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Abstract: The experimental and theoretical study of the influence of metal complexing on geometry,
aromaticity, chirality, and the ability to twist the nematic phase by complexes based on modified
natural chlorin e6 was carried out. The geometry optimization of the chlorin e6 13(N)-methylamide-
15,17-dimethyl ester (MADMECI) and its Zn, Cu, and Ni complexes by DFT (CAM-B3LYP/6-31
G(d,p) functional) method was performed. Based on these calculations, the acoplanarity degree of
the macrocyclic ligand and the distortion energy of its dianion were estimated, which allowed the
arrangement of the MADMECI complexes in the series Ni > Cu > Zn. Aromaticity was evaluated
using the NICS criterion (nuclear independent chemical shift). Anincrease in the degree of aromaticity
of the macrocycle upon complex formation was established. At the same time, the aromaticity of
the inner conjugation contour corresponds to the same series as the acoplanarity, while the outer
mi-delocalization is characterized by the reverse sequence. An experimental evaluation of the electron
circular dichroism of the Soret and the Q-bands, as well as the g-factor of dissymmetry, was carried
out. The growth of these parameters with an increase in the degree of acoplanarity and aromaticity
of the internal conjugation contour was determined. The induction of helical phases in mixtures of
nematic liquid crystals (LCs) based on cyanobiphenyls and MADMECI macrocyclic metal complexes
was studied by polarization microscopy, and the clearance temperatures and helix pitch of the
mesophases were measured. A strong effect of the metal on the phase transition temperature and
helical twisting power was established.

Keywords: macroheterocyclic metal complexes; geometry; aromaticity; chirality; induction of helical
phases; helical twisting power

1. Introduction

Macroheterocycles and their metal complexes, such as heme, chlorophyll, cyanocobal-
amin, etc., play an outstanding role in biological systems [1]. Chemical modification of
natural macroheterocycles allows us to obtain valuable pharmacological preparations for
photodynamic therapy of oncological diseases [2], disinfection of pathogenic viruses [3],
and other purposes. Synthetic porphyrins, phthalocyanines, and their complexes are effec-
tive dyes, pigments [4], catalysts [5], and chromatographic stationary phases [6]. Reduced
nickel porphyrins play an important role as enzymatic cofactors in the global carbon cycle
(cofactor F430) and as powerful catalysts in solar-to-fuel processes [7]. The combination
of Zn porphyrin dyes and copper-based electrolytes represents a sustainable route for
economic and environmentally friendly dye-sensitized solar cells [8]. Axial complexes
of zinc porphyrins exhibit second-order nonlinear optical properties [9]. Coordination-
induced spin state switching with nickel chlorin and nickel isobacteriochlorin [10] is of
undoubted interest.
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A special place among macroheterocyclic metal complexes is occupied by chiral induc-
ers of helical liquid crystalline phases [6,11]. The most notable areas of technical application
of helical phases induced by chiral dopants in nonchiral LCs are electro-optical devices [12]
and light-controlled liquid crystal materials [13,14]. The latter are a new generation of
multifunctional supramolecular materials, the so-called smart soft materials formed by
incorporating photochromic chiral dopants. They can form the basis for the application of
intelligent photocontrolled liquid crystal materials in photonics, color filters, polarizers,
all-optical reflective displays, laser beam control, holographic optical data storage, sensors,
soft actuators, nanotechnology, etc. [13-15]. The LC-induced phases are promising for the
development of chromatographic stationary phases with high chiral selectivity [16]. Based
on them, flexible magnets [17], light-sensitive nanostructures [18], chiro-optical molecular
switches [19-21], microlenses for biomimetic optical systems [22], highly sensitive sensors
for detecting gases [23], and molecular motors [24,25] are being developed.

Chiral metal complexes are promising dopants for LCs [26-30]. Interest in them is
due to the possibility of strong coordination interactions, complex dopant-LC. It should
be noted that the bis-chelate imino-alkoxytitanium complex [30] exhibits helical twisting
power (HTP) value of 740 um~! in MBBA, apparently one of the highest. Metal complexes
with chiral ligands or the chirality of the coordination center itself were shown to exhibit a
high tendency to induce helical phases. In any case, high HTP values are demonstrated by
complexes with bulky planar aromatic ligands which provide rigid contact with mesogenic
molecules and, hence, high efficiency of chiral transfer. Among chiral complex dopants, the
metal complexes of macroheterocycles—porphyrins, phthalocyanines, and their analogues,
which represent an extensive class of promising compounds, are of interest [11]. Macro-
heterocycles and their complexes upon LC doping can play the role not only of inducers of
helical mesophases, but also stabilizers and dichroic dyes [31].

In [32], a chiral octa substituted nickel tetraporphyrinate was synthesized and tested
as a dopant in nematic mixtures based on highly polar cyanobiphenyls and weakly polar
Schiff bases. A high twisting energy was shown (126.5 pm ™1 in the first case and 63.5 pm !
in the second). On the basis of quantum chemical calculations and two-dimensional NMR,
it was shown that the reason for the high efficiency of this dopant is a special mechanism
of self-assembly in this system, which consists in axial coordination and the inclusion
of LC molecules in the chiral shell of the dopant. These data allow us to conclude that
macrocyclic metal complexes are promising not only as inducers of helical LC phases, but
also as chemosensors based on them.

The design of chemosensors that function by reversible binding of the substrate with a
chiral dopant inducer is one of the perspective directions in the field of creating smart liquid
crystal materials based on induced helical mesophases. This process is accompanied by a
significant change in the helix pitch and optical properties of the LC composition, fixed by
various spectral methods [23,33]. The high sensitivity as receptor-dopant is demonstrated
by tripodal tetradentate ligands. Their ability to twist the mesophase of the nematic LC
increases dramatically when complexed with metal ions [34].

Among such objects, chiral dopants based on natural macroheterocycles and their
metal complexes are very promising, due to their high optical activity, enantiomeric purity,
and wide possibilities of chemical modification. For example, 13(N)-methylamide-15,17-
dimethyl ether chlorin e6 (MADMECI) and its nickel complex (Ni-MADMEC]I) were studied
in [35] as inducers of chiral nematic phases based on various LCs. The metalation of the
macroheterocycle was established to result in a multiple increase in helical twisting power
with respect to LCs of a different nature and polarity. Quantum chemical calculations
showed that the higher twisting ability of the nickel complex of the chlorin e6 derivative
is associated with a higher energy of its interaction with the LC solvent molecules. By
analyzing the energy parameters of dopants solvation, it was found that this process leads
to a significant distortion of their structure, especially in the case of a metal complex,
which indicates a possible increase in optical activity and, as a result, the contribution of
supramolecular chirality to the process of helical LC phases induction.
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Taking into account such a strong influence of the metal ion on the mechanism and
efficiency of chiral induction of helical LC phases, it is of undoubted interest to reveal
the role of the nature of the complexing metal on the molecular parameters of chlorin e6
derivative complexes and the chirality transfer of the third level optically active dopant-
nematic LC [36]. In this regard, the aim of this work was to study the structure, aromaticity,
chirality, and efficiency of chiral transport of Zn, Cu, and Ni complexes with chlorin e6
13(N)-methylamide-15,17-dimethyl ester (Scheme 1).

Scheme 1. MADMECI M-MADMECI (M = Zn, Cu, Ni).

2. Results and Discussion

The most objective method for assessing the configuration and optical activity of
chiral substances is circular dichroism (CD) spectroscopy [37]. The configuration of the
experimental visible and ECD spectra of chlorin e6 13(N)-methylamide-15,17-dimethyl
ester (MADMEC]), including the signs of the CD bands (Figure 1), is similar to those
shown in [38] for the spectra of metal free chlorin e6 di- and trimethyl ether. More-
over, Figure 1 indicates a significant effect of the complexing metal on the chirality of
macroheterocyclic complexes.

In this case, the characteristic two-band UV /Vis spectra (the Soret band and the Q-
band [1]) differ insignificantly (Figure 1). Taking into account the presence of various
substituents and one saturated five-membered ring in the structure of the macrocyclic
ligand, as well as its asymmetry [39,40], both experimental studies and quantum chemical
simulation of the structure of the metal complexes are required to elucidate the reasons
for the strong influence of the metal nature on CD. The latter was carried out by the
DFT method (CAM-B3LYP/6-31 G(d,p)) (see the experimental section). At the same time,
due to the complexity of the macrocyclic core structure, the assessment of the simulation
adequacy is of particular relevance. Therefore, based on the optimized structures of the
metal complexes, the theoretical UV /Vis and ECD spectra are presented in Figure 1, and
'H, 13C NMR,"®N in Supplementary Figures S1-S3, Tables S1-S3. An analysis of these data
indicates a satisfactory agreement with the experimental spectral data and, therefore, the
adequacy of quantum chemical calculations and the possibility of their use in assessing
the chirality transfer of the second level (from the stereogenic center to the molecule of the
complex [41]) and the third level (from the molecule of the complex dopant to the liquid
crystal matrix) [25,26].
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Figure 1. UV /Vis spectra (left) and CD spectra (right). Blue—experimental (chloroform, Cyjapmect
=1.510~* M, Czn-mapmect = 32107 M, Ceumapmect = 1.3:107* M, Cniomapwmect = 1.1-1074 M);
orange—calculated (TDDFT PCM-chloroform, n = 25).

A feature of chlorophyll derivatives (chlorin, pheophorbide, etc.) is the acoplanar
macrocyclic core [40,42,43], which affects the properties of both ligands and metal com-
plexes based on them.

To assess the degree of macrocycles acoplanarity on the basis of quantum chemical
calculations, the distances of carbon atoms 1-20 deviations relative to the plane in which
intracyclic nitrogen atoms 21-24 are located were measured (Table 1). These data indicate a
greater exit of C5, C10, and C15 meso-atoms from the N4 plane compared to the carbons
of the A, B, C pyrrolenine cycles (Table 1). The saturated five-membered cycle D has the
highest acoplanarity. Considering the entire array of data in Table 1, we can conclude that
the metal-free MADMECI has the flattest macrocycle structure. To obtain an integrated
criterion for the acoplanarity of each dopant, the root mean square values of the atoms’
deviation from the NNNN plane were calculated and listed in Table 1. The introduction
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of the metal is accompanied by its distortion, the degree of which decreases in the series:
Ni-MADMECI > Cu-MADMECI > Zn-MADMECI.

Table 1. Distances from individual atoms (Ri, A) to the averaged NNNN plane according to CAM-
B3LYP/6-31 g(d,p) data.

MADMEC] Ni-MADMECI Zn-MADMECI Cu-MADMECI

-

1 0.107 —0.426 —0.145 —0.253
2 —0.122 —0.401 —0.185 —0.293
3 0.036 0.061 0.092 —0.084
4 0.007 0.234 0.020 0.038
5 0.089 0.546 0.0931 0.231
6 0.100 0.417 0.128 0.236
7 —0.144 0.431 0.182 0.303
8 0.088 0.018 0.120 0.137
9 0.020 —0.188 0.039 0.004
10 0.084 —0.531 0.098 —0.226
11 —0.142 —0.476 —0.180 —0.293
12 —0.312 —0.598 —0.369 —0.491
13 —0.322 —0.226 —0.374 ~0.382
14 0.104 0.126 0.122 —0.069
15 —0.126 0.645 0.160 0.318
16 —0216 0.580 0.266 0.388
17 0.549 0.935 0.631 0.770
18 0.052 0.123 0.027 0.030
19 0.040 —0271 0.036 —0.099

20 ~0.131 —0.617 —0.156 —0.307

21 0.037 0.070 0.06 —0.075

22 0.037 0.069 0.06 0.076

23 0.036 0.068 0.06 —0.076

24 0.037 0.069 0.06 0.075
H21 0.027 (Ni 0.004) (Zn 0.016) (Cu 0.01)
H230.114

N

15 a2 0.171 0415 0.205 0.280

i=1

This conclusion is confirmed by the analysis of nitrogen—nitrogen distances in the
structures under study (Table 2). Thus, complex formation with metals, as a rule, leads
to the convergence of intracyclic nitrogen atoms (when the Zn complex is formed, these
changes are insignificant), and the degree of convergence is symbatic with the degree of
acoplanarity: Ni-MADMECI > Cu-MADMECI > Zn-MADMECL
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Table 2. Distances between nitrogen atoms within the macrocycle according to CAM-B3LYP/6-31
g(d,p) data (designations in the previous table).

I21-22, A 12223 A 23 24 A I24 21 A 2123 A 2224 A
MADMECI 3.04 2.83 3.05 2.82 4.23 4.07
Ni-MADMECI 2.70 2.67 2.74 2.70 3.83 3.81
Zn-MADMECI 2.89 2.84 291 2.86 4.05 4.08
Cu-MADMECI 2.82 2.78 2.84 2.81 3.97 3.98

Distortion of a structure of conjugated moieties are usually accompanied by changes
in the ring currents and aromaticity of the m-electron system [44,45]. The most adequate
method for assessing the aromaticity of -conjugated systems is the NICS criterion (nuclear
independent chemical shift) obtained from the data of quantum chemical calculations [46].

The following localization points were chosen for the NICS calculation: centers of
“pockets” X1, X2, X3, and X4 (internal conjugation contour) and centers of five-membered
rings A, B, C, and D (external conjugation contour) (Table 3). These data indicate that the
formation of metal complexes leads to an increase in the aromaticity in both conjugation
contours. An exception is the nuclear deshielding zone of a saturated five-member cycle
D, which has an antiaromatic character [44] and, consequently, a positive NICS. In this
case, the introduction of a metal ion is accompanied by a decrease in antiaromaticity. The
effect of a metal on the aromaticity of the chlorine macrocycle is the most interesting. Thus,
the aromaticity of the inner contour (X1, X2, X3, X4) decreases in the series Ni-MADMECI
> Cu-MADMECI > Zn-MADMEC], which also corresponds to the degree of macroring
acoplanarity (see above). At the same time, the aromaticity of the outer contour A, B, and C
demonstrates an inverse relationship Zn-MADMEC]I > Cu-MADMECI > Ni-MADMECI
(Table 3), as well as the antiaromaticity of the five-membered cycle D. Thus, it can be stated
that a significant distortion of the planar structure of the chlorine macrocycle upon complex
formation is also accompanied by a noticeable perturbation of the 7-electron conjugation.
This perturbation can result in energetic consequences, which were analyzed based on the
energy data of the dianion calculated from the quantum chemical simulation of MADMECI
and its metal complexes (see experimental section).

Table 3. NICS parameters (ppm).

X1 Xz X; X4 A B C D

MADMECI ~12.13 —10.08 ~10.53 —11.54 —0.60 —2.46 —3.25 +5.06
Zn-MADMECI ~14.35 —12.24 ~11.95 ~14.01 —6.31 —8.64 ~835 +4.78
Cu-MADMECI ~15.76 —13.64 -13.13 ~15.07 —5.65 -8.16 —8.24 +4.66
Ni-MADMECI -16.72 —14.60 ~13.67 ~15.73 —4.58 —6.94 —7.37 +4.35
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Table 4 data show that metalation of the macroligand leads to various consequences.
Thus, the introduction of a zinc ion is accompanied by a decrease in the energy of the
macroring, that is, its stabilization, apparently due to the preservation of the coplanarity
of cyclic moieties (Table 1). At the same time, the decrease in the aromaticity of the inner
contour leads to a compensatory increase in it in the five-membered cycles A, B, and C.
Complexation with copper causes a slight increase in the dianion energy. At the same time,
the formation of the nickel complex is accompanied by a noticeable increase in the energy
of the macrocyclic core, apparently due to the strong acoplanarity of the latter (Table 1).

Table 4. Change in energy of the MADMECI dianion after complex formation.

E (I) au AE = E(I) — E(I) x kcal/mol
2H —2083.43 *
/n —2083.35 —3.47
Cu —2083.34 1.62
Ni —2083.33 14.43

*—dianion MADMECL

The data presented in Figure 1 indicate significant changes in the UV /Vis and CD
spectra upon the formation of chlorin e6 13(N)-methylamide-15,17-dimethyl ester metal
complexes. To quantify the experimental CD spectra, we calculated the molar coefficients
of circular dichroism [37] Ae = ¢1—¢;, and as a measure of the chirality of macroheterocycles,
the dissymmetry g-factor was determined via

g=A7Ae/e D)

where ¢ is the molar extinction coefficient of the corresponding band in the UV /Vis spectrum.

The data presented in Table 5 show that the CD of both absorption bands (Soret and Q)
follows the same regularities during the complexation of the chlorin e6 derivative. So, with
the insertion of Zn, CD somewhat decreases, Ni and Cu increase significantly symbatic
with the growth of acoplanarity (Tables 1 and 2) of the macroring and its distortion energy
(Table 4). The dissymmetry g-factor, which is a measure of chirality, changes similarly.
Therefore, it was possible to determine a clear relationship between the fundamental
molecular properties of the chlorin e6 13(N)-methylamide-15,17-dimethyl ester metal
complexes: acoplanarity—aromaticity—chirality.
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Table 5. Spectral parameters of macroheterocycles in chloroform.

A, nm Ag,1-mol—1.cm—1 g, ' mol—1.cm~1 g-factor-10*
400 18.1 44697 4.05
MADMECI 661 42 15621 267
. 417 91.2 68981 13.22
Ni-MADMECI 636 327 36574 ~8.94
408 55.3 42931
Cu-MADMECI €30 s 317 12.87—6.59
416 6.3 26882 2.36
Zn-MADMECI 636 12 11294 11

Taking into account the results obtained earlier [35], the influence of the central metal
on the ability of the studied complexes to induce spiral liquid crystal phases is of undoubted
interest. Therefore, in this work, solutions of MADMECI and its complexes were studied in a
nematic mixture of alkoxycyanobiphenyls CB-2 (see experimental section). The appearance
of fingerprint textures and Newton's rings in polarized light (Figure 2) unambiguously
indicates the forming of a helical liquid crystal phase under the action of the introduced
chiral dopants. Polarization microscopy was used to determine the clearance temperatures
of the LC—chiral macroheterocycle systems, which are a measure of the thermal stability of
the mesophase, at various concentrations of dopants.

Figure 2. Cont.
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Figure 2. The “fingerprints” texture of the mixtures CB-2 with (a) 1.54% Ni-MADMECI; (c) 1.96%
Cu-MADMECI; (e) 3.36% Zn-MADMECI at 70 °C. The system of Newton’s rings of the same mixtures
at 25 °C (wavelength of monochromatic light 551 nm) with (b) 1.54% Ni-MADMECI; (d) 1.96%
Cu-MADMEC]; (f) 3.36% Zn-MADMECI.

Figure 3 shows the concentration dependences of the relative clearance temperature
(Tnir/ TONi, where TOyy is the transition temperature of the nematic-isotropic liquid without
additive [47]). The slopes p of the Tni/T°Ny = f(np) dependences are listed in Table 5,
which quantitatively characterize the degree of dopant influence on the thermal stability
of the mesophase. Based on the quantitative analysis of the Newton rings systems by
the Grandjean-Cano method (see experimental section), the values of the helix pitch of
chiral nematics were measured and the values of the helical twisting power (HTP) were
calculated using the equation:

HTP = (p-cr)~ ! ()

where p is the pitch of the helix, c is the mole fraction of the dopant, and r is its
enantiomeric purity.

Tl Tong
1

0.998

0.996

0.994

(o]

0.992

0 0.005 0.01 0.015

N, , mol fr

Figure 3. Fragments of phase diagrams for the CB-2 mixtures with -O- MADMEC]; - A-Zn-MADMECL
-8-Cu-MADMEC]; -e-Ni-MADMECIL
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The concentration dependences of HTP are shown in Figure 4, and the maximum
values of HTP are listed in the Table 6. The data presented in Figures 3 and 4 and in Table 6
indicate a strong influence of the metal in the MADMECI complexes on their behavior in the
nematic liquid crystal. Thus, complexation can both increase and decrease the parameters
given in Table 6. First of all, it draws attention to the anomalously high values of both 3
and HTP of the nickel complex of the chlorin e6 derivative. The reason for the significant
HTP is the high optical activity associated with the highest acoplanarity of the complex,
strong interactions with LC, and the contribution of supramolecular chirality [35].

HTP HTP
2009 140
400 - 120 1
100 4
300
80 -
200 - 60 1
40
100
\9\_9¥ 2
0 . - . 0 . . .
0.000 0.005 0.010 0.015 0.000 0.005 0.010 0015
N, , mol fr n, , mol fr
(a) (b)

Figure 4. Effect of dopant concentration on its HTP (a) -O-MADMECI; -e- Ni-MADMECI; (b) -A-Zn-
MADMEC]; -8M-Cu-MADMECL

Table 6. Effect of a metal on the thermal stability of the LC phase ( = d(Tny/T°np)/dny and the
maximum HTP.

Dopant 3, mol.fr.~1 HTPpax, tM—1
MADMECI —0.73 97.9
Zn-MADMECI —0.54 130.4
Cu-MADMECI. —0.27 94.5
Ni-MADMECI —1.15 409.2

However, a strong distortion of the planar structure of the macrocycle during the
formation of Ni-MADMECI leads not only to the effective induction of the helical LC phase,
but is also accompanied by a decrease in the ability of the dopant to efficiently incorporate
the orientationally ordered LC structure [48]. Metal-less macrocycle MADMECI and its Zn
complex, having the highest coplanarity and low optical activity (see above), nevertheless
demonstrate a medium ability for chiral induction and close values of 3. At the same
time, a copper complex with medium acoplanarity and sufficiently high chirality slightly
destabilizes the mesophase but does not show a high HTP (Table 6). Apparently, as in the
case of Ni-MADMEC], the structure of dopant-LC solvates and the resulting supramolecular
chirality can have a significant effect on the behavior of zinc and copper complex dopants
in LCs. It should be noted that an increase in the content of all macrocyclic additives leads
to a decrease in HTP due to the association of the latter, as previously shown [33].

3. Materials and Methods
3.1. Materials

Chlorin e6 13-(N)-methylamide-15,17-dimethyl ester (MADMECI) and its metal com-
plexes (Zn-MADMEC]I, Cu-MADMEC], Ni-MADMECI) were studied. The synthesis and
characterization of the compounds were carried out similarly to [35,49,50].

Chlorin e6 13-(N)-methylamide-15,17-dimethyl ester (MADMEC]I)
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Methylamine, 6 mL of a 30 % aqueous solution, was added to a solution of 505 mg
(0.833 mmol) of methyl pheophorbide a in 15 mL of dioxane. We obtained 492 mg (93%) of
the title compound as a dark green powder:

1H NMR (500 MHz, CDCI3, 25 °C): 6 9.68 (s, 1H), 9.65 (s, 1H), 8.85 (s, 1H), 8.09 (dd,
3] = 8.07 Hz, 1H), 6.36 (dd, 3] = 11.87 Hz, 1H), 6.35 (bs, 1H), 6.34 (dd, 3] = 10.6 Hz, 1H),
5.54 (d, 2] = 18.87 Hz, 1H), 528 (d, 2J = 19.07 Hz, 1H), 451 (q, 3] = 451 Hz, 1H),
4.39 (dd, 3] = 4.38 Hz, 1H), 3.80 (s, 3H), 3.78 (m, 2H), 3.66 (s, 3H), 3.52 (s, 3H), 3.51 (s, 3H),
3.33 (s, 3H), 3.18 (d, 3] = 453 3H), 2.59 (m, 1H), 2.24 (m, 1H), 2.21 (m, 1H), 1.81 (m, 1H),
1.77 (d, 3] = 7.50 3H), 1.74 (t, 3] = 7.93 3H), —1.56 (bs, 1H), —1.78 (bs, 1H) ppm. 13C NMR
(125 MHz, CDCl3, 25 °C): 5 174.25,173.54, 170.11, 168.82, 166.67, 154.21, 149.08, 144.75, 138.91,
136.10, 134.96, 134.95, 134.81, 134.53, 130.17, 129.89, 129.46, 128.08, 121.62, 102.02, 101.42,
98.84, 93.67, 53.08, 52.07, 51.64, 49.29, 37.73, 31.12, 29.64, 27.20, 23.06, 19.68, 17.75, 12.19,
11.92,11.35. ppm.

UV —vis (CHCI3) Amax: 406, 505, 610, 668 nm. Anal. Calcd. for C37N5H4305 (637.33):
C, 69,66%; H, 6.8%; N, 10.98%.; O, 12.56% Found: C, 69.8%; H, 6.6%; N, 11.05%; O, 12.5%.

Zn-Chlorin e6 13-(N-methylamide)-15,17-dimethyl ester. (Zn-MADMECI)

Zn-chlorin e6 13(1)-N-methylamid 15(2),17(3) dimethyl ester (Zn-MADMECI) was ob-
tained from 103.8 mg of Chlorin e6 (13 (N)-methylamide-15,17-dimethyl ester (MADMEC]I)
and 216.0 mg of zinc acetate. The yield of Zn-MADMECI was 80.9 mg (71%):

1H NMR (500 MHz, CDCI3, 25 °C): § 9.40 (s, 1H), 9.35 (s, 1H), 8.60 (s, 1H), 7.96 (dd,
3] =11.44 Hz, 1H), 6.08 (dd, 3] = 16.05 Hz, 1H), 6.12 (bs, 1H), 5.92 (dd, 3] = 5.9 Hz, 1H),
517 (d, 2] = 18.19 Hz, 1H), 4.85 (d, 2] = 19.07 Hz, 1H), 4.35 (q, 3] = 6.74 Hz, 1H),
4.16 (d, 3] = 8.74 Hz, 1H), 3.75 (s, 3H), 3.60 (q, 3] = 7.1 Hz 2H), 3.52 (s, 3H), 3.36 (s,
3H), 3.18 (m, 6H), 3.01 (s, 3H), 2.47 (m, 1H), 2.16 (m, 1H), 2.07 (m, 1H), 1.76 (m, 1H), 1.71
(d, 3] =7.103H), 1.64 (t, 3] = 7.5 3H) ppm. 13C NMR (125 MHz, CDCI3, 25 °C): 6 174.67,
173.43, 171.4, 165.09, 161.56, 152.82, 147.55, 147.31, 145.06, 143.59, 141.42, 139.81, 138.28,
133.47,132.78, 131.5, 130.28, 119.7, 102.97, 101.67, 100.91, 93.48, 52.38, 51.88, 51.54, 47.1, 37.7,
30.83, 29.05, 26.88, 22.89, 19.19, 17.53, 12.29, 11.9, 10.93 ppm. UV —vis (CHCI3) Amax: 300,
411, 516, 600, 641 nm. Anal. Calcd. for ZnC37N5H4105 (699.24): Zn, 9.14%; C, 63,50%; H,
5.91%; N, 10.01%.; O, 11.44% Found: C, 63.41%; H, 5.65%; N, 10.21%; O, 11.32%.

Cu-Chlorin e6 13-(N-methylamide)-15,17-dimethyl ester. (Cu-MADMECI)

Cu-Chlorin e6 13-(N-methylamide)-15,17-dimethyl ester (Cu-MADMECI) was ob-
tained from 93.1 mg Chlorin e6 (13 (N)-methylamide-15,17-dimethyl ester (MADMEC]I)
and 357.1 mg copper acetate. The yield of Cu-MADMECI was 39.7 mg (67%):

UV —vis (CHCI3) Amax: 412.2, 600.6, 610, 641 nm. Anal. Calcd. for CuC37N5H4105
(698.24): Cu, 9.01% C, 63,59%; H, 5.92%; N, 10.03%.; O, 11.45% Found: C, 63.9%; H, 5.6%; N,
10.2%; O, 11.1%.

Ni-Chlorin e6 13-(N-methylamide)-15,17-dimethyl ester. (Ni-MADMECI)

We added 217 mg (0.34 mmol) of chlorin e6 13(1)-N-methylamide 15(2),17(3)-dimethyl
ether (MADMECI) and 340 mg (2.90 mmol) Ni(OAc), to a solution of 0.5 mL (4.87 mmol)
of acetylacetone in 10 mL of toluene. We obtained 140 mg (59%) of the title compound
(Ni-MADMEC]) as a dark emerald green powder:

1H NMR (500 MHz, CDCI13, 25 °C): 6 9.11 (s, 1H), 9.04 (s, 1H), 8.06 (s, 1H), 7.81 (dd,
3] =11.58 Hz, 1H), 6.04 (d, 3] = 17.61 Hz, 1H), 6.24 (bs, 1H), 5.94 (d, 3] = 11.49 Hz, 1H),
494 (d, 2] = 18.64 Hz, 1H), 4.52 (d, 2] = 19.21 Hz, 1H), 4.14 (q, 3] = 6.34 Hz, 1H), 3.98
(dd, 3] = 6.92 Hz, 1H), 3.84 (s, 3H), 3.66 (s, 3H), 3.57 (m, 2H), 3.2 (s, 3H), 3.19 (d, 3] =4.90
3H), 3.15 (s, 3H), 3.14 (s, 3H), 2.45 (m, 1H), 2.35 (m, 1H), 1.78 (m, 1H), 1.61 (m, 1H), 1.58
(t, 3] =7.59 3H), 1.49 (d, 3] = 7.09 3H) ppm. 13C NMR (125 MHz, CDCI3, 25 °C): 4 173.49,
173.33,170.33, 156.03, 153.12, 145.46, 132.42, 141.83, 140.97, 139.93, 138.01, 137.79, 134.74,
133.46, 129.51, 141.27, 120.15, 100.29, 139.29, 133.84, 103.31, 101.2, 92.48, 52.03, 51.68, 47.37,
51.76, 31.08, 36.48, 26.99, 27.09, 19.25, 19.88, 17.35, 11.98, 11.86, 10.94. ppm. UV —vis (CHCI3)
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Amax: 407.2, 508, 592, 639 nm Anal. Calcd. for NiC37N5H4105 (693.246): Ni 8.36%; C,
64.05%; H, 5.96%; N, 10.09%; O, 11.54% Found: C, 64.8%; H, 5.7%; N, 10.3 %; O, 11.0%.

Liquid crystalline mixtures based on cyanobiphenyl derivatives (CB-2) were used
to study chiral induction. The nematic mixture CB-2 is composed of two components:
55% 4-pentyloxy-4'-cyanobiphenyl (5OCB) and 45% 4-heptyloxy-4'-cyanobiphenyl (7OCB)
(Qualification “Pure for analysis” Reahim). The phase transition temperatures of CB-2 are as
follows: crystal — 22 °C — nematic — 74.5 °C — isotropic [51]. Liquid crystalline mixtures
with dopants were prepared gravimetrically by mixing at temperatures corresponding to
the isotropic liquid state. At all the temperatures of the study, separation of mixtures was
not observed; it was recorded by the method of polarization microscopy.

3.2. Measurement of UV/Vis, CD Spectra

Circular dichroism (CD) spectra of MADMECI and its complexes solutions were
recorded on a «Jasco 1500» spectrometer. UV /Vis spectra were obtained on a Perkin
Elmer «Lambda 20» scanning spectrophotometer. The molar extinction coefficients (¢ and
Ae = g1—¢;) were calculated using the Beer-Lambert equation.

3.3. NMR Measurement

1H, 13C NMR, HMBC °N-1H spectra were recorded on “Avance III Bruker 500" NMR
spectrometer with operating frequencies of 500.17, 125.77 MHz, and 50.68 MHz, respectively.
A 5 mm 1H/31P/D-BBz-GRD Triple Resonance Broad Band Probe (TBI) was employed.

3.4. Quantum chemical Calculations

M-MADMECI structures were optimized by using the CAM-B3LYP functional of
the Gaussian 09W [52] software package with base sets of 6-31 G (d,p) (the optimized
Cartesian coordinates of MADMECI and its complexes with Zn, Cu, and Ni are available
in the Supplementary Materials). TD-DFT calculations were then carried out using the
CAM-B3LYP/6-31 G(d,p) scrf = (cpcm, solvent = chloroform) functional since it contains a
long-range correction. The number of excited states was 25.

NMR shielding constants were calculated using the GIAO method [53] with basis
CAM-B3LYP/6-311++(d,p) scrf = (cpcm, solvent = chloroform). According to recommen-
dations [54,55], benzene and TMS were chosen as standards for calculating the chemical
changes of sp2- and sp3-hybridized carbons, respectively. The reference compounds
geometry and shielding parameters were calculated at the same theory level as the stud-
ied compounds. The chemical shifts J; of the M-MADMECI were calculated according
to the equation:

;= Oref — O0j + 5ref (3)

where 0, and o; are the shielding constants calculated for MADMECI and standards, def
is an experimental chemical shift of the reference compound (128.5 ppm for benzene '3C
NMR, 0 ppm for TMS). Calculations of the nucleus-independent chemical shift (NICS) [56]
were performed for the M-MADMECI structures.

Chemcraft software [57] was applied for the preparation of input data files, as well as
for processing and visualization of the computed results.

3.5. Measurement of Phase Transitions Temperatures

The study of the mesomorphic properties was carried out by polarization microscopy
on a «Polam P211» polarizing microscope equipped with a thermotable. The phase transi-
tion temperatures were measured with an accuracy of +0.1 °C. To obtain textures, a cell of
two plane-parallel glasses was used without special surface treatment.

3.6. Measurement of Pitch

The helical pitch of the chiral phases at various temperatures and dopant con-
centrations was measured by the Grandjean—-Cano method [58] using a convex lens
and a plane-parallel plate at a monochromatic light wavelength of 551 nm. For the
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CB-2 + MADMECI system, the helix pitch was directly measured from the “fingerprint”
textures obtained with a camera-mounted microscope [59,60]. The pitch values mea-
sured by the two methods coincided within the limits of the experimental error. The
ability to form a spiral mesophase was described by the helical twisting power (HTP)

according to Equation (2). The error in determining HTP was £1 pum ™.

4. Conclusions

The effect of the nature of a central metal on the geometry, aromaticity, chirality,
and ability to twist the nematic phase of macroheterocyclic complexes based on modi-
fied natural chlorin e6 was studied. Quantum chemical optimization of geometry of
chlorin e6 13(N)-methylamide-15,17-dimethyl ester (MADMECI) and its Zn, Cu, and
Ni complexes was carried out using the DFT (CAM-B3LYP/6-31 G(d,p) functional)
method. The adequacy of the simulation was established by comparing the calculated
and experimental UV/Vis, CD, 'H, and '3C NMR spectra. To assess the degree of
acoplanarity, we measured the deviation of macrocyclic ligand atoms from the plane of
intracyclic nitrogen atoms and the distortion energy of the macrocyclic dianion. The de-
gree of acoplanarity of the macroring as a result of complex formation was shown to be
located in the series Ni-MADMECI > Cu-MADMEC]I > Zn-MADMECI. Aromaticity was
evaluated using the NICS criterion (nuclear independent chemical shift). An increase
in the degree of aromaticity of the macrocycle upon complex formation was established.
At the same time, the aromaticity of the inner conjugation contour corresponds to the
series Ni-MADMEC]I > Cu-MADMECI > Zn-MADMEC], while the outer conjugation
contour, which includes three five-membered pyrrolenine rings, is characterized by
the reverse degree of aromaticity. The circular dichroism of the Soret and the Q-bands
was experimentally evaluated, indicating an increase in CD with an increase in the
degree of acoplanarity and aromaticity of the inner contour of the conjugation. The
g-factor of dissymmetry changes in a similar way. The induction of helical phases was
studied using polarization microscopy in mixtures of LCs based on cyanobiphenyls
and MADMECI macrocyclic metal complexes. The clearance temperatures and the
helix pitch of the mesophases were measured. A strong influence of the metal on the
phase transition temperature and helical twisting power was found.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11010024/s1, Figures S1-S7: 1H, 13C NMR, HMBC
15N-1H spectra of M-MADMEC]; Table S1: Experimental (CDCl3) and calculated (DFT GIAO)
chemical shifts of 13C; Figure S8: Correlations of calculated and experimental chemical shifts of
13C; Table S2: Experimental (CDCl3) and calculated (DFT GIAO) chemical shifts of IH; Table S3:
Experimental (CDCl3) and calculated (DFT GIAO) chemical shifts of 1°N; Figure S9: The “fingerprints”
textures and the systems of Newton’s rings of the mixture CB-2 with M-MADMECI; Cartesian
coordinates of M-MADMECI optimized CAM-B3LYP/6-31 g(d,p) level of theory.
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