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Abstract

Two asymmetrically substituted urebsN-(2-carboxyl phenyl)phenyl urea {) anddiethyl 4-
(3-phenylureido)benzylphosphonate,) were synthesized and characterized by spectr@scop
and X-ray crystallographic analysis. The two compisicrystallized in the centrosymmetric
monoclinic crystal system and /2 space group. The carboxyl substituted wrearystallized
with one molecule in the asymmetric unit. A hydnedgmnded dimer is formed between the
carboxyl group of the urea and a second molecuteed€ompound. The urea functional group is
involved in both intramolecular and intermoleculardrogen bonding with the carboxyl and
carbonyl oxygens, respectively. The interplay dakimolecular and intramolecular hydrogen
bonding in the compound results in a 2-D hydrogended structure. The phosphoryl-
substituted ured ,, on the other hand, crystallized with two molesule the asymmetric unit,
resulting in a hydrogen-bonded tetramer in thetatysittice. Non-covalent interactions (NCI)
analysis of the two compounds revealed the presehoempetitive interactions between the
urea functional group and the carboxyl and phosprsrbstituents irL; andL, respectively.
Molecular docking calculations predicted favorablading interactions between the ureas and

the two anticancer protein targets EGFR kinaseKRdBd anaplastic lymphoma kinase (5)7H
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1. Introduction
A wide range of biological and chemical interactip including interactions between

proteins and drugs, catalysts and their substra¢dfsassembly of nanomaterials and even simple
chemical reactions are dominated by non-covaletgrastions. Among these interactions are
hydrogen bonding, dipole-dipole interactions, stegpulsion, and London dispersions [1-3].
Hydrogen bonding, due to its molecular robustngsmounced directionality and relatively high
strength have been the subject of a significantbeinof publications [4-10]. Hydrogen bonds
play a very important role in chemical reactivitgplvation, and most importantly the
advancement of supramolecular chemistry, with tine @ designing and controlling crystal
structures with interesting architectures. Thisld@s however remained elusive. The ability to
understand and predict the formation of a hydrdgemd is of great importance to the chemical
scientist [11-14].

Different functional groups containing some doniod @acceptor groups including FH, OH, NH,
SH, F, O, N, and S, as well aselectrons, have been used as structure-directiotfsann
different hydrogen-bonded structures [15-17]. Amahgse groups, th&l,N” -disubstituted
ureas have proven to be very reliable supramoletuwigding blocks due to their ability to form
persistent one dimensional (1-B@)tape hydrogen-bonded chainsigure 1) in a variety of
environments including solutions [18, 19], gels dibers [20, 21], as well as in the solid-state
[22, 23]. TheN,N” -disubstituted ureas can act as both hydrogen bondrd through their two
NH protons and acceptors through the lone pairghef C=0O group. The 1-D motifs in
disubstituted ureas have been consistently expléitethe design of some fascinating hydrogen-
bonded architectures [24-27].

Despite the exceptional ability &i,N” -disubstituted ureas to form highly robust crysteli
solids of targeted architecture, there is stiihated level of reliability as the vast majority thfe
functional groups may assume alternative motifdhersolid-state depending on the presence of
other competing functional groups or stericallydyugubstituents [28]. The number of reports on
the use of hydrogen bonding as a structure comterhent in crystal engineering and self-
assembly of molecular structures is on the incra@askscientists have continued to examine the
connection between molecular perturbation and arysicking in the solid-state [10]. However,

understanding of how a functional group or alkylaich modification will alter the



supramolecular architecture of a hydrogen-bondedctsire is still evolving. Our interest in
asymmetrically substituted urea compounds is assaltr of the possibility of incorporating
different functionalities to form designer compoandith interesting physical, chemical and
biological properties. Here we illustrate the fotima of unpredictable hydrogen-bonded motifs
in some N,N-disubstituted ureas containing carboxyl (COOH) apHosphoryl (P=0)
functionalities and their structural, chemical d@mological properties.

Figure 1. One-dimensional-tape urea chain.

2. Experimental
2.1. General Experimental Methods

All chemicals were obtained from Sigma Aldrich andre used without further purification.
Micro-analytical data were collected by the Campbétroanalytical Laboratory, Department
of Chemistry, University of Otago, New Zealand. #%iss spectra were recorded in positive ion
mode on a Bruker MicrOTOF instrument in methanofrdred spectra were recorded as KBr
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discs on a Perkin-Elmer Spectrum 100 Fourier TansfInfrared Spectrometer with a
wavenumber range of 4000-400 ¢ni'P{*H} and 'H NMR spectra were recorded on a Bruker
Avance(lll) 400 MHz NMR instrument in DMSOs@r CDCk at 300 K. Chemical shifts were
quoted to external #0, (**P) and SiMeg(*H). Melting points were recorded on a Reichert—Jung

thermovar instrument as solid samples on glasssslid

2.2. X-ray crystallography

Diffraction data were collected at 100 K on anl@gi (Supernova, single source at offset Atlas)
diffractometer equipped with an EOS CCD area deteahd a 4-axis KAPPA goniometer.
Graphite monochromated CuKadiation §=1.54184 A) was used. Data integration, scaling,
and empirical absorption correction was carried wsihg the CrysAlis-Pro program package
[29]. The structures were solved with intrinsic ping method in ShelXT and refined by Matrix-
least-square against.FThe non-hydrogen atoms were refined anisotrolyicahd hydrogen
atoms were placed at idealized positions and réfurgng the riding model. All calculations
were implemented in OLEX2 program package [30].dngmt crystallographic and refinement
parameters are presentedliable 1.

2.3. Quantum chemical methods

Quantum chemical calculations were carried outgutive Gaussian 2009 program suite [31] on
the University of Waikato’s high-performance compgtfacility. Geometry optimizations and
harmonic frequency calculations in the gas phase wempleted with the B3LYP functional
and repeated with the B3LYP-D3 by adding the keylv@mpirical dispersion=gd3” and using
the 6-311G++(d,p) basis set. The absence of imaginaguencies in the calculated vibrational
frequencies of the compounds showed that the aptingeometries were the true minima.
Single point energy calculations at the B3LYP-D&leof theory using 6-311G++(d,p) basis set
were completed using the experimental crystal sires. Noncovalent interaction (NCI)
analysis was undertaken on these single pointreteaiensities using a locally developed

program, Bonder, and visualized with graphics safeyVisual Molecular Dynamics (VMD).



2.4. Synthesisand characterization of urealigands

2.4.1. N,N =(2-carboxyl phenyl)phenyl urea (L,)

This compound was synthesized using a modifiedalitee method [32]. A mixture of
anthranilic acid (6.85 g, 0.05 mmol) and phenykismate (5.6 mL, 4.96 g, 0.05 mmol) were
reacted in dry THF (50 mL) under reflux for 3 h.té&f cooling to room temperature, agueous
NH,4CI (10 %, 200 mL) was added and the resulting pitate was filtered off and washed with
water (70 mL). The product was recrystallized framvater-ethanol mixture 1:3, 150 mL and
dried overnight under vacuum. Yield (8.46 g, 73 9dglting range: 190-1938C. Elemental
analysis: Calculated %; C, 65.40; H, 4.76; N, 11Ao0und%,; C, 65.48; H, 4.71; N, 11.12. ESI-
MS: m/z 255.08(69 %) [M—H], 511.17(100 %) [2M-H] 'H NMR (400 MHz) DMSO-g, &
ppm: 10.35 (s, 1H; C1), 9.75 (s, 1H; NH), 8.34 (d, 1H; NH;= 5.6 Hz), 7.9-8.2 (m; 9H; Ar).
3C NMR (100 MHz): 169.87 (1C, COOH), 152.77 (1C; Q=M042.68 (1C; C-N; Ar), 140.17
(1C; C-N; Ar), 134.15 (1C; Ar), 131.43 (1C; Ar),4.25 (2C; Ar), 122.58 (1C; Ar), 121.3 (1C;
Ar), 120.32 (1C; Ar), 119.26 (2C; Ar), 115.99 (1&). IR (cmi*): 3301(br)vO-H, 3134(m)vN-

H, 1664(s)vC=0, 1599(s)vsNH, 1584(m)vNH, 1415(s)v{C=C, 1277(m)vaNCN, 1173(s)
veC—N, 1044(m)C=N.

2.4.2. Diethyl 4-(3-phenylureido)benzyl phosphonate (L)

To a mixture of diethyl 4-aminobenzyl-1-phosphon@&35 g, 0.0022 mol, 1 equiv) in diethyl
ether (20 mL) was added phenyl isocyanate (0.30 Q025 mol, 1 equiv) dropwise and
refluxed with gentle heat until a white precipitatppeared. The filtered product was washed
with diethyl ether (15 mL) and recrystallized fragthanol to give a colorless solid. This was
dried overnight in a vacuum. Yield (0.62 g 83 %)elthg range: 150-154C. Elemental
analysis: Calculated %; C 59.66, H 6.59, N 7.73urféb%; C 59.61, H 6.31, N 7.68. ESI-MS,
m/z 385.12(100%) [M+N&] 747.25(14.31%) [2M+N4&] 1109.30(5.25%), [3M+N&]'H NMR
(400 MHz) CDC4, 6 ppm: 8.54 (s, 1H; NH), 8.12 (s, 1H; NH), 7.4-7m0, OH; Ar), 4.1 (m, 4H;
CH,, ester), 3.17 (d, 2H; GHJ = 8.6 Hz), 1.34 (t, 6H; Ck J = 8.2 Hz)."*C NMR (100 MHz)
CDCls: 153.58 (s, C=0), 139.66 (s, C—N; Ar), 138.4 (sNCAr), 129.91 (d, 2C; Ar), 128.84 (s,
2C; Ar), 123.81 (s, 1C; Ar), 122.26 (s, 1C; Ar),01@3 (d, 2C; Ar,), 118.84 (s, 2C; Ar), 62.81 (d,



2C; CHp), 32.38 (d, 1C; Cb), 16.45 (d, 2C; CH). *'P{*H} NMR: 27.80 (s). IR (cr); 3346(br)
vO-H, 3200(s)N-H, 1708(s)vC=0, 1233(s)P=0, 1029(syC=N, 976(s)vP-OR.

Table 1: Crystal data and structurerefinement parametersfor urealigandsL; and L,

Ly L,
Empirical formula @4H12N203 Ci18H21N204P
Formula weight 256.26 360.34
Temperature/K 100.00(10) 99.98(11)
Crystal system monoclinic monoclinic
Space group R P2/n
alA 11.3928(3) 10.91600(10)
b/A 4.8487(10) 11.35370(10)
c/A 22.1770(5) 29.6292(2)
pBr° 96.467(2) 98.9670(10)
Volume/A® 1217.27(5) 3627.27(5)
z 4 8
peaig/cnt 1.398 1.320
w/mm* 0.830 1.560
F(000) 536.0 1520.0
Crystal size/mm 0.1072 x 0.0873 x 0.0603 0.1173 x 0.0955 x 0.0336
Radiation Culg (L = 1.54184 A) Cuki (A = 1.54184 A)
20 range for data collection/° 8.02 to 147.48 6M447.986
Index ranges -14<h<13,-5<k<5,- -13<h<12,-13<k<14, -36<|
27<1<19 <36
Reflections collected 4687 34555
Independent reflections 53581[;{&— 0.0138, Bgma 3206264[2?m =0.0292, Bgma=
Data/restraints/parameters 2336/0/173 7266/0/454
Goodness-of-fit on ¥ 1.073 1.058
Final R indexes (26 (1)] Ri1 = 0.0349, wR = 0.0836R; = 0.0583, wRR = 0.1492
Final R indexes [all data] 1R 0.0404, wRR= 0.0882R; = 0.0726, wir= 0.1569
Largest diff. peak/hole / e A  0.22/-0.21 1.52/-0.88

3. RESULTSAND DISCUSSION
3.1. Synthesis and characterization

The uread.; andL, (Scheme 1 and 2) were synthesized by the reaction of the corredingn
amines and phenyl isocyanate in refluxing tetrabfgdan and diethyl ether respectively. The

insoluble product precipitated out of the solutmm cooling. The products were recrystallized
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from a 1:3 water-ethanol mixture fbg and ethanol fok ;. The compoundk ; andL ; have been
synthesized previously [32, 33]; however, there @oereports on the chemical or structural

characterization of both compounds in the litematur

COOH

COOH
AN /
NH, THF ¢
ooy / @/ ﬂ

Scheme 1: Reaction scheme for the synthesid\dfl-(2-carboxyl phenyl)phenyl urea {)

H H
(l)Et /Ph ' ’L\ /,L (IDEt
EtO—-P—CH2‘<i>\NH2 +0=C=N Diethyl ether O/ ﬁ OCHQE—OE
. . .
L>

Scheme 2: Reaction scheme for the synthesisliethyl 4-(3-phenylureido)benzyl phosphonate
(L2)

ESI-mass spectra of the carboxyphenyl-substitutedla ., (Figure S1 of the
supplementary information) in methanol solution amegative ion mode showed pseudo
molecular ion peaks ai/z 255.08 and 511.17 for [M-HA]and [2M-H] respectively. The
spectrum for the phosphoryl-substituted utgashowed an ion atn/z 385.12 for the sodium
adduct of the compound. Addition of two drops of0\aolution to the analyte solution resulted
in a very intense peak for the sodium adduct. Teh®momolecular ion peaks were observed in
the spectra an/z747.25 and 1109.30 corresponding to [2M+Najd [3M+Na].

In the '"H NMR spectra of the compounds; (Figure S2) showed a singlet at 10.35 ppm
resulting from the carboxyl proton. Singlet peagpeared at 9.75 and 8.35 ppm corresponding
to the two NH protons of the urea. The phenyl fimgtons were observed as multiplets at 7.9—
8.5 ppm. The more downfield NH protonlof is probably as a result of intramolecular hydrogen
bonding as evident in the crystal structure ofdbmpound. The phosphoryl substituted ucga
(Figure S3) showed singlets 8.54 and 8.12 ppm for the two Métgms and a multiplet at 7.4
ppm corresponding to the phenyl protons in the aamg. Another multiplet observed at 4.1

ppm corresponds to the POgidrotons of the phosphoryl ester. The spectra slsawed a



doublet at 3.17 ppm resulting from the protonstef PCH group. The triplet at 1.34 ppm is
from the methyl groups of the phosphoryl ester.
The®C NMR of the ured.; (Figure $4) recorded in DMSO+-lshowed a carboxyl carbon peak
at 169.87 ppm and carbonyl carbon peak appearia§2a?7 ppm. Similar chemical shifts were
reported for urylene dicarboxylic acids [34]. Theags at 142.68 and 140.17 ppm correspond to
the phenyl carbons bonded to the urea nitrogen.pBad&s are further downfield than the other
phenyl carbon peaks due to the deshielding effethe urea nitrogen bonded to it. The peaks
around 134.55-115.99 ppm are from the remaininqyhearbons of the urea. TH&C{'H}
NMR spectrum ofL, was similar toL; and also presented in the supplementary informatio
(Figure Sb). The peak at 153.58 ppm corresponds to the @iyl carbon while the peaks at
139.66 and 138.4 ppm are as a result of the ute@gan bonded carbons. The peaks appearing
around 129.91-118.84 ppm correspond to the othenyphcarbons in the compound. The
doublet at 62.8 ppm is for the two g@Harbons of the phosphoryl ester. The doublet is
presumably due to P-C coupling. These peaks atbeiudownfield than the peaks for the
bridging PCH carbon (32.38 ppm) due to the electron-withdrawdfigct of the phosphoryl
oxygens. The doublet at 16.45 ppm is a result®two methyl protons of the phosphoryl ester.
The3'P{*H} NMR spectrum ofL, (Figure S6) shows a singlet at 27.8 ppm corresponding to the
PGsEt; phosphorus.

The infrared spectra df; andL, (Figures S7 and S8) show stretching frequencies at
3301 cnt for the carboxyl OH irLy. The carbonyl stretching frequencies appear at 1664
and 1708 cm for L1 andL ; respectively. The N-H stretching frequencies appeaund 3200 -
3100 cmt* for bothL; andL and the P=0O stretching frequency was observed agemse peak
at 1232 crit for L.

3.2. Structural Analysis
3.2.1. N,N =(2-carboxyl phenyl)phenyl urea (L,)

The compound. ; crystallized in a centrosymmetric monoclinic crysigstem and R2n
space group. The molecular structure of the comgasiishown inFigure 2, and selected bond
lengths and angles are presentedable 2. The core of the urea structure is essentially plana
with the COOH functional group twisted out of tHane of the adjacent urea by a torsion angle

of 41.26 defined by C1-N2-C2-C3. The urea carbonyl oxygealso slightly out of the plane of
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the urea functional group with a torsion angle d8defined by the torsion angle involving
atoms O1-C1-N1-C9. The hydrogen-bonded structéirth@ compound Kigure 3) shows a
complex interplay of intra and intermolecular hygkea bonding. There is strong intramolecular
hydrogen bonding between the carboxylic acid grand the adjacent urea N-H. Ureas are
known to form 1-D bifurcated hydrogen bonds betwgentwo N-H donors of the urea and the
lone pairs on the carbonyl oxygen of a second nutgdeof the urea [35]. These urea N:-HD
bonds are reported to be so strong that they casispeven in the presence of other strong
hydrogen bond donor groups[36]. However, the preseof carboxylic acid groups on the
adjacent phenyl of thH N -disubstituted ure& ; probably initiated some competition between
the different functional groups in the crystalilzt This competition must have resulted in the
rearrangement of the hydrogen bonding architeattitbe urea ligand from the usual bifurcated
one-dimensionak-network of bonds to a two-dimensional hydrogendsxhchainEigure 4).

02

Figure 2: Molecular structure of thé\,N-(2-carboxyl phenyl)phenyl ureh;. Ellipsoids are
drawn at 50% probability.

The 2-D hydrogen-bonded structure consists of thdestinct hydrogen bonding
interactions which includa: Intramolecular hydrogen bond interaction betwten carboxylic
acid acceptor functional group and one of the umié@gen donorsji. a linearo-tape inter-
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molecular hydrogen bond interaction between theorsgd\-H donor and the urea carbonyl
acceptor group anidi. a hydrogen-bonded dimer between the carboxylid famctional group
and another molecule containing the carboxylic awalety. The hydrogen bond distances and
angles are presented imable S1 of the supplementary information, shows that the
intramolecular bond distances between the ureagatr and the oxygen of the carboxylate (N2-
02 = 2.683A) are shorter than the intermolecular NBI bond length of 2.876A which is
comparable to the average N-HD hydrogen bond distance of 2.85A [27]. The proynoif the
competing carboxylic acid group to the urea N-Hlogroup is probably the reason for the
strong intramolecular hydrogen bond between tha INeH functional group and one of the
carboxyl oxygens (O2) orthogonal to the N-H-donooup. These intra-molecular hydrogen
bonds tend to have disrupted the usual bifurcateape hydrogen bond chain usually observed
in NN -substituted ureas of this kind. The carboxyl graigp forms a hydrogen-bonded dimer
with a second molecule through the carboxylic deitttional group. The relatively strong inter-
molecular CH O hydrogen bond has a rather short bond distangé\(R2581A) and an almost
linear hydrogen bond angle DHA =173).

The second urea N-H-donor group forms a contindimesir chain of hydrogen bonds with the
carbonyl oxygen of a second molecule of the ureaulting in an array of unexpected 2-D
hydrogen-bond motifsHjgure S9) held together by intramolecular hydrogen bond stathilized

by intramolecular and inter-molecular CzHO and NH"~O interactions in the crystal lattice
(Figure 4). Related compounds exhibiting self-complementaygrogen bonds between urea

and carboxyl groups were reported by Zkaal. [34].

12



Table 2 : Selected bond lengths and anglesfor ureasL,;and L,

Bond Lengths (A) Bond Angle$)(
L1
02-C8 1.2366(17) C9-N2-C1 125.17(12)
03-C8 1.3141(16) C2-N1-C1 124.34(12)
01-C1 1.2295(17) 03-C8-02 122.61(12)
N2 - C1 1.3580(18) C7-C8-02 123.24(12)
N2 — C9 1.4215(17) C7-C8-C3 114.15(11)
N1-C1 1.3834(17) N2 - C1-01 124.13(12)
N1 - C2 1.3994(17) N1-C1—N2 113.21(12)
C3-C4 1.382(2) C3-C2-N1 120.63(12)
Lo

P1IA—O3A  1.5785(18) O3A— P1A— C14A 103.88(11)
P1A - O4A 1.5710(17) O4A - P1A- O3A 106.96(10
P1A— O2A 1.4741(18) O4A— P1A— C1l4A 108.17(10)
P1A — C14A 1.789(2) O2A— P1A— O3A  113.92(10)
P1B— O3B  1.565(3) O2A— P1A— O4A  108.63(10)
P1B— O2B  1.456(2) O2A— P1A— C14A 114.86(11)
P1B— O4B 1.601(3) O3A— P1B— O4B  102.43(15)
P1B - C14B 1.792(3) O2B— P1B— C14B  104.02(13)
O3A—C17A 1.462(3) O2B- P1B— O3B  115.60(17)
O4A — C15A 1.456(3) O2B— P1A— O4B  114.43(14)
O1B- C1B 1.220(3) O2B— P1B— C14B  116.26(15)
OlA— CI1A 1.219(3) O4B — P1B— C14B  102.23(15)
N1B— C8B  1.404(3) C1l7A— O3A— P1A  122.64(17)
N1B - C1B 1.376(3) C15A - O4A - P1A 123.73(15)
N1A— C2A 1.408(3) C1B- N1B— C8B  128.5(2)
N1A— CIA 1.372(3) CIA— N1A— C2A  128.1(2)
N2B— C1B 1.375(3) ClB— N2B— C2B  128.8(2)
N2B— C2B  1.399(3) ClA— N2A— C8A  128.1(2)
N2A - C1A 1.367(3) C15B - O3B - P1B 124.2(2)
N2A — C8A  1.409(3) Cl7- O4B— P1B  126.0(3)

Note: A and B refer to two independent molecules
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Figure 3: Interplay of inter and intra-molecular hydrogemdimg in the structure df;. The
intramolecular bonds are shown in red while thermblecular bonds are green in color. The
relative proximity of the carboxyl oxygen to theearNH contributes to the distortion of the

usuala-tape synthon prevalent in di-substituted ureas.

Figure 4: Intermolecular CH----OH and NH----O=C stabilizingteractions in the hydrogen-

bonded structure df;.
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3.2.2. Diethyl 4-(3-phenylureido)benzylphosphonate (L)

The phosphoryl ester functionalized uréa)(crystallized in a centrosymmetric {2 crystal
system. The crystal structure of the compound sHbowe presence of two similar but
distinctively different molecules in the asymmetunit. The molecular structures of the two
molecules are labeled\] and B) (Figure5) and selected bond lengths and angles are présente
in Table 2. The crystal structure of molecule B showed a disoah one of the ethyl groups of
the phosphoryl ester, which was modeled in twotfms and a constraint introduced to stabilize
the molecule. Only one position is shown kigure 5 for clarity. The structures of the
compounds show significant differences in the dagons of the substituted phosphoryl ester.
The two POEt groups in the molecul®)(are pointed in opposite directions with one o th
groups oriented towards the adjacent phenyl ringhé second molecul®), the POEt groups
are pointed in the same direction and away fromattjacent phenyl ring. Also, in the molecule
(A), P=0 points in the opposite direction to the CH0x in the same direction in the molecule
(B). These differences in geometric orientation & $tructures also result in slight differences
in the bond distances and angles of the two strestlor example, the P1-O3 bond has a bond
length of 1.5785(18) A inA) and 1.5665(3) A inK), while the O4-P1-C14 angle iM\) is
108.17(10) and that inB) is 102.23(15) Even though there was a slight disorder in onthef
ethyl carbons of the phosphoryl ester group ofstinecture B), the overall structure of the urea
was preserved. The two molecules are linked bybih&cated hydrogen bonds between the
phosphoryl oxygen of one molecule and the two Ne#dat groups of the second molecule. The
two molecules then form one bifurcated hydrogendbaith each of the two molecules of the
urea, resulting in a hydrogen-bonded tetrariégure 6). The urea tetramer shows two different
bifurcated hydrogen bonds at each end of the mide@e following hydrogen bond distances
and angles,[2.924 A; 186N(1A)-H(1A)-O(2B), 2.837 A; 162 N(2A)-H(2A)-O(2B)] and
[2.870 A; 166; N(1B)-H(1B)-O(2A), 2.843 A; 158 N(2B)-H(2B)-O(2A)] were recorded for the
two different hydrogen bonding interactions obsdrue the tetramer. The tendency for urea
compounds to form 1-D hydrogen-bonded chains u#liregtwo NH proton donors and the
carbonyl proton acceptor in a bifurcated hydrogendomotif according to Etteet al. [37]
comes from the linear mode of approach of the N-ddods to the lone pairs on the C=0
hydrogen bond acceptor. This process is howeveumtsd by the presence of a competing

phosphonate hydrogen bond acceptor, resultingarréarrangement of the predicted hydrogen
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bonding architecture of the urea in the crystaidat This rearrangement is predicted to be the

reason for the formation of a chain of bifurcatgddogen-bonded tetramers showrfigur e 6.

Cl7A
clsa c16a

8
CEA ola @ 03A C“’f/@

CV @‘i . ¢13a CLl2A
| hC2A |
‘ C4A B -

N1A
Cc3a

C3B Cl5B CléB

¢« &,

. \C11B
C1B P1B o4p
C7B :

é e c143€ "-..

Cé6B olB C1l0B

Cl8B
02B 4

Cl7B

Figure5: Molecular structure df , showing two independent molecules in the asymmatrit.
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O1A
Figure 6: A side view of the hydrogen-bonded tetramet eshowing different hydrogen bond

distances at each end of the tetramer.
3.4. Non-covalent inter actions

Due to the rich and challenging bonding patternsrystalline solids, it can be difficult to
experimentally rationalize the different bondingstdbutions in crystalline compounds,
especially those exhibiting various degrees of oowalent interactions. Consequently,
researchers have increasingly turned to variousrdiieal approaches to investigate the nature
and strength of non-covalent interactions. A nundi¢hese are based on topological analysis of
the electron density [38-41], including the EleatrLocalization Function (ELF) [42], the
Quantum Theory of Atoms in Molecules (QTAIM) [43hé most recently the Non-Covalent
Interaction index (NCI) [44]. The NCI theory is lealson the reduced density gradight(

<= 1 [Vp| 1
26T ()73

A combination of the reduced densityand the density allows a spatial representation of
bonding regions in real space. Regions of high cedwlensity and low density correspond to

non-interacting density tails, while regions of loeduced density and low density correspond to
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noncovalent interactions. The different types ¢éiactions can now be distinguished by plotting
the sign of the second eigenvalue sigras the ordinate against the reduced density gradie
S(p). Analysis of the sign df, thus helps to ascertain the different types ofkaeteractions and
whether these are attractive or repulsive, whetieagensity itself provides information about
the strength of the interactions. Attractive nonalent interactions are associated with regions
where the electron density is domiciled with resgedhe plane perpendicular to the bond path
and have values ofi{< 0) while repulsive non-covalent interactions agopat values ofi; >
0)[45, 46].

The non-covalent interactions of disubstituted steaandL, were investigated with a locally-
developed program, Bonder, which provides numdyicatjuivalent results to existing NCI
codes such as NClplot, NCIimilano or Multifwn. HoveeyBonder offers some advantages to
these existing codes, particularly for larger moles, in that it analyzes each discrete non-
covalent interaction separately, rather than caostrg a single sparse matrix, including the
many regions where there are not non-covalentaotiems. Input geometries were taken from
the crystal structures of the ligands, and the wametions files were generated at the DFT level
of theory using the B3LYP-D3 functional and the Bt3+G(d,p)** basis set.

In order to unambiguously characterize interactifivam the two main competing groups in the
hydrogen-bonded structure of the carboxyl-substitutireal ;, the NCI analysis of this
compound was performed in two parts. The 2-D ebectdensity plots and 3-D isosurface
troughs for the carboxylic acid dimer end of theigure are presented Kigure 7. The 2D-
plots and their corresponding 3D isosurface reptasien indicate the presence of the three
main categories of interactions. The first is tleyvstrong intermolecular hydrogen bonding
interactions in the carboxylic acid dimer showraadeep blue peaks at the far end of theisign
axis with a density value @f = 0.47 and\, < 0 (Figure 7a). The highp value of this interaction

is indicative of very strong attractive hydrogemtimg interaction and corresponds to two deep
blue compact pill-shaped isosurface volumes betvleertwo carboxylic acid groups in the 3-D
isosurface plotFigure 7b. There are also the green isosurface volumes betwe two blue
isosurfaces corresponding to weak non-bonding ear\daal interactions between the adjacent
carboxylic acid hydrogens. This weak interactiomresponds to the peaks at critical density
valuep = 0.009 a.u. antl,> 0 in the 2-D plot.
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The second set of interactions in the urea dimetlee benzene ring closure interactions
which are at the positive end of the 2-D plot vatheddish-green trough at a density valup of
0.023 a.u. and, > 0 corresponding to red cigar-shaped isosurfac#éseacenter of the benzene
rings. These red-colored isosurfaces are as a i@sstieric interactions within the benzene ring.
The third and final set of interactions that obsenin the dimer are the intra-molecular
interactions, including the NH---OC intramoleculardrogen bonding interactions and the weak
CH---OC intramolecular interactions. The NH---OC tramolecular hydrogen bonding
interaction between the urea NH functional groug ane of the carboxylic oxygens appears as a
low density, low gradient deep blue pegk= 0.38 a.u. a.u. anth < 0) on 2-D plot and
characteristic of strong intramolecular hydrogemding [46]. The 3-D isosurfaces & 0.5)
indicated by a round blue pill-shaped trough aneddish-green almond-shaped trough. The
blue isosurface area represents the directionahcéite intramolecular hydrogen bonding
interaction between the carboxyl O acceptor and\tié donor, corresponding to the lanand
low p = 0.038 a.u. anél, < 0 on the 2-D electron density plot. The reddisteg almond-shaped
isosurface results from some steric crowding witthie five-membered ring formed by the
intramolecular hydrogen bond interaction [47]. Téiieric interaction corresponds I@@and low
p peak of the 2-D electron density plot with= - 0.020 a.u. and, > 0. The weaker
intramolecular CH--- OC interactions are represerity the symmetric peaks at= 0.020 a.u.
and -0.015 a.u. on both sides of the &jgaxis of the 2-D electron density plot respectively
These interactions correspond to the bi-centribilstang blue end of the flat isosurface and the
multi-centric non-stabilizing end of the isosurfaessulting from the strain inside the five-
membered ring formed by the interaction. Similameyetric interactions has been reported for
intra-molecular CH----OC interactions M-acetyl-phenylalanyl-amide (NAPA) [47], arid,N-
diethyl-N'-palmitoyl thiourea [48].
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Figure 7: (a) The plot of the reduced density gradiena(ginst sigh(p) for the COOH dimer
in the crystal structure of urea ligahgd. (b) Gradient isosurface representation for caybhox
acid dimer ¢=0.5). The surfaces are scaled in blue, green esh@aloration according to the
sign Q2)p, from -0.2 to 0.2 a.u. Blue indicates strong,aattive interactions, and red indicates

strong repulsive interactions or steric clashes.
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The primary interaction in the second part of tgdrbgen-bonded urda; is thea—urea
tape N-H----O-C intermolecular hydrogen bondingséparate 2-D electron density plot shows a
bluish-green peak with = 0.018 a.u. from a strong stabilizing intermolecthydrogen bond
interaction and corresponding to the single blUklige isosurface volume between the N-H
donor and the carbonyl acceptor functional groumbther molecule of the ligandrigure
S10). The value ofp for this interaction is slightly less negative rihthe density value for the
intramolecular NH---OC interaction found in thestirpart of the structurd={(gure 7), which
indicates a higher stabilizing effect for the imi@ecular hydrogen bonding interaction relative
the intermolecular hydrogen bonding interactionisTéxplains the distortion of the usuatape
hydrogen bonding architecture of the urea to for2qalasupramolecular structure.

The 2-D plots and the corresponding isosurfacegtisufor the urea ligand, are
presented irFigure 8. The first interaction in order of strength is teong intermolecular
hydrogen bonding interaction between the lone pairsthe phosphoryl oxygen and the NH
protons of the urea functional group. The peakp at0.022 a.u.j, < 0 in the 2-D electron
density plot corresponding to dark blue pill-lilssurface volumes on the right-hand side of the
3-D isosurface representation. Another peak diydctlthe right of the first one with = 0.018
a.u. andi; < 0O is for the second intermolecular hydrogen boegdnteraction in the bifurcated
arrangement and corresponds to the second pilidibgsurface on the right-hand side of the 3D
plot and attached to the little bluish-green istere volume. The bluish-green isosurface trough
between the two pill-like volumes is a result ofm@weak van der Waals interaction between
the two adjacent hydrogens of the urea with 0.01 a.u. and the red tint on the green isosarfa
must have resulted from multicentric repulsive ratdions within the four-membered ring
formed by the urea nitrogens and carbonyl carbdrth@ other end of the 2D electron density
plots withp = 0.02 a.u. > 0 is a reddish-green peak indicative of strogqgulsive or steric
interaction and corresponds to the red-isosurfadenves at the center of the benzene rings in

the dimer.
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Figure 8: The 2-D electron density plots for the phosphorytau dimer (top) and the
corresponding 3-D isosurface representations (bmt{e = 0.5 a.u.) (-0.05 < 0.05 a.u.).

These red isosurface volumes at the center of émzdme rings are a result of strong
multicentric steric repulsion within the benzenagri Apart from the strong, attractive hydrogen
bonding interactions between the phosphoryl oxyaseptor and the urea N-H donors, there is
also the presence of strong, attractive non-bon@ikig----OC interactions. The two almond-
shaped bicolored (blue/red) isosurfaces depict stamby strong attractive interactions with
critical density values op = 0.017 a.u. representing some bicentric direaticgtabilizing
interaction between the phenyl carbons on each aidée carbonyl group and the carbonyl

oxygen. The red lower end of the isosurface issalteof a strain in the five-membered ring
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formed by the interaction due to the multicentrature of the density around the ring backbone.
This interaction corresponds to the peaks on théB@Bder plot withp = 0.015 a.u. and,> O;
characteristic of ring closure interactions [46]miar interactions were reported for 2-{[2-

(phenylsulfonyl)hydrazinylidene]methyl}benzoic ad#b].
3.6. Molecular Docking

The synthesized compountls andL, were studied for their binding affinities through
molecular docking against specific proteins imgkcain cancer. The two proteins used are
epidermal growth factor receptor kinase - EGFR &ndPDB code: 2J5F) and anaplastic
lymphoma kinase - ALK (PDB code: 5J7H). EGFRs arlarge family of receptor tyrosine
kinases (TK), which are one of the main tumor makermany types of cancer [50]. They are
expressed in different types of cancer, includinggbt, lung, oesophageal, head, and neck [51].
They play critical roles in the complex, signalicascade that modulates growth, differentiation,
adhesion, migration, and survival of cancer cé&wing to the multidimensional roles they play
in the progression of cancer, EGFR, and it's fanmligmbers have emerged as attractive
candidates for anti-cancer therapy [52]. Specifjcahe aberrant activity of EGFR has been
associated with cellular proliferation and apopsesulting in the development and growth of
tumor cells[53]. The increasing knowledge of theiaure of EGFR has provided the impetus

for focused-oriented development of new anticacbemotherapies.

ALK regulates the development and maintenancéehervous system. Detailed studies
by Griffin et al, 1999 and Gascoyret al,, 2003 revealed that ALK fusion genes were driaérs
inflammatory myofibroblastic tumors and diffusedarB-cell lymphoma [54, 55]. Also, the
amplification or activating point mutations of thA&LK gene have been reported in
neuroblastoma [56], anaplastic thyroid cancer [&Al] ovarian cancer [58]. The use of ALK as
oncogenic drug target was further amplified whemogel fusion gene involving ALK and the
echinoderm microtubule-associated protein-like MI(B) gene was identified in approximately
5% of non-small-cell lung cancer (NSCLC) [59], ipgadent of other oncogenic driver
mutations like (EGFR) or Kirsten rat sarcoma Vi(KRAS) mutations. In the US, new cases of
ALK+ lung cancer are estimated to exceed 8000 per.yThis finding has made ALK a valid
molecular target, especially for NSCLC patients.
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The solubility and binding modes of substituted aut@mpounds containing carboxyl and
phosphoryl acceptor functionalitids; andL , were calculated and compared with the results for
N,N"diphenylurea without carboxyl and phosphoryl fuocél groupsLs, (Figure S11). The

docking protocols were validated, and the resultpaesented iRigure S12.

Table 3: Binding energy of the synthesized compounds irdtlg targets, 2J5F and 5J7H

Drug target: 2J5F Drug target: 5J7H
London dG GBV/WSA dG | London dG GBV/WSA dG
Comp AG (kd/mol) AG (kJ/mol) AG (kJ/mol) AG (kd/mol)
L, -44 -25 -44 -22
L, -46 -27 -51 -23
Ls -35 -19 -34 -16
Native ligand | -46 -28 -56 -33
Doxorubicin | -65 -29 -75 -31

The presence of the carboxylate and the phosphestge groups did not significantly affect the
aqueous solubility of the compoundiable S1). Likewise, the partition coefficient was within
the range as prescribed by Lipinski's rule of fjlegP < 5) [60]. The implication of this is that
the compounds 1-L 3 will not be soluble should they be considered ragysl because they will
not be bioavailable in the systemic circulatiororlly administered. The compounds showed
reasonable binding energy with the targétgyre 9). With the drug target 2J5F, phosphoryl-
substituted ureh ; showed comparable binding affinities with both ¢tleecrystallized ligand and
the standard drug doxorubicimmdble 3). The carboxylate and phosphonate ester groups
significantly increased the binding affinities dfet synthesized compounds;(andL,) when
compared td. 3 without such groupsT@ble 3). There appears to be no significant difference in
the binding affinities of carboxylate uréa and the phosphonate ureaagainst the two tested
drug targets. The phosphoryl urea showed higher binding affinity with the drug tar@35F,
with the two scoring functions (London dG and 2J8Eympound., against 2J5F showed no
significant difference in its binding affinity whesompared to co-crystallized ligand but showed
slight differences with the standard drug (doxocut)i
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Figure 9: The binding mode of drug target 2J5F with (A) connpdL ; (B) compound.,. Note;

blue dotted line = hydrogen bond; red dotted lirféi bond

3.6.1. Chemical interaction of epidermal growth factor eptor kinase - EGFR kinase (2J5F)
and anaplastic lymphoma kinase (5J7H) with targetgddoxorubicin and urea ligands; land
L,

A number of amino acid residues from the epidergrawth factor receptor kinase — EGFR
Kinase (25JF) interacted with the standard drugodabicin, and a complex involving the
following amino acids were formed; ASP 855, ARG 8ASN 842, GLU 762, LEU 844, ALA
743, VAL 726, ASP 800, LEU 718, GLY 719, CYS 7%Hdure S13). The ured.; interacted
favourably with 8 amino acid residues including AS8%, GLU 762, LEU 844, ALA 743, VAL
726, LEU 718, THR 854 and LYS 74bi@ure S14), while ASP 855, PHE 723, LEU 844, ALA
743, LEU 718, THR 854 and CYS 797 and LYS 745 wevelved in complex formation with
ureal , (Figure S15). Similar binding interactions were observed floe anaplastic lymphoma
kinase (5J7H) receptor where hydrogen bonding asteans were observed between ASP 1203
and ASP 1270 amino acid proteins of 5J7H and NX2 @BO of the doxorubicin with bond
distances of 2.98 and 3.65A respectively. There alss H-acceptor interaction between the O8
and LYS 1150 at a distance of 3.17A. The study alsmwved ionic bonding interaction of N12
with ASP 1203 through its OD1 and OD2 at a distamic®.32 and 2.98 A respectively. 5SLEU
1122 and GLY 1202 and 6-membered rings of doxomhitteracted through pi-H bonding.
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Essentially ASP 1203, ASP 1270, LYS 1150, LEU 1&8d GLY 1202 of anaplastic lymphoma
kinase were responsible for doxorubicin bindinghe receptor. In the urda, the phenyl rings
interacted with ASP 1203 through pi-H bonding alistance of 4.44 A. N1 and O1 of the urea
bonded with MET 1199at distances of 3.10 and 2.9@efpectively. Other pi-H bonding
interactions were observed betwdenandL, with other amino acid residues LEU 1122VAL
1130, GLY 1202 and ASP 1203.

4. Conclusion

Asymmetrically substituted ureas containing COOHd aP=0O hydrogen bond acceptor
functional groups were synthesized and structuretigracterized. The crystal structure of the
carboxyl substituted urda; indicated structural rearrangement of the predidt® a-tape motif

of the urea to a 2-D hydrogen bond chain of carboxacid dimer and a linearurea chain. The
presence of the P=0 in the ulearesulted in the distortion of the predictable lpgdn bonding
architecture of urea to a phosphoryl directing bgan-bonded tetramer. The carbonyl groups of
the ureas were not involved in hydrogen bondinghiertwo compounds. NCI analysis revealed
strong inter/intramolecular hydrogen bonding intéicans in the urea compounds, indicating that
the carboxyl and phosphoryl directing structures @iobably the thermodynamically preferred
structures in the crystal lattice. The protein &MA docking results show increased binding
affinities for the ureas containing carboxylateand phosphoryl , functional groups relative to
the urea without these functional groups Comparable ionic, hydrogen bonding antinding

interactions were observed for the studied uredgtas standard drug doxorubicin.
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Appendix A: Supplementary material

CCDC 1915786-1915787 contain the supplementarytatlygraphic data for compoundsl

and L2 These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html fom the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fedd 1223 336033).
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Figure captions
Figure 1. One-dimensional-tape urea chain.

Figure 2: Molecular structure of th&l,N-(2-carboxyl phenyl)phenyl ureh;. Ellipsoids are
drawn at 50% probability.

Figure 3: Interplay of inter and intra-molecular hydrogembimg in the structure df ;. The
intramolecular bonds are shown in red while thermblecular bonds are green in color. The
relative proximity of the carboxyl oxygen to theearNH contributes to the distortion of the

usuala-tape synthon prevalent in di-substituted ureas.

Figure 4: Intermolecular CH-----OH and NH----O=C stabiliginnteractions in the hydrogen-

bonded structure df;.
Figure5: Molecular structure df ; showing two independent molecules in the asymmatrit.

Figure 6: A side view of the hydrogen-bonded tetramer showilifferent hydrogen bond

distances at each end of the tetramer.

Figure 7: (a) The plot of the reduced density gradientagginst sigri(p) for the COOH dimer
in the crystal structure of urea ligahd. (b) Gradient isosurface representation for caybox
acid dimer § = 0.5). The surfaces are scaled in blue, greenr@ghatoloration according to the
sign @)p, from -0.2 to 0.2 a.u. Blue indicates strong,aatiive interactions, and red indicates

strong repulsive interactions or steric clashes.

Figure 8. The 2-D electron density plots for the phosphoryéau dimer (top) and the

corresponding 3-D isosurface representations (bot{e = 0.5 a.u.) (-0.05 < 0.05 a.u.).

Figure 9: The binding mode of drug target 2J5F with (A) comnpL 1 (B) compound.,. Note;
blue dotted line = hydrogen bond; red dotted lirféi bond
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Two asymmetrically substituted ureas were synthesized and structurally characterized
Noncovalent interaction analysis revealed competitive hydrogen bonding interactions

Docking studies showed favorabl e binding between ureas and anticancer protein targets.



