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Supramolecular synthon hierarchy in cyclopropyl-
containing peptide-derived compounds

Joanna Bojarska, @©*2 Martin Breza, ©° Milan Remko,® Pawet Borowiecki, ¢
Andrzej Fruzinski,? Izabela D. Madura, ®: Krzysztof Kaczmarek,'

Zbigniew Lesnikowski,%" Agata Kraj," Piotr Zielenkiewicz’ and Wojciech M. Wolf®
Considering the increasing importance of cyclopropyl-containing peptide-derived compounds in the
pharmaceutical industry, herein, we report the crystal engineering of a series of novel derivatives, ie., diethyl
2-acetamido-2-(cyclopropylmethyl)malonate (1), 2-(cyclopropylmethyl)-2-acetamidopropanedioic acid (2) [Ac-b-
cyclopropyl-(R,S)-Ala-OH], 2-(cyclopropylmethyl)-2-acetamidopropanedioic acid hydrate (3), 2-acetamido-3-
cyclopropylpropanoic acid (4), and (25)-2-[cyclopropyl(9H-fluoren-9-ylmethoxycarbonyl)aminolpropanoic acid
(5) [Fmoc-b-cyclopropyl-(S)-Ala-OH]. Although several cyclopropyl-based peptide-derived structures have been
reported in the literature, to the best of our knowledge, studies on the synthon hierarchy in this class of
structures are limited. Thus, to address this gap, herein, we report a multidisciplinary study to shed light on the
role of cyclopropyl synthons in (bio)supramolecular assemblies, opening a new vista for the further applications
of this unique scaffold. The synthesis was achieved via a multi-step protocol in good yield and the structures
were determined by single-crystal X-ray diffraction. The diverse supramolecular synthons responsible for the
arrangement of molecules in the crystal lattice of either new compounds or all cyclopropyl-containing peptide-
derived solids deposited in the CSD thus far were specified and summarized, building a library. The self-assembly
is directed by the cooperative interplay of H-bonds and m-stacking interactions. Quantum-chemical
computational studies revealed that the cyclopropyl ring is capable of mc—o) "6 {eciopropyl): T(arom) " feyclopropy) -
T‘Tarom)'“c?‘cydopropyl) and Tfyom) **O(cydopropyt)  iNteractions. The molecular docking study delineated the C-
H--Cieyctopropyt @Nd C-Hieyeiopropyd T interactions of the cyclopropyl moiety with the essential amino acid
residues inside the active pocket of the human androgen receptor, highlighting the vital role of cyclopropyl in
the supramolecular landscape of the bio-complex. Indeed, 2 shows a significant docking score with effective
binding affinity, and thus is a promising candidate for prostate cancer prevention or management.
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1. Introduction
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Cyclopropyl is a unique motif attracting wide interests in
synthetic, supramolecular, and medicinal chemistry, chemical
biology, and molecular recognition processes due to its wide
bio-applications and specific chemical nature, i.e., coplanarity
of carbon atoms, short C-H and C-C bonds, and enhanced
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n-character.”® Interestingly, an extensive list of cyclopropyl-
based drugs contains more than a hundred therapeutic
agents related to cancers, infectious diseases (viral, bacterial,
and fungal), cardiovascular, metabolic, neurological, skin,
dental, and eye disorders, depression, and many other
conditions.”?” Remarkably, about 20 peptide-derived
compounds with the cyclopropyl moiety have been approved
by the Food and Drug Administration (FDA) in the last
decade®® (Table S11). Thus, cyclopropyl exists in ~10% of all
new therapeutics, which together with fluorinated methyl
(CF;), is one of the most popular pharmaceutical
scaffolds.”>*® However, it should be highlighted that

This journal is © The Royal Society of Chemistry 2022
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fluorinated drugs are controversial due to the possible tissue-
specific fluorination of proteins.>' Alternatively, the small
cyclopropyl system possesses appealing features such as
increased potency, metabolic stability, brain permeability,
reduced off-target effects, and plasma clearance® as well as
enhanced cytotoxicity toward tumor cells.** Cyclopropyl may
contribute to entropically more favorable binding to
biological targets due to its conformational rigidity.** It is
worth mentioning that cyclopropyl forms hydrophobic
interactions with the protein target,®* which can be amplified
by m-based inter-contacts. Also, n-sigma interaction can help
intercalate the ligand (drug) in the binding site and enhance
the affinity between the ligand and receptor.®® This can be
one of the key issues in the explaining the differences in
activity related to dynamic behavior.*® Currently, peptide-
derived compounds have gained increasing attention as safe
and effective next-generation therapeutic agents due to their
high affinity and excellent specificity towards protein
receptors with recent progress in biotechnology overcoming
their shortcomings.*” >’

An understanding of the molecular topology and
modification of the supramolecular framework is essential to
design new drugs with the desired bio-pharmacokinetic
properties due to their close relationship.*’ The behavior of
drug molecules in bio-systems depends on the combination
of H-bond acceptors and donors (and their molecular shape).
Hirshfeld surface (HS) studies provide a valuable source of
information on the supramolecular properties of potential
bioactive substances. Interestingly, the HS concept is also
being used to profile the shape of the protein pocket and
generate the HS around the ligand molecule. Consequently,
the design of effective ligand molecules inside the protein
pocket by using proper H-bonding synthons*' from the
model library of interactions may be possible in the
future.”> A crystal is a supermolecule,”® and a bio-complex
can also be considered a supermolecule. In this context,
the cyclopropyl-based synthon data are clearly needed, but
to the best of knowledge cyclopropyl-based
supramolecular synthons have received much less attention
to date.

The aim of this hierarchize the
supramolecular synthons responsible for the molecular
arrangement in  cyclopropyl-containing peptide-derived
crystals. Specifically, a series of novel cyclopropyl-based
modified amino acids and closely related compounds, i.e.,
diethyl  2-acetamido-2-(cyclopropylmethyl)malonate (1),
2-(cyclopropylmethyl)-2-acetamidopropanedioic acid (2) [Ac-b-
cyclopropyl-(R,S)-Ala-OH], 2-(cyclopropylmethyl)-2-
acetamidopropanedioic acid hydrate (3), 2-acetamido-3-
cyclopropylpropanoic acid (4), and (2S)-2-[cyclopropyl(9H-
fluoren-9-ylmethoxycarbonyl)amino]propanoic acid (5) [Fmoc-
b-cyclopropyl-(S)-Ala-OH], were successfully synthesized,
thoroughly investigated by solid-state structural analysis and
theoretical calculations, and compared with structures
deposited in the CSD, providing a library of H-bonding
supramolecular motifs. Notably, we revealed the potential of

our

work was to
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the cyclopropyl ring to create mn-based
synthons. In addition, we evaluated the bio-pharmaceutical
profiles of the new molecules using computational methods,
and their binding modes in the active site of human
androgen receptor (hAR) were rationalized via molecular
docking analysis.

These studies fit into the mainstream of our ongoing
project that concentrates on supramolecular exploration and
bioactivity of peptide-based molecules.?”*%44782

supramolecular

2. Experimental
2.1. Synthesis and single-crystal X-ray diffraction (SCXRD)

The synthesis of the novel compounds 1-5 was based on the
literature®® and our experience, which is discussed in the
ESIT in detail.

X-ray diffraction data for compounds 1-5 were collected at
100 K on an XtaLAB Synergy Dualflex Pilatus 300 K
(Rigaku Corporation, Tokyo, Japan) and
processed using the Olex2 software.®* The structures were
solved with SHELXT,* using CrysAlis PRO for data
reduction,®® and refined with SHELXL®” using least-squares
minimization. All non-hydrogen refined
anisotropically and hydrogen atoms positioned
geometrically and refined with isotropic thermal
displacement parameters [Ujso(H) = 1.2Uc(CH, CH,) and
Uiso(H) = 1.5Uc4(CH;)]. The details of the X-ray measurements
and crystal data for all the compounds studied are presented
in Table 1. The CCDC No. of the title compounds 1-5 are as
follows: CCDC 2203890 (1), 2203891 (2), 2203892 (3), 2203893
(4) and 2203894 (5).

Geometrical calculations were performed wusing the
PLATON program,®® while the crystal structure diagrams and
analysis of H-bond graph-sets performed using Mercury
4.0‘89791

diffractometer

atoms were

were

2.2. Computational details

2.2.1. Quantum-chemical calculations. The geometry of
the neutral molecules C;Hg, 1, 2, 4, and 5 in the singlet
ground state was completely optimized in the gas phase
using the Gaussian09 software.”® Density functional
theory” ™ was used with the M06 functional®® and the
6-311++G(d,p) basis set for all atoms.”” The stability of the
optimized structures was verified by vibrational analysis (no
imaginary vibrations). Natural bond orbital (NBO) analysis
was performed using the NBO 3.1 program®® in terms of
natural charges for atoms and Wiberg indices for bonds. For
the relevant C-C and C-H bonds, the contributions of the p
electrons in the carbon sp” hybrid orbitals was evaluated.’
The banana bond* deviations ¢; and a; from the line
connecting the C; and C; atoms, respectively, were used to
evaluate the bent bond angle f; as follows:

Be=vet Do 1)
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Table 1 Crystal structure data and structure refinement for compounds 1-5

Compound 1 2 3 4 5

Empirical formula C13H,:1NO;5 CoH{3NO;5 CoH;3NO5, H,O CgH13NO; C,1H,1NO,
Formula weight 271.31 215.20 233.22 171.19 351.39
Crystal system Orthorhombic Triclinic Orthorhombic Monoclinic Monoclinic
Space group Pna2, Pi Phca P24/cy 1,2,

a(A) 9.589(2) 7.49868(19) 13.72920(10) 14.66220(10) 24.5330(2)

b (A) 12.661(3) 8.0934(2) 10.90840(10) 11.42930(10) 5.04577(4)
c(4) 11.779(3) 9.4854(2) 14.82920(10) 21.61680(10) 30.1674(3)
a(°) 90 83.844(2) 90 90 90

B 90 73.807(2) 90 90.6010(10) 109.5159(10)
7 (%) 90 69.194(3) 90 90 90

Volume (A?) 1430.0(6) 516.76(3) 2220.87(3) 3622.32(4) 3519.81(6)
zZ 4 2 8 16 8

deale (Mg M) 1.260 1.383 1.395 1.256 1.326
Wavelength 0.71073 0.71073 0.71073 0.71073 0.71073

T (K) 100(2) 100(2) 100(2) 100(2) 100(2)

No. of unique reflections 13453 2043 2229 7387 6882
Absorption correction None Multi-scan None Gaussian Gaussian
No. of refined parameters 257 140 152 442 518

No. of restraints 1 0 0 0 1

GOF on F? 1.01317 1.05569 1.05542 1.04768 1.03688

Ry 0.0533 0.0282 0.0294 0.0353 0.0254

WR, 0.1381 0.0719 0.0789 0.0930 0.0655
Min/max residual density 0.410/-0.442 0.360/-0.185 0.381/-0.247 0.362/-0.294 0.243/-0.151

where y; is the C;-C;-C; angle in the cyclopropyl ring and o

is two deviations of the banana bond at the same C; atom.

Stabilizing interactions”>'*® were evaluated for each donor

i-th and acceptor j-th orbital associated with the i — j
delocalization as follows:

D =y 1T

] - g

(2)
where Fj; is the off-diagonal Fock matrix element between the
i-th and j-th natural orbitals, ¢; and ¢; are their energies, and
n; is the donor orbital population.

Using the AIM2000 software'® Quantum Theory of
Atoms-in-Molecules (QTAIM),'%* atomic volumes and charges
were calculated by integration over their atomic basins up to
the 0.001 a.u. level. The QTAIM bond characteristics in
terms of electron density, p, and its Laplacian, V>p, given by

eqn (3)
Vi =iyt 2yt (3)
and bond ellipticity, ¢, given by eqn (4):
&=Illy— 1 4)

were calculated at the bond critical points (BCP), which are
defined using zero gradients and the eigenvalues, A5, of the
Hessian of the BCP electron density followed the order of 1,
< Ay < 0 < A3. The gcp value is proportional to the bond
strength; the covalent and dative bonding correspond to
negative and positive VZppep values, respectively, and é&gcp,
describes its deviation from cylindrical symmetry due to its
double-bond character, mechanical strain, and other
perturbations.

8374 | CrystEngComm, 2022, 24, 8372-8389

2.2.2. Docking protocol. Molecular docking calculations
were performed with AutoDock Vina vs. 1.1.2. program
(https://autodock.scripps.edu/) using the standard docking
protocol described in our recent study (for more details, see
ESIf).>> All ligands were prepared with ChemAxon
MarvinSketch  vs.  14.9.1.0  (https://www.chemaxon.com/
marvin/), optimized in terms of geometry in Avogadro vs.
1.2.0. (https://avogadro.cc/), and saved as .mol2 files. The
macromolecule target structure, hAR (PDB code: 1E3G, 2.40 A
resolution crystal structure of human androgen receptor),
was taken from the RCSB Protein Data Bank (https://www.
resb.org/). All non-protein molecules (i.e., ligand R1881 and
crystal waters) were removed, polar hydrogens were added,
and Gasteiger charges were calculated using AutoDock tools
vs. 1.5.6. (https://mgltools.scripps.edu/) to obtain the
appropriate file in .pdbqt format. Next, AutoGrid was used to
find an appropriate grid box size. The grid box center was set
at 0.802, 29.745, 3.780 (x, y, z coordinates respectively) with
the following final size space dimension x = 60 A, y = 60 A,
and z = 60 A. The dockings were performed with an
exhaustiveness level of 48. The receptor-ligand interactions
were visualized using PyMOL Molecular Graphics System
software vs. 1.3, Schrodinger, LLC (https://www.pymol.org/).
The validation of the docking protocol was achieved by
ensuring that the database ligand [metribolone (R1881)]
could be re-docked to hAR under the established parameters,
resulting in the same accommodation as in the co-
crystallized hAR-1881 complex (PDB code: 1E3G).

2.2.3. Hirshfeld surface analysis. 3D electron density
maps, known as Hirshfeld surfaces (HS),*> 2D fingerprint
plot (FP),"” molecular electrostatic potential surface (EP),'**
and energy framework (EF)'*>'%° calculations were performed
using the CrystalExplorer21, v. 21.5.'°” The calculations were

This journal is © The Royal Society of Chemistry 2022
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based on the B3LYP/6-31G(d,p) model wavefunctions by
employing the Tonto program'®® embedded in CrystalExplorer.
The Xray crystallographic information files (cif) for
compounds 1-5 were used as input files, with the X-H bond
lengths normalized to standard neutron diffraction values.

2.2.4. ADMET and beyond. The ADMET profiles for the
studied compounds were calculated using SwissADME, a
web-based interface, provided by the Molecular Modelling
Group of the Swiss Institute of Bioinformatics'®''* and the
pkCSM web platform.”™" The bioactivity scores of the
analyzed compounds were calculated using the online
computer Molinspiration Cheminformatics software (https://
www.molinspiration.com).  Cardiovascular toxicity —was
predicted using the pred-hERG 4.2 web tool, which is freely
available."”® The tumor and non-tumor cell line cytotoxicity
were investigated using the CLC-pred tool, which is based on
structure-cell line cytotoxicity relationships by the PASS
procedure (activity spectra for substances)."*® All in silico
simulations were carried out in June 2022. The structures of
the peptides were converted into canonical simplified
molecular input line entry specifications (SMILES).

The pK, and logP,., measurements''* ' for 5 are
described in the ESL}

2.3. CSD/PDB survey

A search of the CSD (ver. 5.43 updates March 2022)"'® was
carried out using a cyclopropyl scaffold related to modified
amino acids and peptide-related compounds. 225 crystal
structures containing cyclopropyl were found, which
confirmed the novelty of the synthesized compounds 1-5.
Next, we restricted the search in terms of the following filters:
3D coordinates determined, R factor <0.05, only non-
disordered, no errors, not polymeric, only single crystal
structures, only organics, and no repeated entries.
Consequently, 33 crystal structures consisting of cyclopropyl
were extracted. The CSD refcodes of these entries are as
follows: ADELOM, ADELUS, ADEMAZ, ADEMED,'"*
APOFOD,'?° BUTCIE,'*' CARYAY,"*? CATWEA,'** CEGVUH,"**
CERQUM,'** EDIWIZ,**® FIJDIO,'*” GENYUU,'?® HILXIM,'*°
HORZEU,° IHUFEY,"! JAWLAU,"*? KEZNEJ,"** KUDZzZIS,***

LIKFIX,"*>  MENHIW,"®  MOYSEB,"*”  PEDWOM,"*
ROPQUL,"*° VEHDIY,*° VETKEL,'*! WICMIH,"**
WOVXAG,'? XICRAC,'** ZAMJEF, ZAM]JOP,*> ZEGGEZ,'*°
and ZUQBIY." The molecular views and basic

crystallographic data for the literature ‘hits’ are summarized
in Tables S2 and S3,f respectively. It is noteworthily that no
structure is a close relative of the new compounds 1-5.
Therefore, a detailed discussion of these structures, besides
those of cyclopropyl-based synthons, is beyond the scope of
this article.

Furthermore, in the Brookhaven RCSB Protein Data Bank
(PDB database, https://www.rcsb.org/pdb/), 814 structures
with cyclopropyl scaffolds have been deposited so far.
Interestingly, 59 entries (Table S2t) of them were deposited
this year.

This journal is © The Royal Society of Chemistry 2022
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3. Results and discussion
3.1. Structural description and supramolecular analysis

The perspective views of the molecular structures of 1-5 with
the thermal ellipsoidal plots and the non-hydrogen atom
labelling schemes are presented in Fig. S1,f while Scheme
S1t shows the superposition of all the structures, revealing
the similarities of 1-3, and differences between 4 and 5. The
molecule of 4 has R and S chiral centres at C3, C3A, C3B, and
C3C, while in 5 has S at C3 and C3A. In 5, the fluorenyl
methoxycarbonyl (Fmoc) group and the carbamate linkages
[N-C9(03)-04-C10/NA-C9A(O3A)-04A-C10A] are planar. In
all the compounds, the amide bonds are in a trans
conformation. The structures are stabilized by diverse intra-
N-H---O, C-H'--O and intermolecular O-H---O, N-H---O, C-
H---O and H-bonding interactions, in the range of 2.5342(1)
A in 3 to 3.5379(1) A in 4 due to the presence of rich
H-bonding donors and acceptors, mainly in terms of amine,
carbonyl, and carboxylic groups. H-bonds with a distance of
D-A <2.55 A for O-H---O (observed in 2-4) and <2.65 A for
N-H---O (in 1-3) are called short strong H-bonds.
Interestingly, all the h-atoms of the NH and OH groups and
O atoms of the C—=O0 groups in all the reported compounds
are involved in the H-bonding as donors and acceptors,
respectively (only in 2 a weak NH---C bond is observed). The
geometric parameters of the H-bonding interactions are
collected in Table 2, while the n-stacking interactions in 5 are
shown in Table S4f (n---w) and Table S5 (C-H:-'xt). Notably,
the H---Cg distances are in the range of 2.53-2.83 A, and
according to Malone,"*® the C-H---n hydrogen bonds are
classified as type 1.

To gain deeper insight the supramolecular
preferences of the novel structures in the context of all the
cyclopropyl-containing peptide-derived compounds known
thus far, 33 entries from the CSD, described in the
Experimental section and included in Tables S2 and S3, were
re-analyzed and considered. Consequently, with these
additional crystal data, we identified the main basic
synthons, highlighting the new H-bonding motifs realized for

into

the first time in novel compounds 1-5. However, obtaining
appropriate information was a challenge because of the
complexity of the CSD structures with diverse functional
groups with multiple H-bond donors and acceptors. All the
identified types of both non-cyclopropyl- and cyclopropyl-
based supramolecular interactions (synthons) are presented
in Fig. 1 and S2,f respectively. Interestingly, the molecules
show a greater preference for hetero- than homo-synthons.
The cyclic motifs are built by carboxyiO—H:**Ocarbonyl/carboxyly N—
H--Ocarbonyl aNd aryiC~H"**Ocarbonyl/carboxyl iNteractions. Linear
H-bonding patterns are created by phydroxyl/carboxylO—
H"'Ocarbonyh N_H"'Ocarbonyly arle_H"'Ocarbonyl/carboxyh arle_
H:Onydroxyt, S-H-:-S-H, and . C-H:--S-H. The H-bonding
synthon motifs called B3 and B5 are formed by N-
H--*Ocarponyl aNd 4ry1C-H"**Ocarbonyl, respectively, as well as
the bifurcated synthon C1 resulting from the most popular in
this class of compounds. At this point, more attention can be

CrystEngComm, 2022, 24, 8372-8389 | 8375
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Table 2 Hydrogen bond parameters in 1-5 (bonding and non-bonding
distances bond lengths are in A and D-H---A angles in degrees)

D-H-A dD-H)  dH-A)  dD-A) (DHA)
1

N-H---04" 0.86 2.29 2.6579(7) 106
N-H--01! 0.86 2.12 2.9565(8) 162
C2-H2A---O1' 0.96 2.39 3.2680(8) 152
C2-H2B---041 1.00 2.43 3.3481(9) 151
C4-H4B:--05" 0.99 2.57 2.9123(7) 100
C10-H10C:--04'" 0.96 2.54 3.1685(8) 123
() -1/2+x3:-y,2 (i) 1-x, -y, -1/2 +z ({ii)i+x,5-y,z

2

N-H--02° 0.86 2.23 2.6273(1) 108
N-H--02! 0.86 2.41 3.0318(1) 130
03-H3---01" 0.82 1.78 2.5893(1) 170
05-H5--041 0.82 1.84 2.6590(1) 177
C2-H2A---02" 0.96 2.37 3.2729(1) 156
C5-H5A:--02! 0.98 2.57 3.4524(1) 150
H1+x,p,z(>)-1+xy 2 () x1-y2-2z(0)1-x -y, 1-2

3

N-H---04% 0.86 2.20 2.5928(1) 108
O-HA--04! 0.85 1.89 2.7291(1) 171
O-HB:--02'! 0.85 1.92 2.7646(1) 175
03-H3---0' 0.82 1.75 2.5659(1) 171
05-H5-+-01" 0.82 1.72 2.5342(1) 175
C2-H2A---02" 0.96 2.50 3.3219(1) 144
C2-H2C---03" 0.96 2.51 3.1663(1) 126
()Xy,z, (i) 1-x, -1/2 +y,z—z, (111)1—x, P, 1-z (V) i+xp -z
W) x, 3=y, =1/2 + z; (vi) -1/2 + x, 5 -y, 1

4

N-H---02% 0.88 2.35 2.6862(1) 103
N-H---02A' 0.88 2.19 3.0055(1) 153
03A-H3A---01B" 0.84 1.72 2.5521(1) 170
NA-HA:--02 0.88 2.10 2.9542(1) 164
NA-HA:--02A" 0.88 2.34 2.6848(1) 104
03-H3---01C™ 0.84 1.72 2.5497(1) 171
NB-HB---02B* 0.88 2.38 2.6972(1) 102
NB-HB:--02C" 0.88 2.08 2.9408(1) 165
03B-H3B:--01A" 0.84 1.72 2.5535(1) 172
03C-H3C-+-01! 0.84 1.69 2.5268(1) 172
NC-HC:--02C" 0.88 2.35 2.6913(1) 103
NC-HC:--02B" 0.88 2.15 2.9815(1) 158
C2-H2B---02A" 0.98 2.48 3.2904(1) 140
C2-H2C---02C" 0.98 2.39 3.3114(1) 157
C4-H4A:--03" 0.99 2.55 2.8941(1) 100
C2C-H2CA---02" 0.98 2.59 3.5379(1) 163
C2C-H2CB:+-02B" 0.98 2.60 3.2454(1) 124
C2B-H2BB--02C™ 0.98 2.48 3.2948(1) 140
C2A-H2AB---02' 0.98 2.51 3.3590(1) 144
D xy,z0)1-x -1/2+y -z @{i)1-x3+y -z (i) -1+xy2
W) —x,-1/2+y,1-2

5

N-H--03" 0.88 2.05 2.7972(1) 142
NA-HA:--0O3A! 0.88 2.18 2.9466(1) 146
C4A-H4AA--O1A 0.99 2.44 3.3310(1) 150
02-H2---01A" 0.94 1.72 2.6573(1) 175
02A-H2A---01' 0.92 1.75 2.6583(1) 166
C4A-H4AA---O1A! 0.99 2.44 3.3297(1) 150
C3-H3:--03" 1.00 2.49 2.8753(1) 102
C21A-H21A---04" 0.95 2.48 3.4100(1) 165

0|
D) x, 1+y, 2z ()2 -x, 1/2 +y,3 -z (i) 1 - x, -1/2 +y, 3 - 7 (iv) -1/2 + x,

-1/2+y,-1/2+z

¢ Intramolecular interactions.

8376 | CrystEngComm, 2022, 24, 8372-8389

View Article Online

CrystEngComm

paid to the occurrence of the bifurcated H-bonding topology
in the studied crystals.

The tendency of the oxygen atoms of the C=0 and S of
SH groups to act as acceptors of two H-bond interactions
related to the NH/CH and SH/CH groups, respectively, as well
as the hydrogen atom of CH to act as a donor of two H-bond
interactions related to the SH/CH groups, is a specific feature
of the supramolecular organization of the novel crystals,
introducing a stronger cooperativity effect. An additional
feature that arises from this work is that a wide variety of
H-bonding supramolecular patterns result from the
cyclopropyl moiety (Fig. S31). Specifically,
H-- Ocarbonyly cycloprople_H . 'Ohydroxyly

cyclopropylc_
cycloprople_H' ' 'OHZOy
cycloprople_H **Oc-0-c» cycloprople_H . 'Caryly arylc_
H-- Ccyclopropyl and cyclopropyIC_H . 'Ccyclopropyly
H-Narom, cycloprople_H S, and cycloprople_H -F,
interactions employed in the cyclopropyl-based synthons are
specified (Table 3). The last three interactions, together with
eyclopropylC-H"*Oc_o-c, are observed only in the literature
structures. The synthon denoted as Bdcyciopropy, created by
and  Cleyciopropy, formed by an
additional NH::*Ocarponyl, 18 the most favorable cyclopropyl-
based motif.

In summary, the heterosynthon called Rj(6), via N-
H-- Ocarbonyl and aryl/cyclopropylc_H' ! 'Ocarbonyl interactions,
designated as C1/Cleyciopropyl; 1S the most common cyclic
motif in all the compounds derived from cyclopropyl-
containing peptide-based compounds known thus far. All the
identified graph-set notations (up to 20-membered motifs)
are collected as a library in Table S6,f while all the
cyclopropyl-based H-bonding patterns, at two graph-set
theory levels, in 1-5, are shown in Fig. S4-S8, respectively.

cyclopropylc_

cyclopropyIC_H . 'Ocarbonyl

Homosynthons

R
=
A1

Heterosynthons

- ‘ |
(M = X
B1 B2

B3 B4 BS B6 B7 B8

(X (-

Bifurcated synthons

) \ 3 i
R \‘ R_\(
R’/\R R—% \ Rr \R
c1 : c2 c3 ) c4

A1:2,5CEGVUH A2:2,4 A3:ADEMAZ ADEMED B1:XICRAC B2:2,3 B3:1,5ADELOM.CATWEA,
CEGVUH.GENYUU. HORZEU,IHUFEY,JAWLAU, KEZNEJ, MOYSEB, ROPQUL, VEHDIY, VICMIH, WOVXAG,
XICRAC.ZAMJOP.ZEGGEZ B4:2.3.5 B5:1. CERQUM. FIJDIO.KUDZIS.MOYSEB. VEHDIY. VICMIH, ZEGGEZ
B6:4 B7:HORZEU B8:HORZEU B9:1.4 B10:2 C1:1,4, 5, ADELUS ADEMED,VEHDIY, ZEGGEZ
C2:MOYSEB, PEDWOM C3:4 C4:HORZEU

Fig. 1 Particular basic supramolecular H-bonding patterns identified
in compounds 1-5 and those derived in CSD (new motifs are indicated
by yellow frames).
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Table 3 Summary of the contribution of particular interactions (and
functional groups) to the formation of supramolecular cyclopropyl-based
synthons in the newly synthesized compounds and those derived from
CSD

Type of interaction Occurrence

2, ADELOM, ADELUS, ADEMAZ,

5  ADEMED, BUTCIE, CEGVUH,
EDIWIZ, GENYUU, HILXIM, IHUFEY,
JAWLAU, ROPQUL, VEHDIY, VETKEL,
ZAMJEE, ZAMJOP

cyclnprople_H . 'Ocarb()nyl

cycloprople_H o 'Ohydroxyl 2, CATWEA
37
5
cyclopropy[C_H o 'OHZO 3
cyc]opropyIC_H' +*O¢c-o-c ADEMAZ, PEDWOM
cyclopropy[C_H e Caryl 1,
4
arle_H' : 'Ccyclopropyl 1,
5
cyc]opropyIC_H o Ccyclopropyl 2,

eyclopropyC—H-**Narom CERQUM, GENYUU, PEDWOM,
ZUQBIY
eyclopropylC—H:*-S CERQUM

cyclopropyIC_H' ~F PEDWOM, WICMIH

Crystal packing of compound 1. Single-crystal X-ray
structure analysis indicated that 1 crystallizes in an
orthorhombic system, with the polar Prna2; space group and
one molecule in its asymmetric unit. The self-assembled
supramolecular architecture is governed by strong classical
O-H:--O and N-H---O H-bonds and is supported by weaker
non-conventional C-H---O and C-H---C interactions linking
molecules into diverse H-bonding synthons. Closer
inspection indicated that at the first level of graph-set theory,
two simple supramolecular chains, through the graph-set
descriptor C(4), are formed by N-H'**Olcarbony (Synthon B3,
presented in Fig. 1) and ,C2-H2A"--Olcarpony (Synthon B5),
respectively (Fig. 2), while at the second level, these H-bonds
participate in the building of the cyclic motif denoted as an

Fig. 2 Crystal packing in 1, showing the intermolecular interactions
and the supramolecular H-bonding synthons.
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R3(6) ring pattern (synthon Cleyciopropy, Presented in Fig.
S27). Another discernible feature is that the oxygen atom of
the C=O0 group acts as a bifurcated acceptor to N-H and
C-H donors (Fig. 2). In addition, N-H:*-Olcarponyi together
with the 4r1C2-H2B"**O4¢arhonyi interaction generates another
simple dimer motif, designated as R3(9), (synthon
BY¢yclopropyl) The fused heteromeric Rj(6) and R3(9) motifs
propagate alternately along the crystallographic a-direction,
forming a ribbon. Interestingly, R3(6) and R3(9) are arranged
in the form of a triple H-bonding motif (the three-point
synthon). In the perpendicular plane, the cyclopropyl
moieties connect molecules together into larger fused cyclic
patterns (Table S67).

Another feature worth considering is the long-range
synthon Aufbau module (LSAM), a concept close to the
cooperative effect, which is related to a stable packing motif
constructed from different synthons,"*® and based on
Kitaigorodskii's ideas on the Aufbau principle."® The LSAMs,
so-called large synthons, consist of more than one type of
inter-contact to summarize all the discovered H-bonding
motifs controlling the packing of the molecules. In this
context, in 1, the lack of COOH groups in the molecule leads
to the activation of peptide N-H:--O bonds, which join
molecules into a 1D structure along the a-direction and
symmetry of the pc rod group (blue lines in Fig. 3). The
chains are packed almost hexagonally, and the distortions
are caused by secondary C-H:--O interactions, which are
marked as thin green lines.

Crystal packing of compound 2. The crystal of 2 belongs to
the centrosymmetric triclinic P1 space group. The molecules
are arranged in the ‘head-to-tail’ type (Fig. 4). In the crystal
lattice, the basic linear motifs, denoted as C(7), formed by
hydroxylO3=H3"+*Olcarbonyt  (Synthon B2, see Fig. 1), ,y1C2-
H2A: - 02carbonyl (synthon B4) and eyclopropyC7—
H7A ' O3hydroxyt  (Synthon — Blegeiopropy, See  Fig.  S27%),
respectively, at the first level of the graph-set theory, are
found. The first two chains are parallel to the a-axis, while
the chain generated by the cyclopropyl-based interaction is
prolonged along the b-direction. Remarkably, the
combination of these H-bonds closes the rings, resulting in a
basic cyclic homosynthon, featuring the graph-set notation as
R3(8), built by hydroxy1O05—H5"**O4carbonyl H-bonds (synthon A1,

Fig. 1), leading to the supramolecular linear chain
propagated along the ch-plane. Perpendicularly, the
l wowow
_ﬁl I W,A = v s
== S \ \

_——— e
4 5

Fig. 3 Long-range synthon Aufbau modules, showing the H-bonding

interactions in 1-5 (figure was prepared using Diamond v.4.6.6).1®
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heterosynthonic basic structural unit, represented by the
same graph-set notation R3(8), is formed through the hydroxyl™
O3-H3"*Olcarbonyl aNd  4ryiC2-H2A:-O2¢arhony1  interactions
(synthon B10, Fig. 1), at the second graph set level of theory,
propagated into another supramolecular linear chain
extending along the crystallographic a-axis. Consequently,
these tapes are interrelated into a 2-D planar sheet in the
ac-plane, unveiling primary tetramer synthons, denoted as
Ri(26) and Rj(24), between tapes. In another plane,
cyclopropyl participates in the building of secondary
H-bonding patterns. Further insight shows that the
molecules are linked by 3-centre, bifurcated N-H---O and C-
H---O interactions, leading to the very important R3(7)
synthon (C4cyciopropyl, Presented in Fig. S27).

Considering LSAMs, a supramolecular layer parallel to the
crystallographic bc-plane is observed it is consistent with the
P1 space group symmetry, while its topology can be described
as a 4-connected simple uninodal network, with a node being
the centre of gravity of the molecule (black dot in Fig. 3), and
edges in line with the observed H-bonds. Hence, the red lines
represent a carboxylic dimer, cyan for the connections
between the NH donor and the COOH acceptor, and the
orange is for the COOH donor and peptide carbonyl atom.
The network may be regarded as square planar with a {4-4}
Schlédfli symbol if the edges are indistinguishable. The
thinner pink and green lines represent secondary C-H:--O
interactions, which lead to a 3D structure.

Crystal packing of compound 3. The crystal structure of 3
was determined in the orthorhombic, centrosymmetric Phca

S »g»
*&f

o % s
TR

¢ <
" homosynthon b 5
@9 ‘ e
V> X 3 i
A XS o ey &
b R% -
\ ) ,
1 o
Y

heafexds
c(7)

©

heterosynthon

Fig. 4 Crystal packing in 2, showing the intermolecular interactions
and the H-bonding supramolecular synthons. H-atoms that are not
engaged in the interactions are omitted for clarity.
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space group, with one symmetry-independent
2-(cyclopropylmethyl)-2-acetamidopropanedioic acid molecule
and one crystallographically unique water molecule in the
asymmetric unit. Herein, the adjacent molecules in the
crystal lattice establish the wave-like architecture in the
ab-plane (Fig. 5). The water molecule, as a bifurcated donor
or bifurcated acceptor, acts as a bridge between the two main
molecules that form the C3(8) motif via aryiC4—
H4A- "O4carb0nyl and cycloprople6_H6A‘”Oshydroxyl interactions.
Consequently, a supramolecular zigzag chain is created.
Moving forward, a similar supramolecular chain, denoted as
C3(9), is built by the 1 ,60-HA"*Odcarbonyt a0d cyclopropy1C6-
H6B:--Oy,o interactions, in which the cyclopropyl ring is
employed. A perpendicular chain C(7) is formed through the
eyclopropylCO—HBA - :O5 4 1h0xy interaction (synthon Bleyciopropyls
Fig. S27). By deeper exploration of the crystal lattice, diverse
cyclic H-bonding patterns were also found, resulting in a 3D
network. After further LSAMs analysis, the pc rod group
symmetry describes the symmetry of the supramolecular
chain structure, along the c-direction, formed by the H-bonds
between the COOH group and the peptide carbonyl oxygen
atom (thick orange lines in Fig. 3). The rectangular alignment
of the main chains as viewed along the c-axis is more
noteworthy rather than approximately hexagonal packing of
rods. Responsible for this is the presence of crystalline water
molecules. The presence of crystalline water molecules is
responsible for this. In the figure, the water bridges are
represented by thin red and cyan lines.

Crystal packing of compound 4. Compound 4 crystallizes in
the monoclinic system, centrosymmetric P;24/c; space group,

7 R3(14)

Fig. 5 Crystal packing in 3, showing the intermolecular interactions
and the H-bonding supramolecular synthons. H-atoms that are not
engaged in the interactions are omitted for clarity.

¥
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with a surprisingly high number of -crystallographically
independent racemic Ac-b-cyclopropyl-(R,S)-Ala-OH moieties,
Z' = 16. In this context, 4 provides exclusivity in comparison
with the cyclopropyl-containing peptide-based structures
deposited in the CSD. Notably, these compounds attract
special attention for pharmaceutical applications.'” Among
the studied crystals, the supramolecular assembly of 4
(Fig. 6) is constructed and stabilized through the most
diverse inter-contacts, ie., O---H/H---O, O---C/C---O, C---H/
H---C, N---H/H:'N, O--*N/N:-O, and O--O (see section
below). Specifically, the ,,,jC2A-H2C:--O3Apyqroxy1 interaction
links adjacent molecules into the sinusoidal supramolecular
chain, denoted as C(7) (synthon B6, Fig. 1), which is parallel
to the a-axis. O-H:--O, N-H--*O and C-H-:-*O H-bonds
participate in the construction of an interesting sheet
consisting of fused cyclic two heterosynthons and one
homosynthon, with the graph-set notation of R}(6), (synthon
C1), R3(6) (synthon C3), and R3(10) (synthon A2). The stacking
of the sheets is observed, providing an extra advantage for
this structure. Alternatively, these tapes are interconnected by
cyclopropyl-based interactions. Within the tapes, the
H-bonding interactions are built in the mode of the repeated
patterns of fused cyclic supramolecular H-bonding motifs.
From the LSAMs point of view, pseudo-centrosymmetric
R3(10) dimers (light blue and cyan lines in Fig. 3) align
alternately in the ab-plane and are further connected via
topologically similar O-H:--O bonds between COOH donors
and peptide carbonyls (i.e., each dimer is both a donor and
an acceptor). Together, the above-mentioned interactions
establish a honeycomb-like layer perpendicular to the
c-direction. The development of a layer occurs by
translational vectors only. Hence, the layer symmetry is given
by the p1 layer group. Assuming that all the vertices and
edges are unified, the Schlifli symbol of the 2D
supramolecular unit is {6-3-3}. There are four layers per unit
cell related by symmetry elements of the P2,/c space

A
% %% ¥
bl

ez L
T

v Y

Fig. 6 Crystal packing in 4, showing the intermolecular interactions
and the H-bonding supramolecular synthons. H-atoms that are not
engaged in the interactions are omitted for clarity.
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symmetry group. The secondary weak C-H---O interactions
are visible between the layers.

Crystal packing of compound 5. Compound 5 crystallizes in
a monoclinic system, in the I;2, space group, and its
asymmetric unit is comprised of two independent Fmoc-b-
cyclopropyl-(S)-Ala-OH molecules. They are connected
through  1ydroxyiO2A-H2A - Olcarhony  H-bonds  into  a
centrosymmetric dimer. Consequently, the cyclic array R3(8),
a robust and very popular synthon (synthon A1, Fig. 1), is
formatted. This pattern is propagated into columns along the
b-direction, linking the molecules into tetramers, which are
denoted as Rj(38) motifs (Fig. 7). Through a deeper
exploration of the crystal structure, the R3(7) trimer, built by
O-H:--O and C-H---O H-bonds (synthon C8yciopropyls Fig-
S27), unit is identified. This trimer is further fused to the
mentioned earlier dimers, connecting tetramers and other
cyclic motifs and creating a 2D layer. The parallel layers are
connected by cyciopropylCOA-H6AB::*O1A arhony1  iNteractions,
creating a chain called C(7) (synthon B2cyciopropyi, Fig. S27).
Interestingly, R3(7) and R3(8) are arranged in the four-point
synthon. It should be noted that in contrast to all the other
structures considered herein, 5 possesses the most intriguing
feature, given that the electron-rich planar Fmoc ring system
displays =m-stacking behavior. Thus, H-bonding interactions
are assisted by C-H--'m and n---n interactions. These inter-
contacts complete the final topology and stabilize the
supramolecular assembly.

At the LSAMs level, the earlier described basic synthons,
pseudo-centrosymmetric dimers R3(8) (red lines in Fig. 3, and
black and white nodes signify two crystallographically
independent molecules), are joined into a 1D ladder structure
through the peptide N-H:--O hydrogen bond along the
b-direction. The motif has only translational symmetry. The
numerous C-H---O (pink lines) and C-H--m (grey lines)
interactions combine these ladders into a 3D structure.

Fig. 7 Crystal packing in 5, showing the intermolecular interactions
and the H-bonding supramolecular synthons. H-atoms that are not
engaged in the interactions are omitted for clarity.
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3.2. Hirshfeld surface analysis

To fully elucidate the supramolecular preferences among the
new crystals, the Hirshfeld surface (HS) methodology'® %"
was applied. The 3D HS maps with different properties
(dnorm, de, di, electrostatic potential, shape index, curvedness,
and fragment patch) of all the studied crystals are presented
in Fig. S9.f The red-white-blue color scheme on the dpnorm-
mapped HSs is related to the inter-contacts shorter than,
equal to, and longer than the sum of the vdW radii,
respectively. The existence of bright red spots denotes the
dominant close interactions and identifies the strongest H-
bonds, such as O--*H and N---H, which are the O-atoms of
the carboxy groups, N-atoms of the amino groups, and
H-atoms of the hydroxy/amino groups. The light blue smaller
spots on the surface signify the weaker C--H and H---H
inter-contacts. In 5, the shape index and the curvedness
properties are helpful in the recognition of n-stacking
arrangement via the presence of adjacent blue and red
triangles (bow-tie pattern) and large green flat areas (brown
circle in Fig. 8), respectively. The blue triangles correspond to
the convex regions (the atoms of the molecule inside the
surface) and the 7-hole (the n-stacked molecule above it).
This is consistent with the FP, which presents the
contribution of the C---C interactions (the triangle near d. =
d; ~ 1.8 A refers to the characteristic of n-n interactions). In
the other compounds, n-stacking contacts are not observed.
The circle in pink represents n-stacking from an aromatic
proton outside the surface (red bulging area) around the CH,
moiety and the complementary proton inside the surface
(blue hollow spot), indicating C-H---n interaction. As noted
in Table S4,t the shortest face-to-face n---n contact was Cg(2)
[C11-C12-C17-C18-C23] --Cg(3)[C12-C13-C14-C15-C16-C17]
with an interaction distance of 3.9579(1) A, while the

R
7

-
»/(

HB donor -

HB donor

4
\I l ace
acceptor
HB 4
acceptor %

15" C..H/H...C 2.5%

v

ai
SN BT IIATE TR

i
OEON 0T V4 16 0TI TATE T

e 24%
28 c..C

26

22

: &

Fig. 8 Electrostatic potential maps, showing selected supramolecular
synthons, and delineated fingerprint plots into weak interactions in 2
and 5.
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T-shaped C-H---m was C10A H10B---Cg(9)[C11A-C12A-C17A-
C18A-C23A] with 2.4488(1) A (Table S5+). The fragment patch
on the HSs characterize the coordination environment of the
molecule in the crystal. The coordination number is
determined by the curvedness of the HS. The extensive green
flat areas of the HS have low values, whereas the sharp areas
have high values of curvedness, resulting in the division of
the surface into colour patches related to interactions among
the nearest-neighbouring molecules. The collection of the
color patches specifies the different independent species in
the title structure.

The formation of H-bonds in the crystal molecules is
elegantly driven by electrostatic interactions. The electrostatic
potential (EP), mapped on the HS, reveals negative (red area)
and positive (blue region) potentials, indicating the H-bond
acceptor and donor sites, respectively. Thus, the EP maps
provide direct insight into the sensitivity of a molecule
toward chemical reactivity, which can be helpful in the
identification of ‘3D pharmacophore points’, visualizing the
donor and acceptor sites.*> To compare the total share of
strong and weak interactions in the formation of synthons,
we present the differences between the most extreme 2 and 5
crystals using fingerprint plots and EP maps (Fig. 8). In the
latter, 24% inter-contacts is the sum of contributions of
C:-*H/H---C (22.5%) and C'--C (1.5%), while in 1, only 2.5%
of all the interactions, derived from the C---H/H---C,
participate in a set of H-bonding donors and acceptors.
Nevertheless, in both crystals, weak cyclopropyl-based
interactions are employed in the formation of the main
synthons that govern the self-assemblies, such as C(7),
denoted as Bleyiopropyl Synthon, in 2 and Rj}(7), called
C8¢yclopropyly 1N 5, visible in the EP mapped on the HSs. It
should be noted that the electron-rich sites are located in the
semi-transparent EP, mapped on the HSs, around the oxygen
atoms (and the mn-system of the Fmoc group). The
electrostatic complementarities of the touching surface
patches in the neighbouring molecules for all the studied
crystals are presented in Fig. S9.

Precisely, an analysis of all the fingerprints (FPs), which is
useful in the comparison of the supramolecular features of
all novel solids in terms of clear quantitative identification of
each type of inter-contact, is necessary. The overall FPs are
presented in Fig. 9, which are delineated into the
corresponding types of interactions, such as H--*H, O---H/
H:---O and C--‘H/H:--C for compounds 1-3, H--*H, O---H/
H:---0, C"'H/H"'C, C"'O/O"'C, N"'H/H"'N, O--N/N---O and
O---0O for compound 4 and H---H, O---H/H---O, C---H/H":-C,
C:--0/O---C and C---C for compound 5 in Fig. S10.f The
relative percentage contributions of the various close inter-
contacts, both external and internal in the terms of diverse
atoms, to the HS area of the compounds are demonstrated in
Fig. 9 (Table S7t), where subtle differences are clearly
highlighted. In particular, subtle H--*H (~50% in 2 and 3,
60% in 5, and 70% in 1 and 4) are the most significant
interactions in all the analysed crystals due to the numerous
H-atoms on the molecular surface where diverse vdW

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 2D fingerprint plots and percentage contributions of inter-
contacts to the Hirshfeld surface in structures 1-5 (regions of particular
interactions are indicated by the ovals in the FPs).

contacts are formed. Strong O---H/H---O H-bonds are the
other major contributors to the HS, especially in the case of 2
and 3, where they account for ~50%, due to the presence of
additional carboxylic groups in the structure, while in other
crystals are at the level of ~20-25% of all the interactions.
Alternatively, in 5, weak C---H/H---C inter-contacts have a
considerable coverage (~23%) of the total surface, while in
the other crystals, their contribution is less than 3%. In
contrast, the share of O---H/H---O H-bonds is the lowest
among the crystal structures. Moreover, O---C/C---O contacts
are observed in 4 (3.3%) and 5 (~1%), while C---C only in 5
(1.5%) due to the presence of the fluorenyl group in this
structure. Furthermore, N---H/H:-*N, O---N/N---O and O---O
inter-contacts are present in 4, but the factors are only ~1%
(Table S77). Thus, in 4, the most complex molecular surface
with the greatest diversity of intercontacts is observed,
following the order of H---H > O---H/H---O > O---C/C:--O >
C--*H/H---C > N--*H/H--*N > O--*N/N---O and O--O.

To better understanding the propensity for the privileged
and disfavoured interactions between a pair of chemical
species in a crystal structure, the enrichment ratios (ER),'**
based on the HS analysis, were determined for all the studied
compounds and presented in Table S8.f In this regard, the
inter-contacts with high propensity to construct stable
supramolecular architecture are as follows: O--H/H:--O and
C---H/H---Cin 1, 2, 3, 5; O--*H/H---O, O---C/C---O, and O---N/
N---O in 4. The thorough inspection revealed that H---H
contacts are more favoured in 4, 1, and 5 (ER = 1.01, 0.97,
and 0.96, respectively) than in others (ER = 0.88 in 2 and 0.89
in 3), which is consistent with the HS calculations. The
opposite trend was observed for the O---H/H---O and C---H/
H---C inter-contacts, where in 2 and 3, the ER is 1.35, while it
is 1.25 for O---H/H---O and 1.12 for C---H/H---C in 5, 1.17 in
1, 1.02 for O---H/H---O and only 0.53 for C---H/H---C in 4. It
is also important to note that in 4, O---C/C---O and O---N/
N---O are greatly enriched with ER = 3.75 and 2.92,
respectively, due to the relatively high value of their
proportion on the molecular surface. In 5, C---C are slightly
favoured (ER = 0.87).

This journal is © The Royal Society of Chemistry 2022
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Finally, to gain a complete view on the landscape of
interactions, their relative strength and topologies in the
studied crystals, we systematically compared the energy
frameworks (EFs). In this regard, the crystal structures were
studied by comparing their pairwise interaction energies. The
molecular pairs are uniquely color-coded, as shown in Fig.
S11, while the energies of the inter-contacts are summarized
in Table S9.f The 3D topology of the crystal packing is
visualized via EFs for 1-5 in Fig. S127 to better understand
the supramolecular rearrangement in all the crystal lattice
directions. At first glance, some differences are noticeable.
Crystal 5 possesses a unique architecture of molecular
interaction topology. Specifically, the herringbone energy
framework propagates along the a-direction, comprising
molecules linked by weak interactions. The width of the
cylinders correlates with the relative strength of the energy
between the molecules (a greater radius indicates more
substantial and prominent interactions). However, the
diversity in the dimensions of these cylinders, ie., pillars,
columns, and crossbars, in the supramolecular architecture
of the energy frameworks cannot be overlooked. The nature
of the specific interactions is denoted by a red-green-blue
colour scheme, signifying the electrostatic, dispersive, and
total energy, respectively. A significant contribution of the
electrostatic energy term, related to the strong classical
interactions, is noticeable in 2 (the total electrostatic energy
is —252.6 kJ mol ™), while in 1 (the total dispersive energy is
-147.3 k] mol™), 4 (-93.1 k] mol™") and 5 (-322.9 kJ mol™),
where the dispersion terms responsible for weak interactions
are favorable in terms of stabilization of the crystal lattice. In
3, the difference between the electrostatic (-148.1 kJ mol ™)
and dispersion (-163.1 k] mol™) terms is not considerable.
Indeed, a delicate balance is observed between the strong
and weak interactions, with a slightly dominant dispersion
component. In comparison, the polarization energy
contributed slightly to the total energy of 1 (-21.2 kJ mol™)
and 4 (-14 k] mol™"). The data in Table S9t indicate that the
total energies follow the order of 5 (-327.3 kecal mol™") > 2
(-265.6 kcal mol™) > 3 (=175 kcal mol™) > 1 (-140.7 keal
mol™) > 4 (-94.3 kecal mol™).

3.3. Quantum-chemical calculations: cyclopropyl

3.3.1. Cyclopropyl-based interactions. These interactions,
as investigated in suitable dimers of the molecules under
study by QTAIM analysis, revealed that the interactions
between two cyclopropyl rings, the interactions of the
cyclopropyl ring with non-cyclopropyl atoms of the other
molecule (Fig. 10) and the inter-contacts between the
cyclopropyl carbon atom and the hydrogen atom of the other
molecule, are possible but are very weak for the bond paths,
as shown in Fig. S13.}

3.3.2. Chemical nature of cyclopropyl ring in 1-5. To check
the potential of the cyclopropyl ring in the new compounds
to create m-based synthons, we focused on the influence of
strain in the cyclopropyl ring (Scheme S1f). In addition, to
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the NBO treatment,'” we alternatively used QTAIM treatment
to evaluate the molecular strain at the individual active sites
of the molecule. In particular, we concentrated on the
common parts of molecules 1, 2 (3), 4, and 5 (containing
both cyclopropyl and methylene groups) and their
comparison with cyclopropane, see Fig. 11 and S14-S17 in
the ESIt for optimized geometries of C;Hs and analyzed
molecules and Tables 4 and S10f for their relevant bond
lengths and angles. The lengths of the C-C bonds in the
cyclopropyl ring are comparable to the neighbouring C5-C4
bond. The aliphatic C4-C3 bond is significantly longer. The
C-H bonds to the secondary C6 and C7 atoms are shorter
than to the tertiary C5 atoms. Except for compound 5, the
aliphatic C5-H5 bonds are even longer. The effect of the R;
substituent on the C-C and C-H bonds at the cyclopropyl
ring disappeared and the same was observed for the C-C, H-
C-H, and H-C-C angles (Table S107}). The C5-C4 bond angles
with the aliphatic C3 atom are significantly lower than that
with the cyclopropyl C atoms. The H4-C4-H4A angles are
significantly lower than the analogous H-C-H angles related
to the cyclopropyl ring and similar relations hold for the
analogous H-C-C angles. The natural charges (Table S117) of
the secondary C6 and C7 atoms in cyclopropyl are
comparable to the aliphatic C4 atoms, whereas the charges of
the tertiary C5 atoms are much less negative. The positive
charges of all the H atoms on cyclopropyl are nearly equal.
The charges of the H4 atoms (except compound 5) are higher
and affected by R; substituents. The cyclopropyl C-C bonds
in the analyzed compounds are weaker than in C;Hg and do
not depend on the substituents (Table S12%). The bond
strengths decrease in the sequence of C5-C4 > C6-C7 > C6-
C5 ~ C7-C5 > C4-C3, which is in agreement with the
corresponding bond lengths (Table 4), ie., some bond
strength change can be observed. The C-H bond strengths at
cyclopropyl do not depend on the substituents. The natural
sp” hybrid orbitals at the cyclopropyl carbons (Table 5)
contain an increased p electron contribution (n > 3.3),
especially at the C5 atoms (n > 3.5) on account of the
decreased p contribution in the C5-C4 bonding (n ~ 2.2).
The aliphatic C4 and C3 atoms also exhibit a lower p
contribution in the C-C bonds (n < 2.8). Reverse trends of
carbon p contributions were observed in the C-H bonds,
which decreased in the order of C4-H4 > C5-H5 > C6-H6 ~

C7-H7. The R; substituent effects disappeared. The
© {
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Fig. 10 On the left: M06/6-311++G(d,p) optimized structure of 4
dimer (C - black, H - white, O - red, and N - blue). On the right: M06/
6-311++G(d,p) optimized structure of the 1 dimer (C - black, H - white,
O -red, N - blue).
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Fig. 11 On the left: M06/6-311++G(d,p) optimized structure of
compound 5 (C - black, H - white, O - red, and N - blue). On the right:
molecular graph of compound 5 (C - black, H - grey, O - red, N - blue,
bond critical points - small red, and ring critical points - yellow).

deviations in the natural hybrid orbitals from the line
connecting the bonded atoms in the cyclopropyl ring (Table
S131) are approximately 23°. Their dependence on the R;
substituents is very small. In this way, the obtained ‘banana’
bonds are bent at the carbon atoms by 107° (see Table S14+).
As mentioned above (Table 5), this decrease in angle is
related to the greater contribution of the p-electron to the
natural hybrid orbitals (the p orbitals are mutually
perpendicular), and thus minimizes the molecular strain.
The o-n* and n-c* interactions between the C-C bonds in
the cyclopropyl ring and =n-type orbitals in the rest of the
molecule were found in compound 5 only (Table 6). The
stabilization energies related to the carbonyl or aromatic n
orbitals and aromatic w* orbitals are relatively
Interactions were also found between the aromatic n*
orbitals and the cyclopropyl o* orbitals. The QTAIM
molecular graphs of the systems under study are presented
in Fig. 11 and S18-S21.f The additional molecular paths
between the cyclopropyl hydrogens and carboxyl oxygen
atoms in compounds 2 and 1 increase the differences in the
cyclopropyl group (see below). The QTAIM charges of all the
relevant H and C atoms are nearly equal to zero, unlike the
NBO treatment (Table S117), except for the positive C3 atomic
charges, which depend on the R; substituents (Table S15%).
The atomic volumes (Table S167) of the secondary C6 and C7
atoms are significantly higher than that of the tertiary C5
atoms. The aliphatic secondary C4 atoms have even slightly
lower volumes. The significantly higher volumes of C6 and
C7 atoms with nearly equal charges with C5 atoms reflect the

low.

Table 4 Relevant bond lengths (in A) of the optimized structures under
study (see Scheme S1} for atom notation)

Bond C3Hg 1 2 4 5
C6-C5 1.496 1.494 1.502 1.494 1.496
C7-C5 1.496 1.502 1.495 1.502 1.497
C6-C7 1.496 1.498 1.498 1.499 1.499
C5-C4 — 1.502 1.502 1.503 1.502
C4-C3 — 1.536 1.536 1.535 1.527
C6-H6 1.085(2x) 1.086 1.085 1.084 1.084
1.084 1.086 1.086 1.086
C7-H7 1.085(2x) 1.087 1.084 1.086 1.087
1.085 1.086 1.085 1.084
C5-H5 1.085(2x) 1.089 1.088 1.088 1.088
C4-H4 — 1.096(2x) 1.096(2x) 1.098 1.087
1.096 1.084

This journal is © The Royal Society of Chemistry 2022
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Table 5 Relevant p electron contributions n in sp” hybrids in individual
bonds in the systems under study (see Scheme S1t for atom notation)

Bond Atom C3;Hg 1 2 4 5
C6-C5 C6 3.42 3.33 3.35 3.33 3.34
C5 3.42 3.58 3.63 3.58 3.56
C7-C5 C7 3.42 3.34 3.34 3.33 3.36
C5 3.42 3.65 3.59 3.62 3.64
C6-C7 C6 3.42 3.52 3.52 3.51 3.51
C7 3.42 3.53 3.51 3.54 3.53
C5-C4 C5 — 2.20 2.21 2.21 2.24
Cc4 — 2.44 2.43 2.42 2.38
C4-C3 C4 — 2.76 2.78 2.77 2.72
C3 — 2.48 2.45 2.41 2.50
C6-H6 c6 2.65(2%) 2.66 2.63 2.67 2.64
2.64 2.66 2.64 2.66
C7-H7 Cc7 2.65(2x) 2.66 2.64 2.66 2.65
2.64 2.66 2.63 2.62
C5-H5 C5 2.65(2x) 2.94 2.93 2.93 2.89
C4-H4 C4 — 3.49 3.51 3.54 3.61
3.51 3.49 3.48 3.55

higher chemical reactivity'® of these cyclopropyl carbons.

The BCP electron densities (Table S177) indicate that the C-C
bonds in cyclopropyl are comparable with the aliphatic C4-
C3 bonds, whereas the C5-C4 bonds are stronger. The BCP
Laplacians of the electron density (Table S18%) of the
cyclopropyl C-C bonds are significantly less negative than the
aliphatic ones. The BCP Laplacians of the electron density of
all the C-H bonds are nearly equal and are significantly more
negative than that of the C-C bonds. The extra high BCP
ellipticities of the cyclopropyl C-C bonds (Table S197)
indicate a very high mechanical strain, which is slightly
increased for weaker bonds (comparison shown in Table
S171). The aliphatic C5-C4 and C4-C3 bonds exhibit
approximately one-order lower BCP ellipticities, ie., pure ¢
bonding with only slight mechanical strain. The C-C-BCP
angles in cyclopropyl (Table S$20f) are nearly halved
compared to the natural hybrid orbital deviations from the
C-C lines (Table 4). This can be explained by the curvatures
of the ‘banana’ bonds given that the hybrid orbital deviations
are evaluated directly at the carbon atoms and the
corresponding BCPs are in the middle of these bonds.
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Consequently, the BCP-C-BCP angles (Table S207) are lower
than the bond bending at the cyclopropyl carbons (Table
S14%).

3.4. Biological screening

3.4.1. Bio-activity and ADMET profile. In silico prediction
of the ADMET (absorption, distribution, metabolism,
excretion, and toxicity)'*>"'® profile revealed the potential
ability of the novel compounds as therapeutic agents. The
bioavailability radars, as shown in Fig. S22,f present very
satisfactory drug-likeness, which are related to their
physicochemical properties (Table S217}), while BOILED-egg
(Brain Or Intestinal EstimateD permeation) diagrams show
good absorption parameters and the possible blood-brain
barrier permeability of 5 (Fig. S23f). Moreover, the
probability maps (Fig. $24+),"'* obtained via the pred-hERG
web tool, reveal the absence of cardiotoxicity in all the
compounds. Notably, lipophilicity is a key property in the
physicochemical characterization of bioactive substances
given that it is strongly related to the ability of compounds to
cross cell membranes and to interact with biological targets.
It is affected by the chemical structure of the drug and the
presence or absence of ionizable groups. In the case of
ionizable compounds, the acid-base dissociation constant
(pK,) of a drug is becoming a key parameter influencing
lipophilicity and many biopharmaceutical characteristics."*
Log D is a distribution coefficient widely used to measure the
lipophilicity of ionizable compounds, where the partition is a
function of the pH. For non-ionizable compounds, log P = log
D in the full pH range, whereas for ionizable compounds, log
D takes into account the partition of both ionized and non-
ionized forms. LogD is convenient for practical
measurements, given that it takes into account solution pH,
which is important for the analysis of the drug candidate
properties in various biologic media with different pH values.
In this context and at this juncture, we describe the results of
the detailed experimental study of 5, the most controversial
based on the in silico parameters among novel compounds.
In particular, the log P, calculated using the SwissADME

Table 6 Second-order perturbation theory analysis of cyclopropyl C-C bond interactions with n-type bonds/lone electron pairs in compound 5

Type of interaction

Donor orbital population

Stabilization energy [keal mol™]

n(C=0)gs — 0*(C6-C7) 1.989
1(C=O)x, — 6*(C6-C7) 1.995
TE(C )arom sideR3 G*(C6_G7) 1.662
G(C7 CS) - T[*(C C)ar()m—nearR3 1'952
G(C ) - n*(cfc)arom-sideRs 1.952
G(C’6 C’7) - n*(c_c)aromfdistks 1.958
G(C6 C7) - TE*(C C)amm nearR3 1.958
6(C6-C7) — 1*(C-Clarom-distrs 1.958
nn(o)esteng G*(C7 CS) 1.820
1(0)c—ors — 6*(C7-C5) 1.830
1:(O)onrs — 6*(C7-C5) 1.822
1n:(N)gs — 6*(C7-C5) 1.770
T ( )aromfdlstlu - G*(C6_C7) 0.370
T[*( )amm-sideR3 - G*(CG—C7) 0.343

This journal is © The Royal Society of Chemistry 2022

13.90
0.58
9.00
0.59
3.51
1.63
0.56
2.60

78.25

198.74
1292.47

77.38

22.19
1.63
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software varies in the range of 2.76-5.99 with an average
value of 3.84 (Fig. S257). In this computational approach, the
lipophilicity was calculated for the neutral form of 5 only,
while the methodology used does not consider the fact that
compound 5 is an ionizable molecule and the parameter
defining the lipophilicity, more precisely, id logD. The
experimental pK, for 5 is 3.60 and logP measured as a
function of pH is 3.47 at pH 1 (stomach pH) when the
compound is not ionized, whereas at higher pH such as 7.4
(blood pH), the lipophilicity is much lower and amounts to
log D = -0.33. This may obviously affect the bioavailability of
the compound, depending on the route of administration.
Therefore, in future considerations regarding the lipophilicity
and bioavailability of compounds 1-5 in the context of a
possible route of administration, the instability of the
cyclopropyl ring at very low pH should also be considered.

Furthermore, we checked via the SwissTargetPrediction
program,'®® that compounds 2-4 are potentially active toward
protease inhibitor, enzyme, nuclear receptor, kinase, and
membrane receptor, compound 1 shows activity toward
protease, enzyme, family A G protein-coupled receptor,
nuclear receptor, isomerase, kinase, writer and voltage-gated
ion channel, while 5 shows activity toward protease, enzyme,
family A G protein-coupled receptor, cytochrome P450,
phosphatase and oxidoreductase (Fig. S267). The bioactivity
scores, ‘a measure of a molecule's ability to interact with
receptors’, were predicted using the Molinspiration
software.”® In addition, the prediction of tumor (and non-
tumor) cell line cytotoxicity was calculated using the CLC-
pred website tool, which is based on the relationship between
structure-cell line cytotoxicity via the PASS procedure.'?
Compound 2 (and 3) exhibited cytotoxicity against prostate
carcinoma tumor cell lines, with a Pa value of greater than
0.5, indicating a high probability of action. This is a
promising finding in the face of the increasing heterogeneity
of prostate cancer and the constant need for new-generation
safe and effective therapeutic agents and on-going research
in this field. Notably, this fatal disease (the second-leading
cause of cancer death for men) remains incurable despite the
many recent advances in therapies.*>’

3.4.2. Molecular docking analysis. Androgen hormones
and their executor androgen receptors, including the human
androgen receptor (hAR), are known to regulate crucial
cellular functions that are involved in the initiation and
progression of prostate cancer (PCa).'”® Therefore, we studied
the binding affinity of promising active agent 2 and hAR. In
silico calculations were carried out with the AutoDock Vina
program using the crystal structure of hAR (PDB: 1E3G)
retrieved from the Protein Data Bank and docked with 2 as
the ligand (Fig. 12). For validation of the docking protocol
and the subsequent analysis of the docking results, two
prominent drugs, i.e., metribolone (R1881) and flutamide,
were docked as control ligands (for more details, see ESIT).
The results showed that the maximum docking score of 2 in
hAR was -5.9 kcal mol™", which showed its relatively high
potency to form stable complexes with hAR even when
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compared to the employed powerful active agents R1881
(-8.0 kecal mol™") and flutamide (-7.9 kcal mol ™). Fig. 12
shows the docking results depicting the intermolecular
interactions between 2 and the amino acids on hAR.
Molecular docking revealed that the critical interacting
amino acids at the active site of hAR included Asn705 and
Thr877. These residues formed conventional hydrogen bonds
with the carboxylic acid moiety of 2 with distances in the
range of 1.9-2.3 A. Other beneficial ligand-receptor
interactions potentially responsible for stabilizing the hAR-2
complex include the alkyl-type interactions observed between
the carbon atoms of the ligand cyclopropane ring and
neighboring methylene group, as well as the aliphatic amino
acids of the receptor (i.e., Leu704, Met742, and Met745),
respectively. In addition, Phe764 accommodated in the
substrate-binding pocket exhibited n-alkyl interactions with
the cyclopropane ring, while Trp741, 1le899, Leu880, Phe876,
Met895, Phe891, Leu873, and Met780 were involved in vdW
interactions with the ligand molecule. Furthermore, the
computational data demonstrated that the incorporated
cyclopropyl ring acts as a ‘hydrophobic anchor’, which allows
the ligand molecule to be accommodated in the binding
pocket of the enzyme in such a position that its polar
functional groups are directed closer toward the H-bonding-
capable carboxylic acid or hydroxy moieties of the Asn705
and Thr877 residues, respectively.

Overall, the results of the in silico studies showed that 2 is
a promising candidate for further evaluation for prostate
cancer prevention or management.

Fig. 12 In silico study of 2 binding to the human androgen receptor
(hAR, PDB code: 1E3G). (A and B) Interactions between 2 and hAR in
the substrate-binding pocket. (C and D) Surface model of the docking
site showing 2 fits the pocket of hAR. The most significant amino acid
residues contributing to the stabilization of the ligand molecules are
shown in the stick (A) or line (B) representations, respectively. (B)
Electron density map of ligand 2 corresponds to the F, - F. and is
shown in the meshing representation. The carbon atoms are colored
gray, the nitrogen atoms with blue color, the oxygen atoms red, and
the polar hydrogen atoms white. The formation of potential
intermolecular hydrogen bonds is represented by dashed magenta
lines. The mutual distances between the amino acid residues and the
respective ligand atoms are given in A (see C and D).

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ce01231f

Open Access Article. Published on 04 November 2022. Downloaded on 3/22/2026 6:46:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CrystEngComm
4. Conclusions

Herein, we reported the synthesis of novel cyclopropyl-
containing compounds, namely, diethyl 2-acetamido-2-
(cyclopropylmethyl)malonate (1), 2-(cyclopropylmethyl)-2-
acetamidopropanedioic acid (2) [Ac-b-cyclopropyl-(R,S)-Ala-
OH], 2-(cyclopropylmethyl)-2-acetamidopropanedioic  acid
hydrate (3), 2-acetamido-3-cyclopropylpropanoic acid (4), and
(28)-2-[cyclopropyl(9H-fluoren-9-ylmethoxycarbonyl)amino]

propanoic acid (5) [Fmoc-b-cyclopropyl-(S)-Ala-OH]. Based on
the in-depth supramolecular analysis, the influence of
cyclopropyl in the construction of impressive structural
landscapes at different levels of supramolecular architecture
was unveiled. New H-bonding cyclopropyl synthons were
identified and systematized in terms of all the cyclopropyl-
containing peptide-derived compounds known thus far,
building a library, which can be used for planning future
studies on more effective, next-generation drugs of diverse
categories due to the versatility of the analysed synthon
functionalities. The Hirshfeld surface analysis revealed the
intricacies of the H---H, H---O/H---O, and C---H/H:--C
interactions in 1-5, H---N/N---H, O---N/N---O, and O---O in 4,
O---C/C---O in 4 and C---C related to n---m stacking forces
and C-H---m inter-contact that steer the self-assembly of 5,
and provided a deeper understanding of how cyclopropyl
stabilizes the crystal packing. The relative contributions of
the inter-contacts and enrichment ratios establish the
cyclopropyl synthon as an important contributor, acting both
as an H-bonding donor and acceptor, mainly via C-H---O
interactions. Although weak cyclopropyl-based interactions
play a secondary role, they introduce a stronger cooperativity
effect. Electrostatic potential maps helped us to correlate the
weak interactions with the electrostatic complementarity
between them. The energy frameworks demarcated the
dominant contribution of the electrostatic energy term
(related to the strong classical interactions) in 2, while that
in 1, 4, and 5 was the dispersion terms (weak interactions).
In 3, the difference between both terms is not considerable.
NBO and QTAIM treatments explained the relation between
the p electron contributions in the sp” hybrid orbitals in the
carbon atoms and the mechanical strain in the
corresponding bonds. The o/c* natural C-C bonds in the
cyclopropyl rings require the presence of an aromatic
substituent, although very distant, to allow their low-energy
stabilizing interaction with n*/m bonds not only within the
aromatic rings but also at the C=O groups outside the
aromatic part. Extra-high stabilizing energies correspond to
the interaction of non-bonding n-type lone pairs at the O or
N atoms with o* natural C-C bonds in the cyclopropyl rings.
In addition, the novel compounds have attractive in silico
pharmacokinetic parameters. The molecular docking study
revealed that cyclopropyl is engaged in the stabilization of
the bio-complex via C-H::*Ceyciopropyt aNd C-Heyelopropyl' T
interactions with the key amino acid residues inside the
active pocket of the human androgen receptor. Cyclopropyl
acts as a ‘hydrophobic anchor’, which allows the ligand

This journal is © The Royal Society of Chemistry 2022
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molecule to be accommodated in the binding pocket of the
enzyme. Notably, compound 2 (and 3) shows a significant
docking score with effective binding affinity, and thus is a
promising candidate for prostate cancer prevention or
management.

Finally, we demonstrated that cyclopropyl plays an
essential role in the (bio)supramolecular architecture. We
hope that the findings reported herein will stimulate further
investigations on new types of cyclopropyl synthons and will
be useful for researchers working not only in the field of
crystal engineering and supramolecular chemistry but also in
peptide(ligand)-protein(target) interactions.
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