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Abstract

The crystal structure of a novel bis(ligand)copper(Il) complex of the pyridine-2-carboxaldehyde 2-furoyl hydrazone (HPC-
Fur) metallophore is described, altogether with its Hirshfeld surface analysis. The isolated compound crystallizes in the
monoclinic system, space group P2,/c, with four [Cu(PCFur),] molecules in the asymmetric unit. Symmetry around copper
is distorted octahedral. HPCFur coordinates in its deprotonated, iminolate form, which impacts the O1—-C7 and N2—N3
distances in both ligand units. The complex exhibits a variety of weak, non-conventional intermolecular hydrogen bonds.
Hirshfeld analysis and fingerprint plots indicate that, overall, hydrogen bond interactions are responsible for almost 50% of
the crystal 3D arrangement, while nondirectional H---H contacts account for 38.0%. To the best of our knowledge, this is the
first description of a copper(II) complex containing this ligand. The structural characterization of this poorly water soluble
species contributes to a better understanding of the intricate equilibria that take place in biologically relevant ternary peptide/
protein-copper-hydrazone systems.
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Introduction

During the last decade, attention has been drawn to the use
of N-acylhydrazones as potential metallophores, or Metal-
Protein Attenuating Compounds for the bioinorganic man-
agement of neurodegenerative disorders [1]. For example, in
our contribution to the special issue “Metals and Degenera-
tive Diseases”, published in Journal of Biological Inorganic
Chemistry at the end of 2019 [2], we reported on the effect of
two pyridine-2-carboxaldehyde-derived N-acylhydrazones
on the copper-catalyzed oxidation of the M112A PrP,y;_,,
mutant fragment (denoted dAMKHA). In addition, the paper
describes in detail the interaction between copper(Il) and
the decapeptide at pH 7.4, that occurs through the anchoring
site constituted by the side chain of histidine, in a coordina-
tion pattern completed by two or three deprotonated amide
nitrogens from the main-chain peptide bonds. We employed
1D and 2D NMR spectroscopy not only to propose the coor-
dination sphere of the main species present in equilibrium
in the IMKHA-—copper(II) system, but also to further study
the impact of HPCFur ligand (pyridine-2-carboxaldehyde
2-furoyl hydrazone, Scheme 1) on the peptide interaction
with the metal.

During those experiments, we observed the formation of
nice amber, geminated crystalline aggregates inside a 3 mm
NMR tube (Fig. 1) containing dMKHA peptide, HPCFur
N-acylhydrazonic ligand and copper(II) at the proportion
1:0.5:0.1. The crystals were formed after the tube was
inside the spectrometer for a while during measurements,
at a temperature of 5 °C. Unfortunately, single crystals were
too small, and their structure could not be elucidated at that
time.

More recently, we described in detail a full evaluation of
the copper(Il) chelation profile of new, HPCFur structure-
related, ligands in ternary systems containing a similar, non-
mutant, PrP,;_;;, fragment (AIMKHM) [3]. Mixed ligand
complexes comprising dIMKHM, copper(Il) ions, and the
N-acylhydrazone X1Fur were characterized by potentiom-
etry, UV-Vis spectroscopy, and circular dichroism. Some
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Scheme 1 Chemical structure of the N-acylhydrazone HPCFur (pyri-
dine-2-carboxaldehyde 2-furoyl hydrazone). Donor atoms involved in
the tridentate coordination are highlighted in color

Fig.1 Single crystals formed inside the NMR tube under optical
microscope

species were also identified by ESI-MS and unequivo-
cally assigned through their isotopic distribution pattern.
For this kind of three-component systems, we found that,
at physiological pH, the ternary peptide-hydrazone-copper
complex is the main species and that, in more basic media,
bis(hydrazone)copper(Il) complex predominates.

In this context, and in order to confirm the nature of this
poorly soluble species, and to get additional insights on this
type of biologically relevant ternary systems, we managed
to crystallize the compound under experimental conditions
similar to those employed in the published NMR experi-
ment. Although crystallized at physiological pH, the species
showed to be a bis(thydrazone)copper(Il) complex (1) of the
HPCFur ligand. While the structures of copper(I) complexes
of HPCFur have been already reported in the literature [4],
this is, to the best of our knowledge, the first description of a
cupric complex containing this ligand. Therefore, this brief
communication reports on the crystal structure of that com-
pound, as well as the respective Hirshfeld surface analysis.
The importance of this species for the whole equilibrium
panorama in such decapeptide-copper-hydrazone systems
is also explored.

Materials and Methods
The decapeptide dAMKHA (Ac-SKPKTNMKHA-NH,)

was assembled using the solid-phase peptide synthesis
strategy on a Liberty 1 Peptide Synthesizer [5] and kindly
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provided by our collaborator Prof. Csilla Kallay (Univer-
sity of Debrecen, Hungary).

To a solution containing dAMKHA (5 mmol L~! in 50
mmol L=! HEPES buffer, pH 7.4), 1.2 pL of aqueous
0.55 mol L™! CuCl,-2H,0 was added and the mixture
immediately turned blue and turbid. Thus, 100 pL of buffer
were added to redissolve the amorphous precipitate. Then,
12.5 uL of HPCFur solution (0.177 mol L™! in methanol)
were added to the now clear blue system, which instantly
turned yellow. The mixture was reserved protected from
light at 4 °C. Single crystals of compound 1 suitable for
crystallographic measurements were isolated after some
days.

Alternatively, 1 can be synthesized in the absence of pep-
tide by reacting HPCFur (1 mmol) and CuCl,-2H,0 (0.5
mmol) in a 50% water/methanol solvent system. The dark
green solid immediately formed was filtered off and dis-
carded, and the filtrate pH, initially at 3, was adjusted to 7
with aqueous NaOH, turning the solution dark yellow. Small
crystals of 1 were observed after few hours upon standing at
4 °C. Yield: 39.2 mg (16%). Copper analysis (ICP-OES)—
found: 14.3%; calculated for C,,H,,O,N¢Cu: 12.9%. Mid-
infrared spectra of ligand HPCFur and complex 1 were per-
formed in a Perkin-Elmer 100 FT-IR spectrophotometer.
Samples were measured as potassium bromide pellets.

Data collection was conducted in a Bruker D8 Venture
diffractometer operating at 100 K with Cu Ka (A=1.54184
A, microfocus source, IuS 3.0), and Photon II detector. A
total of 1170 images were collected, and 27,579 reflections
obtained after integration using a narrow-frame algorithm
implemented on Bruker SAINT (V8.40 A) [6]. Absorp-
tion was corrected with multi-scan method implemented in
SADABS (version 2016/2) [7] on Apex 3 system. Structure
was solved with direct methods in ShelxS (version 2013/1)
[8] and refined employing full-matrix least-square based
on F? with ShelxL (version 2018/3), implemented in both
WinGX (version 2020.2) [9] and ShelxLE (version QT5-64
rev 1306) [10] softwares. Non-hydrogen atoms were located
in Fourier maps and refined anisotropically. Hydrogen atoms
were added theoretically and treated by rigid model, with
Uiso(H)=1.2 Ueq. Hirshfeld Surface and Fingerprint Plots
were obtained with Crystal Explorer (version 17.5) [11].
Other figures and analyses were created with Mercury (ver-
sion 2021.2.0) [12] and Platon (21/12/20) programs [13].

The powder XRD pattern was obtained on a Bruker D8
Discover diffractometer operating at 40 kV and 40 mA,
using Cu Ko radiation, Ni filter, LynxEye detector, and
Bragg-Brentano geometry. A background-free sapphire sam-
ple holder was employed to collect the diffraction between
5° and 40° (20), step size of 0.02°. Acquisition time was
adjusted to obtain a minimum of 25,000 counts on the most
intense peak. Rietveld fitting with fundamental parameters
were done using Profex 5.0 [14] and Topas [15] softwares.
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Results and Discussion

The isolated compound crystallizes in the monoclinic sys-
tem, space group P2,/c, with four [Cu(PCFur),] molecules in
the asymmetric unit. Crystal, data collection and refinement
parameters are summarized in Table 1. The corresponding
ORTEP view is shown in Fig. 2. Selected bond distances and
angles are given in Table 2.

Symmetry around copper is distorted octahedral. The
ligand coordinates in its deprotonated, iminolate form,
which impacts the O1—-C7 and N2—N3 distances in both
HPCFur units. This N-acylhydrazone (NAH), as expected,
performs like a tridentate, meridional ligand through the
pyridine and azomethine nitrogen atoms and the iminolate
oxygen. As a consequence of this coordination mode, com-
bined with the pronounced Jahn-Teller effect displayed by
copper(Il), the ligand units are not equivalent and one of
them (unit A), occupying the equatorial plane of the mol-
ecule, is more tightly bound to the metal center than the
other (unit B), which lies along the elongated z-axis. This
so-called axial ligand is much more prone to protonation
at the N3 atom than the equatorial one, which explains
the presence of the [Cu(NAH,,; o onaied) NAHeprotonatea) ]
species in the equilibrium models proposed for the related
systems containing the hydrazones X1Fur and X1Thio [3].
The structure of 1 is similar to other structures previously
published in the literature, such as the one of [Cu(PCIH),]

Table 1 Crystal data, collection, and refinement parameters for 1

Chemical formula CyH,;,O,NCu

Formula weight (g mol ™) 491.95
Crystal system Monoclinic
Space group P2/c
Temperature (K) 100(2)
a b, c(A) 10.9421(12), 8.3376(10), 22.303(3)
Q) 93.804(5)
z 4
Cell volume (AZ’) 2030.2(4)
F (000) 1004
p (mm™h 1.914
Cystal size (mm) 0.358x0.126 x0.050
T nins Tmax 0.5906, 0.7536
h,k,I (min; max) —13;13;-9; 10, — 27,27
Ry 0.0799
Theta Min, Max 3.973, 67.679
R[F?*>26(F?)], wR(F?), S 0.0487, 0.1137, 1.005
Reflections/Parameters 3843 /314
No. of restrains 6
APy APy (€ A7) - 0.67,0.55
Data completeness 0.961
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Fig.2 ORTEP representation
of the crystal structure of 1. The
disorder in the equatorial furoyl
ring is highlighted. Ellipsoids
were drawn with 50% probabil-
ity level

Major component: 76%
(C8A-O2A-C9A-C10A-C11A)

Minor component: 24% _-
(C8C-02C-CIC-C10C-CHC)

Table 2 Selected bond distances and angles for 1

Bond distances (10\) Bond angles (°)

Cul-O1A 2.0467(18) O1A-Cul-O1B 92.70(8)
Cul-O1B 2.260(2) O1A-Cul-NI1A 157.38(9)
Cul-N1A 2.062(2) O1A-Cul-NIB 93.40(8)
Cul-N1B 2.462(3) O1A-Cul-N2A 78.20(9)
Cul-N2A 1.943(2) O1A-Cul-N2B 103.27(9)
Cul-N2B 1.981(2) O1B-Cul-N1A 94.49(9)
O1A-CTA 1.273(4) O1B-Cul-N1B 150.03(8)
01B-C7B 1.261(4) O1B-Cul-N2A 98.70(9)
N2A-N3A 1.366(3) O1B-Cul-N2B 75.45(9)
N2B-N3B 1.378(3) NIA-Cul-N1B 91.02(9)
NIA-Cul-N2A 79.52(10)
NI1A-Cul-N2B 99.29(10)
N1B-Cul-N2A 111.28(9)
N1B-Cul-N2B 74.59(9)
N2A—Cul-N2B 173.97(10)

[16]. It is worth noting that, in spite of their similarity, the
first PCFur™ unit, occupying equatorial coordination sites,
binds copper(Il) in a stronger way than PCIH™, given its
shorter N1IA—Cul and O1A—Cul distances [2.062(2) vs.
2.118(3) A and 2.0467(18) vs. 2.096(3) A, respectively].
On the other hand, the axial PCFur™ pyridine nitrogen
N1B is much weaklier bound than the corresponding atom
of PCIH™ [2.462(3) vs. 2.301(4) A]. A broader comparison
involving analogous structures from CSD database (CSD
5.42, sep21 update) performed using the software Mogul
2021.2.0 [17] showed that most geometrical parameters in
1 are close to those found in similar structures. An excep-
tion is precisely the Cul-N1B distance, the longest among
173 related copper complexes. The average Cu—N distance
is 2.093(96) A.

Another interesting aspect in this structure is the posi-
tional disorder observed in the equatorial furoyl ring. A two-
site model was employed (detail in Fig. 2). Major component
A (76%) has the oxygen pointing out, while in the minor
component C (24%) oxygen is pointing in, although in both
cases the ring is near coplanar with the molecular structure.
Axial ligand (B-coded) does not exhibit such disorder.

Complex 1 exhibits a variety of weak, non-conventional
intermolecular hydrogen bonds. A pair of such interactions
involving O1B as acceptor (namely, C10A*—H:--O1B and
OIB--- H-C11B**) give origin to a tape motif that grows
along crystallographic axis b (Fig. 3A). The arrangement is
also mediated by polar x---x stacking contacts involving pyri-
dine and furan rings, slipped by 1.467 A, of A-coded equato-
rial ligands from different molecules of 1. Distance between
centroids is 3.599(5) A and between n-planes is 3.286(5) A.
The relatively strong nature of this interaction is evidenced
by the d,,,,, Hirshfeld surface displayed in Fig. 3B. The zig-
zag chains thus generated interact with each other through
cross C5SA—H---N3B*** bonds (not shown). Table 3 sum-
marizes the whole landscape of hydrogen bonds present in
the crystal lattice of 1.

The d, ., Hirshfeld representations display, in the form of
red spots, the portions over the molecule surface where the
distance from the nearest atom of the neighboring molecule
is smaller than the respective van der Waals radii sum, thus
highlighting the strongest interactions. Figure 3C reveals
that the main intermolecular connections are those involving
nondirectional H---H contacts, followed by non-conventional
CH---O and CH---N bonds, CH---x and =---x interactions. Fin-
gerprint plots confirm this result, showing CH:--O hydro-
gen bonds (21.4%) as well-defined spikes, CH:--N (10.9%)
as less pronounced spikes and CH---nt (17.3%) typically as
wing-shaped regions. On the other hand, the n---x contact
can be observed as a light-blue area at the center of the map.
Overall, hydrogen bond interactions are responsible for
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Fig.3 Intermolecular interac-
tions observed in the crystal
lattice of 1. A Non-conventional
hydrogen bonds (light blue
lines) generate a zig-zag tape
motif running parallel to the

crystallographic axis b, which
is further stabilized by ©---1
stacking contacts (orange dot-
ted lines). B Analysis of the

Hirshfeld surface mapped with
dyorm (0212 to 1.016), and
filtered by C---C interactions,
confirm the relatively strong
nature of the x---w stacking
contacts. C Fingerprint plots
indicate that the main interac- T
tions present are, in decreasing ¢ Hirshfeld Surface
order, non-conventional CH---O 2
and CH---N bonds, as well as N
CH:--w and &t---7 contacts (Color

figure online) "

12

o

d

,A€ H--0/0H: 21.4 %

26}

24
22
20|
1y
1ef
14
12
19

¢ H-N/N---H: 109 %

di

Table 3 Hydrogen bond geometric parameters for complex 1
D-H-A D-HA) H-AA) D-AA) D-H-A()
C10A*—H--O1B  0.9500 2.5900 3.167(8)  120.00
O1B---H-C11B** 0.9500 2.3600 3.287(4) 164.00
C5A—H--N3B*** 0.9500 2.5100 3.204(4)  130.00

Symmetry codes: *x, 1+y, z, ¥**1 —x, - Y2+ y,Va—z, ¥ —x, 2 —
v, 1l-z

almost 50% of the Hirshfeld surface, while nondirectional
H---H contacts account for 38.0%.

Relevance of the crystallographic findings to the equi-
librium panorama involving this kind of three-component
systems: while 1 was obtained in the presence of AIMKHA,
the decapeptide did not take part in the crystal lattice, con-
firming the results previously reported by us on the effec-
tive disruption of peptide-copper(Il) interactions by triden-
tate N-acylhydrazones, when in excess from 3-fold on [3,
18-20]. In fact, simulations performed through the Hyss
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Fig.5 Comparison, at the small angle limit, between the experimen-
tal diffractogram of 1 (synthesized in the absence of peptide) and that
simulated from the monocrystal .cif file. Difference is also included

2009 program [21] for a system containing the closely
related X1Fur ligand indicate that, under the conditions used
in the crystallization of 1, metal-containing species predomi-
nating at pH 7.4 are the partially protonated and the fully
deprotonated bis(hydrazone) complexes. In such an excess of
ligand, the ternary peptide-copper-NAH species is minori-
tarian. As 1 is the only neutral species, it precipitates from
the solution. This was not observed for the complex derived
from the 1-methylimidazole-containing ligand X1Fur, due
to its higher water solubility.

Nevertheless, complex 1 can also be prepared through
more direct protocols as well. The one reported in the pre-
sent work involved the reaction between two equivalents of
HPCFur and one of copper(Il) chloride, with initial precipi-
tation of an ML complex. After filtration and pH neutraliza-
tion, complex 1 was isolated as a polycrystalline solid upon
cooling. The small yield obtained is probably related to the
loss of reactant mass in the form of the monoligand coor-
dination compound ML. Figure 4 displays the overlapped
infrared spectra of HPCFur and complex 1. Most of the
ligand bands are still observed in the spectrum of 1, although
some specific frequencies shifts constitute unequivocal signs
of the hydrazone deprotonation and coordination to copper.

In order to check if the crystalline phase of 1 samples
synthesized in the presence and the absence of AMKHA
were the same, we performed a powder XRD study in which
the experimental diffraction pattern of the sample prepared
in the absence of the peptide was compared to the pattern
simulated from the monocrystal .cif file (Fig. 5). As it can
be concluded by the difference between them (gray line in
the figure), both diffractograms are fully consistent. The lat-
tice parameters obtained were a=11.0507(4), b=8.4435(4),
c=22.354(1) A, and p=94.015(3)° and the fitting quality

parameters were RWp =4.42, Rp = 3.03, and gof=2.68,
confirming the excellent overall fitting. Nonetheless, three
small peaks at 16.45°, 21.32°, and 29.43° 20 values were not
fitted, which may be related to the presence of some very
small unidentified crystalline impurity. The powder showed
a preferred orientation consistent with the observed needle
morphology, that was adjusted with spherical harmonics.
The mean crystallite size, modeled with a Lorentzian curve
and determined by the integral breadth [22], was equal to
163+ 6 nm.

Conclusions

In spite of the existence of some reports about
bis(aroylhydrazone)copper(Il) complexes in the literature,
the novelty of the present work resides on the fact that 1 was
obtained in the presence of a coordinating decapeptide, a
mutant fragment of the human prion protein. This constitutes
another clear experimental evidence of N-acylhydrazone
metal abstraction from the protein, an important mechanism
of action for metallophores proposed for the management of
metal-enhanced aggregopathies such as Alzheimer’s, Par-
kinson’s and Transmissible Spongiform Encephalopathies.

Hirshfeld surfaces and fingerprint plots were employed to
visualize and better characterize the intermolecular interac-
tions in the crystal lattice. The analysis indicated the pres-
ence of intermolecular connections involving nondirectional
H---H contacts, non-conventional CH---O and CH---N bonds,
as well as CH:--n and =---w interactions.

Complex 1 can alternatively be prepared in the absence
of AMKHA. Powder XRD patterns demonstrated that both
samples have the same crystalline phase, regardless of the
methodology employed for their synthesis.

The structural characterization of this poorly water solu-
ble species contributes to a better understanding of the intri-
cate equilibria that take place in biologically relevant ternary
peptide/protein-copper-hydrazone systems.
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