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Abstract

Photochemical dimerization reactions provide an efficient approach to the synthesis of complex cyclobutene
containing structures, which are often difficult to obtain by reactions of another type. Industrially, the photochemical
healing of polymers proceeds successfully and very fast via [2+2] photocycloaddition. It is assumed that the
heterocyclic ring has a great influence on the regioselectivity and stereoselectivity of photochemical dimerization of
various heteroaryl acrylates. A detailed explanation of the observed photochemical reaction of different 3-
heteroaryl(furyl, thiophyl, selenophyl and tellurophyl)-acrylates is furnished theoretically on the basis of a
comprehensive review of the photochemical dimerizations of this type of compounds. Density functional theory
(DFT) was used to study the reaction mechanism and locate all the intermediates and transition states along the
potential energy curve. The calculated energy barriers were used to compare the stability of different conformations.
The reactions showed good regio- and stereoselectivity through the formation of biradical transition state. The global
electrophilicity, nucleophilicity, hardness, softness and ionization potential were evaluated to rationalize the results
of the most stable isomers. In addition, IR vibration frequencies, energetic parameters and molecular orbital analysis
were analyzed for the most stable products.

Keywords: Dimerization; DFT; 3-heteroaryl-acrylates; [2+2] cycloaddition.

JAOCIIIKEHHA ®OTOXIMIYHOI AUMEPHU3ALIL 3-TETEPOAPWJI (®YPUJI, TIO®LI,
CEJIEHO®IJI I TEJIYPO®ILT)-AKPHUJIATIB METO/IOM DFT

Pezan [I>xanasn, Xaccan Xaji A6aaniax

Ximivnutl pakyremem, Koaedoc oceimu, Yuisepcumem Canaxaddina e Ep6ini, 44001, Ep6inv, Ipak

AHoTaliga

Ha ocHOBi BceGiuHOro orssay ¢oroximMiuyHux AuMepu3aniil pisHux 3-retepoapwi(gypmi, tiodin, ceseHodin i
Tesiypo¢ij)-akpuaaTiB 6y/i0 mMpeJcTaB/IEeHO JOK/Ia/JHe TeOpeTUYHe MOSICHEHHs CIoCTepexXyBaHoi ¢oToximiuHoi
peakuii cnoayk gaHoro tumy. Teopia ¢yHkuionany rycrunu (DFT) 6ysa BUKopucTaHa JAJis BUBYEHHA MeXaHi3My
peakxiii i BU3HaYeHHs Micld po3TallyBaHHA BCiX NMPOMDKHHUX i MepexiJHUX CTaHIiB y3J0BXK KpPHMBOi NOTeHLilHOI
eHeprii. Po3paxoBaHi eHepreTH4Hi 6ap'epu 6y/I1 BUKOPUCTaHI AJisl HOPiBHAHHSA CTa6i/IbHOCTI pi3HMX KOHPOpMaLii.
Peakuii mokasajM rapHy perio - Ta crepeoce/IeKTUBHICTh 32 PaXyHOK YyTBOpPEeHHs 6ipaJMKa/JbHOTO NepexigHOro
ctady. [lJisi OGIpyHTYBaHHsS pe3yJ/bTaTiB HallGlabIl CTaGi/IbHUX i30MepiB 6y/I0 BUKOHAHO MOPiBHAHHS 3HAaY€Hb
rj106a/IbHOI e1eKTPOPiIbHOCTI, HYK/I1e0Qi/IbLHOCTI, ’KOPCTKOCTi, M'IKOCTi i moTeHuiany ionizanii. Kpim Toro, aas
HaW6i/ibII CcTaGiIbHUX NPOAYKTIB OGy/iM NpoaHasi3oBaHi 4yactoThm IY-ko/iMBaHb, eHepreTH4yHi mapaMeTpu Ta
BUKOHAHUI aHaJIi3 MOJIEKYJIAPHMX opGiTaei.

Kaiouosi caosa: numepusauis; DFT; 3-reTepoapuia-akpuiaTy; [2+2] DUKJIOIPUEAHAHHS.
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UCCJAEAOBAHUE ®OTOXUMHUYECKOH JUMEPU3ALIMU 3-TETEPOAPU/I(PYPUII,
TUOPWUJI, CEJIEHO®PUJI U TEJIJIYPO®PUT)-AKPUJIATOB METO/IOM DFT

Peszan /l>xanas, Xaccan Xaau Abganiax

Xumuueckuil pakyremem, Koanedsc obpazosanust, Yuueepcumem Canaxadduna e Ip6use, 44001, Ip6uas, Upak

AHHoTalus

Ha ocHoBe BcecTopoHHero 0630pa GOoTOXMMUYECKUX AMMepHU3anuid pa3/uyHbIX 3-retepoapui(qypui, Tuodu,
cesieHOpU M Te/ypodua)-akpujaToOB ObLIO MNpPeACTaBJIEHO TMNOAPOGHOE TeOopeTU4YeCcKoe O6GbsCHEHUue
Ha61wAaeMoil GpOTOXHMMUYECKON peaKlMu coeJuHeHUH JaHHOro tuma. Teopusa ¢yHkumonana miaotHoctu (DFT)
6bl/Ia HCNI0JIb30BaHA AJ1s U3yYeHHsA MeXaHHM3Ma PeaKLuy U onpe/e/eHUs MeCTONO0JI0XKEHUSI BCeX IPOMEKYTOYHbIX U
nepexoJHbIX COCTOSHUI BJ0JIb KPUBOM NMOTEHLMAJIBHOM 3Heprun. PaccyuTaHHble 3HepreTuyecKne 6apbepsl GbLIU
HCII0JIb30BaHbl AJIs1 CPAaBHEHHs CTAGMJIbHOCTH Pa3/IMYHbIX KOHopManuii. Peakiuy nokasaii XopoIyi perio- u
CTepeoce/JIeKTUBHOCTh 3a CYET O0GpPa30BaHUS GHPAAMKAJIBHOrO INEPEXOJAHOr0 COCTOSAHMA. [l 06OCHOBaHHUA
pe3yJIbTaTOB HauGoJiee CTaGUJIbHBIX H30MepOB G6blJI0O NPOM3BEAEHO CpaBHeHHe 3Ha4yeHUil TI/106a/JIbHOM
3/1eKTPOQUIBHOCTH, HYKJ1€O0(PHUJIbHOCTH, KECTKOCTH, MATKOCTH U NOTeHHuajla HoHu3anuu. Kpome Toro, asnasa

Hau6oJiee CTAaGUIbHBIX NpoAYKTOB GbLIN npoaHa/IM3UPOBAHBI

gactotel HK-Ko/ie6aHMii, 3HepreTuvecKue

napameTphbl, IpoBeAeH aHA/IU3 MOJIEKY/IAPHBIX OpGUTaIEH.
Karouessle caoea: numepusanust; DFT; 3-reTepoapui-akpuiaThl; [2+2] HUK/I0NPUCOeJUHEHME.

Introduction

Photochemical dimerization reactions provide
a very efficient approach to the synthesis of
complex cyclobutane containing structures that
are often difficult to synthesize by other reaction
types [1; 2]. Cyclobutanes can undergo ring-
expansion or fragmentation reactions [3]. The
synthesis methods of four-membered carbocycles
are limited compared to those available for the
construction of five- and six-membered rings [4-
6].

Natural products containing cyclobutane were
obtained from a surprisingly diverse range of
insect, microbial species, and plants [7-9].
Industrially, the photochemical healing of cracked
and healed polymer samples proceeded
successfully and very fast via [2+2]

O\/\COZH

photocycloaddition which does not require any
catalyst, additive, or severe heat treatment [10].
Indeed, there are numerous experimental and
computational studies in the literature illustrating
the importance of this type of reaction [11]. One of
the oldest known photochemical dimerization
was performed in 1902, when Chamichian
published the results of the solid state
photodimerization of cinnamic acid, coumarin,
and stilbene [12; 13]. The solid state cinnamic acid
was irradiated to produce the corresponding
photodimers. Interestingly, the reaction products
depend on the crystal form of the starting
material, where the metastable -form gives -
truxinic acid, while the stable a-form is reported
to yield a-truxillic acid, as shown in Scheme 1 [13;

COZH
Bform 002

HO

ZC ,\\
(l-form dj%:oz

Scheme 1. The dimerization of cinnamic acid.

Similarly, the photochemical reaction of liquid
ethyl cinnamate gave a mixture of two compounds

O\/\coza

hv
—>

with yields of 55% and 25 %, respectively,
Scheme 2 [15; 16].

O (COZE (COREt
| ] +
“CoEt /\\,/\\“ CO,E

Scheme 2. The dimerization of ethyl cinnamate.



242

Journal of Chemistry and Technologies, 2021, 29(2), 240-253

Irradiation of the mixture of methyl 3-(2-
furyl)acrylate in acetonitrile and benzophenone as a
sensitizer gave a mixture of two compounds with

[6)
Ph2CO

U\/\COZMe LP
MeCN

\_0

yields of 61 % and 27 %, respectively, Scheme 3 [17;
18].

Scheme 3. The dimerization of methyl 3-(2-furyl)acrylate.

Based on the kinetic and spectroscopic
properties, it was found that furylacrylate
dimerization occurs in the triplet state of the
molecule with a good stereoselectivity and a high
regioselectivity [19; 20]. In addition, it was found
that only head-to-head coupling was formed since
the other possible head-to-tail coupling was not
allowed due to the extreme sensitivity of the
reaction to steric hindrance [17]. Similarly, the
thienyl derivative has shown the same behavior
and produced a mixture of the two most stable
cyclobutane derivatives in 1:1 ratio with an
overall yield of 25 % [17].

Theoretically, several studies of the
photochemical dimerization are available. For
example, the photodimerization of cytosine by the
CASSCF/CASPT2 method showed the most
probable reaction along the potential energy
hypersurface [21]. A mixture of two dimers
formed by the irradiation of methyl urocanates by
using PM3-RHF-CI semiempirical method which
explains the regiochemical behavior and the
interaction between the molecular orbital, LSOMO
of the excited triplet state and the HOMO of the
ground singlet state [22]. Also DFT and TD-DFT
studies of methyl 3-(2-furyl)acrylate observed the
regio- and stereoselectivity with only two of the
eleven possible isomers being the most stable
[20].

Obviously, the heterocyclic ring may play an
important role on the regioselectivity and
stereoselectivity behavior of photochemical
dimerization of different heteroaryl acrylates [23-
26]. In this study, DFT was used to study the
regioselectivity and stereoselectivity of 3-
heteroaryl (furyl, thiophyl, selenophyl and
tellurophyl)-acrylates using B3LYP functional
with different basis sets. All the intermediates and
transition states were located along the potential
energy surface. In addition, IR vibration
frequencies, energetic parameters and molecular
orbital analysis were analyzed for the most stable
products.

Computational Details

Gaussian09 package was wused for all
theoretical calculations [27]. All the computations
were based on DFT method with B3LYP functional
in combination with two types of basis sets, 6-
31+G(d,p) and 6-31G(d) [28]. The starting
structures were built using GaussView and
optimized to their corresponding ground states.
The optimized structures were used to find the
intermediates and the transition states along the
reaction pathway. Geometry optimization was
performed in default settings for geometry
convergence, integration grid and electron density
(SCF) convergence. Open-shell species
calculations were done in a spin-restricted
formalism. All molecular species were taken with
a singlet spin multiplicity whether they have
closed shells (reactants, products) or open shells
of biradical nature (intermediates, transition
states). Frequency calculations were used to verify
that the structures of the reactants, intermediates
and the products were at the ground state with no
imaginary frequency. On the other hand, the
transition states showed one imaginary
frequency. Energetic, thermodynamic and
spectroscopic parameters were calculated for all
the intermediates and transition states along the
reaction energy curve and were discussed in the
results and discussion section.

Results and Discussion

The photochemical dimerization of methyl-3-
(2-furyl) acrylate is shown in Scheme 3. It was
experimentally shown that the reaction produced
cis- and trans-isomers based on the distribution of
the ester groups on the new formed cyclobutane
ring. In addition, the reaction proceeds through
head-to-head interaction in the triplet state
following the energy transfer from the sensitizer
molecule, benzophenone [18; 29].

Theoretically, DFT method was used to study
the reaction pathway with 6-31G(d) basis set.
Besides, the effect of replacing the furan ring by
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thiophene, selenophene and tellurophene on the
reaction activation energy and the reaction final
products was examined.

The coupling reaction of the reactant molecules
involves the formation of two biradical
intermediates, cis and trans in the triplet state
after crossing the first transition state as shown in
Fig. 1.

The energy difference between these
intermediates is 1.59 kcal/mol which is close to
the value obtained by D’Auria using AM1-UHF
semiempirical method, 2.2 kcal/mol [22].

In the following reaction step, two biradicals go
through a cyclization reaction to form the final
corresponding dimers after crossing the second
transition state, TS2, as shown in the reaction
curve in Fig. 2. Table 1 shows the calculated
electronic energies of all the possible dimers using
two types of basis set, (6-31G+(d,p)) and (6-
31g(d)). The reason behind using two types of
basis set was to compare our results with those
calculated by D’Aurai and to study the effect of the

(cis) AE=31.39 kcal/mol

used basis set on the stability of the final products.
Thermodynamic parameters such as AE (reaction
energy), AH (reaction thermal enthalpy) and AG
(Gibbs free energy) are collected in Table 1 and
shown in Fig. 2.

In general, results obtained with the (6-
31G+(d,p)) basis set are lower than those of the
(6-31G(d)) basis set. However, both basis sets
achieved the same most stable dimers: trans-anti-
dimer, which represents entry 6 in Table 1, and
cis-dimer, which is shown in entry 3. However, the
order of the six dimers is different for the two
types of basis sets.

It is worth noting that both basis sets showed
identical geometry parameters for the final most
stable derivative. Based on the previous results
and considering that different basis sets gave
different orders of stability, and due to the lack of
experimental results, it is difficult to verify which
basis set is able to give more accurate results,
however, there is an agreement on the most stable
product [20].

(trans) AE= 29.80 kcal/mol

Fig. 1. The optimized geometries of the biradical intermediates using B3LYP/6-31+G(d,p) level of theory.
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Fig. 2. The energy curve for the dimerization reaction with the biradical intermediates and all the possible
cyclobutane derivatives, X= 2-furyl and E = -CO2CH3 using B3LYP/6-31+G(d,p) level of theory.
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Table 1

The energy and thermodynamic parameters of the possible cyclobutane derivatives for the two types of basis sets
using B3LYP functional in conjunction with 6-31+G(d,p) and 6-31G(d) basis sets.

In this study, we performed theoretical
calculation for different heteroaryl acrylates (S,
Se and Te) using DFT in the gas phase with 6-
31g(d) basis set. The selected bond lengths, bond
angles and torsion angles of the most stable dimer
of all S, Se and Te derivatives are compared with
O and listed in Table 2.

The C-C bond lengths of the formed
cyclobutane ring are identical within a difference
of +0.04 A, while the C-H bond lengths have
4+ 0.01 A difference. The differences of the bond

AE (kcal/mol) AH (kcal/mol) AG (kcal/mol)
Entry Cyclobutane
6-31G+(d,p) 6-31G(d) 6-31G+(d,p) 6-31G(d) 6-31G+(d,p) 6-31G(d)
4
0 CO,Me
1 14.41 9.73 13.79 9.08 28.53 23.93
— CO,Me
O
]
0—7, ,CO.Me
2 8.97 5.22 8.51 471 21.38 18.28
- COzMe
O
]
00—, CO,Me
3 [( 6.79 3.36 6.34 2.86 19.69 16.58
=\ CO,Me
O
4
[e) COzMe
4 8.15 4.54 7.65 4.04 21.41 17.88
= “co,Me
O
]
0—7,  ,COMe
5 D’ 7.83 4.61 7.38 4.13 20.96 17.87
=\ “COo,Me
\\go)
¥
Oo—, COzMe
6 4.00 1.26 3.66 0.88 16.01 13.56
— co,Me
N\ O
The optimized geometry: angles of the most stable isomer of each

derivative are within +1.39°,+4.9°and + 3.9°
for the S, Se and Te, respectively comparative to
the O-isomer.

/
/ 9
x—X412 E
H H
5 2 8
4 1
1
[ 2
10
X H H
7

Table 2. The geometry parameters of the most stable dimer for the O, S, Se and Te derivatives using B3LYP/6-
31+G(d,p) level of theory.

Definition Isomers
Bond/A- 0 S Se Te
C1-C2 1.56 1.56 1.55 1.55
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C1-Cq 1.56 1.56 1.57 1.57
Ci-H7 1.09 1.09 1.09 1.09
C2-Co 1.51 1.51 1.51 1.51
C3-C12 1.48 1.49 1.50 1.50
Angle/degree
C2CiCq 88.4 88.3 87.3 88.2
C2C1C1o 118.7 118.5 119.8 116.8
C1C2C3 88.2 88.3 89.4 88.6
C1C2Co 118.8 118.5 122.5 116.6
C2C3Ca 87.5 87.8 86.2 87.6
C2C3Cr2 119.4 120.8 117.3 121.3
C1C4C3 88.1 88.0 88.2 88.2
Dihedral/degree
C4C1C2Co -143.2 -142.9 146.5 -138.7
C10C1C2C3 -143.9 -143.1 143.8 -138.7
C2C1C4C11 144.4 143.6 -152.4 144.0
C1C2C3C12 143.7 145.3 95.5 144.9
Thermodynamic parameters: The analysis of the results, based on
The calculated thermodynamic parameters comparing the thermodynamic parameters,

are shown in Table 3, in which E represents the
sum of the electronic and the zero-point energies,
enthalpy H, which is the sum of the electronic and
thermal enthalpy, Gibbs free energy G as the sum
of the electronic and thermal free energy and
entropy S.

shows that the most stable isomer is the one
similar to 3-(2-furyl)acrylic acid, trans-anti-
dimer isomer and the most stable cis isomer is
entry 3 for O and Se isomer and entry 2 for S and
Te.

Table 3

Energy and thermodynamic parameters of the possible cyclobutane derivatives for the O, S, Se and Te derivatives
using B3LYP/6-31+G(d,p) level of theory.

o AE AS
Entry Cyclobutane derivatives (keal /mol) AHr (kcal/mol) AGr (kcal/mol) (kcal/mol.K)
/ 0 9.73 9.08 23.93 -49.81
X / CO,Me
. S 10.85 10.11 25.62 -52.04
. oM Se 1.28 0.44 17.26 -56.41
N\ X Te 12.45 11.76 27.52 -52.84
& 0 5.22 471 18.28 -4551
) X7, pC0:Me S 2.79 2.29 15.76 4521
— C0,Me Se 2.60 1.96 16.92 -50.18
N\ X Te 2.05 1.52 15.84 -48.02
% 0 3.36 2.86 16.58 -46.01
X // CO,Me
3 EC 2 S 439 3.90 17.41 -45.34
" Yoo,me Se -1.74 -2.31 12.58 -49.94
N\ X Te 3.92 3.39 17.48 -47.27
7 0 4.54 4.04 17.88 -46.43
. X COMe S 475 417 1832 4748
= Zome Se 0.05 -0.68 14.99 -52.56
@ Te 2.65 2.04 16.76 -4937
7 0 461 413 17.87 -46.10
X, rCOZMe S 4.45 3.95 17.64 4591
5 K Se -2.81 -3.41 11.88 -51.28
= COoMe
N X Te 4.49 3.99 18.03 -47.10
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0 1.26 0.88 13.56 -42.52
S 0.88 0.48 13.07 -42.23
6 Se -1.79 -2.18 11.17 -44.77
Te -2.14 -2.55 10.60 -44.10

Boundary Molecular Orbitals analysis (BMO)

Boundary molecular orbitals (BMO) analysis
plays an important role in the study of electronic,
optical and chemical properties [30]. The highest
occupied molecular orbital (HOMO), which is the
outer electron-containing orbital, can refer to an
electron donor while the lowest unoccupied
molecular orbital (LUMO), which contain free
places to accept electrons, makes it an electron
acceptor [31].

The molecular orbitals (HOMO and LUMO) of
the most stable isomer for the O, S, Se and Te
derivatives are shown in Table 4. The ionization
potential is directly related to the energy of the
HOMO (IP=-Euomo) and the LUMO is directly
related to the electronic affinity

(EA=-ErLumo). High value of Enomo shows the
tendency of the compound to donate electrons to
the acceptor compound with low energy, whereas
the low value of Epymo shows that the compound
prefers to accept electrons. The difference in
energy between the HOMO and the LUMO is
called the energy gap, which represents an
important factor for the compound stability. A
molecule with a high energy gap (AEgp = Evumo-

Enomo) is less polarizable and generally associated
with high kinetic stability and low chemical
reactivity [32].

Chemical hardness, n((IP-EA)/2), and global
softness, S (1/n), refer to the resistance of a
system to the change in its electron numbers.
Generally, a soft molecule has a low 1, while a
hard molecule has a high value [33]. The
electronegativity, x ((IP+EA)/2) reflects the
ability of a molecule not to release its electrons
[16]. The overall electrophilicity index w (uz/2n)
characterizes the electrophilic power of the
molecule [34]. The global descriptors of reactivity
for all isomers are listed in Table 5.

The global hardness of the isomers is
decreased in the direction from O, S, Se and Te or
as the size of the heteroatom or its
electronegativity character increases. On the
contrary, the global softness S increases in the
direction from O to S, Se and Te. The
electrophilicity power increases in the direction
from O, through S and Se to Te. In particular, the
isomer containing an oxygen atom has the lowest
global electrophilicity w. This compound has a

wider energy gap among the others.
Table 4

The BMO (HOMO and LUMO) and their energies for the O, S, Se and Te most stable isomer using B3LYP/6-31+G(d,p)
level of theory.

Str HOMO

LUMO

0
“J
E=-0.31eV E=-0.15eV
.
S T,
F

E=-0.31eV

E=-0.14 eV
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9

J
J

E=-0.14 eV

E=-0.28 eV

9
. g

e
e

%

J

=

E=-0.18 eV

Table 5

The energy gap, IP, EA, hardness 1, softness S, electronegativity and electrophilicity of the most stable isomer of the
0, S, Se and Te derivatives using B3LYP/6-31+G(d,p) level of theory.

Parameters
Isomers Y S Se Te
Egap(kJ /mol) 15.44 13.51 11.58 9.65
1P
30.133 29.558 24.570 26.730
kJ/mol
EA
14.088 14.848 13.111 16.976
kJ/mol
n
k] /mol 8.022 7.355 5.730 4.877
S
keal /mol.K 0.125 0.136 0.175 0.205
X
k] /mol 22111 22.203 18.841 21.853
w 30.469 33.514 30.975 48.960
kJ/mol

IR vibrational frequencies

The vibrational frequencies for all the
fundamental modes of the optimized O, S, Se and
Te were computed using B3LYP method and 6-
31g(d) basis set. As the molecule consists of 38
atoms, there are 108 fundamental modes of
vibrations. The essential vibrational frequencies
of compounds and the corresponding value of
each vibration mode are summarized in Table 6.

The C-H stretching vibrations of the butane
ring are observed in the region 3100-3000 cm,
however, for the current derivatives, the
stretching vibrations appear between 3034-
3153 cml. The bands between 1089-117 cm! are
assigned to the C-C ring stretching. The C1-C10
vibrations at 1286, 1284 and 1279 cm-! are for
the O, S and Se derivatives respectively.

The vibrations of the C3-C12 bond at 1279,
1232, 1227 and 1182 cm-! are decreasing in the
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direction from O, S, Se and Te, respectively which vibrational frequencies was calculated by Unel et

may show the effect of the size of the heteroatom. al,, using the same basis set, and was 0.9522 [35].
The IR vibration spectrum for all derivatives is The frequencies of the selected compounds were
shown in Fig. 3. The scaling factor for the scaled by using derived scale factors.

Table 6

Essential vibration frequencies (cm-1), Vibration frequencies (cm-1) in italic after scaling, and IR intensities in
parentheses of the most stable isomer of the O, S, Se and Te derivatives using B3LYP/6-31+G(d,p) level of theory.

Definition 0 S Se Te
947.22 955.11 896.15 966.61
C-C str 901.94 909.46 853.32 92041
(11.31) (5.2) (9.01) (8.20)
955.93 1011.8 973.29 994,97
C-C str 910.24 963.44 926.76 947.41
(12.69) (1.97) (4.66) (22.37)
1022.10 1022.40 979.15 1004.47
C-C str 973.24 973.53 932.35 956.46
(4.00) (4.1) (9.47) (5.03)
1023.01 1011.84 915.53 1034.47
C-C str 947.11 963.47 871.77 985.02
(4.01) (1.98) (10.74) (1.61)
1093.08 1089.04 1103.96 1117.81
C-C Ring 1040.83 1036.98 1051.20 1064.39
(1.30) (2.95) (3.80) (0.59)
1279.45 1232.87 1227.97 1182.38
C3-C12 str 1218.29 1173.94 1169.27 1125.86
(14.03) (20.62) (6.72) (14.45)
1286.24 1284.31 1279.42 1374.13
C1-C10 str 1224.76 1222.92 1218.26 1308.45
(477.56) (411.96) (323.12) (140.17)
1644.30 1598.90 1599.40 1609.52
C=Cstr 1565.70 152247 1522.95 1532.58
(3.19) (0.9) (0.76) (0.59)
1825.10 1826.31 1827.92 1816.65
C=0 str 1737.86 1739.01 1740.55 1729.81
(200.45) (218) (249.35) (5.51)
3102.78 3089.40 3072.80 3034.43
C4-H6 str 2954.47 2941.73 292592 2889.38
(0.30) (0.67) (8.21) (8.98)
3117.60 3102.60 3093.72 3069.29
C3-H5 str 2968.58 2954.30 2945.86 2922.58
(3.96) (6.01) (16.10) (6.43)
3152.76 3135.01 3110.10 3127.24
C2-H8 str 3002.06 2985.15 2961.44 2977.79
(10.73) (0.91) (5.15) (2.36)
3137.29 3150.80 3142.10 3141.22
C1-H7 str 2987.33 3000.19 2991.91 2991.07

(1.77) (5.4) (5.61) (3.29)
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Fig. 3. IR spectra of the most stable isomer of the O, S, Se and Te derivatives using B3LYP/6-31+G(d,p) level
of theory.

ELF topological analysis of reactants

The ELF establishes a direct quantitative
connection between the electron density
distribution and the chemical structure [36-43].
Herein, the reactivity of reactants in dimerization
reactions is studied from the ELF topological
analysis. The ELF localization domains of the
reagents are given in Fig. 4.

The ELF topology of the reactant with O, S and
Se shows the presence of two V(C1,C2) and
V'(C1,C2) disynaptic basins having a total
population of 3.39 e, 342 e and 3.43 e
respectively. The V(C1,C2) and V'(C1,C2)
disynaptic basins represent the double bond
electron density for the C-C bonding region. The
total population of the electron density in the C-C

double bond region increases in the direction
from O, S to Se. However, only one V(C1,C2)
disynaptic with the population of 3.60 e is shown
for Te, associated with the underpopulated C-C
double bond. It should be noted that the
population of the electron density in the C-C
double bonding region significantly increases on
proceeding from O, S, Se onto Te.

After establishing the bonding pattern of the
reagents, the atomic charge distribution of
reactants was analyzed through NPA (Fig. 5). C1
and C2 carbon atoms of all reactants are
negatively charged. The C1 carbon shows less
negative charge than C2 carbon atom for all
reactants. The charge of the carbon atom attached
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to the heterocycle becomes less negative in the
direction from O, S, Se and Te.

V(C1,C2)

/o vene
171

Se

V(C1,C2)
o 171

V’(CL,C2)
171

Te

Fig. 4. B3LYP/6-31+G(d) calculated ELF localisation domains represented at an isosurface value of ELF = 0.80 of
all reactants.

Wcone

Se

Woozm

-0.18

-0.34

U\/\COZMe

Te -017

Fig. 5. B3LYP/6-31+G(d) calculated natural atomic charges, in average number of electrons e, of reactants.

Conclusion

In conclusion, we showed that the regio- and
stereochemical behaviour of photochemical
dimerization of the heterocyclic substituted
alkenes bearing electron withdrawing groups can
be predicted on the basis of these photophysical
and chemical properties. The reaction proceeds
through head-to-head interaction, which is
sensitized from the excited triplet state. The
product bearing the ester functions in anti-
configuration is more stable than the other one.
Isomer 6, is the most stable isomer in the case of
0, S and Te, while for the Se derivative, isomer 5 is
the most stable. The formation of the more stable
isomers can be understood on the basis of the
different stability of the biradical intermediates

and the transition state energy of the ring-closure
reaction.
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