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ABSTRACT: Carbazole possessing phenylisoxazoles self-assembled in a cooperative manner in decalin. X-ray crystal structure
analysis revealed that the isoxazole dipoles align in a head-to-tail fashion. DFT calculations suggested that the linear array of
dipoles induced the polarization of each dipole, leading to an increase in dipole—dipole interactions. This dipole polarization

resulted in cooperative assembly.

Precise regulation of the self-assembly of z-conjugated
molecules is crucial for obtaining well-defined functional
nanostructures’ that produce photochemical” and electro-
materials, organogels,” and liquid crystals.”
major regimes (i.e, noncooperative (isodesmic) and coopera-
tive) exist in the self-assembly process. The noncooperative
self-assembly of 7-conjugated molecules is governed by a single
equilibrium constant (K).° In contrast, the cooperative
assembly of 7m-conjugated molecules has received more
attention because this type of assembly leads to precise
structural regulation of supramolecular organization, resulting
in well-defined polymeric assemblies with small polydispersity
indices (PDI) that are similar to those obtained in living
polymerization.” In general, cooperative self-assembly involves
two assembling processes (ie., initial nucleation process and
successive elongation process). Positive cooperativity results
from the more favorable elongation process. A high degree of
cooperativity results in supramolecular living polymerization.®
Cooperativity in self-assembly is often encountered in one-
dimensional supramolecular polymeric organization via direc-
tional head-to-tail hydrogen bonding.” The linear array of
amide groups generates intermolecular head-to-tail hydrogen
bonds, which are oriented along the axis of the supramolecular
polymeric organization. Recent theoretical investigations of
hydrogen-bonded polymeric organizations reported that the
linear organization of the amide groups induced polarization of
the amide dipole, which facilitated strong dipole—dipole
interactions. Therefore, the hydrogen-bonding interactions
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were greatly stabilized in the linear organization.'"’ Thus,
most of the cooperative assemblies have been demonstrated in
head-to-tail hydrogen-bonded supramolecular polymeric organ-
izations. However, non-hydrogen-bonded supramolecular or-
ganizations rarely exhibit cooperative assemblies.'’

Our group has reported that planar z-conjugated molecules
possessing phenylisoxazolyl moieties exhibit isodesmic assem-
bly via 7—z stacking and dipole—dipole interactions.'” We
envisioned that the perpendicular electronic interactions, which
arise from the linear dipole arrays of isoxazolyl groups along the
polymeric organization, can drive the cooperative assembly in
our molecular stacks. In this context, carbazole derivative 1
possessing phenylisoxazoles was designed (Scheme 1). The two
isoxazole rings adopt nearly coplanar arrangement relative to
the carbazole ring, and the remaining isoxazole ring can be
arranged in a nearly perpendicular conformation due to the peri
steric effect between the carbazole ring and the rotatable
benzene ring. Therefore, the remaining isoxazole rings can be
directionally aligned along the stacked polymeric organization.
The self-assembly of 1 exhibited the cooperativity in decalin.
The crystal structure of 1 revealed the linear organization of the
dipole of the isoxazole rings that most likely directed the
cooperative self-assembly in the polymeric organization.

The synthesis of a carbazole derivative possessing three
phenylisoxazoles 1 was summarized in Scheme 2. N-(4-
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Scheme 1. Molecular Structure of 1 and Schematic Representation of the Cooperative Self-Assembly of 1
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“Arrows indicate the dipole moment of isoxazole rings.

Scheme 2. Synthesis of a Carbazole Derivative Possessing Phenylisoxazoles 1
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Formylphenyl)carbazole derivative 2 was converted to oxime 3, neighboring molecules. Plotting the chemical shift changes of
which reacted with NCS to give chlorooxime 4. 1,3-Dipolar the protons as a function of the concentrations of 1 produced
cycloaddition reaction of 4 with phenylacetylene afforded N- hyperbolic curves. Nonlinear curve-fitting analysis using an
(phenylisoxazolylphenyl)carbazole derivarive 5. TMS-acetylene isodesmic model produced estimated complexation-induced

was introduced to § by Sonogashira coupling to give 6, then shifts (A6 = —0.11, — 0.12, — 0.22, — 0.36, — 0.24, — 0.24, —
TMS groups were removed. 1,3-Dipolar cycloaddition reaction 0.23, — 0.14, — 0.08, and —0.11 ppm for H,, H, H, Hy, H,, Hy

of 7 with chlorooxime 8 afforded the desired compound 1. H, Hy, H; and H, respectively) and an association constant
The self-assembling behavior of 1 in chloroform-d was (K) of 33 + 6 L mol™" with a high probability (y*) of 0.997
studied using NMR spectroscopy. The 'H NMR signals of 1 (Figure S2). Therefore, 1 self-assembled in an isodesmic
were concentration dependent (Figure 1). Most of the aromatic manner in chloroform-d at 25 °C. Aromatic protons H.—H,
signals were shifted upfield as the concentrations increased shifted more than the other protons, indicating that 1 stacked

from 0.1 to 10.0 mmol L™". This result suggests that these as piles around the carbazole.
molecules form stacked assemblies in which the aromatic To obtain more insight into the self-assembling behavior of
protons are located in the shielding regions produced by the 1, UV—vis absorption spectroscopy was employed. 1 exhibited
6833 DOI: 10.1021/acs.joc.6b01169

J. Org. Chem. 2016, 81, 68326837


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b01169/suppl_file/jo6b01169_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.6b01169

The Journal of Organic Chemistry

S M MLJ\MJL_AL
L WU WU S WU VY S N

9.0 ' 8.0 5/ ppm 7.0 4.0

Figure 1. Concentration-dependent 'H NMR spectra of 1 in chloroform-d at 25 °C. The concentrations are (a) 10.0, (b) 5.0, and (c) 1.0 mmol L™".
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Figure 2. (a) Temperature-dependent UV—vis absorption spectra of 1 in decalin. The spectra were recorded every 0.5 °C. The arrows indicate the
change in the spectra as the temperature decreased from 50 to 0 °C. [1] = 3.0 X 107> mol L™%. (b) Plot of the degree of aggregation (aagg) at 360 nm
as a function of temperature. Solid lines exhibit the fitting curve.

e,

Figure 3. X-ray crystal structure of 1. (a) Top view and (b—d) packing structure. (a) Hydrogen atoms were omitted for clarity.
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absorption bands (269 and 309 nm) that were assigned to a
monomeric carbazole in chloroform (Figure SS), indicating that
1 primarily exists in a monomeric form under these conditions.
Employing decalin as a less-polar solvent results in the assembly
of 1. The UV—vis absorption spectra of 1 in decalin were
temperature dependent. 1 exhibited monomeric absorption
bands (266 and 310 nm) at SO °C. However, the absorption
bands decreased, and red-shifted bands (360 nm) emerged as
the temperature decreased to 0 °C (Figures 2a and S6). These
results suggest that 1 forms J-aggregates in decalin at low
temperatures. It is important to note that the absorption
spectra changed sharply at approximately 15 °C. The cooling
curve for the degree of aggregation (aagg) at 360 nm leads to a
nonsigmoidal melting curve, which is characteristic of
cooperative self-assembly (Figure 2b).

To gain thermodynamic insight into cooperative self-
assembly, the cooling curve for a,,, of 1 based on absorption
at 360 nm was analyzed by applying the van der Schoot
mathematical model (Figure 2b)."> On the basis of the
nonlinear least-squares analysis, the model provided a good
description of the curve. The analysis provides an elongation
temperature (T,) of 290.28(4) K at the studied concentration,
resulting in an association constant (K,) of 3.3 X 10* L mol™" in
the elongation process at T,. The enthalpy release in the
elongation process (AH,) was —88(2) kJ mol™’, indicating that
the elongation is an enthalpy-driven process. A dimensionless
equilibrium constant (K,) for the nucleation process to the
elongation process was 1.20(9) X 107*. A higher degree of
cooperativity is expressed by a smaller K, value. Therefore, self-
assembly of 1 exhibits fairly high cooperativity. The degree of
polymerization at an elongation temperature (N,(T.)) of 20.2
was determined and is consistent with the size of the nucleus at
the transition from the nucleation regime to the elongation
regime.

The self-assembly of 1 is cooperative in decalin, whereas it is
isodesmic in chloroform. The difference in the assembling
behaviors might be rationalized by solvation. In our recent
studies, 7-conjugated molecules possessing phenylisoxazoles are
well solvated in chloroform, which interferes with intermo-
lecular association.'”*¥*! 141" Therefore, the assemblies of 1
may not reach a certain size that enables the transition from the
nucleation regime to the elongation regime.

The X-ray crystal structure analysis provides information on
the assembly structure of 1 (Figures 3 and S8). X-ray quality
crystals of 1 were obtained by slow evaporation of a chloroform
solution of 1. The phenylisoxazoles substituted at the 3- and 5-
positions of the carbazole are nearly coplanar with the carbazole
plane. However, the (phenylisoxazolyl)phenyl group that was
substituted on the nitrogen of the carbazole was twisted to the
carbazole plane due to the peri steric effect. The phenyl group
attached to the nitrogen was disordered equally over two
positions with dihedral angles (C—N—C-C) of 53.8 and
—48.4°. The isoxazole ring was twisted with a dihedral angle of
68.6° to the carbazole plane. The unit cell contains two
molecules of 1 in a face-to-face fashion (Figure 3b). The mean
plane distance of the stacked carbazoles was 3.57 A, which is
consistent with the typical 7—x stacking distance. The dipoles
of the twisted isoxazole rings aligned along the stacking
direction (Figure 3d). This result suggests that 1 assembled via
intermolecular dipole—dipole interactions as well as z—x
stacking interactions.

To understand the cooperativity in the self-assembly of 1,
density functional theory (DFT) calculations at the M06-2X/6-

6835

31G(d,p) level were employed. The assembly structures of 1 up
to a tetramer were extracted from the crystal structure, and the
decyl side chains were displaced by methyl groups. Then, the
total electronic energy (E,) and the total dipole moment (D,,)
were calculated at a single point without structure optimization.
Basis set superposition error (BSSE) was corrected using the
counter-poise method. 1 has two conformers in the crystal
structure due to the disorder in the phenyl group attached to
the nitrogen. Therefore, two conformations were calculated for
each oligomer (see Figure S9). The results from the
calculations are summarized in Table 1, where D, is the dipole

Table 1. Total Dipole Moment (D,), Dipole Moment Per
Molecule (D,), the Total Complexation Energy for the n-
Mer (AE,), and the Complexation Energy Per a Pair of
Monomers (AE,) Calculated Using DFT

n D, D, AE, AE,
(conformation)”  (Debye) (Debye) (kcal mol™) (kcal mol™)
1(a) 42662 4266
1 (b) 43908 4391
2 (ab) 9.5436 4.772 -17.60 —-17.6
2 (ba) 8.9438 4472 ~1629 ~163
3 (aba) 143855 4795 —34.44 ~172
3 (bab) 144747 4825 ~3442 ~172
4 (abab) 200866  5.022 -52.51 ~17.5
4 (baba) 194245 4856 ~51.16 —17.1

“Conformations are shown in Figure S8.

moment per molecule (D, = D,/n), AE, indicates the total
complexation energy for the n-mer, and AE, is the complex-
ation energy per a pair of monomers (AE, = AE,/(n — 1)). All
of the AE, were negative, indicating that the assembly is
favorable. D, of the oligomers is larger than that of the
monomeric form. Growing the assemblies induces electronic
polarization of the isoxazole ring, which results in enhancement
of the dipole—dipole interactions. Therefore, an increase in the
dipole—dipole interactions in the assembly most likely gives rise
to the cooperativity of the assembly of 1."*

In summary, we have demonstrated that carbazole 1 bearing
phenylisoxazoles self-assembled in a cooperative manner in
decalin. The dipoles of the isoxazole units that were oriented
nearly perpendicular to the carbazole plane aligned in a head-
to-tail fashion in the crystal structure. The results from DFT
calculations of the oligomers revealed that the dipole moments
per molecule increase as the oligomers grow. Therefore,
intermolecular dipole—dipole interactions direct the coopera-
tivity for the self-assembly of 1.

B EXPERIMENTAL SECTION

General. All reagents and solvents were of commercial reagent
grade and were used without further purification except where noted.
Dry CH,Cl,, DMF, and triethylamine were obtained by distillation
over CaH,. 'H and *C NMR spectra were recorded at 25 °C in
CDCI, or in acetone-dy, and chemical shifts were reported as the delta
scale in ppm relative to CHCl; (6 = 7.26 for 'H and 77.3 for *C) or
acetone (& = 2.09 for 'H and 30.6 (CHj;) for *C). UV/vis absorption
spectra in solution were measured using a conventional quartz cell
(light path 1 cm) with temperature control. Preparative separations
were performed by silica gel gravity column chromatography (Silica
Gel 60N (spherical, neutral)). Compounds 2'° and 8'*! were prepared
according to the reported methods.

3,6-Diiodo-N-(4-formyloximephenyl)carbazole (3). To a solution
of 2 (8.00 g, 15.3 mmol) in ethanol (105 mL) was added sodium
hydroxide (800 mg, 20.0 mmol) in water (2 mL) and hydroxylamine
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hydrochloride (1.29 g, 18.6 mmol) in water (2 mL) at 0 °C. After
allowing it to warm up to room temperature, the reaction mixture was
stirred at reflux for 6 h under argon atmosphere. After the reaction
mixture was filtered, the precipitate was washed by ethanol to give 3
(7.70 g, 94%) as a brown solid. Mp: 262—263 °C. '"H NMR (300
MHz, acetone-dy): § 10.58 (s, 1H), 8.65 (d, ] = 1.8 Hz, 2H), 8.31 (s,
1H), 7.95 (d, ] = 8.4 Hz, 2H), 7.76 (dd, ] = 1.8, 8.4 Hz, 2H), 7.66 (d, |
= 8.4 Hz, 2H), and 7.29 (d, ] = 8.4 Hz, 2H) ppm. *C NMR (75 MHz,
acetone-dg): & 147.6, 139.9, 137.2, 135.1, 133.2, 129.6, 128.3, 127.0,
124.6, 112.2, and 82.7 ppm. IR (KBr): v 1605, 1519, 1467, 1427, 1361,
1313, 1280, 1228, 1168, 1108, 1051, 1017, 986, 935, 870, 836, 797,
633, 562, and 527 cm™'. HRMS (ESI*) calcd for C,oH;N,0L;: m/z
5389107 [M + H]*, found m/z 538.9112. Anal. Calcd for
C1oH,N,OL: C 42.41, H 225, N 521, found C 42.59, H 1.90, N
5.17%.
3,6-Diiodo-N-(4-formylchloroximephenyl)carbazole (4). To a
solution of 3 (1.00 g, 1.86 mmol) in dry DMF (20 mL) at 0 °C
was added N-chlorosuccinimide (280 mg, 2.10 mmol). After allowing
it to warm up to room temperature, the reaction mixture was stirred at
55 °C for 3 h. The reaction mixture was poured into four volumes of
water and extracted with AcOEt. The organic layer was washed with
water five times, dried over sodium sulfate, and concentrated in vacuo
to give 4 (1.06 g, 99%) as a brown solid. The product was used for the
next reaction without further purification because of the lack of
stability. '"H NMR (300 MHz, CDCL): 5 8.39 (d, ] = 1.8 Hz, 2H),
8.10 (d, J = 8.4 Hz, 2H), 7.86 (s, 1H), 7.68 (dd, J = 1.8, 8.7 Hz, 2H),
7.56 (d, ] = 8.4 Hz, 2H), and 7.19 (d, ] = 8.7 Hz, 2H) ppm.
3,6-Diiodo-N-{4-(3-phenylisoxazolyl)phenylicarbazole (5). To a
solution of 4 (1.06 g, 1.85 mmol) and phenylacetylene (2.5 mL, 22.8
mmol) in dry CH,Cl, (20 mL) was added di-iso-propylethylamine (4.0
mL, 22.9 mmol). After being stirred at room temperature for 16 h, the
reaction mixture was concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (AcOEt/hexane) to
give 5 (1.02 g, 86%) as a white solid. Mp: 262—263 °C. "H NMR (300
MHz, CDCl,): § 841 (d, ] = 1.5 Hz, 2H), 8.12 (d, J = 8.4 Hz, 2H),
7.89 (dd, J = 1.8, 8.4 Hz, 2H), 7.70 (dd, ] = 1.8, 8.7 Hz, 2H), 7.63 (d, ]
= 8.4 Hz, 2H), 7.53—7.50 (m, 3H), 7.22 (d, ] = 8.4 Hz, 2H), and 6.91
(s, 1H) ppm. BC NMR (75 MHz, CDCl,): § 171.1, 162.2, 139.9,
138.3, 135.2, 134.3, 130.6, 129.6, 129.2, 128.7, 127.4, 126.0, 124.7,
112.0, 107.7, 97.5, and 83.4 ppm. IR (KBr) v 1606, 1529, 1493, 1467,
1430, 1388, 1359, 1314, 1280, 1226, 1016, 950, 867, 799, 760, 688,
632, 565, and 418 cm™'. HRMS (ESI") caled for CypH,,N,OL: m/z
638.9425 [M + HJ*, found m/z 638.9432. Anal. Calcd for
C,;H|¢N,OIL: C 50.81, H 2.53, N 4.39, found C 50.59, H 2.53, N
4.47%.
3,6-Bis(trimethylsilylethynyl)-N-{4-(3-phenylisoxazolyl)phe-nyl}-
carbazole (6). To a stirred solution of 5 (1.02 g, 1.60 mmol) in dry
triethylamine (25 mL) was added copper(I) iodide (15.2 mg, 0.08
mmol) under argon atmosphere. After stirring for 15 min, dichlorobis-
(triphenylphosphine)palladium(1I) (56 mg, 0.08 mmol) and trime-
thylsilylacetylene (2.3 mL, 16.4 mmol) were added sequentially to the
reaction mixture. After stirring for 3 h at room temperature in the dark,
the resulting mixture was poured into saturated aqueous ammonium
chloride and extracted with ethyl acetate. The organic layer was
washed with brine, dried over sodium sulfate, and concentrated in
vacuo. The crude product was purified by column chromatography on
silica gel (AcOEt/hexane) to give 6 (755 mg, 81%) as a white solid.
Mp: 196—199 °C. '"H NMR (300 MHz, CDCl,): § 825 (d, 1.2 Hz,
2H), 8.12 (d, ] = 8.1 Hz, 2H), 7.89 (dd, ] = 1.2, 8.7 Hz, 2H), 7.67 (d, ]
= 8.1 Hz, 2H), 7.56—7.51 (m, SH), 7.36 (d, ] = 8.7 Hz, 2H), 6.92 (s,
1H), and 0.30 (s, 18H) ppm. *C NMR (75 MHz, CDCly): § 171.1,
162.3, 140.8, 138.5, 130.6, 130.6, 129.3, 128.9, 128.7, 127.5, 1274,
126.1, 124.8, 123.1, 115.4, 110.0, 106.1, 97.6, 92.8, and 0.3 ppm. IR
(KBr) v 2958, 2151, 1610, 1531, 1498, 1451, 1431, 1388, 1362, 1280,
1249, 1154, 952, 916, 860, 842, 762, 664, and 593 cm™'. HRMS (ESI*)
caled for C3H3,N,ONaSi,: m/z 6012097 [M + Na]*, found m/z
601.2102. Anal. Caled for CyHy,N,0Siy: C 76.77, H 592, N 4.84,
found C 76.53, H 5.99, N 4.86%.
3,6-Diethynyl-N-{4-(3-phenylisoxazolyl)phenyljcarbazole (7). To
a stirred solution of 6 (755 mg, 1.30 mmol) in dry THF (40 mL) was
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added tetra-n-butylammonium fluoride (2.50 g, 6.92 mmol), and the
reaction mixture was stirred at room temperature for 1.5 h under
argon atmosphere. The reaction mixture was concentrated in vacuo
and extracted with ethyl acetate. The organic layer was washed with
aqueous ammonium chloride, aqueous sodium bicarbonate, and brine,
dried over sodium sulfate, and concentrated in vacuo. The crude
product was purified by column chromatography on silica gel (AcOEt/
hexane) to give 7 (413 mg, 73%) as a white solid. Mp: > 300 °C. 'H
NMR (300 MHz, CDCL,): 8 827 (d, ] = 1.8 Hz, 2H), 8.13 (d, ] = 8.4
Hz, 2H), 7.89 (dd, J = 1.8, 8.1 Hz, 2H), 7.66 (d, ] = 8.4 Hz, 2H), 7.58
(dd, ] = 1.8, 8.4 Hz, 2H), 7.54—7.50 (m, 3H), 7.38 (d, ] = 8.7 Hz, 2H),
6.91 (s, 1H), and 3.11 (s, 2H) ppm. *C NMR (75 MHz, CDCL,): §
170.9, 162.0, 140.8, 1382, 130.6, 130.5, 129.1, 128.8, 128.5, 127.3,
127.3, 125.9, 124.7, 122.9, 114.2, 110.0, 97.3, 84.4, and 75.9 ppm. IR
(KBr) v 3308, 3277, 2105, 1611, 1572, 1532, 1478, 1450, 1432, 1389,
1367, 1284, 1240, 950, 810, 763, 685, 655, 611, and 589 cm™'. HRMS
(ESI") caled for CyH oN,O: m/z 435.1492 [M + H]*, found m/z
435.1482. Anal. Calcd for C;;H;iN,0e(H,0);s: C 80.68, H 4.59, N
6.07, found C 80.83, H 4.57, N 5.73%

3,6-Bis(3-(4-decyloxyphenyl)isoxazolyl)-N-{4-(3-phe-
nylisoxazolyl)phenyl}carbazole (1). To a solution of 7 (50 mg, 0.12
mmol) and 8 (117 mg, 0.37 mmol) in dry CH,Cl, (3 mL) was added
di-iso-propylethylamine (0.4 mL, 2.29 mmol). After stirring at room
temperature for 72 h under argon atmosphere, the reaction mixture
was concentrated in vacuo and extracted with ethyl acetate. The
organic layer was washed with 1 N hydrochloric acid, aqueous sodium
bicarbonate, and brine, dried over sodium sulfate, and concentrated in
vacuo. The crude product was purified by preparative GPC-HPLC
(chloroform) to give 1 (80 mg, 70%) as a white solid. Mp: 238—239
°C. 'H NMR (300 MHz, CDCL,): & 8.68 (s, 2H), 8.17 (d, J = 8.1 Hz,
2H), 7.93 (d, J = 8.1 Hz, 2H), 7.90 (d, ] = 7.8 Hz, 2H), 7.84 (d, ] = 8.4
Hz, 4H), 7.73 (d, ] = 7.8 Hz, 2H), 7.56—7.50 (m, SH), 7.01 (d, ] = 7.8
Hz, 4H), 6.94 (s, 1H), 6.86 (s, 2H), 4.02 (t, ] = 6.6 Hz, 4H), 1.82
(quint, J = 6.6 Hz, 4H), 1.48 (m, 4H), 1.40—1.20 (m, 24H), and 0.89
(t, ] = 6.6 Hz, 6H) ppm. *C NMR (125 MHz, CDCl;): § 171.1,
1707, 162.9, 162.1, 160.7, 142.0, 1382, 130.6, 129.2, 129.2, 128.8,
1283, 127.5, 127.4, 126.0, 124.9, 123.8, 121.6, 120.8, 118.6, 115.0,
1107, 97.5, 96.6, 68.3, 32.0, 29.7, 29.7, 29.5, 29.4, 29.3, 26.1, 22.8, and
14.2 ppm. IR (KBr) v 2923, 2851, 1610, 1528, 1493, 1471, 1436, 1390,
1362, 1333, 1292, 1255, 1231, 1176, 1022, 950, 834, 765, 688, and 651
cm™. HRMS (ESI*) calcd for C4HgoN,Os: m/z 985.5263 [M + H]",
found m/z 985.5269. Anal. Calcd for C4HggN,O5-(H,0),5: C 78.52,
H 7.00, N 5.63, found C 78.73, H 7.14, N 5.57%.
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