR) (v, cm™): 3067(s), 1596(s), 1512(s),
1495(m), 1303(s), 1239(s). UV—vis A, (nm) (&, M™' cm™)
(CHCL,): 676 (104), 352 (2202), 325 (2935), 308 (2655), 277
(3056). HRMS (ESI) (positive mode, m/z): caled for
Cy3H,,N,O4Cu, 605.0734; found, 606.0806 ([M + H]*) or
628.0626 ([M + Nal*). Anal. Calcd for C,gH,,N,O4Cu: (%) C,
55.49; H, 3.66; N, 9.24; Cu, 10.5. Found: C, 55.54; H, 3.60; N, 9.29;
Cu, 9.89. s = 1.77 BM.

5.7. 1b — 1c CISA Transformation. The complex lc was
prepared using the same procedure as described for 1b; DMSO/
MeCN (1:2, v/v) mixture of Ni(OAc),-2H,0 was employed instead.
After 4 days, the solution was decanted, and the exchanged yellow-
green needles of 1c were washed thoroughly with cold MeOH.

5.7.1. cis-Bis[2-({[2-(methoxy)phenyllimino-kN}methyl)-4-nitro-
phenolato-?0,0]nickel(ll) (1c). Yield: 1.47 g (68%). mp >262.75
°C. IR Uy (ATR) (v, cm™): 1605 (s), 1495(m), 1515 (s), 1316 (s),
1253 (s). UV—vis: A, (nm) (&, M™! em™) (CHCI,): 690 (4870)
(n—n*), 359 (4990) (n—z*). HRMS (ESI) (positive mode, m/z):
caled for C,gH,,N,O¢Ni, 600.0791; found, 601.0861 ([M + H]*).
Anal. Caled for C,gH,,N,OgNi: C, 55.94; H, 3.69; N, 9.32; Ni, 9.76%.
Found: C, 55.89; H, 3.64; N, 9.38; Ni, 9.54%. .z = 3.68 BM.

5.8. 1c — 1d CISA Transformation. The complex 1d was
prepared using the same procedure as described for 1b; a methanolic
solution of Mn(OAc),-4H,0 was employed instead. After 4 days, the
solution was decanted, and the exchanged saddle brown block-like
crystals of 1d were washed thoroughly with MeCN.

5.8.1. cis-Bis[2-({[2-(methoxy)phenyl]imino-kN}methyl)-4-nitro-
phenolato-x?0,0lmanganese(ll) (1d). Yield: 0.51 g (79%). mp
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>161.71 °C. IR v, (ATR) (v, cm™): 3061(s), 1610(s), 1509(s),
1480(w), 1459(m), 1305(s), 1239(w). HRMS (ESI) (positive mode,
m/z): caled for Cy,sH,,N,OsMn, 597.0818; found, 536.1652 ([M —
(HNO,) + H]*) or 5§57.1653 ([M — (HNO;) + Na]*). Anal. Calcd
for C,gH,,N,O¢Mn: (%) C, 56.29; H, 3.71; N, 9.38; Mn, 9.20.
Found: C, 56.36; H, 3.65; N, 9.35; Mn, 9.03. ji5 = 5.89 BM.

5.9. 2a — 2b LISA Transformation. 5.9.1. trans-Bis[2-({[4-
(methyl)phenyllimino-kN}methyl)-4-bromophenolato-xO]-copper-
(1) (2b). Dark blue rod-like single crystals of 2a transformed after 6
days into light blue block-like crystals of 2b without any loss of
crystallinity when immersed in a solution of L3H (1.0 M) in water/
DMF (2:1, v/v) at RT. Yield: 2.15 g (74%). mp >290.15 °C. IR v,,,,
(ATR) (v, cm™): 3041(s), 1609(sh), 1520(s), 1498(s), 1248(s),
1014(s). UV—vis A, (nm) (e, M~ cm™) (CHCL,): 505 (740), 401
(4958), 318 (4365), 274 (4531). HRMS (ESI) (positive mode, m/z):
caled for C,H,Br,N,0,Cu, 644.9814; found, 645.9782 ([M + H]").
Anal. Caled for CygH,,Br,N,0,Cu: (%) C, 52.40; H, 3.45; N, 4.36;
Cu, 9.90. Found: C, 52.31; H, 3.39; N, 4.41; Cu, 9.51. 1 = 1.68 BM.

5.10. 2b — 2c CISA Transformation. 5.70.1. trans-Bis[2-({[4-
(methyl)phenyllimino-kN}methyl)-4-bromophenolato-kOJ-nickel-
(1) (2c). Prior to direct metal exchange, the starting material was
soaked in MeCN for 24 h to dissolve any remaining reactants that
may be adhered to the precursor. During the process, MeCN was
refreshed twice. Thereafter, the crystals of 2b were dipped in the
solution of the Ni' acetate (0.5 M) in DMF/acetone (1:1, v/v) at RT.
After 3 days, the solution was decanted, and the exchanged green
block-like crystals obtained in 73% vyield were finally washed
thoroughly with a MeOH/water (1:2, v/v) mixture. A green powder
of 2¢ was also prepared via direct ligand exchange from 2a under
reflux at 70 °C for 12 h and was recrystallized from CHCl;/acetone
(1:4, v/v). Yield: 1.58 g (77%). mp >289.93 °C. IR v,,,, (ATR) (v,
em™): 3036(s), 1606(s), 1498(s), 1455(m), 1241(s), 1018(s). UV—
Vis Apay (nm) (g, M™' ecm™) (CHCL;): 673 (98), 413 (2762), 358
(5860), 277 (5690). HRMS (ESI) (positive mode, m/z): calcd for
C,3H,,Br,N,O,Ni, 635.9381; found, 636.9355 ([M + H]*). Anal.
Calcd for C,5H,,Br,N,0,Ni: (%) C, 52.80; H, 3.48; N, 4.40; Ni, 9.21.
Found: C, 52.72; H, 3.40; N, 4.49; Ni, 9.06. p,y = 0.089 BM
(diamagnetic).

5.11. Kinetic Studies. AAS tests at RT were carried out by
withdrawing stoichiometric quantities (~2 uL) from the reaction
mixtures and diluting the samples S-fold in deionized water. All the
measurements were conducted at 12 h intervals, and the plots (in the
Supporting Information) are presented between 0 and 180 h (or 0—7
days).
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B NOTE ADDED AFTER ASAP PUBLICATION

In the first paragraph that discusses Figure 4, the Flack
parameter was corrected from 0.037(8) to 0.019(10), the
correct version reposted on June 7, 2023.
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