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Abstract. The mechanism and regioselectivity of 1,3-dipolar cycloaddition reactions of sulphur-centred 1,3-
dipoles including thiocarbonyl S-imide (D1), thiocarbonyl S-oxide (D2) and thiocarbonyl S-sulphide (D3)
with an electron-deficient dipolarophile, furan-2,3-dione (DPh), were studied in the light of some theoretical
approaches, namely, activation energy, density functional theory (DFT) reactivity indices and Houk’s rule based
on the frontier molecular orbital (FMO) theory at the B3LYP/6-311+4+G** level. The present analysis reveals
that the cycloaddition reactions under study can be classified in the normal electron demand category. An
excellent agreement was observed between the kinetic results and the electronic approaches; in fact, maximum
hardness principle (MHP), Chattaraj’s polar model, Houk’s rule and the Gazquez—Mendez rule confirm the

resultant regioselectivity based on the calculated activation energies.
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1. Introduction

Five-membered heterocyclic compounds can be gene-
rated by addition of a 1,3-dipole to a dipolarophile under
a 1,3-dipolar cycloaddition (1,3-DC) reaction which is
well known as pericyclic reaction. A 1,3-dipole is an
arrangement of three atoms over which four & electrons
are distributed while dipolarophiles are systems includ-
ing unsaturated bond(s).!? 1,3-DC reactions are syn-
thetically useful in organic synthetic field because of
their high stereospecificity, stereoselectivity and regio-
selectivity.® For the first time in 1960, Huisgen and
co-workers introduced the concept of 1,3-DC reac-
tions.** From the mechanistic point of view, two types
of these reactions have been introduced: stepwise and
concerted.® According to the number of researches on
stereochemistry and kinetics, it can be concluded that
the 1,3-dipolar cycloaddition reactions proceed via con-
certed mechanism.*’®* The concerted mechanism was
primarily suggested by Huisgen®!® and it has been
specified with the following characterizations: single-
step, five-centre cycloaddition, and involves 4 elec-
trons from the 1,3-dipole and 2z electrons from the
dipolarophile. In this mechanism, in agreement with
the Woodward—Hoffmann rules,!' combination of three

*For correspondence
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p. orbitals of 1,3-dipole (containing 4 electrons) and
two p, orbitals of the dipolarophile (containing 27 elec-
trons) takes place suprafacially and this is the reason
why these reactions are symbolized as [,4y + .2l
Based on Fleming’s explanations, '* regioselectivity and
reactivity in concerted 1,3-DC reactions can be inter-
preted by using frontier molecular orbital (FMO) theo-
ry. In the light of FMO theory, Sustmann classified
the cycloaddition reactions in three various types. Type
I is the FMO interaction between the highest occu-
pied molecular orbital of the 1,3-dipole (HOMO;poe)
and the lowest unoccupied molecular orbital of the
dipolarophile (LUMOyipolarophite) Which is named as the
normal-electron demand (NED) 1,3-DC reactions and a
large number of 1,3-DC reactions are classified in this
type. Type II is known by the interaction between the
LUMO of the 1,3-dipole and the HOMO of the dipo-
larophile. This type is named as the inverse-electron
demand (IED) 1,3-DC reactions. Finally, type III is
characterized by the similar differences of the HOMO
and LUMO energies of the 1,3-dipole/dipolarophile
pair.*~% In this case, both LUMOuipotarophie—HOMOyipoe
and LUMO;po1e—HOMOyipolaropnile 1nteractions must be
considered in determining the reactivity and regiochem-
istry of the process and consequently either NED or
IED can be occurred.® These three types of interactions
are depicted in scheme 1.
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Scheme 1. Three types of interactions between HOMO and LUMO orbitals of a 1,3-dipole/dipolarophile pair.

In addition to FMO theory, many researchers use
the HSAB (hard and soft acids and bases) principle
which has been formulated by density functional the-
ory (DFT)'*!5 to predict reactivity and regioselecti-
vity in the 1,3-DC reactions. Moreover, based on the
DFT, a number of global and local reactivity descrip-
tors such as global electrophilicity, global hardness,
global softness, local hardness, local softness, con-
densed Fukui functions, philicity indexes, etc., have
been developed to foresee the regioselectivity in 1,3-DC
reactions and these can be found in the literature. '*2°
Another interesting and helpful tool to predict reactivity
and stability of chemical species is the maximum hard-
ness principle (MHP),?! which has been formulated by
Pearson in 1987.?% This principle states that “there
seems to be a rule of nature that molecules arrange
themselves to be as hard as possible”.?>* Applicabili-
ty of MHP has been confirmed to explore the chemi-
cal reactivity and direction to which a chemical reaction
evolves.?'?* An interesting idea within the MHP is the
activation hardness, introduced by Zhou and Parr,?>%
which is defined as the difference between the hardness
of reactants and corresponding transition state: An* =
nr — nrs. Kinetically favoured regioisomer must be
obtained from a more stable transition state which is
also higher in hardness. Indeed, this is the application of
MHP to predict the regioselectivity in a cycloaddition
reaction and has been successfully used to study these
reactions, 16:26-28

Sulphur-centred 1,3-dipoles are uncommon species
in comparison with other 1,3-dipoles, which have
been extensively explored in organic synthesis. The
1,3-DC reaction of an unsaturated bond with a sulphur-
centred 1,3-dipole is a useful method for the synthesis
of sulphur-containing five-membered heterocyclic
compound.? The five-membered cyclic compounds
containing two directly bonded heteroatoms, including
sulphur—nitrogen, sulphur—oxygen, and sulphur—
sulphur are called isothiazolidine, 1,2-oxathiolane, and
1,2-dithiolane, respectively.

In the present study, regioselectivity and mecha-
nism of 1,3-DC reactions of sulphur-centred 1,3-dipoles
including thiocarbonyl S-imide (D1), thiocarbonyl S-
oxide (D2) and thiocarbonyl S-sulphide (D3) with
furan-2,3-dione (DPh) are studied in the light of several
theoretical approaches such as activation energy Houk’s
rule based on the FMO theory** and the DFT reactivity
indices.

2. Theoretical background

DFT can be used as a powerful tool to understand
molecular structure, molecular properties, and mole-
cular reactivity.’' Based on the conceptual DFT, global
descriptors such as electronic chemical potential (u),
hardness (1), and softness (S) are defined as follows: *

w=(@DE/IN), (D

1 2 2
2n=§=(3 E/ON?), = Bu/ON),,  (2)
where E and v are total electronic energy of a system
having N-electron and external potential, respectively.
By using Koopman’s theorem,* these equations can be
rewritten as:

1
n = 5 (énomo + €Lumo) 3)
1 1
n= ﬁ = 5 (éLumo — €Homo) “4)

where epomo and e ymo are, respectively, the highest
occupied and the lowest unoccupied molecular orbital
energies. The following expression, introduced by Parr
et al.,* provides another important and interesting
global descriptor, which is called electrophilicity index:

w2

w
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Electrophilicity index is a measure of the electrophilic
power of a system™ and can be described as the maxi-
mal ability of a molecule to accept electrons in the
neighbourhood of an electron reservoir.?! Equation (5)
clearly implies that a molecule can act as a better elec-
trophile with a more negative value of u (larger value of
w1?) and a smaller value of i, which reflects the higher
tendency to acquire charge from the environment and
the lower resistance in electronic charge exchange with
the environment, respectively.

Local descriptors must be considered in order to
know which site in a molecule, in a considered reaction,
is more reactive than others. Local descriptors such
as Fukui functions f(r), local softness s(r) and local
philicity indices define the reactivity and selectivity of
a specific site in a molecule. Fukui function is defined
as the first derivative of the electronic density p(r) of a
system with respect to the number of electrons N at a
constant external potential v(r):3

0
1) = [ P (r)] . ©6)
v(r)

oN

The condensed forms of Fukui functions of an atom,
say k, in a molecule with N-electron were proposed
by Yang and Mortier regarding the type of electron
transfer:*’
fr=[pr(N+1)—p(N)]  for nucleophilic attack
(7a)

for electrophilic attack,
(7b)

where o, (N), px(N— 1), pr (N+ 1) are the gross elec-
tronic population of the site £ in neutral, cationic and
anionic systems, respectively.

The local softness, s7, and local philicity index, wy,
are easily obtained by multiplying global quantities
and condensed Fukui functions in a molecule. These
local indexes, s; and wj, can readily be calculated as
follows: ¥

fie =lo(N)—pu (N —1)]

¢ = Sf¢ 8)
wy = of, (©))
where « = 4 and o = — refer to the nucleophilic and

electrophilic attacks, respectively.

3. Computational details

In this study, geometries of all reactants (D1-D3 and
Dph) and transition state structures (TSs) were fully
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optimized by using DFT with the B3LYP* exchange
correlation functional and 6-3114+4G** basis set. To
confirm the nature of stationary species and evaluate
the activation energy barriers, frequency calculations
were carried out at 298.15K and 1.0 atm. For mini-
mum state structures and for the TSs, only real fre-
quency values and only a single imaginary frequency
value were accepted, respectively. Normal modes cor-
responding to the imaginary frequencies in the tran-
sition state structures are related to the vibrations of
new developing bonds. Stabilities of restricted wave
functions towards unrestricted alternatives for reactants
were verified using STABLE keyword*’ and instabi-
lity was not found. Owing to the poor estimation of
Kohn—Sham orbitals for FMO energy values,*! HOMO
and LUMO energies and corresponding global descrip-
tors described in equations 3-5 were calculated by
using HF/6-31144G** single point calculation on the
B3LYP/6-3114++G** optimized geometries. In calcu-
lations of the condensed Fukui functions, the cationic
and anionic systems were kept at the optimized geome-
tries of the corresponding neutral systems. Electronic
populations were analysed by the natural population
analysis (NPA),* Hirshfeld charges*® and also by the
charges derived from the electrostatic potential and cal-
culated according to Merz—Kollman (MK option).* To
verify regioselectivity of the 1,3-DC reactions consi-
dered in this study based on Houk’s rule, coefficients
of the frontier molecular orbitals (HOMO and LUMO)
were calculated at the HF/STO-3G level. All calcula-
tions were carried out using Gaussian 09 computational
program package.*

4. Results and discussion

4.1 Regioselectivity study based on activation
energies

As outlined in the introduction, when an asymmet-
ric 1,3-dipole and dipolarophile come into the reaction
channel, depending on the direction of attack to each
other, two regioisomers corresponding to two different
transition structures can be generated. Potential energy
surfaces (PES) for all reactions under investigation is
schematically sketched in figure 1.

Activation energies (E,) corresponding to the two
pathways (1,4 and 1,5) presented on figure 1 clearly
show that 1,5-pathway is kinetically favoured for all
studied reactions; that is, in these reactions, 1,5-
regioisomer is the preferred regioisomer. According
to the values of activation energies, it can be con-
cluded that cycloadditions of Dph with D1 (X=NH)
and with D3 (X=S) should take place approximately in
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12.87 kcal/mol (X=NH)
(1,4)=4 23.01 keal/mol (X=0)

<
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18.38 keal/mol (X=0) }=E(1,5) ‘ﬁ?}/ o %
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(X=NH,0,S)

Figure 1. Schematic representation of potential energy surfaces (PES) corresponding to studied 1,3-DC reactions in two
pathways.

the same rates while the reaction of Dph and D2 (X=0)
should be the slowest one because of the largest activa-
tion energy. Furthermore, magnitude of the asynchroni-
city can be determined by considering the difference
between the lengths of the two new o bonds which
are being formed at the TSs; |Ad| = |d; — d,|. Val-
ues of |Ad| in the TS (1,4) and TS (1,5) for cycloaddi-
tion of Dph with D1, D2 and with D3 are illustrated in
figure 2. This figure demonstrates that both TSs
are asynchronous and the order of asynchronicity in
the predominant cycloaddition pathway, TS (1,5), is:
DI(X=NH) > D2(X=0) > D3(X=S).

TS (1.4)
0
o
0
2.455 (X=NH) . 2.180 (X=NH)
2411 (X=0) t=dy(A) / a’l(A)— 2.021 (X=0)
2.785 (X=S) ' 2.234 (X=5)

0 0

\S__,..———’CHZ
[y O

. 0.275 (X=NH)
| ad(4)| =] d1-d2] =40390 (x=0)
0.551 (X=S)

4.2 Regioselectivity study based on DFT reactivity
indices

Prediction of regioselectivity is necessarily dependent
on determination of NED/IED character of reaction.
This characterization can be performed by using elec-
tronic chemical potential (u), electrophilicity index
(w), charge transfer (CT) analysis in the TSs, and
HOMO-LUMO gap between two reactants. An impor-
tant point which must be considered in determination
of HOMO-LUMO gaps in the 1,3-DC reactions is that
HOMO and LUMO are the orbitals involved directly

TS (1,5)

{]1.369§X=g;i)} R 2.773 (X=NH)

965 (X=0)  t=d(A) | dA—zm(xo

2.579 (X-5) O A125%7 ks
" 0

[+

0.804 (X=NH)
| Ad(A)] = |d\-da | =10.386 (x=0)
0.185 (X=S)

Figure 2. Values of |Ad| in TS (1,4) and TS (1,5) for the 1,3-DC reaction of Dph with D1 (X=NH), D2 (X=0) and D3

(X=S).
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HOMO LUMO

Figure 3. Optimized geometries and visualized FMOs for the reactants.

in the reaction (the relevant HOMO and LUMO) LUMO) so that the relevant HOMO and LUMO are
and not necessarily the highest occupied and lowest the highest occupied 7 molecular orbital and the low-
unoccupied molecular orbitals (the actual HOMO and  est unoccupied = molecular orbital (%), respectively.
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FMO energies (a.u.), electronic chemical potential (a.u.),

chemical hardness (a.u.), chemical softness (a.u.”!) and electrophili-
city index (a.u.) for the reactants calculated at the HF/6-31144G**

//B3LYP/6-311++G** level.

Reactant HOMO LUMO nw n S w

D1 —0.32233  0.03904 —-0.1416 0.1806 2.7685 0.0555
D2 —0.38015  0.02779 —0.1761 0.2039 2.4521 0.0760
D3 —0.32387 —0.00293 —0.1634 0.1604 3.1172 0.0832
Dph —0.40838  0.02009 —0.1941 0.2142 2.3342 0.0879

Figure 3 represents optimized geometries and visua-
lized frontier molecular orbitals (HOMOs and LUMOs)
of reactants. In the present study, based on the HF/6-
3114++4G** single point calculations on the B3LYP/6-
311+4++G** optimized geometries, there are no differ-
ences between the relevant and actual FMOs for the
reactants. The electronic chemical potential (table 1) of
Dph (—0.1941 a.u.) is more negative than that of 1,3-
dipoles D1-D3. Consequently, charge transfer will take
place from the 1,3-dipoles to DPh and this is also in
agreement with the charge transfer analysis in table 2. A
closer look at the values of electrophilicity indices (w)
in the last column of table 1 reveals that Dph, in com-
parison with D1-D3, acts as an electrophile due to the
larger value of its w. Table 1 indicates the values of the
FMO energies (a.u.) and the two possible interactions
between the FMOs (LUMO)pp, — (HOMO), 3_gipote and
(LUMO); 3-gipole — (HOMO)ppy, for the cycloadditions
of Dph with D1-D3 are shown in figure 4.

As can be seen, for all cyclizations, the values of
AE (HOMO-LUMO gap) corresponding to NED are
lower than that of AE values corresponding to IED.
Furthermore, an excellent linear correlation, R? = 1.00,
between the values of AE corresponding to NED and
activation energies in the predominant pathway can
be observed. This excellent correlation is plotted in

figure 5. Consequently, based on the aforementioned,
Fukui functions for electrophilic (f, ) and nucleophilic
(f;") attacks should be calculated for D1-D3 and Dph,
respectively. It is well known that Fukui functions
values obtained from various population schemes may
provide negative values; whereas, Hirshfeld’s popu-
lation scheme guarantees positive Fukui functions
values.***” Therefore, Fukui functions based on the
Hirshfeld population for reactants were calculated and
corresponding results are tabulated in table 3. Regio-
selectivity in the 1,3-DC reactions can be explained
using the HSAB principle, which is also recognized as
Gazquez—Mendez rule:*® the interaction between two
chemical species is more favoured when the softness
difference of two interacting atoms is minimum.*’ Val-
ues of AS collected in table 4 for both pathways were
computed using the following formulas (see figure 1 for
atom numbering):

AS(L4) = (sx; = S(J:rs)2 + (sc1 — s&)z (10a)

_ 2 _ 2
AS(1.5) = (sx5 = &) + (sc1 = 55) -

As the values of AS reveal, the reaction channel with

lower activation energy corresponding to predominant

regioisomer is associated with a smaller AS value.

Hence, the success of Gazquez—Mendez rule based on

(10b)

Table 2. Charge transfer, CT? in e, from 1,3-dipole to dipolarophile in the
studied reactions.

NPAP MK¢ Hirshfeld
Reaction  TS(1,4) TS(,5) TS(1,4) TS(,5 TS(1,4) TS(1,5)
DI+Dph  0.1004 0.1651 0.1082 0.1735 0.1142 0.2059
D2+Dph  0.0303 0.0120 0.0313 0.0247 0.0310 0.0407
D3+Dph  0.0940 0.1119 0.0752 0.0646 0.0409 0.0453

a: residual charge on the 1,3-dipole moiety has been considered

b: natural population analysis
c: Merz—Kollman
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Figure 4. FMO interactions in the 1,3-DC reaction of Dph with D1, D2 and D3.
1 A2 1
108
106
% 104
e Table 4. Values of AS(1,4) and AS(1,5) for the studied
212 101 reactions calculated based on Hirshfeld’s population.
9.8 1
961 Reaction AS(1,4) AS(1,5)
9.41
92 , , , , , D1+Dph 0.429 0.404
8 10 12 14 16 18 D2+Dph 0.396 0.349
Activation energy in predominant pathway (kcal/mol) D3+Dph 2.369 1.959

Figure 5. Linear correlation between AFE values corres-
ponding to NED mechanism and calculated activation ener-

gies in a predominant pathway.

Table 3. Local descriptors (Fukui function, local softness and local philicity power) in the reac-
tion sites of the reactants calculated based on the Hirshfeld’s population (see figure 1 for atom

numbering).

Local D1 D2 Dph
descriptor (o] X3 (o] X3 C Cy Cs
fr - - - - - 0.143 0.074
f- 0.239 0.267 0.244 0.303 0.139 - -
st - - - - - 0.333 0.172
s~ 0.661 0.739 0.598 0.743 0.433 - -
ot - - - - - 0.012 0.006
w” 0.013 0.014 0.018 0.023 0.011 - -
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LUMO orbital of dipolarophile

0.52703 = Coefficient

0.75419 (X=NH)
0.73902 (X=0) }= Coefficient
0.89301 (X=S)

oxX

Coefficient = -0.27515

1
i
'
[
[
[
[
[
1
'
]

—-0.65855 (X=NH)
O Coefficient = 1-0.65885 (X=0)
-0.50929 (X=S)

HOMO orbital of 1,3-dipole

Figure 6. Coefficients of FMOs and illustration of Houk’s rule.

the Hirshfeld analysis to predicting the true regioselec-
tivity in the reactions under study is clarified. Prediction
of regioselectivity can also be performed by using the
Chattaraj’s polar model.** In this model, local phili-
city indices are used for prediction of regioselectivity in
the 1,3-DC reactions. Values of local electrophilicity
power, w™, for atoms C4 and Cs of DPh and local nucleo-
philicity power, w~, for atoms C; and X; of D1-D3
are presented in table 3. In cycloaddition of Dph and
D1-D3, the most favoured interactions should be consi-
dered between C,4 of Dph (possessing the highest value
of w*) and X3 of D1-D3 (possessing the highest value
of w™) which is, again, in accordance to generating the
1,5-regioisomer as a preferred one.

4.3  Regioselectivity study based on Houk’s rule

According to the Houk’s rule, regioselectivity of 1,3-
DC reactions can be explained on the basis that “the

large—large and small-small FMO interactions are more
favoured than that of large—small and small-large
FMO interactions”. FMO coefficients of frontier mole-
cular orbitals of the reactants involved in the investigated
reactions are given in figure 6 and clearly show that the
cyclizations lead to the formation of 1,5-regioisomers
as the major product in the studied 1,3-DC reactions.

4.4  Regioselectivity study based on MHP

Values of hardnesses for the transition state structures
and activation hardness corresponding to two regio-
isomeric pathways were calculated and tabulated in
table 5. As can be observed, in all studied 1,3-DC reac-
tions, TS (1,5) is harder than that of TS (1,4) and hence
easier to form, which is reflected in the smaller acti-
vation hardness value associated with TS (1,5). Again,
here also, the kinetically favoured 1,5-regioisomer is

Table 5. FMO energies (a.u.) and chemical hardness (a.u.) for the TS(1,4) and TS(1,5) calculated
at the HF/6-3114++4G** //B3LYP/6-311++4G** level.

HOMO LUMO n An#
Reaction  TS(1,4) TS(1,5) TS(1,4) TS(1,5) TS(1,4) TS(1,5) TS(1,4) TS(1,5)
D1+Dph —0.33382 —0.33428 —0.01175 —0.00766 0.1610 0.1633 0.2338 0.2315
D2+Dph —0.34149 —0.35635 —0.04583 —0.00103 0.1478 0.1776 0.2703  0.2405
D3+4+Dph —0.34413 —0.34731 —-0.04047 —-0.01190 0.1518 0.1677 0.2228 0.2069
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corresponded to the harder TS (1,5) which is also in
agreement with the MHP.

5. Conclusion

According to the computations carried out in this study,
the following points can be concluded:

(i) Based on the calculated activation energies all
studied reactions, especially in the predominant
pathway, can take place with acceptable rates at
room temperature; so that, the cycloaddition reac-
tions of Dph with D1 (E, = 9.10kcal/mol) and
with D3 (E, = 9.40kcal/mol) occur approxi-
mately at the same rates, whereas this cycloaddi-
tion with D2 (E, = 18.38 kcal/mol) should be the
slowest one.

(i1) In the 1,3-DC reactions of Dph with D1-D3,

in agreement with the concerted mechanism, the
observed trend for the degree of asynchronicity in
the predominant 1,5-pathway is: D1 (X=NH) >
D2 (X=0) > D3 (X=S).

(iii)) DFT global reactivity indices, charge transfer

analysis in the TSs, and FMO interactions reveal
that all cyclizations under investigation have NED
character.

(iv) An excellent linear correlation, R? = 1.00, was

obtained between FMO interactions (AE val-
ues corresponding to NED) and calculated acti-
vation energies for studied reactions. On the
other hand, activation energies in the predomi-
nant pathway are in the order of: D2 (E, =
18.38 kcal/mol) > D3 (E, = 9.40kcal/mol) > D1
(E, = 9.10kcal/mol), which are in harmony with
the trend of: D2 (AE = 10.89¢eV) > D3 (AE =
9.36eV) > D1 (AE =9.31eV).

(v) MHP, Chattaraj’s polar model, Houk’s rule and

the Gazquez—Mendez rule confirm the resultant
regioselectivity based on the calculated activa-
tion energies; that is, an excellent harmony can
be observed between kinetic results and the elec-
tronic approaches.
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