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This work proposes a graphical analysis based on a new chiral picolinate of the (S)-BINOL derivative,
designated as the reference ligand L1. The models establish the influence of temperature on L1 and
identify a new coordination polymer (CP) [Cux(pic)2(OTf)2(H20)2(Py)l,-2n(Py) 1-2(Py), where [Hpic =
pyridine 2-carboxylic acid and pic = picolinate], as the predominant structure through the pathway in
dioxane at room temperature or the known complex [Cu(pic),-2H,0] 2:(H,0), at reflux in dioxane. This
work provides a detailed description of the preparation method, the structural characteristics of the new
CP containing the zinc complex [Zn(pic-Hpic)zl,-n(OTf) 3-(OTf), and density functional theory (DFT)
calculations. Coordination polymer 1 2(Py) exhibits unusual magnetic properties at low temperature and
high magnetic fields. This behavior may be associated with the presence of superparamagnetic particles
or the influence of crystal field effects. In contrast, its origin is unlikely to be associated with common
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Introduction

Axial chirality is a special case of chirality present in allenes and
in biaryl compounds such as 1,1’-binaphthyl-2,2'-diol{(R/S)-
BINOL}, giving rise to chiral atropisomers. Unlike central
chirality, the most common form in organic compounds, axial
chirality does not require a chiral center. Instead, it arises from
a chiral element, specifically a chiral axis (Scheme 1a)."”

The {(+)-BINOL} ligand and its derivatives have been exten-
sively employed and investigated for the synthesis of novel
compounds in various fields, including circularly polarized
luminescence (CPL), enantiomeric separation, biological trans-
membrane transport, and asymmetric catalysis.®

A more specific case involves its use to develop chiral
Bronsted acids, particularly in combination with phosphoric
acid to generate BINOL derivatives. In such a case, a chiral
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ferromagnetic impurities such as Fe, Co or Ni due to its characteristic high Curie temperature.

pocket containing both the acidic proton and the basic phos-
phoryl oxygen is created. This structure has been used as a
building block together with various metal centers to achieve
covalent organic frameworks (COFs).’ Usually, due to its hin-
dered chiral pockets (Scheme 1b), it binds poorly to M-n-Lewis
metals (M™ = Fe, Co and Cu). However, it binds well through the
phosphoric acid oxygens, alternating two metal atoms with two
phosphinate groups in the case of M-n-Lewis metals (M" = Rh,
Pd; M™ = Yb). In our previous work on a new copper chiral
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Scheme 1 (a) If a line connecting the highest priority groups 1 — 2 —» 3
rotates clockwise, the descriptor to the right is R, In contrast, the
descriptor for an anti-clockwise rotation is S,. (b) ((S/R)-BINOL)-derived
chiral phosphoric acid (CPA).
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polymer (CCP), which exhibited a paddle wheel structure,
the difficulty of obtaining other complexes of this metal series
(Sc-Zn) was observed.'® This result prompted us to explore
other possibilities while maintaining this type of chiral scaffold
containing aromatic rings."!

It is important to emphasize that in the design of new
ligands, we must consider the reactivity of the metal, the
binding modes or the stereoselectivity of the metal complexa-
tion. These processes can be affected by steric hindrance, when
a molecular fragment blocks the approach of the reagent to the
substrate.” In addition, there are self-reactivity processes that
give rise to aggregates of the ligand in solution and facilitate
crystallization mechanisms with the metal present.’” Although
it may seem that a part of the reaction is out of control, this
situation allows us to thoroughly explore multiple synthetic
conditions while looking for stable complexes.

Various synthetic methodologies for picolinates have been
reported in the literature. The chelating features of Hpic have
attracted much research attention due to its biological interest.
However, to the best of our knowledge, those authors have not
provided additional information to support this affirmation.'*>*
Furthermore, no comparative study has explored the influence of
{(£)-BINOL} in the chelating behavior of the anionic pic and
their role as a ligand.

Herein, we present new insights into the (S)-BINOL-derived
chiral picolinate as a benchmark L1 ligand, which allows for
two new coordination polymers (CPs) [Cu,(pic),(OTf),(H,0),-
(Py)]»-2n(Py) 1-2(Py) and [Zn,(pic-Hpic)s],-n(OTf) 3-(OTf). Both
have ¥°N,O groups and are octacoordinated. However, one is
unprecedented, exhibiting p-k:0’ mode alternating pentacoor-
dinate units (Scheme 3). Complex [Cu(pic),-2H,0] 2-(H,0), has
been previously reported,?® and it has been included here for
comparative purposes (Scheme 4). The transformation L1 — 1-
2(Py) suggests that the benchmark ligand L1 undergoes a
process of hydrolysis, followed by a decarboxylation.?*>* To
further verify these transition pathways, different studies were
carried out, including density functional theory (DFT) calcula-
tions. Finally, the thermal stabilities for the complexes and
magnetic properties of 1-2(Py) are systematically discussed.

Experimental section

Formation and characterization of new ligands

Picolinic acid (Hpic) was combined with (S)-BINOL via Steglich-
type esterification,'" providing a new binaphthyl chiral scaffold
L1 (Scheme 2). Even so, we have achieved synthetic conditions
that allow for the formation of L2, L3 and L4 ligands from the
starting reagents. A scope of its synthetic process can be found
in the ESL.}

Results and discussion

Synthesis of the L1 ligand by picolinic acid

L1 was obtained with DCM, and the yield decreased signifi-
cantly when THF was used. The Hpic subunit was chosen based
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Scheme 4 Benchmark L1 ligand and its relationship with the findings of
the new coordination picolinate 1-2(Py) and 3-(OTf) complexes. Complex
2:(H20), has been included for comparative purposes.
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on its accessibility and properties as an achiral product. How-
ever, it is also a key design feature because the Hpic subunit
can exhibit coordination modes as a multidentate ligand
(Scheme 3). X-ray quality single crystals of L1 were obtained
(Fig. 1). Full details of this synthetic process, as well as X-ray

New J. Chem., 2025, 49,12940-12947 | 12941
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crystallographic data with the key results, can be found in
the ESL.¥

Mechanism of the transition pathways and DFT calculations

As shown in Scheme 4, the proposed transition pathways L1 —
1-2(Py) and L1 — 2:(H,0), are based on experimental results
and literature reports.>**

Whereas the first transition pathway requires the presence of
water and involves a process of hydrolysis followed by a dec-
arboxylation, the second one does not display any relationships
except for the temperature factor. In fact, at room temperature,
the yield of 1-2(Py) is due to the interaction of traces of water
molecules absorbed by the dioxane used as solvent.

In contrast, under reflux conditions with dioxane, the reflux
temperature favoured the coordination of Cu-N as a traditional
dative bond, yielding complex 2-(H,0),.>° These effects should
not be the main reasons for the observed trend. Upon thorough
examination of the products of the hydrolysis and decarboxyla-
tion, it was found that the binaphthyl framework detaches from
the chiral scaffold, enabling the pyridine moiety to separate
from the picolinate group and coordinate with the copper ion
(Scheme 5, paths 1, II). In 2009, Goossen et al.>® reported on a
photodecarboxylation reaction with aromatic carboxylic acids,
where copper is highly beneficial in the presence of bipyridine
ligands or aromatic amines as solvents. We believe that our
process is additionally favored by the presence of triflate ions
(OTf = “OS0,CF3) in the solution media. In fact, the access of
water molecules to interact with complex units, leading to their
dissolution, is known to be less problematic for “OTf than, e.g.,
BF, salts.”® To understand this behavior, an alternative synth-
esis of 1-2(Py) was carried out from 2-(H,0), at room tempera-
ture. However, 2-(H,0), does not revert into complex 1-2(Py)
(Scheme 5, path III).

To the best of our knowledge, no other experimental evi-
dence has been found to support different pathways. In fact,
the structure of 1-2(Py) has been unequivocally confirmed by
single-crystal X ray diffraction, confirming the coordination of
pyridine, water and ~OTf moieties to copper instead of the
binaphthyl framework (vide infra).

Fig. 1 View of the packing diagram of the benchmark L1 ligand showing
the weak interaction (D—H---A/A: D---A, H---A):01-H1.--N1#:2.799(6),
1.98505): {1 -y, x —y, 1/3+z %1 -x+y 1—x, —1/3 + 2.
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In order to address the above questions, [Zn,(pic-Hpic)s],:
n(OTf) 3-(OTf) was synthesized through L1, where Cu(OTf),
was replaced by M(OTf), (M" = Fe, Ni, Zn) in dioxane at room
temperature. The composition of 3-(OTf) was clearly supported
by the determination of its crystal structure by single crystal
X-ray diffraction (vide infra). A scope of this synthetic process
with the key results can be found in Scheme 4 and ESILf}
Therefore, as we had already anticipated, when iron, nickel or
zinc replace copper, the decarboxylation process in water
decreases in comparison to hydrolysis. In fact, for iron and
nickel, colorless crystals that were suitable for X-ray diffraction
were obtained. However, they unfortunately corresponded to
(S)-BINOL.

Therefore, we conclude that the hydrolysis and decarboxyla-
tion pathways should not be viewed as independent processes,
but rather as ones that benefit from an effective catalytic
partner. It is also worth noting that water is far from an
innocent solvent: it can interact with the reactants, products
and reaction intermediates.®” In fact, water acts as a nucleo-
phile and as a hydrogen donor for up to two bridges, and also
serves as an acceptor of the hydrogen atom in the interaction
with other water molecules. We cannot ignore that the acidity
of the hydroxyl groups from BINOL show a polarization effect
under a natural inductive effect (-I), allowing for the oxonium
species H;0". However, this formula is a simplified description
of the situation of the H' ion in water, where the cation is
believed to associate via inter-hydrogen bonds with more than
one water molecule, giving rise to a complex species of formula
[H(H,0),]". Likewise, the way that aromatic ligands arrange
themselves around metal ions can be influenced by the hydro-
phobic effects caused by water.”® These intermolecular inter-
actions could provide an additional stabilization with OTf ions,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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allowing for hydrolysis and the later decarboxylation process. A
similar approach was proposed by G. Dunn and H. Thimm,*
who reported that intramolecular hydrogen bonding is not an
important feature of picolinic acid decarboxylation in water.
This fact apparently does not contradict our last supposition;
although at the moment, everything points towards the impor-
tant role played by BINOL.

To confirm this hypothesis, 1-2(Py) and 2-(H,0), were alter-
natively synthesized (Scheme 6) from the starting reagents (S)-
BINOL and Hpic (BP), and through ligand L2 (Scheme 2) under
the same experimental conditions described in Scheme 5. As
expected, 1-2(Py) was found with the lowest yield (22%, via L2).
Meanwhile, with BP, it showed a significant yield (54%) which
was still lower than that for benchmark L1 ligand (66%,
Scheme 5, path I). The progressive decrease in yield for 1-
2(Py) denotes the strong negative effect of non-covalent inter-
actions on the hydrolysis and its later influence under the
decarboxylation process. In fact, the attempt to isolate 1-2(Py)
via L3 (Scheme 2) was unsuccessful. In its case, only 2-(H,0),
was obtained via Hpic with insufficient results (15% yield,
Scheme 6, path VII).

It is important to stress that the reaction of L4 (Scheme 2)
and between Hpic with phenol (PP, ESIT) in dioxane to eluci-
date the transition pathway did not give rise to the formation of
1-2(Py). All of our attempts to obtain good quality monocrystals
for X-ray diffraction experiments were unsuccessful. The pow-
der diffraction spectra obtained from the final products of both
reactions were not consistent with the formation of the 1-2(Py)
complex (Fig. S5 and S6, ESIf).

Additionally, DFT calculations were carried out to gain further
insight into the formation process of 1-2(Py) at the PCM(1,4-
dioxane)-®wB97XD/def2-TZVP//PCM(1,4-dioxane)-0wB97XD/def2-
SVP level (Scheme 7). Different transition states associated with
the decarboxylation of picolinic acid were considered. The most
favorable pathway (TS1, AAG* = 38.8 kcal mol™") evolves from an
intermediate (INT1) in which the picolinate coordinates in a
¥°N,0 mode (Scheme 3), leading to the generation of an aryl-
cuprate. It was observed that copper activates the carbonyl group
and subsequently facilitates the cleavage of the C-C bond to

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

View Article Online

NJC

Ts1
~  AAG'=388 t

TSt
AAG' =425

Scheme 7 Possible transition states associated with the decarboxylation
process of Hpic (energy values in kcal mol™). *Indicates the unit of (S)-
BINOL.

generate CO,. Pyridine is then formed via a protonolysis process,
as proposed by J. Goossen et al.>® The next closest system (TS1’)
involves a k,0 coordination mode of the picolinate with copper,
being slightly less favored (AAG* = 42.5 kcal mol™Y), followed
by TS1” (AAG* = 44.0 kecal mol™), where the possibility of losing
one triflate unit was considered. Finally, to demonstrate that the
presence of copper is essential for the process, TS1"’’ was calcu-
lated with AAG* = 46.9 kecal mol™?, a value that is significantly
higher than the others. To the best of our knowledge, the
decarboxylation process is complex, and a more favorable transi-
tion state leading to the formation of the pyridine unit cannot be
ruled out. Alternative pathways are currently being explored with
new DFT calculations.

Description of the structures of the 1-2(Py) and 3-(OTf)
complexes

Complex [Cuy(pic),(OTf),(H,0),(Py)].-27(Py) 1-2(Py) crystallizes
in a tetragonal space group I41/a (Table S4, ESIt). Its molecular
structure consists of a polymer, considering the {pic-ligand}
and the [Cu(OTf),] or [Cu(H,0),]*" units as the two-fold con-
nector and nodes, respectively (Fig. 2). Two interconnected
chains are observed, with one oriented along the g-axis and
the other along the b-axis (Fig. S5a, ESIt). The geometry at
the Cul center exhibits bond lengths along the axial plane
that are larger than the bond distances in the equatorial plane:
Cul-012 2.517(8) A [#) = —1/4 + x, 7/4 — y, 3/4 — z] vs. Cul-
01 1.964(5), Cul-N1 1.956(6) A [¥) =1 — x, 3/2 — y, z]. This
observation may be ascribed to the Jahn-Teller effect. In
addition, the metal ion does not deviate from the coordinated
plane (Cuil: 0.000 A), while the values of the stretching ¢ and
angular X are 1.49 A and 40.1°, respectively. The value of the
torsional @ distortion of the octahedron is found to be 152.7°,
which is far from the referenced value for a trigonal prismatic
Dsp, geometry (@ < 1170°).%° 1t is possible that the found @
value comes from the constraints of the picolinate ligand
adopting the bidentate ¥°N,O coordination mode,*® towards
Cul through the N1 and O1 (bite angle of 83.5(2)°). Alternatively,
the Cu2 ion is linked through the O2 bridge adopting the

New J. Chem., 2025, 49,12940-12947 | 12943
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Fig. 2 Molecular structure of 1.2(Py): the N3A-pyridine solvent molecule
has been omitted for clarity (Fig. S5a, ESIf). Schematic of a mostly
octahedral structure around Cul (OctaDist-program: {, X, and @) and a
square-pyramid structure around Cu2 (Addison parameter ts).

monodentate p-kO’ coordination mode described from a square-
pyramid geometry environment, according to the Addison para-
meter tau (t5),>° of 0.17 (Fig. 2). Furthermore, it does not deviate
significantly from the coordinated plane (0.006 A). On the other
hand, the value of the separate Cul---Cu2 ions is larger than the
sum of the corresponding vdW radii of two copper atoms (5.00 vs.
2.80 A), with an angle of 67.7(3)° observed between the planes. The
carboxylate attached to the Cul and Cu2 ions induces a p-anti, syn-
carboxylate and p-syn anti-carboxylate with the Cu1-01-C1-02 and
Cu2-02-C1-01 torsion angles —173.6(6)° and 1.6(9)°, whereas
the bridging pathways Cul---O2 and Cu2---O1 are 3.939(5)
and 3.048(5) A apart, respectively. The crystal packing diagram
shows the intermolecular interactions among the pyridine units
as solvent molecules that provide an additional stabilization of
the structure. These interaction distances are within the accepted
range for intermolecular (D-H---A/A: D---A, H---A): OWI1-
H1Wb- - -N3B: 2.661(2), 1.891(4) hydrogen bonds in coordination
complexes (vide infra)."® The distances are comparable to those
observed previously for Cu(u) in building coordination polymers
(CPs) based on the similar pyridine-carboxylate ligands."*° 1t
should be noted that both modes of coordination observed in 1-
2(Py) form a rare topology in comparison to those reported in the
literature, except for that described as Cu(pyridine-2-carboxylate)Cl
by B. Zurowska and J. Mrozinski, where each carboxylate ligand
acts as the syn-anti bridge between two copper ions."®

Complex [Zn,(pic-Hpic)s],-n(OTf) 3-(OTf) crystallizes in the
trigonal space group P3 (Table S6, ESIt), and its crystal unit cell
contains a racemic mixture of A- and A-configured Zn1 centers
within the achiral polymeric cationic units [Zn,(pic-Hpic)s],',
with n(OTf) ions acting as solvent molecules for each complex.
An intermolecular hydrogen bond O-H- - -O link in the complex
molecule is formed from the hydroxyl moiety (H-O2), but not to
the carbonyl oxygen (O1), which interacts with the metal ion:
[D-H---A/A: D-- A, H- - -A]: “O02-H2- - -02% 2.459(2), 1.229(1) [*) =
1+x —y, x, —2] (Fig. 3). A residual electron density near this
oxygen atom that is positioned equidistant between both
molecules supports this hydrogen-bonding interaction (Fig.
S5b, ESIt). Due to donor coordination by the carbonyl group,
the structure is displaced toward an octahedral coordination

12944 | New J. Chem., 2025, 49,12940-12947
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Fig. 3 Molecular structure of 3-(OTf). Schematic of a mostly octahedral
structure around Znl (OctaDist-program: ¢, X, and ©).

polyhedron around the metal, as the carbonyl oxygen atoms
position themselves at axial or equatorial sites, whereas the
picolinate nitrogen atom is located at the positions [Zn1-
01 2.134(2), Zn1-N1 2.122(2) A].

The Hpic torsion angles Zn1*-01-C1”-02 and 02-C1%-01-
Zn1' lie at approximately +179.5(2)° [*) = x, y, 1 + 0 = 1 — x,
1 — y, —z]. The metal does not deviate significantly from the
mean equatorial plane (Zn1: —0.007 A), while the values of the
stretching ¢ and angular ¥ are 0.04 A and 77.7°, respectively.
Similar to what was observed in 1-2(Py), the slightly distorted
octahedral coordination polyhedron® around the metal (@ =
243.8°) comprises the ¥°N,0 coordination mode [bite angle of
77.5(5)°]- The degree of coordination is consistent with earlier
work involving nitrogen and oxygen donor action: [Zn(2-
H)(2)X], (X = Br, Cl), [Zn(2-H),(H,0),],>* and [Zn(CeH,NO,),-
(H,0),],>* showing that the respective donor-acceptor Zn-O
and Zn-N bond lengths are comparable to that for 3-(OTf)
(mean values 2.100 and 2.110 A, respectively). In contrast with
that previous reported, 3-(OTf) is the first structurally charac-
terized example of a zinc(u)-based picolinate complex where the
carboxyl hydrogen atom, H2, of one zinc-picolinate molecule is
involved via hydrogen bonding with one of the hydroxyl oxygen
atoms, 02, of an adjacent cinc-picolinate molecule. The carbo-
nyl oxygen atom O1 is involved in donor action with the metal
ion. In fact, to our knowledge, a metal-organic framework
exhibiting this similar network has been previously reported
by W. Ng et al,*® for an iron picolinate formulated as
[Fe"(CeH,45NO,)5]%°.

Thermal and magnetism evaluation

It was found that upon careful soft vacuum process of the
crystalline sample 1-2(Py), the complex remained stable under
normal temperature and humidity conditions. To confirm the
fully anhydrous phase of 1-2(Py), TG analysis was performed
between 70 to 290 °C (Fig. 4, path a). The preliminary results
show a first weight loss with two overlapped stages {70-136 °C:
ca. 21% weight loss, [DTG]peak at 130 and 136-290 °C: ca. 11%
weight loss, a shoulder ca. 176 °C}, which are attributable to the
loss of pyridine and coordinated water, followed by the likely
loss of the ion ~OTf. The involvement of this pyridine molecule
in an extended hydrogen-bonding network (vide supra) can

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 4 TG/DTG-DSC curves of 1-2(Py): network from the overlapped and
stability stages (paths (a) and (b)); network from the beginning of the
pyrolytic phase (path (c)). TG = mass loss (percent); DTG = percent per
minute and DSC = AT (microvolts) (| exo).

justify this overlapping step. This well-defined thermal process
between 70 °C to 290 °C is correlated with the loss of two
pyridine molecules, two water molecules and zero point six
~OTf per formula unit (caled 32% vs. found 36%). It is note-
worthy that after this first double overlap step, one short
stability of the remaining network is observed up to 290 °C
{DTG curve}. The one strong peak that is observed as an
endothermic process {{DSCJpeax at 254 °C} corresponds to the
coordinated triflate beginning to decompose and converting
into stable CuF,, along with volatile components that were not
further analyzed (Fig. 4, path b). This thermal process is well-
defined in the literature.'”**** Finally, a strong peak as a mass
loss is observed {Fig. 4, path ¢, [Tpeax]pTg = 303 °C}, which is due
to the start of a thermolysis process and the remaining CuF,
compound (Fig. 4, path c). Complex 1-2(Py) was found to be
thermically different, while 3-(OTf) showed behavior that was
similar to 2-(H,0), (Fig. S2 and S3, ESIt).

Additionally, the magnetic characterization of 1-2(Py) was
performed, revealing a linear dependence of magnetization (M)
with respect to the applied field (H) (Fig. S9, ESI}), which
is indicative of paramagnetic behaviour. This is observed
despite the intrinsic contributions from the diamagnetic com-
ponents surrounding the Cu®* atoms. M~H measurements at
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Fig. 5 Magnetization measurements against the magnetic field, up to 7
Tesla (70 kOe), of 1.2(Py) at 300 K (a) and at low temperature (1.8 K). (b)
Magnetization (magn bohr per f.u.) vs. magnetic field (Oe).
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low temperature (1.8 K) showed a trend toward magnetization
saturation above 5 T, resulting in a paramagnetic moment close
to 2 Bohr magnetons at 7 T. This phenomenon, which is absent
at 300 K (Fig. 5), may be associated with superparamagnetic
particles or the influence of crystal field effects. While the results
are clear, complementary techniques such as EPR spectroscopy
or AC susceptibility could be employed to clarify these findings.
The effective experimental paramagnetic moment was deter-
mined from M vs. T measurements at 300 K (Fig. S12, ESIY)
using the Curie-Weiss law, yielding a value of 2.06 =+
0.15u5 fu.”" This is lower than the theoretical value (2.45uz),
which is consistent with the spin-only approximation. Conversely,
the paramagnetic Curie-Weiss temperature, obtained from fittings
up to 300 K (O between +4 and +26 K), shows a value close to 0 K.
This is consistent with a predominantly paramagnetic behavior.
This magnetic behaviour is well-defined in the literature."®

Conclusions

Combining picolinic acid (Hpic) with (S)-BINOL, a new
binaphthyl chiral scaffold L1 was obtained. One would expect
the chiral metal-organic network process to be produced by the
link of carbonyl and/or hydroxyl moieties since this process
should provide some electron density at the metal ion and
strengthen its coordination. However, the straightforward pre-
paration of new chiral (S)-BINOL-picolinate derivatives suggests
the important role that BINOL plays in obtaining new coordina-
tion polymer (CP) picolinic acid derivatives. The experimental
results suggest that benchmark L1 ligand undergoes a hydrolysis
process, followed by a decarboxylation pathway. These should
not be viewed as independent processes, but rather as ones that
benefit from an effective catalytic partner. Its discovery opens the
door to the development of another metal-organic assembly,
such as the zinc complex 3-(OTf) obtained for comparative
purposes. Whereas the 1-2(Py) complex requires the presence
of water, involving a process of hydrolysis followed by a dec-
arboxylation, the 3-(OTf) complex does not display this relation-
ship except for the temperature factor.
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