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This research embarked on the study of a new binaphthyl phos-
phate scaffold of copper. There are two independent neutral com-
plexes in the asymmetric unit: Cul/Cu?2 (1) and Cu3/Cu4 (i) from a
similar structure to paddle-wheel-like, with one arm formed by an
intra-hydrogen bond between the water molecule bonded to the
copper and the phosphine oxide (P—0) moieties. Moreover, in the
first complex two water and one ketone molecule complete the
coordination sphere of the two-copper metals, instead, in the
second one, one water and two ketone molecules. The experi-
mental value obtained for the effective paramagnetic moment
indicates that there is no appreciable interaction between the
copper(i) cations and that they behave as paramagnetic ions over
the entire temperature range explored (5-350 K).

The development of organic-inorganic hybrid materials has
been associated with the evolution of new coordination topolo-
gies. The control of network parameters through a careful
selection of metal ions and organic bridging ligands offers
new possibilities for developing new functional materials with
useful properties, such as magnetic devices, biomolecules,
sensors and catalysts." Additionally, the consideration of mole-
cular chirality as a property inherent to the presence of stereo-
genic elements leads to the development of applications in
which this chirality can be exploited, such as medicine, asym-
metric catalysis or C-C bond formation reactions, allowing
new advances in organic synthesis.>® Perhaps the best-under-
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Novel dinuclear open paddle-wheel-like copper
complexes involving w-stacking on the basis of
chiral binaphthyl phosphoric acid {(R)-PhosH}:
structural, magnetic and optical propertiest

@ and

stood example of axially chiral molecule has been the 1,1
binaphthyl-2,2"-diol unit (BINOL) and its phosphoric acid
{(+)-PhosH} derivative in enantiomerically pure forms.*”
Owing to the characteristics of the phosphate acid group,
BINOL strongly binds to P(v) through two P-O-Cgp. bonds, gen-
erating a tetradentate structure, which creates a more compact
and restricted chiral environment (Scheme 1a).® Unlike other
catalysts (e.g., carboxylic, sulfonic or sulfinic acids), here the
acid function is highly influenced by the chiral pocket, which
ensures high enantioselectivities.’ It is worth noting that the
coordination ability of chiral phosphoric acids (CPAs) towards
transition metal has been receiving considerable attention
owing to the variety of bridging modes of the phosphoric
group, allowing the formation of new coordination com-
pounds (Scheme 1b) and thus playing a critical role in modern
coordination chemistry.®%"*

The most dominant sustainable metals, considering their
ability to bind organic entities by means of strong coordinated
bonds and their capacity, in many cases, to vary in oxidation
states are iron, copper or zinc.'” On the basis of ligand
binding sites, Cu(u) has one unpaired electron in the d-orbital
and has been labelled as a chameleon in coordination
chemistry."?
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Scheme 1 (a) PO, moiety interlocked with the {(R)-PhosH} ligand. (b)
Coordination modes via M-rn-Lewis acids. The asterisk indicates the
P-stereogenic center.
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However, using chiral phosphate {(R)-PhosH} as a ligand in
coordination reactions is challenging because of its low flexi-
bility in coordination patterns; the dual acid-base activation of
the phosphate group in interactions with metals (Scheme 1b);
and the type of solvent used, whether polar protic or aprotic.
These solvents are crucial for both coordination and the for-
mation of a network of hydrogen bonds with neighbouring
hydrogen bond donors.**'* Therefore, designing and predict-
ing crystallization processes often require
experimentation.

Typically, the {(R)-PhosH} ligand binds differently depend-
ing on the nature of the metal. It binds poorly to M-n-Lewis
metals (M" = Fe, Co and Cu)" but binds well through phos-
phoric acid oxygens, alternating two metal atoms with two
phosphinate groups (O-P-O) in the case of M-n-Lewis metals
(M" = Rh and Pd; M™ = Yb).!#117

Having in mind the above considerations, we present the
synthesis and X-ray structure of a novel dinuclear [{Cu,(p-n*
(R)-Phos-k*0:x0")3(n"-(R)-Phos-kO)}(H,0)(C3He0),] (xy = 2,1
(D; xy = 1,2 (1)) complex 1:(C3H¢O),, together with their
thermal, magnetic and optical properties. Focusing on copper
as a metal, our first attempts at the coordination reaction
between {(R)-PhosH}-binaphthyl phosphoric acid and copper
(u) triflate resulted in a silver-blue precipitate, which was dis-
solved in dichloromethane and the same amount of ketone
and stored in a refrigerator (+4 °C) to give cyan-yellow crystals
suitable for X-ray structure determination. It is noteworthy that
the difficulties in obtaining other complexes in the metal
series (Sc-Zn) have limited the study of their properties. In
fact, all our attempts to achieve an acceptable degree of
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sample purity were unsuccessful (Table S1}). Complex
1-(C3Hg0), crystallizes in the centrosymmetric triclinic space
group P1 (Tables S3 and S47). The asymmetric unit shows two
independent neutral complexes in 1-(C3HeO), (Fig. 1la and
Fig. S4f): Cu1/Cu2 (I) and Cu3/Cu4 (II). The Flack parameter
was refined to a value of —0.004(7) confirming the absolute
structure (Table S31). Both complexes show a p-n*-«*0:x0Q’
coordination mode [through phosphinate groups O-P-O
towards Cul/Cu2 and Cu3/Cu4, respectively] forming
(Cu,P,0,4) 8- and (Cu,PO,) 5-membered fused chelate rings.
The value for the dihedral angle between the equatorial plane
(Cu-O-P-O-Cu-0O-P-0) and that lies out of this plane (Cu-O-
P-O-Cu) is 87.58(3)° [Cul/Cu2 (I)] and 85.62(4)° [Cu3/Cu4 (II)].
The equatorial phosphorus atoms do not deviate significantly
from those that form the five-member-plane envelope [P2:
-2.615(2), P4: —2.608(2), P6: 2.603(2) A], whereas the
maximum deviation between Cu3/Cu4 (II) complex is —2.628
(2) A for P8 (Fig. S51). The complexes are stacked in an ABABA
sequence interlinked by =---m interactions among the aromatic
rings (Fig. 1b), which are extended in two directions forming
an interlayer separation (3.73 and 3.79 A) in agreement with
those reported in the literature (3.8 A).'® 1t should be noted
that each Cul and Cu3 cations within these layers are linked
to the n'-xO coordination mode from a similar structure to
paddle-wheel-like with one arm formed by an intra-hydrogen
bond between the water molecule bonded to the copper and
the phosphine oxide (P—0) moiety (Fig. 1b): [(D-H---A/A:
D--A, H-A), 1 +x, 1 +y, 1 + z]: O2W-H2WA---O14: 2.583(8),
1.836(5); O4W-H4WB---054: 2.532(6), 1.941(5)]. The latter
values move away from the upper limit of the distance range

(b)

(a) View of the two independent neutral complexes (Cul/Cu2 (I) and Cu3/Cu4 (l1)): outlook of the (Cu,P,04) 8- and (Cu,PO,) 5-membered

rings (turquoise green and aqua blue, respectively). (b) Packing diagram of 1-(CzHeO), showing weak interactions between coordinated water and
solvent ketone molecules (D—H---A/A: D--A, H---A): O1IW-HIWA...041C: 2.701(2), 1.846(2); O1W-HI1WB..-O51C: 2.725(3), 2.146(2); O4W-
H4WA...O61C: 2.659(2), 3.046(3). The layers are stacked in the ~ABABA- sequence with an interlayer separation (3.73 and 3.79 A).
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between two oxygen atoms (vdW radii 3.04 A), indicating a
strong interaction due to the participation of the polarized
phosphine oxide (vide infra).* On the other hand, the apical P1
and P5 atoms (Fig. 1a) are shifted by —2.984(2) and —2.887(2)
A, respectively, from the mean equatorial plane toward the
shorter axially position [Cu1-013 1.945(5), Cu3-053 1.917(4)].

The values of the P=0 distances are found to be 1.481 A,
slightly shorter than P-O (1.492 A) and ca. 0.13 A smaller than
that found for P-O-Cyp. bonds. Concerning the phosphinate
groups, O-P-O is slightly larger than the tetrahedral (ca. 5°),
probably because of the involvement of oxygen in the bridge
formation. The mean value is in line with that found for
Cu;(PO4), (1.546 A, 109.45°),"° comparable with that for those
complexes earliest report containing {(R)-PhosH} ligand.'*"
Instead, the metal ion does not deviate significantly from the
coordinated plane (complex I Cul: 0.002 and Cu2: 0.005 A;
complex I Cu3: 0.001 and Cu4: 0.006 A). Besides, the average
deviation from the mean equatorial plane is 0.061 A, the
smaller deviation being for Cu1, 0.038 A (Fig. S5t). The
Cu---Cu contacts are significantly larger than the sum of the
corresponding vdW radii of the two copper atoms (mean value
3.61 vs. 2.80 A). Moreover, in the first complex two water and
one ketone molecule complete the coordination sphere of the
two-copper metals, instead, in the second one, one water and
two ketone molecules (Fig. 1a).

The coordination around Cu®** moiety can be described
from trigonal-bipyramidal (TBP, for pure environments 7 = 1)
to square-pyramid (SP, for pure environments z = 0) geometry
environment according to the Addison parameter tau (z5),>° of
0.49 and 0.48 [Cul/Cu2 (I)] and 0.66 and 0.28 [Cu3/Cu4 (II)]
(Table S4 and Fig. S51). From a comparison between the
coordination spheres of Cu4 and Cu2 atoms, which exhibit the
same coordination pathway, a larger tendency toward square-
pyramid (SP) geometry (z5 = 0.28 vs. 0.48) is evidenced. As in
Cu2, the apical bond distance is significantly shorter than the
basal ones (Table S41). Without influencing the distortion of
the coordination center, it can be concluded that the steric
and electronic properties cannot be considered as separate
factors. In fact, the larger distortion of Cu4 could not be evi-
denced by the torsion angle of the equatorial plane (P8-O84-
Cu4-064) of —23.4° vs. —24.4° (P2-024-Cu2-064) in Cu2
(Fig. S5%). Therefore, the degree of trigonality (zs) index
together with the spin-orbit interaction, lifts the degenerations
of the energy levels, adding complexity to the spectral profiles
(vide infra).**

From a practical standpoint note that by careful soft
vacuum process of the crystalline sample 1:(C3HgO), we
obtained a completely anhydrous phase (hereafter 1), which
remained stable under normal conditions of temperature and
humidity. A straightforward preliminary test to confirm the
fully anhydrous phase was the TG-analysis curve between 45 to
260 °C (Fig. 2, path a), which displays a complicated first
weight loss with two overlapped stages (see DTG curve), attribu-
table to the loss of water and ketones coordinated molecules
followed of a likely loss of the x---m interactions. The involve-
ment of these water molecules in an extended hydrogen-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 TG/DTG-DSC curves of 1: network from overlapped and stability
stages (path a); network from the beginning of the pyrolytic phase (path
b). TG = mass loss (percent); DTG = percent per minute and DSC = AT
(microvolts) (lexo).

bonding network (vide supra) can justify this overlapping step.
It is noteworthy that, after this first double overlap step, great
stability of the remaining network is observed up to 343 °C
(see DTG curve). One strong peak as an exothermic process
{[DSC]peax at 341 °C} corresponds to the loss of the {(R)-Phos™}
moiety."”> Comparing this thermal behaviour, a similar trend
was observed for the binaphthyl phosphoric acid {(R)-PhosH}
(Fig. S61). This well-defined thermal process between 45 to
343 °C, is correlated to the loss of three water and three ketone
coordinated molecules and a binaphthyl phosphoric acid
moiety per formula unit (caled 17.66% vs. found 17.02%).
Finally, a strong peak with the mass loss was observed {Fig. 2,
path b, [Tpeak]prg = 405 °C}, which is due to the start of a ther-
molysis process of remaining complex and resulting in the for-
mation of Cu,P,0,.%?

According to the magnetization and its relationship to the
H-field, complex 1 revealing clear paramagnetic character-
istics. Notably, there is a discernible linear dependency of
Mon H, particularly evident at 300 K (Fig. S71), with a positive
slope. It is noteworthy that despite the presence of diamag-
netic components alongside coppers, they did not affect the
overall positive experimental slope, thus confirming its para-
magnetic nature.

Regarding the M-H measurements at low temperature
(5 K), there was a tendency towards magnetization saturation
at high fields approaching a paramagnetic moment close to 4
Bohr magnetons at 7 Tesla. This phenomenon at high fields
could be influenced by the presence of a small ferromagnetic
impurity at very low levels, suggesting long-term ordering at
low temperatures and high fields. This could also indicate a
slight superparamagnetic contribution. The theoretical value
of the paramagnetic moment for 4 Cu®>" (d°) cations in the
“spin-only” approximation, S = 1/2, is 3.46ug. The experimental
effective paramagnetic moment was calculated from the
experimental data of M versus T using the Curie-Weiss Law:
3.1 £ 0.2up/f.u. The fact that the experimental value is slightly
lower than the theoretical one is consistent, being compatible
with the “spin-only” approximation, with a negligible orbital

Dalton Trans., 2024, 53,18099-18103 | 18101
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(Inset) Diffuse reflectance spectra of complex 1 (in black), the Cuz(PO4), matrix (as representative of the phosphate structure, in red), and the

ligand (in blue). Excitation spectra of 1 (in black), monitoring emission at 366 and 700 nm, and the Cuz(PO,4), phosphate matrix (in red), monitoring
emission at 700 nm (a). Emission spectra of 1 (in black), the Cuz(PO,4), matrix (as representative of the phosphate structure, in red), and the ligand (in

blue) exciting with a xenon light source at 260 nm (b).

contribution to the paramagnetic moment. The paramagnetic
Curie-Weiss temperature obtained from the fits, ©® between +8
and +40 K, shows a value close to 0 K, consistent with funda-
mentally paramagnetic behaviour. The linear fitting of the
inverse of the magnetic susceptibility was performed for both
the ZFC and FC curves across various temperature ranges, with
fittings at higher temperatures being more representative.
From the range of values obtained, the error in the experi-
mental value of the paramagnetic moment was estimated
(Fig. S87).

As pointed out by Qiu et a the optical properties of the
Cu”"-ligand complexes cannot be explained by ligand-field
theory alone, since factors related to the ligand nature, fine
structure of energy levels, and complex geometry makes the
interpretation of the optical spectra a difficult task. As can be
seen in Fig. 3a, there are different absorption bands in the
whole optical range, from NIR to UV. For clarifying purposes,
they are compared to those found for the ligand, as the
organic part of the complex, and the Cuz(PO,),, as representa-
tive of the phosphate structure. Moreover, it has been also
compared to that of the NazPO,-12H,0 complex (Fig. S91). The
strongly broadened absorption band centered at around
1000 nm can be ascribed to intra-configurational *A,’ — *E", E’
transitions (for pure TBP D;;, environments), and have been
also observed for Cu®" ions in 5-coordinated TBP
environments.”">*?* The shift of this band to higher wave-
lengths (lower energies), compared to other matrices,>* >’
would indicate that these Cu®" ions are subjected to weak
ligand field interactions with the five oxygen ions of their first
coordination shells. Moreover, differences in the local struc-
ture of the four Cu** ions in the complex give rise to a superpo-
sition of different energy level diagrams that further generates
an inhomogeneous broadening of these transitions, also
observed for the Cusz(PO,),, which doubles the full width at
half (FWHM) observed in other TBP
environments. Concerning the band centered at around
325 nm, there is a clear convolution of the organic and in-
organic parts of the complex, being this band is normally

23
L

maximum
24,25
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related to the Cu-O charge transfer band, although it may be
strongly overlapped with intra-configurational 3d®4s'-3d°
bands.>®

Luminescence in the near-infrared range was observed for
five-coordinate Cu”*-complexes in TBP  geometry
environmental,>*** although it has not been found for 1, at
least till 1800 nm.

However, strong UV and visible luminescence have been
found for 1. Similar to the absorption spectrum, the emission
is a convolution of contributions from the organic ligand, with
a strong emission band centered at around 365 nm and a weak
one at 700 nm, and the inorganic part, more related to the
Cu”" ions, that contributes with two strong emission bands at
around 525 and 700 nm (Fig. 3b). The excitation spectra of the
complex and its phosphate partner, also included in Fig. 3a
and obtained by monitoring the emission at 700 nm, show
similar spectral profiles, suggesting that the Cu-O charge
transfer band feeds the energy levels of the excited configur-
ation. However, the excitation spectrum monitoring the emis-
sions at 366 and 525 nm, the latter not shown, are similar and
clearly shifted to higher energies, indicating that the levels
involved in the Cu®" radiative de-excitation are more related to
intra-ligand ©n — 7* transitions of the ligand.?” In conclusion,
and as a general feature, the profiles found for the excitation
and emission spectra point to strong energy transfer processes
between the organic and inorganic parts of the complex after
UV radiation excitation. Indeed, the phosphine oxide from
binaphthyl phosphate, which is composed of a low-frequency
P=0O0 stretching vibration (~1137 cm™, Fig. S11), can support
an oxygen coordination environment for the Cu®* ion, which
could lead to enhanced emission.>®

Conclusions

The BINOL-based phosphonate (CPA) was found to be an
appropriate O-donor ligand for divalent first-row d-block metal
centres, such as Cu(u). To the best of our knowledge, an

This journal is © The Royal Society of Chemistry 2024
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example of metal-containing simultaneous bidentate (p-n*
Phos-k*0:x0’) and monodentate (n'-Phos-x0O) coordination
modes has not yet been reported. One of the phosphine oxides
(P=O0) remains uncoordinated and is involved via intra-hydrogen
bonds with the coordinated water molecules. The complex exhibi-
ted remarkable canted luminescence in the UV and visible
ranges. The visible luminescence was attributed to the emission
band of excited states located in the binaphthyl phosphate frame-
work. Our results might be important to understand the solid-
state architecture of these chiral coordinative systems and the
development of new materials with chiral properties.
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