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From Stilbenes to carbo-Stilbenes: an Encouraging Prospect

Chongwei Zhu,>®

Albert Poater,* and Remi Chauvin*® ¢

Dedicated to Prof. Miquel Sola for his 60th Anniversary

Beyond previously described carbo-naphthalene and carbo-
biphenyl, a novel type of bis-carbo-benzenic molecules is
envisaged from the stilbene parent. The synthesis, structure,
spectroscopic and electrochemical properties of two such
carbo-stilbenes are described at complementary experimental
and computational DFT levels. In the selected targets, the bare
skeletal carbo-mer of carbo-stilbene is decorated by 8 or 10
phenyl groups, 0 or 2 tert-butyl groups, and 2 n-octyl chains,
the later substituents being introduced to compensate antici-
pated solubility issues. As in the parent stilbene series, isomers
of the phenylated carbo-stilbenes are characterized. The cis-
and trans-isomers are, however, formed in almost equal
amounts and could not be separated by either chromatography
or crystallization. Nevertheless, due to a slow interconversion at
the NMR time scale (up to 55°C) the 'H NMR signals of both
isomers of the two carbo-stilbenes could be tentatively
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assigned. The calculated structure of the cis-isomer exhibits a
helical shape, consistent with the observed magnetic shielding
of phenyl p-CH nuclei residing inside the shielding cone of the
facing C,4 ring. The presence of the two isomers in solution also
gives rise to quite broad UV-vis absorption spectra with main
bands at ca 460, 560 and 710 nm, and a significant bath-
ochromic shift for the decaphenylated carbo-stilbene vs the di-
tert-butyl-octaphenylated counterpart. Square wave voltammo-
grams do not show any resolution of the two isomers, giving a
reversible reduction wave at —0.65 or —0.58 V/SCE, and an
irreversible oxidation peak at 1.11 V/SCE, those values being
classical for most carbo-benzene derivatives. Calculated NICS
values (NICS(1)=—-12.54+0.2 ppm) also indicate that the aro-
matic nature of the Ciq rings is not markedly affected by the
dialkynylbutatriene (DAB) connector between them.

Introduction

The C,, skeleton of stilbene (C{H;—CH=CH—C¢H;) occurs in
numerous natural and synthetic products with various pros-
pects of applications in life, chemical, and materials science,
thanks to their therapeutic,” chromophoric, and photo-isomer-
ization properties,” respectively.

Within the context of the recent focus of carbo-mer
chemistry*®9d on derivatives containing two annulated or
catenated C,5 carbo-benzenic rings at least (carbo-naphthalene
skeleton A carbo-biphenyl skeleton BY), the C,, skeletal
carbo-mer of stilbene C (C,gH;—C=C—CH=C =C=CH-C=C-C4H,)
emerges as an imperious target to be studied by both
experimental and computational methods (Figure 1a). Contrary
to tolane (CHs—C=C-CH;) and carbo-biphenyl B
(CgHs—C=C—C4Hs), the so-called fictitious carbo-stilbene C is
likely to exhibit the same stereoisomerism as stilbene in the
Eliel's sense,” under either cis- (2) or trans-(E) configuration
through the [3lcumulene linker. From a general standpoint,
acyclic [nlcumulenes R'R*C=(C),_,=CR'R? were long studied
for their bond-length alternation (BLA), and their cumulenic
rotation barrier (CRB) corresponding to R/S enantiomerization
for even n and cis(2)/trans(E) diastereo-conversion for odd n.®?
Given a substituent set, both BLA and CRB are anticipated to
decrease vs n and parity of n due to the relative stabilization of
the open shell diradical form R'R*C*—(C), ,—C°R"'R2I"? In the
odd series, the [3]Jcumulene (or butatriene) motif has attracted
special attention due to its second position after the alkene

[4a]
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Figure 1. a) Exemplified bis-carbo-benzenic structures A, B, and carbo-
stilbene target C; b) known acyclic and cyclic oligo-dialkynylbutatrienes (n-
DABs, n=1-3).

motif, and its specific nature as the carbo-mer of the latter.”""
In the carbo-stilbene structure C, the two carbo-benzene rings
are conjugated through a particular [3lcumulene connector, i.e.
a dialkynyl-butatriene (DAB) unit. In contrast to the ethenylene
C, connector of stilbene, the Cg DAB unit is known to undergo
facile cis < trans isomerization, with small thermodynamic
preference for either isomer due to the absence of steric
interaction between remote substituents.'>'>'¥

Regardless of stereochemistry, the kinetic stability of acyclic
DABs 1 was shown to increase with the substituent bulkiness
(Figure 1b)."*'31877 |n fused acyclic oligo-DABs (n-DABs), carbo-
butadienes 2 (n=2) were also shown to be quite stable when
protected by bulky silyl groups,”® while the carbo-hexatriene 3
(n=3) could be isolated and stored in the solid state only, as an
unfrozen cis-trans stereochemical mixture."®'” The cis - > trans
isomerization is however frozen in endocyclic n-DABs, such as
aromatic carbo-benzenes 4 (n=3) where the alternating
butatriene and butyne edges of the equivalent Kekule struc-
tures provide the three DAB units with a “hemi-butatriene”
character.” In non-aromatic cyclic n-DABs, the two butatriene
units of carbo-1,3-cyclohexadienes 5 are m-conjugated through
the fusing triple bond (as in acyclic carbo-butadienes 2),*” while
the two m-independent DAB motifs of carbo-1,4-cyclohexa-
dienes 6 (n=2)"" or carbo-barrelene 7 (n=3)"*? are homo-
conjugated through two sp>-C atoms (Figure 1).

As the n-DABs 1-7 were shown to be chemically quite
stable, and sp’C-unsubstituted DABs (R—C=C-CH=C=C=
CH—C=C-R) and carbo-benzene (C;sHs) remain unknown,*?*
per-substituted derivatives of C appeared as reasonable
objectives. Considering the large size and synthesis efficiency of
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tetraphenyl-carbo-benzenes,*® the carbo-stilbenes 8a-b were
devised as optimal first targets (Scheme 1).

Results and Discussion

The preparation of carbo-stilbenes 8 was envisaged from the
[6]pericyclynedione 9 by successive nucleophilic additions, as
previously experienced for the synthesis of n-octyl-substituted
carbo-biphenyl (B, Figure 1) and carbo-terphenyl derivatives.””
All the starting materials or products described below were
used or obtained as statistical mixtures of stereoisomers.

In a first attempt (Scheme 1), addition of the triyne 10a
10b™*' to two equivalents of the known [6]pericyclynone 11,
obtained by addition of one equivalent of n-octylmagnesium
bromide to the diketone 9, gave only trace amounts of the
double adduct 12a or 12b. An alternative strategy was thus
considered (Scheme 2).

Addition of the mono-bromomagnesium salts of the triyne
10a-b (generated from 1.5 equivalent of triyne and 1.1
equivalent of EtMgBr) to a single equivalent of diketone 9 was
found to be an efficient method to obtain the monoadduct

[24] or

Ph Ph
7 N R Ph Ph
Ph :w& )—:—§
N\ V4 \ 7 3
o= — Ph
Ph Ph R
\ V4
carbo-stilbene targets 8 p/ = Ph

R =Ph, 10a Meoﬁ)Me LiIHMDS
R = Bu, 10b
0.5eq. // \\ 78 °C, THF

R = Ph, 12a, traces Ph Ph
R = Bu, 12b, traces

Scheme 1. Carbo-stilbene targets 8, and first attempt at synthesis thereof.
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Scheme 2. Synthesis of the carbo-stilbenes 8a and 8b.

13a-b as major product, accompanied with minor quantities of
the diadduct 14a-b, along with unreacted diketone 9 and
triyne 10a-b (Scheme 2). The monoketone 13a-b was then
treated with n-octyllithium to give the diol 15a-b, which was
subsequently di-O-methylated to the octaether 16a-b. Finally,
addition of 16a-b to the monoketone 11 in the presence of
LIHMDS afforded the key bis-hexaoxy[6]pericylyne 17 a-b with
46-55% yields. Ultimate acidic reductive treatment of 17a-b
with SnCl,/HCI allowed isolation of the carbo-stilbene 8a-b
with 46-53 % yield, i.e. with 89-91% average yield for each of
the seven butatriene edges formed in 8a-b. The two carbo-
stilbenes were isolated as black solids and found to be stable in
solution, albeit poorly soluble despite the presence of two n-
octyl chains, and two extra tert-butyl groups in 8b, both types
of substituents being previously reported to increase the
solubility of carbo-benzene derivatives.**

The low solubility of both the carbo-stilbenes 8a and 8b
prevented their full characterization, in particular by *C NMR
spectroscopy. 'H and 'H-"H COSY NMR spectra could however
be recorded, and 'H-"*C HSQC and HMBC experiments (at
600 MHz, 45°C) could also be recorded for the slightly more
soluble carbo-stilbene 8b. The results allowed a tentative
assignment of all the 'H NMR signals, in spite of their
duplication due to the simultaneous presence of the cis- and
trans- isomers, the diastereoisomeric ratio being ca 52:48 for
84, 56:44 for 8b (Figure 2 and S.1.).

Chem. Eur. J. 2024, €202400451 (3 of 7)

X DFT-calculated 55 . A
73 ppm structures A
(see S.I) .

Figure 2. a) Aromatic region of 'H NMR spectra of the carbo-stilbenes 8a
(R=Ph, bottom) and 8b (R="Bu, top), in CDCl; solution (500 MHz, 55 °C). b)
DFT-calculated equilibrium structures of cis-8a and trans-8a (see Table S4),
possibly accounting for magnetic shielding effects on the p-C'H nuclei of
phenyl substituents made chemically inequivalent by restricted rotation of
the C,5 rings with respect to the central DAB connector.

From systematic variable temperature NMR experiments at
500 MHz, noteworthy is the absence of signal coalescence
between 25 and 55°C, suggesting that the stereo-conversion
barrier should be greater the 20 kcal/mol. Owing to the
extremely poor solubility of 8a and 8b in solvents other than
CD,Cl, or CDCl; and known thermal sensitivity of non-endo-
aromatic butatriene derivatives, recording spectra at higher
temperatures would not be feasible.

The most striking observation for one of the isomers (and
only one, assigned to cis-8a or cis-8b) is the degeneracy lift of
pairs of phenyl substituents, suggesting a blockage of the free
rotation about the DAB—C,4 single bonds, which is allowed in
the trans-isomer only. This is actually markedly evidenced in
Density Functional Theory (DFT)-calculated isomers of 8a and
8b (see discussion below, Figure 2b, and legend of Figure 2).

As usually observed for centrosymmetric tetraphenyl-carbo-
benzenes, the p-C'H (and m-C'H) nuclei of adjacent phenyl
substituents have identical chemical shifts. Such an equivalence
was however unexpected for the internal phenyl groups of cis-
8a (and cis-8b), whose p-C'H nuclei both resonate at 6.55 ppm
in spite of their different positions from the facing Cq ring in
the calculated structure. This structure being rigid, the observed
average equivalence at 55°C could be tentatively attributed to
flexibility in solution incidentally subjecting the two phenyl
rings to identical average magnetic anisotropy effects. More-
over, using a classical software, such as NMR predict from
Mestrenova 14.1.2-25024, the simulated NMR spectra of 8a and
8b are differentially shifted to high field (see S.l), due to the
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fact that specific magnetic anisotropy effect of carbo-aromatic
rings are not (yet) implemented.

In both 'H NMR spectra, deshielded doublet signals above
9 ppm are characteristic of 0-C'H nuclei of phenyl substituents
of carbo-benzenes (Figure 2a). At the opposite, a shielded triplet
signal at 6.55ppm is here attributed to p-C'H nuclei of
particular phenyl groups of the cis-isomer: for steric reason, one
of phenyl substituents of each C;; ring in ortho position to the
DAB linker is indeed expected to lie in the shielding cone of the
facing C,g ring, and vice-versa, in agreement with the DFT-
calculated equilibrium structures of 8a and 8b (see legend of
Figure 2 and S.1.). This feature being observed for both 8a and
8b, the shielded signals at 6.55 pm cannot be assigned to the
phenyl substituents of the DAB connector of 8a.

DFT calculations of 8a and 8b were thus performed at the
B3PW91-D3/6-311G(d,p)-pcm//B3PW91/6-31G(d,p) level, by en-
forcing G; symmetry and G, symmetry for the trans and cis
stereoisomers, respectively. The calculated Gibbs energy at
298.15 K of the cis < trans equilibrium opted by —0.8 and
0.9 kcal/mol for 8a and 8b, respectively. The cis < trans
transition state failed to be located, but energy profiles vs
incremental rotation did suggest an energy barrier of at least
20.0 and 189kcal/mol for 8a and 8b, respectively (see
Table S4).

The trans-isomers exhibit classical structural features for
both the tetraphenyl-octyl-carbo-benzene moieties and their
DAB connector. The equilibrium structure of 8a thus exhibits a
roughly planar diphenyl-DAB core (with central and lateral
spC—spC bond distances of 1.248 and 1.222 A, respectively, and
torsion angles of the phenyl substituents of ca 5.6°), along with
quasi-planar C,g rings (with deviation from the mean plane in
the range 0.001-0.043 A) of slightly dissymmetric hexagonal
shape (with n-OctC~C(DAB) and PhC~CPh diagonal through-
space distances of 8.07 and 7.82 A, respectively).

As expected from the intramolecular steric hindrance, the
cis-isomers exhibit a helical structure, with a distorted DAB core
(with a global torsion of 9.4°) along with slightly more planar
C,g rings (with deviation from the mean plane in the range
0.001-0.039 A) of slightly dissymmetric hexagonal shape (with
n-OctC~C(DAB) and PhCCPh diagonal distances of 7.796 A and
8.087+0.009 A, respectively). Although the internal phenyl
substituents at ortho positions of the two C,g rings roughly
overlap by parallel mean planes (see Figure 2b), no = stacking
could be evidenced, the shortest through-space distances to
the facing C,3 ring and to the symmetric phenyl substituent
being C1"C2=4.567 A (where C1 denotes a phenyl m-C atom,
C2 denotes a spC atom of the C,4 ring) and C1C2'=4.773 A
(where C1" and C2' denote o0-C atoms of each phenyl ring),
respectively.

Calculations were also made after truncating the octyl
chains to methyl groups in simplified versions 8aS1 and 8bS1
(see Table S4), to check possible steric effects on the relative
thermodynamic stability or spectroscopic properties. No signifi-
cant differences were however obtained.

With the view to appraising specific effects of the carbo-
meric rings and DAB bridge, all the octyl and phenyl
substituents were replaced by H atoms in simplified versions

Chem. Eur. J. 2024, €202400451 (4 of 7)

8S2, giving rise to almost isoenergetic cis- and trans-isomers,
but still with 0.1 kcal/mol in favor of the trans isomer (see
Table S4). Nevertheless, the isomerization would still require a
minimum of 16.9 kcal/mol.

In an ultimate simplification, the C,4 rings and phenyl DAB
substituents of 8a were replaced by hydrogen atoms in a bare
DAB 8S3, leading to an isomeric preference of 3.3 kcal/mol,
while the barrier corresponding to the characterized transition
state is reduced to 5.0 kcal/mol.

In conclusion, the isomerization is not impeded by the
central butatriene motif itself, but by the carbo-benzene rings
and substituents thereof.

Knowing the stronger magnetic aromatic character of Cig
rings with respect to C4 phenyl rings from previous studies (as
indicated by comparison of 'H NMR spectra at low field),©?**
the local aromaticity of carbo-stilbenes was assessed using the
nucleus-independent chemical shift (NICS), a metric introduced
by Schleyer and colleagues, serving as a general scalar
descriptor of algebraic magnetic (anti)aromaticity.”® NICS is
defined as the negative absolute shielding value computed at a
ring center (NICS(0)), or 1A above or below it (NICS(1) and
NICS(—1)). Rings exhibiting substantial negative NICS values are
identified as aromatic.”” NICS values were determined utilizing
the gauge-independent atomic orbital method (GIAO). The
magnetic shielding tensor was computed for ghost atoms
positioned at the center of the rings (or 1 A above or below it),
as determined by the non-weighted mean of the heavy atom
coordinates.”® Calculated NICS values of carbo-stilbenes sug-
gest a minimal impact of the DAB connector on the aromatic
nature of the C5 rings. For 8a, the NICS(1) values at the C;q
rings supports a slightly higher aromaticity in the trans isomer
than in the cis-isomer (—12.5 and —12.4 ppm respectively, to be
compared with a similar or identical value of —12.5 ppm for the
carbo-diphenyl 18, all being significantly less aromatic than
unsubstituted carbo-benzene C,gHy (—16.8 ppm). Qualitatively,
the trend is the same with the classical NICS(0) index, again not
differentiating between the cis- and trans-isomers for 8a. The
values for cis- and trans-8b are rather similar, but slightly larger
in absolute value (—12.7 and —12.6 ppm for the cis and trans
isomers, respectively), correlating with the known rm-insulating
effect of tert-butyl groups with respect to phenyl groups when
conjugated to a C,q ring,” even through a [3]lcumulene linker
in the present case. In addition, comparison of the NICS(1)
values (Table S3) show that the DAB phenyl substituents of cis-
and trans- 8a (~—9.8 ppm) are more aromatic by ca 1 ppm
than those of the C4 rings. Changing two Ph groups by two
tert-Bu groups from 8a to 8b, the average NICS(1) values of the
peripheral phenyl and C,4 rings decrease by ca 0.2 ppm.

UV-vis absorption spectra of 8a and 8b were recorded in
chloroform solutions. The two carbo-stilbenes exhibit compara-
ble UV-vis spectra with two quite broad intense absorption
bands at 459 +4 and 550+ 3 nm, followed by a weaker band at
longer wavelength (Figure 3). These spectral profiles are similar
to that of the carbo-biphenyl 18, in which the two Ci4 rings
are conjugated by a C, ethynyl linker instead of the C; DAB
linker: as expected, the more n-extended DAB linker induces a
bathochromic shift. The stronger effect is observed for the small
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Figure 3. Normalized UV-visible absorption spectra of the carbo-stilbenes 8a
and 8b and carbo-biphenyl 18 (in degassed CHCl;).

absorption bands in the 630-740 nm region, with a red shift of
74 nm from the carbo-biphenyl 18 to the carbo-stilbene 8a
suggesting the largest n-conjugation extent including the two
phenyl substituents of the DAB bridge as compared to 8b.

By comparison to carbo-biphenyl 18 (Figure 3), the UV-vis
absorption spectrum of 8b is slightly broader but not markedly
resolved for the cis and trans isomers, tending to preclude
significant photochromic behavior (see discussion in ref'? and
references therein). For 8a, while the second and third
absorption bands of the cis and trans forms remain unresolved
(at 553 and 735nm), the maximum band at 455nm is
accompanied by a shoulder red-shifted by A1=+20nm at
475 nm. This shoulder could actually be attributed to cis-8a by
reference to the TD-DFT calculated values A,q(trans-8a)=
470 nm and Aq(cis-8a)=484 nm, with Adl,y = 14nm
(Table S1). Indeed, at the CAM-B3LYP-D3/6-311G(d,p)-
smd(chloroform)//B3PW91/6-31G(d,p) time dependent DFT lev-
el, calculated absorption spectra reproduced the experimental
ones in Figure 3, in particular the bathochromic displacement
of the highest wavelength band for 8a and 8b with respect to
18 (see Table S1). This band is actually mainly associated to the
HOMO—LUMO transition. The corresponding gap decreases
from 3.42eV for 18 to 3.34 and 3.20eV for 8b and 8a,
respectively, averaging the cis- and trans-conformations to take
into account the coexistence of both. Going into detail, with
respect to 18, the HOMO of 8a and 8 b destabilizes by 0.13 and
0.11 eV, respectively. The LUMO shows a disparate behavior: for
8b it also destabilizes, by 0.03 eV, while for 8a it stabilizes by
0.09 eV (see TableS2). This last factor accounts for the
accentuated bathochromic shift of 8a vs 8b.

The electrochemical behavior of the carbo-stilbenes 8b and
8b was also studied by square wave voltammetry (Figure 4 and
S.l). Their low solubility did not allow satisfactory results in
cyclic voltammetry. For still poor solubility reasons, the
measurements were performed after deposition on the working
electrode by dipping in a chloroform solution of 8b or 8a.
Because of this unconventional method, only the first oxidation
and reduction potentials could be determined (Table 1 and S.l.).
In these conditions, a quasi-reversible reduction was observed
at E,,,=—0.63 V/SCE (8b) or E,,=-—0.53 V/SCE (8a), and an
irreversible oxidation was evidenced at 1.06 V/SCE (8b) or E,,,=
1.04 V/SCE (8a). These results are in agreement with those
previously obtained for other tetraphenyl-carbo-benzene deriv-
atives, and in particular the carbo-biphenyl 18, exhibiting a first
reduction potential at —0.58 V/SCE2" The low reduction

Chem. Eur. J. 2024, €202400451 (5 of 7)

0.00

-0.05

AL/ pA

T — CHaI3

015
1.50 1.30 110 0.90 0.70 0.50 0.30 0.10
E/ VvsSCE

Figure 4. Square-wave voltammograms (reduction scan) of 8a and 8b
deposited on Pt electrode in electrolytic solution: CHCl; (10 mL) 4+ 0.1 M
["Bu,N][PF4] at 0.1 V.s™". Oxidation scan in the S.I.

Table 1. Electrochemical data for 8a and 8b deposited on a Pt microdisk
at room temperature in CHCl;, 0.1 M ["Bu,N][PF,] as supporting electrolyte.
Potential values in V/SCE.

E1/2 E1/2 E1/2 E1/2 E1/2

red 3 red2 red1 ox1 ox2
8b -1.19 —1.04 —0.63 1.06 (1.22)**
8a (—1.19)** —0.99 —0.53 1.04% 1.28%

* shoulder. ** Uncertain values (see Figures 4 and S4.2).

potentials of both 8b and 18 are consistent with their extended
n-conjugated systems.

Conclusions

In spite of many attempts, the failure to obtain single crystals of
the carbo-stilbenes 8a and 8b with a suitable quality for X-ray
diffraction analysis can be attributed to the presence of quasi-
equal amounts of the cis- and trans-isomers, which could not be
separated by either fractional crystallization or preparative
chromatography. The absence of crystallographic character-
ization was however superseded by DFT calculations at suitable
level allowing mimicry of experimental conditions, in particular
by using the B3PW91-D3 and CAM-B3PYP-D3 functionals
taking into account dispersive effects, and the PCM method
taking into account a dichloromethane solvent medium.

The disclosed results extend the knowledge on oligo-carbo-
benzenic derivatives, illustrating further the basic relevance of
carbo-mer chemistry, and paving the way to future develop-
ments.

For example, in spite of the fact that the exemplified cis-
and trans-carbo-stilbenes are quasi-isoenergetic, a next chal-
lenge would be to achieve some stereochemical control, e.g. by
photo-isomerization at proper wavelengths, as in the case of
parent stilbenes.!"?

Although the Oki temperature™ of the first carbo-stilbenes
8a-b remains unknown, it should be possible to trigger the cis

29]
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& trans interconversion photochemically, or even thermally
above 80°C. Under such conditions, or by a natural kinetic
control during the last step of the synthesis (17a-b-+7 SnCl, -
>8a-b+7 SnCl,X,, X=0H, OMe, see Scheme 2), a way to favor
the trans-isomer would be to implement “bulky phenyl
substituents” at the carbo-benzene rings (e.g. mesityl groups),
as recently illustrated for a related geometrical control of helical
polyanthracenes.®® Alternatively, the cis-isomers might be
favored by hydrogen bonding between hydroxylated phenyl
substituents.

An ultimate way to favor cis-isomers would require the
challenging synthesis of dissymmetric carbo-stilbenes with the
view to enhancing n-stacking of complementary aryl substitu-
ents by charge transfer, e.g. between C,H,NO, and C,H,NMe,
groups. Even in the trans geometry, such donor-acceptor carbo-
stilbenes could exhibit significant values of quadratic hyper-
polarizability for applications in nonlinear optics, such as second
harmonic generation, just as earlier predicted for donor-accept-
or-substituted carbo-benzenes."
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carbo-stilbene synthesis & stereoconversion

Two novel bis-carbo-benzenic
molecules, derived from the stilbene
parent, are explored beyond carbo-
naphthalene and carbo-biphenyl. The
synthesis, structure, and properties of
these carbo-stilbenes are investigated
using experimental and computation-
al methods. The molecules exhibit iso-

"ot Ph

merization, with cis- and trans-
isomers, and the calculated cis-isomer
shows a helical structure. The UV-vis
spectra display broad bands, and vol-
tammograms indicate classical
behavior for carbo-benzene deriva-
tives.
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