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The synthesis of the industrially important polymer parylene is achieved by polymerization of p-quinodimethane
(p-QDM). The polymerization is thought to proceed via a biradical p-QDM dimer, but isolation or
characterization of such a biradical has remained elusive. Here, we describe the synthesis of an aza-analogue
of this p-QDM dimer. The biradical is formed by base-induced dimerization of an azoimidazolium dye. Due
to the presence of sterically shielded aminyl radicals instead of terminal H,C groups, the stability of this dimer
is sufficient for analyses by ESR spectroscopy and X-ray crystallography. A similar Csp®*~Csp® coupling was
observed for an azotriazolium dye, suggesting that base-induced C—-C coupling reactions can be realized for

rsc.li/chemical-science different types of azo dyes.

Introduction

p-Quinodimethane (p-QDM, or p-xylylene) is an important
hydrocarbon, from both a fundamental and application
point of view." p-QDM was first obtained through pyrolysis of
p-xylene.” Later, it was found that [2.2]-p-cyclophane is a more
convenient starting material.>* p-QDM readily polymerizes in
the condensed phase generating poly(p-xylylene), also known
as parylene (Scheme 1a).° This polymer has interesting
materials properties, and it is used for numerous
applications.*®

Mechanistically, the polymerization of p-QDM is intriguing.
Despite its radical-type reactivity,® p-QDM is characterized by
a closed-shell quinoidal electronic ground state.” Recent theo-
retical investigations suggest that the triplet open-shell elec-
tronic state lies as high as 38 kcal mol™" above the singlet
closed-shell ground state.® However, the initial C-C coupling
step involving a singlet-to-triplet spin transition requires
a lower activation energy,’ and it is assumed that the poly-
merization of p-QDM starts with the formation of a dimeric
biradical (Scheme 1a).>*® This proposition is supported by the
fact that solutions of freshly prepared p-QDM give [2.2]-p-
cyclophane and larger macrocycles, along with oligomers."®
Further evidence for a stepwise oligomerization mechanism

“Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de
Lausanne (EPFL), 1015 Lausanne, Switzerland. E-mail: kay.severin@epfl.ch
*Institute of Physics, EPFL, Switzerland

T Electronic supplementary information (ESI) available. CCDC 1903893-1903897.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c9sc01502g

This journal is © The Royal Society of Chemistry 2019

involving biradicals was provided by studying structurally
related compounds.*

The postulated biradical dimer of p-QDM is highly reactive,®
and its isolation or direct characterization has remained
elusive. Here we describe the synthesis of a structural analogue
of the p-QDM dimer, in which the terminal H,C groups are
replaced by aminyl radicals (Scheme 1b). The stability of this
aminyl biradical is sufficient for analyses by ESR spectroscopy
and X-ray crystallography.
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Scheme 1 The chemistry of p-QDM (a), and synthesis of an aminyl
biradical by base-induced dimerization of an azo dye (b).
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Results and discussion

Azoimidazolium salts are industrially important dyes, which
are used for the dying of synthetic and natural fibres.'* We have
recently reported a new route for preparing these dyes.'*
Importantly, this methodology can be used for the synthesis of
dyes with aryl substituents attached to the heterocycle. Subse-
quent studies have shown that azoimidazolium dyes with N-
aryl groups can be reduced to give stable aminyl radicals
(Scheme 2a).** Deprotonation of these dyes with potassium
bis(trimethylsilyl)amide (KHMDS) results in the formation of
mesoionic carbenes (‘Azo-MICs’), which can be captured with
metal complexes (Scheme 2b).*®

While studying the formation of mesoionic carbenes, we
made an unexpected observation: when one equivalent of
KHMDS was added to a solution of dye 1 (Scheme 3) in THF-dg,
the color of the solution changed immediately from bright
orange to dark rose-brown, and the "H NMR signals vanished
except for the solvent and HMDS peaks (Fig. S1, ESIT).

When the reaction was performed with temperature control
—78 °C — RT on a preparative scale, black crystals of 3 were
isolated in 42% yield (Scheme 3). The molecular structure of 3
was unambiguously established by single crystal X-ray crystal-
lography (Fig. 1). Compound 3 can be regarded as a dimer of the
hypothetical intermediate 2, which is formed upon deprotona-
tion of 1. The two parts are linked via an ethylene bridge. The
average length of this C-C bond is 1.484 A, which is comparable
to what has been reported for para-N-containing 1,2-diphenyl-
ethanes.” Given that compound 3 has an overall charge of zero,
each side of the molecule is expected to feature one unpaired
electron. In fact, compound 3 is structurally similar to our
previously reported aminyl radicals (Scheme 2a).** For example,
the bond length alternation (BLA)" of 3 as a measure of the
aromaticity is 0.014 A, and comparable values were observed for
the reduced dyes."”® The N-N-Cjnidazole Moieties are coplanar
with the heterocyclic rings, but dihedral angles of ca. 27° are
observed between the N,C groups and the arene rings. More-
over, like the aminyl radicals reported earlier," 3 is character-
ized with short N-Cimidazole (avg. 1.317 A) bonds, long N-Cqrene
(avg. 1.386 A) bonds, and moderate N-N (avg. 1.350 A) bonds.
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Scheme 2 Azoimidazolium dyes can be used as precursors for stable
aminyl radicals (a), and they can be converted into mesoionic carbene
ligands (b).

5720 | Chem. Sci,, 2019, 10, 5719-5724

View Article Online

Edge Article
Mes
NY N
7
5 1
N\ _
Mes BF4
KHMDS l
Mes _ Mes
Nt N CH, N N CH,
2 /
[ \>—N - [ >=N
N\ N
Mes 2A \ / I\Vles 2B
Mes .
NN CH;
)
N 2
L Mes —
Mes\
N
N
N N O Mes
112 [/EN
N
Mes 3 (42%)

Scheme 3 The synthesis of the biradical 3 and mesomeric forms of
the proposed intermediate 2.

These structural data suggest that 3 can be described as an
aminyl biradical, as depicted in Scheme 3.

The biradical nature of 3 is further supported by ESR spec-
troscopy. Compound 3 displays limited stability in solution,
and the ESR spectrum was thus recorded in the solid state (for

Fig. 1 The molecular structure of 3 in the crystal. The ellipsoids are
shown at 30% probability. The unit cell contains two independent
molecules, and only one of them is shown here. Hydrogen atoms,
except those on the ethylene bridge, and solvent molecules are
omitted for clarity. Selected bond lengths (A) and bond angles (°),
averaged between the two asymmetric molecules in the unit cell:
C30-C31 1.458(6), C25-C30 1.512(6), C24-C25 1.375(8), C23-C24
1.395(6), C22-C23 1.417(6), C22-C27 1.408(7), C26-C27 1.393(6),
C25-C26 1.394(7), C22-N4 1.386(5), N3-N4 1.343(5), N3-C11.331(5),
C1-N11.365(5), C1-N2 1.371(6), C31-C32 1.522(6), C32-C33 1.383(8),
C33-C34 1.382(5), C34-C35 1.415(7), C35-C36 1.426(7), C36-C37
1.398(6), C32-C37 1.395(8), C35—-N5 1.386(5), N5-N6 1.338(5), N6—
C40 1.311(5), C40-N7 1.365(6), C40-N8 1.378(6), C25-C30-C31
113.8(4), C22-N4-N3 114.6(4), N4-N3-C1 113.7(4), C30-C31-C32
113.6(3), C35-N5-N6 115.7(4), N5-N6-C40 114.3(4). Note that aver-
aged values are given in the main text.
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details, see ESIt). The spectrum pointed to a spin doublet with
the g-factor of 2.0037 (ESI, Fig. S18t). This value is again very
similar to what was found for monomeric aminyl radicals
prepared by reduction of azoimidazolium dyes.*

The generation of the biradical 3 by reaction of 1 with base is
an unexpected finding, considering that other azoimidazolium
dyes are deprotonated at the heterocycle to give mesoionic
carbenes (Scheme 2b).** The apparent Csp®-Csp’ coupling
reaction and the generation of a biradical suggests a radical
pathway, notwithstanding the fact that both the starting mate-
rial 1 and the base are closed-shell compounds. Therefore, we
propose that the observed reactivity resembles that of p-QDM.
Deprotonation of 1 at the benzylic position gives zwitterionic 24,
which is in resonance with the quinoidal form 2B (Scheme 3).
Furthermore, a diradical® structure is conceivable (2C).
According to density functional theory (DFT) computations at
(UYTPSS-D3/cc-pVDZ level, the open-shell triplet form of 2C is
energetically disfavored by 25 kcal mol™' compared to the
closed-shell quinoidal structure 2B (see ESIT). As discussed in
the introduction, a similar situation is found for p-QDM.?
Moreover, the optimized structure of 2 shows very similar
structural parameters for the central benzene ring and the
terminal methylene group as p-QDM (ESI, Table S17).7* All these
results suggest that the electronic structures of 2 and p-QDM are
similar. The formation of the biradical 3 can thus be regarded as
an aza-version of the p-QDM dimerization. Further oligomeri-
zation is prohibited by steric hindrance of the aminyl radical.

The biradical 3 is labile in solution and spontaneously
converts into compound 4 at a slow rate. In fact, crystallization of
3 was only achievable at low temperature (—40 °C), whereas
attempts performed at RT gave crystals of 4. The conversion of 1
into 4 can be facilitated with an external hydrogen atom
abstractor such as TEMPO, and the best yield was obtained when
using KOt¢Bu as base (Scheme 4). In comparison to the dark rose
brown parental 3, 4 displays a turquoise color in solution.

Two resonance structures have to be considered for 4:
a closed-shell, quinoidal form 4A, and an open-shell diradical**
form 4B, which would benefit from the formation of two
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Scheme 4 The synthesis of compound 4.
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aromatic rings.” Experimental (X-ray, NMR) and computational
results suggest that 4 is best described as a closed shell system
with low diradicaloid character.*

The molecular structure of compound 4 in the crystal is
depicted in Fig. 2. Comparison with 3 in some structural
parameters is given in Table S3 (ESIf). In contrast to 3, the
central hydrocarbon fragment of 4 is essentially co-planar,
consistent with a more conjugated framework. Significant
changes for the bridging moieties are observed, including an
increased “zigzag” angle (avg. 112.8° in 3 vs. 124.6° in 4), and
a shortened distance of the central C-C bond (1.484 A in 3 vs.
1.408 A in 4). The bridging hydrocarbon fragment undergoes
considerable quinoidization, with C25-C29, C23-C24 (and C26-
C27), and C22-41 bonds shortened substantially, and the BLA
increased to 0.07 A (compared to 0.014 A for 3). It is worth
noting that the BLA of 4 is larger than that of ‘Tschitschibabin's
hydrocarbon’ (Ph,C(C¢H,),CPh,, BLA = 0.052 A, see Table S3,
ESL{ for more details).?® This compound has been studied
extensively, and it was concluded to have a closed-shell qui-
noidal structure in the ground state.”**

DFT computations ((U)TPSS-D3/cc-pVDZ) suggest that 4 is
characterized by a closed-shell ground state, stabilized relative
to the open-shell triplet and singlet states by 8.6 and
38.8 kecal mol ™", respectively.

In line with these results, a solution of 4 in THF-dg gave rise
to a well-resolved "H NMR spectrum. At room temperature, only
one set of signals was observed for the four mesityl groups.
Apparently, rotation around the Cipidazole—N bond is fast on the
NMR time scale. At lower temperatures, however, the "H NMR
spectra are more complex, indicating a reduced rotational
freedom.

The ESR characterization of 4 was also performed. Surpris-
ingly, the ESR spectrum suggested a spin doublet. However, the
intensity of the signal was weak, and its percentage varied from

Fig. 2 The molecular structure of 4 in the crystal. The unit cell
contains two independent molecules, and only one of them is shown
here. The ellipsoids are shown at 30% probability. Hydrogen atoms,
except those on the vinyl bridge, and solvent molecules, are omitted
for clarity. Selected bond lengths (A) and bond angles (°): C29-C29’
1.403(4), C29-C25 1.415(3), C24-C25 1.421(3), C23-C24 1.371(2),
C22-C23 1.452(2), C22-C27 1.452(2), C26-C27 1.367(2), C25-C26
1.421(3), C22-N4 1.339(2), N3-N4 1.357(2), N3-C1 1.321(2), C1-N2
1.366(2), C1-N1 1.366(2), C25-C29-C29" 124.9(2), C22-N4-N3
116.2(2), N4-N3-C1 112.4(2). Note that averaged values are given in
the main text.
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batch to batch. We assume that the signal is due to small
impurities of a radical cation, which is formed from 4 by
oxidation. In fact, compound 4 is a strong reducing agent with
a reversible redox transition at —0.76 V vs. ferrocenium/
ferrocene (Fc'/Fc) as revealed by cyclic voltammetry (for
details see ESIT). It should be noted that ESR-active impurities
have been observed for structurally related compounds such as
‘T'schitschibabin's hydrocarbon’.*

In order to examine if similar Csp>~Csp® coupling reactions
could be observed for other cationic azo dyes, we have investi-
gated the reaction of the azotriazolium dye 5 (ref. 14a) with
KHMDS. When base was added to a solution of 5 in THF-dg,
vanishing of the "H NMR signals was observed, as in the case
of 1 (ESI, Fig. S87). Attempts to isolate a defined product from
reactions on preparative scale were first not successful.
However, when two equivalents of KHMDS were employed, we
were able to isolate the N-demethylated dimer 6 in 36% yield
(Scheme 5). Dark brown-green crystals, suitable for X-ray crys-
tallography, were obtained by slow diffusion of pentane into
a THF solution of 6 at —40 °C.

Fig. 3a shows the structure of 6 in the crystal. As observed for
1, the reaction with KHMDS had resulted in a C-C coupling
reaction involving the p-CH; groups of the mesityl substituent.
The dimer has an overall charge of minus two, and charge
compensation is achieved by two potassium ions. The latter are
coordinated in a k*-type fashion to the heterocycle, with the
remaining coordination sites being occupied by THF molecules
(not shown). The shorter K1-N2 distance (2.810(4) A) compared
to the K1-N3 distance (2.969(5) A) suggests a higher charge
density at the N2 atom. Both N-K distances fall in the range
reported for compounds with a side-on x*-K(N=N)~ motif.??
Compared to the structure of the starting material 5,'*
a comprehensive expansion of the triazole rings is observed,
with a lengthening of all five bonds. This change is consistent
with the conversion of a cationic into an anionic ring system.

Like 3, compound 6 was expected to feature two unpaired
electrons. This assumption is in line with the observed
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Scheme 5 Synthesis of 6 and identification of 7 by X-ray diffraction
crystallography.
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Fig. 3 (a) The molecular structure of 6 in the crystal. The ellipsoids are
shown at 30% probability. Hydrogen atoms, except those on the
ethylene bridge, and THF molecules are omitted for clarity. Selected
bond lengths (A) and bond angles (°): C30-C30’ 1.453(9), C30-C26
1.483(7), C25-C26 1.389(7), C24-C25 1.381(7), C23-C24 1.445(6),
C23-C28 1.434(6), C27-C28 1.368(7), C26-C27 1.436(7), C23-N5
1.365(6), N4—N5 1.348(5), N4-C2 1.340(6), C1-C2 1.411(6), C1-N3
1.358(7), N2-N3 1.327(5), N1-N2 1.383(6), N1-C2 1.385(6), K1-N2
2.810(4), K1-N3 2.969(5), C26-C30-C30" 119.5(6), C23-N5-N4
115.2(4), N5-N4-C2 113.3(4). (b) Total spin density (isovalue: +0.01) of
the open-shell singlet ground state of 6. Blue positive spin density
(excess o-spin), orange negative spin density (excess B-spin). K*
cations and coordinating THF molecules were omitted in the
computations.

vanishing of the "H NMR signals of 5 upon addition of base.
Further evidence of its biradical nature was obtained through
ESR measurements. The ESR spectrum acquired at room
temperature for 6 in the solid state pointed to a spin doublet
with the g-factor of 2.0036 (ESI, Fig. S19%). The electronic
structure computations ((U)TPSS-D3/cc-pVDZ) shows that
dimer 6 favors an open-shell singlet ground state, with the
triplet state almost isoenergetic. The largest spin density is
found on the azo bridge, with the nitrogen atoms accounting
symmetrically and in pairs for 21% (N5 and N10) and for 12%
(N4 and N9) of the a- and B-spin densities (Fig. 3b).

Crystallization of a THF solution of 6 under air gave bright
red crystals of the neutral dimer 7, the structure of which was
analyzed by X-ray crystallography (ESI, Fig. S207). The ethylene
bridge is well preserved, while the remaining parts of the
molecule restore complete aromaticity, with small BLA values
(0.019 A) for the benzene rings, well-defined azo (N=N) bonds,
and characteristic neutral triazole rings.

The generation of the biradical 6 from the cationic monomer
5 requires two chemical transformations, namely N-demethy-
lation of the heterocycle,” and base-induced C-C coupling. A
priori, two reaction pathways can be envisaged, depending on
the sequence of these two transformations (Scheme 6). In order
to address this point, we have synthesized the neutral azo dye

This journal is © The Royal Society of Chemistry 2019
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Scheme 6 Possible pathways for the formation of the biradical 6.

12, which represents the expected intermediate if N-demethy-
lation proceeds before C-C coupling (Pathway II). The synthesis
of 12 was accomplished by demethylation of the known diazo-
tate 10 (ref. 14a) with LiIHMDS, followed by azo coupling with
mesitylene (Scheme 6, for a crystallographic characterization of
the intermediate lithium salt 11, see ESIf). Compound 12
turned out to be inert towards KHMDS. Consequently, we
propose that the formation of 6 proceeds via Pathway I,
involving the initial formation of 8, which displays a p-QDM-like
reactivity. Dimerization gives the biradical 9, which undergoes
a two-fold N-demethylation to afford 6.

Conclusions

In summary, we have shown that cationic azo dyes with dia-
zenylmesityl groups can undergo a base-induced Csp*-Csp®
coupling reaction to give biradicals. The presence of a CH;
group in the para position to the azo group is essential for
this coupling reaction, because dyes with CH; groups in ortho
or meta position are deprotonated at imidazolium hetero-
cycle.’® The dimerization of the azo dyes is proposed to

This journal is © The Royal Society of Chemistry 2019
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involve the formation of the neutral monomers 2 and 8,
which display p-QDM-like structures and reactivity.

The polymerization of p-QDM is an intriguing reaction,
because it appears to proceed via a radical mechanism, even
though p-QDM has a closed-shell structure. It is generally
assumed that the polymerization is initiated by the formation of
a biradical p-QDM dimer, but the characterization of this highly
reactive intermediate has remained elusive. Our results show
that it is possible to intercept dimers with a biradical structure
if the terminal radical sites are stabilized. In the case of 3 and 6,
this stabilization is achieved by replacing the H,C groups with
sterically shielded aminyl radicals.

The dimerization reactions described in this contribution
are also interesting from a synthetic chemistry point of view,
because the homo-coupling of azo dyes represents a new way to
synthesize more complex dye structures. Polyconjugated
compounds such as 4, for example, could also be of interest for
optoelectronic applications.***>*
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