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Abstract Homoconjugated push-pull chromophores were obtained
by an efficient, click-type formal [2+2] cycloaddition. With these short
synthetic transformations, complex chromophore structures were
achieved in a single step without any by-product formation. Significant
second-order optical nonlinearities have been calculated for the synthe-
sized compounds.

Key words triazene, nonlinear optics, [2+2] cycloaddition, homocon-
jugation, donor-acceptor systems, intramolecular charge transfer

The term ‘click chemistry’ was introduced by Sharpless
and colleagues in 2001 and the developed concept earned
the Nobel Prize in Chemistry in 2022.! The main argument
behind this work was to develop reliable, nature-inspired
reactions that could be used to synthesize molecules with
desired properties. According to the proposal, chemical
transformations must meet certain criteria in order to be
defined as click reactions. Thus, click reactions must be se-
lective, broad in scope, deliver very high yields, and only
produce simple side products that may be eliminated using
non-chromatographic techniques such as crystallization
and distillation.! Although the most well-known example of
these reactions is the azide-alkyne 1,3-dipolar cycloaddi-
tion,>? many other transformations such as [4+2] and [2+2]
cycloadditions,! [2+2] cycloaddition-retroelectrocycliza-
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tions,* thiol-ene reactions,>® and ring-opening reactions of
strained heterocyclic electrophiles’ are classified as click-
type reactions. Recent studies have shown that click-type
reactions such as [2+2] cycloadditions and [2+2] cycloaddi-
tion-retroelectrocyclizations are now frequently used in the
synthesis of push-pull structures.* The excellent optoelec-
tronic properties of these structures explain the growing
interest in their synthesis by using short and efficient click-
type methods. Push-pull systems also find applications in a
wide variety of areas such as organic light-emitting diodes
(OLEDs),® organic field-effect transistors (OFETs),? dye-sen-
sitized solar cells (DSSCs),'° and nonlinear optical (NLO) de-
vices.!! In this context, it is essential to develop efficient
synthetic strategies to access these valuable targets. All the
above-mentioned features make click-type transformations
an excellent area to explore. As mentioned, the formal [2+2]
cycloaddition is one of many examples of click chemistry
and it can be applied successfully for the synthesis of push-
pull chromophores. Although the Woodward-Hoffman
rules’? state that [2+2] cycloaddition under thermal condi-
tions is unlikely, strong donor and withdrawal group inser-
tions in starting materials may change the conventional
perspective. In 1973, Reinhoudt reported the first example
of a [2+2] cycloaddition between an electron-rich alkyne
and electron-deficient alkene under thermal conditions.!3
This pioneering work was followed by many others and re-
vealed many potential thermal [2+2] cycloaddition trans-
formations.'#!®> Two of the more recent contributions in this
field are the [2+2] cycloadditions between dialkylani-
line/indole-based electron-rich alkynes and DDQ, which is
well-known as an oxidant,'® carried out independently by
the Trofimov and Diederich groups.'”!8 In 2019, our group
successfully demonstrated that triazenes can also be used
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as donor groups in formal [2+2] cycloadditions.!® Following
this work, our attempts to broaden the scope of substrates
that could be used in [2+2] cycloadditions with double tria-
zene-substituted alkynes unfortunately did not work. To
circumvent this issue, we have recently designed unsym-
metrical dialkylaniline/triazene-substituted alkynes that
undergo successful [2+2] cycloaddition-retroelectrocycliza-
tion to form m-conjugated non-planar push-pull NLO-
phores.!" As part of our ongoing investigations on push-
pull-type NLOphores, we herein present the synthesis of
homoconjugated push-pull chromophores via click-type
formal [2+2] cycloaddition.

The synthetic part of the study was divided into two
parts: the synthesis of disubstituted alkynes 1a-e and their
[2+2] cycloadditions with DDQ (2) (Scheme 1). The synthe-
sis of alkynes 1a-e was carried out based on the literature,
as described in detail in our previous work.!" In summary,
the synthesis of five electron-rich alkynes 1a-e was per-
formed using Sonogashira cross-coupling as the key step.
With substrates 1a-e in hand, subsequent click-type [2+2]
cycloaddition reactions were tested. Upon mixing 1:1 stoi-
chiometries of alkynes 1a-e and DDQ (2), the target homo-
conjugated chromophores (+)-3a-e were obtained in 51-
65% yield in less than 1.5 hours. In all cases, complete con-
sumption of the starting material was confirmed by TLC
analysis, and no by-product formation was observed. The
reason for the moderate yields is presumably the difficul-
ties encountered during isolation steps; during our purifi-
cation attempts by column chromatography using silica gel
or aluminum oxide (neutral or basic), slight degradation of
the cycloadducts (+)-3a-e was observed.

Z ,
O CHeClo, 25°C, 1.5
SN 51-65% yield
/l 1a-e
R= N §-N SN §—N<j N
L

/N

a(52%) b (61%) ¢ (51%) d (56%) e (65%)

Scheme 1 Cycloadditions of disubstituted alkynes 1a-e with DDQ (2)

Immediately after the isolation of the homoconjugated
compounds (+)-3a-e, their optoelectronic properties were
studied by UV/Vis spectroscopy, which is the most com-
monly used technique to investigate intramolecular charge-
transfer (ICT) properties of such chromophores. In order to
investigate the ICT behavior of (%)-3a-e, UV/Vis spectra
were recorded in CH,Cl, at 25 °C. Accordingly, molar extinc-
tion coefficients of the lowest energy absorption bands
range between 3300 and 8600 M~'cm™ (Figure 1).

45000

o o

o o
NC2Fron

ol Yo

N2 on
el
J

40000

()3b

35000

30000

25000

20000

e/M1cm

15000 f\/\ A

10000

5000

740

440 490 540 590 640 690
Wavelength (hnm) ———

0
240 290 340 390 790

Figure 1 UV/Vis absorption spectra of chromophores (+)-3a (green),
(£)-3b (blue), ()-3c (red), (¢)-3d (black), (+)-3e (orange) in CH,Cl, at
298 K.

Cycloadducts (+)-3a-e show A,,,, values ranging between
495 and 505 nm for the ICT bands; A, =496 nm (7300 M~-'cm™!
for (+)-3a), 498 nm (8600 M-'cm-! for (+)-3b), 496 nm
(8300 M-'cm™! for (*)-3c), 495 nm (3300 M-Icm™! for ()-
3d), and 505 nm (5700 M-'cm-! for (+)-3e). These results il-
lustrate that different alkyl substitution on triazenes has no
significant impact on A,,, values. In the next step, compu-
tational methods were used to verify whether the low-en-
ergy absorption bands observed in experimental UV/Vis
measurements have ICT character or not. All calculations
were carried out using the Gaussian 09 software package.?°
Geometry optimizations of (+)-3a-e were carried out at the
CAM-B3LYP/6-31G* level of theory.?! The analysis of the an-
alytical frequencies computed at the same level for cycload-
ducts (*)-3a-e confirmed that the structures are all at
ground-state minima and none of them have imaginary fre-
quencies. The conductor-like polarizable continuum model
(CPCM) was applied as a solvation model in CH,Cl,.22 To in-
terpret and understand the experimental UV/Vis spectral
features, we applied a TD-DFT [CAM-B3LYP/6-31G*] ap-
proach as a tool for the calculation of ICT bands arising from
homoconjugated donor-acceptor interactions.?* As expect-
ed, the lowest-energy absorption bands were confirmed to
correspond to HOMO—LUMO transitions. For all substrates,
the calculated A, values (536-540 nm) are slightly larger
than the experimental values (495-505 nm) (Tables 1SI-
5SI). The small differences observed between the experi-
mental and calculated spectra are consistent with those ob-
served in similar D-A systems reported in the literature.2*
The frontier molecular orbital (FMO) depictions and elec-
trostatic potential maps (ESP) were used to support further
the ICT character of the lowest energy bands observed in
experimental UV/Vis spectra.?> Table 1 displays HOMO and
LUMO depictions and ESP views from two different angles
for the selected homoconjugated chromophore (+)-3a. The
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Table 1 HOMO/LUMO Depictions and ESP Maps for Selected Chromophore (+)-3a

Structure HOMO LUMO ESP (front view)? ESP (side view)?
B
0*‘ (on ?’
B K - N 'y 153 1 a:,a
6" o T rieed,.
9 ;”J M

2 Mapped over the range -0.02 a.u. (red) to 0.02 a.u. (blue)

topology of the frontier orbitals clearly confirms the ICT in-
teractions. The HOMO is more concentrated on the elec-
tron-rich dialkyl aniline and triazene groups, while the
LUMO is mainly located on the six-membered ring contain-
ing cyanide, carbonyl, and halogen groups. It is noteworthy
that the HOMO is more concentrated on the dialkyl aniline,
which is known to be a stronger donor group than a tria-
zene. The small but significant overlap between HOMO and
LUMO indicates successful charge transfer between the do-
nor and the acceptor groups. ESP maps, as one of the most
frequently employed visualization techniques to describe
electron-transfer interactions in D-A systems, are also given
in Table 1.2>-27 The regions shown in red represent the re-
gions where the electron density increases after ICT and the
regions shown in blue represent the regions where the
electron density decreased. Accordingly, it is notable that
the electron density is concentrated around the six-mem-
bered ring, in line with the FMO results.

Table 2 Calculated Quinoidal Character Values (6r) of (+)-3a-e

The distinctive bond-length alternation arising from in-
tramolecular charge-transfer interactions was accounted
for both benzene rings (Rings I and II, Table 2) in homocon-
jugated structures (+)-3a-e. While the quinoid character
value (6r) is O for benzene, the or value varies between 0.08
and 0.10 in systems with a fully quinoid structure.!” The di-
ethyl aniline rings in (£)-3a-e exhibit a ér value of 0.030,
while the triazene substituted benzene rings have 6r values
0f 0.017-0.018. The lack of difference between the ér values
of rings I and II of the different chromophores is consistent
with the UV/Vis measurements, indicating that the changes
in the triazene groups have no effect on the optoelectronic
properties. Additionally, the significant ér value differences
observed between the two rings in the series of (+)-3a-e
confirm that the diethyl aniline ring is a much stronger do-
nor group than the triazenes. These results support the
through-bond interactions being the dominant mechanism
for formation of intramolecular charge-transfer transitions.

dr=[(a+a'+c+c)4]—[(b+Db)2]

Compound 5r(A)
Ring | Ring Il
(%)-3a 0.030 0.018
(2)-3b 0.030 0.018
(£)-3c 0.030 0.018
(2)-3d 0.030 0.018
(2)-3e 0.030 0.017
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The theoretical band gaps of homoconjugated chromo-
phores (+)-3a-e are summarized in Figure 2. Band gaps
ranging from 2.30 to 2.31 eV indicate once more that tria-
zene derivatization has no significant impact on optoelec-
tronic properties. The band gap results are also consistent
with the experimental UV/Vis results.
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Figure 2 Energy-level diagram of the frontier orbitals of push-pull
dyes ()-3a-e estimated by DFT calculations

Initial results obtained when the frontier orbitals were
analysed showed that (+)-3a-e have the potential to pos-
sess NLO properties. Most of the NLOphores reported in the
literature are constructed based on the donor-m-spacer-ac-
ceptor (D-m-A) structure.?®2? In contrast, (+)-3a-e possess a
D-A-D frame consisting of donor and acceptor groups that
interact through a homoconjugated bridge. Limited studies
on NLO properties of homoconjugated systems compared to
the intensive research on m-conjugated structures motivat-
ed us to carry out theoretical NLO studies.’” In general,
NLOphores display strong ICT characteristics and NLO re-
sponses are directly proportional to the efficiency of ICT.?>
Since experimental measurement of NLO susceptibilities is
expensive and rather challenging, we turned to quantum
mechanical calculations incorporating DFT methods that
are routinely used in NLO susceptibility calculations.'!3?

Accordingly, various calculated parameters including
average polarizability, first hyperpolarizability, dipole mo-
ment, band gap, electronegativity, global chemical hard-
ness, and softness are listed in Table 3. The equations used
to calculate these parameters, are given in Table 4.

Table 4 Equations Used to Calculate the Parameters in Table 3

B [(Bo + Bay * ) *+ (Byyy *+ Buy + Byol* + (Brce + B + Byo)1'?
a 113 (@t ayy + ;)

1 (e + () +(u, )1

X =1/2(Evomo*Erumo)

n =1/2(EvomoErumo)

o 1/n

One of the most widely used methods to enhance aver-
age polarizability and first hyperpolarizability to the de-
sired level is to select appropriate electron-donor and -ac-
ceptor pairs. When the results are analysed, it can be seen
that the modifications in the triazene groups did not have a
significant effect on these results (B, = 117.854 x 10730 -
119.389 x 107%0 esu; ooy = 82.069 - 90.972 x 107 esu).
However, the designed homoconjugated systems give very
similar NLO responses to m-conjugated push-pull structures
in the literature.3'32 These results indicate that homoconju-
gated systems can be used as an alternative to m-conjugated
systems in NLO applications. Similarly, no significant differ-
ences were obtained in the parameters of electronegativity
(x), global chemical hardness (1) and global softness (o) due
to similar band-gap values calculated for chromophores (+)-
3a-e. The promising results obtained in the NLO calcula-
tions led us to seek more detailed information about the
structure. Since NLO measurements utilize lasers, the ther-
mal stability requirement of push-pull chromophores is
critical for NLO applications.?*> Compound (+)-3a was se-
lected for thermogravimetric analysis (TGA) (Figure 3).

Table 3 The Average Polarizability [a ], First Hyperpolarizability [B.y], Electric Dipole Moment 1 (D), Exomos Eumor AE (Enomo—Erumo) Electronegativ-
ity (x), Global Chemical Hardness (1), Global Softness (o) at the CAM-B3LYP/6-31G* Level of Theory in CH,Cl,

(£)-3a (£)-3b (£)-3¢ (£)-3d (£)-3e
Olgeopy (1072 esu) 82.069 86.546 90.972 82.892 84.921
Biony (1073 esu) 117.854 117.868 118.018 118.601 119.389
(D) 13.4790 13.5847 13.5290 13.9283 13.4642
Evowmo (V) -6.39 -6.38 -6.39 -6.38 -6.41
Euuwo (eV) -4.09 -4.08 -4.09 -4.08 -4.10
AE (eV) 2.30 2.30 2.30 2.30 2.31
X (eV) 5.24 5.23 5.24 5.23 5.26
n(eV) 1.15 1.15 1.15 1.15 1.16
o(eV) 0.87 0.87 0.87 0.87 0.87
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Figure 3 TGA results for (+)-3a

Thermal decomposition of (+)-3a started at 100 °C and
continued up to 640 °C. Considering that good thermal sta-
bility is considered to be resistance to temperatures above
300 °C, (+)-3a showed rather early thermal degradation.
This is another reason why we have not performed experi-
mental NLO measurements for chromophores (+)-3a-e.

In conclusion, five different homoconjugated push-pull
chromophores were successfully synthesized by a click-
type formal [2+2] cycloaddition in 51-65% yields. The opti-
cal and non-linear optical properties of the synthesized
compounds were investigated in detail both experimentally
and computationally. Accordingly, chromophores (+)-3a-e
were found to have remarkable first-hyperpolarizability
values and ground-state dipole moments. With the knowl-
edge gained in this study, we continue to work on thermally
more durable structures with superior NLO properties.

All reagents were purchased as reagent grade and used without fur-
ther purification. Compounds 1a-e were prepared according to re-
ported procedures.!" Solvents for extraction or column chromatogra-
phy were distilled before use. Reactions under exclusion of air or wa-
ter were performed in oven-dried glassware and under argon or N,
atmosphere. Column chromatography (CC) was carried out using
Si0,-60 mesh. Analytical thin-layer chromatography (TLC) was per-
formed on aluminum sheets or glass plates coated with 0.2 mm silica
gel 60 F254; visualization with a UV lamp (254 or 366 nm). Evapora-
tion in vacuo was performed at 25-60 °C and 900-10 mbar. Reported
yields refer to spectroscopically and chromatographically pure com-
pounds that were dried under high vacuum (0.1-0.05 mbar) before
analytical characterization. 'H and '3C nuclear magnetic resonance
(NMR) spectra were recorded at 400 MHz ("H) and 100 MHz (13C), re-
spectively. Chemical shifts (3) are reported in ppm downfield from te-
tramethylsilane using the residual deuterated solvent signal as an in-
ternal reference (CDCl: 8y = 7.26 ppm, 8. = 77.0 ppm). For 'TH NMR
spectra, coupling constants J are given in Hz, and the resonance mul-
tiplicity is described as s (singlet), d (doublet), t (triplet), q (quartet),
and m (multiplet). All spectra were recorded at 298 K. The signal
broadening and differentiation observed in the 'H and *C NMR spec-
tra are due to the restricted rotation of the N-N bond in the triazenes.

High-resolution mass spectrometry (HRMS) was performed by the
MS service of the Central Laboratory at Middle East Technical Univer-
sity, Turkey. Masses are reported in m/z units of the molecular ion as
[M +HJ*".

Synthesis of (*)-3a-e; General Procedure

A solution of 1a-e (1.5 mmol, 1 equiv) and DDQ (2) (1.5 mmol, 1
equiv) in CH,Cl, (8 mL) was stirred at 25 °C until complete consump-
tion of starting material as based on TLC analysis. After evaporation of
the solvent, products (+)-3a-e were purified by column chromatogra-
phy (CC) (Si0,; CH,Cl,) and were obtained in 51-65% yields.

Compound (*)-3a

Yield: 52%; dark-brown solid; mp 124-126 °C (decomp.); R; = 0.64
(Si0,; CH,CL,).

'H NMR (400 MHz, CDCl;, 298 K): & = 7.50 (quasi d, J = 8.5 Hz, 2 H),
7.58 (quasid, J=9.0 Hz, 2 H), 7.44 (quasi d, ] = 8.5 Hz, 2 H), 6.60 (quasi
d,J=9.0 Hz, 2 H), 3.80 (q, J = 7.0 Hz, 4 H), 3.40 (q, ] = 6.9 Hz, 4 H),
1.23-1.36 (m, 6 H), 1.13-1.23 (m, 6 H).

13C NMR (100 MHz, CDCl,, 298 K): & = 1783, 177.4, 153.0, 149.8,
142.5, 142.0, 139.5, 1332, 129.0, 127.8, 126.0, 121.2, 115.4, 112.7,
112.6,111.3, 53.7, 53.4, 49.2, 44.7, 41.5, 14.4, 12.7, 11.5.

HRMS: m/z [M + H]" caled for C;oH,qCl,NgO,*: 575.1729; found:
575.1732.

Compound (*)-3b

Yield: 61%; dark-brown solid; mp 120-122 °C (decomp.); Ry = 0.62
(Si0,; CH,CL,).

'H NMR (400 MHz, CDCl;, 298 K): & = 7.58 (quasi d, J = 8.6 Hz, 2 H),
7.51 (quasid,J=9.0 Hz, 2 H), 7.45 (quasi d, ] = 8.6 Hz, 2 H), 6.61 (quasi
d,J=9.0Hz, 2 H),5.34 (br.s, 1 H),4.03 (br.s, 1 H),3.40(q,J=7.1 Hz, 4
H), 1.18-1.40 (m, 18 H).

13C NMR (100 MHz, CDCls, 298 K): & = 178.3, 177.5, 153.5, 149.7,
142.5, 142.0, 139.2, 133.4, 128.9, 127.8, 125.6, 121.0, 115.4, 112.7,
112.6,111.3,53.7,53.4,49.4, 46.7,44.7, 24.0, 19.5, 12.7.

HRMS: m/z [M + H]* caled for C;,H;3CLNgO,": 603.2042; found:
603.2040.

Compound (*)-3¢

Yield: 51%; dark-brown solid; mp 112-114 °C (decomp.); R, = 0.68
(Si0,; CH,Cl,).

H NMR (400 MHz, CDCl,, 298 K): & = 7.57 (quasi d, ] = 8.6 Hz, 2 H),
7.50(quasid,J=9.1 Hz, 2 H), 7.43 (quasi d, ] = 8.6 Hz, 2 H), 6.60 (quasi
d,J=9.1Hz,2H),3.73 (t,]=6.6 Hz, 4 H), 3.40(q,J = 7.0 Hz, 4 H), 1.64-
1.67 (m, 4 H), 1.34-1.40 (m, 4 H), 1.19(t,J = 7.0 Hz, 6 H), 0.96 (t,] = 7.3
Hz, 6 H).

13C NMR (100 MHz, CDCls, 298 K): & = 178.3, 177.4, 153.0, 149.7,
142.5, 142.0, 139.3, 133.1, 128.9, 127.7, 125.8, 121.1, 115.3, 112.7,
112.6, 111.3, 54.7, 53.6, 53.4, 46.9, 44.7, 31.1, 28.2, 20.7, 20.0, 14.0,
12.7.

HRMS: m/z [M + H]" caled for C;4H;,Cl,NgO,*: 631.2355; found:
631.2355.

Compound (*)-3d
Yield: 56%; dark-brown solid; mp 118-120 °C (decomp.); R; = 0.24
(Si0,; CH,CL,).

SynOpen 2023, 7, 1-7
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H NMR (400 MHz, CDCl,): & = 7.57 (quasi d, J = 8.6 Hz, 2 H), 7.50
(quasid,J=9.1Hz, 2 H), 7.43 (quasid, J=8.6 Hz, 2 H), 6.60 (quasi d, ] =
9.1 Hz, 2 H), 3.95 (br. s, 2 H), 3.68 (br. s, 2 H), 3.40 (q, J = 7.0 Hz, 4 H),
2.05 (br.s, 4 H), 1.19 (t,J = 7.0 Hz, 6 H).

13C NMR (101 MHz, CDCl3): & = 178.1, 177.3, 153.1, 149.6, 1424,
141.9, 139.3, 133.0, 128.8, 127.6, 125.9, 121.0, 115.2, 112.6, 112.5,
111.2,53.5,53.3, 51.3,46.6, 44.5, 23.9, 12.5.

HRMS: m/z [M + H]" caled for C;0H,;Cl,NgO,*: 573.1573; found:
573.1568.

Compound (*)-3e

Yield: 65%; dark-brown solid; mp 122-124 °C (decomp.); R; = 0.66
(Si0,; CH,CL).

'H NMR (400 MHz, CDCl;, 298 K): & = 7.58 (quasi d, J = 8.6 Hz, 2 H),
7.50 (quasi d, J=9.0 Hz, 2 H), 7.45 (quasi d, ] = 8.6 Hz, 2 H), 6.60 (quasi
d,J = 9.0 Hz, 2 H), 3.80-3.85 (m, 4 H), 3.40 (q, J = 7.1 Hz, 4 H), 1.70-
1.75 (m, 6 H), 1.19 (t,J = 7.1 Hz, 6 H).

13C NMR (100 MHz, CDCl,, 298 K): & = 1782, 177.4, 152.6, 149.8,
142.5, 142.0, 139.7, 133.0, 129.0, 127.8, 126.4, 121.2, 1153, 112.7,
112.6,111.3, 53.7, 53.4, 44.7, 38.0, 31.1, 25.5, 24.4, 14.7, 12.7.

HRMS: m/z [M + H]" caled for C;;H,qCl,NgO,*: 587.1729; found:
587.1724.
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