W) Check for updates

Research Article
doi.org/10.1002/slct.202201639

European Chemical
Societies Publishing

ChemistrySelect

Electro, Physical & Theoretical Chemistry

www.chemistryselect.org

A DFT Study towards the Amide cis-trans Isomerization
Process of the Myc-Max Inhibitor Mycro 3 and Its
Photophysical Properties; Synthesis and NMR Studies of the

trans-Conformation
Dimitrios Mamalis,® ¢
Demeter Tzeli,*™ < and Veroniki P. Vidali*™®

Mycro 3 is a synthetic pyrazolo[1,5-alpyrimidine amide with
interesting bioactivity having exhibited promising results in
in vivo studies against pancreatic cancer. Even though it is a
known compound, no data concerning its conformations have
been reported before. The aim of this work is to investigate the
formation of its trans- and cis- isomers, the photophysical
processes of the isomerization, and the solvent effect via a DFT
study. We found that this isomerization is a thermodynamically
favourable reaction, having a small barrier of 10.3 kcal/mol in

Introduction

MYC oncoprotein is present in most human cancers, high-
lighting its great significance as a target protein. Recent
literature in cancer research has shown the potency of
pyrazolo[1,5-alpyrimidine analogues to inhibit the MYC onco-
protein by interfering with the MYC-MAX dimerization, thus
leading to tumour shrinkage and cancer cell apoptosis."?**
Among the pyrazolo[1,5-alpyrimidine inhibitors, mycro 3
(Scheme 1) is a leading compound, exhibiting high in vitro and
in vivo potency. In particular, it has been tested and showed
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DMSO. Additionally, the calculated 'H and C NMR spectra of
the two isomers revealed measurable differences. Furthermore,
the Sy—S,; excitation was found in vis area at 413 nm (trans-
isomer), while the S,—S, and S,—S, excitations are charge
transfer (CT) and partially CT state in near-infrared and vis
spectra, showing that mycro 3 also has the potential to be used
as a photosensitizer. Finally, its synthesis and its NMR analysis
revealed a good agreement with the proposed trans conforma-
tion.

remarkable results in animal studies involving pancreatic
cancer.'”

Mycro 3 is a synthetic amide developed over the
pyrazolo[1,5-a]pyrimidine substituted core. Dalinger et al.”
have reported the synthesis of similar heterocyclic amides.
However, no data have been reported concerning either the
geometry of the amide bond or the existence of an isomer.

Generally, amidic moieties exist in two configurations, the
cis and the trans (Scheme 1), about the C—N bond between the
carbonyl carbon and the nitrogen, a partially double bond
between carbonyl carbon and the nitrogen in the amide exist,
which restricts free rotation around it. Amongst those two
configurations, the general trend is that the trans isomers tend
to be more stable than the corresponding cis ones since the
largest substituents are more distant, thus minimizing the steric
repulsion.” Although the trans configuration is more common
in nature over 103 times than the cis, the equilibrium covers a
great range of values in synthetic molecules since bulkier and
chemically attractive groups can present more interactions
related to flexibility and resonance In these cases, the
product usually exists as a mixture of amide rotamers by NMR
spectroscopy,”® whereas after some time, only the trans isomer
is detected” due to a cis to trans isomerization which is a
thermodynamically favourable, and often a very rapid
reaction,” having an energy barrier of up to 20 kcal/mol and
thus leading to inconveniences in isolating only the less stable
isomer.”*®™ |t is often suggested that the thermodynamic
ratio is the inverse of the kinetic. The biosynthetic ratios and
the ratio of isomers depend on the solvent selections, temper-
ature, and other conditions.""'*'*'*" The selective synthesis of
one isomer has been achieved by substitution of adjacent
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Scheme 1. Trans and cis isomers of mycro 3.

groups to restrict the rotation around the amide bond due to
steric factors, which lead to a high-barrier conformational
interconversion.”'® Note that the structure-based drug design
typically utilizes only one conformation.

Generally, the binding of drugs to transport proteins and
the interference of inhibitors to proteins are widely studied due
to their importance in the pharmacological action of the drug
in the organism. Furthermore, the interaction of these species
with light may result in photosensitivity disorders. For this
reason, extensive research efforts have been devoted to
understanding the photosensitizing side effects of light on
them.[""819 Note that the existence of low-lying charge transfer
states can influence their isomerization, their applications, or
their inhibition properties.”®?'*? Finally, molecules presenting
absorption in particular excitation wavelengths can be used as
photosensitizers and even they could be candidates as photo-
sensitizers in photodynamic therapy (PDT).?'*

Mycro 3 presents an interesting bioactivity having exhibited
promising results in in vivo studies against pancreatic cancer.
Its analogues inhibit the MYC oncoprotein by interfering with
the MYC-MAX dimerization,#*%! highlighting the need for
data regarding the geometry of minima energy structures for
both trans and cis isomers of mycro 3, as well as their
isomerization energy path. Since no data have been reported
for the geometry of mycro 3 nor the existence of any isomers,
herein, we wish to present the results of theoretical studies
indicating the potential of formation of cis and trans conforma-
tions and cis—trans isomerization. NMR experiments to confirm
the trans configuration of the isolated form of mycro 3 are
shown, while calculations of 'H and *CNMR spectra to verify
measurable differences between the two isomers are also
presented. Finally, the photophysical properties of the two
isomers are studied to understand the photosensitizing side
effects with light which could affect the isomerization via
charge transfer states, indicating its potential use as a photo-
sensitizer.
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Results and Discussion

DFT calculations were carried out to obtain the lowest in
energy trans and cis isomer of mycro 3 molecule. A series of
trans and cis conformers which differ to the relevant position of
two or more C—C and/or N—C rotation have been geometry
optimized. Then for the obtained structures, the frequencies
were calculated to confirm that they are true minima
structures. In total, 5 trans and 11 cis conformers which are true
minima, i.e., they have no imaginary frequency, were obtained.
The B3LYP,?® M06-2X,%”! PBEO,”® and TPSSh®** functionals were
used in conjunction with the 6-31+G(d,p), 6-311+ G(d,p) and
6-311+G(2d,p) basis sets.”” Transition states between the
lowest in energy cis and trans minimum structures were
calculated, using the synchronous transit-guided quasi-Newton
(STQN) method®" and the potential energy curve with respect
to the reaction coordinate, namely the ®(C10C11NC12) dihe-
dral angle (see Scheme 2), was plotted.

The solvent effect was studied explicitly and implicitly.
Three solvents were used, i.e., the dimethyl sulfoxide (DMSO),
which is a highly polar organic reagent, the toluene (TOL), a
non-polar solvent and dichloromethane (DCM), which is only
slightly miscible with water, and it dissolves a huge variety of
compounds. The polarizable continuum model (PCM)®? model
was used for the implicit insertion of the solvent. PCM model is
divided into a solute part lying inside a cavity, surrounded by
the solvent part represented as a structureless material
characterized by its macroscopic properties, i.e., dielectric
constants and solvent radius. This method reproduces solvent
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Scheme 2. Amide bond of E1 and Z1 global minima structures.
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effects generally well.®® The dielectric constants of the three
solvents are €=46.826 (DMSO), 2.3741 (TOL), and 8.93 (DCM).
Additionally, the solvent effect was induced explicitly with the
addition of 6 (DMSO), 5 (TOL) and 5 (DCM) molecules via the
ONIOM methodology.?? In this methodology, the system was
defined as two regions (layers) with the high layer, which is the
mycro 3 molecule calculated at DFT level of theory, and the
low layer, which is the solvent molecules calculated at the
PM6" level of theory. Furthermore, the solvent effect on
isomerization was studied simultaneously explicitly and implic-
itly. Finally, it should be noted that the main solvent that used
in our computational part is the DMSO, because our exper-
imental '"H NMR and "*C NMR spectra were recorded in DMSO-
dé6 solvent, with which distinct spectra are obtained. This
solvent was also used by Dalinger et al.”

The IR, 'H NMR, "*C NMR, UV-vis absorption and emission
spectra were calculated. NMR shielding tensors have been
computed with the Gauge-Independent Atomic Orbital (GIAO)
method.®® The relative shifts have been estimated using the
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Figure 1.5 trans (E) and 11 cis (Z) calculated minima structures of mycro 3.
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©=172.79° y = 165.15°

corresponding TMS shielding calculated in advance at the
B3LYP/6-311+G(2d,p) level of theory. The absorption and the
emission spectra of the isomers were obtained via Time
Dependent DFT (TD-DFT) calculations including 20 singlet-spin
excited electronic states. The accuracy of the present method-
ologies has been confirmed by the fact that theoretical
calculations using the functionals employing here can predict
the vis-UV and IR spectra for amides and amines in very good
agreement with experimental data 3394041424344 A|| calcula-
tions were carried out using the Gaussian16 suite of codes.””

Geometry & Energetics: At first, a conformational analysis of
mycro 3 was conducted in order to find the lowest in energy
trans and cis isomers at the B3LYP/6-31+G(d,p) level of theory
in DMSO solvent. For all geometry optimized structures, their
frequencies were calculated to clarify if they are minima or
transition states. In total, we found 5 trans (E) and 11 cis (Z)
minima structures, see Figure 1.

The calculated E structures lie within 2.49 kcal/mol and the
Z structures are within 2.94 kcal/mol, see Figure 1. The lowest
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in energy trans minimum structure isomer (E1) is lower in
energy than Z1 by only 5.42 kcal/mol, see Figure 1. The dipole
moments of the calculated minima range from 6.40 to 13.07
Debye and their values reflect the relative positions of the
groups in the mycro 3 compound. All five E isomers are
rotamers, and so as the eleven Z isomers. Each E can be
converted to another E isomer via one or more C—C rotations.
For instance, the E1 and E2 rotamers differ in two C—C rotations
in the ester group, their energy difference is 0.59 kcal/mol and
the dipole moment is increased by 5 Debye in E2; while the E1
and E3 rotamers differ in a C—C rotation resulting to a rotation
of the furan group, their energy difference is 0.67 kcal/mol and
the dipole moment is less increased, i.e., by 1 Debye. In the
calculated isomers we observed that van der Waals H bonds
are formed as also m-m stacking interactions between the
aromatic rings in order the minima structures to be stabilized.
In E1, the amidic hydrogen (see Figure 2) forms two weak
hydrogen bonds with the O atom of ester and the N atom of
pyrazole groups; the corresponding bond distances H...O and
H...N are 2.252 and 2.308 A. In Z1, the H...O bond distance
between the amidic hydrogen (H1, see Figure 2) and the O
atom of the ester group is 2.516 A, larger than in E1. Addition-
ally, a m-m stacking interaction is formed between the
pyrazolopyrimidine and the phenyl group; the distance
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between the centers of the groups is 4314, i.e, a typical
distance of the m-m stacking interaction. Note that the m-m
stacking distance between aromatic rings range from 3.5 to
45 A" while the stabilization energy of prototype benzene
dimer is 2.5 kcal/mol at CCSD(T)/aug-cc-pVTZ level of theory.”!
The dihedral angles @ (C10C11NC12) and vy (OC11NH) of the
calculated minima structures of mycro 3 (Scheme 2) are given
in Fig. 1. Due to steric factors, these angles are not 180 degrees
in E isomers and O degrees in Z isomers. In E isomers, the
deviation from these values ranges from 4.6 to 7.4 degrees for
o and from 14.7 to 25.5 for 4. In Z isomers, the deviation from
these values ranges from 7.9 to 23.7.4 degrees for o, i.e., larger
deviations than Z isomers, and from 2.0 to 17.3 for y. Note
that, in Z isomers, large deviation at o angles results in small
deviation at v angles and vice versa.

Additional calculations for the lowest in energy E and Z
minimum structure isomers using four functionals and three
basis sets have been carried out, see Table 1. All levels of
theory predict the same structure for the E1 and Z1 minima
structures. The geometries are almost identical, and the most
significant differences are observed in angles w and 1, see
Table 1. Comparing the relative energy differences AE at
B3LYP, PBEO and TPSSh/6-311+ G(d,p) levels, we observe that
PBEO predicts the lowest value of 4.33 kcal/mol while the
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Figure 2. (a) Relative energy differences between E1, Z1 and AE ;s between Z1 and TS1. (b) Dipole moments p of the E1, Z1 and TS1 structures of mycro 3 at
different levels of theory, B3LYP. M06-2X, PBEO, and TPSSh/6-311 + G(d,p). (M06-2X": M06-2X/6-311 + G(2d,p)).

Table 1. Dihedral angles ®(C10C11NC12) and y(OC11NH) of the E1, Z1 and 9TS structures of mycro3 at different levels of theory.

Methodology Solvent [ L) [ ) [ P
(degrees) (degrees) (degrees) (degrees) (degrees) (degrees)
E1 Z1 TS1

B3LYP/6-31 + G(d,p) DMSO 172.57 —162.47 9.15 17.02 74.62 116.38

B3LYP/6-31+ G(d,p) DCM 173.09 —161.58 9.26 19.38 74.39 117.84

B3LYP/6-31+ G(d,p) TOL 172.98 —160.48 9.56 22.90 76.16 120.09

MO06-2X/6-311 + G(d,p) DMSO 170.57 —163.28 8.63 17.38

PBE0/6-311 + G(d,p) DMSO 171.21 —162.64 9.67 18.27

TPSSh/6-311+ G(d,p) DMSO 171.22 —162.21 10.02 18.71

[a] At B3LYP/6-31+G(d,p), in DMSO solvent: TS2 (w=74.67 and { =116.14) and TS3 (0w =73.87 and 1\ =116.73).
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B3LYP predicts the largest 5.32 kcal/mol, and TPSSh predicts a
value of 4.33 kcal/mol, i.e,, the values are similar. On the
contrary, the MO06-2X/6-311+G(d,p) method reverses the
relative ordering of the E1 and Z1, however when we add a 2d-
type polarization basis set functions on all atoms but hydrogen,
the ordering is corrected, and the E1 becomes the lowest in
energy minimum structure. Pictorially, the AE values in all
used methodologies are plotted in Figure 2. Thus, we can
conclude that B3LYP, PBEO and TPSSh in conjunction with the
6-311+G(d,p) basis agree and are a good choice for the
present study.

The dipole moments within the same solvent are similar for
all four functionals. The choice of the solvent affects the dipole
moment for both E1 and Z1 isomers (Figure 2). The largest
values are observed for DMSO. DCM predicts values smaller
than DMSO by about 0.4 Debye, while TOL predicts values
smaller than DMSO by about 1.3 Debye. Note that the dielectric
constants of the three solvents, which are a measure of their
polarity, are £=46.826 (DMSO), 8.93 (DCM), and 2.3741 (TOL).
We observe that the solvent with the largest € value (a highly
polar organic reagent) predicts the largest p values, while the
solvent with the smallest € value predicts the smallest u values,
but the decrease of the p is not proportional. This agrees with
both experimental observation and mathematical analysis that
dielectric constant of the solvent affects the measured value of
the dipole moment."*34?

Isomerization: The transition state TS1 between E1 and Z1
and two other transition states, i.e., TS2 and TS3, are depicted
in Figure 3. TS1 and TS2 differ in a C—C rotation resulting in a
rotation of the furan group, their energy difference is 0.63 kcal/
mol, while TS1 and TS3 differ in a C—C rotation resulting in a
rotation of the CF,Cl group, their energy difference is 0.68 kcal/
mol. The w and 1 angles range from 74.4 to 76.2 and 116.4 to
120.1 degrees in three used solvents. These angles differ from
90 and 180 degrees, respectively, due to steric effects. The
dipole moment is about 1.5 Debye larger than the value of the
E1T minimum in all solvents and all used methodologies. The
H...O vdW bond of amidic H and O of the ester group is
2.024 A, smaller by 0.2 and 0.5 A than the corresponding values
of E1 (2252 A) and Z1 (2.516 A), respectively. The energy
requirements for the cis to trans isomerization is calculated at
10.3(13.7)[11.2] kcal/mol at the B3LYP(PBEO)[TPSSh]/6-311+
G(d,p) levels of theory in DMSO solvent, see Table 1 and
Figure 2. In the DCM and TOL solvent, it increases up to

0.4 kcal/mol. On the other hand, the energy requirements for
the trans to cis isomerization is calculated at 15.7(18.2)[16.0]
kcal/mol at the B3LYP(PBEO)[TPSSh]/6-311+G(d,p) levels of
theory in DMSO solvent. Finally, it is of interest that the energy
barriers calculated via M06-2X depend on basis set selection,
i.e., the M06-2X/6-311+ G(d,p) predicts no barrier for the Z1—
TS1, the M06-2X/6-311 + G(d,p)//B3LYP/6-311 +G(d,p) predicts
a smaller energy barrier than the other functionals, while the
inclusion of a second set for the non-hydrogen atoms, i.e.,
MO06-2X/6-311 4 G(2d,p) predicts similar energy barrier with the
other used functional, i.e., B3LYP, PBEO and TPSSh.

The potential energy curve (PEC) of the cis to trans
isomerization with respect to the reaction coordinate o is
depicted in Figure 4. Two PECs are plotted. In the first one, as
the o values change from almost O degrees (Z1 isomer) to
almost 180 degrees (E1 isomer), the structures are geometry
optimized for each specific w value (Figure 4, solid line). In the
second one, the geometry of the Z1 is retained and only the ®
value changes from almost 0 degrees (Z1 isomer) to 180
degrees (Figure 4, dot line). We observe that if we retain the
geometry of the Z1 and we change only the w angle, the gap
is 23.0 kcal/mol and it is located at about =90 degrees (dot
line in Figure 4), while the geometry optimization of the
structures for specific w values (solid line in Figure 4) minimize
the gap at 10.3 kcal/mol and the w angle is 74.4 degrees due
to steric effects.

Vibrational analysis: The IR spectra of E1, Z1 and TS1 are
plotted in Figure 5. There are differences between the three
spectra. In general, E1 present larger IR intensities up to 13%
than Z1 and up to 25% than TS1. In all three calculated TS
transition states, the first mode has an imaginary frequency,
and it corresponds to a vibration of the O and the H atoms of
the amide bond so as the structure to be converted to the E
isomer. The first vibration of E1 (and in all calculated E isomers)
corresponds to a twist between the two R groups of the amide
bond, i.e., the C10, C11, N, C12, H and O atoms remain at the
same position during the vibration, see Figure 6. The first
vibration of Z1 (and in all Z isomers) corresponds to a vibration
that brings near the aromatic groups around the amide bond,
i.e, the m-m stacking distance fluctuates. Finally, the last
vibration with the largest frequency value corresponds to the
N—H bond stretching of the amide. The corresponding values
of frequency of E1, Z1, and TS1 are 3517.7, 3568.8 and
3403.4 cm™'. We observe that in TS1, there is a red shift of the

y o
299 L3392 2
> ‘ )” L] *d
y S 2% o & oa
L@ - »
990 ‘%" 3. J 00 o0 s d L2
2% 4 4 094 'y 9%a gy ? o 200 99,0
30 9%V 20 ° G, 1 %a,2e .0
‘ J @
S P A, ey b4 » A;
4
TSI TS2 ’ TS3 >

Figure 3. Three calculated transition states (TS) of mycro 3 at the B3LYP/6-31 + G(d,p) level of theory in DMSO solvent.
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of theory in DMSO solvent.
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Figure 5. IR spectra of E1, Z1 and TS1 at the B3LYP/6-31+ G(d,p) level of theory in DMSO solvent.

N-H bond stretching of 114 and 165 cm™ regarding E1 and
Z1, respectively. Thus, in Z1, where there is an intense steric
effect, the bond stretching has the largest energy needs, while
in TS1, where the N-H bond distance is largest, i.e, 1.025
(TS1), 1.019 (E1), and 1.016 (Z1), the bond stretching has the
smallest energy needs. Finally, the IR intensity of N-H bond
stretching is double in TS1 than Z1 and 75% than E1, see
Figure 4.

Solvent Effect: To check the solvent effect, the solvent was
induced explicitly and implicitly. Three solvents were used to
reproduce the experimental conditions, i.e, the dimethyl
sulfoxide (DMSO), which is a highly polar organic reagent,

ChemistrySelect 2022, 7, €202201639 (6 of 13)

toluene (TOL), i.e., a non-polar solvent and dichloromethane
(DCM), which is a commonly used solvent that dissolves a huge
variety of compounds. The PCM model was used for the
implicit insertion of the solvent. The solvent was induced
explicitly with the addition of 6 (DMSO), 5 (TOL), and 5 (DCM)
molecules via the ONIOM methodology so as interactions to be
formed between the solvent molecules and mycro 3, see
Figure 7. These van der Waals interactions affect the energy
difference between Z and E isomers. We observe that the
inclusion of the solvent only explicit induce an increase of the
energy difference up to 0.5 kcal/mol compared to the implicit
inclusion of the solvent, see Table 2. On the contrary, the
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TS1

Figure 6. The lowest in energy frequency (w;) of E1, Z1 and TS1 and the
motion that corresponds to the isomerization (w;) of TS1 at the B3LYP/6-
31+ G(d,p) level of theory in DMSO solvent.

energy difference between E1 and Z1 solvent is reduced when
the solvent is included both implicitly and explicitly. Moreover,
in DCM solvent, the reduction is significant, i.e., by 2 kcal/mol,
which corresponds to a decrease by 40%.

UV-vis Spectra: The vertical excitation energies for the S—
S, absorption and the emission maxima of the two lowest in
energy excited states, their f-values, their main excitations, and
corresponding coefficients for E1, Z1, and TS1 in DMSO solvent
as also electron density plots of the molecular orbitals (MO)
involved in these excitations are collected in Table3 and

Table 2. Relative energy differences AE;, between E1 and Z1 of mycro 3
at the B3LYP/6-311 + G(d,p) level of theory including solvent explicitly and

implicitly.
AEg;(kcal/mol)
Solvent Implicit Explicit Implicit + Explicit
DMSO 5.32 5.85 4.69
DCM 5.39 5.65 343
TOL 5.48 5.97 4.85

Figure 8. The absorption spectra are depicted in Figure 9. We
observe that for both Z and E isomers, the S,—S, excitation is a
charge transfer (CT) excitation from Rg to R,, where R is the
group attached to C=0 and R, is the group attached to NH.
Thus, the Ry group acts as electron donor and R, group acts as
electron acceptor; while the maximum peak, i.e, S,—S;s
excitation is a partially charge transfer excitation and again R,
accepts electron charge, see Figure 8. The first, second and fifth
excitations are measured at 413 (vis), 344 and 318 nm. In the
TS1 structure both S,—S, and S,—S, excitations are partially
CT. The H-1, H, L, and L+ 1 MO of E1 and Z1 are similar, while
the MO of TS1 presents a difference only in H-1; moreover,
energetically, the H-1 and H of TS1 are nearly degenerate, see
Figure 8. Additionally, the energy difference between H and L
MO of the ground state of E1 and Z1 is decreased to half in the
first excited state, see Fig. 8. The emission peak of the first
excited state is a partially excited state within Rg, and it is
located at about 1000 nm for E1 and Z1 and 723 nm for TS1,
i.e., it is shifted by 280 nm at larger energy area, at red visible
area. In the emission spectra of the second excited state, the
excitation for E1, Z1, and TS1 is a CT state, in E1, and Z1 is

DMSO

TOL

DCM

Figure 7. E1 and Z1 isomers with the addition of 6 (DMSO), 5 (TOL) and 5 (DCM) molecules calculated at the B3LYP/6-311 + G(d,p) level of theory.
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Table 3. Absorption and emission maxima, A, vertical excitation energies AEv S,—S, absorption maxima and vertical excitation energies AEv S,—S,
emiision maxima, f-Values for absorption and emission, main excitations and their coefficients contributing to the excited state of E1, Z1, and TS1 in DMSO
solvent at the TD—B3LYP/6-311 + G(d,p) level of theory.
AEv Armax f coeff. Excit. AEv Mmax f coeff. Excit.
(eV) (nm) (eV) (nm)
So—S: S1—So
E1 3.00 4129 0.470 0.993 H—L 1.23 1006.7 0.065 1.000 H—L
Z1 3.01 411.9 0.408 0.993 H—L 1.24 996.6 0.061 1.000 H—L
TS1 2.83 437.7 0.015 0.702 H—L 1.72 722.6 0.003 0.973 H—L
—0.649 H-1—L
So—S, S,—So
E1 3.61 343.7 0.143 0.863 H-1—L 1.88 658.0 0.016 —0.906 H-1—L
Z1 3.59 345.1 0.007 0.993 H-1—L 1.82 680.6 0.003 0.994 H-1—L
TS1 2.98 415.8 0.205 0.707 H-1—L 2.61 475.8 0.112 0.601 H-1—L
0.684 H—L 0.773 H—L+1
So—Ss S3—S,
E1 3.89 3185 0.681 0.891 H—L+1
Z1 3.93 315.6 0.658 0.936 H—L+1
TS1 3.77 328.7 0.550 —0.548 H—L+1 2,62 473.0 0.138 —0.794 H-1—L
0.666 H-2—L 0.585 H—L+1

located at 658 and 681 nm in the red visible area while in TS1 | T2°1e > ExPerimentaltheoreica ot BSbie vt + GIGpI K& FCNMR
is located at 473 nm in the blue visible area.

Finally, it is interesting that the S,—S, and S,—S, | Atom Number 'HNMR Atom Number "CNMR
excitations are charge transfer (CT) and partially CT state in the H—1 8.09[8.31] 1 147.45
near infrared and vis spectra area, i.e., above the high tissue H-2 6.84[7.29] G2 113.38
absorption area of >400 nm, showing that mycro 3 has the :j Z'77[8'°8] Ej 1;(5)';?1
potential to be used as a photosensitizer. Hos _ s 137.33

The vertical and adiabatic excitation energies for the H-6 8.01[8.31] -6 104.35
transition S,—S, of E1 and Z1 are the same, i.e., 69 and 57 kcal/ H-7 - &7 120.02
mol, respectively. For TS1, the corresponding values are small- ::2 ;37[7 49] E:S ;;194'?5
er, i.e, 65 and 51 kcal/mol, respectively, see Table 4. In the first | | 1, o c-10 147.39
excited state, the w and 1 dihedral angles of E1 and Z1 are H-11 - - 160.46
similar to those of the ground state. On the contrary, in TS1, H-12 - 12 137.96
there are differences up to 30 degrees, i.e, ®=95.6 and Y= H-13 R 13 110.20

. . H-14 8.22(8.50] C-14 141.29
84.0in S; compared to w=74.6 and Y=116.4in S;; thus, the ® H_15 _ 15 137.76
and 1 values in S; are nearer to 90 degrees than in S,. Finally, it H-16 & H-20 7.64[7.92] C-16 & C-20 123.83
should be noted that on the potential energy surface of the H-17 &H-19 7.52(7.87] C17&C19 129.27
first excited state, the energy gap for the Z to E isomerization is ::;? Z‘44[7‘95] g:;? 12?“5%
significantly smaller than in the ground state, i.e., a reduction H-22 4.18[4.29] 22 50.85
of 64% compared to the gap of the ground state, 3.79 kcal/mol H-23 1.15[1.41] Cc-23 14.01
versus 10.3 kcal/mol. H-24 - 24 124.64

NMR spectra: The calculated 'H, *C NMR chemical shifts of | ! 10.53010.79] - -

E1, E2, Z1, and TS1 have been calculated at the B3LYP/6-31 +
G(d,p) level of theory in DMSO solvent and they are plotted in
Figure 10 and Fig2S-3S of the Sl and are given in Table 5 and  (E1), 10.092 ppm (E2), 8.533 ppm (Z1), and 9.476 ppm (TS1).
Table 3S of SI. The amide H has a 'H NMR shift of 10.793 ppm  Thus, the isomers can be clearly observed experimentally. E1

Table 4. Vertical and adiabatic excitation energies AEv, AEa with respect to the ground state, relative energy differences AE, between the first excited
states of E1, Z1, and 9TS1 and their dihedral angles w, 1 and dipole moments . at the TD—B3LYP/6-311 + G(d,p) level of theory in DMSO solvent.

AEV(S,—S,) AEa(S,—S,) AE, (S;) P(Sy) WSH)

(kcal/mol) (kcal/mol) (kcal/mol) (degrees) (degrees) (debye)
E1 69.3 57.2 0.00 172.66 —162.87 10.92
Z1 69.4 57.3 5.44 8.92 17.13 11.85
TS1 65.3 50.8 9.22 95.64 83.97 11.49
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Figure 8. Electron density plots of the molecular orbitals involved in the absorption excitations corresponding to the major peaks for s, (S,—S5,), s, (S¢—S,), and
ss (So—Ss) transitions and in emission excitations s," (S;—Sy), s," (S,—Se), and s5’ (S3—S,), of E1, Z1, and TS1 in DMSO solvent. Relative energies of MO, f-values
and A, in nm of the singlet (black solid arrows), CT excitations (blue dash arrows) and partially CT excitations (blue solid arrows) are given.

has the largest downfield shift. The amidic H is very highly
deshielded due to fact that it is better surrounded by the
carboxyl and the —CF,Cl groups. The difference between E1
and E2 is that the amidic H forms van der Waals bond with
different O atoms, i.e,, H...O=C in E1 and H...0—C=0 in E2.
Thus, in E1 is deshielded better. Regarding the “CNMR

ChemistrySelect 2022, 7, €202201639 (9 of 13)

chemical shifts, the most downfield shift is observed for the C
atom of the carboxylic group, of 152.26 ppm (E1), 150.52 ppm
(E2), 154.51 ppm (Z1), and 158.38 ppm (TS1) and the largest
one is observed in the TS1.
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Figure 9. vis-UV Absorption spectra (S0) of E1, Z1, and TS1 in DMSO solvent.
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Figure 10. "H NMR spectra of E1, E2, Z1, and TS1 at B3LYP/6-31+G(d,p) in DMSO solvent; reference compound: TMS, NMR degeneracy tolerance: 0.05, NMR

peak half-width at half height: 0.01.

Synthesis and NMR studies of the isolated form of mycro 3

Synthesis and NMR experiments of mycro 3 were conducted to
confirm its trans-geometry and to study its conformation. The
synthetic route to mycro 3 was based on previously developed
approaches,” for similar heterocycles modified appropriately
(see Supporting Information)

The isolated form of mycro 3 was fully characterized by 1D
and 2D NMR spectroscopy. NMR spectra of the isolated

ChemistrySelect 2022, 7, 202201639 (10 of 13)

compound were obtained in DMSO-d6 and recorded on a
Bruker Avance DRX-500 instrument at 25°C. Assignment of 'H
and "C chemical shifts was based on 'H-'H correlations through
bonding (COSY) and 'H-"C correlations from HSQC and HMBC
spectra, whereas 'H-'H correlations through Rotating frame
Overhause Effect (ROESY), were also studied. The main 'H-'H
COSY, 'H-'H ROESY and 'H-"*C HMBC correlations from 2D
experiments are depicted in Figure 11.
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Figure 11. Selected 'H-'"H COSY (bold bonds), 'H-"H ROESY (double arrows) and 'H-"C HMBC (red arrows) correlations for mycro 3.

The assignment of 'H and "*C NMR spectra as deduced by
the NMR experiments is depicted in Table 5 (atom numbering
shown in Figure 11 is followed). There is a very good agree-
ment between calculated and experimentally measured '"HNMR
chemical shifts, see Table 5. The same trends are observed in
both theoretical and experimental chemical shifts, the differ-
ence between the corresponding shifts ranges from 0.1 to
0.5 ppm and on the average the calculated chemical shifts are
larger by about 3% than the experimental ones.

The above assignment was supported by the 2D NMR
experiments (see Supplementary material). Proton at
10.53 ppm - which corresponds to the NH proton- showed
HMBC correlations with C-11 (160.46 ppm), C-12 (137.96 ppm)
and C-13 (110.20 ppm). A long-range 'H-">C coupling between
H-22 (4.18 ppm) and C-21 (161.50 ppm) was also detected to
indicate the chemical shift of the carboxylic carbon.

Moreover, the chemical shift of the NH proton of the amide
bond, observed at 10.53 ppm, is in very good agreement with
the NH proton theoretically calculated for E1 (10.79 ppm).
Similarly, both the chemical shift of the H-23 and H-24 protons
measured at 4.18 ppm and 1.15 nm are in good agreement
with the calculated values of 4.29 and 1.41 ppm, respectively.

In addition, the 'H-'H ROESY experiment (Figure 12) dem-
onstrated spatial proximity of the amide proton (NH,
10.53 ppm) to the H-16/H-20 protons (7.64 ppm) and the H-9
proton (7.37 ppm). These ROE signals indicate that the
distances through space of the pairs NH-H16/H20, NH-H9 and
NH—H22 in the experimental conformation of mycro 3 lies in

the range of 2.5-5 A. These results agree with our theoretical
calculations and the E1 model-built structure (Table 6).

Summary and Conclusions

Mycro 3 is a synthetic molecule that has been tested and has
exhibited promising results in in vivo studies against pancreatic
cancer. Up to now, only one isomer has been reported in the
literature. In the present work, theoretical conformational
analysis of the mycro 3 has been carried out to examine the
possibility of the isomerization of the trans to cis isomer and
vice versa. We analyzed how the choice of the solvent (highly
polar organic reagent, non-polar solvent and slightly miscible
with water solvent) can influence the isomerization. Finally, the
photophysical properties of the two isomers has been exam-
ined to establish the relation and differences between the two
isomers. We found that the cis to trans isomerization is a
thermodynamically favourable reaction, having a relatively
small energy barrier of 10.3 kcal/mol in DMSO. The solvent
effect on the cis to trans transformation was studied explicitly
and implicitly, and it was shown that it affects only slightly the
isomerization barrier. Finally, the absorption and emission
spectra of the isomers were calculated. The S,—S, excitation is
found in the vis area at 413 nm (E isomer). The S,—S, and $,—
S, excitations are charge transfer (CT) and partially CT state in
vis and near infrared spectra, showing that mycro3 has the
potential to be used as a photosensitizer. Furthermore, as far as
we know, the calculated vis-UV and IR spectra are new

Table 6. Calculated distances through space of NH...H—16/H—20, NH...H-9 and NH...H-22.
NH....H-16/H-20 NH....H-9 NH....H-22
Theory: E1 341 4.649 4.621
E1-E7 3.221-3.482 2.431-4.653 3.414-5.926
Expt: E 2.5-5 2.5-5 2.5-5

ChemistrySelect 2022, 7, €202201639 (11 of 13)

© 2022 Wiley-VCH GmbH



Chemistry

Research Article Europe

European Chemical

ChemistrySelect doi.org/10.1002/slct.202201639 Societies Publishing
‘ 10.53 ppm NH U _J LM h
\
ROESY -
] e
_.J 7.37 -
' ppm H-9
—-q i
——— ¢ 7.64 ppm H-16/ H-20
ﬁ%' "
I | -
—— B
] i
— o
-2
1
. i
_ o @
[ i
T T T l T T T T | I T T I
1 10 < 8 F2 [ppm]

Figure 12. 'H-"H ROESYNMR spectrum of mycro3 in DMSO-d, at 25°C (range dy; 11.2-6.5). The numbering of the atoms is shown in Figure 11.

information, they show interesting properties of the com-
pound, and they could be useful for whoever want to measure
them experimentally. Also, synthesis and NMR experiments
conducted for the isolated form of mycro 3 were in good
agreement with theoretical calculations supporting the E1 as
the most stable conformation. Current efforts to establish the
conditions of formation and isolation of the cis-isomer of mycro
3 (lower temperature, other solvents) and its NMR analysis for
an unambiguous structure confirmation are underway.

Supporting Information Summary

Geometries, energetics, IR spectra, 'H and "C NMR spectra,
absorption spectra, computational and experimental details.
Supplementary data to this article can be found online at
https://doi.org/
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