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Abstract

N,N’-Bis(ortho-substituted phenyl)squaramides afforded chirastadg, in which squaramide
molecules are arranged in one-handed helical n&syapon simple recrystallization. Three
types of crystals with different helices were obéal, depending on the substituents or
recrystallization solvent. Folded-type intermoleculhydrogen-bonding interactions of
squaramides play a key role in forming the helreztivorks.
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1. Introduction

Tectons are defined as molecules whose posititeractions generate well-ordered
three-dimensional assemblies of aggregates; theyirportant in the field of crystal
engineering because of their interesting crystekipg structures, and have also been utilized
in the development of functional solid materialk Among various noncovalent interactions,
hydrogen bond networks play a major role in tectal® to their precise spatial orientations
and restricted lengths [2]. For example, sim@&N’-disubstituted ureas such as
N,N’-diphenylurea, which favor (trans, trans) conforomat can form head-to-tail type
hydrogen bonds between the carbonyl oxygen atoonefmolecule as the acceptor and two
hydrogen atoms on nitrogen atoms of the adjacemécule as the donor, resulting in linear
chain structures in the crystal (Figure 1a) [3]e3é& properties df,N’-disubstituted ureas, as
well as their ability to interact with various gtiesolecules (hydrogen bond acceptors and
donors), make such compounds suitable for congtruof nano-scale materials [4].
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Figure 1. Possible hydrogen-bonding chain structures oN(&)-disubstituted urea in (trans,
trans) form, and (b) linear and (c) bent typesl@f’-disubstituted squaramide in (trans, trans)
form.

Squaramide (Figure 1b) is an amino derivative gqpfasic acid, a four-membered cyclic
dibasic acid. The C—N bonds of squaramide haveapauble bond character, like amide
and urea bonds [5]. The squaramide skeleton has bsed as a key structural motif for
molecular recognition or in bifunctional organodgsés for asymmetric synthesis [6].
Squaramide is also regarded as a bioisostere @ arecyanoguanidine in the field of
medicinal chemistry, an active derivatives of vasdioactive molecules have been obtained



by replacement of a urea moiety with a squaramidesiy [7]. However, there are several
differences in chemical properties between squatarand urea [8]. For example, Costa et al.
showed that squaramide is superior to urea as i@@gd bond acceptor (cation receptor), and
can also act as an anion receptor, due to theasedearomaticity of the squaramide upon
complex formation with a hydrogen-bond donor oregtor, or even both [9]. The structures
of various squaramides and their complexes witlsgomlecules have been elucidated [10].
SeveralN,N’-disubstituted squaramides can form network strestwvith linear head-to-tail type
hydrogen bonds (Figure 1b) [11], likdl,N’-disubstituted urea derivatives\,N’-Disubstituted
squaramide itself also favors (trans, trans) canétion, in which both phenyl groups are located nea
the carbonyl oxygen atoms. In such linear netwdtes,aromatic character of the 4-membered ring of
squaramide would contribute to sheet formation ughoremt interactions between squaramides or
between squaramide and other aromatic rings [12]th@ other hand, squaramides, unlike ureas, have
other possible hydrogen-bonding interactions, du¢he presence of two carbonyl and two amino
groups on the 4-membered ring. For example, hydrdgading interactions of one carbonyl group of
one molecule with two amino groups of the adjacemtiecule induce a bent arrangement of
squaramide (Figure 1c). Thus, we hypothesized ltleat-type networks of squaramides might be
utilized to construct unique helical structuredfedent from linear hydrogen-bonding networks. Here
we report the spontaneous chiral resolution of ErpN’-bis(ortho-substituted phenyl)squaramides
with various types of one-handed helical structugesierated by folded-type hydrogen-bonding
networks, and we determined the absolute structifreone compound by means of X-ray

crystallography.

2. Resultsand discussion

In this study, we focused oN,N’-diarylsquaramides, anticipating that aryl-aryl or
aryl-squaramide interactions, as well as hydrogemding interactions, would contribute to
the packing structure. We synthesized compouhds 7 from diethyl squarate and the

corresponding anilines using Iiterature methods€¢gie 1) [12].
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The crystal structures of sevefdJN’-diarylsquaramides and their complexes with guest
molecules have been elucidated. The reported ¢rststecture (space groupbcen) of simple
N,N’-diphenylsquaramidé& shows (trans, trans) conformation [13], and thested contains
sheet structures due to the linear hydrogen-bondetgork (Figure 1b) and intermolecular
TeTU interactions of the squaramide moiety. We alsavemad the crystal structure &f and
obtained a crystal pseudopolymorph (space gr&#alc, Table S1) including solvent of
recrystallization (DMSOQO), in which the hydrogen-blarg network ofl is not formed, due to
the interaction of the oxygen atom of DMSO with th@ amino groups ot (Figure S1).
Sandwich-type interaction of the 4-membered ringhwiwo phenyl groups of adjacent
molecules results in the formation of a well-ordesbeet-type packing structure.

Compound bearingm-toluyl groups shows a linear hydrogen-bonding roeknstructure
(Figure S2) similar to that in the reported crystlicture ofl, while compound3 bearing
o-toluyl groups affords two types of crystals (cafsiNo. 3a and 3b in Table S1) upon
recrystallization from methanol, depending on tbaditions. These crystals showed distinct
crystal shapes, and can be ditinguished each btheolid-state UV-vis spectra, although the
reason of the difference in the spectra is undlegure 2).
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Figure 2. Crystal shapes and solid-state UV-vis spectth@two types of crystals &f

Crystal No.3a is a chiral crystal with space gro®#2;2,;2;. In both crystals, compouril
exists in (trans, trans) form, liké and 2. In the chiral crystal oB, continuous hydrogen

bonding between two amino groups of one molecuteare of the two carbonyl groups of
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the adjacent molecule (Figure 1c) forms a pseuduoeBcal structure (helical pitch: 20.6 A),
affording a one-handed helix containing only onargiomeric conformer o8 (Figures 3a
and S3). The helical axis is located near the cerdethe phenyl rings in the multi-layered
structure, in which the inter-ring distances ar843.3.57 and 3.58 A, with a near-parallel
arrangement (dihedral angles between adjacent phengs: 11, 8, and 8°), and
hydrogen-bonded squaramides surround the multréalyphenyl groups. On the other hand,
a racemic crystal (space group2;/c) of 3 (Crystal No.3b) obtained from wet methanol
contains both methanol and water molecules thatant with amino groups and carbonyl
groups of the squaramide moiety, and no extensydeolgen-bonding network is observed
(Figure S4).

(a) 3 (type A helix) (b) 4 (type A helix)
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Figure 3. Helical structures of compounds @&{Crystal No.3a) and (b)4 in the crystals.

A comparison of the crystal structureslet 3 suggested that th@tho-substituents on
the phenyl rings play key roles in the helix forraat Next, the crystal structures of several
N,N’-diphenylsquaramide4 — 7 with o-substituents were examined. Some of them afforded
crystal polymorphs (Table S1), while all of thenfoafled chiral crystals upon simple
recrystallization [14]. Interestingly, the types lodlical structures varied depending on the

substituent. Compoundi with o-chlorophenyl groups shows a pseuddélix similar to that
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of 3 (Figures 3b and S5), in which a folded-type hyem@onding network of squaramides
surrounds the multi-layered phenyl groups on tHedleaxis (helical pitch: 20.4 A).

On the other hand, compounsisand 6 bearingo-bromophenyl oro-methoxyphenyl
groups, respectively, form a one-handed@lix, in which the planar arylaminocyclobutene
moieties are arranged alternatively around theclkekxis to form multi-layered structures
(Figures 4, S6, and S9). The helical pitch wasand 7.0 A for compounds (Crystal No.5a)
and6 (Crystal No.6a), respectively. In these crystal structures, sguates form hydrogen
bonds with solvent molecules (water and methanolctompounds5 and 6, respectively).
Thus, both amino groups of squaramindes act asobgdrbond donors toward oxygen of
solvent molecules that form hydrogen bonds with aabaenyl group of the adjacent
squaramide, and consequently folded-type hydrog@enlibng chain structures of squaramide

(Figure 1c) are generated via the solvent molecules

(a) 5 (type B helix) (b) 6 (type B helix)

e~

Figure 4. Helical structures of compounds Ea{Crystal No.5a) and (b)6 (Crystal No.6a) in
the crystals.

Compound with o-fluorophenyl groups afforded chiral crystals witbeudo 4 helical
structure (Figures 5 and S11). In this case, tlystak contained two remarkably different
conformers, that is, both planar and twisted stmgs exist, and the alternate arrangement of
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these two conformers constructs the helical chaith & folded-type hydrogen-bonding
structure (Figure 1c). Interestingly, the cyclomeeings in the 4helical structure o are
nearly parallel to the helical axis, different fraime case in the pseudq &nd 2 helical
structures, in which the 4-membered rings and phgmoups are nearly perpendicular to the
helical axis.

7 (type C helix)

=
S

Figure5. Helical structures of compourrdn the crystals.

All N,N’-diarylsquaramideg4 — 7 exist in (trans, trans) conformations in the aigstThe
conformations can be classified into two types,etheling on the dihedral angles between aryl
and aryl/squaramide (Table 1). In the chiral crgsta type A (compound8 and4), two
N-aryl groups are twisted with respect to the plaheyclobutene rings, with large dihedral
angles (32 — 39°), and as the directions of twistapposite to each other, the dihedral angles
between two aryl rings are large (67 — 74°). Conmgid2ihas a similar twisted conformation
(dihedral angle: 109.8°), but forms chain structiaréhe achiral crystal, in which each chain
structure consists of one enantiomer. In the clysthcompound$ and6 (type B helices),
two aryl groups are twisted in the same directioth wespect to the cyclobutene rings, and
the dihedral angles between two aryl groups ardl fa20.1° and6: 29.9°). Compound
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(type C helix) has both twisted and planar confdioms. The three-dimensional structures,
that is, twisted or planar conformations, did nmtrespond to the chirality or helix formation
in the crystals. The hydrogen-bonding interactibetveen squaramide moieties or between
squaramide and solvent (guest) molecules, as well aeomatic-aromatic/squaramide
interactions, apparently determine the packingcstines and chirality of the crystals.

Table 1. Dihedral angles of squaramides-7.

Compound  Crystal No. Space group Dihedral angles (deg)
Aryl-Aryl Aryl-Cyclobutene

1 1 P2;/c 10.7 4.8, 8.2
2 2 C2/c 109.8 35.7,38.1
71.8 35.9,37.4
352 P2:2:2; 72.6 34.0, 38.6
° 73.4 35.0, 38.8
3b P2i/c 15.6 35.6,48.1
67.4 32.4,35.5
4 4 P212:2; 68.9 32.9,36.0
68.9 33.8, 36.3
oa P2; 20.1 34.4,40.8
5 SC Pna2; 6.3 39.9,445
5d P2i/n 26.0 39.6, 49.6
6a P2; 29.9 12.3, 30.2
7.2 22.9,29.7
° 6b® P2i/c 18.2 27.2,29.6
39.2 9.5,33.0
3.0 195,219

7 7 P2:2:2¢

62.8 17.6,46.5

®Three independent molecules exist in the asymmiaiic
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Two independent molecules exist in the asymmetit u

In order to identify the absolute structuréfelical squaramides, we carried out X-ray
crystallographic analysis of compouldbearing heavy atom (bromine) substituents, and
measured the CD spectra. Each crystal was cuttwagparts; one was used to measure the
solid-state CD spectrum [15] and the other for ¥X-ystallography. We obtained both
enantiomeric crystals (crystal Nba and5b in Table S1) with mirror-image CD spectra in
KBr (Figure 6). Analysis ofR factor and Flack parameter (Table S4) indicatemt the
absolute structures in the crystals5af (red line in Figure 6) an@b (blue line in Figure 6)
could be assigned as left-handed and right-handkckl, respectively.

&3

250 300\ 350 400 450 500 550 600 650

rlinm —»

Figure 6. Solid-state CD spectra of enantiomeric crystélsompounds (150 mg in 100 mg
of KBr). See Tables S1 and $B& (red line) andb (blue line).

3. Conclusion

We found thatN,N’-bis(ortho-substituted phenyl)squaramid8s— 7 formed one-handed
helical structures based on the folded-type hydrdmgending networks of the squaramide
moiety. There reported various compounds taht @fdmpolymophic crystals including chiral
crystals [14], while th&,N’-bis(ortho-substituted phenyl)squaramides are unique, bea#use
high frequent chiral resolution and constractuonvafious types of one-handed helical
networks. Studies of several aromatic squaramidéisated thabrtho-substituents play key
roles in helix formation and spontaneous asymmenduction in the crystals. Sterically
bulky ortho-substituents hinder the formation of linear-typeltogen bonds (Figure 1b), and
instead, bent-type hydrogen-bonding networks (Fegle) are preferred. There are several
types of one-handed helices depending on the sudsts on the phenyl rings or on the



existence of solvent molecules in the crystals. @abgolute one-handed helical structure of
compound 5 was determined. Various unique artificial helicsructures have been
constructed based on the multi-hydrogen bond-fognproperties [16] and conformational
properties of amide and urea bonds [17]. Our reslibw that squaramide also has the ability
to form unique helical structures, depending onrgeystallization conditions. Squaramide
has distinct properties from amide and urea bosdegards multi-hydrogen bond formation,
and these features, together with the aromatidith® 4-membered ring, suggest that it will
be a useful building block for aromatic architeesiwith unique three-dimensional structures

and chiral properties.

4. Experimental section
4.1. General

'H spectra were recorded on Bruker Avance 400 speetier or Bruker Avance 600
spectrometer*C NMR spectra were recorded on Bruker Avance 50fctspmeter. Mass
spectra were collected on a Bruker Daltonics mi€&BI2focus spectrometer in the positive
ion modes. Elemental analysis was performed on Mletnental analyzer (Yanagimoto).
Melting points were determined on a RFS-30 melpogt apparatus (Round Sciencel)
spectra were recorded with a JASCO V-650, and Cé&rtsp were recorded with a JASCO J-820

spectropolarimeter.

4.2. Synthesis
4.2.1. Synthesis of 3,4-Bis(phenylamino)cyclobanh&-1,2-dionel(

Aniline (770 ml, 953 mmol) was added to a twmr of
3,4-diethoxy-3-cyclobutene-1,2-dione (681.5 mg, 14.0 mmol) and zinc
trifluoromethanesulfonate (294.8 mg, 0.811 mmol)tatuene/DMF (19:1, 4 ml), and the
mixture was heated at 95°C for 12 h. Cooling tomo@mperature afforded a pale yellow
precipitate, which was collected and washed witlthamgol to givel (1.002 g, 3.79 mmol,
95%). Pale yellow plates (DMSO); mp > 300%; NMR (400 MHz, DMSOsdg) 59.85 (2 H,
brs), 7.49 (4 H, d) = 7.6 Hz), 7.38 (4 H, ) = 7.4 Hz), 7.08 (2 H, t] = 7.4 Hz):"*C NMR
(125 MHz, DMSOe€g) 6 181.66, 165.72, 138.67, 129.43, 123.29, 118.53l.AGalcd. for
CieH12N2O2: C 72.72, H 4.58, N 10.60, Found: C 72.77, H 4N310.60; HRMS (ESI+)
Calcd. for GeH13N20, [M + H]*: 265.0972. Found 265.0966.

4.2.2. Synthesis of 3,4-Bis(3-methylphenylamintbyt-3-ene-1,2-dione2j
m-Toluidine (705.8 mg, 6.59 mmol) was added to a tamx of
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3,4-diethoxy-3-cyclobutene-1,2-dione (507.0 mg, 82.9 mmol) and zinc
trifluoromethanesulfonate (249.7 mg, 0.687 mmol)tofuene/DMF (19:1, 4 ml), and the
mixture was heated at 95°C for 2 h. Cooling to rommperature afforded a pale yellow
precipitate, which was collected and washed withhian®ol to give2 (758.8 mg, 2.60 mmaol,
87%). Colorless plates (GAH/CHCL); mp 211-215°CH NMR (400 MHz, CQOD) 6 7.33
(2H,brs), 729 (2H,dl=7.6 Hz), 7.23 (2 H,t1=7.5 Hz), 6.93 (2 H, d = 7.5 Hz), 2.35

(6 H, s);**C NMR (125 MHz, DMSOdg) & 181.65, 165.68, 138.77, 138.59, 129.26, 124.03,
119.05, 115.72, 21.21; Anal. Calcd. forgg16N20,- 1/2H0: C 71.74, H 5.69, N 9.30, Found:
C 71.75, H 5.79, N 9.27; HRMS (ESI+) Calcd. forgd;N,O, [M + H]": 293.1285. Found
293.1279.

4.2.3. Synthesis of 3,4-Bis(2-methylphenylamintbwt-3-ene-1,2-dione3j

o-Toluidine (765.8 mg, 7.12 mmol) was added to a taomx of
3,4-diethoxy-3-cyclobutene-1,2-dione (515.0 mg, 33.0 mmol) and zinc
trifluoromethanesulfonate (262.7 mg, 0.723 mmol)toluene/DMF (19:1, 4 ml), and the
mixture was heated at 95°C for 2 h, then evaporatellyness. The residue was taken up in a
mixture of AcCOEt and water. The organic layer wagd over sodium sulfate, filtered and
evaporated to givd (933.5 mg, quant). Yellow pyramids (@BH); mp 212-216°C*H NMR
(400 MHz, DMSOsdg) 89.30 (2 H, brs), 7.31 (2 H, d,= 7.5 Hz), 7.21 (2 H, d] = 7.1 Hz),
7.18 (4 H, m), 7.04 (3 H, td,= 7.4, 1.0 Hz), 2.33 (6 H, s)*C NMR (125 MHz, DMSOds)
0 182.65, 166.53, 136.20, 130.49, 128.68, 126.44,612 122.41, 17.80; Anal. Calcd. for
CigH16N202: C 73.95, H 5.52, N 9.58, Found: C 73.66, H 51%3.36; HRMS (ESI+) Calcd.
for CigH17N202 [M + H]": 293.1285. Found 293.1288.

4.2.4. Synthesis of 3,4-Bis(2-chlorophenylamindddyd-3-ene-1,2-dionedf

2-Chloroaniline (540.2 mg, 4.23 mmol) was atlddo a mixture of
3,4-diethoxy-3-cyclobutene-1,2-dione (339.3 mg, 91.9 mmol) and zinc
trifluoromethanesulfonate (148.9 mg, 0.410 mmolpluene/DMF (19:1, 2 ml). The reaction
mixture was heated at 95°C for 11.5 h. Coolingaom temperature afforded a pale yellow
precipitate, which was collected and washed withhian®ol to give4 (354.2 mg, 1.06 mmaol,
53%). Yellow plates (CEOH); mp 228-230°C'H NMR (400 MHz, DMSOds) 39.93 (2 H,
s), 7.55 (2 H, ddj = 8.0, 1.4 Hz), 7.52 (2 H, dd,= 8.1, 1.4 Hz), 7.37 (2 H, ddd= 8.1, 8.1,
1.5 Hz), 7.18 (2 H, ddd] = 8.0, 8.0, 1.5 Hz)*C NMR (125 MHz, DMSOdg) 3 182.72,
166.16, 134.53, 129.60, 127.78, 125.71, 123.94,882Anal. Calcd. for gH10CIoN20,: C
57.68, H 3.03, N 8.41, Found: C 57.41, H 3.27, MO8.HRMS (ESI+) Calcd. for
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C16H110|2N202 [M + H]+: 333.0192. Found 333.0195.

4.2.5. Synthesis of 3,4-Bis(2-bromophenylaminodtydt3-ene-1,2-diones)

2-Bromoaniline (1.5052 g, 8.85 mmol) was added a mixture of
3,4-diethoxy-3-cyclobutene-1,2-dione (682.7 mg, 14.0 mmol) and zinc
trifluoromethanesulfonate (302.2 mg, 0.831 mmolfjoilnene/DMF (19:1, 4 ml). The reaction
mixture was heated at 95°C for 1 d. Cooling tommoemperature afforded a pale yellow
precipitate, which was collected and washed withthameol. Combined filtrate was
evaporated, and the residue was washed with ethamgie5 (1.1067 g, 2.62 mmol, 65%).
Colorless prisms (C¥DH); mp 210-218°C*H NMR (400 MHz, DMSOds) 519.80 (2 H, s),
7.67 (2 H, ddJ) = 8.0, 1.3 Hz), 7.45 (2 H, dd,= 8.0, 1.4 Hz), 7.38 (2 H, ddd= 7.2, 7.2, 1.3
Hz), 7.11 (2 H, ddd) = 7.3, 7.3, 1.5 Hz)**C NMR (125 MHz, DMSQdg) 5 182.81, 166.12,
135.72, 132.74, 128.29, 126.30, 124.52, 114.62].Abacd. for GgH10BraN-O,: C 45.55, H
2.39, N 6.69, Found: C 45.57, H 2.47, N 6.64; HR(SI+) Calcd. for GeH11Br.N,O, [M +
H]*: 420.9182. Found 420.9173.

4.2.6. Synthesis of 3,4-Bis(2-methoxyphenylamiotmloyt-3-ene-1,2-dione)

o-Anisidine (527.3 mg, 4.28 mmol) was added to a torx of
3,4-diethoxy-3-cyclobutene-1,2-dione (343.2 mg, 22.0 mmol) and zinc
trifluoromethanesulfonate (158.6 mg, 0.436 mmol)tofuene/DMF (19:1, 2 ml), and the
mixture was heated at 95°C for 6.5 h. Cooling tormotemperature afforded a pale yellow
precipitate, which was collected and washed withhian®ol to give6 (332.6 mg, 1.03 mmol,
51%). Yellow plates (CEOH); mp108-110°C'H NMR (400 MHz, DMSO#€s) 5 9.90 (2 H, br
s), 7.58 (2 H, dJ = 8.0 Hz), 7.10 (4 H, m), 6.95 (2 H, ddb8.2, 6.0, 2.8 Hz), 3.90 (6 H, S);
13C NMR (125 MHz, DMSOds) & 182.11, 165.87, 149.56, 126.97, 124.68, 121.48,5R?
111.40, 55.81; Anal. Calcd. for§H16N2O4: C 66.66, H 4.97, N 8.64, Found: C 66.41, H 4.97,
N 8.59; HRMS (ESI+) Calcd. for gH;7N204 [M + H]": 325.1183. Found 325.1183.

4.2.7. Synthesis of 3,4-Bis(2-fluorophenylamindidyat-3-ene-1,2-dionery

A solution of 2-fluoroaniline (135.7 mg, 1.2#mol) in toluene (0.5 ml) was added to a
mixture of 3,4-diethoxy-3-cyclobutene-1,2-dione .®5mg, 0.56 mmol) and zinc
trifluoromethanesulfonate (65.0 mg, 0.179 mmoljaluene/DMF (19:1, 1 ml). The reaction
mixture was heated at 95°C for 1 d. Cooling to rommperature afforded a pale yellow
precipitate, which was collected and washed witlham®ol to giver (141.9 mg, 0.473 mmol,
84%). Colorless needles (@BH); mp 244-246°C*H NMR (400 MHz, DMSOdg) 5(110.12
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(2 H, s), 7.87(2 H, ddd] = 8.0, 8.0, 1.6 Hz), 7.31(2 H, ddil= 11.6, 8.1, 1.4 Hz), 7.22(2 H,
ddd,J = 7.9, 7.9, 1.4 Hz), 7.14(2 H, m)y’C NMR (125 MHz, DMSOds) & 182.16, 165.99,
153.72, 151.78, 126.35, 124.88, 122.11, 115.72)./Aalcd. GeH1oF2N2Osfor : C 64.00, H
3.36, N 9.33, Found: C 63.86, H 3.59, N 9.20; HR(#SI+) Calcd. for GsH11FN,0, [M +
H]*: 301.0783. Found 301.0774.

4.3. X-ray crystallography

Crystallographic data were collected on a BrukereXpl ultra CCD detector with
graphite-monochromated MooKradiation and a Bruker Apex Il ultra CCD detectath
graphite-monocromated CuoKradiation. The crystal structures were solved lnead
methods using SHELXS-97 and refined by full-matteast-squares SHELXL-97. Al
non-hydrogen atoms were refined anisotropically.rydrogen atoms were included at their
calculated positions.
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