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A novel rosarin di-Cu complex 2Cu-1 and a linear six-pyrrolic mono-copper complex 1Cu-1 were syn-
thesized using rosarin as the ligand. The molecular conformations of these complexes were confirmed by
X-ray crystallography. The optical study of 1Cu-1 indicated NIR-Il absorption due to the long six-pyrrolic
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ligand and the ICT effect. The 2Cu-1 complex exhibited a very narrow electronic reduction—-oxidation gap
of 0.50 eV, attributed to the antiaromatic characteristics of the rosarin ring. The first HER study of the di-
copper rosarin complex 2Cu-1 indicated that the multi-metal poly-pyrrolic complexes are promising
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Introduction

Poly-pyrrolic macrocycle molecules are native ligands that are
used to form multi-metal complexes."”> Among these, hexa-
phyrins, typical expanded porphyrinoids that comprise six
pyrrole rings, are significant owing to their various structures
(planar topology and flexible topologies including figure-of-
eight, Hiickel and Mobius conformations),® NIR absorption,*
diverse coordination abilities,>* multi-electron donation and
withdrawing abilities.”> Since Dolphin’s group reported the
first meso-hexaphyrin(1.1.1.1.1.1) in 1997, ° the study of these
macrocycles has expanded significantly. Copper is an attractive
catalytic element that provides rich yields in various appli-
cations, including organic synthesis” and photo-/electro-
catalytic reactions involving H,0, O,, N,, and CO0,.% As a conse-
quence, copper porphyrinoid complexes have been extensively
studied and are still attracting our attention, especially multi-
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molecular hydrogen evolution reaction catalysts.

copper complexes since they are potential platforms for elec-
tron spin and synergistic catalysis between di-metal ions.>”°

In 2004, Osuka’s group reported a series of meso-hexa-
phyrin(1.1.1.1.1.1) dicopper complexes (Fig. 1). The copper
coordination in these complexes cleaves the global aromatic
ring of meso-hexaphyrin(1.1.1.1.1.1), with O and Cl atoms
serving as linked bridges between di-copper ions.** In 1996
and 2007, Lynch and Sessler reported two di-copper complexes
of hexaphyrin(1.0.0.1.0.0) and hexaphyrin(1.0.1.0.0.0), which
are regarded as ring contracted hexaphyrins compared to hexa-
phyrin(1.1.1.1.1.1) (Fig. 1). These two di-copper complexes
retained the global aromatic properties of their respective hex-
aphyrins, with di-copper sharing two Cl atoms as linked
bridges.®” In 2019, we reported a novel figure-of-eight shaped
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Hexaphyrin(1.1.1.1.1.1)

Hexaphyrin(1.0.1.0.0.0)
Ring
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Fig. 1 Di-copper hexaphyrin complexes.
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dicopper hexaphyrin(2.1.2.1.2.1) complex. Due to the flexible
structure of hexaphyrin(2.1.2.1.2.1), copper ions can control
the aromaticity and cis-/trans-isomerization of hexaphyrin
(2.1.2.1.2.1).> Over the past years, we have been studying
expanded porphyrins extensively.’® In 2022, we first reported
highly planar hexaphyrin(1.0.1.0.1.0) (rosarin).'* We found
that it can form mono-Re,'? di-Rh,*” tri-Rh,*” mono-B,'* and
hybrid di-Rh/B"® complexes. These reported complexes of
rosarin showed special and interesting properties, such as a
highly stable antiaromatic ring,"" stabilization of the neutral
radical through hetero-bimetal coordination,"? and conflicting
aromaticity in trirhodium(i) rosarin.*?

In this work, we report a novel rosarin di-Cu complex (2Cu-
1) and a linear six-pyrrolic copper complex (Cu-1) synthesized
through a copper coordination reaction between antiaromatic
rosarin (1) and copper salts. The molecular structures, optical
and electronic properties, and chemical bonding of Cu-1 and
2Cu-1 were investigated using high resolution mass spec-
trometry (HR-MS), electron paramagnetic resonance (EPR)
spectroscopy, nuclear magnetic resonance (NMR) spec-
troscopy, X-ray crystallography, UV-Vis absorption, electro-
chemistry and theoretical calculations. Furthermore, due to
the presence of two Cu ions, the hydrogen evolution reaction
(HER) ability of 2Cu-1 was evaluated.

Results and discussion

The mono- and di-copper complexes of 1 were synthesized
under two sets of coordination reaction conditions (Scheme 1).
The rosarin 1 was reacted with 10 equivalents of CuCl,-2H,0
or Cu(OAc),yH,O0 in a dichloromethane (CH,Cl,)/MeOH
mixture at room temperature under a N, atmosphere. Through
purification by silica gel column chromatography, Cu-1 and
2Cu-1 were isolated with yields of 6% and 48%, respectively.

CU(OAC)z'Hzo
or
CuCly2H,0

DCM/MeOH
Ny, rt., 2 hAr

CUC|2‘2H20 =
Toluene, 80°C, 2 h X

Scheme 1 Syntheses of Cu-1 and 2Cu-1.
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High-resolution mass spectrometry (HR-MS) and X-ray diffrac-
tometry of Cu-1 revealed that it is a linear six-pyrrolic copper
complex. Due to the presence of -MeO groups that cut the
macrocyclic ring, toluene was chosen as a solvent to facilitate
coordination at high temperatures. The rosarin 1 was reacted
with 10 equivalents of CuCl,-2H,0 in toluene at 80 °C under a
N, atmosphere for 2 h. Under these conditions, only 2Cu-1
was isolated in 64% yield. The HR-MS spectra of Cu-1 and
2Cu-1 exhibit the corresponding molecular ion peaks at m/z =
1047.0606 [M]" (caled for C47H;oCuF;5Ns0, = 1047.0626 [M]")
and m/z = 1118.9015 [M + H]" (caled for Cy45H;3Cl,Cu,F5Ng =
1117.8931 [M]"), respectively (Fig. S1 and S2, ESIf). The EDS
elemental experiments showed the presence of C, F, N, Cu and
Cl elements in the 2Cu-1 complex (Fig. S3, ESI}).

Suitable single crystals of Cu-1 and 2Cu-1 were grown by
slow evaporation of CH,Cl, solution (Fig. 2 and crystal data in
the ESIf). In Cu-1, the macrocyclic antiaromatic ring was cut
by two -MeO groups of 1 to form a linear structure.'® Two of
the three dipyrrin units in Cu-1 are coordinated with one
copper ion, while the third dipyrrin unit remains uncoordi-
nated (Fig. 2a). The copper(u) ion of Cu-1 is coordinated to
four nitrogen atoms of two dipyrrin units in a distorted square
planar geometry. The angle between the coordinated two
dipyrrin units is 25.5°. The single crystal of 2Cu-1 exhibits a
disorder involving three copper positions (Fig. 2 and crystal
data in the ESI}). The free-base 1 exhibited good planarity,"*
whereas the main rosarin skeleton of 2Cu-1 is slightly dis-
torted. The mean plane deviation (MPD, defined by the 33
core C and N atoms) of 2Cu-1 reaches 0.23 A. 2Cu-1 has a sig-
nificant bond-length alternation, which is consistent with the
antiaromatic nature of rosarin."' The bond-length differences
between neighbouring Cies0-Co bonds in 2Cu-1 are 0.050,
0.033, and 0.047 A (Fig. 2b). Furthermore, the Cu-Cu distance
in 2Cu-1 is longer than the typical Cu-Cu bond in the Cu,
dimer (2.26 A), indicating weak or no interaction between
copper ions in 2Cu-1."?

An attempt was made to record the "H NMR spectrum for
2Cu-1. The spectrum revealed two very broad peaks corres-
ponding to B-pyrrolic H-atoms, indicating the open-shell struc-
ture of 2Cu-1 (Fig. S4, ESIT). Thus, EPR analysis is required to
reveal the nature and features of the 2Cu-1 open-shell system

(a) (b)

Cu-N1: 1.998(3) A Cut-N: 1.942(4) A
Cu-N2: 1.943(3) A Cut-N: 1.942(4) A
Cu-N3: 1.940(3) A Cu2-N: 1.939(4) A
Cu-N4: 2.003(3) A gz Cu2-N: 1.941(4) A
1.328(5) P

Fig. 2 Single crystal structures of (a) Cu-1 and (b) 2Cu-1 with selected
bond distances (A). Thermal ellipsoids are shown at 40% probability. The
hydrogen atoms and disordered parts of 2Cu-1 are omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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(Fig. S5, ESIY). Given the even number of electrons, we expect
that at least two unpaired electrons are present in the struc-
ture. The EPR spectrum of 2Cu-1 exhibited g values of 2.08
and 2.29. The observed EPR spectrum is in good agreement
with the simulated spectrum with the spin Hamiltonian para-
meters: S =1, g, = 2.08, gj = 2.29, D = 5.01 x 10 % em™, E =
1.67 x 10~° em™", A;(Cu) = 5.00 x 10~* em ™", 4;(Cu) = 8.00 x
107 em™, A, (N) = 3.50 x 107° em ™", and 4;(N) = 2.00 x 10~°
em™.'® This simulated result indicates that the two unpaired
electrons effectively exhibit zero coupling between each
other."”

To reveal the nature of Cu-Cu interactions within 2Cu-1
and analyze its spin density distribution, we performed hybrid
DFT analysis of the synthesized complex. Geometries for
different spin states (singlet, triplet, and quintet) were opti-
mized to reveal the energetically lowest spin state. Upon optim-
ization, the geometries for different spin states were found to
be mainly similar, retaining the main structural features. The
calculated Cu-Cu distances for singlet, triplet, and quintet
states are 2.36 A, 2.34 A, and 2.86 A, respectively. The most
energetically stable spin state was found to be the triplet state,
which is lower in energy by 25.4 kcal mol™' compared to the
closed-shell singlet state and 20.5 kcal mol™" compared to the
open-shell quintet state. The computed Cu-Cu distance for the
ground triplet state is slightly shorter than the experimentally
obtained Cu—Cu distance for 2Cu-1, which can be attributed to
the underestimation of the metal-metal bond distance with
hybrid functionals. Further optimization of the structure using
the GGA PBE method resulted in a Cu-Cu distance of 2.41 A,
which shows better agreement with the experimental values.

The unpaired spin density for the optimized triplet struc-
ture is shown in Fig. 3a. As observed, the spin density is sig-
nificantly delocalized with the major density spreading to the
rosarin ligand and Cu, parts. By integrating the spin densities,
it is evident that approximately one electron is localized on the
Cu, fragment, while the other electron resides on the rosarin
part. Similar spin density delocalization was observed before
in copper-containing compounds.'” In the geometry of triplet
species, we also calculated the broken-symmetry open-shell
singlet to understand the spin-coupling constant between two
unpaired electrons. The calculated spin-coupling constant was
found to be close to 0 eV, which agrees with the EPR results.

Because the Cu-Cu distance of 2Cu-1 is longer than a
typical Cu-Cu bond,"® we decided to decipher the chemical
bonding pattern of 2Cu-1 using the Adaptive Natural Density
Partitioning (AdNDP) localization scheme. The AANDP and
NBO analyses revealed four lone pairs on each Cl atom, for-
mally giving them a charge of —1. Additionally, five alpha
d-type electrons and four betta d-type electrons were localized
on each Cu atom. However, beta electron density partitioning
reveals the presence of an additional 2c-1e Cu-Cu c-bond with
an occupation number of 0.99|e|, formed by d-orbitals
(Fig. 3b). This gives the Cu, fragment a +3 formal charge
(since there are 19 valence electrons on two Cu atoms, while a
neutral Cu, would have 22 electrons) and a formal average oxi-
dation state of +1.5 for each Cu atom. This chemical bonding

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Spin density map of 2Cu-1 obtained at the CAM-B3LYP-D3
(BJ)/def2-SVP level of theory; and (b) the 2c—1e Cu—Cu c-bond element
and its occupation number obtained from the AANDP analysis of 2Cu-1.

analysis is consistent with the observed spin-density distri-
bution, where the Cu, fragment has one unpaired electron
(from AANDP we have 10 alpha and 9 beta electrons on the
Cu, fragment). The rest of the chemical bonding is in agree-
ment with the AANDP analysis of previously studied rosarin
complexes,’” with the only difference being that instead of
having six delocalized 33c-2e bonds on the rosarin ligand, we
have five delocalized 33c-2e bonds and the presence of an
unpaired 33c-1e bond with an occupation number of 0.98|e|.
The presence of 11 instead of 12 delocalized electrons in the
rosarin ring makes its antiaromatic characteristics less pro-
nounced. The QTAIM analysis confirms the presence of weak
interactions between Cu atoms, revealing a bond critical point
between Cu atoms with a low electron density of 0.05 a.u. and
an electron localization function (ELF) value of 0.25, indicating
the presence of weak bonding interactions.

The optical properties of Cu-1 and 2Cu-1 were investigated
using UV-vis-NIR absorption spectra in CH,Cl, (Fig. S6a, ESIT).
The 2Cu-1 complex exhibited a main absorption band at
484 nm. Interestingly, the linear six-pyrrolic complex Cu-1
exhibited a main absorption band at 537 nm and other bands
in the NIR region, at 830 and 930 nm. These absorption
spectra reflect the antiaromaticity of 2Cu-1 and the open-chain
tetrapyrrolic metal complex of Cu-1."'>'® The TD-DFT ana-
lysis of 1Cu-1 was performed to evaluate the optical absorp-
tion. The ICT of the band at 930 nm was confirmed (Fig. S7
and S8 and Table S1, ESIf)."® The redox properties of 2Cu-1

Dalton Trans., 2024, 53,16879-16884 | 16881
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were measured using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in CH,Cl, (Fig. Séb, ESI{). The
amount of Cu-1 is too small to perform CV and DPV. 2Cu-1
showed three reversible oxidation and two reversible reduction
E,,, potentials at 0.84, 0.43, 0.17, —0.33, and —0.56 V (vs. SCE).
The cyclic voltammetry results of 2Cu-1 show that the first oxi-
dation (Ey;) and first reduction (E.q1) E1/, potentials gave a
very narrow gap of 0.50 eV (Egap, v = Eoxi — Erear)-'*"> Based
on our previous work,"" " these oxidation-reduction peaks are
attributed to the macrocycle itself. The DFT calculated SOMO
()-SUMO(p) gaps of 2Cu-1 are 1.44 and 1.65 eV, respectively
(Fig. S9, ESIf). The relatively narrow calculated SOMO(o)-
SUMO(B) gaps are due to the antiaromatic rosarin ring."*"!
The 2Cu-1 was loaded on a carbon nanotube (CNT) to
obtain the HER ink 2Cu-1@CNT to investigate its hetero-
geneous electrocatalytic HER capacity in 0.5 M H,SO, aqueous
solutions at room temperature.'® The HER ink morphology of
2Cu-1@CNT was characterised by using scanning electron
microscopy (SEM) and mapping images (Fig. S10, ESI{), which
showed uniform distribution of 2Cu-1 on the CNT. The typical
Cu signals of 2Cu-1@CNT were confirmed by X-ray photo-
electron spectroscopy (XPS) (Fig. S11, ESIf). The high-resolu-
tion XPS spectra of Cu 2p,;, and Cu 2p;, showed peaks at
936.1 and 953.2 €V, respectively, corresponding to Cu ions,
which is similar to the XPS result of the porphyrin(1.1.1.1) Cu
complex and the benzene-fused porphyrin(2.1.2.1) complex
loaded on CNTs.' The SEM and XPS results indicated that we
successfully prepared the HER ink. The linear sweep voltam-
mograms (LSVs) of 2Cu-1@CNT show that it was more HER
active in aqueous solutions (Fig. 4a). 2Cu-1@CNT gave a lower
overpotential (550 mV) than the porphyrin(2.1.2.1) copper,
benzene-fused porphyrin(2.1.2.1) di-copper and porphyrin
(1.1.1.1) copper complexes to actuate a current density of
10 mA cm > under the same HER measurement
conditions.®*° The LSV result of 2Cu-1@CNT is evidence that
2Cu-1 is a good di-copper porphyrinoid heterogeneous HER
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Fig. 4 (a) Blank LSV curves (red line) and HER LSV curves (black line) of
2Cu-1in 0.5 M H,SO,, (b) Tafel slope plot, (c) Nyquist plot and (d) CVs at
different scan rates of 2Cu-1@CNT.

16882 | Dalton Trans., 2024, 53, 16879-16884

View Article Online

Dalton Transactions

catalyst.'°?® The ideal HER activity of 2Cu-1 is due to di-Cu
ions and strong n-7 interactions between the rosarin larger
nligand of 2Cu-1 and the CNT.'***" The Tafel plot of 2Cu-
1@CNT is 190 mV dec™' (Fig. 4b). The Nyquist plot of 2Cu-
1@CNT has a semicircular shape, and the diameter of the
semicircular is smaller than that of copper porphyrinoid
heterogeneous HER catalysts, indicating that 2Cu-1@CNT has
a lower charge transfer resistance (R.) (Fig. 4c). CV was con-
ducted at different scan rates (Fig. 4d) to estimate the electro-
chemically active surface area (ECSA) by measuring Cy
(Fig. S12, ESIt). The Cq value of 2Cu-1@CNT is 1.5 mF cm ™2,
indicating that 2Cu-1@CNT exhibits high HER catalytic activity
as a molecular catalyst. The HER catalytic stability of 2Cu-
1@CNT was demonstrated using an I-¢ test (Fig. S13, ESIf).
2Cu-1@CNT was shown to be stable during electrolysis in 0.5
M H,SO, for the HER for 12 000 s. The stability of 2Cu-1 after
the HER catalysis was also investigated by UV-Vis spectroscopy.
After catalysis, 2Cu-1 was obtained using ultrasound at the
electrode. The absorption spectrum of 2Cu-1 after HER cataly-
sis supports the good stability of 2Cu-1 (Fig. S14, ESIt). The
first HER study attempt of the di-copper hexaphyrin complex
indicated that the multi-metal ploy-pyrrolic complexes are
promising molecular HER catalysts.

Experimental
Instrumentation and materials

The UV-vis absorption spectra were recorded with a JASCO UV/
VIS/NIR spectrophotometer V-670. The "H NMR spectrum was
recorded on a JNM-ECX 400 spectrometer (operating at
400 MHz for 'H) using the residual solvent as the internal
reference for 'H (5 = 7.26 ppm in CDCl;). The APCI-FT-MS
mass spectrum was recorded on a Thermo Fisher Scientific
spectrometer. All solvents and chemicals were used without
further purification except as noted. The HR-MALDI-TOF-MS
spectrum was recorded on a Bruker Daltonics autoflex
MALDI-TOF-MS spectrometer. The electron paramagnetic reso-
nance spectroscopy (EPR) signal of the copper complex was
measured using a Bruker EMXPlus spectrometer. X-ray crystal-
lographic data for CCDC: 2365116 (Cu-1) were recorded at
193 K on a Bruker D8 VENTURE TXS PHOTON 100 diffract-
ometer using MoKa radiation from the corresponding set of
confocal optics. X-ray crystallographic data for CCDC: 2365126
(2Cu-1) were recorded at 193 K on a Bruker APEX-II CCD diffr-
actometer using GaKo radiation from the corresponding set of
confocal optics. They both used Olex2,** and the structures
were solved with the SHELXT*® structure solution program
using intrinsic phasing and refined with the SHELXL** refine-
ment package using least squares minimization. Cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) were con-
ducted in a solution of 0.1 M TBAP in CH,CIl, at a scan rate of
0.1 V s in an Nyfilled cell. A glassy carbon electrode and a
platinum wire were used as a working and a counter electrode,
respectively. A saturated calomel electrode (SCE) was used as a

This journal is © The Royal Society of Chemistry 2024
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reference electrode. All density functional theory calculations
were performed with the Gaussian 16 program package.?

Electrochemical study

The linear sweep voltammograms (LSVs) were acquired in 0.50
M H,S0, using a three-compartment cell with a glassy carbon
working electrode, a graphite rod auxiliary electrode, and an
Ag/AgCl (saturated with KCl) reference electrode. The prepa-
ration of the catalyst-coated glassy carbon electrode is
described as follows. To 1.0 mL of freshly distilled acetonitrile,
1.0 mg of CNTs, 1.0 mg of 2Cu-1, and 25 pL of Nafion
(5.0 wt%, DuPont) were added. The resultant mixture was soni-
cated using an ultrasonic cleaner for 30 min to obtain an ink.
Then, 4 pL of the suspension was added dropwise onto the
surface of a freshly polished glassy carbon electrode. After
drying at room temperature, the prepared glassy carbon elec-
trodes were used for electrochemical studies. The 0.50 M
H,SO, aqueous solution was bubbled with N, for 30 min
before analysis. The electrolysis of 2Cu-1@CNT was performed
with a three-electrode H-type cell containing a Nafion mem-
brane (Nafion®117, DuPont, Inc.) to separate the carbon paper
working electrode (0.5 c¢m?, loading with catalysts) and the
other two electrodes.

General synthesis

Conditions A. A solution of 1 (27.8 mg, 0.03 mmol) and 10
equiv. of CuCl,-2H,O or Cu(OAc)2-H,O (0.3 mmol) in a
CH,Cl,/MeOH mixture (5/1, 30 ml) was stirred at room temp-
erature for 2 h under a N, atmosphere. After removal of the
reaction solvent, the crude solid was purified by silica gel
column chromatography (CH,Cl,/hexane = 1/3) to obtain Cu-1
and 2Cu-1 in yields of 6% (1.9 mg, 0.0018 mmol) and 48%
(16.1 mg, 0.0144 mmol), respectively. Both copper complexes
are black solids.

Conditions B. A solution of 1 (27.8 mg, 0.03 mmol) and 10
equiv. of CuCl,-2H,0 (0.3 mmol) in toluene was stirred at
80 °C for 2 h under a N, atmosphere. After removal of the reac-
tion solvent, the crude solid was purified by silica gel column
chromatography (CH,Cl,/hexane = 1/3) to form only 2Cu-1 in
64% yield (21.5 mg, 0.0192 mmol).

Cu-1. HR-APCI-MS: m/z = 1047.0606 [M]" (caled for
C47H19CUF;5N0, = 1047.0626 [M]"). UV-Vis-NIR (in CH,Cl,) 1
[nm] (¢ [M~* em™]): 537 (188 000), 830 (33 000), 930 (38 000)
nm.

2Cu-1. HR-MALDI-MS: m/z = 1118.9015 [M + H]| (caled for
C45H13CL,Cu,F 5N = 1117.8931 [M]"). UV-Vis-NIR (in CH,Cl,) 4
[nm] (e [M~" em™"]): 484 (132 000) nm.

Computational methods of Cu-Cu interactions

The geometries of 2Cu-1 at different spin states were opti-
mized using the Gaussian 16 program package.”® A range-sep-
arated CAM-B3LYP hybrid functional®® with D3 Grimme’s dis-
persion correction with Beck-Johnson damping (D3(BJ))*” was
employed. Additionally, the GGA PBE functional®® was used to
optimize the ground triplet state geometry to obtain more
accurate Cu-Cu distances. For the optimization procedure,

This journal is © The Royal Society of Chemistry 2024
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chemical bonding analysis, and Hessian calculations, a well-
balanced DZ basis (def2-SVP) was utilized.”® Chemical
bonding analysis was performed using Multiwfn,*® NBO*! and
AdNDP 2.0°” software. Spin coupling constant calculations
were carried out using ORCA 5.0.4 software.*?

Conclusions

We synthesized di-copper rosarin and mono-copper linear tri-
dipyrrin complexes from rosarin as the ligand. X-ray crystallo-
graphy confirmed the mono-copper linear tridipyrrin structure
of Cu-1 and the bis-copper rosarin conformation of 2Cu-1. EPR
and theoretical calculations revealed the presence of weak
bonding interactions between Cu and Cu within 2Cu-1. The
optical study of Cu-1 indicated its NIR-II absorption due to the
long six-pyrrolic ligand and the ICT effect. The CV of 2Cu-1
exhibited a very narrow Egap o = Eoxt — Ereqr gap. The first
HER study of the di-copper rosarin complex 2Cu-1 was per-
formed, and the HER capacity of 2Cu-1 indicates that the
multi-metal ploy-pyrrolic complexes are promising molecular
HER catalysts.
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