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Twisted intramolecular charge transfer in a
0 | carbazole-based chromophore: the stable [(4-N- 10
CllemsDOLIOI0RIMRE  carbazolyl)-2,3,5,6-tetrachlorophenyllbis(2,3,5,6-
tetrachlorophenyl)methyl radicaly
15 Alejandra Gilabert,® Lluis Fajari,® Ignasi Sirés,” Marta Reig, Enric Brillas,® 15

Dolores Velasco, (2 Josep M. Anglada®? and Luis Julia (=) **
A neutral stable organic radical adduct, 1, composed of a donor—acceptor dyad is reported. The
electron-donor part is the carbazolyl ring directly linked to the electron-acceptor polychlorotriphenylmethyl
20 radical through the para position of a phenyl ring. In the synthetic procedure a C(sp?)—H bond is transformed 20
into a C(sp?)-N bond through the radical-radical cross-coupling process. Theoretical calculations predict
that the tetrachlorophenyl bridge moiety lies perpendicular to the carbazolyl group to minimize the repulsion
with the chlorine atoms in the ortho position. The electron paramagnetic resonance (epr) spectrum of 1
exhibits a small coupling of the electronic spin with the carbazolyl nitrogen (0.32 G), the spin density being
25 mainly located in the central sp? carbon atom (30.22 G). The radical adduct presents a charge transfer band 25
Received 3rd March 2017, (A = 598-640 nm) showing a hypsochromic shift with solvent polarity. In DMF solution, 1 exhibits a new weak
Accepted 3rd July 2017 band (4 = 493 nm) which is tentatively attributed to a zwitterionic structure of the molecule resulting from a
DOI: 10.1039/c7nj00733g net electron transfer from the nitrogen to the central sp? carbon atom. Cyclic voltammetry of 1 confirms the
amphoteric character of the molecule. Computed values of ionization potential (IP) and electron affinity (EA)

30 rsclifnjc are in good agreement with the experimental values. 30
Introduction different N-arylcarbazoles have been prepared from electron-
rich and electron-poor halobenzenes as electrophilic precur-
35 Many carbazole derivatives have been the source of great sors. It is important to point out the high thermal and photo- 35
interest for materials scientists due to their intrinsic physical chemical stabilities of many carbazole derivatives.
and redox properties." In particular, they exhibit relatively As part of our target to expand the field of new electronic
intense luminescence” and have been intensively studied as devices with multiple properties, both electronic and magnetic,
charge carrier transporting materials in the field of organic we have recently reported the synthesis and properties of a new
40  light-emitting diodes (OLEDs).? However, the poor nucleophilic  carbazole derivative, the [(4-N-carbazolyl)-2,6-dichlorophenyl]bis- 40
power of the nonbonding electron pair on nitrogen has made  (2,4,6-trichlorophenyl)methyl radical (czZTTM)® (Scheme 1), result-
its incorporation into aromatic systems by classical methods ing from the coupling of the NH-carbazole to the stable tris(2,4,6-
difficult, requiring severe reaction conditions. Several synthetic trichlorophenyl)-methyl (TTM) radical. In this process, a classic
strategies to obtain N-aryl derivatives of carbazole by using Cu/ nucleophilic substitution is not operative in the replacement of
45 bronze* or palladium catalysts® have been reported. Thus, chlorine by carbazole, but a radical mechanism supported by the 45
trivalent carbon atom of the molecule.”
This new paramagnetic adduct presents two redox centers in
“ Departament de Quimica Biologica i Mz{delitzacié Molecular, Institut de Q%a'mica the molecule, one electron-donor, the carbazole part, and one
Avangada de Catalunya (CSIC), Jordi Girona 18-26, 08034 Barcelona, Spain. . .
F-mail: [jbmoh@cid.csic.es electron acceptor, the triphenylmethyl part. In this context, we
50 Laboratori d’Electroquimica dels Materials i del Medi Ambient, Departament de have prepared new radical adducts possessing dipolar struc- 50
Quimica Fisica, Universitat de Barcelona, Marti Franqués 1-11, 08028 Barcelona, ~ ture, with the TTM radical, as the electron-acceptor open shell
Spain half and a heterocycle, such as carbazole and indole, as the
‘Departamfnt 'de 'Quimica Inorgz?nica 21 Orgdnifa, Sffccié Quimica Orgdnica,, Institut  olactron-donor half.? All of them have shown significant ther-
de Nanociencia i Nanotecnologia (IN°UB), Universitat de Barcelona, Marti el
Franqués 1-11, 08028 Barcelona, Spain mal stabilities. Furthermore, the presence of the carbazolyl
55 Electronic supplementary information (ESI) available: Fig. §1-S9 and Tables S1 fragment with TTM has been revealed as an efficient strategy 55

and S2. See DOI: 10.1039/c7nj00733g
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to obtain ambipolar transport properties.’
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Now, this paper presents the synthesis, and electronic and
magnetic properties of a new radical adduct, [(4-N-carbazolyl)-
2,3,5,6-tetrachlorophenyl]bis(2,3,5,6-tetrachlorophenyl)methyl
radical (1) (Scheme 1), prepared from NH-carbazole and
tris(2,3,5,6-tetrachlorophenyl)methyl radical (DTM). In this
new magnetic compound, the acceptor part of the molecule,
DTM, has replaced the TTM half in czTTM, with a stronger
electron-acceptor power. The synthetic strategy pursued in the
preparation of 1 has taken advantage of the radical mechanism
operating in the synthesis of czT'TM,® incorporating a carbazo-
lyl fragment in DTM. Thus, a C(sp?)-H bond can be trans-
formed into C(sp®)-N bond. Theoretical calculations have also
been carried out in order to help in rationalizing the electronic
and spectral features of this radical adduct.

Results and discussion

Radical adduct 1 was obtained in a two-stage process from
tris(2,3,5,6-tetrachlorophenyl)methyl radical (DTM). First, DTM
was reacted with an excess of NH-carbazole in the presence of
cesium carbonate as the base in boiling anhydrous DMF, and
the resulting 1H was treated with an aqueous solution of
tetrabutylammonium hydroxide (TBAH) in THF followed by
oxidation with an excess of iodine in THF (Scheme 2). In short,
substitution of aromatic hydrogen by the carbazolyl ring takes
place in the first process, in contrast to the more extended
aromatic nucleophilic substitution of chlorine by the nucleo-
phile. The coupling reaction between NH-carbazole and DTM
proceeds through a radical mechanism.” Therefore, NH-
carbazole in the presence of a base is oxidized to the carbazolyl
radical by electron transfer to a DTM molecule. Then the
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generated nitrogen radical is added to another molecule of
DTM to give the diamagnetic compound 1H as illustrated in
Scheme 3. This is a nice radical-radical cross coupling reaction
between a persistent carbon-radical and a reactive nitrogen-
radical generated “in situ” by oxidation of NH-carbazole using
the persistent radical acting as an oxidant in the presence of a
base." The coupling takes place in the very congested DTM.
Fig. 1 displays the optimized structure of radical 1, com-
puted at the B3LYP/6-31+G(2df,2p) level of theory and shows
that this radical has a strong twisted geometry, where the

Fig. 1 Optimized structure of radical adduct 1, computed at the UB3LYP/
6-31+G(2df,2p) level of theory.
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2,3,5,6-tetrachlorophenyl bridge moiety lies perpendicular to
the carbazolyl group. At this point, it should be noted that the
X-ray analysis of the czTTM molecular structure already shows
an angle of ~90° between the 2,6-dichlorophenyl bridge and
the carbazolyl groups.®’ The three 2,3,5,6-tetrachlorophenyl
groups are twisted about 50° to minimize the repulsion of the
large chlorine atoms placed in ortho. This geometry prevents
delocalization between the carbazolyl moiety and the phenyl
ring and pointing that the radical lies almost exclusively over
the tris-arylsubstituted carbon atom (with a computed spin
density of 0.733).

Fig. 2 shows the X-band EPR spectrum of radical adduct 1,
that was recorded in CH,Cl, solution (10~ M) at 178 & 5 K. The
EPR spectrum recorded at 298 =+ 3 K is shown in Fig. S1 (ESIY).
A slightly overlapped triplet (1:2:1) (g = 2.00255 £ 0.00003;
AH,, = 0.58 G at 298 K and 0.37 G at 178 K) with an electron
coupling to two para-hydrogens (a = 1.92 G) and a nitrogen (a =
0.32 G). The coupling of the unpaired electron with the nitro-
gen nucleus is quite apparent in the spectrum at 178 K (Fig. 2b)
due to the two slope changes appearing from the maximum to
the minimum along each band. This fact supports the presence
of a certain spin density on the nitrogen atom in spite of the
extreme torsion (about 90°) the C-N bond suffers because of the
stereo effect released by the ortho chlorine atoms. The corres-
ponding coupling values of the free electron with the central
3C atom (30.22 G), only emerging in the spectrum at 298 K (see
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Fig. S1, ESIt), with three neighboring '*C atoms (a = 13.01 G),
with the six ortho *C atoms (a = 10.47 G) and even with the
three para *C atoms (a = 5.81 G) appear in the simulated
spectrum at low temperature.

The optical properties of radical adduct 1 were evaluated by
measuring its absorption and emission spectra in different sol-
vents. The absorption spectra of 1 in CH,Cl, and in DMF are
displayed in Fig. 3. Table 1 lists the computed electronic transi-
tions and oscillator strengths, obtained at the TD-UB3LYP/6-
31+G(2df,2p) level of theory for the optimized geometry calculated
at the UB3LYP/6-31+G(2df,2p) level in both the mentioned sol-
vents. Fig. 4 shows the calculated spectra using different solvents
while Fig. 5 shows the most relevant topological features of the
main orbitals involved in the computed electronic transitions.

The spectrum in CH,Cl, showed three typical bands in the
range of A 289-330 nm, a strong band at 4 = 378 nm, a broad
and weak multiplet at f§ = 480-560 nm, and a weak broad
absorption band centered at 4 = 620 nm. The three bands at 4 =
289, 318 and 330 nm have a close similarity with the bands
observed in NH-carbazole (see Fig. S2, ESIt), which confirms
the poor electronic coupling between the heterocycle and the
phenyl ring, as suggested by the structure of the radical
discussed above. Thus, each part of the molecule forms an
isolated chromophore. As an example, the spectrum of radical
adduct 1 in THF (Fig. S2, ESIt) practically arises from the
additional combination of the spectra of NH-carbazole and

b
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Fig. 2 (a) EPR spectra of CH,Cl, solutions (~107° M) of radical adduct 1 at 178 K. The extensions show more detailed **C couplings. (b) Details of the

central band showing weak electron-nitrogen nucleus coupling.
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Fig. 3 UV-vis spectra of radical adduct 1 in CH,Cl, (black) and DMF (red). Right: Details of the less energetic bands of the spectra.
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Table 1 Calculated electronic transitions, 4 (hm), and the corresponding oscillator strengths, fos., of the lowest spectral bands for radical adduct 1
computed with CH,Cl, and DMF solvents. The main transition and its electronic nature are also given?

CH,Cl, DMF
Band A (nm) Sose A (nm) Sose Main transition Transition nature
1 735.6 0.0069 720.3 0.0069 HOMO - SOMO Tearbazole —> NsomMo
2 517.8 0.0018 517.4 0.0019 HOMO-3 —» SOMO Tdiphenyl = Nsomo
499.9 0.0070 498.8 0.0070 HOMO—-4 — SOMO Ttriphenyl = Nsomo
479.9 0.0280 479.8 0.0282 HOMO-6 — SOMO Tdiphenyl = Nsomo
474.7 0.0277 474.3 0.0275 HOMO-7 — SOMO Ttriphenyl — Nsomo
3 386.9 0.1900 386.3 0.1967 SOMO — LUMO NsomMo — Ttri-phenyl
HOMO — LUMO Tlcarbazole — Ttri-phenyl
378.1 0.1107 377.9 0.1104 SOMO — LUMO+1 Nsomo — Tdiphenyl
369.9 0.0100 367.0 0.0044 SOMO — LUMO NsomMo — Ttri-phenyl
HOMO — LUMO Tlcarbazole — Ttri-phenyl
362.6 0.0095 359.5 0.0089 HOMO-1 —» LUMO Tcarbazole — Ttri-phenyl
4 347.4 0.0059 346.3 0.0078 HOMO — LUMO+2 Tcarbazole — Mtri-phenyl
HOMO — LUMO+1 Tcarbazole — Tdiphenyl
343.02 0.0328 343.0 0.0318 SOMO — LUMO Nsomo ™ Mtri-phenyl
HOMO-3 — LUMO+2 Ttriphenyl —> Ttriphenyl
339.8 0.0178 339.0 0.0252 HOMO — LUMO+1 Tecarbazole — Tdiphenyl
SOMO — LUMO+2 Nsomo = Ttriphenyl
337.7 0.0131 336.4 0.0074 SOMO — LUMO+2 NsomMo — Ttriphenyl
HOMO — LUMO+2 Tcarbazole — Ttriphenyl
331.0 0.0084 328.0 0.0056 HOMO — LUMO+1 Tcarbazole — Tdiphenyl
321.1 0.0030 321.0 0.0030 SOMO — LUMO+3 Nsomo — Tdiphenyl

“ Computed at the TD-B3LYP/6-31+G(2df,2p) level of theory.
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Fig. 4 Calculated electronic spectra of radical adduct 1 in CH,Cl, (black)
and DMF (red). They overlap in a great part of the spectra. We have used a
Gaussian function to draw the calculated spectra, with an arbitrary sigma
value of 100.

the DTM radical, confirming again the lack of conjugation
between both halves of the molecule, except for the presence
of a very low intensity broad band in the less energetic region of
the spectrum. Theoretical calculations have performed up to an
excitation energy at 320 nm, and the computed bands compare
quite well with the experimental observations except for the less
energetic one (Table 1 and Fig. 4). Band 4 (347-321 nm),
involving up to six electronic transitions, has a strong compo-
nent involving excitation from the 7 system of the carbazolyl

4 | New J. Chem, 2017, 00, 1-9
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Fig. 5 Details of the absorptivities of the electronic spectra of 1 (400-
800 nm) in solvents of different polarities.

moiety to the anti-bonding n* orbitals of the phenyl groups.
Moreover, the theoretical calculations also show that there is a
strong contribution involving an excitation from the unpaired
electron (ngomo) to the anti-bonding ©* orbitals of the phenyl
groups too.

The strongest absorption band in CH,Cl, picked at A =
378 nm in very good agreement with the results of the theore-
tical calculations. It includes up to four electronic transitions,
with Zax at 384 nm, and corresponds to excitations from the
unpaired electron (nsomo) to the anti-bonding 7* orbitals of the
phenyl groups (see Fig. S3 (ESIt) and Table 1). The broad and
weak multiplet at 2 = 480-560 nm is characteristic of the highly

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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chlorinated triphenylmethyl radicals involving up to four elec-
tronic transitions, from the m systems of the phenyl groups to
the SOMO orbital. Finally, the lowest energy band appeared at 4
=620 nm in CH,CI, and can be ascribed to an intramolecular
charge transfer (ICT) from the carbazolyl moiety (HOMO orbi-
tal, with Trogen-carbazole Character) to the acceptor trivalent
carbon atom (SOMO). It is worth mentioning that theoretical
calculations predict this electronic transition centered at a
longer wavelength (736 nm); such a large error is expected
due to the inability of the time dependent density functional
(TDDF-UB3LYP) methods to adequately describe the electronic
transitions involving charge transfer electronic states.'*

The influence of environment polarity on the nature and
energetic of the electronic transitions has been examined in
solvents with different polarizabilities showing that the multi-
plet absorption (41 = 480-560 nm) remains fairly insensitive to
the solvent polarity while the ICT band exhibits solvatochro-
mism (Fig. 5), with an hypsochromic effect on moving from
non-polar to polar solvents (Table S1, ESIt). This band clearly
emerges as a maximum peak in non-polar solvents (cyclohex-
ane and toluene), whereas it is displayed only as a shoulder in
the longer wavelength region of the multiplet in polar solvents,
such as acetone and ethyl acetate. This shift of the electronic
transition to shorter wavelengths suggests a significant
increase in the HOMO/LUMO gap with the polarity of the
solvent.

It is worth mentioning that the different features observed
in the absorption spectrum of 1 are recorded in DMF (dipole
moment, 3.82 D) (Fig. 6). A new band of low intensity (1 =
493 nm) emerges from the most energetic region of the multi-
plet, which does not appear in solvents with low polarizability.
At first glance this band can be tentatively explained assuming
the coexistence in equilibrium of two different structures for 1
in DMF, namely the neutral and the zwitterionic structures
resulting from a charge transfer of an electron from the nitro-
gen atom of the carbazolyl moiety to the trivalent carbon atom
linking the three phenyl groups, as it was previously suggested
in related compounds.” Thus assigning this band to a single
excitation from double occupied lone pair of the trivalent

4000
E
(&)
= 2000
w
0
400 600 800
Alnm)

Fig. 6 Details of the visible spectra of czTTM in CHCls (black) and DMF
(red), and of 1 in CHClz (blue) and DMF (green).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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carbon atom. In order to explore this possibility, the electronic
spectrum of the triphenylmethide anion (17), obtained by
reduction of 1 in THF with TBAH, showed a very strong broad
band at /. ~ 510 nm (Fig. S4, ESIT). In addition, the spectra of
the optimized triphenylmethide anion at the B3LYP/6-
31+G(2df,2p) level of theory in CH,Cl, and DMF solvents
showed a very intense band at A = 489 nm (Fig. S5, ESIT), very
close to the experimental value. These results seem to support
the idea of a possible equilibrium between the neutral and
zwitterionic forms of 1 in DMF but highly displaced towards the
neutral species as the difference in intensities of the bands of
the anion (4 = 493 nm) and the radical (4 = 378 nm) in the
spectrum recorded in DMF is very large. On the other hand, the
low intensity band at 4 = 493 nm observed in DMF solution
could also be assigned, from theoretical calculations (Table 1),
to band 2 (involving T heny1 = Nsomo transitions), although the
intensity change observed for this band in different solvents is
not well reproduced by the calculations.

Radical adduct 1 presents a completely different behavior
from radical adduct czTTM (see Scheme 1) previously reported
in the literature.®” In the visible range of the spectra (1 = 390-
700 nm) of czTTM, solvatochromism has little effect on the
polarity of the solvent, with the intramolecular charge transfer
band arising at a value of / ~600 nm either in CHCI; or in DMF
(Fig. 6). This is a consequence of the weaker electron-
withdrawing effect of TTM than that of DTM.

Radical adduct 1 was weakly emissive in non-polar solvents
such as cyclohexane. When 1 is excited in cyclohexane solution
(Zexe = 450 nm), an emission peak (L = 700 nm) with a low
quantum yield (@ = 0.018) appeared in the luminescence
spectrum (Fig. S6, ESIt). No luminescence was detected in
polar solvents. This behavior is in agreement with the process
of fluorescence quenching in donor-acceptor molecules, with
the excess energy of the excited state being dissipated, espe-
cially in polar solvents, due to the strong interactions between
the electron transfer nature of the excited state and the solvent.
A different behavior is presented in czTTM (¢ = 0.53 and 0.02 in
cyclohexane and CHCI;, respectively), where the flexibility of
the carbazolyl phenyl single bond allows a degree of coplanarity
between the two parts of the molecule in the excited state, due
to the absence of neighboring chlorines. The Stokes shift value,
difference between maximum peaks of the lowest energy
absorption band and the highest energy emission band, is
attributed to the energy difference between the Franck-Condon
and the stabilized excited states of 1. This difference is the
result of geometry molecular relaxation and solvent reorganiza-
tion in the excited state. The Stokes shift value is only moderate
(1218 em ™) in a cyclohexane solution of 1.

The cyclic voltammogram of radical adduct 1 was recorded
in CH,Cl, solution (~10~% M) containing TBAP (0.1 M) as the
supporting electrolyte on platinum wire as the working elec-
trode and Ag/AgCl as the reference electrode. This showed an
electrochemical amphoteric behavior with reduction and oxida-
tion processes to anionic and cationic species, respectively. It
exhibited a quasi-reversible redox pair (O/R) with a standard
potential, E° = —0.12 V (E} — E;, = 126 mV at a scan rate, 0.1 V
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Fig. 7 Cyclic voltammograms for the oxidation of 1 (red), DTM (black) and
N-(pentachlorophenyl)carbazole (blue) in CH,Cl, with 0.1 M TBAP on Pt at
25 °C, at a scan rate of 0.1V s%. The initial and final potential was 1 V; the
inversion potential was 2.5 V.

s~"), associated with the reduction process of 1, by addition of
one electron to the SOMO so that the resulting system acquires
a closed-shell electronic configuration (Fig. S7, ESIf). This
observed redox potential is very close to that of reduction of
DTM (E° = —0.12 V), which suggests that reduction of 1 occurs
in the trivalent carbon, independent of another redox moiety of
the molecule. Furthermore, 1 displayed an irreversible oxida-
tion peak overlapped with the background peak at Ej, = 1.69 V at
a scan rate, 0.1 V s~', which practically coincides with the
oxidation potential value of DTM (Ej = 1.70 V) and is slightly
lower than the value of N-(pentachlorophenyl)carbazole (Ej =
1.78 V) (Fig. 7). The oxidation peak of DTM as a maximum in
the graph is relatively clean and overlapped with a multiple
oxidation process at higher potentials. The first oxidation peak
of N-(pentachlorophenyl)carbazole, which corresponds to the
loss of an electron and the generation of a radical cation, is also
overlapped with a second peak emerging from subsequent
multiple oxidations. The fact that the oxidation peaks of DTM
and N-(pentachlorophenyl)carbazole are similar, and both
redox centers are electronically decoupled in the molecule of
1, suggests that the oxidation peak insinuated in the graph of 1
corresponds most likely to consecutive loss of two electrons,
one from each moiety. Radical adduct czTTM is more readily
oxidizable (Ej = 1.075 V at 0.1 V s~ ', vs. Ag/AgCl)” than 1. The
presence of six additional chlorine atoms in the meta-position
to the trivalent carbon in 1 hinders significantly the tendency
toward oxidation of 1. The irreversible electrochemical oxida-
tion process of 1 confirms the instability of the resulting
species 1°. Chemical oxidation of 1 by means of an excess of
SbCl; in CCl, led to the isolation of a dark solid whose
elemental analysis corresponded to the molecular formula
4(1'SbClg)-1(Sb,05) with a moderate yield. The EPR spectrum
in solid yielded a weak and broad band (g = 2.0029 + 0.0002;
AH,,;, = 5.89 G). However, when trying to run a UV-vis spectrum
in solution, the salt was very unstable in any solvent. It is well
known that positions 3, 6, and 9 in NH-carbazole are extremely

6 | New J Chem., 2017, 00, 1-9
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reactive; if these sites are not blocked by inert substituents, the
oxidized species reacts rapidly via coupling-deprotonation.’ To
estimate the electron affinity (EA) and the ionization potential
(IP) from the measured electrochemical potentials, it is neces-
sary to correlate the potential onsets with the vacuum level. The
onset values are estimated from the intersection of the two
tangents drawn at the increasing oxidation or reduction current
and the background current in the voltammograms. As the Ag/
AgCl electrode has an energy of 4.4 eV at the zero vacuum level,
the EA of 1 is 4.37 eV (Egpser + 4.4), and the IP of 1 is 5.92 eV
(ESnset + 4.4), with the band-gap (difference between IP and EA)
being 1.55 eV. The vertical EA and IP values have also been
estimated by performing single point energy calculations at the
LPNO-CCSD (local pair natural orbital coupled cluster single
and double) level,"* and employing the cc-pVTZ basis set at the
B3LYP optimized geometry of adduct 1, with the computed
values being 5.01 and 5.43 eV in quite good agreement with the
experimental values.

As pointed out in ref. 15, while in molecules bearing an even
number of electrons IP and EA are used to estimate the HOMO
and LUMO energy levels; in the case of the neutral radicals it
must be considered that the energy involved in the oxidation
and the reduction processes is used to remove or attach an
electron in the same semi-occupied orbital. Oxidizing a mole-
cule means supplying the necessary energy to overcome the
binding energy of the electron that is removed. Since this
electron is located in the highest energy level, the energy
required to promote it to infinity, IP, is taken as the HOMO
energy. Similarly, the EA is the energy released when an
electron is attached to a neutral molecule, which is taken as
the LUMO energy, that is, the energy of the MO where the
electron remains. In the case of the neutral radicals, the
removed electron comes from the SOMO and the attached
electron ends up in the SOMO. Therefore, it could be expected
that the IP and the EA had the same value corresponding to the
SOMO energy. However, in the reduction process, the new
electron is not attached to an empty MO, but to a half-filled
one. Thus, some repulsion energy must be overcome and the
energy released in the reduction process (EA) is lower than that
in the oxidation process (IP)."”

Conclusions

A direct radical-radical coupling of NH-carbazole with a persis-
tent radical, DTM, has been accomplished in the presence of a
base. The transient carbazolyl radical derived from the NH-
carbazole via electron transfer reaction with DTM in the
presence of Cs,CO; readily combines with another molecule
of DTM to give 1. Thus, a C(sp®)-H bond can be transformed
into the C(sp®)-N bond through the radical-radical cross-
coupling process. This radical adduct is formed by an
electron-donor moiety, the carbazolyl ring, and an electron-
withdrawing part, the polychlorotriphenylmethyl radical. The-
oretical calculations predict that the tetrachlorophenyl bridge
moiety lies perpendicular to the carbazolyl group to minimize

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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the repulsion with the chlorine atoms in the ortho position, and
the three phenyl rings are also twisted (~50°) around their
bond with the central carbon atom. In spite of the drastic
reduction of the conjugation due to the lack of molecular
coplanarity, the EPR spectrum of radical adduct 1 in diluted
solution at low temperature exhibits a small coupling between
the electronic spin, located mainly in the central sp> carbon
atom (30.22 G), and the carbazolyl nitrogen (0.32 G).

The absorption spectrum of 1 is a combination of the
spectra of radicals of the PTM (perchlorotriphenylmethyl)
series and the NH-carbazole, confirming the lack of conjuga-
tion between both moieties. However, it is worth mentioning
the presence of a new weak charge transfer band from the
carbazolyl group to the central sp> carbon atom. This is the less
energetic band in the spectrum which exhibits solvatochro-
mism in organic solvents showing a hypsochromic shift with
the solvent polarity. The new weak band shown in the spectrum
of 1 in DMF at a much shorter wavelength (493 nm) is
tentatively attributed to the zwitterionic structure of the mole-
cule, resulting from an electron transfer from the nitrogen
atom to the trivalent carbon atom. Currently, this phenomenon
is being studied in a similar radical adduct, by increasing the
electron-donating power of the carbazolyl substituent and, in
this way, increasing the stability of the zwitterionic species.

Only a very weak emission was observed in 1 in cyclohexane
and no emission was detected in polar solvents owing to the
electron transfer nature of the excited state. One of the main
differences in 1 in relation to czTTM (see Scheme 1) is the
different behavior of the excited states. Thus, while czTTM is
fluorescent (¢ = 0.53 in cyclohexane, ¢ = 0.02 in CHCI,),* radical
adduct 1 hardly shows luminescence in cyclohexane (¢ = 0.02).
This difference in the way of dissipating the excess of energy of
the excited states may be associated with their different geome-
tries. The geometry of both states is controlled by the phenylic
hydrogen or chlorine atoms ortho to the carbazole nitrogen. The
stereo effect of the chlorine atoms in 1 causes a great repulsion to
the planarity between phenyl and carbazole in 1.

Electrochemically, 1 shows a quasi-reversible process asso-
ciated with the reduction of 1 to the stable diamagnetic anion,
and an irreversible oxidation process associated with the con-
secutive loss of electrons from the carbazolyl moiety and the
central sp® carbon atom. Theoretical values of the IP and EA are
in quite good agreement with the experimental values estimated
from the oxidation and reduction potentials, respectively.

Material and methods
General procedures

IR spectra were recorded with an FT-IR spectrophotometer,
electronic spectra with a single cell spectrophotometer and the
X-band EPR spectra at rt and 180 K with an EMX-Plus 10/12
spectrometer. HRMS was performed in an LC/MSD-TOF appa-
ratus by means of the electrospray (ESI-MS) technique. Cyclic
voltammograms were recorded with an Autolab PGSTAT30
instrument using a conventional three-electrode cell.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Reaction of tris(2,3,5,6-tetrachlorophenyl)methyl radical (DTM)
with NH-carbazole in DMF

A mixture of NH-carbazole (0.500 mg; 3.0 mmol), DTM (0.500
mg; 0.8 mmol), anhydrous Cs,CO; (0.500 g; 1.5 mmol), and
DMF (10 mL) was stirred at reflux (2 h) in an inert atmosphere
and in the dark. The resulting mixture was poured into an
excess of diluted aqueous HCI acid, and the precipitate was
filtered off. The solid was chromatographed in silica gel with
hexane and with hexane/CHCI; (2:1) to give tris(2,3,5,6-tetra-
chlorophenyl)methane (0.222 g; 44%) and [4-(N-carbazolyl)-
2,3,5,6-tetrachlorophenyl]bis(2,3,5,6-tetrachlorophenyl)methane
(1H) (0.145 g; 22%); '"H NMR (400 MHz, CDCI,) (Fig. S8, ESIt) 0
8.16 (d, 2H, J = 8 Hz), 7.71 (s, 1H), 7.72 (s, 1H), 7.42-7.47 (m, 2H),
7.327.36 (m, 2H), 7.16 (s, 1H), 6.95 (d, 1H, J = 8 Hz), 6.92 (d, 1H, J
= 8 Hz). (ESI) HRMS calcd for C3;H,,>*Cl;,N (M — H)* 815.7081,
found m/z 815.7061.

Synthesis of the [4-(N-carbazolyl)-2,3,5,6-tetrachlorophenyl]-
bis(2,3,5,6-tetrachlorophenyl)methyl radical (1)

Tetrabutylammonium hydroxide (TBAH) (1.0 M; 0.6 mL) was
added to a solution of [4-(N-carbazolyl)-2,3,5,6-tetrachloro-
phenyl]bis(2,3,5,6-tetrachlorophenyl)methane (0.372 g; 0.453 mmol)
in THF (15 mL) and the mixture was stirred (2 h) at 0 °C (4 h). Iodine
(0.700 g) in THF (10 mL) was added to the reaction mixture and
stirred in the dark under an inert atmosphere (Ar) (24 h). The
mixture was poured into an excess of aqueous solution of sodium
hydrogen sulphite, and the precipitate was filtered, washed several
times with water and dried to give 1 (0.350 g; 95%); IR (KBr) 1658
(W), 1626 (W), 1600 (w), 1532 (m), 1492 (m), 1479 (m), 1453 (s), 1374
(s), 1332 (s), 1313 (s), 1246 (m), 1228 (s), 1163 (m), 1148 (W), 1012
(m), 985 (m), 856 (m), 748 (s), 737 (m), 704 (m), 687 (m), 660 (W)
cm™ % (ESI) HRMS caled for C3Ho*Cly,N 815.7081, found m/z
815.7071.

Synthesis of N-pentachlorobenzenecarbazole

A solution of NH-carbazole (0.300 g; 1.79 mmol) in DMF
(15 mL) is slowly (20 min) added to a solution of perchloro-
benzene (0.500 g; 1.76 mmol) in DMF (20 mL) at 130 °C in an
inert (Ar) atmosphere, and the mixture was left further (5 h),
and poured into an excess of diluted aqueous HCl acid, and the
precipitate was filtered off. The solid was chromatographed in
silica gel with hexane/CHCI; (2 : 1) to give the recovered starting
material (0.247 g; 49%), N-pentachlorobenzenecarbazole (0.071
g; 19% in relation to the reacted perchlorobenzene); 'H NMR
(400 MHz, CDCI,) (Fig. S9, ESIT) 6 8.16 (d, 2H, J = 8 Hz), 7.43
(dd, 2H, ] =J' = 8 Hz), 7.34 (dd, 2H, J =]’ = 8 Hz), 6.965 (d, 2H, ] =
8 Hz). (ESI) HRMS caled for CigHoCIsN (M + H)' 415.9144,
found m/z 415.9139.

Synthesis of the salt 1"SbClg~

To a solution of 1 (0.080 g; 0.097 mmol) in anhydrous CCl, (25
mL) under an anhydrous atmosphere, SbCl; (2 mL) was added.
The reaction mixture was stirred at rt (4 h) and the resulting
precipitate was filtered off and washed with CCl,, maintaining
an anhydrous atmosphere with infrared light. The solid (0.053
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mg) was characterized as 4 Salt:1 Sb,0;. Anal. caled for
C124H4ocl72N403Sb6: G, 30.3; H, 0.82; Cl, 51.9; N, 1.1. Found:
C, 30.3; H, 0.47; Cl, 50.7; N, 1.06.

Theoretical calculations

The search for the stationary points has been done by employ-
ing the density functional theory (DFT) with the B3LYP func-
tion,'® using the 6-31+G(2df,2p) basis set,’” whereas the
electronic spectra have been computed in the framework of
Time-Dependent Density Functional theory,'® with the B3LYP
functional employing the same basis. All doublet electronic
states have been investigated using the unrestricted B3LYP
(UB3LYP) approach. The ionization potential and electronic
affinity have been estimated carrying out single point energy
calculations at the LPNO-CCSD (local pair natural orbital
coupled cluster single and double) level,** using the cc-pVTZ
basis set.'® Along this work we have employed the Gaussian
09%° program for all DFT calculations, the ORCA*' program for
the LPNO-CCSD calculations, and the Molden program®* for
visualizing the electronic features. The optimized Cartesian
coordinates in A and the absolute energy in hartrees of radical
adduct 1 obtained at the UB3LYP/6-31+G(2df,2p) level of theory
are displayed in Table S2 (ESI¥).
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