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We report structural and computational studies of three a-aminophosphonates 4-XCgHs—NH—CH(4-
BrCgH4)—P(O)(OiPr);, namely diisopropyl((4-bromophenyl)(phenylamino)methyl)phosphonate (X = H,
1), diisopropyl((4-bromophenyl)((4-bromophenyl)amino)methyl)phosphonate (X = Br, 2) and diiso-
propyl((4-bromophenyl)((4-methoxyphenyl)amino)methyl)phosphonate (X = MeO, 3). The structures of
1-3 were fully confirmed by means of the 3'P{'H} and "H NMR spectroscopy. Crystal structures of 2 and

3 are isostructural and each contain two independent molecules in the asymmetric unit cell. Energy
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the SARS-CoV-2 proteins.

frameworks have been calculated to analyze the overall crystal packing of 1—3. The DFT calculations were
performed to verify the structures of 1-3 as well as their electronic and optical properties. Molecular
docking was applied to examine the influence of both the (S)- and (R)-enantiomers of 1—3 on a series of

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

a-Aminophosphonic acids are known to be close analogues of a-
amino acids, where a less bulky and planar carboxyl group is
replaced by a phosphonic acid group with a tetrahedral geometry
(Chart 1). More than sixty years ago the biological activity of «-
aminophosphonates was discovered [1,2], and nowadays both the
chemistry and biology of a-aminophosphonates constantly attract
a particular interest within the broad field of (organo)phosphorus
chemistry [3]. Due to fascinating biological properties, a-amino-
phosphonates are of great interest and importance for practical
application in many fields, such as agriculture, pharmacy, medicine,
etc. [4—13].

One of the main structural features of a-aminophosphonates is

* Corresponding author. University of Tyumen, Volodarskogo Str. 6, 625003,
Tyumen, Russian Federation.
E-mail address: damir.a.safin@gmail.com (D.A. Safin).
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the presence of the P—C—N backbone (Chart 1), which provides a
broad structural modification of the resulting product, thus
yielding a broad panel of biological properties [13]. Furthermore,
the P—C—N fragment can also be chiral, producing certain stereo-
isomers. As such, one of the most efficient synthetic procedures
towards a-aminophosphonates is the Kabachnik-Fields reaction
[14]. This one-pot reaction involves three components, namely a
primary amine, a carbonyl compound and a dialkylphosphite.
Notably, when an aldehyde is used as a carbonyl compound, chiral
a-aminophosphonates are obtained due to the generation of the
chiral carbon center in the P—C—N backbone. Furthermore, «-
aminophosphonates can possess an intriguing biological activity
upon incorporation of aryl-containing functionalities in the struc-
ture of a molecule [15,16].

With all this in mind, we have also directed our attention to-
wards «-aminophosphonates. In this work we focused on the
synthesis, NMR and structural characterization of a series of closely
related «-aminophosphonates of the common formula 4-
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Chart 1. Diagrams of a-aminophosphonic acid and a-amino acid.

XCeH4—NH—CH(4-BrCgH4)—P(0)(0iPr);, namely diisopropyl((4-
bromophenyl)(phenylamino)methyl)phosphonate (X = H, 1), dii-
sopropyl((4-bromophenyl)((4-bromophenyl)amino)methyl)phos-
phonate (X = Br, 2) and diisopropyl((4-bromophenyl)((4-
methoxyphenyl)amino)methyl)phosphonate (X = MeO, 3). We
shed more light on the crystal structures of 1-3 using Hirshfeld
surface analysis to in-depth examine non-covalent interactions
responsible for crystal packing. Furthermore, energy frameworks
have been calculated to study the overall crystal packing. Theo-
retical calculations based on density functional theory (DFT) were
performed to verify the structures of 1—3 as well as their electronic
and optical properties. The global chemical reactivity descriptors
were estimated from the energy of the HOMO and LUMO. Using an
in silico molecular docking method, we have explored the binding
modes and interactions of 1—3 with binding sites of the SARS-CoV-
2 proteins as targets at the atomic level.

2. Experimental
2.1. Physical measurements

NMR spectra in CDCl3 were recorded with a Bruker DPX FT/
NMR-400 spectrometer at room temperature. Microanalyses were
performed using a LECO-elemental analyzer.

2.2. Synthesis

A mixture of 4-bromobenzaldehyde (0.185 g, 1 mmol), diiso-
propylphosphite (0.166 g, 1 mmol) and aniline or 4-bromoaniline or
4-methoxyaniline (0.093, 0.172 and 0.123 g, respectively; 1 mmol)
in toluene (8 mL) was heated under reflux for 12 h. The solvent was
then removed in vacuo and the resulting crude product was
recrystallized from a CH,Cl,/n-hexane (1:3, v/v) mixture.

2.2.1. Diisopropyl((4-bromophenyl)(phenylamino)methyl)
phosphonate (1)

Yield: 0.371 g (87 %). "H NMR: 6 = 1.04 (d, *Jy i 6.2 Hz, 3H, CH3),
1.27 (d, *Jyn 6.2 Hz, 3H, CH3), 1.31 (d, 3J1 6.1 Hz, 3H, CH3), 1.35 (d,
3J4n 6.1 Hz, 3H, CHz), 4.48—4.89 (m, 4H, OCH + C(H)NH), 6.60 (d,
3Jun 7.8 Hz, 2H, 0-Ph), 6.74 (t, 3Jyn 7.3 Hz, 2H, m-Ph), 7.14 (d, 3Jun
7.8 Hz, 1H, p-Ph), 7.39 (d. d, 3Jyn 8.5 Hz, Yy n 2.3 Hz, 2H, 0-CgHy),
7.50 (d, 3Ji1 8.4 Hz, 2H, m-CgHy4) ppm. 3'P{'H} NMR: 6 = 20.0 ppm.
Anal. calc. for C1gHpsBrNO3P (426.29): C 53.53, H5.91 and N 3.29 %;
found: C 53.75, H 5.98 and N 3.18 %.

2.2.2. Diisopropyl((4-bromophenyl)((4-bromophenyl)amino)
methyl)phosphonate (2)

Yield: 0.470 g (93 %). "H NMR: 6 = 1.01 (d, 3Jy 4 6.1 Hz, 3H, CHs),
1.22 (d, 3Jy 6.1 Hz, 3H, CH3), 1.27 (d, 31 6.1 Hz, 3H, CH3), 1.32 (d,
3Jun 6.0 Hz, 3H, CH3), 4.40—4.86 (m, 4H, OCH + C(H)NH), 6.48 (d,
3Jun 8.6 Hz, 2H, 0-CgHyN), 7.21 (d, 3Jy 4 8.7 Hz, 2H, m-CgHuN), 7.37
(d. d, *Jun 8.4 Hz, 411 2.2 Hz, 2H, 0-CgHy), 7.48 (d, 3Juy 8.4 Hz, 2H,
m-CeHs) ppm. >'P{'H} NMR: 6 = 19.4 ppm. Anal. calc. for
C19H24BroNOsP (505.19): C 4517, H 4.79 and N 2.77 %; found: C
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45.02, H 4.88 and N 2.69 %.

2.2.3. Diisopropyl((4-bromophenyl)((4-methoxyphenyl)amino)
methyl)phosphonate (3)

Yield: 0.470 g (84 %). 'TH NMR: 6 = 1.05 (d, >Jy 11 6.3 Hz, 3H, CH3),
123 (d, 311 6.2 Hz, 3H, CH3), 1.28 (d, 3Jy 11 6.3 Hz, 3H, CH3), 1.37 (d,
3Jun 6.3 Hz, 3H, CHs3), 3.68 (s, 3H, CH30), 4.35—4.79 (m, 4H,
OCH + C(H)NH), 6.54 (d, 3Ji11 8.6 Hz, 2H, 0-CgH4N), 6.77 (d, *Jun
8.7 Hz, 2H, m-CgHaN), 7.33 (d. d, 3Jun 8.5 Hz, Yun 2.1 Hz, 2H, o-
CsHa), 749 (d, 3Jun 8.4 Hz, 2H, m-CeHs) ppm. *'P{'H} NMR:
6 = 20.2 ppm. Anal. calc. for C;oH27BrNO4P (456.32): C52.64, H 5.96
and N 3.07 %; found: C 52.51, H 6.04 and N 3.01 %.

2.3. Computational details

Theoretical calculations of the ground state geometry of 1-3
were performed using the GaussView 6.0 molecular visualization
program [17] and Gaussian 09, Revision D.01 program package [18]
under the density functional theory (DFT) with B3LYP exchange-
correlation functional [19,20] and 6—311++G(d,p) [19,21] basis
set. The crystal structure geometry was used as a starting model for
structural optimization. The vibration frequencies were calculated
for the optimized structure in gas phase and no imaginary fre-
quencies were obtained.

2.4. Single crystal X-ray diffraction

Diffraction data were collected at 173(2) K, using a STOE IPDS-II
diffractometer with graphite-monochromatized Mo-Ko. radiation
(A = 0.71073 A). Images were indexed, integrated and scaled with
the X-Area package [22]. Data were corrected for absorption with
the PLATON program [23]. Structures were solved by direct
methods with SHELXS-07 [24] and refined first isotropically and
then anisotropically with SHELXL-97 [24]. The CH hydrogen atoms
were refined with riding models, while the NH hydrogen atoms
were freely refined.

2.4.1. Crystal data of 1

C19H25BrNO3P, M, = 426.27 g mol~!, monoclinic, space group
P2i/n, a = 13.3777(9), b = 9.6460(4), ¢ = 16.0504(10) A,
a = 101.859(5)°, V = 2027.0(2) A3, Z = 4, p = 1.397 g cm 3, u(Mo-
Ka) = 2.124 mm~), reflections: 17938 collected, 3797 unique,
Rint = 0.052, Ry(all) = 0.0449, wRx(all) = 0.0762, S = 1.000.

2.4.2. Crystal data of 2

C19H24BroNO3P, M; = 505.18 g mol~, triclinic, space group P—1,
a = 8.1761(5), b = 14.9538(10), ¢ = 18.0425(11) A, & = 91.200(5),
B = 96.771(5), vy = 101618(6)°, V = 2143.4(2) A3, Z = 4,
p = 1566 g cm >, w(Mo-Ka) = 3.874 mm™}, reflections: 38449
collected, 7564 unique, Rj;; = 0.089, Ry(all) = 0.0898,
WRy(all) = 0.1968, S = 1.0509.

2.4.3. Crystal data of 3

CyoH27BrNO4P, M = 456.31 g mol~, triclinic, space group P—1,
a = 8.1828(4), b = 15.0664(7), c = 18.2022(8) A, a = 92.173(4),
B = 94.830(4), y = 99.222(4)°, V = 2204.18(18) A3, Z = 4,
p = 1375 g em 3, w(Mo-Ka) = 1.961 mm~, reflections: 71115
collected, 10890 unique, Rj;z = 0.063, Ry(all) = 0.0559,
WRy(all) = 0.0964, S = 1.189.

CCDC 722386, 711117 and 711118 contain the supplementary
crystallographic data. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.
cam.ac.uk.
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3. Results and discussion

A one-pot reaction of 4-bromobenzaldehyde, diisopropylphos-
phite and aniline or 4-bromoaniline or 4-methoxyaniline has
allowed to produce the corresponding a-aminophosphonates 1-3
with good yields (Scheme 1). The 3'P{'H} NMR spectra of 1-3 in
CDCl;3 each contain a singlet at 19.4—20.2 ppm. The 'H NMR spectra
of the obtained compounds in the same solvent each exhibit four
doublets at 1.01-1.37 ppm with 3]H,H = 6.0—6.3 Hz, corresponding
to the methyl protons of the isopropyl groups. The signal for the
OCH protons of the isopropyl groups is overlapped with the signals
for the C(H)NH group and were found at 4.35—4.89 ppm. The
phenyl protons in the 'TH NMR spectrum of 1 are shown as two
doublets at 6.6 and 7.14 ppm and one triplet at 6.74 ppm, corre-
sponding to the o- and p-H-atoms, and m-H-atoms, respectively.
The o- and m-H-atoms of the phenylene group attached to the
amine nitrogen atom in the spectra of 2 and 3 are shown as two
doublets at 6.48—6.54 and 6.77—7.21 ppm, respectively. The o- and
m-H-atoms of the phenylene group attached to the C(H)N carbon
atom are shifted to lower fields and are shown as one doublet of
doublets at 7.33—7.39 ppm and one doublet at 7.48—7.50 ppm,
respectively, in the spectra of all the reported «-amino-
phosphonates. Finally, the spectrum of 3 also contains a singlet for
the methoxy hydrogen atoms at 3.68 ppm.

According to single-crystal X-ray diffraction, compounds 2 and 3
crystallize in triclinic space group P—1, while 1 crystallizes in
monoclinic space group P2;/n. Notably, the former two structures
are isostructural and each contain two independent molecules in
the asymmetric unit cell, namely 2-I and 2-II, and 3-I and 3-IL
Furthermore, in the structure of 3-I one of the isopropyl groups is
disordered over two positions with a 0.546(16) to 0.454(16) ratio.
For the sake of brevity, we herein discuss only the major contrib-
utor of the disordering, while the minor one has almost the same
results and was not considered.

The geometrical parameters are very similar in all the discussed
molecules (Fig. 1, Table 1). Particularly, the P—O bond lengths vary
from 1.560(5) A to 1.5848(19) A, while the P=0 bonds are about
0.1 A shorter. The P—C and C(H)—N distances are 1.819(2)—1.833(7)
A and 1.444(9)-1.458(9) A, respectively. The phosphorus atoms
were found to be in a distorted CO3 tetrahedral environment with
the O=P—0/C and O—P—0/C bond angles being 111.0(3)—118.4(3)°
and 100.58(10)—107.4(3)°, respectively. Notably, the O=P—C—N
fragment in all structures exhibits a Z conformation with the cor-
responding dihedral angles, compared by their magnitudes, vary-
ing from 46.90(18)° to 57.5(2)°. Furthermore, the aromatic rings in
all the reported molecules are almost orthogonal to each other as
evidenced from the corresponding dihedral angles being
84.60(14)—87.60(14)°. Furthermore, two molecules in the crystal
structures of 1—3 are interlinked through a pair of intermolecular
N—H---O=P hydrogen bonds (Fig. 1, Table 2), affording a centro-
symmetric supramolecular dimer with a R?»(10) motif.

Crystal packing of 1—-3 was further studied by a Hirshfeld surface
analysis [25], also resulted in the corresponding 2D fingerprint
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Fig. 1. A hydrogen bonded centrosymmetric dimer in the crystal structure of 1
(thermal ellipsoids are drawn with 50 % probability; CH hydrogen atoms are omitted
for clarity). Color code: H = black, C = gold, N = blue, O = red, Br = purple, P = green;
N—H:--0 hydrogen bond = dashed cyan line. The same dimers are formed in the crystal
structures of 2 and 3.

plots [26], which were generated using CrystalExplorer 17 [27].
Additionally, the enrichment ratios (E) [28] of the intermolecular
contacts were also calculated to estimate the propensity of two
chemical species to be in contact.

It was found that the Hirshfeld surfaces of 1, 2-1, 2-1I, 3-I and 3-
II, calculated over dporm, €ach contain two pairs of bright and faint
red spots, corresponding to donors and acceptors of the reciprocal
N—H---O=P and C—H---O=P intermolecular interactions (Fig. 2).
Notably, the latter contacts in the structure of 1 are formed with
one of the o-H-atoms of the phenylene fragment attached to the
amine nitrogen atom, while in the structures of other molecules the
same intermolecular contacts are formed with one of the o-H-
atoms of the phenylene fragment attached to the C(H)N carbon
atom. The donors and the acceptors of these interactions can be
evidenced as blue and red regions around the participating atoms
on the Hirshfeld surface mapped over shape index (Fig. 2). More-
over, no flat regions were observed on the Hirshfeld surfaces of 1, 2-
I, 2-II, 3-I and 3-II, mapped over curved surfaces, indicating the
absence of reasonable 7t--- interactions (Fig. 2).

An overwhelming majority of the Hirshfeld surface area of all
the discussed molecules is occupied by intermolecular H---H
(46.7-59.4 %) contacts, followed by H---C (16.7-17.7 %), H---Br
(11.3—21.5 %) and H---O (5.8—11.8 %) contacts (Fig. 3, Table 3). This
is, obviously, due to the presence of the isopropyl fragments as well
as due to the absence of intermolecular 7-- -7 stacking interactions.
Notably, a proportion of the H---H contacts decreases from 1, 3-I
and 3-1I to 2-I and 2-II with the simultaneous increase of the
H---Br contacts (Table 3), which is explained by the presence of the

Ay

Scheme 1. Synthesis of a-aminophosphonates 1 (X = H), 2 (X = Br) and 3 (X = MeO).

3
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Table 1
Experimental and calculated (DFT, B3LYP/6—311++G(d,p)) selected bond lengths (A) and angles (°) in the structures of 1-3.?
1 2-1 2-11 3-1 3-11
Experimental Calculated Experimental Calculated Experimental Calculated
Bond lengths
C—Br 1.906(2) 1.9188 1.897(7), 1.898(8), 1.9179, 1.916(3) 1.915(3) 1.9189
1.901(9) 1.911(7) 1.9198
P=0 1.4698(18) 1.4897 1.470(5) 1.462(5) 1.4895 1.472(2) 1.4782(19) 1.4900
P-0 1.5635(18), 1.5989, 1.567(6), 1.560(5), 1.5978, 1.568(2), 1.5774(18), 1.6001,
1.5786(17) 1.6143 1.572(5) 1.576(6) 1.6144 1.580(3) 1.5848(19) 1.6149
P—C 1.819(2) 1.8541 1.822(7) 1.833(7) 1.8556 1.830(3) 1.827(2) 1.8529
C(H)-N 1.454(3) 1.4520 1.458(9) 1.444(9) 1.4520 1.453(3) 1.449(3) 1.4532
Bond angles
0=P-0 113.86(10) 113.93, 114.7(3) 114.8(3), 113.93, 114.92(12), 114.62(10), 113.95,
117.45(10) 118.17 116.7(3) 118.4(3) 11837 117.99(13) 116.72(10) 118.09
0-P-0 103.14(10) 102.39 103.8(3) 101.5(3) 102.38 101.92(12) 103.38(10) 102.25
0=P—C 114.52(10) 112.89 113.0(3) 111.0(3) 112.55 111.54(11) 112.92(11) 112.85
0-P—C 100.58(10) 101.62, 102.0(3), 102.4(3), 101.68, 102.21(11), 102.14(11), 101.53,
105.63(10) 106.35 105.2(3) 107.4(3) 106.46 106.87(12) 105.62(11) 106.70
C—N—C 119.5(2) 123.44 121.2(6) 121.8(6) 123.79 121.7(2) 121.1(2) 122.56
P—C-N 107.47(15) 103.91 107.1(5) 105.9(5) 103.82 104.95(17) 107.22(17) 103.89
Dihedral angles”
0=P—C—N 46.90(18) 46.13 —57.1(6) —47.7(6) —44.40 —472(2) —57.5(2) —47.06
C—C(H)-N—C ~68.3(3) ~69.29 73.5(9) 66.2(9) 69.80 68.3(3) 73.5(3) 66.92
Cghenzene*-C8benzene  85.40(12) 88.66 84.6(4) 86.5(4) 88.79 87.60(14) 84.60(14) 89.32
2 Values with respect to the moieties marked in bold in Scheme 1.
b The corresponding dihedral angles must be compared by their magnitudes.
Table 2
Classic hydrogen bond lengths (A) and angles (°) in the structures of 1-3.
D—H:--A d(D—H) d(H---A) d(D---A) «(DHA) Symmetry code
1 N—H---0=p#! 0.77(3) 2.31(3) 3.065(3) 166(3) 1-x1-y,1-z
2-1 N—H---0=P*2 0.91(8) 2.15(7) 2.991(8) 154(7) 1-x%2-y,1-z
2-11 N—H:--0=P*3 0.87(6) 2.16(6) 3.014(8) 166(8) 1-x1-y,2—z
3-1 N—H---0=P*! 0.84(3) 2.27(3) 3.058(3) 157(3) 1-x1-y,1—z
3-1I N—H---0=pP** 0.92(3) 2.18(3) 3.079(3) 164(2) 1-x%2-y,2-2z

second bromine atom in the structures of the latter two molecules.
Furthermore, the presence of the second bromine atom in the
structures of 2-I and 2-II is also responsible for appearance of a
perceptible proportion of the Br---Br contacts (3.3—3.8 %).

The shortest H---H contacts are shown in the corresponding 2D
fingerprint plots at de + d; = 2.2—2.3 A (Figs. S1-S5 in the Sup-
plementary Information) with a distinct splitting of the shortest
H---H contacts in the 2D fingerprints of 2-I and 3-I, and less visible
in the corresponding 2D fingerprint plot of 1, which is typical when
interaction occurs between three atoms [25]. The H---O contacts in
the corresponding 2D fingerprint plots of all molecules are shown
as a pair of sharp horns with the shortest values at
de +d; = 2.1-2.2 A (Figs. S1-S5 in the Supplementary Information)
due to the formation of strong N—H---O=P hydrogen bonds (Fig. 1,
Table 2). All the H:---X contacts in the structures of 1, 2-I, 2-II, 3-I
and 3-II are favoured since the corresponding enrichment ratios
Eyx are close to or even higher than unity (Table 3). This is
explained by a relatively higher proportion of these contacts on the
total Hirshfeld surface area over a corresponding proportion of
random contacts Ryx (Table 3). In the structures of 2-I and 2-II the
Br---Br contacts are also highly favoured (Table 3). Remaining
observed intermolecular contacts are either much less favoured or
even negligible (Table 3).

Voids in the crystal structures of 1-3 (Fig. 4) were calculated
using CrystalExplorer 17 [27]. It was found that the void volume
decreases from 3 through 2 to 1 and of 344.88, 307.04 and
293.65 A3, respectively, and the corresponding surface area is
975.64, 936.70 and 846.19 A%. With the porosity, the calculated void

volume is 14.3—15.6 % (Table 4).

We have also calculated energy frameworks using CrystalExplorer
17 [27] to further analyze the crystal packing of 1-3. A single-point
molecular wavefunction at HF/3-21G was applied for a cluster of
radius 3.8 A to perform the energy calculation (Fig. 5, Table 5). The
overall topology of the energy distributions in the crystal structures
was studied through the energy framework. It was established that
all the structures are mainly characterized by the dispersion energy,
followed by a less significant electrostatic energy contribution (Fig. 6,
Table 5).

The electronic structure of 1-3 was analyzed using the density
functional theory (DFT). The ground state geometry of 1—3 was first
fully optimized at the B3LYP/6—311++G(d,p) [19—-21] level. The
calculated values of bond lengths, bond angles and dihedral angles
of the optimized structures are in good agreement with the values
obtained from single crystal X-ray diffraction (Table 1). Some
revealed insignificant differences between the calculated and
experimental geometrical parameters are explained by the gas
phase optimization approach.

According to the DFT calculations, the lowest total energy and
the largest dipole moment of —177117.181858 eV and 4.917023
Debye, respectively, are observed for 2, whereas for the other

optimized  structures these values are found to
be —-107087.487936 eV and 3.412321 Debye for 1, and
—110204.642597 eV and 3.103810 Debye for 3, respectively

(Table 6). The calculated energies of the frontier molecular orbitals
of 1-3 are in the range from —5.87276 eV to —5.37507 eV for the
highest occupied molecular orbital (HOMO) and from —1.10750 eV
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Fig. 2. Molecular Hirshfeld surfaces in the structures of 1-3 (top, middle, bottom denote normalized distance dporm, Shape index and curvedness, respectively).

to —0.95485 eV for the lowest unoccupied molecular orbital
(LUMO), respectively (Table 6).

The HOMO and HOMO-1 orbitals of the optimized geometries
for all the discussed structures are delocalized over the 4-
XCgH4—NH—CH— and 4-BrCgH4;—CH—P(0O)O— fragments, respec-
tively (Fig. 7). Interestingly, while the HOMO—2 and HOMO-3 or-
bitals in the optimized geometry of the structure of 1 are spread
exclusively over the Ph and CgHy4 rings, respectively, the former
orbital in the optimized geometries of the structures of 2 and 3 is
delocalized over the 4-XCgH4—NH—CH(CgH4)—P(0)O— moiety, and
the latter orbital is spread over the CgH4 fragment linked to the
nitrogen atom (Fig. 7). The LUMO, LUMO+1 and LUMO+2 orbitals
in the optimized geometries of all the reported structures are
mainly located over the CgHs;4—NH—CH(4-BrCgHs)—P fragment
(Fig. 8). The LUMO+-3 orbital in 1 and 2, and the LUMO-+4 orbital in
2 and 3 are mainly spread over the 4-XCgH4—NH— fragment, while
the LUMO+4 orbital in 1 and the LUMO+-3 orbital in 3 are located
over the 4-BrCsH4 fragment (Fig. 8). The observed delocalization of
the reported molecular orbitals is obviously dictated by the pres-
ence of the 4-H, 4-Br or 4-MeO substituents, exhibiting different
mesomeric and inductive effects in the aromatic ring attached to
the amine nitrogen atom in the structures of 1—3, respectively.

The so-called ionization potential (I) and the electron affinity (A)
value of the molecule were established as follows: I = —Exomo and
A = —Epymo (Table 6) [29], which determine the electron donating
ability and the ability to accept an electron, respectively. As such, as
lower values of I as better donation of an electron, while as higher
values of A as better ability to accept electrons. The I value is large
and A value is relatively mean for 1-3 (Table 6), indicating that the
reported aminophosphonates each exhibit low electron donating
and pronounced electron accepting properties.

To estimate the relative reactivity of molecules of 1-3 we have
further established values of the so-called global chemical reac-
tivity descriptors derived from the HOMO-LUMO energy gap, which
counts for 4.42022—4.81587 eV (Table 6). Chemical potential (u) for
1-3 ranges from —3.49013 eV to —3.16496 eV, indicating the reg-
ular electron accepting ability and low donating ability, which is
supported by the corresponding values of electronegativity, x
(Table 6). The chemical hardness (n) describes the resistance to-
wards deformation/polarization of the electron cloud of the
molecule upon a chemical reaction, while softness (S) is a reverse of
chemical hardness [29]. Aminophosphonates 1-3 each are char-
acterized by a low value of 7 (2.21011—-2.40794 eV) and a relatively
mean value of S (0.20765—0.22623 eV™'), respectively, indicating
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Fig. 3. 2D fingerprint plots of observed contacts in the structures of 1-3.
Table 3
Hirshfeld contact surfaces and derived “random contacts” and “enrichment ratios” for structures of 1-3.
1 2-1 2-11 3-1 3-11
H C N 0] Br H C N (¢] Br H C N (0] Br H C N 0] Br H C N (0] Br
Contacts (C, %)*
H 591 - - - - 46.7 — - - - 511 — - - - 594 — — — — 563 — - — —
c 169 00 - — — 169 00 - - — 174 00 — — - 177 00 — — - 167 00 — — —
N 15 00 00 - — 1.0 00 00 - — 03 00 00 - — 04 00 00 -— — 1.0 00 00 - —
o 87 00 00 00 - 75 00 00 00 — 58 00 00 00 — 96 00 00 00 -— 118 00 00 00 -
Br 131 00 00 00 08 215 15 00 1.0 38 195 16 00 09 33 113 04 00 12 00 126 03 00 13 00
Surface (S, %)
792 85 08 44 74 702 92 05 43 158 726 95 02 34 143 789 9.1 02 54 65 774 85 05 66 7.1
Random contacts (R, %)
H 627 - - - - 493 — - - - 527 -— - — - 623 — — — - 599 - - — —
c 135 07 - — — 129 08 - - — 138 09 - — — 144 08 — — — 132 07 — — —
N 13 0.1 00 - — 0.7 0.1 00 - — 03 00 00 - - 03 00 00 - — 08 0.1 00 - —
o 70 07 01 02 - 60 08 00 02 - 49 06 00 0.1 - 85 1.0 00 03 - 102 1.1 01 04 -
Br 117 13 01 07 05 222 29 02 14 25 208 27 01 10 20 103 12 00 07 04 110 12 01 09 05
Enrichment (E)"
H 094 - - - - 095 — - - - 097 — - — - 095 — — — - 094 — - — —
c 125 - - - - 131 - - - - 126 - - — - 123 - - - - 127 - - - -
N 115 - - — — — — — - — — — — — — — — — — — — — — — —
o 124 - - — — 125 - - - — 118 — - — — 113 000 - — — 116 0.00 - — —
Br 1.12 0.00 - - - 097 052 -— 071 152 094 059 - 090 165 110 033 - - - 115 025 - - -

2 Values are obtained from CrystalExplorer 17 [27].

b The “enrichment ratios” were not computed when the “random contacts” were lower than 0.9 %, as they are not meaningful [28].
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Fig. 4. Void plots in the structures of 1-3 (results under 0.002 a.u. isovalue).

Table 4
Voids in the crystal structures of 1-3, calculated using CrystalExplorer 17 [27].
Void volume (A%) Void surface area (A%) Cell volume (A3) Porosity (%)
1 293.65 846.19 2027.0(2) 14.5
2 307.04 936.70 2143.4(2) 143
3 344.88 975.64 2204.18(18) 15.6
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Fig. 5. The colour-coded interaction mapping within 3.8 A of the centring molecule in the structures of 1-3, calculated from a single-point molecular wavefunction at HF/3-21G.
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Table 5

Interaction energies (kJ/mol) calculated at the HF/3-21G electron density for the crystal structures of 1-3.

Tetrahedron 97 (2021) 132376

N Symmetry operation R Eu® Epo® Egid Er’ E®
1 - 2 x+12,y+12,—=z+1/2 11.31 4.2 0.0 -24.4 8.7 -19.2
2 x+12,—y+1/2,z+1/2 10.12 -7.2 0.0 -19.7 11.0 -16.2
2 X0z 9.65 -7.3 -3.2 -394 25.0 —24.8
- 1 =,z 6.28 -72.3 -2.5 —63.9 56.7 -86.9
2 x+12,y+12,—=z+1/2 7.12 -9.9 -3.8 —43.1 20.8 -34.5
1 =,z 12.24 -7.4 -1.2 -22.1 8.9 -21.0
1 =,z 13.14 -1.4 -0.3 -53 4.2 -29
1 —x,-y,—= 9.85 -3.6 2.1 -19.5 10.7 -13.9
2-1 10.5 -10.0 0.0 -28.9 11.0 -27.3
2 Xz 8.18 -8.0 -2.6 -36.9 16.2 -29.9
1 =,z 10.01 —-12.5 -1.8 —46.8 259 -35.0
1 - 11.61 -0.1 0.0 -21.9 9.8 —-11.8
1 - 12.72 0.4 -0.6 -9.4 5.0 4.3
1 - 9.47 -9.2 2.1 —47.1 27.3 -31.0
- 1 =,z 10.52 -2.5 -0.8 -18.6 8.1 -13.3
1 =,z 6.68 -75.4 -28.8 —65.5 63.2 -103.4
1 - 9.42 -10.2 2.3 —44.4 233 -33.0
1 - 9.33 -7.7 -1.3 -16.7 7.5 -17.6
14.81 0.4 —0.1 -3.1 0.1 2.4
- 9.26 -5.7 -1.0 -14.9 4.7 —-16.1
14.38 -0.5 -0.2 -53 0.8 —4.7
2-11 1 - 10.05 —-10.0 0.0 -28.9 11.0 -27.3
11.61 —0.1 0.0 -21.9 9.8 -11.8
12.72 0.4 -0.6 -9.4 5.0 —4.3
9.47 -9.2 2.1 —47.1 27.3 -31.0
1 - 9.42 -10.2 23 —44.4 233 -33.0
1 - 9.33 -7.7 -1.3 -16.7 7.5 -17.6
1 - 14.81 0.4 -0.1 -3.1 0.1 2.4
1 - 9.26 -5.7 -1.0 -14.9 4.7 -16.1
1 - 14.38 -0.5 -0.2 =53 0.8 4.7
2 xyz 8.18 -8.6 2.3 -29.6 13.7 -25.8
1 =,z 6.98 =777 -31.8 -67.7 67.3 —-106.4
1 =,z 10.00 -10.2 -3.6 —58.5 36.2 -36.1
1 =,z 10.04 -2.9 -0.9 —22.7 11.1 -15.1
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31 2 xyz 8.18 -10.2 2.3 -29.8 13.6 -27.7
l 1 - 9.32 0.0 nan 0.0 0.0 nan
1 - 13.10 0.0 0.0 0.0 0.0 0.0
1 - 9.64 -0.2 0.0 -0.7 0.0 -0.8
1 —x,-y,—= 6.75 —66.2 -29.4 —60.9 56.6 -95.6
1 —x,-y,—= 10.40 -12.7 -39 -56.5 36.3 -36.9
1 - 9.38 0.2 0.0 -0.3 0.0 0.0
) - 13.88 -2.8 -0.9 -18.5 9.5 -12.5
1 - 11.90 -10.2 -23 -29.8 13.6 =277
1 - 9.90 -0.3 0.0 0.1 0.0 -0.4
1 - 10.84 0.0 0.0 0.1 0.0 0.1
1 —x,-y,-—z 9.61 -2.8 -0.9 -18.5 9.5 -12.5
1 —x,-y, -z 18.66 -1.7 -0.2 2.1 0.5 -3.4
1 - 13.89 -1.7 -0.2 2.1 0.5 -3.4
3-11 1 - 9.32 0.0 nan 0.0 0.0 nan
1 - 13.10 0.0 0.0 0.0 0.0 0.0
1 - 9.64 -0.2 0.0 -0.7 0.0 -0.8
1 - 9.38 0.2 0.0 -0.3 0.0 0.0
1 - 13.88 -2.8 -0.9 -18.5 9.5 -12.5
1 - 11.90 -10.2 2.3 -29.8 13.6 -27.7
1 - 9.90 -0.3 0.0 0.1 0.0 -0.4
1 - 10.84 0.0 0.0 0.1 0.0 0.1
1 - 13.89 -1.7 -0.2 2.1 0.5 -3.4
2 xpz 8.18 -10.2 -23 -29.8 13.6 -27.7
1 —x,-y,—z 10.15 0.0 0.0 0.0 0.0 0.1
1 —x,-y,—z 17.77 0.0 0.0 0.0 0.0 0.0
1 —x,-y,—z 9.96 -0.2 0.0 -0.7 0.0 -0.8
1 —x,-y,—z 6.46 -0.3 0.0 0.1 0.0 -0.4

N is the number of molecules with an R molecular centroid-to-centroid distance (A); colour codes in the first column are
referenced to Figure 5. Ey is the electrostatic energy, Epo is the polarization energy, Egi is the dispersion energy, Er, is the
exchange-repulsion energy, k values are scale factors; Eiot = kele X Ecle + kpol X Epol + kais X Edis t krep X Evep = 1.019 X Egie +0.651

X Epol +0.901 X Egis +0.811 X Erep [28].

these compounds exhibit a remarkable tendency to exchange their
electron clouds with surrounding environment. The descriptor
electrophilicity index (w) describes the energy of stabilization to
accept electrons [29]. The w values for 1-3 were found to be
2.26617—-2.55622 eV, indicating the nucleophilic nature of 1-3.
Finally, compounds 1-3 each can accept about 1.5 electrons as
evidenced from the AN« value (Table 6).

The electrophilic and nucleophilic sites in 1-3 were examined
using the molecular electrostatic potential (MEP) analysis. The MEP
surfaces of all the discussed structures were generated from the
fully optimized ground state geometry obtained by using the
B3LYP/6—311++G(d,p) method. The red and blue colours of the
MEP surface correspond to electron rich (nucleophilic) and electron

deficient (electrophilic) regions, respectively. On the MEP surfaces
of 1-3 the most pronounced nucleophilic center is located on the
P=0 oxygen atom, while the other negative electrostatic potential
sites are located on the bromine and methoxy oxygen atoms
(Fig. 9). As the most electrophilic region the N(H)—C(H) fragment
can be highlighted for the structures of 1-3 (Fig. 9).

The absorption spectra of the fully optimized ground state ge-
ometry of 1-3 were simulated at the TD-DFT/B3LYP/
6—311++G(d,p) level. The calculated UV—vis spectrum of 1 exhibits
an absorption band centered at about 237 nm, which mostly cor-
responds to the HOMO — LUMO+5, HOMO — LUMO+6 and
HOMO — LUMO+7 transitions (Fig. 10, Table 7). The UV—vis
spectrum of 2 exhibits two intense absorption bands centered at
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Fig. 6. Energy frameworks calculated for the crystal structures of 1-3, showing the (top) electrostatic potential force, (middle) dispersion force and (bottom) total energy diagrams.
The cylindrical radii are proportional to the relative strength of the corresponding energies and they were adjusted to the same scale factor of 100 with a cut-off value of 5 k]/mol.

Table 6
Total energies, dipole moments, frontier molecular orbitals, gap values and descriptors for 1-3 in gas phase, obtained by using the B3LYP/6—311++G(d,p) method.
1 2 3

Total energy (eV) —107087.487936 —177117.181858 —110204.642597
Dipole moment (Debye) 3.412321 4917023 3.103810
Enomo (eV) —5.79957 —5.87276 —5.37507
Frumo (eV) -0.98369 ~1.10750 -0.95485
AEiumo — nomo = Erumo — Eromo (eV) 481587 476526 4.42022
Ionization energy, I = —Egomo (eV) 5.79957 5.87276 5.37507
Electron affinity, A = —Ejumo (eV) 0.98369 1.10750 0.95485
Electronegativity, x = (I + A)/2 (eV) 3.39163 3.49013 3.16496
Chemical potential, u = —x (eV) —3.39163 —3.49013 —3.16496
Global chemical hardness, n = (I — A)/2 (eV) 240794 2.38263 2.21011
Global chemical softness, S = 1/(2n) (eV~") 0.20765 0.20985 0.22623
Global electrophilicity index, w = u?/(2n) (eV) 2.38859 2.55622 2.26617
Maximum additional electric charge, ANmax = —u/n 1.40852 1.46482 1.43204

about 244 nm and 250 nm, where the first band mainly corre-
sponds to the HOMO — LUMO+5, HOMO — LUMO+6 and
HOMO — LUMO+7 transitions and the second band mainly corre-
sponds to the HOMO — LUMO+4 and HOMO — LUMO+5 transi-
tions (Fig. 10, Table 7). As for the calculated UV—vis spectrum of 3,

10

two intense absorption bands are observed at about 252 nm and
289 nm and mainly corresponds to the HOMO — LUMO-+6 and
HOMO — LUMO+7 transitions for the first band and to the HOMO
— LUMO+2 and HOMO — LUMO+3 for the second band,
respectively (Fig. 10, Table 7).
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Fig. 7. Energy levels and views on the electronic isosurfaces of the selected high occupied molecular orbitals of the ground state of 1 (left), 2 (middle) and 3 (right), obtained by

using the B3LYP/6—311++G(d,p) method.

We have further applied a molecular docking approach, per-
formed with the AutoDock Vina software [30], to examine both the
interaction efficiency and mechanism of 1—3 towards a series of the
SARS-CoV-2 proteins (Table 8). Crystal structures of the applied
proteins were extracted from the RCSB Protein Data Bank [31]. Both
1-3 and corresponding proteins were first prepared using BIOVIA
Discovery Studio 2020 [32]. For comparison of potential biological
activity, the initial ligands were also redocked with the applied
proteins using the same approach.

It was found that the absolute values of binding energy for the
(S)- and (R)-enantiomers of all the reported a-aminophosphonates
are, in general, lower than those for the corresponding initial ligands,
except for complexes with the nonstructural protein 3 (nsp3_range
207—379-MES) (marked by red bold in Table 8), of which the (R)-
enantiomer of 3 was found to be the slightly more efficient ligand.

1

Notably, no clearly defined preference of either the (S)- or (R)-
enantiomer was revealed upon docking with the applied proteins as
evidenced from the close comparable binding energies (Table 8).
Considering only the (S)- and (R)-enantiomers of 1—3 the absolute
values of binding energy with the nonstructural protein 14 (nsp14
N7-MTase) (marked by black bold in Table 8) are remarkably higher
than those for the complexes with other proteins (Table 8). More-
over, somewhat higher absolute values of binding energy were
found for the (R)-enantiomers of 1-3 upon docking with the
nonstructural protein 14 (nsp14 N7-MTase) (marked by black bold in
Table 8). All this is due to sets of intermolecular interactions formed
between the enantiomers of 1-3 and the corresponding protein.
Particularly, the main interactions between the (R)-enantiomer of 1
and nsp14 (N7-MTase) are two conventional hydrogen bonds with
Asn388, one C---H bond with Cys387, one w-system---anion in-
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Fig. 8. Energy levels and views on the electronic isosurfaces of the selected lowest unoccupied molecular orbitals of the ground state of 1 (left), 2 (middle) and 3 (right), obtained by

using the B3LYP/6—311++G(d,p) method.

teractions with Asp352, two m-system:--S interactions with Cys387,
five alkyl interactions with Pro335, Arg289 and Val290, and five -
system---alkyl interactions with Trp292, Phe367, Phe426, Pro335
and Ala353 (Fig. 11, Table S1 in the Supplementary Information).
Interaction of the (R)-enantiomer of 2 with nsp14 (N7-MTase) is the
most efficient, most likely due to the presence of two bromine
substituents, and is characterized by two m---7 interactions with
Trp292 and Phe426, three alkyl interactions with Val290, Pro335 and
Lys336, and eleven m-system--- alkyl interactions with Trp292,
Trp385, Phe401, Tyr420, Phe426, Val290 and Pro335, respectively

12

(Fig. 11, Table S1 in the Supplementary Information). Finally, the (R)-
enantiomer of 3 interacts with nsp14 (N7-MTase) through one
conventional hydrogen bond with Asn386, one ®-system---cation
interaction with Phe426, one -7 interaction with Phe426, and
seven T-system---alkyl interactions with Trp292, Phe401, Tyr420,
Phe426 and Pro335 (Fig. 11, Table S1 in the Supplementary Infor-
mation). The docking poses of the (S)-enantiomers of 1-3 with the
same nonstructural protein 14 (nsp14 N7-MTase), being less effi-
cient, are described with their own set of interactions (Fig. S6 and
Table S1 in the Supplementary Information).
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Fig. 9. Front (left) and rear (right) views of the molecular electrostatic potential sur-
face of 1 (top), 2 (middle) and 3 (bottom), obtained by using the B3LYP/6—311++G(d,p)
method.

4. Conclusions

In summary, we report synthesis and in-depth structural and
computational studies of three closely related «a-amino-
phosphonates 4-XCgHs—NH—CH(4-BrCgH4)—P(O)(OiPr);, namely
diisopropyl((4-bromophenyl)(phenylamino)methyl)phosphonate
(X = H, 1), diisopropyl((4-bromophenyl)((4-bromophenyl)amino)
methyl)phosphonate (X = Br, 2) and diisopropyl((4-
bromophenyl)((4-methoxyphenyl)amino)methyl)phosphonate

13
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Fig. 10. The calculated UV—vis spectra of the ground states of 1 (top), 2 (middle) and 3
(bottom), obtained by using the TD-DFT/B3LYP/6—311++G(d,p) method.

(X = MeO, 3), which were readily obtained by a one-pot reaction of
4-bromobenzaldehyde, diisopropylphosphite and aniline or 4-
bromoaniline or 4-methoxyaniline, respectively. The 3'P{’H} and
TH NMR spectroscopy data fully support the formation of 1-3.
Single crystal X-ray diffraction revealed that 2 and 3 are iso-
structural and each contain two independent molecules in the
asymmetric unit cell, namely herein as 2-I and 2-II, and 3-I and 3-IL.
Furthermore, the geometrical parameters of all molecules are very
similar. The O=P—C—N fragment in all structures exhibits a Z
conformation, while the aromatic rings are almost orthogonal to
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Table 7
Values for the calculated UV—vis spectra of the ground state of 1-3 (Figs. 7 and 8), obtained by using the TD-DFT/B3LYP/6—311++G(d,p) method.
1 2 3
Amax (nm) Oscillator Transitions Amax (Nnm) Oscillator Transitions Amax (nm) Oscillator Transitions
strength strength strength
237.2 0.1502 HOMO—-2 — LUMO (2.6 %) 238.6 0.0342 HOMO—-1 — LUMO (17.2 %) 2489 0.0016 HOMO—-3 — LUMO (24.2 %)
HOMO—-2 — LUMO+3 (2.3 %) HOMO—-1 — LUMO+2 (6.1 %) HOMO—-1 — LUMO+1
(71.9 %)
HOMO—-1 — LUMO (6.8 %) HOMO—-1 — LUMO+3
(52.5 %)
HOMO—1 — LUMO+2 (5.6 %) HOMO-1 — LUMO+4 (9.6 %)
HOMO — LUMO-+4 (4.3 %) HOMO—1 — LUMO+5 (6.2 %)
HOMO — LUMO+5 (30.9 %)
HOMO — LUMO+6 (16.1 %)
HOMO — LUMO+7 (25.3 %)
2393 0.0238 HOMO—-1 — LUMO (9.0 %) 2414 0.0365 HOMO — LUMO+4 (3.9%) 250.1 0.0009 HOMO — LUMO+4 (3.9 %)
HOMO—1 — LUMO-+2 HOMO — LUMO-+6 (25.1 %) HOMO — LUMO+7 (16.9 %)
(62.5 %)
HOMO—-1 — LUMO+3 (6.9 %) HOMO — LUMO+7 (41.6 %) HOMO — LUMO+8 (65.7 %)
HOMO-1 — LUMO+4 (8.4 %) HOMO — LUMO-9 (21.7 %) HOMO — LUMO+10 (3.4 %)
HOMO — LUMO+7 (4.3 %) HOMO — LUMO+11 (2.1 %) HOMO — LUMO+11 (4.2 %)
2401 0.0174 HOMO—-1 — LUMO+2 (2.6 %) 243.8 0.1612 HOMO—-1 — LUMO (2.8 %)  252.3 0.0334 HOMO — LUMO-+6 (50.5 %)
HOMO — LUMO+4 (2.6 %) HOMO — LUMO+5 (35.7 %) HOMO — LUMO+7 (31.2 %)
HOMO — LUMO-+5 (3.6 %) HOMO — LUMO-+6 (26.9 %) HOMO — LUMO-+8 (8.8 %)
HOMO — LUMO+6 (38.5 %) HOMO — LUMO+7 (14.7 %)
HOMO — LUMO+7 (29.3 %) HOMO — LUMO+8 (3.2 %)
HOMO — LUMO+8 (9.1 %) HOMO — LUMO+9 (7.7 %)
HOMO — LUMO-+9 (7.4 %)
HOMO — LUMO+10 (3.2 %)
2429 0.0082 HOMO — LUMO+2 (2.1 %) 2494 0.0065 HOMO—-3 — LUMO (21.8 %) 259.0 0.0011 HOMO — LUMO+6 (41.8 %)
HOMO — LUMO-+4 (20.8 %) HOMO—-1 — LUMO+1 HOMO — LUMO+7 (39.3 %)
(68.4 %)
HOMO — LUMO+5 (28.4 %) HOMO — LUMO+4 (3.9 %) HOMO — LUMO+8 (11.4 %)
HOMO — LUMO+6 (21.2 %)
HOMO — LUMO+7 (10.0 %)
HOMO — LUMO+38 (3.2 %)
249.1 0.0014 HOMO—-3— LUMO (25.0 %) 250.3 0.1620 HOMO—-1 — LUMO+1 (4.1 %) 265.4 0.0055 HOMO — LUMO+4 (44.9 %)
HOMO-1— LUMO+1 HOMO — LUMO-+4 (59.5 %) HOMO — LUMO+-5 (45.4 %)
(72.2 %)
HOMO — LUMO+5 (18.3 %) HOMO — LUMO+7 (5.1 %)
HOMO — LUMO+7 (3.3 %)
HOMO — LUMO+38 (6.1 %)
250.6 0.0137 HOMO — LUMO+2 (11.1 %) 256.8 0.0361 HOMO — LUMO+2 (2.2 %) 2734 0.0045 HOMO — LUMO+2 (14.5 %)
HOMO — LUMO+3 (7.8 %) HOMO — LUMO+3 (64.5 %) HOMO — LUMO+3 (9.4 %)
HOMO — LUMO+4 (58.0 %) HOMO — LUMO+4 (6.8 %) HOMO — LUMO+4 (38.8 %)
HOMO — LUMO+5 (15.1 %) HOMO — LUMO+5 (7.6 %) HOMO — LUMO+5 (35.9 %)
HOMO — LUMO+6 (4.9 %) HOMO — LUMO-6 (9.4 %)
HOMO — LUMO+8 (5.1 %)
260.1 0.0040 HOMO — LUMO+2 (53.0%) 271.8 0.0005 HOMO — LUMO+3 (29.5 %) 282.7 0.0064 HOMO — LUMO-+2 (22.9 %)
HOMO — LUMO+3 (23.9 %) HOMO — LUMO-+4 (18.8 %) HOMO — LUMO+3 (51.8 %)
HOMO — LUMO+4 (10.1 %) HOMO — LUMO+5 (26.6 %) HOMO — LUMO+4 (10.0 %)
HOMO — LUMO-+5 (4.0 %) HOMO — LUMO+6 (20.8 %) HOMO — LUMO+5 (11.4 %)
HOMO — LUMO-+6 (5.9 %)
266.1 0.0329 HOMO—-2— LUMO+7 (2.8 %) 278.0 0.0234 HOMO—-2 — LUMO+5 (2.5 %) 288.7 0.0437 HOMO—-2 — LUMO+9 (2.4 %)
HOMO — LUMO+2 (31.3 %) HOMO — LUMO+2 (91.2 %) HOMO — LUMO+2 (59.4 %)
HOMO — LUMO+3 (57.6 %) HOMO — LUMO+3 (33.4 %)
HOMO — LUMO-+5 (2.0 %)
288.1 0.0017 HOMO — LUMO-+1 (99.2 %) 288.4 0.0041 HOMO — LUMO+1 (98.1 %) 313.4 0.0017 HOMO — LUMO-+1 (99.4 %)
299.5 0.0028 HOMO — LUMO (98.7 %) 301.0 0.0062 HOMO — LUMO (97.9 %) 326.8 0.0034 HOMO — LUMO (98.9 %)
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Table 8

The best poses of the (S)- and (R)-enantiomers of 1—3 inside the binding sites of the listed proteins.

Tetrahedron 97 (2021) 132376

Binding energy (kcal/mol)

Protein PDB code

Initial ligand® 1-(S) 1-(R) 2-(S) 2-(R) 3-(S) 3-(R)
Main protease (Mpro) 6LU7 —-8.00 —6.60 —6.30 -6.30 —6.10 -6.30 —6.20
Papain-like protease (PLpro) 6WUU -9.70 -7.10 -7.20 -7.40 -7.20 -7.50 -7.20
Nonstructural protein 3 (nsp3_range 207-379-AMP) 6W6Y —-7.50 —6.50 -7.10 —6.60 —6.80 —6.60 -7.00
Nonstructural protein 3 (nsp3_range 207-379-MES) 6WoY -5.80 —6.60 —6.80 -6.70 -6.70 -6.70 -7.00
RdRp-RNA 7BV2 -7.50 -6.10  —6.00 -5.80 -5.80 -6.10 —6.00

-9.60

Nonstructural protein 14 (nsp14 N7-MTase) 5C8S 770 -1.70 -7.90 -7.80 -8.00 -7.60 -7.90
Nonstructural protein 15 (nspl5 endoribonuclease) 6WLC -6.30 -5.90 -5.70 -5.80 -5.60 —6.00 -5.80
Nonstructural protein (nsp16 GTA site) 6WVN -9.10 -6.10 -5.70 -6.20 -5.80 —6.60 —-6.00
Nonstructural protein (nspl16 MGP site) 6WVN -7.00 -5.20 -5.60 -5.30 -5.30 -5.50 -5.60
Nonstructural protein 16 (nspl6 SAM site) 6WVN -7.80 -6.50 —-6.60 —6.60 -6.90 —6.60 —-6.80

*(from top to bottom) Initial ligand = N-[(5-methylisoxazol-3-yl)carbonyl]alanyl-L-valyl-N~1~-((1R,2Z)-4-(benzyloxy)-4-oxo-1- {[(3R)-2-oxopyrrolidin-3-yl]methyl} but-2-enyl)-L-

leucinamide, methyl

4-[2-[[(2~{S})-2-[[(2~{S})-2-acetamido-4-(1,3-benzothiazol-2-yl)butanoyl]amino]-3-azanyl-propanoyl]Jamino]ethanoylamino]butanoate,

[(2R3SAR,5R)-5-(6-

aminopurin-9-yl)-3,4-bis(oxidanyl)oxolan-2-yl]methyl dihydrogen phosphate, 2-morpholin-4-ium-4-ylethanesulfonate, [(2~{R},3~{S},4~{R},5~{R})-5-(4-azanylpyrrolo[2,1-f][1,2,4]triazin-

7-yl)-5-cyano-3,4-bis(oxidanyl)oxolan-2-ylJmethyl dihydrogen phosphate, guanosine-P3-adenosine-5',5"-triphosphate, S-adenosyl-L-homocysteine, uridine-5'-monophosphate, P1-7-methyl-

guanosine-P3-adenosine-5',5'-triphosphate, 7-methyl-guanosine-5'-triphosphate and S-adenosylmethionine.

each other. Two molecules in the crystal structures of 1-3 are
interlinked through a pair of intermolecular N—H---O=P hydrogen
bonds, affording a centrosymmetric supramolecular dimer with a
R?»(10) motif.

According to the Hirshfeld surface analysis an overwhelming
majority of the molecular surfaces of 1, 2-I, 2-II, 3-I and 3-II is
occupied by favoured intermolecular H---H contacts, followed by
also favoured H---C, H---Br and H---O contacts, which is due to the
presence of the isopropyl fragments as well as due to the absence of
intermolecular 7---7 stacking interactions. Interestingly, a propor-
tion of the H---H contacts decreases from 1, 3-1 and 3-II to 2-1 and 2-
II with the simultaneous increase of the H---Br contacts, which is
explained by the presence of the second bromine atom in the
structures of the latter two molecules. The presence of the second
bromine atom in the structures of 2-I1 and 2-II is also responsible for
appearance of a perceptible proportion of the Br---Br contacts.

Energy frameworks have been calculated to additionally analyze
the overall crystal packing of the discussed molecules. It was
established that all the structures are mainly characterized by the
dispersion energy, followed by a less significant electrostatic en-
ergy contribution.
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According to the DFT calculation results, it was established that
1-3 each exhibit low electron donating and pronounced electron
accepting properties. The most pronounced nucleophilic center is
located on the P=0 oxygen atom, while the other negative elec-
trostatic potential sites are located on the bromine and methoxy
oxygen atoms in 1—-3. The most electrophilic region corresponds to
the N(H)—C(H) fragment for all the structures.

In silico molecular docking was applied to probe interactions of
both the (S)- and (R)-enantiomers of 1—3 with a series of the SARS-
CoV-2 proteins. It was established that the absolute values of
binding energy for the (S)- and (R)-enantiomers of 1-3 are, in
general, lower than those for the corresponding initial ligands,
except for complexes with the nonstructural protein 3, of which the
(R)-enantiomer of 3 was found to be the slightly more efficient
ligand. No clearly defined preference of either the (S)- or (R)-
enantiomer was revealed. Considering only the (S)- and (R)-enan-
tiomers of 1-3 the absolute values of binding energy with the
nonstructural protein 14 (nsp14 N7-MTase) are remarkably higher
than those for the complexes with other proteins, of which the
compound 2 was found to be the most efficient one, most likely due
to the presence of two bromine functions in a molecule. We hope
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Fig. 11. 3D (left) and 2D (right) views on the interaction of the (R)-enantiomers of 1 (top), 2 (middle) and 3 (bottom) with nsp14 (N7-MTase).

that the results reported herein will be of value for future design of
potential drugs against SARS-CoV-2.
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