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Two 3D coordination polymers based on dinuclear dianionic helicates, Ko[M'5(L)s] M = Mn" (1) and Ni' (2),
were obtained by slow liquid-liquid diffusion of solutions of 2-hydroxy-5-nitrobenzaldehyde, 4,4'-
methylenedianiline, KOtBu and the metal salt at room temperature. The resulting dianionic triply stranded
helicates self-assemble into novel 3D coordination polymers, in which the helicate units act as connectors.
The assembly is promoted by the phenolate bridging ability and the coordination of the pre-organized
NO, groups to K-(O-N-O)4-K nodes, resulting in robust paramagnetic materials. SC-XRD shows that the
metal centers are located 11.257(2) and 11.264(1) A apart. The Mn-L bond lengths correspond to the high-
spin (HS, S = 5/2) state for 1. The magnetic behavior for both complexes shows weak magnetic exchange,
as expected due to the spin carrier separation, and the confirmation of the HS-sate for the Mn" centers.
For complex 1, an antiferromagnetic exchange is detected, whereas for complex 2, a mixture of
intramolecular antiferromagnetic and intermolecular ferromagnetic exchanges are detected. Thus, we
demonstrated that nitro groups can be used for the stabilization of anionic complexes because

Received 13th March 2024,
Accepted 4th April 2024

DOI: 10.1039/d4ce00255e

Open Access Article. Published on 05 2024. Downloaded on 08.12.25 11:26:53.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/crystengcomm

Introduction

Triply stranded dimetallic helicates’ have received
considerable attention as they can offer interesting
physicochemical properties such as chirality,> act as hosts for
molecules,” magnetism,* and luminescence.”

The ligand design is fundamental for obtaining helicate
complexes; therefore, two approaches can be followed: a
designer approach in which a polydentate multinucleated
ligand can be synthesized (investing serious time and effort)
or a self-assembly approach, in which in situ formation of the
ligand and the helicate complex occurs, due to the right
match of subcomponents, e.g., ligands bite angle, metal ion
geometry, and angle between coordination pockets.
Therefore, the latter approach is commonly used due to mild
reaction conditions, and the possibility of using
commercially available motifs.

Departamento de Quimica, Centro de Investigacion y de Estudios Avanzados del
IPN (Cinvestav), Avenida IPN 2508, Col. San Pedro Zacatenco, Ciudad de México
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characterization data. CCDC 2326580 and 2326581. For ESI and crystallographic
data in CIF or other electronic format see DOI: https://doi.org/10.1039/
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coordination to K* results in stable intricate architectures.

Imine-based ligands are some of the choices for the self-
assembly of dinuclear helicates because the formation of the
ligand is metal-directed by simply mixing a diamine,
containing both NH, at an angle smaller than 180° using a
flexible linker and two equivalents of a monoaldehyde; the
latter should contain, at least, a donor moiety. Most of the
imine-based helicates are derived from N-heterocycle
monoaldehydes, although there are very few examples known
based on cathecolatealdehyde-6 and, to a much less extent,
hydroxybenzaldehyde-synthons.””®* These phenolate groups
are known to act as bridging ligands, with a M;-Op,—M,
motif, forming discrete or polynuclear homo- and hetero-
metallic complexes.’

However, the use of helicates as metalloligands is not
common,’ and even fewer examples are found for the
construction of more complex 1D-"*** or 3D structures.™
The ligands in this type of structure contain secondary
assembly instruction sites that permit the 1D or 3D growth; to
date, only pyridine or carboxylate groups have been used. In
fact, the majority of metalloligands that are used for the
synthesis of intricate designer heterometallic architectures such
as metal-organic frameworks (MOF), coordination networks
and polymers, contain N or O-functional groups for secondary
assembly instruction,"* ie., the interconnections with the
second metal synthon are formed using N-heterocycles,

This journal is © The Royal Society of Chemistry 2024


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ce00255e&domain=pdf&date_stamp=2024-05-06
http://orcid.org/0009-0008-7963-4650
http://orcid.org/0000-0002-3859-9317
https://doi.org/10.1039/d4ce00255e
https://doi.org/10.1039/d4ce00255e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ce00255e
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE026018

Open Access Article. Published on 05 2024. Downloaded on 08.12.25 11:26:53.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CrystEngComm

amides, amines, imines, and/or carboxylate groups. Due to
the robustness and coordination versatility of the latter
group, it has been widely used for the generation of such
architectures."

Thus, we have decided to explore the formation of
dinuclear helicates based on 2-hydroxy-5-nitrobenzaldehyde
and 4,4-methylenedianiline as the diamine moiety. The
resulting imine ligand (H,L) comprises two bidentate (N and
O donors) coordination pockets. Thus, upon deprotonation
of the OH groups, three ligand strands could wrap two metal
centers, resulting in a N3O; coordination sphere (Fig. 1). The
latter coordination sphere could impart interesting magnetic
properties for Mn complexes, e.g., spin crossover (SCO).*
Moreover, the ligand contains nitro groups that can be used
as secondary assembly instruction because it has been
observed that this group can coordinate alkali and alkaline
earth metal counter ions (see ESIt) in anionic complexes.

Experimental
General

All reactions were carried out in an argon atmosphere using
standard Schlenk techniques. The solvents were degassed
just before use. Elemental analyses were performed on a
Thermo-Finnigan Flash 1112 elemental analyzer at the
Chemistry Department CINVESTAV. Infrared (IR) spectra were
obtained on a Varian 640-IR spectrometer using a diamond
attenuated total reflectance (ATR) method. The spectral data
were obtained in a spectral window of 4000-550 cm™'. X-ray
diffraction measurements were collected on a Bruker D8
VENTURE diffractometer (PHOTON 100 detector), using a
multilayer mirror monochromator and MoKa source (1 =
0.71073 A).

Synthesis

Synthesis of K,[Mn"L;]-MeOH (1). A Schlenk flask under
an argon atmosphere was charged with anhydrous
manganese(u) chloride (30.5 mg, 0.24 mmol, 2 equiv.) and 3
mL of methanol. The MnCl, salt was partially soluble. A
yellow solution of 2-hydroxy-5-nitrobenzaldehyde (121.1 mg,
0.72 mmol, 6 equiv.) in 3 mL of acetonitrile was added to this
solution. To the resulting mixture, 6 mL of acetonitrile was
carefully layered over without mixing, and then a colorless
solution of potassium tert-butoxide (82 mg, 0.72 mmol, 6
equiv.) in 3 mL of methanol was layered dropwise without
mixing. A further layer of 6 mL of acetonitrile was added
without mixing and finally a colorless solution of 4,4'-

MeOH/MeCN

HZN
+2 M'X, + 6 KOtBu
RT
M'X, = MnCl, or Slow diffusion
HzN

[Ni(H20)61(BF4)2

Ka[M'(L)3] = Mn for complex 1 and Ni for complex 2

Fig. 1 Synthesis of triply stranded dianionic dimetallic helicates
K>[M,(L)s]l, M = Mn?* and Ni?*, under mild reaction conditions.
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methylenedianiline (72 mg, 0.36 mmol, 3 equiv.) in 3 mL
acetonitrile was layered over without mixing. The Schlenk
flask was kept isolated from disturbance for a few days,
during which time the five layers were mixed by slow liquid-
liquid diffusion, obtaining red crystals suitable for SC-XRD.
The crystals were washed with distilled water and acetonitrile
and subsequently dried under vacuum, obtaining 85 mg of
red solid (0.049 mmol, 40.8%). IR-ATR v (cm™'): 1614.5,
1593.7, 1543.7, 1481.9, 1296, 1245.2, 1169.2, 1099.2, 828.7,
681.9, 635.8. Elemental analysis (%): calculated for
K,[Mn,(Cg;Hs,0,N3,)]-(MeOH)-(H,0); C: 56.04, H: 3.67, N:
9.56; found: C: 55.56, H: 2.99, N: 9.09.

Synthesis of K,[Ni"L;]-MeCN (2). A Schlenk flask under
argon atmosphere was charged with [Ni"(H,0)s])(BF,), (40
mg, 0.12 mmol, 2 equiv.), 2-hydroxy-5-nitrobenzaldehyde (59
mg, 0.35 mmol, 6 equiv.), 3 mL of methanol and 3 mL of
acetonitrile, and this mixture was stirred until a green
solution was obtained. The resulting mixture was layered
dropwise first with 10 mL of acetonitrile without mixing, and
then with a colorless solution of potassium tert-butoxide
(39.3 mg, 0.35 mmol, 6 equiv.) in 3 mL of methanol. A
whitish suspension was formed, which was deposited at the
interface between the first and second layers. An additional
layer of 6 mL of acetonitrile and finally a colorless solution of
4,4-methylenedianiline (35 mg, 0.18 mmol, 3 equiv.) in 4 mL
of acetonitrile was added. The Schlenk flask was kept isolated
from disturbance for a week, during which time the five
layers were mixed by slow liquid-liquid diffusion, obtaining
greenish-yellow crystals suitable for SC-XRD. The crystals
were washed with distilled water and acetonitrile and
subsequently dried under vacuum, obtaining 20 mg of a
green solid (0.012 mmol, 19.8%). IR-ATR v (cm™): 1614.2,
1595.1, 1543.5, 1485.6, 1399.5, 1291.8, 1246.2, 1181.2, 1099.6,
831.3, 683.5, 643.5. Elemental analysis (%): calculated for
K,[Niy(Cg Hs54015N1,)] C: 57.94, H: 3.24, N: 10.01; found: C:
57.47, H: 3.24, N: 9.60.

Surface area analysis. The total pore volume and specific
surface area of complex K,[Mn"L;]-MeOH (1) were measured
through N, adsorption isotherms at 77 K and calculated with
the Brunauer-Emmett-Teller (BET) method, wusing a
Micromeritics Gemini 2340 surface area analyzer. The powder
sample was previously degassed at 80 °C overnight under
vacuum conditions. The BET-surface area value was 0.1915
m?* g™, with a negligible total pore volume (1 x 10™* cm® g ™).
The results indicate that no N, adsorption occurs in complex
1, and a similar behavior would be expected for complex 2.

Results
Synthesis and characterization

The attempted architecture was a neutral helicate, where the
metal centers would have a 3+ oxidation state. In many cases,
coordination of phenolate ligands to low oxidation state
metal ions results in metal oxidation. Therefore, the
synthesis of the helicates (see Experimental section) was
attempted by employing MnCl, under inert conditions,
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followed by crystallization in the air for spontaneous
oxidation of the metal center. The synthesis of the complexes
was achieved by two methods, one in which all the
components were mixed in a refluxing solvent resulting in
the precipitation of solids, which were insoluble in most of
the common solvents, except for DMF or DMSO that partially
dissolved the complexes. Therefore, a second method was
used, a liquid-liquid slow diffusion method resulted in
crystals suitable for single-crystal X-ray diffractometry
(SCXRD, see below). Surprisingly, SCXRD showed the formula
Ky[Mn",(L);]-MeOH (1), which is a triply-stranded dianionic
dimetallic helicate in which the metal ion is found in a +2
oxidation state. To prove that the dianionic helicates were
stable, [Ni"(H,0)s](BF,), was used as the metal source under
similar conditions, obtaining K,[Ni",(L);]-MeCN (2) according
to SCXRD, thus confirming the dianionic nature of the

helicates.

Table 1 Crystal data and structure refinement for complexes 1 and 2

Complex 1 2

Empirical formula Cg3HeKoMn,N; 50,0 CgzHs7 KN 3Ni,Oqg

Formula weight 1735.52 1720.03

Temperature 298(2) K 296(2) K

Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Monoclinic

Space group C2/c C2/c

Unit cell dimensions a=16.080(3) A a=15.7610(11) A
a=90° a=90°

b=14.472(3) A
S =100.611(8)°
c=37.326(8) A

b =14.5644(9) A
S =97.921(2)°
¢ =36.558(3) A

y =90° y =90°
Volume 8537(3) A® 8311.7(10) A°
zZ 4 4
Density (calculated) 1.350 Mg m > 1.375 Mg m >
Absorption coefficient 0.469 mm™* 0.629 mm™*
F(000) 3568 3536
Crystal size 0.350 % 0.260 x 0.384 x 0.217 x
0.100 mm® 0.056 mm’®

Theta range for data
collection

2.221 to 27.195°

2.250 to 25.026°

Index ranges -20 < h < 20, -18 < h <18,
-18 < k <18, -17 <k<17,
-47 <1 <47 —42 <[<43
Reflections collected 126744 204178
Independent reflections 9469 7322
[R(int) = 0.1708] [R(int) = 0.1132]
Completeness to theta=  99.70% 99.60%

25.242°
Absorption correction

Max. and min.
transmission
Refinement method

Semi-empirical
from equivalents
0.7455 and 0.4820

Full-matrix
least-squares on F*

Semi-empirical
from equivalents
0.7452 and 0.6704

Full-matrix
least-squares on F*

Data/restraints/parameters 9469/36/558 7322/0/551
Goodness-of-fit on F* 1.026 1.066
Final R indices R, =0.0737, R, =0.0642,
[1 > 2sigma(1)] WR, = 0.1871 WR, = 0.1671
R indices (all data) R, =0.1797, R, =0.1076,
WR, = 0.2480 WR, = 0.1879
Largest diff. peak and 0.851 and 0.795 and
hole -0.356 e A -0.267 e A
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Both complexes were characterized as solids by IR and
microanalysis. It is possible to observe in the IR spectra the
characteristic v for the NO, group at 1593 and 1296 cm ™" for
1 and 1595 and 1292 cm ™ for 2. The imine vy—c is found at
1614 cm™" for both complexes. Due to the lack of solubility, it
was not possible to further characterize the complexes by
other techniques.

Single crystal X-ray diffractometry

SCXRD measurements were performed at RT for 1 and 2.
Crystal data and refinement parameters are given in Table 1,
while Table 2 shows some selected structural parameters.
Both metal complexes are isostructural, crystallizing in the
C2/c space group, Fig. 2 and S1f The asymmetric unit
consists of one half helicate dianion, one MeOH molecule
disordered over two positions for 1, but one half MeCN
solvent molecule for 2, and one K'; the rest of the helicate,
the second K" and the solvent molecule are generated by a C,
rotation axis. The N3;O; coordination sphere for the only
symmetry-independent metal center, for both complexes, is
formed by three Njyine and three Oppenorate in a fac mode, in
a distorted octahedral geometry. Complex 1 exhibits a greater
degree of distortion compared to 2, based on the values for
the Y on parameter'”'® (63.75° and 46.67°, respectively,
Table 2 and S37).

The three Oppenolate groups are found in the external face
away from the helicate cavity, which permits the O to act as a
bridging ligand to a K'. The latter is found in a nine-
coordination sphere comprising three Ophenolate and six O
coming from four NO, groups of neighboring complexes,
similar to the acetate paddle wheel structures. All the NO,
groups act as u"' and p'~-bridging ligands connecting to a
symmetry-generated K' possessing the same coordination
environment, promoting the formation of dinuclear
potassium units (Fig. 3) interconnecting the dinuclear
helicates in three dimensions (Fig. 4).

Table 2 Average bond lengths (A) and angles (°), and 3 o, parameter for
land 2

Complex 1 2

M-N [A] 2.293(4) 2.124(3)
M-O [A] 2.116(3) 2.040(3)
M-M [A] 11.257(2) 11.264(1)
K-Ophenolate [A] 2.829(3) 2.803(3)
K-Onitro [A] 2.951(5) 2.983(5)
K~Xsotvent [A] 3.999(7) 3.448(19)
cis O-M-0 [°] 87.07(14) 85.56(12)
cis N-M-N [°] 99.19(13) 97.44(13)
cis O-M-N [°] 86.67(13) 88.16(13)
trans O-M-N [°] 168.68(13) 171.19(12)
> on” 63.75(46) 46.67(43)

“ The octahedral distortion parameter, > op, is the sum of the
absolute deviation values of the twelve cis angles to 90°. > o}, = 0 for
a perfect octahedron. ? X is a methanol O-atom for complex 1, while
an acetonitrile N-atom for complex 2.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Left: perspective view of 1, 40% probability level ellipsoids.
Solvent molecules and H-atoms are omitted. Right: side view of 2 in a
space-fill model, each ligand strand is colored differently to highlight
the wrapping of the ligands around the metal centers.

o1

Fig. 3 Numbering scheme of the symmetry-independent atoms and
coordination sphere of the two K* metal centers interconnected by p'-
u'3-bridging NO, ligands. Dangling oxygen atoms correspond to
Ophenolate Moieties. The rest of the dinuclear unit, solvent molecule,
H-atoms are omitted.

Fig. 4 Perspective view of the three-dimensional growth of (1),
promoted by the NO, groups and K*. The dinuclear K unit is drawn
with ellipsoids at 30% probability level. The coordinated NO, to the K
dinuclear node come from different helicate units, highlighted in
different colors and in a capped stick style. Solvent molecules and
H-atoms are omitted for the sake of clarity.

Mn-Ophenolate (2.116(3) A) and Mn—Nipine (2.293(4) A) bond
lengths of complex 1 agree with the values reported for high
spin (S = 5/2) sixcoordinate Mn" complexes with
salicylamide-based ligands (2.073-2.196 A and 2.185-2.273 A,
respectively).'®>> However, these examples correspond to
complexes with discrete (0-D) or one-dimensional

This journal is © The Royal Society of Chemistry 2024
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arrangements and, in most cases complexes that contain co-
ligands/anions/solvent ~ molecules to  complete the
coordination sphere. In this sense, 1 is a novel example of a
3D homoleptic Mn" coordination polymer. For complex 2,
the Ni-Opphenolate (2-040(3) A) and Ni-Nimine (2.124(3) A) bond
lengths also agree with values previously reported for
analogous complexes (1.978-2.083 A and 1.988-2.064 A,
respectively).”?®' In Fig. S2;f the ligands used in the
examples mentioned above are shown. In both cases, the M-
Nimine length is slightly higher than the range found, possibly
due to the effects of the internal triple-stranded structure.
This relatively long bond is unusual, as examples of helicates
or mesocates of Mn" and Ni"" with Schiff base-derived ligands
show shorter M-Njpin lengths compared to 1 and 2.°7%°
Only one example showed a Ni-Njpine bond length (2.179 A),
even higher than that reported in complex 2.*” Moreover,
both complexes 1 and 2 have the peculiarity of containing
the M" metal centers in a dinuclear anionic species, which
had not been reported (as far as we know) for Mn" and Ni"
complexes with salicylimine-based-ligands.

Although the K' center is nine-coordinated, KO, the
solvent molecules also interact with it in a non-covalent
manner. In 1, the K-Oyeon distance is 3.999(7) A (Fig. S3at),
which is close to the previously reported K-Oyeon distances
in a highly-coordinated potassium complex (3.913 A).%®
However, this Oyeon cannot be considered as part of the K
coordination sphere. A search in the CSD database (update
June 2023) shows at least 158 crystal structures with ten-
coordinated potassium, KO,,, where the K-O distances range
from 2.574 to 3.389 A (see histogram in Fig. S4t), suggesting
that the K-Opmeon interaction in 1 is weak. Furthermore,
there is an H-bond between the methanol -OH group (H
donor) and the Oppenorate (H acceptor) atom (Fig. S51), which
could favor the orientation of Oyeon towards K'. Complex 2
shows a weak K-Npy.cn interaction, with a distance of
3.448(19) A (Fig. S3bt). Crystal structures that present ten-
coordinated potassium atoms in an N;Og, coordination
sphere are rare since only seven examples were found (based
on the CSD database, updated in June 2023), of which only
one structure presents MeCN as a ligand.>® K-N bond lengths
are found in a range of 3.008 to 3.160 A, which are smaller
than the value found for 2. This suggests, as in 1, a weak K-
Numecn interaction.

Thus, the K atom is found in a distorted nine-coordinate
sphere. The average K-Oppenolate bond length is 2.828(3) and
2.803(3) A for 1 and 2, respectively, Table 2, which are notably
higher than the average Mn"/Ni"-Opnenotace Of 2.116(3) and
2.040(3) A, respectively, due to a more covalent interaction
between the latter atoms compared t0 K-Ophenolate- The Mn''-
K and Ni'"-K heterometallic intramolecular distances are
3.555(1) and 3.564(1) A, while the homometallic (M-M)
distances are 11.257(2) and 11.264(1) A, respectively.

Interestingly, the shortest M-M distance is not the
intramolecular one, i.e., within a helicate molecular unit. Fig.
S6-S81 show the five shortest M-M distances, in a range
between 10.73 and 13.05 A (Table S4f). The shortest M-M

CrystEngComm, 2024, 26, 2346-2352 | 2349
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distance is the one parallel to the ab plane, 10.817(2) A for 1
and 10.730(1) A for 2, while the longest is the one parallel to
the ac plane, 13.050(2) A for 1 and 12.535(1) A for 2.

As mentioned above, dinuclear K units act as nodes
between adjacent metal helicates due to K-O,;, bonds. Each
coordinated NO, group comes from a different helicate unit,
as shown in Fig. 4. This allows the growth of the structure
through the three axes, forming the 3D network (Fig. S97).
The phenolate oxygen atoms coordinated to the K’ center
form O-K-O angles of approximately 59-63°, while the angles
formed by the Oy, are ca. 40°. These O-K-O angle values
are close to those previously reported in similar complex
structures involving metalloligands.>®*° The 3D topology for
both complexes is a pcu; 6/4/cl; sqcl, in a cluster
representation, according to TopCryst.>" The CSD occurrence
of the pcu; 6/4/c1; sqcl topology in a cluster representation
(all nodes and single node) is 3541 structures.

There is another non-covalent interaction that promotes
the 3D growth of the crystal structure, that is, the
intermolecular n-n stacking between two aromatic rings of
terminal nitrophenolate groups, as shown in Fig. S10.f This
interaction is an off-centered parallel stacking with an
interplanar angle of 0.0°. There is an interplanar normal
distance of approximately 3.51-3.53 A and a horizontal
displacement (offset) of 2.30-2.39 A (Fig. S11 and S12+). Both
normal and offset distances agree with the range of typical
distances reported in other n-n stacking systems.*** These
n-m interactions, together with the coordinated K atoms,
promote the structural growth of zigzag-type chains along the
¢ axis, Fig. S13.f Furthermore, intramolecular C-H/n
interactions occur in complexes 1 and 2, where a C(sp?)-H of
a benzene ring from diphenylmethane moiety is directed
towards the benzene center of the adjacent ligand strand
(Fig. S14 and S15t). Both aromatic rings of a single
diphenylmethane moiety act as the C-H/n acceptor, while the
remaining two ligands act as the donors. The C-H/n
distances are 3.640 and 3.503 A for complexes 1 and 2,
respectively. The interplanar angles are close to 90° (87.27°
and 88.89°), and the C-H- © o angle ranges from 167.46° to
168.80°, both parameters indicate a quasi-perpendicular
interaction (Fig. S167).

9.5+

9.0+
8.5
o]
o 704
(x 6.5 Complex 1 (Mn)
S 6.0 ——FitMn
£ 55 Complex 2 (Ni)
°c 507 ——FitNi
S 451
= 404
3 35]
3.0
257
2.0
154
1.0 T T T T T 1
0 50 100 150 200 250 300

Temperature (K)

Fig. 5 ymT vs. T magnetic behavior for complexes 1 and 2. The solid
lines represent the best fit for both complexes.
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Magnetic and N, adsorption properties

The magnetic properties of crystalline samples for both
complexes 1 and 2 were obtained in the 5-300 K temperature
range under a 0.1 T external magnetic field, Fig. 5. In the
case of complex 1, the room temperature yuT = 9.30 cm®
mol™ K is in good agreement for two non-interacting Mn>*
in the high-spin state (S = 5/2), spin only yuT value of 8.75
em® mol™ K. The value slightly decreases upon cooling
reaching 8.24 cm® mol™ K at 50 K. The best fit for the data
using PHI** H. = -2J5;-S,, indicates a negligible
antiferromagnetic coupling J = -0.0029 cm™, g = 1.954, TIP =
414 x 10° ecm® mol™, monomeric impurity of 0.07 and a
residual error R = 0.92.

In the case of the complex 2, T = 2.37 cm® mol " K at
RT, which is slightly higher than the expected spin-only value
for two S = 1 systems, 2.00 cm® mol™" K, and is maintained
relatively constant down to 50 K, ym7 = 2.40 cm® mol ! K.
Below this temperature, an increase is observed reaching a
maximum at 7.2 K of yy7T = 2.80 cm® mol™ K, on cooling,
this value decreases again. The latter behavior indicates two
types of exchange interactions, as seen for other dinuclear Ni
complexes.®® The best fit using PHI’” affords an
antiferromagnetic intramolecular interaction between Ni
centers J = —0.92 cm ', a ferromagnetic intermolecular
interaction zJ = 0.44 cm™, g = 2.15, a ZFS D parameter of 2.7
em ™!, TIP = 94.8 x 10 ° em® mol™ and R = 0.38, which are in
good agreement for dinuclear Ni complexes containing
O-based ligands, previously reported.’® The small exchange
coupling values for both systems are consistent with distant
metal centers found in the helicate units.

In addition, the total pore volume and specific surface
area of complex 1 were measured through N, adsorption
isotherms at 77 K. The BET-surface area value found is
0.1915 m”> g~', with a negligible total pore volume (1 x 10~
em® g"). The results indicate that no N, adsorption occurs in
complex 1, and a similar behavior would be expected for
complex 2.

Discussion

Dinuclear anionic triply stranded helicates are rare species.
In fact, to the best of our knowledge, there are only a few
examples: polymeric Ti*" or V*" helicates®”*® based on
catecholate-imine ligands, 2D coordination polymers of
Ni***>*% containing pyridine-carboxamide or polyoxamate-
type ligands, and two coordination polymers based on Fe**
and catecholamide or salicylic acid-carboxamide ligand.*"**
In some of these compounds, the helicates act as
metalloligands to alkali metal cations, Fig. 6, and the
polymeric growth occurs thanks to the O-donors, coming
from the catecholate, amide and/or carboxylate groups, that
coordinate to an alkali metal counterion. In our case, the
ligand is a salicyl-imine derivative, which provides an
unusual N;O; donor set that stabilizes the metal ions in the
low oxidation state (M**). In addition, it is important to
emphasize that the nitro group functions as a secondary

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 a-c) Structures reported in the literature of triple-stranded
anionic dinuclear helicates that form coordination polymers mediated
by alkali metal cations. d) This work.

assembly instruction, coordinating to the K' nodes and
none of the reported structures contain nitro groups, see
Fig. 6. Thus, our structures are a new class of anionic
[M,L;]* helicates, which, in general, have been little
explored.

The coordination of nitro group to alkali or alkaline earth
metal ions and some other transition metal centers has been
previously observed. A search in the CSD database (update
June 2023) shows at least 88 crystal structures of aromatic
nitro groups coordinated to metal ions. However, it is
important to mention that only six out of the 88 structures
are based on anionic metalloligands, in which the nitro
groups coordinate to the countercation, and from those only
four self-assemble in polymeric coordination structures, the
rest of the structures correspond to deprotonated ligands
counterbalanced by the metal cation. The metal cations
observed in the 88 structures correspond to alkali (77),
alkaline-earth (8) and transition metals (5), forming discrete
(0D), 1D, 2D and 3D structures (Table S5f). The analysis
shows that the nitro groups are responsible for the
n-dimensional growth (n = 1, 2, 3) of these structures,
behaving as p,"-u'?and -u,' bridging ligands (Fig. S17%).
None of the discrete (0-D) structures present the NO, as a
bridging ligand, but only in a mono- and bidentate mode. It
is observed that alkali metal ions dominate the list, with the
K atom being the most frequent (34 structures), mainly based
in homometallic 3D networks. However, as previously
mentioned, the presence of metalloligands in this type of
nitro-mediated 3D-coordination polymers is very unusual,
with few examples similar to those reported in this
work.?®*34* Furthermore, most structures contain less than
four nitro groups per metal cation (67 structures), therefore,
a high NO,/[M"] ratio is relatively uncommon (21 structures).

Conclusions

We have shown that it is possible to synthesize, under
ambient conditions, triply stranded dinuclear helicates,
which act as connectors for the self-assembly construction of
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intricate 3D structures, by harnessing the potential of nitro
groups as ligands for K'. The pre-organization and the spatial
disposition of the NO, attached to the aromatic groups,
coming from the helicate, permits the use of the latter as
connectors, which to the best of our knowledge is an unseen
type of building units for the 3D structures. Moreover, the
use of NO, groups as ligands to K (and other metal cations)
could be used for the stabilization of anionic complexes,
without the need to use expensive crown ether type of ligands
for the cation, and thus permitting the crystallization and
stabilization of the pair by choosing nitro-containing
synthons, which are commercially available. The resulting
compounds are robust and insoluble in most common
solvents, which could be used for the development of novel
materials. We are investigating the incorporation of other
metal ions to produce interesting magnetic materials, for
example, Fe** and Co”" for SCO. In addition, we are exploring
other cations as connectors to try to improve the porosity of
this type of material.
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