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Density functional theory calculations for p-Br-N-sulfinylaniline and m-nitro-Nsulfinylaniline in the ground singlet (S0) and triplet (T1) excited states are presented and
analyzed in terms of their specific physicochemical properties. As all aromatic Nsulfinylamines, these compounds are rather unstable being sensitive to moist air and we
assign this instability to the thermally allowed S0T1 excitation induced by internal magnetic
forces. Our calculations indicate that the T1–S0 energy gap in these molecules is unexpectedly
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Introduction
Aromatic sulfinylamines are relatively unstable
and highly reactive compounds [1,2]; their functional
moiety Ar–N–S=O is prone to cycloaddition across
the N–S=O group. Aromatic sulfinylamines
participate in the Diels-Alder cycloaddition being
active as a dienophile [1], or as 1,3-dipolar
cycloaddition partner with arylnitril oxides and
acrylonitryls [2]. These cycloaddition reactions
provide an efficient route to useful drugs of the cyclic
sulfonamides family [2]. The Diels-Alder reaction is
one of the most understood and widely used in
modern organic synthesis. In particular, this is
achieved due to its unmatched ability to rapidly
generate complex molecular structures with the
simultaneous formation of two carbon-carbon bonds.
This is confirmed by the considerable number of
publications on the subject. The study of dienophiles
is important from a historical point of view as they,
together with quinones, were the first substances to
be studied by Diels and Alder, the results of which
then laid down the canons of organic synthesis
reactions. As far as we know, the high reactivity of
sulfinylamines and their trend to cycloaddition
(Scheme 1) have not been reliably explained in terms
of their electronic structure and thermokinetics. Here
we are going to explain these chemical reactive

properties on the ground of quantum chemical
calculations with account of spin effects and internal
magnetic perturbation.

Scheme 1. Example of cycloaddition reaction for p-Br-Nsulfinylaniline and diene

Experimental
In the present work, we have explained the
high reactivity of aryl sulfinylamines in respect to
Diels-Alder cycloaddition in qualitative terms of spincatalysis theory [3,4] applying density functional
theory (DFT) calculations [5] of the singlet and triplet
states of the p-Br-phenyl and nitro derivatives. Both
S0 and T1 structures of p-Br-N-sulfinylaniline are
shown in Fig. 1, being optimized by DFT method
with the B3LYP functional and 6-31G* basis set [5].
The triplet state was calculated by using the spinunrestricted B3LYP functional and the Hartree-Fock
self-consistent field method in PM3 approximation
[6]. Geometry optimization was supported by the
force-field and vibrational normal modes calculations.
All calculated IR frequencies of both states are real,
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which indicates the true energy minimum location.
One can see that the N=S bond (1.55 Å) of the
singlet ground state is prolonged being excited in
the triplet (T1) excited state up to 1.72 Å. The most
important for our purposes is the fact that the
N–S=O moiety in the T1 state is out-of-plane
distorted; this obstacle will be crucial for spin-orbit
coupling calculation and for relatively low
thermokinetic stability of N-sulfinylamines.

Fig. 1. The structure of the singlet (left) and triplet states
(right) of p-Br-N-sulfinylaniline optimized by DFT/B3LYP
method and the atomic numbering

All calculations in this work correspond to
vacuum condition and are performed with the
Gaussian09 code [5].
Results and discussion
The cis-form of studied p-Br-N-sulfinylaniline
is more stable than the trans-configuration by
20.1 kJ mol–1 as follows from B3LYP optimization
in the ground singlet state and the rotation barrier is
equal to 34.3 kJ mol–1. Thus, in the following we
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consider only cis-configuration for all compounds.
We have to discuss first the comparison of electronic
structures in the S 0 and T1 states of p-Br-Nsulfinylaniline obtained by DFT method. The
Mulliken atomic charges obtained by DFT method
for both states are shown in Table 1; they are rather
similar, but a bit higher electric polarization of the
N=S=O group in the ground singlet state can be
stressed in comparison with the triplet state. At the
same time, the T1 state has a larger dipole moment
(3.21 D) than the singlet state (1.48 D) because of
non-planar structure of the former and its additional
sp hybridization contribution. The Mulliken atomic
spin densities for the triplet state are also given in
Table 1. The spin density is almost localized on the
NSO group with small penetration to the ortho- and
para-positions of the phenyl ring (Table 1); metha
atoms (3 and 5) bear small negative spin density as
well as a-carbon. As we shall see this particular spin
polarization of the T1 state is essential for the Diels-Alder
cycloaddition in terms of spin-catalysis theory [6].
The high electric polarization of the N–S=O
group in the both states can be explained by a strong
charges alternation on the N, S and O atoms

    
 N  S  O  , where  being about 0.5–0.7 in the


singlet ground state and approximately equal in the
triplet state =0.5–0.6. These results are important
Table 1

Mulliken atomic spin densities and Mulliken atomic charges of N-sulfinylanilines

Molecule
Atom
1O
2C
3C
4C
5C
6C
7C
8N
9S
10 H
11 Br
11 H
12 H
12 N
13 H
14 H
15 O
16 O

Singlet
Mulliken
atomic
charges
–0.512
–0.118
–0.156
0.093
–0.162
–0.151
0.241
–0.525
0.702
0.164
–0.107
0.167
0.202
0.163

p-Br-N-sulfinylaniline
m-nitro-N-sulfinylaniline
Triplet
Singlet
Triplet
Mulliken
Mulliken
Mulliken
UHF PM3
Mulliken
Mulliken
atomic
atomic spin
atomic spin
spin density atomic charges atomic charges
charges
densities
densities
–0.490
0.474
0.484
–0.466
–0.476
0.486
–0.110
0.253
0.617
–0.101
–0.174
0.291
–0.149
–0.138
–0.504
–0.140
0.267
–0.136
0.089
0.314
0.602
–0.149
–0.136
0.313
–0.156
–0.139
–0.502
0.271
–0.143
–0.143
–0.139
0.262
0.615
–0.187
–0.091
0.259
0.284
–0.100
–0.400
0.253
0.277
–0.125
–0.562
0.550
0.597
–0.545
–0.550
0.600
0.608
0.500
0.541
0.735
0.626
0.496
0.170
0.005
0.034
0.163
0.167
0.005
–0.080
0.040
–0.033
0.189
0.200
–0.014
0.173
0.005
0.034
0.381
0.392
0.008
0.191
–0.015
–0.042
0.189
0.226
–0.015
0.171
–0.011
–0.042
0.177
0.176
–0.011
–0.386
–0.377
–0.014
–0.383
–0.385
–0.001
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for explanation of 1,3-dipolar cycloaddition in respect
to arylnitril oxides [2]. The Br atom makes a little
contribution to electric polarization and provides a
small negative charge of about –0.1.
The ground single t state of p-Br-Nsulfinylaniline has the total energy –3330.86823 a.u.
and the T1 state energy is equal to –3330.81699 a.u.
as optimized with the B3LYP functional. Thus, the
S–T energy gap is only 0.05124 a.u. (1.39 eV), which
corresponds to the 0–0 transition wavelength of
phosphorescence 885 nm. This is unusually low S–T
energy gap for aromatic compound with one phenyl
ring. For benzene and brombenzene molecules, this
gap is close to 3.7 eV [7–9]. The low-lying triplet
excited state of this p-Br-sulfinylamine correlates well
with its high chemical reactivity in respect to DielsAlder cycloaddition with dienes, dienophiles and
1,3-dipolarophiles [1,2] accounting the high spin
density at the NSO group and the large dipole
moment (Table 1).
Comparison with other condensed aromatic
hydrocarbons consisting of larger number of cycles
is important in this respect. Naphthalene, anthracene,
tetracene and pentacene molecules have the following
T1 state energies decreasing in the row: 2.6, 1.7, 1.3
and 0.9 eV [8–11]. Aromatic hydrocarbons with three
and larger number of cycles easy enter the diene
synthesis and starting with tetracene their stability is
going down fast [11]. Aromaticity of these compounds
also falls down which rises their chemical activity;
even anthracene (1.7 eV) is prone to produce
dimerization and the Diels-Alder reactions. These
trends can be explained in terms of exchange spincatalysis [3,4,10]; according to this concept, just the
triplet excited state determines such chemical
reactivity.
Accounting importance of triplet state, we have
compared the S–T energy gap not only with B3LYP
density functional but also with five others DFT
methods. All calculations are collected in Table 2.
The B3LYP, PBE0, CAM–B3LYP functional
provide small values of S–T energy gap: from 1.33
to 1.41 eV. In contrast, BMK, M06, M06–2X gives
us something larger values of 1.50 to 1.54 eV.
However, all these results agree with qualitative
abnormally low-lying triplet excited state for such
aromatic compound. This is also should be noted

that the S–T gap for analyzed compound is much
lower than, for example, for benzene molecule
(3.66 eV) [11], which is relative to the studied species.
We have also compared geometric parameters,
such as bond lengths and angles that belong to the
NSO group calculated in the singlet and triplet state,
by two different methods: DFT and PM3 [9]
(Table 3). The triplet state has a non-planar structure
in 3DFT calculation (Fig. 1). This out-of-plane
bending concerns mainly the N–S=O group. Such
geometry deformation upon S–T excitation is very
important for internal magnetic perturbation
responsible for the spin-forbidden S–T transformation which will be discussed latter. We shall see
that the out-of-plane bending in the N–S=O group
will lead to a non-zero matrix element of the spinorbit coupling (SOC) operator because of large SOC
contributions from the N, S and O atoms at the
intersection of singlet and triplet states. The PM3
method provides the plane structure of all studied
sulfinylaniline molecules in both S0 and T1 states.
These calculations have been performed first from
the beginning of the project and they provided such
low triplet state energy that the S–T energy gap
bec ome negative . The PM3 prediction of
paramagnetic character for all studied N-sulfinylaniline molecules compels us to pay more attention
to the problem and to apply more accurate DFT
methods.
We have to stress that out B3LYP/6–31G*
results for the p–Br–N-sulfinylaniline molecule are
qualitatively similar to those for the nitro-derivative
(Tables 2 and 3). The S–T energy gap is equal to
1.13 eV in the latter case. The main difference
concerns the dihedral angle SNC7C2 for the nitro
compound, which corresponds to a larger out-ofplane deviation in the S0 state in comparison with
the Br-derivative. This dihedral angle does not
influence much the results of spin-orbit coupling
calculations, while the OSNC7 is practically the same
for both N-sulfinylaniline molecules, which really
matters for magnetic perturbation.
Thus, the spin–unrestricted DFT calculation
of the optimized triplet state provides much more
accurate T 1 structure with large out-of-plane
deformation, though the semi-empirical PM3
method is less sensitive for the force field change
Table 2

S–T energy gap values calculated in different DFT-functionals for p-Br-N-sulfinylaniline

Functional
3
E, a. u.
1
E, a. u.
E, eV

B3LYP
–3330.81699
–3330.86823
1.39

BMK
–3329.16263
–3329.21931
1.54

PBE0
–3329.92496
–3329.97675
1.41

M06
–3330.38197
–3330.43850
1.54
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M06–2X
–3330.69529
–3330.75027
1.50

CAM–B3LYP
–3330.72250
–3330.77133
1.33
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Table 3
Geometry parameters of N-sulfinylaniline calculated with different functionals

Molecule
Bond, angle
S–O
S–N
N–C7
OSN
SNC7
OSNC7
SNC7C2

p–Br–N-sulfinylaniline
1
Experiment S0 [2] 1PM3 3PM3
DFT
1.467
1.491 1.530
1.494
1.513
1.590 1.727
1.549
1.397
1.406 1.322
1.392
120.5
111.4 106.5
120.0
133.5
139.0 130.3
131.1
1.3
0
0
0.002
–1.2
0
0
–0.016

upon S–T transition.
Exchange induced spin-catalysis and correlation
diagram for cycloaddition reactions
There is also an important sequence of such T
state peculiarity of the studied N–sulfinylaniline
compounds. According to spin-catalysis concept, the
lower S–T energy gap corresponds to the lower
activation barrier in concerted cycloaddition reaction
[4]. Two triplet states of both reactants, N-sulfinylaniline (3S) and diene (3D) form the doubly excited
triplet state with zero spin of united reactant system
(1(3S3D)) which correlates directly with the ground
singlet state (1P0) of the cycloaddition product (Fig. 2).
In Fig. 2, we apply another presentation of the triplet
T1 state by using multiplicity notation (3S) in order
to distinguish from diene reactant (3D). The ground
singlet state of both reactants (1S01D0) does not fit to
the structure of the ground state product without
spin decoupling; thus, it provides adiabatic correlation
with the excited singlet state product (1P*). The lower
energy of this doubly-excited triplet state 1(3S3D)
with zero spin, the lower crossing point between it
and the ground state of the reactants 1(1S01D0); this
crossing provides the activation barrier of the
cycloaddition reaction (Fig. 2).
Since both states forming the crossing point
possess the same spin multiplicity (both are singlet
states), they need to avoid crossing by account of
intermolecular exchange interaction (Scheme 2) [6].
This process can be represented by exchange
integral of the type shown in equation (1), which
occurs as configuration interaction (CI) matrix
element with the ground reactant state 1(1S01D0) being
responsible for the energy splitting at the avoided
crossing and for the rate of activation barrier
overcoming [3,4]:

1  S0 D 0  H CI
  i 1 u  2 

1



3

3

DFT
1.527
1.720
1.341
111.3
120.9
57.6
–4.7

m–nitro–N-sulfinylaniline
1
3
DFT
DFT
1.477
1.525
1.558
1.728
1.404
1.345
112.9
110.3
120.2
120.6
175.5
–57.8
146.4
–177.5

The avoiding crossing in Fig. 2 would have low
energy since the triplet state of the N-sulfinylaniline
(3S) possesses the unusually small S–T excitation
gap. Thus, the low-lying triplet excited state of Nsulfinylaniline (3S) provides the easy reaction with
dien and relatively low activation barrier.
The studied N-sulfinylanilines (ArNSO) are
strong dienophiles while the relative arylsocianate

Fig. 2. Schematic presentation of states correlation diagram for
potential energy curves along reaction path for concerted
cycloaddition reaction between N-sulfinylaniline (S) and diene
(D); the activation barrier of reaction is formed by avoiding
crossing of two common singlet states (for the whole reacting
system D+S). Symbol P means cycloaddition product

S 3 D  

e2
j 1 v  2  dv1dv 2 .
r1,2

( 1)

Scheme 2. The doubly–triplet common state configuration
with the total zero spin

The low-lying triplet excited state of N-sulfinylanilines explains their reactivity and inclination to
cycloaddition across N–S=O group

110

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 6, pp. 106-114

(ArNCO) molecules are poor dienophiles [2]. Our
B3LYP/6-31G* calculations show that the singlet
ground state of phenyl-NCO lies by 263.3 kJ mol–1
lower than the triplet excited state optimized with
UB3LYP method. The geometry of the calculated
of ArNCO compound resembles a trans-form for
both singlet and triplet states. This can be explained
by the difference in a number of occupied MO in
the molecular valence shell in comparison with
ArNSO compound by two electrons. Thus, we see
that HOMO in ArNSO becomes a free (vacant)
orbital in the ArNCO entire p-system; its energy is
–0.98 eV. This observation reflects the qualitative
character of the mentioned frontier orbitals and their
bonding-antibonding peculiarities. It is well known
that the Diels-Alder reaction can be explained by
the interaction of the HOMO and LUMO-orbitals
of diene and dienophile [3,4]. Indeed, the DFT
calculations for the ground state of 4-bromo-Nsulfinylaniline yielded LUMO energy (=–3.0 eV),
which is very close to the well-known dienophiles
of maleic anhydride (LUMO =–3.2 eV), both being
calculated according to B3LYP/6–31G* method.
These calculations support our spin-catalysis concept
and explain why the arylsocianates are much poor
dienophiles in comparison with N-sulfinylanilines.
Analysis of the N-sulfinylaniline molecular
stability
The N-sulfinylaniline molecule in the ground
singlet state (1S0) is planar. The PM3 method gives a
planar structure for both singlet 1S0 and triplet (3S)
states; the latter is of the 3(*)-type. In this case,
the spin-orbit coupling (SOC) between the 1S0 and
3
S states is equal to zero in the single-electron
effective approximation [7], which is reliable and
repeatedly verified for many molecules [9–15]. The
out-of-plane distorted singlet and triplet states at
the S–T crossing point are capable of mixing due to
the spin-orbit coupling operator, which can be
represented in an effective one-electron form [7,11]:

ˆ  sˆ 
H SO    A  ˆli,A  sˆ i   B
i,A
i
A

i

i

   Bix s ix  Biy siy  Biz s iz ,

( 2)

i

where A is the SOC constant for valence shell of
atom A, which determines the splitting of multiplets
in the atomic spectrum; l̂i,A and ŝi are the operators
of the orbital and spin angular moments of an i-th
electron, respectively [7].
z
A A
Symbol Bi    liz denotes the orbital part
i

of the SOC operator with z-projection in the

molecular Cartezian coordinate system [8].
Formula (2) was obtained by taking into
account single-center contributions using atomic
parameters A and neglecting all two-center terms;
that is why we obtain the SOC calculation in a good
approximation on the ground of an effective singleelectron Hamiltonian. It is important that it is
necessary to neglect the differential overlap and use
PM3 method when calculating the matrix elements
of operator (2). This approximation is the more
reliable the higher the difference between singlecenter SOC contributions for the molecule and A
values. Changes in the valence shell of a molecule
(hybridization and polarization) should not greatly
affect the value of the A constant. After all, twoelectrons SOC contributions are determined mainly
by interaction of internal and external electrons, as
shown by the atomic calculations and these are taken
into account by the semiempirical A constant. At
the same time, two-center SOC integrals show trend
to be cancelled for the single- and two-electron SOC
contributions which have opposite signs and are
comparable by the absolute values. Thus, the effective
SOC operator (2) is a good approach for internal
magnetic calculations in terms of PM3 wave functions
presented in Scheme 3.

Scheme 3. Two configurations for SOC matrix element
between the singlet 1S0 and triplet 3S states which involve the
highest occupied molecular orbital (HOMO) u and the lowest
unoccupied molecular orbital (LUMO) v inside the Nsulfinylaniline molecule

As we can see from Scheme 3, two presented
electrons have different occupations in the matrix
element of the SOC operator (2) between the ground
singlet (1S0) and the triplet excited (3S) states; for
the z-component of the scalar product (2) this SOC
matrix element is equal to:
1

z
3 z
S0 H SO
Tu  v   2Bzuv ,

(3)

where u and v are the HOMO and LUMO orbitals
singly occupied in the lowest triplet state; Tz means
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triplet state with zero spin projection on z-axis.
Thus, in the general case, for MOs that are
constructed with the real AO 2s, 2p-basis, we obtain
one-electron orbital integrals with operator B in the
SOC Hamiltonian. The orbital parts of the matrix
element of the SOC operator between the triplet
and singlet states in Scheme 3 are equal to [7]:
x
Buv


i
c Ayu cAzv  cAzu cAyv   A ,


2 A

y
Buv


i
  cAzu cAxv  cAxu cAzv   A ,
2 A

Bzuv 

i
c Axu cAyv  c Ayu cAxv   A .


2 A

( 4)

where  A are the SOC constants of valence 2ð or
3ð-shells of C, N, S, O atoms; A is the number of
A
an atom, c yu is the expansion coefficient for u-th
MO of the 2py-AO at the atom A.
This is because the orbital angular momentum
operator lzA produces rotation of atomic 2px, 2py
orbitals around z axis inside A atom: lz  py  i px ,
x
y
where i  1. For the Buv and Buv integrals, we get
the analogous equations [7]. The calculated
summarized value of the square of the SOC matrix
element for the p–Br–N-sulfinylaniline molecule is
as follows:

S0  HSO  Tu  v


H 
x
SO

2



2



H 
y
SO

2



H 
x
SO

2



 2.954  87.236  80.82  171.01 (cm 1 ).

( 5)

This calculation is performed in terms of selfconsistent field theory (PM3) at the triplet state
geometry optimized by DFT method, which is close
to the S–T crossing point. The biggest contribution
to the SOC integral is produced by N, O and S
atoms. The C and Br atoms provide very small SOC
contributions in all three directions. The optimal
geometry of the 3S state in the DFT method, as
already mentioned, gives a non-planar structure and
a relatively large contribution to the SOC matrix
element. The similar result is obtained for m-nitroN-sulfinylaniline (173.5 cm–1). Therefore, we can
say that the N–S=O group of atoms which emerges
the out-of-plane distortion upon S–T transition and
deviates from the planar structure leads to a large
mixing of the  and -orbitals and finally to effective
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SOC matrix element. In terms of Landau-Zener
approximation, the value (5) determines the rate
constant of the spin flip transition [11]. Thus, when
a deformation vibration of the N–S=O group is
heated or easily excited upon spin flip, the singlettriplet transition in this molecule is possible. That is
why the N-sulfinylanilines are prone to spin
decoupling being rather unstable species with a
restricted lifetime in the moist air [1,2]. Triplet state
reactions with the triplet ground state oxygen are
not forbidden by spin selection rules [12–15] and
such organic species can be easily oxidized [13]. This
is one of the possible reasons of their common
chemical instability in the presence of oxygen and
water vapor [12–15].
Comparison of DFT and PM3 methods is
important and deserves additional discussion. Spin
unrestricted DFT method for the triplet state (Table 1)
provides close results to PM3 approach in the
unrestricted Hartree-Fock (UHF) frame as it
concerns the spin density distribution. In the triplet
state, the structure of the electronic shell is close to
canonical form (Fig. 3,b), which corresponds to a
sulfide type of sulfur. Spin density distribution of
the triplet state calculated by DFT method (Table 1)
differs from PM3 result mostly for the benzene ring
moiety. Spin density on carbon atoms of the ring
shows strong spin polarization in PM3 method, which
is typical and well-known overestimation of the UHF
PM3 approach [5,9]. However, DFT and PM3
methods provide similar values for other atoms
(Table 1). Excess of spin polarization in PM3
calculation diminishes the reliability of the UHF
approach; this leads to low energy predication for
the triplet state. The UHF PM3 method predicts
the triplet state with the lower heat of formation
(125.86 kJ mol–1) in comparison with the singlet
closed-shell structure obtained with the restricted
Hartree-Fock (RHF) scheme (134.8 kJ mol–1), which
corresponds to the doubly occupied lowest molecular
orbitals. This is a typical structure for the majority
of all known diamagnetic molecules in organic
chemistry which possess the singlet ground state with
the triplet excitation being higher in energy not less
than 251.2 kJ mol–1 (not less than about 3 eV) [10–12].
Our PM3 results predict that the studied N-sulfinylanilines are similar to biradicals with close-laying S
and T states [10]. This finding is supported by our
UHF calculation of the singlet state (different orbitals
for different  and  spins). For normal molecules,
the UHF calculation of singlet states usually
converges to the closed-shell S0 structure (orbitals
for  and  spins are the same), but for the p-Br-Nsulfinylaniline we have obtained non-zero spin-
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density distribution (Fig. 3,a) and different orbitals
for different  and  spins. This state with the total
spin equal zero (Singlet) exhibits strong spin
polarization not only in the benzene ring moiety,
but also in the NSO group (Fig. 3,a). Its heat of
formation is the lowest (104.92 kJ mol–1) among all
S and T states in the PM3 (UHF and RHF) methods.
Comparison with the triplet state spin density (Table 1)
indicates that both S and T structures correspond to
biradical (Fig. 3,b). It is interesting to note that the
T state spin structure is rather similar in the PM3
and DFT methods (Table 1). The main difference
concerns only the structure for the singlet openshell state obtained in the framework of PM3 UHF
scheme and pure biradical character of the molecule.

a

b

Fig. 3. Spin density distribution in the singlet ground state of
p–Br–N-sulfinylaniline calculated by unrestricted HartreeFock (UHF) method in PM3 approximation (a) and the
canonical form of this biradical (b)

The spin density in the ring shows strong spin
polarization (Fig. 3,a) which is a pure characteristic
artifact of the UHF PM3 method [6,8]. However,
the spin density distribution indicates the approximate
nature of the canonical structure in Fig. 3,b, since
the nitrogen and sulfur atoms also bear some large
spin population. There are many other peculiarities
(especially in benzene ring) determined by the
optimized bond lengths and aromaticity indexes
which correspond to approximate character of the
structure in Fig. 3,b. In fact, this molecule can be
presented as a mixture of few canonical structures.
Still we can say that this compound is a biradicaloid
with certain contribution of the wave function
corresponding to canonical form (b).
Experimental X-ray analysis of the crystal
structure indicates that the studied N-sulfinylanilines
are planar in agreement with DFT calculation for
the singlet ground state (Table 1). The out-of-plane
distorted triplet state optimized in the UB3LYP DFT
method (Table 3) shows the spin density which is
similar to those shown in PM3 calculation for both

singlet and triplet biradicaloid species (Fig. 3)
excepting the strong spin polarization in the ring.
One can suspect that the singlet state biradicaloid
molecule with the open shell electronic configuration
being proper calculated with the MC SCF (or more
accurate) method would be higher in energy than
the diamagnetic S0 state of the N-sulfinylaniline
molecules presented in Table 2. Calculation of the
open shell singlet state biradicaloid molecules is a
very difficult task in modern quantum chemistry
[10,11]. The choice of proper DFT functional for
such complicated species is still an open question.
Thus, we cannot solve this problem in the present
work. Nevertheless, for any DFT functional, we can
suspect that the N-sulfinylaniline biradicaloid with
the singlet open-shell structure would be non-planar
species as this is shown here for its triplet state
counterpart. The UHF PM3 predictions in terms of
heat of formation definitely overestimate the
biradicaloid structures by few kJ mol–1 and the ground
state molecule is the closed-shell singlet state for
sure (as it is predicted by DFT in agreement with
the X-ray analysis for the molecular crystal [2]).
However, biradicaloid S and T states energies are
rather close to the ground state energy level.
The arylsocianate (ArNCO) molecules being
much poorer dienophiles in comparison with
N-sulfinylanilines indicate the usual diamagnetic
behavior as many other organic molecules with the
low-lying singlet ground state and the highly excited
T1 state. In terms of spin-catalysis concept, the
arylsocianates are poor dienophiles in agreement with
experiments [2]. The B3LYP optimization shows that
these molecules have the closed-shell electronic wave
function without any resemblance with the
biradicaloid structure.
Conclusions
Our DFT calculations show for the first time
that the N-sulfinylaniline molecules possess the lowlying triplet excited state in the near IR region. They
cannot be observed in phosphorescence because of
efficient non-radiative quenching induced by the outof-plane NSO vibrations being responsible for internal
magnetic interaction that is SOC induced T1S0
relaxation. We assign the high chemical reactivity of
the studied N-sulfinylanilines to efficient probability
of the nonadiabatic S0T1 quantum transition at a
bit higher temperature and moisture above an ambient
condition. Orbital symmetry analysis and calculation
of spin-orbit coupling matrix element between these
states show the driving force for such singlet-triplet
transition. The triplet N-sulfinylanilines themselves
are unstable species being highly reactive in respect
to any environment in a wet air, since they are prone
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to become biradicals with two non-paired electrons.
They will be involved into chemical interaction with
oxygen, water vapor and other possible molecules of
the typical environment, which is otherwise inert at
ambient conditions.
In terms of spin-catalysis concept, we have also
stressed a high reactivity of the studied N-sulfinylanilines in respect to Diels-Alder cycloaddition with
dienes taking into account the relatively low triplet
state energy and correlation diagram in Fig. 2. The
detailed search of transition states and reaction
mechanism of this cycloaddition is under further
consideration.
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ÍÈÇÜÊÎËÅÆÀ×ÈÉ ÒÐÈÏËÅÒÍÈÉ ÇÁÓÄÆÅÍÈÉ
ÑÒÀÍ N-ÑÓËÜÔ²Í²ËÀÍ²Ë²Í²Â, ßÊ ÏÎßÑÍÅÍÍß ¯Õ
ÐÅÀÊÖ²ÉÍÎ¯ ÇÄÀÒÍÎÑÒ² ÒÀ ÑÕÈËÜÍÎÑÒ² ÄÎ
ÖÈÊËÎ-ÏÐÈªÄÍÀÍÍß Â ÃÐÓÏ² N–S=O
Á.Ï. Ì³íàºâ, Â.Î. Ì³íàºâà, Î.Î. Ïàí÷åíêî, Ñ.Â. Áîíäàð÷óê
Ðîçðàõóíêè çà òåîð³ºþ ôóíêö³îíàëó ãóñòèíè äëÿ ï-BrN-ñóëüô³í³ëàí³ë³íó òà ì-í³òðî-N-ñóëüô³í³ëàí³ë³íó ó çáóäæåíîìó ñèíãëåòíîìó (S0) òà òðèïëåòíîìó (T1) ñòàíàõ íàâåäåí³ òà ïðîàíàë³çîâàí³ ç òî÷êè çîðó ¿õ ñïåöèô³÷íèõ ô³çèêîõ³ì³÷íèõ âëàñòèâîñòåé. Òàê ÿê ³ ³íø³ àðîìàòè÷í³ N-ñóëüô³í³ëàì³íè, ö³ ñïîëóêè º äîñèòü íåñòàá³ëüíèìè, ÷óòëèâèìè äî
âîëîãîãî ïîâ³òðÿ; ìè ïðèïèñóºìî öþ íåñòàá³ëüí³ñòü òåðì³÷íî äîçâîëåíîìó çáóäæåííþ S0T1, âèêëèêàíîìó âíóòð³øí³ìè ìàãí³òíèìè ñèëàìè. Íàø³ ðîçðàõóíêè ñâ³ä÷àòü ïðî òå,
ùî åíåðãåòè÷íàù³ëèíà T1–S0 ó öèõ ìîëåêóëàõ íåñïîä³âàíî
íèçüêà, à ìàòðè÷íèé åëåìåíò ñï³í-îðá³òàëüíî¿ âçàºìîä³¿ ì³æ
öèìè ñòàíàìè ïîð³âíÿíî âèñîêèé, ùî äîïóñêàºòüñÿ ïðàâèëàìè â³äáîðó ñèìåòð³¿ îðá³òàëåé. Ìè òàêîæ çàñòîñîâóºìî
ìåõàí³çì îáì³íó êîíöåïö³¿ ñï³í-êàòàë³çó, ùîá ïîÿñíèòè
ñõèëüí³ñòü N-ñóëüô³í³ëàì³í³â äî öèêëî-ïðèºäíàííÿÄ³ëüñàÀëüäåðà ç ä³ºíàìè.
Êëþ÷îâ³ ñëîâà: ñï³í-êàòàë³ç, öèêëî-ïðèºäíàííÿ,
ñóëüô³í³ëàì³íè, ÒÔÃ, ñèíãëåò-òðèïëåòíà åíåðãåòè÷íà
ù³ëèíà.
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Density functional theory calculations for p-Br-Nsulfinylaniline and m-nitro-N-sulfinylaniline in the ground singlet
(S0) and triplet (T1) excited states are presented and analyzed in
terms of their specific physicochemical properties. As all aromatic
N-sulfinylamines, these compounds are rather unstable being
sensitive to moist air and we assign this instability to the thermally
allowed S0T1 excitation induced by internal magnetic forces.
Our calculations indicate that the T1–S0 energy gap in these
molecules is unexpectedly low and spin-orbit coupling matrix
element between these states is relatively high, being allowed by
the orbital symmetry selection rules. We also apply the exchange
mechanism of spin-catalysis concept in order to explain the prone
of N-sulfinylamines to the Diels-Alder cycloaddition with dienes.
*

Keywords: spin-catalysis; cycloaddition; sulfinylamines;
DFT; singlet-triplet energy gap.
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