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Abstract: Dynamic covalent bonds and their chemistry have
been of particular interest both from a fundamental and
materials science aspect. Demonstrated herein is that triphenyl-
amine (TPA) and carbazole (Cz), substituted with a dicyano-
methyl radical, are useful motifs for dynamic covalent
chemistry as they have the appropriate bond strength between
monomer units as well as high stability and synthetic simplicity.
TPA and Cz units substituted by two dicyanomethyl radicals
formed macrocyclic oligomers classified as novel types of
azacyclophanes, and in particular, the TPA-based diradical
gave a cyclic dimer in almost quantitative yield. The cyclic
oligomers exhibited thermo- and mechanochromic behavior
resulting from the generation of radical species by intermono-
mer C—C bond cleavage.

Dynamic covalent chemistry (DCC) has been intensively
studied because of its potential for selective construction of
the thermodynamically most stable product by self-assembly
processes.l™ As a motif of DCC, organic radicals are
promising compounds because of the simplicity of the
reaction equilibrium, that is, it does not involve catalysts or
byproducts.”™ We have focused on aryldicyanomethyl
radicals because of their symmetric and sterically unhindered
structures, which do not give diastereomers upon dimeriza-
tion. In 1966, Hartzler reported that 1,2-diphenyl-1,1,2,2-
tetracyanoethane (A,), which is regarded as the dimer of the
phenyldicyanomethyl radical (A°), is in equilibrium with A*in
solution.”) However, A* was easily decomposed irreversibly to
form B because of the high reactivity at its para-position
(Scheme 1a). It was also reported that the introduction of
a substituent such as a Me, Cl, and NO, group at the para-
position of the dicyanomethyl group prohibited such an
isomerization reaction.!*! However, the equilibrium strongly
favored the dimeric form for such cases at room temperature.
To realize the selective formation of thermodynamic products
by DCC, a sufficiently fast equilibration is required." In this
context, the stabilization of the radical state by promoting
spin-delocalization would be key to the design of radical-
based DCC systems. The introduction of an electron-donor
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Scheme 1. a) Equilibrium between A; and A", and isomerization to B.
b) Equilibrium between 1, and 1, c) Equilibrium between 2, and 2.

group at the position para to the radical center can stabilize
the radical form by enabling spin-delocalization onto the
donor unit as well as blocking the undesired reactions at the
para position.

In this study, we report that triphenylamine (TPA) and
carbazole (Cz) derivatives substituted bearing a dicyano-
methyl radical are useful motifs for DCC with exceptional
stability and increased dynamicity (Schemes 1b and c). The
details of the dissociation and recombination phenomena of
these radicals were investigated by spectroscopic measure-
ments, and we also demonstrate the formation of macrocyclic
oligomers by self-assembly of the monomers having two
radicals.

The TPA and Cz dimers, 1, and 2,, respectively, were
prepared by the oxidation of the precursors of the corre-
sponding radicals™ (Schemes 1b and c; see Scheme S1 in the
Supporting Information), and their structures were unambig-
uously determined by X-ray single crystal analysis™ (see
Figure S3). The C—C bond between monomers were signifi-
cantly longer (1.616 A for 1, and 1.626 A for 2,) than usual
C(sp®)—C(sp’) bonds (1.54 A).

The solutions of 1, and 2, showed green and faint blue
colors, respectively, even at room temperature, thus suggest-
ing the existence of the dissociated radical species. To
investigate the monomer—dimer equilibria in solution, UV/
Vis-NIR absorption spectra were measured in toluene at
temperatures between 293 and 363 K (Figure 1). For 1,, the
low-energy absorption band around 4 =700 nm, which could
be ascribed to the dissociated radical 1° by time-dependent
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Figure 1. Temperature dependence of the absorption spectra and the
color changes of 1, (a) and 2, (b) in toluene (2x107°m) under air.

density functional theory (TD-DFT) calculations (see Fig-
ure S11), was clearly observed even at 293 K, in addition to
the strong peak at A=337nm which corresponds to the
absorption of the TPA moieties. Upon increasing the temper-
ature, the intensities of the low-energy band increased, thus
suggesting an increase in the amount of the dissociated radical
in the solution. The existence of an isosbestic point at 1=
359 nm demonstrates a dimer—-monomer equilibrium without
any decomposition reactions, as seen in the case of A,, and it
is also supported by recovery of the initial spectrum by
cooling to 293 K (see Figure S13). For 2,, a similar temper-
ature dependence was observed. The low-energy band
corresponding to 2° was seen around A=620nm, slightly
blue-shifted compared to that of 1,, and the TD-DFT
calculations reproduced this trend (see Figure S12). The
intensity of the radical bands was relatively weaker, thus
suggesting that 2, is harder to dissociate than 1,. The
absorption spectra of the radical species did not change,
even after the addition of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) as a radical scavenger for several hours, thus showing
the exceptionally high stability of the dissociated radicals (see
Figure S15).

The toluene solution of 1, showed a clear ESR and
a broadened NMR spectrum at room temperature because of
an appreciable amount of radical species. The ESR intensity
gradually decreased with decreasing temperature and almost
disappeared at 223 K, at which point clear NMR signals were
observed (Figures S4-S6). In contrast, the toluene solution of
2, gave a significantly weaker ESR and resolved NMR spectra
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at room temperature, and is in accord with the results of the
absorption measurement.

We estimated the enthalpy and entropy changes for the
dissociation (AH g and ASg) of 1, and 2, from the temper-
ature dependence of the dissociation equilibrium constant
(see the Supporting Information).'”! The value of AHy
corresponds to the bond dissociation energy (BDE) for the
C—Cbond between monomers. The calculated parameters are
summarized in Table 1. The BDE of 1, was significantly
smaller than that of the related dimers of carbon-centered
radicals, thus suggesting the higher dynamic character of this
system.[1%1%]

Table 1: Related parameters for bond dissociation of 1, and 2,.

Amax Of the dissociated ¢ at A, AHiss ASgiss
radical [nm] IMTem™ [kJmol™] K mol™]
1, 712 15500 55.0 67.8
2, 620 16200 75.2 86.3

The origin of the difference of the BDE between 1, and 2,
could be explained by the difference of the spin density
distribution of 1' and 2-. For 1", the spin density on the central
carbon atom of the dicyanomethyl group is smaller than that
compared to 2, and the spin density on the amino nitrogen
atom is larger compared to that of 2 (see Figure S17). This
result could be ascribed to the higher electron-donor ability of
TPA than Cz. We also checked other substituents (OMe, Me,
Cl, and NO,) and found that the spin density on the
bridgehead carbon atom increased in the following order:
TPA < Cz < OMe < Me < Cl < NO,, thus indicating that the
strong electron-donor group at the para-position decreases
the spin density on the bridgehead carbon atom and
consequently weakens the bridging C—C bond in the dimeric
form. The present results demonstrate the introduction of
donor groups as an effective way to tune the strength of the
dynamic covalent bonds based on the dissociation/recombi-
nation reaction of radicals.

It is expected that a molecule having multiple radical
centers as reactive sites can form various self-assembled
structures depending on the topology of the monomer, such as
periodic networks!"*'” or macrocyclic structures."®?! As
a first step, we tried to introduce yet another dicyanomethyl
radical to 1° and 2. TPA and Cz having two appended
dicyanomethyl radicals, 3 and 4, respectively, can possibly
construct linear chain structures or cyclic oligomers
(Scheme 2). The precursors of 3 and 4 with two hydrogen
atoms were oxidized by potassium ferricyanide or DDQ. For
the oxidation of 3,4, the generation of one colorless spot was
observed by TLC, and the product was obtained in nearly
quantitative yield as a pale yellow powder after silica gel
chromatography. For the oxidation of 4,4, two colorless
products were obtained in addition to an insoluble blue solid.

The product from 3, showed the 'H NMR signals for only
one TPA unit, thus indicating the formation of a highly
symmetric cyclic oligomer. By X-ray single-crystal analysis,
this compound was shown to be a cyclic dimer (3,;
Figure 2)."! The two C—C bonds between monomers were
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Scheme 2. Synthesis of the oligomers of 3 and 4. DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.

side view

Figure 2. ORTEP representation of 3,. a) Top view. b) Side view. Hydro-
gen atoms are omitted for clarity. Thermal ellipsoids are set at 50%
probability.

also longer (1.634 and 1.643 A) than typical C(sp’)—C(sp’)
bonds, thus suggesting the weakness of these bonds and the
possibility of the bond cleavage by an external stimuli. The
phenyl rings incorporated in the macrocycle were largely
twisted around the central nitrogen atoms to reduce the strain
derived from its macrocyclic structure. The effect of the
structural constraints were also seen in the '"H NMR spectra
of these phenyl rings. The inner and outer protons were
observed as different signals, thus indicating the restricted
rotation of these phenyl rings (see Figure S8).

The two products from 4,4 were suggested to be a trimer
(4;) and a tetramer (4,) by electrospray ionization mass

top view top view

Figure 3. ORTEP representation of the P- and M-isomers of 4;. Phenyl
groups and hydrogen atoms are omitted for clarity. Thermal ellipsoids
are set at 50% probability.
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spectrometry (ESI-MS) meas-

o O urements. The insoluble blue
- Q_N N@ solid obtained as byproduct was
o thought to be the higher oligo-
3, (96%) mer or polymer of 4 with intact

radicals at their ends. The struc-
Q ture of 4; was unequivocally

! determined to be a cyclic trimer
O Q by single-crystal X-ray analysis
(Figure 3)."! Interestingly, there
exists two enantiomer in a crys-
tal. One has a right-handed hel-
icity and is regarded as
a Pisomer, and the other has
a left-handed helicity and is
regarded as a M isomer. The
C—C bond length between monomers are also elongated
(1.608-1.639 A). Unfortunately, we could not obtain single
crystals of 4, However, 4, is thought to have a highly
symmetric or flexible structure in solution judging from its
"H NMR spectrum which shows only one set of protons for
the 9-phenylcarbazole unit.

We could not detect the generation of the cyclic dimer 4,,
and a DFT calculation was performed on 4, to address this
issue. In the optimized structure of 4,, the C—C bonds between
monomers were predicted to be abnormally long (1.683 and
1.686 A), probably because of the large strain coming from
the slightly bent Cz skeletons, and thus 4, may be thermody-
namically disfavored (see Figure S18).

Whereas 3 almost exclusively gave 3,, 4 gave at least two
kinds of cyclic oligomers, as well as insoluble higher
oligomers. The result can be explained by the following two
reasons: 1) the higher oligomers of 4 were precipitated and
could not participate in the equilibrium because of their low
solubility; 2) the relatively more robust C—C bonds between
Cz-based radicals than those of TPA-based radicals increased
activation energies for the dissociation reactions, and gave
some products as a result of kinetic trapping.”

The cyclic oligomers 3,, 4;, and 4, showed no radical
absorption bands in solution at room temperature. The
absorption spectra of 4; and 4, did not change even after
heating at 373 K in toluene. Interestingly, for 3,, we could
observe the appearance of two kinds of weak absorption
bands around A=660nm and 850 nm upon heating (see
Figure S20). The peak wavelength of the former band is close
to that of 1, and therefore this band could be due to the
acyclic dimer of 3 having dicyanomethyl radicals at both ends.
In contrast, the broad band around A = 850 nm could probably
be attributed to the monomer 3 itself, judging from the TD-
DFT calculation for 3 (see Figure S21). Compared to acyclic
dimers 1, and 2,, the dissociation of the cyclic oligomers was
remarkably suppressed in the solution, thus reflecting the
smaller AS,, than the acyclic oligomers.

Next, we checked the bond dissociation in the solid state
by thermal energy. The drop cast films of 3,, 4; , 4, were
formed on quartz plates and the plates were gradually heated
on a hot plate. The colorless film of 3, started to turn green at
around 100°C, and the film of 4; and 4, turned blue at around
140°C. The colors of the TPA and Cz oligomers after heating

4, (n = 3,30%)
4,(n = 4, 16%)
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Figure 4. Pictures of a sample of 3, (a) and 4; (b) in an ESR tube and ESR spectra of before heating and
after heating. Pictures of mechanochromic behavior of a powder sample of 3, (c) and 4; (d) and recovery

of color by adding drops of CH,Cl,.

coincided with the colors of the corresponding monoradical 1°
and 2, respectively. The colors of the films remained almost
unchanged after cooling down to room temperature for a few
days, but immediately recovered their original colors by
dropping solvent onto the plate and then drying. These results
indicate that the C—C bond recombination is restricted in the
solid state because of constrained molecular flexibility. We
measured the ESR spectra of the powder samples of 3, and 4,
before and after heating. Figures 4a,b show the pictures of
solid 3, and 4; in an ESR tube before and after heating, and
then when cooled to room temperature. Whereas 3, and 4;
showed no ESR signal before heating, the colored samples
after heating showed clear ESR signals. The percentages of
the dissociated radicals were estimated to be less than 1% for
both of 3, and 4;, even after heating to 200 °C, according to the
ESR signal intensities.

Similar color changes were observed after grinding the
powders with a mortar and pestle. All the cyclic oligomers
exhibited color changes from pale yellow to green (for 3,) and
from white to blue (for 4; and 4,) after grinding (Figure 4 c,d),
as confirmed by the diffuse reflectance spectroscopy meas-
urements (see Figures S23 and S24). The ground powders
exhibited ESR signals similar to those of the heated
samples.'>¥ The recovery of their colors by solvent treat-
ment were also observed, thus showing the dynamic covalent
properties of these cyclophanes.

In conclusion, we have shown that the TPA and Cz
derivatives having appended dicyanomethyl radicals are
effective and tractable building blocks for DCC. We demon-
strated that the BDE of the dimeric form could be largely
controlled by the substituent at the position para to the
radical center. The TPA- and Cz-based diradical formed cyclic
oligomers with defined sizes. We think that the three-fold
symmetry of a TPA is intrinsically suited to the construction
of 2D and 3D periodic structures, and the work towards
realizing such structures, by self-assembly of such multi-
radicals, is in progress.
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