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their molecular properties. We report the solid-state characterization of an inclusion complex comprising
two y-cyclodextrins and two [Cu(2-pyridinemethanolate)(2-pyridinemethanol)]PFg units. Quantum calcu-
lation reveals that interfragment charge transfer occurs. The confined Cu fragment and the unincluded
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Introduction

Molecular confinement is an attractive method not only to
modulate molecular features, such as light absorption and
emission, and electrochemical properties,' but also to regulate
unique chemical reactions by altering the chemical reactivity
of the confined molecules.” For instance, controlled polymers
can be synthesized from aligned monomers through
confinement.’

To this end, cyclodextrins (CDs), which are cyclic oligosac-
charides consisting of p-glucose subunits,” are widely used
because their hydrophobic cavities can accommodate organic
compounds, polyoxometalates, metal clusters and coordi-
nation complexes,>® whose redox, spin, and luminescence pro-
perties are modified as a result of their confinement.” In
fact, a search in the CCDC database (updated in June 2022)
resulted in more than 350 articles reporting the crystal struc-
ture of inclusion complexes of CDs. In contrast, reports on CD
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“linear chain [Cu(2-pyridinemethanolate)(2-pyridinemethanol)]PFs" exhibit different properties.

inclusion complexes with more than one guest molecule are
scarce.'®'

We previously examined the inclusion equilibrium of a bis
(2-pyridinemethanolate) Cu(i) complex and CDs in solution,
finding that the Cu complex dimerises when confined in y-CD;
however, all experiments were conducted in solution, and no
data were obtained in the solid state. Herein, we describe the
isolation of single crystals of the inclusion complex
{[Cu(L)(HL)],@(y-CD),}(PF¢), (1) (L = 2-pyridinemethanolate,
HL = 2-pyridinemethanol) and their solid-state characteriz-
ation via X-ray diffraction, spectroscopy, and magnetic studies.
On the basis of the results, we discuss the effect of the confine-
ment in the cavity of y-CD on the structure and properties of
the Cu complex.

Results and discussion

Effect of confinement in the cavity of y-CD on the structure of
the Cu complex

The crystal structure of the inclusion complex 1 is shown in
Fig. 1, S1, and S2.} The complex crystallizes in the chiral space
group P2,2,2. The crystal contains two [Cu(L)(HL)]" cations,
two PF¢~ counter anions, two y-CDs and 35 water of crystalliza-
tion molecules. Two y-CDs form one host via the interaction of
their secondary rims'>'* by direct hydrogen bonding and
through interaction with solvent water molecules (Fig. S37),
with a dimeric assembly of two parallel planar [Cu(L)(HL)]"
fragments included in the cavity. Only the pyridyl moieties are
held in y-CD, and the Cu centers are located in a gap between
the secondary rims. Some solvent water molecules included in
the gap help stabilize the dimeric [Cu(L)(HL)]" assembly in the
cavity via hydrogen bonding. Other water molecules surround
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Fig. 1 Molecular structures of (a) the inclusion complex 1-35H,0
shown by CPK model ([Cu(L)(HL)I*) and capped stick model (y-CD), (b)
[Cu(L)(HL)I* shown by ball-and-stick model, and (c) y-CD shown by ball-
and-stick model. Orange: Cu, red: O, grey: C, blue: N, white: H. Counter
anions, water molecules, and protons except for [Cu(L)(HL)]* are
omitted for clarity.

the y-CDs. No water molecules are included in the y-CD cavity.
The included complex is arranged in a tubular shape by inter-
connecting through the primary rims">'® via direct hydrogen
bonding and through solvent water molecules (Fig. S4t). The
gap between primary rims is occupied by counter anions. The
dimeric [Cu(L)(HL)]" assembly shows n-x stacking between the
pyridine rings (distances between the pyridyl ring centroids =
3.665(5), 3.642(6) A; Fig. S51). Two solvent water molecules
connect two [Cu(L)(HL)]" fragments by hydrogen bonding (the
Opr-*Owater aNd Op+-Oyater distances are 2.68(1) and 2.78(1) A,
respectively), whereas no direct hydrogen bonding is formed
between L and HL (Oy---Oyy, = 4.09(1) A). The distance between
two Cu atoms is 3.755(2) A, which means that there is little
metal-metal bond character. The z, value (0.07) and the di-
hedral angle of the two Cu-O-N planes (6.5(3)°) indicate that
the [Cu(L)(HL)]" fragment shows a slightly distorted square-
planar geometry.

The [Cu(L)(HL)]" fragment without y-CD and its deproto-
nated complex have been previously isolated as [Cu(L)(HL)]PF,
(2)"” and [Cu(L),]-4H,0 (3),'® respectively. Although complexes
2 and 3 are synthesized under different pH conditions (pH ~ 4
and 10, respectively), they can be interconverted via recrystalli-
zation."” The corresponding X-ray crystallographic study
revealed that complexes 2 and 3 show a completely square-
planar geometry. Complex 2 has a linear chain structure con-
nected by relatively strong direct hydrogen bonds between L
and HL, whereas complex 3 exhibits a 2D network structure
connected by hydrogen bonding with solvent water molecules.
By comparing the structures of inclusion complex 1 and
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complex 2, it can be considered that in inclusion complex 1,
two y-CDs extract two [Cu(L)(HL)]" fragments from the linear
chain structure to include them into the cavity. It is also inter-
esting that the same fragments in 1 and 2 show different stack-
ing. A Cu ion of the inclusion complex 1 is placed at the apical
position of the other; however, a Cu ion of the linear chain
complex 2 is located over the pyridyl ring of the other. This
difference can be attributed to the confinement. As mentioned
before, the [Cu(L)(HL)]" fragment in the cavity has a slightly
distorted square-planar structure, whereas that of complex 2 is
completely square planar. The distortion is caused by the con-
finement in the chiral y-CD. As a result, the dimeric assembly
shows chirality, as was revealed by circular dichroism measure-
ments (see below).

We previously described that the inclusion complex is
formed from [Cu(L),] and CDs."? Although we synthesized [Cu
(L),] via recrystallization from water at pH ~ 9, we measured
the electron spin resonance (ESR) spectra and the absorption/
circular dichroism spectra of the complex with CDs under
moderately acidic conditions (pH = 6.5 and 7.15, respectively).
In the present study, we performed a rough titration, and the
result revealed that the protonated complex appeared at
around pH ~ 7 (Fig. S6 and Table S1%). This suggests that the
Cu fragment in CDs was [Cu(L)(HL)]" instead of [Cu(L),].
Moreover, according to the ESR and circular dichroism results,
we previously speculated that the Cu fragment formed a 2:1
inclusion complex with y-CD. However, the [Cu(L)(HL)]" frag-
ment forms a parallel planar dimeric assembly upon confine-
ment in two y-CDs, resulting in a 2 : 2 complex. The hypothesis
about the structure of the dimerised Cu complex is in accord-
ance with the result of the single-crystal X-ray analysis, in par-
ticular, with the interplanar distance of the [Cu(L)(HL)]" frag-
ments and the distance between the two Cu atoms.

To confirm that the inclusion complex was [Cu(L)(HL)]"
and not [Cu(L),], we conducted quantum calculations in solu-
tion, finding that the formation of the dimeric assembly from
two Cu fragments occurs preferentially for [Cu(L)(HL)]" over
[Cu(L),] (Tables S2-S12%). In addition, the stacked structure of
[Cu(L)(HL)]" is different from that of [Cu(L),] (Fig. S77).
Specifically, two [Cu(L)(HL)]" fragments are completely over-
laid on each other due to the formation of hydrogen bonding
(O-H---0) and == stacking between the pyridyl rings; however,
two [Cu(L),] fragments form an incomplete stacking owing to
Cu---O interactions, which does not fit the cavity of y-CD.

Effect of confinement in the cavity of y-CD on the properties
of the Cu complex

Circular dichroism. We investigated the induced circular
dichroism."®° Fig. 2 shows the circular dichroism and absorp-
tion spectra of the inclusion complex measured in the solid
state. The inclusion complex produces a broad absorption
band between 400 and 800 nm, and a circular dichroism band
appears at around the same region. The absorption band is
also observed for complex 2, which does not exhibit a circular
dichroism band (Fig. S8%). This behavior, which is similar to

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Circular dichroism (top) and absorption (bottom) spectra of the
inclusion complex 1:31H,0.

that observed in solution,"” demonstrates that the [Cu(L)(HL)]"
fragment has chirality induced by y-CD.

ESR. As shown in the X-ray crystal structure, two Cu frag-
ments are tightly packed in the cavity of y-CD. This interaction
can be expected to affect the properties of the Cu fragment,
which would behave differently in dimeric and monomeric
forms. To estimate the interaction between the Cu fragments,
we performed ESR and magnetic susceptibility measurements.
Fig. 3 shows the ESR spectrum of the powder of the inclusion
complex 1 at room temperature. The signal at around 0.33 T
can be attributed to the AM; = +1 transition of two Cu(u) ions
(S = 1), and hyperfine splitting was clearly observed. Another
signal around at 0.16 T is ascribable to the AM; = +2 tran-
sition. This behavior is similar to that observed in the solution
state, as previously reported.’” The spectrum implies that the
dimeric assembly is isolated from others even in the solid
state, which is supported by the shortest interdimeric assem-
bly Cu---Cu distance of 14.8 A found in the X-ray crystal struc-
ture (Fig. S9t). A similar behavior has been reported in the dis-
crete stacking of a mononuclear Cu(un) complex within an

I I I I 1
0.1 0.2 0.3 0.4 0.5
BIT

Fig. 3 X-band ESR spectrum of the inclusion complex 1-31H,0 at room
temperature. The microwave frequency was 9.43 GHz.
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organic-pillared coordination cage;21 however, in our case,
y-CD can isolate a dimeric assembly completely.

Magnetic behavior. The isolation of the dinuclear complex
was further confirmed by the magnetic susceptibility data
(Fig. 4). The magnetic behavior can be attributed to a magneti-
cally isolated Cu(u) dinuclear complex. The yy,qT vs. T plot was
simulated by assuming that the inclusion complex was a Cu(u)
dinuclear complex. A spin Hamiltonian (eqn (1)) and eqn (2)
were used in the curve fitting:

H = —2]5:5, (1)
B NgZﬁZ 1
et =T [ (exp(—f/mf} - @

The best-fit parameters were g = 2.02 and J = —0.83(1) cm ™.

The J value means that the antiferromagnetic exchange coup-
ling between Cu atoms is weaker than that of the linear chain
complex 2. The different stacking is most likely responsible for
the difference in the magnetic behavior.

Calculated absorption spectrum. The interaction was also
confirmed by the absorption spectrum obtained via quantum
calculation. The simulated absorption spectra of the mono-
meric [Cu(L)(HL)]" fragment and the dimeric assembly were
very similar (Fig. S10t). In the spectrum of the dimeric assem-
bly, 46 transitions can be observed between 300 and 800 nm.
There are two transitions attributable to the HOMO—1(beta),
the HOMO(beta), the LUMO(beta), and the LUMO+1(beta) at
416 nm. The two [Cu(L)(HL)]" fragments contribute to the
HOMOs almost equally, whereas their contributions to the
LUMOs differ (7:3 or 3:7) (Tables S11, S12 and Fig. S11t).
Therefore, these two transitions can be attributed to interfrag-
ment charge transfer, that is, to the interaction between Cu frag-
ments. It is noteworthy that 30 transitions are classified into
this type. Two transitions are classified as intrafragment charge
transfer and others are unspecified. Unfortunately, the lack of
a spectrum of discrete [Cu(L)(HL)]" fragments prevented us
from comparing the observed spectra of the monomeric and
dimeric fragments.
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ot 015 — 065 o
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Fig. 4 Plots of ymoT vs. T and ymol Vs. T for the complex 1-31H,0
(circles: ymolT; triangles: ymol). The solid line represents the fit to the
data.
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Conclusions

In summary, we investigated the inclusion of [Cu(L)(HL)]" in
the cavity of y-CD in the solid state. Two [Cu(L)(HL)]" frag-
ments form one dimeric assembly, which is included in the
cavity formed by two y-CDs interconnected through their sec-
ondary rims. The dimeric assembly shows circular dichroism
induced by its tight packing in the chiral cavity of y-CD. The
effect of the tight packing was confirmed by spectroscopic and
magnetic studies. The confinement isolates the dimeric
assembly. The inclusion behavior of [Cu(L)(HL)]" in y-CD was
previously reported only in solution, and the resulting struc-
ture was speculated to have a Cu fragment:y-CD ratio = 2:1
according to the ESR and circular dichroism spectra. However,
the single-crystal X-ray diffraction study presented herein
revealed that the inclusion complex is formed by two Cu frag-
ments and two y-CD units. Furthermore, the included Cu frag-
ment is not [Cu(L),] but [Cu(L)(HL)], which was supported by
a quantum calculation study.

It is interesting that the inclusion complex shows different
properties from those of the free complex due not only to the
isolation but also to the confinement. Further studies of the
inclusion complex are underway in our laboratory.

Experimental section
General methods

All materials were purchased from commercial suppliers
(Wako Pure Chemical Industries, Ltd, Kanto Chemical Co.,
Inc. and Tokyo Chemical Industry Co., Ltd) and used without
further purification.

Bulk samples were used for all measurements except for the
single-crystal X-ray study, for which air-dried single crystals
were used. The single-crystal study revealed that the inclusion
complex contained 35 water molecules. Meanwhile, a water
content of 31 molecules was determined by elemental analysis
for the bulk samples. The powder X-ray diffraction (PXRD)
study revealed that the bulk sample showed almost the same
structure as that of the single-crystal study (Fig. S121).

The PXRD data were recorded on a Rigaku MultiFlex X-ray
diffractometer using Cu Ka radiation at a wavelength of 1.542 A.
The X-band ESR spectra were acquired with a JEOL RE-1X
spectrometer equipped with ES-IPRITS data system software on a
personal computer at room temperature. The absorption and cir-
cular dichroism spectra were measured on a SIMADZU UV-3600
UV-vis-NIR spectrophotometer and a Jasco J-820 circular dichro-
ism spectrometer, respectively, using KBr pellets. The pH was
measured using a DKK-TOA HM-40S pH meter with a two-point
calibration (pH 4.01 and 6.89). C, H and N analysis was con-
ducted by the Service Center of the Elementary Analysis of
Organic Compounds of Kyushu University.

Synthesis

[Cu(L)(HL)]PFs was prepared according to a previously
reported method."”
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{[Cu(L)(HL)],@(y-CD),}(PFs), (1). To a solution of [Cu(L)
(HL)]PF; (1.557 g, 3.657 mmol) in CH;CN (150 mL) was added
successively a solution of NH,PFs (0.607 g, 3.724 mmol) in
H,O (10 mL), a solution of y-CD (4.773 g, 3.680 mmol) in H,O
(50 mL) and a buffer solution (225 mL of 0.1 mol dm™
NaHCO; aqueous solution and 10.5 mL of 0.1 mol dm™
Na,CO; aqueous solution). The resulting clear blue-purple
solution was concentrated by slow evaporation for five days.
Finally, the mixture was concentrated to ca. 30 mL using a
rotary evaporator. The resulting precipitate was filtered and
dried under air overnight. 1.31H,0 (5.186 g, 70.83%).
Elemental analysis (%) found: C, 35.7; H, 5.8; N, 1.5. Calc. for
Ci20H136CU,F15N,04,P,-31H,0: C, 36.0; H, 6.2; N, 1.4.

X-ray crystallography

Single crystals of 1 suitable for single-crystal X-ray analysis
were obtained by slow recrystallisation from a buffer solution/
CH;CN solution of complex 1 at room temperature, and were
mounted in liquid paraffin and transferred to the cold gas
stream of the diffractometer. The data were collected on a
Rigaku Saturn 724 CCD area-detector diffractometer. A multi-
scan absorption correction was applied to the intensity data.
The structure was solved by direct methods (SHELXT-2018/2)**
and then refined by the full-matrix least-squares method on F>
(SHELXL-2018/3)** using the Yadokari-XG (Rev. 1078) software
package.?® All non-hydrogen atoms were refined with aniso-
tropic parameters. The H atoms of water were not included in
the final refinement. The H atom of OH in 2-pyCH,OH was
located in a difference Fourier map and the coordinate was
fixed. Other H atoms were included in the calculated positions
and refined using a riding model. Fig. S13} is the residual
density map obtained with the Olex2 (Ver. 1.5) program.>’
Residuals could be assigned to the O atom (oxygen of water) or
the H atom (hydrogen of water); however, the PLATON (Ver.
90622) program®® indicates that there are four solvent accessi-
ble areas and that each volume is ca. 10 A®. Crystallographic
diagrams were created with the Mercury (Ver. 2022.1.0)
program.*’

Crystal data for 1-35H,0: Cji0H,56CUF1,N0110P, M =
4076.29 ¢ mol™, T = 100(2) K, orthorhombic, P2,2,2, a =
18.1464(4) A, b = 28.9479(7) A, ¢ = 16.4270(4) A, V = 8629.1(4)
A®, Z =2, Deae = 1.569 g cm ™, ju = 0.401 mm™, crystal size 0.42
x 0.10 x 0.08 mm?®, reflections collected 120 168, independent
reflections 15 319, Ry, = 0.0353, goodness-of-fit on F* = 1.044,
Ry = 0.0798, WR, = 0.2211 (for I > 26(I)), R, = 0.0895, WR, =
0.2340 (for all data) (Ry = X[|Fo| — |Fe||/X|Fol- WRy = [XW(F,”
— F2/Yw(F,?)?]"?), absolute structure parameter = 0.031(3).
CCDC 2220549.t

Magnetism

Magnetic susceptibility was measured using a Quantum
Design MPMS-5S magnetic property measurement system.
Diamagnetic correction (—2.3 x 10~ em® mol™"), which was
calculated using Pascal’s constants, was applied.

This journal is © The Royal Society of Chemistry 2023
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Computational details

The Gaussian 09 (Rev. D.01) program package®® was employed
for all calculations. To estimate the formation energy of the
dimeric [Cu(L)(HL)]" assembly and the dimeric [Cu(L),] assem-
bly, density functional theory (DFT) calculation was per-
formed. The M06L and ®B97XD functionals were used, and
the basis sets SDD and 6-31G* were selected for Cu and other
atoms, respectively. The initial geometry for geometry optimi-
sation was the modified X-ray structure of [Cu(L)(HL)]PFs at
100 K."7 Structural optimisation was conducted in two steps.
First, optimisation was performed using the modelled struc-
ture without considering the solvent effect. The as-optimised
structure was then used as an initial structure for the second
optimisation. The solvent effect of water was applied with the
default Gaussian PCM implementation. The Facio (Ver. 23.1.5)
program® was used for molecular modelling. The Facio
program and the Gabedit (Ver. 2.5.1) program®® were used for
visualisation of the optimised structures.

To simulate the absorption spectrum, TD-DFT computation
was conducted to calculate the excited states in the gas phase
at the single point of the dimeric [Cu(L)(HL)]" assembly and
the monomeric [Cu(L)(HL)]" fragment obtained from the X-ray
crystallography study of 1. The B3LYP functional was used for
the calculation. The basis set was the same as above. The
Gabedit program was used for visualisation of the molecular
orbitals and the GaussSum (Ver. 3.0) program®" was used for
analysis of the simulated spectrum.
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