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ABSTRACT

The reaction mechanism for the synthesis of quinoline fused benzo/dia/oxa/thia/zepins
is investigated using the DFT/B3LYP/6-31G(d) method. DFT conceptual reactivity indices
analysis allows classification of o-aminophenol (2, X=0), o-aminothiophenol (2, X=S) and
o-phenylenediamine (2, X=NH) as strong nucleophiles and R-substituted 2-chloroquinoline-
3-carbaldehydes (1 ac) as strong electrophiles, suggesting a polar process. Besides Parr
functions and Fukui indices predict the most reactive sites for observed experimentally
product formation, in agreement with the dual descriptor analysis. In the energy aspect, there
is no effect of the R (R=CH3, OCH3) substituent on the thermodynamic quantities whereas
the substitution of the X has a remarkable effect. The products (4a-c, X = N) are the most
stable and their cyclizations are the easiest. An extended analysis was performed using the
activation strain model/energy decomposition analysis ASM/EDA model. The obtained
results indicate that the orbital interaction and electrostatic stabilizations are the principal
factors favoring the reaction with X=N. Topological analysis of the electron localization
function (ELF) of the bending point structures along the reaction path indicates that the
reaction occurs via a non-concerted two-step mechanism. NCI analysis also showed

hydrogen bonds and non-covalent reactions in these compounds.

Key words: benzo/oxa/thia/dia/zepines fused quinoline, DFT Calculations, ELF Calculations,
NCI Calculations, QTAIM Calculations, ASM/EDA model.
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RESUME

Le mécanisme de réaction pour la synthése des benzo/dia/oxa/thia/zépines
fusionnées a la quinoléine est étudié a I'aide de la méthode DFT/B3LYP/6-31G(d). L'analyse
des indices de réactivité conceptuels DFT permet de classer 1'0-aminophénol (II, X=0), 1'o-
aminothiophénol (II, X=S) et l'o-phénylénediamine (I, X=NH) en tant que nucléophiles
forts et 2-chloroquinoléine R-substituée -3-carbaldéhydes (I ac) comme électrophiles forts,
suggérant un processus polaire. Outre les fonctions de Parr et les indices de Fukui prédisent
les sites les plus réactifs pour la formation de produits observée expérimentalement, en
accord avec l'analyse du double descripteur. Sur le plan énergétique, il n'y a pas d'effet du
radical substituant R (R=CHs, OCHj3) sur les grandeurs thermodynamiques alors que la
substitution des X a un effet remarquable. Les produits (Va-c, X = N) sont les plus stables
et leurs cyclisations sont les plus faciles. Une analyse approfondie a été réalisée a I’aide du
modele de déformation d’activation/analyse de décomposition de [’énergie modele
ASM/EDA. Les résultats obtenus indiquent que I’interaction orbitale et les stabilisations
¢lectrostatiques sont les principaux facteurs favorisant la réaction avec X=N. L'analyse
topologique de la fonction de localisation des électrons (ELF) des structures de point de
flexion le long du chemin de réaction indique que la réaction se produit via un mécanisme
en deux étapes non concerté. L’analyse NCI a également montré des liaisons hydrogéne et

des réactions non covalentes dans ces composés.

Mots-clés : benzo/oxa/thia/dia/zépines quinoléine fusionnée, Calculs DFT, Calculs ELF,

Calculs NCI, Calculs QTAIM , Modéles ASM/EDA.
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g adal 13y clegin WY G ulie eliar Gl AH del@ll §has dsgun auld
@A AS laiall Lowally Lglsh i€ey Aandlall ey L Jelill K 0jfgll culiy AH o dDle
Qb 5ed cilaluan oyt (K (gAY dale ld 13gd L alaill QU] aae daps (ebie ey
Aadiad) LY LI dis of el e deseaal (S ) ASedl @l aaas Llad
(JEY) cllee alY lgd sy daaly el Bl Gls b S @l s Lal
1231131408 LSt IV 0sS5 oF ads Leia s ¢ SlaYly ool
Cally O @lsdll ) AdsY) saldl e JEY) die AG syl Al 3 el o Qlaalls s

(2-2) WL K o)l

(1.2) Ay ey digee B days die Jelal) P sal) A8l 8 il
b il JSTAG <ol WIS AS duladl 5 AH dudl cosly LalS il aalaall (g poaig
Bhall oy delal) o s
elall lplua 5 ) (AGaog) 8l EYls ¢ (AHzog) Y1 ad 3 Jsaall acay
cJalye B sy Jelin JS ) Gus (9 laaae) daslud

.(keal/mol) (AG29s) 8l Yl « (AHa98) i) ad 111.3 Jganl

ArH1 ArGi ArH2 ArG: ArH3 ArGs
X=0, R=H 23.26 27.28 6.52 -4.39 -1.94 -10.29
X=0, R=Me 23.24 28.10 6.40 -4.33 -1.75 -10.16
X=0, R=0Me 23.15 29.04 6.46 -4.26 -2.95 -11.17
X=S, R=H 22.18 22.51 9.91 -1.44 -2.13 -10.10
X=S, R=Me 22.12 23.20 9.90 -1.50 -2.07 -9.97
X=S, R= OMe 22.81 23.08 9.91 -1.40 -3.45 -11.29
X=NH, R=H 23.82 25.52 9.28 -2.19 -9.03 -17.57
X=NH, R=Me 23.82 26.34 9.10 -2.26 -8.66 -17.32
X=NH, R=, R=0Me 23.38 26.03 9.11 -2.24 -8.53 -17.00
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Joba o (Aualsl) aalhall) il 8 ddais Aely dleliall Mgall oy 28U (336 Ll capes LS
CSyar ad badil) sheally hasil) Sheal) A8l s ALY e AV aall 13y delil) o)
[22]aEms) A ge Blae aisly aliad (Say Jasag
Ll gl AS™ g Lasdill Ml AH® e i WS Ep e Y AGF LI axiiuns
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AG* = AH* + TAS*

lelis & Al (AGFog) Juiiill 5al) EY1g (AHSgg) dasil) (AEY) ad 3 Jgaal) s
cJalye G amy delin JS o Gu (9 laase) daldl ke Lall

{(keal/mol) (AGFgg) dasiisll 5l Yy ¢ (AHZgg) Jasdisl) ) ad :12.3 Jyaadl

AH/? AGY? AH? AGY? AH3? AG3?
X=0, R=H 20.83 34.07 49.07 48.13 45.93 47.75
X=0, R=Me 21.08 34.51 49.00 48.38 53.52 56.03
X=0, R=0Me 21.02 34.45 49.19 48.19 42.24 48.06
X=NH, R=H 20.64 34.38 49.32 48.06 33.06 35.51
X=NH, R= Me 20.96 34.82 49.26 48.00 32.37 35.39
X=NH, R=0Me 20.85 34.70 49.20 47.75 31.94 35.07
X=S, R=H 27.17 40.35 49.63 48.82 48.44 51.07
X=S, R=Me 27.29 40.97 49.70 48.57 48.82 51.51
X=S, R= OMe 27.26 40.85 49.63 48.63 49.19 51.95
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g el cliSiall s za (keal/mol ) TSTAEY) Al sic ASM cilés :13.3 J gaad)

(a) H-O Me-O OMe-O
E Strain 39.03 36.99 37.05
E Int -12.58 -13.13 -13.23
AE 26.45 23.86 23.83
(b) H-S Me-S OMe-S
E Strain 35.93 35.82 35.90
E Int -11.85 -11.83 1173
AE 24.07 24.00 24.17
(©) HNH MeNH  OMeNH
E Strain 35.28 35.01 39.85
E Int -13.27 -13.01 -15.62
AE 22.01 22.00 24.23
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e Aaedle ST (6&8 (H-N Jeld) X =N s R = H ¢ua Jelill e (Jg¥) sgladll o 2501
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H-S5 0 H-3 H-N el (kcal/mol) Lusy) dllall b Jolisd) bt :14.3 92

H-N H-0 H-S
E pauii 331.66 31937  319.44
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E o1 19522 -187.43  -186.68
E disp -3.78 -3.66 -4.03
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Abstract

The reaction mechanism for the synthesis of quinoline-fused benzo/dia/oxa/thia/zepins is investigated using the DFT/
B3LYP/6-31G(d) method. DFT conceptual reactivity indices analysis allows classification of o-aminophenol (2, X =0),
o-aminothiophenol (2, X=S) and o-phenylenediamine (2, X =N) and R-substituted 2-chloroquinoline-3-carbaldehydes (1
ac) as strong electrophiles, suggesting a polar process. Besides, Parr functions and Fukui indices predict the most reactive
sites for observed experimentally product formation, in agreement with the dual descriptor analysis. In the energy aspect,
there is no effect of the R (R =CH;, OCH,) substituent on the thermodynamic quantities, whereas the substitution of the X
has a remarkable effect. The products (4a—c, X =N) are the most stable, and their cyclizations are the easiest. An extended
analysis was performed using the activation strain model/energy decomposition analysis ASM/EDA model. The obtained
results indicate that the orbital interaction and electrostatic stabilizations are the principal factors favoring the reaction with
X =N. Topological analysis of the electron localization function (ELF) of the bending point structures along the reaction
path indicates that the reaction occurs via a non-concerted two-step mechanism.

Keywords Benzo/oxa/thia/dia/zepines-fused quinolone - DFT - ELF - ASM/EDA model

1 Introduction interest [1, 2]. Heterocyclic compounds constitute an impor-
tant class of organic molecules [3, 4] and constantly attract
the interest of synthetic organic chemists. The search for new
methods of heterocycles synthesis is crucial for the develop-
ment of new compounds with biological potential to satisfy

an ever-increasing demand for original molecules, and it is

In the uninterrupted development of heterocyclic chemistry,
now indispensable in organic synthesis, the heterocycle con-
stitutes the basic skeleton in a wide variety of compounds of
chemical, biological interest pharmacological and industrial
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Scheme 1 The condensation of 2 chloroquinoline-3-carbaldehydes (I a-c) with o-phenylenediamine (II, X = NH), o-aminophenol (IL, X = O)

and o-aminothiophenol (IL, X = S)

essential to develop new reaction sequences that are more
efficient and selective within a limited number of operations.

Nitrogen heterocycles are of particular interest because
they constitute an important class of natural and synthetic
products, many of them exhibit important biological activi-
ties and unique electrical and optical properties [5-7].
Although condensed seven-membered heterocycles have
been the subject of many synthetic studies considering their
pharmacological properties, little work has been done on
the preparation of tetracyclic derivatives. This is particularly
the case in the area that interests us, namely the synthesis of
benzoquinoline derivatives.

As new examples of synthetic applications of 2-chloro-
3-formylquinolines, several condensed heterocycles have
been prepared, among them the synthesis of quinoline-
fused benzodiazepines (V a-c, X=NH) was attempted for
the first time, by Bhanumathi et al. [8], through a reaction of
2-chloro-3 formylquinoline (I a-c) with o-phenylenediamine
(II, X=NH) (Scheme 1) to study their pharmacological
activity.

The condensation of 2 chloroquinoline-3-carbaldehydes
(I a-¢) with o-aminophenol (II, X =0) [9] and o-aminothio-
phenol (II, X=S) [10] in NN-dimethylformamide (DMF)
in the presence of dry potassium carbonate under the condi-
tions adopted by Nielsen and Pedersen [11], quantitatively
yielded intermediate imines (IV a-c), which were then
cyclized with high yields to quino-benzoxazepines (V a-c,
X =0) and quino-benzothiazepine (V a-c, X=S), respec-
tively (Scheme 1), as the main products. The reactions were

@ Springer

carried out at room temperature, and the intermediate imines
could not be isolated.

For a better understanding of the factors controlling the
reaction, a theoretical approach is carried out by density
functional theory (DFT). The activation strain model and
energy decomposition analysis (ASM/EDA) allow moni-
toring the physical factors controlling the kinetics of these
reaction. More details about ASM and EDA are given in
Sect. 3.4.1.

2 Methodology and equations of the used
calculation

All geometries were optimized at the B3LYP/6-31G (d) [12,
13] computational level using the Gaussian 09W [14] pro-
gram. The existence of the transition state was confirmed
by the presence of one and only one imaginary frequency,
which leads to the formation of the corresponding product.
The IRC calculation [15, 16] was carried out in order to
verify that the TS is well connected to the two minima (reac-
tants and product). The enthalpy and the free enthalpy of
each stationary point were evaluated at 7=298.15 K and
at P=1 atm.

The reactivity of molecules and the mechanisms of reac-
tions are first studied through the analysis of the wave func-
tion, which defines the quantum state of the molecular system.
For example, the theory of Frontier Orbitals [17, 18] has been
very effective in understanding the regioselectivity of organic
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reactions, through the study of phase overlap or phase opposi-
tion between the highest occupied orbital of the nucleophile
and the lowest vacant orbital of the electrophile. Electrophilic
power is therefore defined as the energy stabilization due to
charge transfer [19-21]:

0

o=3 (1)

The electronic chemical potential p and the global hardness
n can be calculated from the energies of the frontier molecular
orbitals eyomo et ELumo [22-24]:

B = (gomo + €ELumo)/2 )

N = €ruymo — €aOMO 3)

In 2008, Domingo's group proposed an empirical (rela-
tive) nucleophilicity index (N) based on the energy (HOMO)
obtained by the Kohn—-Sham method [25]. This index is
defined as follows [26, 27]:

N = egomoONu) — egopo(TCE) 4)

where Nu means the nucleophile reactant.

Note that the scale of nucleophilicity is referenced against
the tetracyanoethylene (TCE) molecule taken as a reference
because it exhibits the lowest HOMO energy in a large series
of molecules.

The condensed form of the Fukui functions corresponding
to the site k in a molecule with N electrons was proposed by
Yang and Mortier [28]:

fk+ = [qk(N +1) - qk(N)] for a nucleophilic attack  (5)

= [qk(N) —q, (N — 1)] for an electrophilic attack ~ (6)

qi(N): Electronic population of atom k in the neutral
molecule.

qi(N + 1): Electronic population of atom k in the anionic
molecule.

qi(N — 1): Electronic population of atom k in the cationic
molecule.

It has been shown, for reactions controlled by the frontier
orbitals, that high values of the Fukui indexes mean a high
reactivity of the site [29].

In 2013, Domingo [30, 31] proposed the Parr functions P(r)
that characterize the change in spin electron density that occurs
during the process of GEDT (Global Electron Density Trans-
fer) from the nucleophile to the electrophile.

P~ (r) = p}°(r) for an electrophilic attack )
P*(r) = p™(r) for a nucleophilic attack Q)

where p’°(r) and p’“(r) are the atomic spin densities (ASD)
of the atom r of the cation radical and the anion radical,
respectively, of the molecule studied.

The spin densities of the N+ 1/N-1 systems have been
shown to be good approximations for the nucleophilic and
electrophilic Fukui functions. Thus, the dual descriptor is
calculated by the difference between the Fukui functions f
*and f~ [32, 33].

Af@) =f*) —f~ ) = prumo® — Promo ™) 9

Since the dual descriptor encapsulates both electrophilic
and nucleophilic reactivity tendencies in a single value, it
is a powerful descriptor because chemical reactions often
involve a complex interplay between these two types of reac-
tivity. Then, the use of the dual descriptor Af (r) allows an
unambiguous prediction of the most reactive site toward an
electrophilic or nucleophilic attack.

The Electron Localization Function (ELF) is a mathe-
matical and conceptual tool used in the field of theoretical
chemistry to quantify the spatial distribution of electrons
within molecules. Introduced by Becke and Edgecombe in
1990 [34]. ELF provides insights into the nature of chemi-
cal bonding, electron pair localization, and regions of high
electron density in molecular systems, and the ELF value
at a specific point in a molecule indicates the probability of
finding an electron pair at that point. It is particularly useful
for analyzing molecular structures with complex bonding
patterns or investigating weak interactions like hydrogen
bonding [35]. ELF is derived from the electron density and
its gradient, utilizing quantum mechanical calculations,
often based on density functional theory (DFT) [36, 37]

The topological analyses of the ELF, n(r) were carried
out with the Multiwfn_3.7 program [38], and the graphical
representations were visualized by the Chimera 1.16 pro-
gram [39].

3 Results and interpretation
3.1 Analysis of reactivity by global descriptors

In a first step, the nature of the mechanism of these reactions
is analyzed using global reactivity indices. These indices
are effective tools that have been successfully used in many
studies focused on Diels—Alder and [3 + 2] cycloaddition
reactions to understand the reactivity of molecules to their
ground state.

The values of the global reactivity indices, which are the
electronic chemical potential (u), the chemical hardness (),
the global electrophilicity (@) and the nucleophilicity (&), of
the reactants involved in these reactions are given in Table 1.

@ Springer
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Table 1 B3LYP/6-31G(d)

energies of the HOMO and Enomo Eromo H 4 @ N

LUMO in eV, electronic Ia (R=H) -6.89 -2.39 —4.63 4.47 2.39 2.22

chemical potential y, hardness —— p g _\pe) ~6.70 _232 451 438 232 2.41

n, electrophilic index w and

nucleophilic index N in eV of Ic (R=MeO) —-6.42 -2.16 —-4.31 4.23 2.20 2.69

Ia-c and II(X=0, NH and S) II(X=YS) —-5.53 -0.29 -291 5.24 0.80 3.58
II(X=0) -5.34 -0.40 —-2.84 4.94 0.83 3.78
II (X=NH) -5.04 —-0.54 —-2.79 4.50 0.86 4.08

Table 1 shows that the electronic chemical potential of
IT (X=0, NH, S) is always the largest, thus confirming that
during these reactions, a charge transfer (CT) takes place
from IT (X=0, N, S) to 1a-c, and this result is in good
agreement with the computed CT analysis at the transition
states (see later).

The electrophilic index of I a-c is higher than that of IT
(X=0, NH, S). On the other hand, the electrophilic values
o favor the electrophilic character for II a-c compounds,
while compounds II (X=0, NH, S) behave as nucleophiles.

Reagents I a-c possess an electrophilicity index o of
2.20t0 2.39 eV, being classified as borderline moderate and
strong electrophiles based on the electrophilicity scale.[20].
In addition, reagents II (X=S, O and NH) have a nucleophi-
licity index N of 3.58 eV, 3.78 eV and 4.08 eV, respectively,
which allow us to classify them as strong nucleophiles on
the basis of the scale of nucleophilicity [32]. The introduc-
tion of the electron-releasing methyl and methoxy groups
slightly decreases the electrophilicity of I-b and I-c and
slightly improves the nucleophilicity, while the methyl and
methoxy groups do not change the electrophilicity of Ia-c.
On the other hand, the heteroatomic substitution of X=S in
IT by X=0 and X =NH slightly increases their nucleophi-
licity, and the reagent II (X =NH) is the most nucleophilic
among these heteroatoms due to its higher electron density
and lower electronegativity (see Table 1).

Therefore, since reactants II (X=S, O and NH) are strong
nucleophiles and II a-c are strong electrophiles, the cor-
responding reactions are therefore expected to have strong
polar characters.

3.2 Reactivity analysis by local descriptors

According to Domingo's polar model [40], the static indices
of local electrophilicity m, (w, = wf;*) [41] and local nucleo-
philicity N, (N, =Nf,”) [42] are reliable descriptors for the
prediction of the most favored electrophilic-nucleophilic
interaction for the formation of a chemical bond between
two atoms. It takes place between the most electrophilic site
(characterized by the greatest value of w,) of the electro-
philic molecule and the most nucleophilic site (characterized
by the greatest value of N,) of the nucleophilic molecule.
The values of local electrophilicity w, for the reactive atoms
of Ia-c and of local nucleophilicity N, of the reactive atoms
of II(X=0, NH and S) calculated with the population ana-
lyzes NPA (Natural Population Analysis) and MPA (Mul-
liken Population Analysis) by the DFT/B3LYP 6-31G (d)
method are reported in Table 2. The spurious negative values
for £+ with NPA have been commented by Toro-Labbé and
Ayers [refs] underlining the association of orbital relaxation
effects and nodal surfaces of the frontier orbitals [43, 44].

Table 2 Fukui index (f,*

‘ Atom MPA NPA
and f,7) and values of local
electrophilicity wk for the fr ' wy Ny fr I oy Ny
reactive atoms of Ia-c and of
local nucleophilicity N, for the Ia R=H) Cc2 0.06 / 0.15 0.07 0.18
reactive atoms of I(X=0, N C4 0.01 0.03 —0.01 —-0.02
and S) calculated by population g, R =Me) €2 0.06 1.54 0.07 / 0.18
analyzes NPA, MK
C4 0.01 0.02 —-0.01 0.02
Ic (R=MeO) C2 0.06 0.14 0.07 0.15
C4 0.01 0.02 —-0.01 0.02
II (X=0) N6 / 0.12 0.48 / 0.19 0.74
09 0.07 0.26 0.07 0.28
II (X=NH) N6 0.02 0.09 0.13 0.53
N9 0.02 0.09 0.13 0.53
II(X=S) N6 0.13 0.48 0.13 0.47
S9 0.13 0.47 0.09 0.34
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The local nucleophilicity indices N, for the reactive atoms
of II(X=0, NH and S) and the local electrophilicity indices
w, for the reactive atoms of 1a-c show that the most favored
interaction takes place between the N6 atom of II (X=0,
NH and S) (having the highest value of N,) and the C2 atom
of IIa-c (having the highest value of w,). Therefore, the for-
mation of the N6-C2 bond observed experimentally [9] is
correctly predicted by Domingo's polar model.

Recently, from an electronic point of view, Domingo and
his co-workers [30] proposed other local descriptors, the P,*
electrophilic and P, nucleophilic Parr functions, which are
derived from the change in spin electron density that occurs
during the GEDT process from the nucleophile to the elec-
trophile. This method has proven to be a powerful tool in
the study of local reactivity in polar processes. Therefore,
in order to predict the most favorable electrophile/nucleo-
phile interaction in these reactions, the electrophilic func-
tions of Parr P,* of I a-c and the nucleophilic functions of
Parr P,” of II(X=0, N and S) were analyzed. The 3D rep-
resentations of the Mulliken atomic spin density (ASD) of
the radical cations I'" a-c and the radical anions II” (X=0,
NH and S), as well as the Parr nucleophilic functions P,~ of
II(X=0, NH and S) and the Parr P, * electrophilic functions
of I a-c are given in Fig. 1.

The analysis of the nucleophilic Parr functions P, of
nucleophiles II (X=0, NH and S) indicates that they are
mainly concentrated on the two atoms N6 and X9 (see
Scheme 1 for the numbering of the atoms) whose center N6
being more than three times nucleophilic than the X9 center
for o-aminophenol and o-aminothiophenol; Py ~=0.32 and
Pgy "=0.10in II(X=0), and Pyy “=0.376 and Py~ =0.024
in II(X =S), while the nucleophilic Parr function of nitrogen
N6 in o-phenylenediamine II(X =NH) Py~ =0.21. On the
other hand, the analysis of the P, electrophilic Parr func-
tions of I a-c indicates that the C2 carbon atom is the most
electrophilic center in these molecules, Pc,* =0.09, 0.09

Fig.1 3D representations of
the ASD of the radical cation
2(X=0, N, S)™ and the radical
anion la-c'~, as well as the
nucleophilic and electrophilic
Parr functions of 2(X=0,N and
S) and 1a-c

and 0.09 for Ia(R=H), Ib(R=CH3) and Ic (R=0CH3),
respectively, whereas the C4 carbon atom is not an electro-
philic center P,* =— 0.03 (Ia), — 0.03 (Ib) and — 0.03 (I¢).
Consequently, the favorable electrophilic/nucleophilic
interaction of these reactions of I a-c with II(X=0, NH
and S) will take place between the most nucleophilic center
of the II(X=0, NH and S) which is the nitrogen N6 and
the most electrophilic center of I a-c which is the C2 carbon
leading to the formation of C2-N6 bond before the C4-X9
bond, in good agreement with the experimental results.

3.3 Reactivity analysis by the dual descriptor

The spin densities of the N+ 1/N-1 systems have been
shown to be good approximations for the nucleophilic and
electrophilic Fukui functions. Thus, the dual descriptor was
calculated by difference between the spin densities of the
N+ 1/N-1 systems. In all representations of the dual descrip-
tor, isodensity maps areas where descriptor values are
negative (Af (r) < 0) are red colored, whereas areas where
descriptor values are positive (Af (r)’0) are colored in green.

The use of the dual descriptor Af (r) allows unambigu-
ous prediction of the most reactive site with respect to an
electrophilic or nucleophilic attack. Figure 2 represents the
isodensity map of the dual descriptor for reactants I a-c
and IT (X=0, NH and S) for the first reaction of condensa-
tion, on which it can be observed that the carbon C2 in the
three reactants I a-c has an electrophilic character (Af (r)
0, colored in green), and therefore, will react preferentially
with nucleophiles, such as nitrogen N6 of II(X =0, NH and
S).

The dual descriptors for the reagents III a-c (X=0,
NH and S) calculated at the B3LYP/6-31G* level are
displayed in Table 3, and electronic interaction is also
observed between C4 and X9. The hetero atom X9 displays

1c (R=0Me) ™

2 (X=S)'+

@ Springer
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Fig.2 The isodensity map

of the dual descriptor Af{r)
calculated for reactants la-c
and 2(X=0, N, S), Af(r) " 0
colored in green and Af (r) < 0
colored in red

1a (R=H)

2 (X=0)

Table 3 Dual descriptor A f or the reactive atoms of IIla-c (X=0, N
and S) calculated by population analyzes NPA, MPA

MPA NPA
Af Af
Illa (X=0) c4 0.00 0.01
09 -0.06 -0.07
IIIb (X=0) c4 0.00 0.01
09 -0.06 -0.07
Illc (X=0) c4 0.00 0.01
09 -0.05 -0.06
Ila (X=NH) c4 0.01 0.01
N9 -0.09 -0.13
IIb (X=NH) c4 0.00 0.01
N9 -0.08 -0.13
Illc (X=NH) c4 0.00 0.01
N9 -0.07 -0.11
IMla (X=S5) c4 0.00 0.01
S9 -0.16 -0.24
Tb (X =S) c4 0.00 0.01
S9 -0.15 —0.18
Ilc (X=S) c4 0.00 0.01
S9 -0.13 -0.16

a nucleophilic chemical behavior (Af<0), while C4 exhibits
an electrophilic character (Af> 0) in the all reagents,.

3.4 Energy aspect

The condensation of substituted 2-chloroquinoline-3-car-
baldehydes (Ia-c) with o-aminophenol (II, X=0), o-ami-
nothiophenol (II, X=9S) and o-phenylenediamine (I,
X =NH) to yield imines IV a-c is a stepwise reaction. The
proposed reaction mechanism is a three-step mechanism,
schematized in Scheme 2. The 2-chloroquinoline-3-car-
baldehydes (Ia-c) protonated at carbonylic site leads to the
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1c (R=0CH3)

2 (X=N) 2 (X=S)

reactants cationic intermediate I-1a-c in acid-base equilib-
rium with the Ia-c. In the following nucleophilic addition of
one of the latter to C2 of I-1a-c, the most favorable geometry
is with the angle between the aromatic substitution of amine
and carbonyl oxygen amounting 180°, to get finally the
imine in a Z configuration. Following that, a proton transfer
leads to the reactants intermediate amine IIla-c. This step
is associated with the TS1 transition state. Next, the water
molecule is removed from Illa-c., which leads to the final
product V through the transitional state TS2.

The condensation is followed by an intramolecular aro-
matic nucleophilic substitution, which is cyclized with high
yields leading to the products V a-c (X=0, S and NH).

An exhaustive exploration of the potential energy surface
allowed us to determine the different transition structures.
Relative thermodynamic data and kinetic data calculated
with B3LYP are reported in supplementary material. An
overview of the geometries obtained for the particular points
of the reaction mechanism studies is reported in Fig. 3.

The results shows that in the reaction mechanism, the
protonation of the I-a-c carbonyl exocyclic group is thermo-
dynamically favored with a slight difference of stabilization
of the I-1-b and I-1c compounds (R =Me, OMe) of about
2 kcal/mol.

In the second step, the nucleophilic addition of molecules
IT (X=0, NH, S) to C2 of I-1a-c followed by a proton trans-
fer for the formation of intermediates Illa-c (X=0, NH, S)
remains the kinetically determining step, with free activation
enthalpies AG™ =34.10 kcal/mol at 40.90 kcal/mol. It is
noted that the radical R has no effect on the thermodynamic
quantities, whereas the substitution X has a remarkable
effect. The compounds III a-c (X=0) are thermodynami-
cally more stable compared to other reagents with 3—6 kcal/
mol free enthalpy difference, while the formation of com-
pounds IIT a-c (X=S) is slower (AG™ TS1a=40.30 kcal/
mol, AG* TS1b=40.90 kcal/mol, AG* TS1c=40.80 kcal/
mol).
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Scheme 2 The proposed reaction mechanism of the condensation of 2-chloroquinoline-3-carbaldehydes (Ia-c) with o-aminophenol (II, X = O),

o-aminothiophenol (II, X = S) and o-phenylenediamine (II, X = NH)

Calculations show that the next step of removing a water
molecule from the compounds IIT a-c¢(X=0, NH, S) is endo-
thermic and spontaneous with a slight stabilization differ-
ence between [Va-c (X=NH) and I'Va-c (X=S), and they
are more stable compared to [Va-c (X=0) products by about
3 kcal/mol. It should be noted that the kinetic parameters of
the I'Va-c products (X=0, NH and S) are very close.

For the final products Va-c (X=0, NH and S), see
Scheme 1, the intramolecular aromatic nucleophilic substi-
tution of IVa-c (X=0, NH and S) is thermodynamically
favored with significant stabilization of the products (Va-c,
X =NH) with the enthalpy and free enthalpy energy differ-
ence (from about 5 kcal/mol up to 7 kcal/mol) compared
to other products. The cyclization of the compounds IVa-c
(X=NH) is the easiest with a difference of their activation
energy decreased by 20 kcal relatively to other cycles.

In Fig. 3, the structures of the transition states corre-
sponding to the formation of the cycles Va (X=0, NH and
S) are illustrated with the distances of the new bonds and
the charge transfer taking place from the nucleophile frag-
ment II (X=0, NH and S) toward the electrophilic fragment
Ia, and the other structures of the transition are reported
in supplementary material. From the analysis of the CT
values, it is deduced that the formation of Va-¢(X=S) has
a considerable polar character with CT values amounting
approximately 0.3e compared to the formation of other prod-
ucts, where their charge transfer lie between 0.0 up to 0.12e.

Figure 4 graphically summarizes the evolution of the free
enthalpy during the reaction.

3.4.1 Activation strain model ASM

The ASM [45] model, also named distortion/interaction
model, has been introduced by Houk et al. [46—48] In this
fragment approach, the activation energy is decomposed into
two terms:

The first is the activation strain energy AE,;,(C) which is
related to required energy to the separate reactants deforma-
tion to reach the transition state structure. The second is the
interaction energy AE; (C) which is the energy gain by the
interaction between the deformed reactants:

AE (C) = AEim(é:) + AEslrain(g) (10)

At the transition state, the activation energy is decom-
posed into the strain activation energy AEflmin and the inter-
action activation energy AE?:1t as follow:

AE* = AE! + AE!

strain

QY

The interaction energy AE; ({) decomposition, between
the deformed reactants, into its different terms has been pro-
posed by Ziegler and Rauk [49] to allow a thorough evalua-
tion of this interaction (see Eq. 12)

@ Springer
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Fig.3 B3LYP/6-31G(d) geometries of the TS a(X =0, NH,S) structures, (length in Angstroms A, and charge transfer values in e)

AEint(g) = AVelstat(C) + AEPaLuli(é’) + AEoi(C) + AEdisp(é’)

12)

where, the term AV, (C) corresponds to the quasi-classical
electrostatic interaction between the unperturbed charge dis-
tributions of the deformed reactants. Pauli repulsive orbital
interaction AEp,;(€) is responsible of the steric repulsion.
As for the orbital interaction AE;(£), it considers the charge
transfer and polarization. Finally, AE, (€) is the dispersion
interaction energy [50-55].

The theoretical results for the first stage of the reactions
showed that the variation of the substituent R (R =H, CH3,
OCH?3) has no effect on the energy, whereas the substitution
of the X has a remarkable effect. In order to explain these
results, the ASM/EDA analysis has been performed along
the reaction coordinate. The ASM results indicate that the
strain energy is the only factor controlling the kinetics of
these reactions. The same observation was made for R=H,
CH3, OCH3 and X =0, S (see Table 4).

Calculation results have already shown that the variation
of X (with X=N, O and S) has a significant influence on the

@ Springer

energy of these reactions. Therefore, the ASM analysis of
the first stage of the reaction was performed for the R=H
case, in order to understand the physical factors controlling
the activation barrier heights. The ASM results comparison
of the three reactions shows that the first step of the reac-
tion where R=H and X =N (H-N reaction) is kinetically
more favorable. ASM results of the H-N and H-O reac-
tions (see Table 5) indicates that H-N reaction is favored by
its low strain energy (E strain (H-N)=35.3 kcal/mol vs E
strain (H-0)=39.03 kcal/mol). However, the strain energy
of (R=H, X=N) and (R=H, X=S) reactions is almost
identical (E strain (R=H, X=N)=235.3 kcal/mol vs E strain
(H-S)=35.9 kcal/mol). The interaction energy is, then, the
only factor controlling the activation barriers favoring the
R=H, X=N reaction.

The nature of the interaction energy promoting of
the H-N over H-O and H-S reactions is also analyzed
using the EDA analysis. The EDA (Energy Decomposi-
tion Analysis) results at the transition state are noted in
Table 6. These results show that the electrostatic stabiliza-
tion (E elstat=— 147.91 kcal/mol) and orbital interaction
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Fig.4 ELF localization domains, represented with an isosurface value of ELF=0.83 and basin attractor positions, monosynaptic basins are
colored in red, di-synaptic basins are colored in green and protonated di-synaptic basins C—H and X-H are colored in blue

(E OI'=— 195.22 kcal/mol) are the terms stabilizing the ~ 3.5 ELF topological analysis of the reaction path
H-N reaction with respect to H-O and H-S reactions.

Therefore, the strong Pauli repulsion was compensated  To better understand the process of the formation of new
by the electrostatic and orbital interaction stabilizations. ~ N6-C2 and X9-C4 bonds along the reaction path of the
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Table 4 ASM energies at the transition state given in kcal/mol for DA (decomposition analysis) reactions with (R=H, Me, OMe) and X=N

(a) H-NH Me-NH OMe-NH
E Strain 25.00 25.01 39.85

E Int -0.19 -0.01 —15.62
AE 24.81 25.00 24.23
(b) H-O Me-O OMe-O
E Strain 39.03 36.99 37.05

E Int —12.58 —-13.13 —13.23
AE 26.44 23.86 23.83
(c) H-S Me-S OMe-S
E Strain 35.93 35.82 35.90

E Int —-11.85 —11.83 —-11.73
AE 24.07 24.00 24.17

The ASM relative energies are calculated with respect to the pre-reactive energies

Table5 ASM energies at the transition state given in kcal/mol for
DA (decomposition analysis) reactions with R=H and X=, N, O and
S

H-N H-O H-S
E Strain 35.28 39.03 35.93
E Int —13.27 —12.58 —-11.85
AE 22.01 26.44 24.07

The ASM relative energies are calculated with respect to the pre-reac-
tive energies

Table 6 Interaction energies at the transition state given in kcal/mol
for the H-N, H-O and H-S reactions

H-N H-0 H-S
E Pauli 331.66 319.37 319.44
E Elstat ~147.91 —141.60 —140.68
EOI ~195.22 —187.43 ~186.68
E disp -378 —3.66 —4.03

cycloaddition reaction of 2-chloro-3-formylquinoline 1a and
o-aminophenol (2, X=0), we carried out an ELF (Electron
Localization Function) analysis of stationary points. The
populations of the most significant valence basins (those
associated with regions involved in bond formation in this
reaction), among other important parameters, ELF topologi-
cal characteristics of separate reactants and selected points
are shown in Table 7, while the corresponding positions of
the ELF basin attractors are shown in Fig. 5.

As shown in Fig. 5, the Electron Localization Function
(ELF) domains are represented with an isosurface value of
ELF=0.83. The colors of the basins are the following:

- monosynaptic basins V (X) correspond to non-bonded
regions (which, in Lewis representation, indicates a lone

@ Springer

pair of electrons) appear in red color.—di-synaptic basins
V(X, Y) are found in bonding regions (C-C and C-X)
appear in green color—protonated di-synaptic basins C—H
and X-H appear in blue color. Purple points represent
atoms.

e At reactant point Ia, the two monosynaptic basins
V(01), V’(0O1) corresponds to the non-bonding pair
of the oxygen atom O1 with a total population equal
to 5.18e. For the chlorine atom C15 which binds with
carbon C4, where chlorine has three monosynaptic
basins V(C15), V’(Cl15) and V’’(CI5) corresponding to
the non-bonding pair of the chlorine atom with 6.21e
of a total population, the number of these basins will
be increased to 6 basins during the reaction due to the
increase in unbound electrons, this indicates the sepa-
ration of chlorine from the carbon C4 (the breaking of
the C4—CI5 bond). The two di-synaptic basins V(C2-O1)
and V(C4-Cl5) corresponding to the C2=01 and C4-Cl15
bonds have electronic populations of 2.37e and 1.43e,
respectively, and they will disappear during the reaction
following the bonds breaking between these atoms.

e At reactant point IT (X = O), the nitrogen atom N6 has
a monosynaptic basin with an electron population of
1.9e. The two monosynaptic basins V(09), V’(09) cor-
respond to the non-bonding pair of the oxygen atom O9
with 4.65e a total population. During the reaction, the
number of these monosynaptic basins increases due to
the dehydrogenation of oxygen and then, they will disap-
pear due to the formation of the O9-C4 bond.

e Atreactant point I-1a, we notice a decrease in the popu-
lation of the di-synaptic basin V(O1-C2) from 2.387¢ to
1.78e, and it continues to decrease gradually in the other
compounds until they completely disappear at TS2. The
decrease in the number of monosynaptic basins V(O1)



Theoretical Chemistry Accounts

(2023) 142:111

Page110of14 111

Table7 ELF valence basin populations of the selected points of the IRC directly involved in the formation of the N6~C2 and C4-09 of reaction

of Ia-c with II(X =0, N and S). Distances are given in angstroms, A

TaandII ILla TSI Ila TS2 IVa TS3 Va
d (C2-N6) - - 1.52 146 1.33 1.28 1.28 1.28
d (C4-09) - - - - - - - 1.37
V(01,C2) 2.37 1.78 1.39 1.29 - - - -
V(C4,CI5) 1.43 1.52 1.54 1.43 1.44 1.44 - -
V(O1) 2.60 4.05 2.40 2.44 2.51 - -
V {(01) 2.58 - 2.28 2.39 2.24 - - -
V(C4) - - - - - - 0.52 -
V(CI5) 2.70 2.80 3.04 3.13 3.00 3.04 1.25 -
V’(CI5) 3.34 3.51 3.26 3.12 323 3.21 2.90 -
V>’ (Cl5) 0.17 3.51 3.26 0.13 0.15 0.12 3.34 -
V(CI5) - - - 3.13 3.00 3.21 3.34 -
V(CI5) - - - 3.12 323 3.04 1.25 -
V(CI5) - - - - - - 2.90 -
V(C2,N6) - - 1.80 1.67 297...... 2.99 2.96 2.97
V(C4,09) - - - - - - - 1.42
V(09,H) 1.61 - 1.62 1.62 1.62 1.65 1.83 -
V(N6) 1.90 - 1.77 1.94 - 2.60 2.64 2.56
V(09) 2.33 - 2.30 2.22 241 2.03 1.24 2.69
V’(09) 2.32 - 2.21 242 2.21 2.56 2.96 2.09
V’(09) - - 0.13 - - - - -

from two to one basin and their population from 5.18e to
4.05e is due to the protonation of oxygen.

At transition state TS1, the first remarkable topological
change along the reaction path takes place, and a new
dis-synaptic basin V (N6-C2) is created with an initial
population of 1.80e. This relevant topological change
indicates that the formation of the first N6-C2 bond
begins to take place at a distance of 1.52 A by the cou-
pling of N6-to-C2.

At intermediate point IIla, the intermediate state in
which the nucleophile factor attacks the reactive sub-

stance, when the nucleophile factor is partially associ-
ated with the central carbon atom carrying the outgoing
group, while the outgoing atom remains partially con-
nected to the central carbon atom.

At the transition state TS2, the disappearance of the
di-synaptic basin V(C2-O1) leading to the breaking of
C2-01 bond.

At the product point IVa, the increase in the N value of
dis-synaptic basin V (N6-C2) during the reaction up to
2.99¢ indicates the increase in the strength of the bond
until it becomes a double bond after the release of water
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Fig.5 Evolution of the free
enthalpy during the reaction
mechanism
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at the compound level. We observe the disappearance of
the monosynaptic basins of: oxygen O1.

¢ At the transition state TS3, the di-synaptic basin V(C4-
Cl15) disappears, coinciding with the appearance of a new
monosynaptic basin V(C4). This corresponds to the rup-
ture of the C4-Cl5 bond.

e At the final product 4(a, X =0), d (C2=N6)=1.28 A
and d(C4-09)=1.37 :&, the appearance of the di-syn-
aptic basin V(C4-09) integrating a 1.42e population is
indicative of C4-O9 bond formation. This is concomitant
to the disappearance of di-synaptic basin V(09,H) and
the monosynaptic basins of CI5 and C4 leading to the
breaking of O9-H bond.

4 Conclusion

In this work, we brought theoretical elements giving light
on the reactional mechanisms of the synthesis of benzo/
oxa/thia/dia/zepines fused with quinoline, leading to a bet-
ter understanding of the factors controlling the reaction. For
the purpose, we used tools based on the conceptual density
functional theory in connection with calculations of the
energy and the electronic structure of the molecular sys-
tems. The evolution of electron density along the reaction
path was performed by topological analysis with the electron
localization function (ELF). The dual descriptor of chemi-
cal reactivity provided valuable information relating to the
influence of electronic effects on the reactivity.

The analysis of the global reactivity indices indicates that
2(X=0, N, S) are classified as good nucleophiles and 1a-c
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as good electrophiles, thus suggesting a strong polar charac-
ter of these reactions, a point confirmed by the high values
of the computed charge transfer at the corresponding TS.

The analysis of the local reactivity indices of Fukui and
Parr functions reveals that the most favorable interaction
between the reactive centers along these polar reactions will
take place between the most nucleophilic center of the 2
(X=0, N, S), namely the nitrogen N6 and the most elec-
trophilic center of 1 a-c, which is carbon C2, same results
obtained by the dual descriptor analysis.

In the energy point of view, the R substituent has no effect
on the thermodynamic quantities, whereas the substituted X
has a remarkable effect especially in the cyclization of the
final products V, the products (Va-c, X=N) are the most
stable and their cyclization is the easiest. In order to under-
stand the physical factors controlling the kinetics of the first
step of these reactions, ASM/EDA calculations have been
performed. ASM results obtained for the substituent R vari-
ations indicate that the strain energy is the only factor con-
trolling activation barriers heights. In addition, the ASM
result shows that the variation of R influences on Estrain and
Eint so as to have an identical activation energy, indicating
that R has no influence on the energy. On the other hand, in
the case of the substituent X variation, the Eint controls the
kinetics of the cycloaddition reactions. The decomposition
of interaction energy into its different terms indicates that
the orbital interaction and electrostatic stabilization are the
principal factors favoring the reaction R=H, X=N.

The ELF topological analysis of the formation of the two
new bonds of the reaction path d(C2=N6)=1.28 A and
d(C4-09)=1.37 A with electronic populations 2.99e and
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1.42e, respectively, the bond rupture and bond formation
along these reactions are non-concerted, allowing the exclu-
sion of a pericyclic mechanism for these reactions.
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tary material available at https://doi.org/10.1007/s00214-023-03052-2.
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