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ABSTRACT: Here, aiming to adopt the phenyl—perfluorophen-
yl interaction to regulate molecular alignment and arrangement
for crystal engineering, we examined and compared in detail the
crystal structures of N,N’-diphenylurea compounds 1-6. We
found that phenyl—perfluorophenyl interaction greatly influenced
the intermolecular arrangement in the crystal, and we were able
to prepare a cocrystal of 1 and 2, in which the molecules were
alternately arranged under the control of the phenyl—perfluor-
ophenyl interaction. This arrangement was driven by the
asymmetric geometry of the hydrogen bonds in the cocrystal
(1-2), in which 2, bearing two perfluorophenyl groups, worked as
a better hydrogen bond donor. In contrast, NH connected to the
phenyl group in 3 proved to be a better hydrogen bond donor

due to the intramolecular resonance effect. N,N’-Dimethylated derivatives, 4—6, existed in cis-cis form in the crystal. Antiparallel
carbonyl—carbonyl arrangements were observed in 4 and 6, while an unexpected carbonyl—perfluorophenyl interaction was
observed in the crystal of S. These findings will be helpful in the design of diphenylurea-based functional molecules, especially for

solid-state application.

B INTRODUCTION

Phenyl—perfluorophenyl interaction is a useful design tool in
crystal engineering and related applications, such as top-
ochemical polymerization.'™” In the 1960s, benzene and
hexafluorobenzene were found to form a stable complex and
could be cocrystallized in an alternating stacking manner,'® as
confirmed by a high-resolution powder X-ray diffraction
study.'” This interaction is not due to donor—acceptor
interaction, but is mainly due to electrostatic or quadrupole
moment interaction,” although theoretical calculation indi-
cated that the dispersion energy also contributed.”"** The
magnitude of interaction was dependent on the substitution of
the phenyl ring, and introduction of electron-donating
substituents on the phenyl ring favored the interaction.”
Compounds containing urea group(s) are important as
gelators,M_28 anion sensors,”” > catalysts,33 and biologically
active compounds.”*™*” Among them, N,N'-diphenylurea forms
a characteristic hydrogen-bond network in the crystal, which
was extensively studied by Etter et al>* " and other
groups.”' =" In addition, the N,N’-diphenylurea skeleton has
a unique structural feature, in that N,N’-dimethylation leads to
dramatic conformational switching from trans-trans to cis-cis
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conformation.**~*° This structural feature has been employed

to design and create various new functional molecules.*”**

Supramolecular polymers have recently attracted enormous
interest as an emerging class of polymer materials for
application to electronic and biomedical devices.”” ™" A
supramolecular polymer is defined as “polymeric arrays of
monomeric units that are brought together by reversible and
highly directional secondary interactions, resulting in polymeric
properties in dilute and concentrated solution as well as in the
bulk.”* A number of compounds have been developed as
monomers for supramolecular polymers, and bis-urea com-
pounds form supramolecular polymers linked by hydrogen
bonds.”>”>° However, supramolecular polymers consisting of
an alternating sequence of two different monomers have not yet
received much attention.

In this study, we aimed to investigate the utility of the
phenyl—perfluorophenyl interaction for crystal engineering, to
regulate molecular alignment and arrangement in crystals of a
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Figure 1. Structures of N,N'-diarylurea compounds used in this study.

series of compounds with an N,N’-diphenylurea skeleton
(Figure 1). There has been some previous work on the crystal
structure of compounds bearing phenyl—perfluorophenyl
groups and hydrogen-bonding groups,57_60 but this did not
include compounds with a N,N’-diphenylurea skeleton. In
single crystals of N,N’-diphenylurea compounds, the molecular
arrangement and orientation are controlled by various
interactions. Here, we succeeded in cocrystallizing two different
N,N'-diphenylurea compounds, 1 and 2, with the aid of
hydrogen bonding and phenyl—perfluorophenyl interactions.
We show that phenyl—perfluorophenyl interaction enabled
alternating stacking in cocrystals of 1 and 2, although other
interactions, such as carbonyl—carbonyl and carbonyl—
perfluorophenyl interactions, also played a role.

B RESULTS AND DISCUSSION

N,N’-Diphenylurea (1) was purchased, and compounds 2—6
were synthesized as shown in Scheme 1. Reaction of 2,3,4,5,6-
pentafluoroaniline with triphosgene afforded N,N’-bis-
(pentafluorophenyl)urea 2 in 91% yield. Unsymmetrical urea
compound, 3, with one phenyl group and one perfluorophenyl
group on the urea nitrogens, was synthesized by reaction of
2,3,4,5,6-pentafluorophenyl isocyanate and aniline. N,N’-
Dimethylation of 1—3 gave compounds 4—6, respectively, in
good yields.

The sinéle-component crystal structures of 1 (CCDC
838624)°"°* and polymorphs of 2 (2a (CCDC 128559)*
and 2b (CCDC 935702)°*), have been previously reported,
and the reported structures were used for comparison in this
work. Recrystallization of 3 afforded a suitable crystal for X-ray
crystallographic analysis, and the crystallographic parameters
and solved crystal structure are shown in Table S1 and Figure 2
(thermal ellipsoids in Figure S1). In the crystal structures of 1—
3, all clearly showed the typical 1D chain structure formed by
intermolecular hydrogen bonds between two NH proton
donors and the C=O proton acceptor of the adjacent
molecule. The phenyl or perfluorophenyl groups were distorted
from the urea plane with dihedral angles of 27.7—61.8°, and the
two phenyl groups of adjacent molecules were also nonplanar
(Table 1 and Figure 3). Introduction of an N-perfluorophenyl
group, as in 2 (2a and 2b) and 3, resulted in larger dihedral
angles between the aromatic and urea planes (47.4—56.4°) than
those of 1 (27.7° and 41.9°) (Table 1). In particular,
intramolecular aromatic interaction was not apparent in the
crystal structures of 1—3 because of the trans-trans
conformation of the compounds. In the crystal structure of 1,
a T-shaped alignment of intermolecular phenyl groups (edge to

Scheme 1. Synthesis of 2—6

F
F. NH, triphosgene
NEt;
—_—
F F DCE, 98°C,2h
F
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(74%)
NaH, then CHl

1or2or3 —— >
DMF (1 and 2) or
THF(3), 0°C to rt
4 or 5 or 6
(80%) (79%) (79%)

face) was observed with dihedral angles of 74.7° and 66.5°
(Table 2, see Figure 4 for the explanation of values shown in
Table 2). In contrast, the intermolecular interactions of the two
perfluorophenyl groups of 2 were different in the two types of
crystals; in the structure of 2a, one pair of perfluorophenyl
groups was in a face-to-face relationship (2.3°) with very close
contact (3.97 A), while the groups of the other pair were
directed differently. However, in the structure of 2b, both pairs
of intermolecular perfluorophenyl groups were in parallel
relationships (0.0°) (Figure 3 and Table 2). It is noteworthy
that intermolecular phenyl and perfluorophenyl stacked
alternately and face-to-face (4.9 and 6.8°) at a moderate
centroid distance (4.52 and 4.54 A) in the crystal of 3 (Figures
2 and 3). Although two independent molecules existed in the
asymmetric unit of the crystal of 3, the structures of the two
molecules are similar in terms of the dihedral angles between
urea and the aromatic planes. Overall, it appears that
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Figure 2. Views of the structures in crystals 1, 2, 3, and cocrystal (1-2).
Two polymorphs, 2a (CCDC 128559)** and 2b (CCDC 935702),%*
of 2 are shown.

Table 1. Dihedral Angle (deg) of Urea Plane and Phenyl (or
Perfluorophenyl) Group Observed in Crystals of 1—3

b

1 2a 2b 3 1(12)  2(1e2)
Arfl—urea 419 54.6 56.4 47.8
277 335
Arf—urea 61.8 50.5 56.2 55.8 56.5
474 548 58.2
Ar—Ar° 355 370 301 439 388 51.6 39.0

“Ar" = phenyl (C¢Hs), Ar* = perfluorophenyl (C¢Fj). bTwo
asymmetric molecules exist in a single unit. “Dihedral angle of two
closely located intramolecular phenyl groups.

introduction of the perfluorophenyl group favored intermo-
lecular aromatic—aromatic interaction, which resulted in
twisting of the urea plane and aromatic ring (vide supra) to
optimize the geometry of the aromatic moiety.

To our delight, cocrystallization of 1 and 2 was successful by
slow evaporation from a 1:1 molar ratio in DMF solution, and
the molecular alignment in this cocrystal, denoted as 1-2, was as
expected from the phenyl—perfluorophenyl interaction;' >
molecules 1 and 2 in 12 were aligned alternately via hydrogen
bonds and phenyl—perfluorophenyl interaction (Figure 2). The
intermolecular phenyl—perfluorophenyl dihedral angle was in
the range of 7.1—7.6°, and the centroid distance was 4.51—4.60
A, similar to that of 3. These values were close to those of a
benzanilide derivative bearing phenyl and perfluorophenyl
groups in the same molecule (4.54 and 4.78 A),"” but larger
than those of a cocrystal of C;H,COOH and CcF;COOH
(3.81-3.97 A).>® The presence of linker moieties (amide or
urea) between the two aromatic groups (phenyl or
perfluorophenyl) and hydrogen bonds would prevent close
contact of the aromatic groups. In fact, phenyl and
perfluorophenyl were displaced by 2.91-3.31 A for 3 and
2.74—3.44 A for 1-2, evaluated by the value of , respectively,
and those values were close to twice that of cocrystal of C¢Fs—
C¢Dg (1.49—1.71 A) (see Table 2)."” It is noteworthy that in all
phenyl—perfluorophenyl interaction observed 3 and 1-2, the
distance from perfluorophenyl centroid (D) was larger than

that from phenyl moiety, which means perfluorophenyl group
was tilted toward the phenyl moiety so that the F atoms are
directed to the phenyl plane. In addition, 3D assemblies in the
crystal of 3 and 12 were characteristic in that phenyl and
perfluorophenyl was separated along other axes, which might be
an interesting feature for further crystal design and engineering
(Figure S6).

The effect of hydrogen bonding and phenyl—perfluorophenyl
interaction was examined in detail by comparing bond lengths
and atom—atom distances related to intermolecular hydrogen
bonds (Table 3 and 4). The C=0 bond of 1 was lengthened
by hydrogen bond acceptance as a result of cocrystallization
with 2 (from 1.223 t01.239 A, Table 3). This indicates that 1 in
1+2 is a better hydrogen bond acceptor than 1 in the crystal of 1
alone. Superior hydrogen-bonding ability of 1 in 1-2 is further
supported by the intermolecular hydrogen bond distance; the
distance of N(Arf(C4Fs))—H--O(Ar(C¢H)) (2.760 and
2.770 A) was shorter than that of N(Ar'')—H.--O(ArF)
(2.822 and 2.923 A), suggesting that the former pair forms a
stronger hydrogen bond (Table 4). It is reasonable to think that
the urea compound 2 with the strongly electron-withdrawing
perfluorophenyl group would be more acidic and would be the
better hydrogen bond donor. On the other hand, the bonds in
3, especially the N(Ar')—C(=0) bond, were unsymmetrical;
N(Ar")—C(=0) (1.349 or 1.350 A) was clearly shorter than
N(ArF)—C(=0) (1.374 or 1.375 A) or even than the
corresponding bond of 1 (1.369 or 1.365 A) (Table 3). This
might be due to the unsymmetrical resonance structure of 3, as
depicted in Scheme 2; namely, the nitrogen atom attached to
C¢H; makes a larger contribution to the resonance structure
(II). Consequently, the NH proton attached to the phenyl
group seems to be a better hydrogen bond donor than that on
the perfluorophenyl group, and this was supported by the
shorter and more linear hydrogen bond of N(Ar")—H--O(Ar)
(156.2 and 157.1°), compared with N(Ar")—H--O(Ar) (154.0
and 149.5°) (Table 4). The Ar"—N bond length was longer
than the Ar*—N bond length, which implies the existence of
electron transfer from the nitrogen atom to the electron-
deficient perfluorophenyl group, reducing the contribution of
the resonance structure I in Scheme 2.

Infrared (IR) spectra and melting points of crystal 1, 2, and
1-2 were also measured, and no marked difference was found
between the individual components (1 and 2) and the cocrystal
(1+2). The cocrystal 1-2 exhibited a morphological change at
240 °C (mp of 1) and melted at 270.5 °C (mp of 2). The IR
spectrum (KBr tablet) of 1+2 was not distinguishable from the
superposition of those of the two components (1 and 2).
Overall, the hydrogen bonds governed structure and molecular
coordination, but alignment and bond length were affected by
the introduction of the phenyl—perfluorophenyl pair.

The structures of N,N’-dimethylated N,N’-diphenyl urea
derivatives, compounds 4—6, were also analyzed by crystallog-
raphy and views of the crystal packing are shown in Figure S. In
the crystal structures of those compounds, the cis-cis conformer,
with two intramolecular aromatic groups located at the face-to-
face position, was observed even for compounds 5 and 6
bearing perfluorophenyl group(s) with two unsymmetrical
molecules in a single unit. Unfortunately, attempts to
cocrystallize 4 and S have not been successful to date,
indicating a key role of hydrogen bonding in cocrystallization
of urea compounds. The dihedral angles of the urea plane N—
C(=0)—N and the phenyl or perfluorophenyl moiety of 4—6
lay in a narrow range, 67.8—73.1°, but were larger than those of
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Figure 3. Views of hydrogen-bond networks in the crystal structures of 1, 2, 3, and 1-2. (a) Front views. (b) Vertical views.

1-3 (Table 5). Introduction of the methyl groups on urea
nitrogen would tend to tilt the phenyl moiety from the urea
plane. Dihedral angles and centroid distances of the intra-
molecular aromatic group pairs in 4—6 were similar, though a
small decrease in the dihedral angle of 6 was observed, due to
the intramolecular phenyl—perfluorophenyl interaction. It is
noteworthy that intermolecular phenyl—perfluorophenyl stack-
ing was observed in the crystal structure of 6, and the
intermolecular centroid distance of 6 (3.79 and 3.85 A) was
smaller than that of 3 (4.52 and 4.56 A) (Figure 6). Absence of
hydrogen bonds in 6 manifested the intermolecular phenyl—
perfluorophenyl interaction, and displacement of phenyl—
perfluorophenyl (r, 0.53—1.67 A) was close to that of CFs—
C¢Dy rather than that of 3 (Figure 6 and Table 2). In addition,
the phenyl and perfluorophenyl group of 6 in the crystal
assembled separately in 3D images, similarly to that of 3 and 1+
2 (Figure S6). The bond lengths in the crystal structures of 4—
6 are summarized in Table 6. The C=O0O bond was shortened
in 4—6 compared to 1—3 as a result of the lack of hydrogen
bonding. The unsymmetrical resonance effect of the urea bond
observed in 3 was retained in 6, albeit to a lesser extent.

The crystal structures of 4—6 showed characteristic arrange-
ments of the carbonyl group. In the crystal structures of 4 and
6, the carbonyl group of the urea moiety formed an anti-parallel

type dimer. Raines et al. recently suggested that carbonyl-
carbonyl n—n* interaction serves to stabilize protein secondary
structures, such as helix and turn, and protein—ligand
interactions.”> %’ The orthogonal geometry that would enable
the n—z* interaction seen in amide or peptide compounds was
not observed in the crystal structures of 4 and 6. The geometry
observed in the crystal structures of ureas 4 and 6 showed
values typical of antiparallel dimers, as judged from a database
study (Figure 7);*® the intermolecular O---C distance was
around 3.5—3.6 A, and the angle (£C—0O—C) was around 90°.
The carbonyl—carbonyl interaction is weak (ca. ~S kcal/mol
based on the calculation),®® and may have been masked in the
crystal structures of 1—3 due to the existence of the dominant
hydrogen bonds. Carbonyl—carbonyl interaction was also not
observed in the crystal structure of §, which has two
perfluorophenyl groups. On the other hand, an interesting
feature that the carbonyl group was sandwiched by the two
perfluorophenyl groups connected by cis—cis urea architecture
was observed (Figure 8). The feature might manifest the
existence of carbonyl—perfluorophenyl interaction, presumably
derived from the electrostatic interaction similar to n—n*
interaction between hexafluorobenzene and water which was
estimated to stabilize the complex ca. 2—3 kcal/mol based on

the calculation.®”™">
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Table 2. Dihedral Angles and Distances of Intermolecular
Aromatic—Aromatic Stacking Observed in Crystals 1-3 and
Cocrystal 1-2

planar angle  centroid distance

(deg) (D) (&) d@A)"  r@A"
1 747 5.38
66.5 512
2a 23 397
23 6.84
2b 0.0 4.58
0.0 4.58
3¢ 49 4.52 3.46, 291,
321 3.19
6.8 4.54 348, 2,95,
3.14 328
49 4.57 345, 2.99,
3.19 327
6.8 4.55 343, 2.99,
3.12 331
12 7.6 4.59 3.52, 2.95,
3.11 338
7.1 4.51 3.53, 2.85,
3.19 3.19
7.6 4.52 3.59, 274,
321 3.18
7.1 4.60 343, 3.07,
3.05 3.44
CeFs—CDs” 47 376 348, 1.49,
335 171

“Calculated with the structure reported in ref 19 (CCDC 1110270).
bD, d, and r indicate the distance as in the Figure 4. Two values were
shown for distances from the centroid of C¢F and C4Hj, in this order.
“Two asymmetric molecules exist in a single unit.

Figure 4. Schematic presentation of planar angle, centroid distance

(D), and d.

B CONCLUSION

We examined and compared the crystal structures of N,N'-
diphenylurea compounds 1—6 in detail in order to acquire
insight into the relative importance of the various interactions,
such as hydrogen bonding, phenyl—perfluorophenyl, carbonyl—

Table 4. Distance and Angles Relevant to Hydrogen Bonds
in crystals 1-3 and Cocrystal 1:2

crystal H-bond D/A® 6/°"
1 N(Ar'")—H---O(Ar') 2772 155.4
2.896 145.3

2a N(ArF)—H--O(Ar") 2.798 154.0
2.929 146.8

2b N(ArF)—H--O(Ar") 2.850 1522
2.825 154.1

3 N(Ar")—H--O(Ar) 2.811 156.2
2.813 157.1

N(ArF)—H:--O(Ar) 2.829 154.0

2.833 149.5

12 N(Ar'")—H--O(Ar") 2.822 156.5
2.923 148.5

N(Arf)—-H---0(ArM) 2.760 152.3

2.770 153.8

“Distance between N—0O. %0 = «/N-H-0.

Scheme 2. Resonance Structures of Urea Bond in 3

carbonyl, and carbonyl—perfluorophenyl interactions. Phenyl—
perfluorophenyl interaction was particularly important for the
control of the molecular arrangement of these diphenylurea
derivatives. However, the stronger intermolecular interaction,
hydrogen bonds, played the major role to decide the geometry
of the urea compounds. The hydrogen bonds of cocrystal of 1
and 2 (1-2) were characteristic: urea worked as a hydrogen
bond donor with perfluorophenyl compound 2, but as a
hydrogen bond acceptor with phenyl compound 1. In contrast,
the NH proton attached phenyl nitrogen seemed to be a
stronger hydrogen bond donor than the NH proton attached to
perfluorophenyl, due to the unsymmetrical resonance structure.
In the crystal structures of 4—6, where no hydrogen bond is
involved and cis-cis conformation of the urea skeleton is
observed, antiparallel type carbonyl-carbonyl interaction was
seen in 4 and 6, and carbonyl—perfluorophenyl interaction in S.
This new type of carbonyl—perfluorophenyl interaction
resembles the anion—7 interaction in catalytic systems, ”’*
and might be applicable for the design of novel catalysts for
asymmetrical reactions as a new oxyanion hole motif. Even
though, these interactions, phenyl—perfluorophenyl, carbonyl-
carbonyl, and carbonyl—perfluorophenyl interactions, contrib-

Table 3. Bond Lengths (A) Observed in Crystals 1—3 and Cocrystal 12

1 2a 2b
Arfl-N 1.419(6)
Arf-N 1.405(3) 1.406(2)
N(Ar)-C(=0) 1.369(5)
N(Arf)-C(=0) 1.359(3) 1.365(2)
Cc=0 1.223(4) 1.225(3) 1.232(3)
N(Arf)-C(=0) 1.357(3) 1.368(3)
N(AM)-C(=0) 1.365(6)
Arf-N 1.390(3) 1.406(2)
Af-N 1.418(6)

3 1(1-2) 2(1:2)

1.426(2) 1.429(2) 1.421(2)

1.401(2)
1.349(2) 1.350(2) 1.358(2)

1.365(2)

1.237(2) 1.236(2) 1.239(2) 1.225(2)

1.374(2) 1.375(2) 1.371(2)
1.357(2)

1.404(2) 1.405(2) 1.407(2)
1.424(2)
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4 6
Figure S. Views of the crystal structures of 4—6.
Table 5. Dihedral Angle (deg) of Urea Plane (N—C(=0)— AfHMeN\ ArfiMeN .. o
N) and Phenyl (or Perfluorophenyl) Group and C—0 I ‘J__8\94'4°
Intramolecular Phenyl—Phenyl (or Perfluorophenyl) ArfiMeN )80 o \348 A ArMeN °, ', 3.65 A
Centroid Distance (A) Observed in Crystals of 4—6 4 100,00 H 99.0° “g12°
34840\ /NMeAr 355 A5\ NMeAr
4 sa sb 6a 6b o—=¢_ o—=¢
Ar'—Urea 716 67.3 67.8 NMeArH NMeAr
67.5 4 6
Ar"—Urea 70.3 73.1 717 70.7
703 73.1 Figure 7. Carbonyl—carbonyl interactions observed in the crystal
Ar—Ar structures of 4 and 6.
angle (deg) 34.6 359 36.0 26.7 314 F
distance (A) 3.87 3.52 3.74 3.69 3.76 F
F FR
26.7° F
F
D=385A
1.41,0 ( F F F
s HsC Y CH3
_ Q
D=3.76 A oy
r=1.45, 1.60'A F F R 3.55A or
F 3.64
Figure 6. Views of intermolecular stacking structures of phenyl— F
perfluorophenyl rings in the crystal structure of 6. Dihedral angle and
centroid distance are shown. Hydrogen atoms are omitted for clarity. F F ) F
For explanation of D and r values (A), see Figure 4. N N
H3C™ Ny “CHs
o

ute subtly in energy, it would be nonnegligible to predict
molecular arraignment in crystalline state.

Figure 8. Carbonyl—perfluorophenyl interactions observed in the
crystal structure of 5.

Table 6. Bond Length (A) Observed in Crystals of 4—6

4 Sa
Afl-N 1.431(2)
Arf-N 1.418(2)
N-CH, 1.466(2) 1.474(2)
N(A)-C(=0) 1.376(2)
N(Arf)-C(=0) 1.379(2)
C=0 1.227(1) 1.220(2)
N(Arf)-C(=0) 1.379(2)
N(Ar')—C(=0) 1.383(1)
N-CH, 1.464(2) 1.474(2)
Arf-N 1.418(2)
Afl-N 1.433(1)

Sb 6a 6b

1.435(2) 1.436(2)

1.415(2)

1.474(2) 1.463(2) 1.467(2)
1.372(2) 1.380(2)

1.383(2)

1.219(2) 1.219(2) 1.219(2)

1.383(2) 1.392(2) 1.385(2)

1.474(2) 1.466(2) 1.465(2)

1.415(2) 1.413(2) 1.410(2)
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Our findings here should be helpful to predict and control
the molecular arrangement of urea compounds, and to create
new functional molecules in the context of supramolecular
polymers consisting of alternating sequences of two different
monomers.

B EXPERIMENTAL SECTION

General Information. All reagents and solvents were obtained
from commercial suppliers and were used as received. Melting points
were determined by using a Yanaco melting point apparatus MP-S3
and are uncorrected. FT-IR spectra were recorded on a Horiba FT-
710. 'H, *C, and '°F NMR spectra were recorded on a JEOL AL-300
or BRUKER AV-300, or AV-600, and chemical shifts are expressed in
parts per million relative to benzotrifluoride (C;H;CF; at —63.72 ppm
for °F) or residual solvent peak (2.49 ppm (*H), 39.5 ppm (**C) for
DMSO-d¢ and 7.26 ppm ('H), 77.0 ppm (*C) for CDCl;). Mass
spectra were measured on a JEOL MS700 V or HX110. Silica gel
[silica gel 40—50 pm neutral (Kanto Chemical Co., Inc.)] was used for
all chromatographic procedures.

Single Crystal X-ray Diffraction. Variable-temperature single-
crystal X-ray diffraction experiments were carried out on an Rigaku R-
AXIS Rapid II (graphite-monochromated Cu Ka radiation, A = 1.541
A). Crystals were mounted on MiTeGen dual-thickness MicroMounts
using parabar oil. Data collections were carried out at low temperature
(93—102 K) using liquid nitrogen. The crystal structures were solved
by direct methods using SHELXS-2013"° (for crystals of 3, 5, and 1-2)
or SIR20117° (for crystals of 4 and 6). All non-hydrogen atoms were
refined with anisotropic displacement parameters. Some hydrogen
atoms of urea groups (in crystals of 3 and 1-2) were refined
isotropically. Other hydrogen atoms were included at their calculated
positions. Crystallographic refinement details are summarized in Table
S1 (CCDC 1560994—1560998). Structure analysis was performed
with Mercury ver. 3.9 (CCDC) programs.

Synthesis of 1,3-Bis(pentafluorophenyl)urea (2). To 2,3,4,5,6-
pentafluoroaniline (1.83 g, 10.0 mmol) in a 100 mL two-necked flask
filled with argon was added triphosgene (0.53 g, 1.7 mmol) in 1,2-
dichloroethane (20 mL) and triethylamine (2.8 mL, 20 mmol). The
mixture was refluxed for 2 h at 98 °C, then cooled to rt, diluted with
CH,Cl, (130 mL), and washed with 10% HCI (60 mL) and brine. A
colorless precipitate formed on standing for 12 h, and was collected by
suction. The crude product was recrystallized from CH;OH afforded a
colorless powder (1.79 g, 91%). mp 270.0—270.5 °C; IR (KBr) 3342,
3022, 2924, 1648, 1587, 1533, 1498, 1466, 1329, 1273, 1236, 1190,
1155, 1076, 1030, 976, 739, 710 cm™'; 'H NMR (300 MHz, DMSO-
dg) 6 9.04 (2H, brs, -NH); *C NMR (150 MHz, DMSO-dy) 6 152.0,
143.1 (m), 1388 (m), 1372 (m), 113.6; "F NMR (282 MHz,
DMSO-d,) 5 —148.9, —161.2, —166.4; HRMS (EI*) m/z: [M]* Calcd
for C;3H,F;N,0 392.0002; Found 391.9997.

Synthesis of N-(Pentafluorophenyl)-N’-phenylurea (3). To a
solution of aniline (300 xL, 3.29 mmol) in diethyl ether (3 mL) was
added pentafluorophenyl isocyanate (0.43 mL, 3.29 mmol) in diethyl
ether in an ice bath. The reaction mixture was warmed to room
temperature and stirred for 2 h. The resulting colorless precipitate was
collected by suction to afford the title compound (741 mg, 74%). This
compound was purified by recrystallization from CH;OH to afford
colorless needles. mp 225.0—-230.0 °C; IR (KBr) 3293, 1645, 1595,
1570, 1525, 1502, 1327, 1292, 1265, 1228, 1059, 1012, 978, 858, 825,
756, 694, 551 cm™'; 'TH NMR (300 MHz, DMSO-dy) 6 9.07 (1H, brs,
NH), 8.48 (1H, brs, -NH), 7.43 (2H, dd, J = 8.1, 1.2 Hz), 7.28 (2H, t,
J = 8.1 Hz), 699 (2H, tt, ] = 8.1, 1.2 Hz); *C NMR (150 MHz,
DMSO-dg) § 151.9, 142.9 (m), 139.2, 138.6 (m), 137.2 (m), 128.8,
122.4,118.4, 114.0 (m); '°F NMR (282 MHz, DMSO-d,) § —149.0, —
162.3, —166.7; HRMS (EI') m/z: [M]* Caled for C;3H,FN,O
302.0473; Found 302.0476.

Cocrystallization of 1 and 2. A solution of 1 in DMF was added
to a solution of 2 in DMF to give a 1:1 molar ratio. The precipitate
after slow evaporation was collected by suction to afford the cocrystals
as colorless needles.

General Procedure for N-Methylation of Ureas 1-3 to
Afford N,N’-Dimethylated Ureas (4—6). To a suspension of NaH
(60% oil suspension, 450 mg, 11.3 mmol; washed twice with n-hexane
and dried) in DMF (5 mL) was added 1 (955 mg, 4.50 mmol) in
DMF (6 mL) in an ice bath. The reaction mixture was stirred for 15
min, then CH,I (0.84 mL, 13.5 mmol) was added on the ice bath.
After additional stirring for 24 h, the mixture was diluted with diethyl
ether (250 mL), washed with sat. NH,Cl aq. (700 mL) and brine (20
mL), dried over Na,SO,, filtered, and evaporated in vacuo to afford a
colorless powder (867 mg, 80%). The crude product was further
purified by recrystallization from diethyl ether to afford colorless
prisms. Analytical data were in good accordance with reported
values.”’

N,N’-Dimethyl-N,N’-bis(pentafluorophenyl)urea (5). Synthesized
according to the general procedure. mp 107.5—108.0 °C; IR (KBr)
2952, 1672, 1529, 1495, 1439, 1352, 1227, 1147, 1107, 1053, 1014,
989, 930, 837, 783, 739, 707, 660, 548 cm™'; '"H NMR (300 MHz,
CDCl,) 6 3.16 (3H, s); *C NMR (150 MHz, CDCl,) & 158.5, 143.3
(m), 140.3 (m), 137.6 (m), 119.1 (m), 38.0; ’F NMR (282 MHz,
CDCl,) § —147.3, —155.5, —161.9; HRMS (EI*) m/z: [M]* Calcd for
C,sHgF1oN,O 420.0315; Found 420.0312.

N,N’-Dimethyl-N-(pentafluorophenyl)-N'-phenylurea (6). Synthe-
sized according to the general procedure, except that THF was used as
the reaction solvent instead of DMF. Recrystallization from diethyl
ether afforded colorless prisms. mp 94.5—95.0 °C; IR (KBr) 2941,
1678, 1595, 1518, 1498, 1429, 1352, 1302, 1209, 1117, 1078, 1049,
989, 891, 773, 748, 700, 658, 579 cm™%; 'H NMR (300 MHz, CDCl,)
§7.17 (2H, t, ] = 7.5 Hz), 7.06 (1H, t, ] = 7.5 Hz), 6.89 (2H, d, ] = 7.5
Hz), 3.26 (3H, s), 3.14 (3H, s); '*C NMR (150 MHz, CDClL,) §
158.9, 143.5 (m), 139.6 (m), 137.4 (m), 129.2, 126.0, 124.9, 120.1
(m), 39.7, 37.8; ’F NMR (282 MHz, CDCl,) § —146.9, —158.3, —
164.7; HRMS (EIY) m/z: [M]* Caled for C,H,,FN,O 330.0786;
Found 330.0768.
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