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Synthesis and Characterization of (R)- and (S)-1,1’-Bi-2-
Naphtholato Coordinated Gallium(lll) Porphyrins and

Their Chiroptical Properties

Shafikul Islam, Md Jadu Mia, Daiki Tauchi, Masashi Hasegawa, Marco Fuseg,
Giuseppe Mazzeo, Giovanna Longhi,* Sergio Abbate, Ken-ichi Yamashita,

and Ken-ichi Sugiura*

In the course of research aimed at reproducing the functions of
naturally occurring porphyrins, ongoing efforts have been
directed toward introducing chirality—characteristic of many
natural products—in order to mimic biological functions.
Traditionally, chiral centers have been incorporated into the por-
phyrin framework through multistep, synthetically demanding
procedures involving covalent bond formation. A more straight-
forward approach is proposed that utilizes a stable metal coordi-
nation bond, which was previously developed, to introduce a
chiral source in a single step via axial ligation. Specifically, a novel
compound is synthesized by coordinating 1,1’-bi-2-naphtholato
(BINOL)—an easily accessible molecule with broad applications in

1. Introduction

Porphyrins are naturally occurring pigments that have been
extensively studied for over a century across various fields of nat-
ural science, owing to their role as key compounds in essential
biological functions such as photosynthesis and electron trans-
fer Initially, research focused on the structural elucidation
and total synthesis of natural porphyrins. However, over time,
the synthesis of non-natural porphyrin-based molecules has

asymmetric catalysis and chiroptical chemistry—to gallium por-
phyrin. As expected, the resulting complex exhibited high stabil-
ity, with the molecular ion peak confirmed by atmospheric-
pressure chemical ionization mass spectrometry. Furthermore,
the structure of the compound is thoroughly characterized by
single-crystal X-ray diffraction and various nuclear magnetic res-
onance techniques. Its chiroptical properties are also investigated
using electronic circular dichroism and vibrational circular dichro-
ism spectroscopy. This study is expected to serve as a foundation
for future developments in chiroptical chemistry and asymmetric
catalysis involving chiral porphyrins.

advanced, aiming to create entirely new functionalities. For exam-
ple, we have reported the synthesis of molecule-based magnets
using manganese porphyrins,>?and there are also reports of por-
phyrin derivatives exhibiting metallic electrical conductivity.”
Alongside these developments, chemical modifications of
porphyrins have also been actively pursued. These modifications
can be broadly classified into three categories: 1) chemical mod-
ification of the porphyrin ligand itself," 2) variation of the metal
inserted into the porphyrin core,">~® and 3) alteration of the axial
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Figure 1. This study presents a range of complexes and molecules, includ-
ing previously reported complexes (1), newly investigated complexes (4),
axial ligands employed in this study (2), and reference compounds used in
the VCD analysis (3).

ligands coordinated to the metal center. Regarding 1), numerous
derivatives have already been synthesized, and further advances
in organic synthesis are expected to enable the construction of
even more complex structures. For 2), porphyrins are capable of
forming complexes with nearly all elements. However, the range
of elements that yield adequately stable complexes remains lim-
ited. Regarding point 3), while some metalloporphyrins require
axial ligands and their coordination chemistry has been exten-
sively studied,™™ most previous research has focused on elucidat-
ing catalytic reactions in biological systems. In these cases, the
axial ligands employed are typically labile and prone to dissocia-
tion. Consequently, studies on metalloporphyrins bearing axially
coordinated ligands with stability comparable to covalent bonds
remain extremely limited.

Contrary to these negative expectations, we hypothesized
that if a complex with a metal-ligand bond as stable as a covalent
bond could be realized, it would allow for precise molecular
design tailored to specific research objectives, thereby raising
the potential of porphyrin-based applications across various sci-
entific disciplines.” To achieve this, we focused on the hard and
soft acids and bases (HSAB) theory.'” Specifically, we designed
reactions between high-valent metals acting as hard acids and
ligands containing atoms that behave as hard bases. As hard
acids, we selected Ga** porphyrin (Ga**Por)!"" and Sn** porphyr-
ins (Sn**Por),” and as hard bases, we chose alkoxides bearing
oxygen anions. As a result, we successfully synthesized stable
complexes as anticipated. In particular, [Ga*"Por]OPh 1 exhibited
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remarkable stability even during the ionization process in mass
spectrometry, and a clear molecular ion signal was observed.'!

On the other hand, given that porphyrins are naturally
derived pigments, research on the introduction of chirality—
similar to that found in natural porphyrin systems—also has a
long history."'? While the total synthesis of naturally chiral
porphyrins is well established, the synthesis of artificial chiral
porphyrins has typically involved the introduction of chiral cen-
ters via covalent bonds, requiring labor-intensive and time-
consuming multistep procedures.

In light of these backgrounds, we planned to utilize the stable
metal-ligand coordination chemistry we had previously devel-
oped to introduce chiral molecules as axial ligands into metallo-
porphyrins. Following our established approach, we selected
Ga*"Por as a hard acid and employed ligands containing phenolic
oxygen atoms as hard bases. For the chiral source, we chose
1,1'-bi-2-naphthol (BINOL) 2, an axially chiral molecule that is
readily commercially available.">'> BINOL 2 and its derivatives
have been widely used as key components in asymmetric catal-
ysis and chiroptical chemistry. Although methods for introducing
2 into porphyrins via covalent bonds have been reported for cat-
alytic and molecular-recognition applications, they typically
involve multistep synthesis.'*>*! If 2 could be introduced into
metalloporphyrins through a one-step coordination reaction, it
would enable the facile transformation of achiral porphyrins into
chiral porphyrins. This could transform existing porphyrin-based
catalytic reactions into asymmetric ones and convert photochem-
ical behavior into chiroptical behavior, potentially leading to a
major shift in future scientific applications.

In this study, we designed and synthesized complex 4 by
coordinating 2 to Ga*"Por and evaluated its structure using
single-crystal X-ray diffraction, various nuclear magnetic resonance
(NMR) measurements, and mass spectrometry. Furthermore, to
assess the fundamental properties of the molecule, we conducted
electrochemical measurements as well as absorption and emission
spectroscopy. In addition, we evaluated the chiroptical properties
of the complex by measuring its vibrational circular dichroism
(VCD) and electronic circular dichroism (ECD) spectra, which will
be discussed in the following sections (Figure 1).

2. Results and Discussion
2.1. Synthesis and Mass Spectroscopy

The target complex was synthesized via a dehydration reaction
between a hydroxo gallium porphyrin complex ([Ga*"Por]OH)
and 2, following the same approach as in our previous stud-
ies."% Racemic and optically pure (R)- and (S)-BINOL 2 were
each reacted with the previously reported [Ga**Por]lOH. To pre-
vent racemization of 2, we explored mild reaction conditions and
found that using 3 equivalents of 2 in toluene at 60 °C was opti-
mal for synthesizing the target complex 4, yielding rac-4, (R)-4,
and (5)-4, respectively.

Qualitative observations confirmed that the stability of these
complexes is comparable to that of complex 1, and they can be
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handled stably under ambient conditions, including exposure to
air, moisture, and room light. Furthermore, they are sufficiently
robust to withstand standard synthetic procedures such as recrys-
tallization from hot solvents. On the other hand, under acidic
conditions—such as exposure to aqueous hydrochloric acid—4
was found to dissociate rapidly, regenerating 2 and [Ga*>*Por]OH.
A noteworthy spectroscopic investigation in this study is the
atmospheric pressure chemical ionization (APCI) mass spectrom-
etry analysis. Figure 2 presents the high resolution APCI mass
spectrum of the racemic complex rac-4, along with a comparison
to simulated spectra of M and M+1. As clearly shown in the fig-
ure, the observed signals correspond to a superposition of M and
M+-1, suggesting that the obtained complex, like complex 1, pos-
sesses sufficient stability under APCl ionization conditions.'"
The structures of the obtained complexes were elucidated
through single-crystal X-ray diffraction and various spectro-
scopic techniques. A detailed discussion is provided below.

2.2. Single Crystal Diffraction Study

Clear evidence for the formation of the targeted complexes 4 was
directly obtained through single-crystal X-ray diffraction analysis.
The single crystal of rac-4 used for measurement was obtained
from n-octane, and the resulting crystal included this solvent
(details are provided below). The crystal belonged to the achiral
space group P1- (Z=2). The structure of the complex coordi-
nated with (R)-2 is shown in Figure 3, and the key structural
parameters are summarized in Table 1.

As evident from figure, 2 coordinates to Ga** with a Ga—0O
bond length of 1.8635(12) A. Considering a 3c deviation, this
bond length is slightly longer than that observed in complex 1
(1.8425(17) A). In our previous publication, we pointed out that
the Ga-O coordination bond in gallium porphyrins exhibits vari-
ability in length, ranging from 1.810 to 1.963 A" The Ga—O
bond length in 4 falls within this range, and the Ga-O distance
in compound 4 is close to the sum of the covalent radii of
Ga and O (1.87 A).?”
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(®) 1192.50026
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©) 1193.50809

AAAA

T T
1190 1192 1194 1196 1198
m/z
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Figure 2. APCI MS spectra of rac-4, a) observed. b) calculated patterns for
CgoH;3GaN,O,, and ¢) calculated patterns for CgoH;3GaN,O,+H™ .
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Figure 3. Molecular structure of complex rac-3. Thermal ellipsoids are
drawn at the 50% probability level. Hydrogen atoms and the tert-butyl
groups of Ga*"Por are omitted for clarity. Important groups, such as the
naphthalene rings of 2 and the phenyl rings of Ga*>"Por, are labeled as
NP-1, NP-Il, and PhI-PhIV.

The average Ga—N bond length of 4 is 2.0292(13) A, which is
comparable to that in complex 1 (2.0445(16) A), considering the
30 deviations. Ga*" adopts a five-coordinate, square pyramidal
geometry, with four nitrogen atoms forming the basal plane
(Figure 4). The Ga*" ion is positioned above the porphyrin plane,
with a distance of 0.350 A from the least-squares averaged plane
(LSQP) defined by the four nitrogen atoms (LSQP,), and 0.347 A
from the LSQP,, plane defined by all 24 porphyrin atoms. These
values are significantly smaller than those observed in complex 1
(see Table 1). Considering the elongation of the Ga—O bond, it is
suggested that the Ga-O and Ga-LSQP distances may be interre-
lated. In other words, a shorter Ga—0O bond tends to increase the
Ga-LSQP distance, while a longer Ga—O bond tends to decrease it.

It is important to emphasize the intramolecular hydrogen
bonding within the BINOL moiety. Although the resulting cyclic
structure forms a seven-membered ring, both the 01.-02 dis-
tance of 2.627(2) A and the H1--02 distance of 1.8635(12) A fall
within the typical range observed for O-H-O type hydrogen
bonds (Figure 4).28

The orientation of 2 is distinctive. The dihedral angle 6,
between the least-squares plane of NP-/ in 2 and LSQP, is
60.0°. The dihedral angle between NP-I and NP-Il is 62.8°, resulting
in NP-Il being nearly parallel to the porphyrin plane (dihedral
angle «(LSQP,-NP-Il) =2.8°). The average interplanar distance
between LSQP, and NP-Il is 3.769 A, suggesting that m-m or
charge-transfer interactions between the porphyrin and the
naphthalene ring are weak or negligible, the criteria for n-x inter-
actions being allied with the distance: 3.60 A (vide infra).?®
Another notable structural feature is the dihedral angles between
the phenyl groups and the porphyrin plane LSQP,: for Ph-I, -Il, -l
and -1V, the angles are 82.5°, 71.6°, 76.4°, and 79.0°, respectively.
These angles are larger than those typically reported for TPP
derivatives (see below).*®
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Table 1. Selected bond distances and other structural parameters for the reported Ga**Por complexes with axial ligands connected by O-atoms, including
complex 4.
Porphyrin ligand® Axial ligand d(Ga-0) [A] d(Ga-N) (average) [A] d(Ga-LSQP,)” d(Ga-LSQP,,)” csp? Reference
TPP OH 1.810 2.057 0.437 0.437 VIWXEF [51]
OEP OMe 1.865 2.039 0.376 0.400 MUGNAF @
TPP OCOMe 1.874(3) 2.055(5) 0415 0.468 TEMXOY [52]
TPP-F20 OCOPh 1.872(3) 2.037(3) 0.407 0.470 FIvQuz [53]
OEP 0SO,CH;3 1.909 2014 0.320 0.329 FEGBOI [54]
TPP 0SO,CF; 1.963(3) 1.999(4) 0.242 0.284 NIZZUS [51]
T'BuPP OPh 1.8425(17) 2.0445(16) 0410 0.430 2392495 [11]
T'BuPP BINOL rac-2 1.8635(12) 2.0292(13) 0.350 0.347 2473771 This work
ITPP: meso-tetraphenylporphyrinato, OEP: octaethylporphyrinato, TPP-F20: meso-tetrakis(pentafluorophenyl)porphyrinato, T'BuPP: tetrakis(4-tert-butylphenyl)
porphyrinato. PExcept for complex 1 and 4, these values were exceptionally calculated using the coordinates registered in the Cambridge Crystallographic Data
Centre (CCDC). c’Cambridge Structural Database (CSD) registry and/or deposition numbers. YPrivate registration for CCDC.

one n-octane molecule, exhibiting behavior similar to that of
complex 1 previously reported,’" although its position is unique
(Figure 5). The n-octane molecule is located above NP-/
(Figure 5c). The shortest distance between the least-squares
plane of NP-I and a hydrogen atom of n-octane was observed
j d0-0) at H83A, meaosuring 2.910 A. This distance is significantly shorter
‘H( =2.627(2) A than the 3.0 A threshold typically used to discuss CH-n interac-
//c;(OH-O)=1.8635(12)A tions involving sp® carbon atoms,®***” and the small thermal
parameters of the n-octane molecule further support the pres-

ence of such interactions.

— N3 2.3. NMR Spectra
NS / The obtained 'H and *C NMR spectra provided clear evidence
d(Ga-LSQP4) = 0350 A N4 supporting the formation of the complex (see Supporting
Information, S| pages 34-41). In the "H NMR spectrum, signals
Figure 4. Expanded view showing Ga*", the coordinating atoms, and a attributable to 2 were well-resolved and shifted toward

fragment of ligand 2 within 4. The hydrogen bond distance between O1

and 02 is 2.627(2) A and H1 and 02 is 1.8635(12) A. the high-field region (Figure 6). This shift suggests that 2 is

located within the magnetic shielding region of the porphyrin

Meso-Tetrakis(aryl)porphyrins generally incorporate solvents  m-system. Additionally, the well-resolved signals in the

or small molecules into their crystal lattice, and are often referred ~ 7.7-6.0 ppm range indicate that the Ga*'Por acts as a shift
to as “porphyrin sponges”.*'*> This complex also incorporates  reagent for 2.

@) ' (b)

o—y .
Ph-I Ph-Il & &Ph-/v Ph-1I1

n-octane

Ph-IV

Figure 5. Molecular structure of 4, including n-octane. For clarity, n-octane, 2, and Ga*"Por are shown in pink, gray, and pale gray, respectively: a) side view
along the chiral axis of 2, b) top view of the Ga**Por plane or the NP-Il plane of 2, c) top view of the NP-I plane of 2.
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Figure 6. The 'H NMR spectrum of rac-4 (500 MHz, in C¢De). The inset
shows an expanded view of the B-H region of Ga>*Por.

Among the signals of 2, the doublet observed at 2.41 ppm in
the highest-field region is considered to correspond to the hydro-
gen atom closest to the porphyrin ring, based on crystallographic
data, and was assigned to H79 (Figure 4).

The signal corresponding to H1 (Figure 4), attributed to
hydrogen bonding (vide supra), was observed as a relatively sharp
peak at 4.78 ppm. The AB spin system appearing at 9.07 and
9.06 ppm (J=4.7 Hz) was assigned to the HB and HB’ protons
of the porphyrin ligand (Figure 1), whereas the corresponding sig-
nal in complex 1 appeared as a singlet."” This phenomenon can
be reasonably explained by assuming that the chiral axial ligand
undergoes free rotation at room temperature.

2.4. VCD Spectra

To gain more detailed insight into the chiral structure of the com-
plex 4, VCD spectroscopy was performed. Unlike ECD spectros-
copy, which requires absorption in the visible or UV region,
VCD utilizes infrared absorption and is therefore a powerful tech-
nigue for obtaining chiral information from virtually any
compound.?# However, due to an intrinsically weak VCD sig-
nal, this technique is still not widely adopted. Even for fundamen-
tal molecules such as 2 and its derivatives, detailed VCD analyses
have not been sufficiently reported,*'**! making comparisons
with previous studies difficult. Therefore, in this study, we con-
ducted theoretical VCD simulations not only for complex 4 but
also for compounds 3, in order to better understand the behavior
of the observed signals. For this purpose, the Gaussian16 pro-
gram suite™ was used, employing Stephens’ algorithm based
on magnetic field perturbation®® to calculate VCD. The DFT
approach (B3LYP) was applied for this calculation (see the
Experimental Section, SI pp 42-47, vide infra).

The experimentally obtained spectra and the results of DFT
simulations (B3LYP/6-31 G(d)) are shown in Figure 7. As clearly
seen in Figure 7b, the spectra of (R)-4 and (5)-4 exhibit mirror-
image relationships as expected and show good agreement with

Eur. J. Inorg. Chem. 2025, 28, €202500434 (5 of 9)
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Figure 7. a) Computationally simulated and b) experimental VCD spectra
of (R)-4 and (5)-4 (in CD,Cl,). The characteristic signals are labeled as I-VII.
The regions between 1420-1380 cm™' and below 1050 cm™" were masked
by solvent absorption.For calculation see references [42-46].

the simulations, Figure 7a. We focused on the following charac-
teristic bands in our discussion of the chiral structure of com-
pound 4: four in-plane rocking modes originating from the
naphthalene unit (Bands /-/V in Figure 7), and three C-O stretch-
ing modes associated with the BINOL moiety (Bands V-ViI).

The signals observed at 1520, 1502, 1469, and 1457 cm ™' in
the VCD spectrum were assigned to Bands |, /I, lll, and IV, respec-
tively (Figure 7 and 8). Comparison with simulated spectra of ref-
erence compound 3 indicated that these absorptions originate
from in-plane CH rocking modes of the naphthalene skeleton.
In the (R)-enantiomer of reference compound 3, the symmetries
of these vibrations were A, B, A, and B in its C, point group, and
the corresponding VCD signs in the simulation were positive,
negative, positive, and negative, respectively. In complex 4, these
vibrational symmetries are preserved, and the VCD signals also
remain unchanged, forming two well-defined couplets with alter-
nating signs that reflect the molecular symmetry. The frequency
shifts due to gallium coordination were minimal. Thus, bands /-IV
of (R)-4 exhibited positive, negative, positive, and negative signs,
respectively.

The CO stretching vibrations of the reference compound 3
consist of symmetric and antisymmetric combinations, resulting
in four bands (Bands V-VIlI, see Sl pages 42-47). For (R)-3, the VCD
signs of these bands are expected to be +, -, 4, and -, respec-
tively. In complex 4, Bands-V, -VI, and -Vill were observed, while
Band-Vil could not be identified, likely due to its weak intensity or
overlap with other bands. The signals observed at 1264, 1227, and
1211 cm~" were assigned to Bands-V, VI, and Vill, respectively, in
complex 4. Upon coordination with gallium, Band-V becomes
dominated by the CO stretching vibration of the oxygen atom
involved in the coordination, whereas Band-VIll is dominated
by the CO stretching vibration of the oxygen atom not involved
in the coordination. For the (R)-enantiomer, the VCD signs of both
bands are negative, and it is noteworthy that the sign of Band-V
has reversed. This phenomenon is likely attributable to a change
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Figure 8. Calculated atomic displacements for the normal mode eigenvectors corresponding to the characteristic VCD bands /-VII of (R)- and (S)-4.
Experimentally obtained frequency values are shown along with the sign of the VCD signals, — or +. Scaled values of the calculated frequencies are

also given in parentheses.

in molecular symmetry induced by gallium coordination. Despite
the coordination of a bulky gallium porphyrin to one of the BINOL
oxygen atoms, no significant frequency shifts were observed in
these vibrational modes. Other minor features in the mid-IR
region are also well reproduced, supporting the configuration
assignment. However, they are not discussed here, as the primary
focus is on chirality induction.

In addition to the observed signals, it is also useful to discuss
two signals that were not detected in our VCD measurements.
First, a signal attributed to OH stretching, which is expected to
be hydrogen bonded, was predicted by simulation to appear
at 3428 cm™" with a positive sign for (R)-4 and a negative sign
for the (S5)-4."" VCD signals attributable to the hydroxyl groups
of BINOL have been reported at about 3520-3530cm ™" in CCl,
and chloroform as important marker bands indicative of stereo-
chemistry.*"! However, this signal was not observed experimen-
tally. To investigate hydrogen bonding in complex 4, we assayed
various measurements in both the solid and solution states.
Unfortunately, no definitive signals were observed. In the conven-
tional IR spectra reported in the Sl page 42, a weak band is
observed at 3500-3530 cm ', which compares well with the ref-
erence.*’ However, this weak absorption is insufficient for
detecting VCD signals with our current instrumentation.

A second feature of interest is the Ga—O stretching vibration,
which would provide direct evidence of coordination and
was predicted by simulation to appear at 589 cm™', with a nega-
tive sign for the (R)-enantiomer and a positive sign for the
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(S)-enantiomer. However, this band lies outside the spectral range
accessible with the instrument used in this study, and the corre-
sponding signal could not be observed.

Chirality transfer from chiral BINOL to an achiral porphyrin
could be one of the most important phenomena in our chemistry,
and we observed this phenomenon clearly in the ECD spectrum
(vide infra). If VCD also shows such a phenomenon—namely, the
observation of a VCD signal attributable to a vibrational mode of
the achiral porphyrin core—it could complementarily support the
occurrence of chirality transfer.”® Calculations predict bands
attributable to the in-plane CH rocking modes of the porphyrin
skeleton at 1382 cm™' (positive for the (R)-enantiomer) and a sim-
ilar mode for the tert-butylphenyl groups at 1450 cm™' (negative
for the (R)-enantiomer). To avoid artifacts due to solvent absorp-
tion, we compared spectra measured in both solution and cast
films with the calculated spectra. The presence of conformations
of 4, which leads to cancellation of the VCD signals—especially
for the band attributable to the tert-butylphenyl groups—
resulted in weak bands; however, the weak but significant signals
were assigned to these vibrations. This may provide evidence of
chirality transfer from BINOL to the porphyrin.

2.5. Absorption, Emission, and ECD Spectra

The absorption and fluorescence spectra of rac-4, as well as the
ECD spectra of (R)- and (S)-4, are shown in Figure 9. The absorp-
tion spectrum is a superposition of the absorptions of Ga*"Por
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Figure 9. Absorption and emission spectra of rac-4 and ECD spectra of
(R)- and (S5)-4 (in toluene).

and 2. The characteristic absorptions observed at 423, 553, and
593 nm are attributed to Ga*"Por, while the broad absorption
around 280-370 nm originates from 2. The peak positions and
intensities of these absorption bands are similar to those reported
previously in references 1 and/or 2. In the discussion of the crystal
structure, it was noted that althoughNP-II and the porphyrin
nucleus are arranged parallel, the interplanar distance between
the porphyrin and the naphthalene ring is relatively
large (3.769 A). Consequently, - or charge-transfer interac-
tions between them are unlikely, as the complex is primarily sta-
bilized by a covalent Ga—O bond. However, considering the
spectroscopic properties, the possibility of charge-transfer (CT)
transitions cannot be excluded. Although it was not observed
experimentally, time-dependent density-functional  theory
(TD-DFT) calculations revealed a weak transition from the naphtha-
lene moiety of BINOL to the lowest unoccupied molecular orbital
(LUMO) of the porphyrin around 650 nm (see S| pages 55,56).

The emission spectra were observed at 601 and 653 nm (exci-
tation wavelength: 553 nm), which is typical behavior for Ga**
porphyrins. Interestingly, even when excited at 343 nm, which
corresponds to a characteristic absorption of 2, emission was still
observed at 601 and 653 nm. This suggests the occurrence of
energy transfer from 2 to Ga*"Porphyrin.

In the CD spectra, Cotton effects derived from compound 2
were observed in the 350-320 nm region, showing a positive sig-
nal for (R)-4 and a negative signal for (S)-4. The molar electronic
circular dichroism values were ~18dm*mol™' cm™', and both
the sign and magnitude of the signals are consistent with those
of noncoordinated compound 2. Notably, although porphyrin is
achiral, a weak broad Cotton effect with a low signal-to-noise
ratio—yet still significant—was observed in the Soret band
region. (R)-4 exhibited a positive Cotton effect, while (S)-4 showed
a negative one. In concentrated solution, a series of three distinct
positive ECD signals for the (R)-enantiomer (corresponding to
three negative signals for the (S)-enantiomer) were successfully
observed in the Q-band region for (R)-4 and (5)-4, respectively.
Previously, we observed a similar phenomenon of chirality
transfer from a chiral moiety to an achiral porphyrinoid
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chromophore—specifically, a helicene-substituted porphyra-
zine.*” That compound was constructed via a covalent acetylene
linkage. In contrast, in the present case, the chiral moiety acts as
an axial ligand covalently bound to Ga**, suggesting that the
observed phenomenon in compound 4 may arise from interac-
tions between NP-Il and Ga**Por."”~2*' As mentioned earlier, in
the ground state of this complex, compound 2 undergoes free
rotation at room temperature via the coordination bond, and
the orientation of the transition dipole moment of the naphtha-
lene moiety is not fixed.

To gain insight into the observed optical activity in the Q
bands and the origin of chirality transfer from BINOL to the por-
phyrin, we performed TD-DFT calculations (S| pages 55,56). The
results are shown in the figure on page 55 exhibit reasonable
agreement with experimental data and support the qualitative
assignments described above. It is worth emphasizing that the
atomic coefficients of highest occupied molecular orbital
(HOMO) (¢314) and HOMO-1 ($p315) are localized on the
BINOL moiety, and significant transitions from these orbitals to
the LUMO of the porphyrin are theoretically predicted.
Although these bands were not observed experimentally, as
described above, they provide important theoretical evidence
for the chirality transfer. Another important piece of theoretical
evidence is the ECD simulation. For the Q-band, which shows the
weak Cotton effect described above, TD-DFT calculations also
support this phenomenon. This band consists of four absorptions
characteristic of the porphyrin HOMO — LUMO transitions, and
each transition is mixed with significant configuration interac-
tions involving the BINOL — porphyrin LUMO transition. This
could serve as evidence for the Cotton effect of the Q-band.

3. Conclusion

In the course of our study on stable axial coordination bonds in
metalloporphyrins, we focused on the HSAB theory and found
that Ga*Por, being a hard acid, forms stable complexes with phe-
nolate, a hard base.”'" Building upon simple and achiral phenol
and pyrenol derivatives, this study introduces 2—a compound
widely used in asymmetric chemistry—into Ga*"Pors. Although
several examples have been reported in which 2 is covalently
linked to porphyrins, our study is distinguished by the facile,
one-step introduction of 2 as an axial ligand and by the high sta-
bility of the resulting complex.

The properties of the complex were evaluated using single-
crystal X-ray diffraction, "H NMR, VCD, and ECD spectroscopy. The
most prominent feature is the Cotton effect observed in the Soret
band, as well as in the Q-band, which is induced in the achiral
porphyrin ligand. Although a quantitative understanding of this
phenomenon has not yet been achieved, we qualitatively attri-
bute it to exciton coupling between the NP-Il moiety of BINOL
and the porphyrin.

Given that other metalloporphyrins in high oxidation states
also act as hard acids and require axial ligands, the synthetic
method established in this study may be applicable to the sys-
tematic synthesis of BINOL-coordinated metalloporphyrins.
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These complexes are expected to have broad applications in
asymmetric catalysis and chiroptical materials, and the findings
of this study serve as an important starting point for such
developments.

4. Experimental Section
General

Porphyrin ligand and the corresponding gallium complexes were
prepared according to the literature.'"?® 'H and *C NMR spectra
were recorded on a Bruker Avance Ill 500 spectrometer (500 MHz
for 'TH and 125MHz for '*C) in CDCl; (Acros Organics Co., Inc.)
and/or C¢Dg (Aldrich Co., Inc.) with TMS as the internal standard.
Other experimental details, including spectroscopic studies, were
reported previously elsewhere >4

The details of the single crystal diffraction study are provided in the
Supporting Information (pages 2-33) and have been deposited in the
Cambridge Structural Database (CSD) under the accession number
CSD# 2473771 for rac-4.

The experimental VCD and IR spectra were recorded using a Jasco
FVS 6000 FTIR-VCD instrument equipped with a liquid nitrogen-
cooled MCT detector. Measurements in solution were performed
in CD,Cl, (=2 x 1072M) using a BaF, cell with a path length of
200 um. Each spectrum was measured with 6000 accumulations,
and solvent subtraction was applied using spectra recorded under
identical conditions. Thin films were prepared by drop-casting
60 pL of a 2 x 1072 M solution onto 13 mm-diameter CaF, plates, fol-
lowed by solvent evaporation for 1 h. Spectra were recorded in four
orientations on each side of the plate. The spectra obtained by aver-
aging the four positions of each side are almost identical, stating a
negligible linear dichroism linear birefringence contribution to the
spectra. The final reported data represent the average of all eight
spectra.

VCD simulations for compounds 3 and 4 were performed on their
respective optimized structures using the B3LYP functional with
the 6-31 G(d) basis set. For compound 4, the initial coordinates for
optimization were derived from the diffraction study. The calculated
spectra were scaled in frequency using the 0.96 factor.*® Detailed
computational conditions and data are provided in SI; the
Gaussian16 package™***! was employed to run the calculations
within the DFT method. Conformational search has been conducted
with the CREST code™ with the semiempirical extended tight-
binding (TB) quantum chemistry method, GFN2-xTB.*® TD-DFT
calculations have been performed at B3LYP/6-31 G(d) level on 150
electronic excited states, and confirmed on a reduced set (16 states),
B3LYP/6-311+G* (lanl2dz pseudopotential for Ga), red trace B3LYP/
def2tzvp.

Complex Formation Reaction: Synthesis of rac-4

A mixture of the hydroxo complex of Ga**Por (20.7mg,
22.4 umol),"""?% rac-2 (32.1 mg, 112 umol, 5.0 equiv), and freshly dis-
tilled toluene (60 mL) was stirred at 60 °C for 6 h under a nitrogen
atmosphere. The reaction progress was monitored by 'H NMR using
an aliquot of the reaction mixture. Unfortunately, suitable analytical
conditions could not be found using SiO, and/or Al,O; thin-layer
chromatography. After removing the solvent under reduced pres-
sure, freshly distilled nitromethane (10 mL) was added to the residue,
and the mixture was heated at 60°C. It was then cooled in an
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ice-water bath and filtered to remove unreacted rac-2, affording
rac-4 (20.2 mg, 76%). Single crystals suitable for X-ray diffraction anal-
ysis were obtained by vapor diffusion of n-octane into a CH,Cl, solu-
tion of rac-4; '"H NMR (500 MHz, CsDe, RT) & 9.07 9.05 (m, 8H), 8.03
(broad d, 8H), 7.67 (d, J=79Hz, 1H), 7.60 (broad s, 8H), 7.39
(d, J=8.5Hz, TH), 7.20-7.10 (two doublets are hidden in this region),
6.77 (d, J=8.5Hz, 1H), 6.73 (t, J=7.5Hz), 6.61 (t, /= 7.5 Hz, 1H), 6.54
(d, J=8.5Hz, 1H), 6.33 (t, J=7.5Hz, 1H), 6.23 (d, J = 8.5 Hz, 1H), 5.99
(d,J=8.5Hz, 1H), 4.77 (s, 1H), 2.41 (d, J = 8.5 Hz, 1H), and 1.48 (s, 36H)
ppm; *C NMR (125 MHz, CDCl;, RT) 151.7 (quaternary, q), 151.4 (q),
150.7 (q), 149.1 (q), 148.73 (g), 148.7" (q), 138.2 (q), 132.7 (g), 132.6 (q),
132.1 (q), 131.97 (tertiary, 1), 131.9* (1), 128.3 (q), 127.5 (1), 127.2 (1),
126.9 (t), 126.8 (1), 126.6 (q), 126.6 (q), 125.8 (1), 124.6 (t), 124.0 (t)
123.7 (t), 122.0 (1), 121.2 (1), 120.2 (q), 119.8 (t), 119.2 (t), 116.3 (q),
116.2 (q), 349 (q), and 31.7(methyl) ppm, HR-APCl mass (m/z)
Caled for CgoH,5GaN,O, [M]™ 1192.50026, found [M]* 1192.49974;
UV (toluene) Amax (10°e dm>mol~" cm™") 342 (0.278), 423 (3.532),
553 (0.204), 593 (0.063) nm.
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