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In this study, the reaction mechanisms of isonitrosoacetophenone (inapH) with ethanolamine (ea) and
1-phenylethanolamine (pea) have been investigated theoretically using B3LYP/6-311G(d,p) method to explain why the
formation and unexpected rearrangement products occur or not occur. While the reaction between isonitrosoacetophenone
(inapH) with ethanolamine gives oximine alcohol (Ib), the reaction of 1-phenylethanolamine with inapH results in the
formation of oximine alcohol with a different substituent (Ia) and amido alcohol (ITa), which is the unexpected rearrangement
product. The rearrangement driving forces of compounds from Ia to Ila are calculated as ca. 28 and 23 kJ/mol in the gas and
EtOH phases, respectively. These driving forces have been calculated ca. 46 and 45 kJ/mol for the rearrangement of
compound Ib to obtain IIb in the same phases, respectively. This high driving force shows that the compound IIb cannot be
obtained from rearrangement of compound Ib as described experimentally in the literature. In addition, as the DFT
functionals poorly describe dispersion effects, dispersion correction for reaction heat and free-energy barrier was estimated
using the wB97X-D/6-311G(d,p). In general, the relative free energies of all molecules calculated from wB97XD method are
lower than performed from B3LYP level. The changes of thermodynamic properties for all molecules with temperature

ranging from 100 to 500 K have been obtained using the statistical thermodynamic method.

Keywords: Mechanism, Oxiimine alcohol, Amido alcohol, DFT Calculations, NBO Analysis.

Introduction

The imine oximes contain both oxime and imine nitrogen
atoms and commonly used as bidentate ligands [1]. The
reactivity of the oxime group and its metal coordination
capability have been studied experimentally and well doc-
umented in the literature [1 — 14]. Isomerization [15 — 28]
reaction mechanisms [29 — 32] and spectroscopic studies
of some oximes were also performed theoretically
[33 — 41]. Schiff bases are well-known compounds and are
commonly used in industrial and biological area as a reac-
tion intermediate. The possible reaction mechanism of
the Schiff base formation and the effect of the solvent
effect, pH, and type of reactants have also been explained
theoretically [42 — 49].

On the other hand, amides are important building
blocks in organic and material chemistry as they are
widely employed not only in plastic, rubber, paper, and
color industry (crayons, pencils, and inks), but also in
water and sewage treatment [50 — 52]. Furthermore,
numerous pharmaceutical molecules incorporate amides
as core unit; N-acetyl-4-aminophenol and local anesthetic
lidocaine and dibucaine are just a few examples [50 — 53].
Thus, considering their importance as intermediate in the
industry and as precursors in drug formulation, the

development of simpler and more economical process for
amide synthesis has been of great interest over the last
20 years [54].

Among the most commonly used synthetic approaches
for these compounds, many involve the reaction of amine
with anhydrides, acyl chlorides, or, in some cases, with the
acid itself [50]. This latter approach results in the complete
conversion of the substrate only when the water formed
during the reaction is continuously removed [50]. Amides
can also be synthesized by a two-step reaction: oximation
of ketones, a quite facile reaction generally carried out
with hydroxylamine hydrochloride or sulfate in an aqueous
or H,O-EtOH solution, followed by Beckmann rearrange-
ment in mineral acids [53 — 59]. The first step proceeds in
the presence of a base to allow the formation of the free
hydroxylamine that, then, attacks the C=O group of the
ketone. On the other hand, Beckmann rearrangement is
generally carried out in mineral acid, i.e., H,SO,4 or oleum
[54 — 60], for which safety and/or disposal problems must
be taken into account especially in the industrial practice
[61 — 66]. Furthermore, the resulting amides are proto-
nated, thus, dilution with H,O or neutralization of the
acid (typically with aqueous ammonia) is required to
recover the pure product [61 — 66]. This procedure is used
in the industrial synthesis of caprolactam, which is the
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monomer of nylon [61 — 66]. Nowadays, the oximation-
rearrangement sequence in oleum is superseded by the
Enichem—Sumitomo processes consisting of liquid-phase
ammoximation [62] followed by a gas-phase Beckmann
rearrangement [63 — 66]. Another interesting approach to
amide synthesis is to use ionic liquids in combination with
Lewis acids. This procedure results in a high-yielding Beck-
mann rearrangement for some activated oximes [67][68].
The process, however, requires a preliminary oximation
stage and a tedious workup for both oximation and Beck-
mann rearrangement. However, the rearrangement reac-
tions of imine oximes have not been found in the literature.

Recently, we synthesized oxiimine alcohols, namely
(3E)-3-aza-5-(hydroxyimino)-1,4-diphenylpent-3-en-1-ol (Ia)
[69] and (1E2E)-[(2-hydroxyethyl)imino]-2-phenylethanal
oxime (Ib) [70]. During the preparation of the compound
Ia, we observed that the amido alcohol (Ila) was obtained
as associated product interestingly. The amido alcohol
(IIa) was characterized by single-crystal X-ray diffraction
[69]. But the compound IIb could not be obtained in the
synthesis of compound Ib [70]. The aim of this work is to
study the formation mechanism of oxiimine alcohols,
namely Ia and Ib. In addition, the formation mechanisms
of amido alcohols (Ila and IIb) (rearrangements of oxi-
imine alcohols) were investigated theoretically and the
substituent effect of the rearrangement of oxiimine alco-
hol was studied. For this purpose, density functional
theory (DFT) calculations at the Becke—Lee—Yang—Parr
(B3LYP)/6-311G(d,p) level of theory and integral equa-
tion formalism variant of the polarizable continuum model
(IEFPCM) were performed to explain the formation
mechanisms of the oxiimine alcohols (Ia and Ib) and
amido alcohols (Ila and IIb). This theoretical study is the
first example of such interesting rearrangement of imine
oximes. Therefore, this study will lead researchers working
theoretical imine oxime or oxime mechanism.

Results and Discussion

In our previous study, a new reaction has been found
between isonitrosoacetophenone (inapH) and 1-phenyl-
ethanol amine (pea) [69]. The oxiimine alcohol (Ia),
namely (3F)-3-aza-5-(hydroxyimino)-1,4-diphenylpent-3-
en-1-ol monohydrate was synthesized by the reaction of
inapH with pea in a moderate yield (50%). After separat-
ing the oxiimine alcohol (Ia) from the reaction mixture,
the filtrate was evaporated, and then the oily product was
recrystallized, so the unexpected product, amido alcohol
(ITa), was obtained at very low yield (9%). In addition, as
a result of the reaction of inapH with ethanol amine (ea)
only oxiimine alcohol (Ib), namely (1E,2FE)-[(2-hydro-
xyethyl)imino]-2-phenylethanal oxime was synthesized
(yield, 87%) and amido alcohol (IIb) could not be
obtained [70]. Compound Ila was obtained as a single
crystal, while compound Ia and Ib were synthesized as a
polycrystalline powder. Thus, the structures of Ia and Ib
were supported by spectroscopic methods and LC/MS
technique [69][70]. In this study, the reaction mechanisms
of inapH with pea and ea, and rearrangement of com-
pounds Ia and Ib were studied theoretically. The reac-
tions of inapH with pea and ea subjected to the
theoretical analysis are given in the Scheme. The forma-
tion of compound I occurs in two steps, while that of
compound II takes place in three steps. The structures of
I and II are very flexible and represent several conforma-
tions. To establish the most stable conformation, the
molecule was subjected to a rigorous conformation analy-
sis around the free rotation bonds. The structure of Ia
represents several conformations as illustrated in Fig. SI.
The (E)- and (Z)-isomers of the Ia display s-cis and s-
trans conformations. The energies of the studied isomers
are listed in Table 1. In the gas phase, the s-trans-(E,E)-
isomer is the most stable one, while the s-cis-(Z,E)-

Scheme. Synthesis reaction of compounds I and 11
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Table 1. Calculated relative energies, dihedral angles, and dipole
moments of the isomers of compound Ia

isomer is the less stable. Therefore, the optimized molec-
ular structure of the most stable isomer (s-trans-(E,E)) is
used for all calculations. Similar calculations were also

Isomers Dihedral angles AE [kJ/mol] - .
N1-C1-C2_N2 made for Ib in our previous study [70]. Tautomers are
structural isomers that are conceptually related by the
s-trans (E) (E) 177.3 0.00 shift of hydrogen and one or more bonds. Amide—iminol
j;:ng Eg Eg 7};;2 1222 tautomerization is an analogue of the well-known keto—
s-trans (2) (2) 1278 15.00 enol. tautoplerization. Keto—enol tautomerism in .IIa was
s-cis (E) (E) 3.6 19.95 studied using B3LYP/6-311G(d,p) method. Relative free
s-cis (E) (2) 45 7.19 energies of isodesmic reaction for keto—enol are calculated
s-cis (2) (E) 08.1 28.22 at 71.72 kJ/mol (Fig. S2). This result showed that the keto
s-as (2) (2) —631 21.31 tautomer is more stable than enol tautomer in the gas
phase for Ila. The optimized geometry of Ila obtained by
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Fig. 1.

HOMO, LUMO molecular orbitals, and total electron density for inapH, pea, ea, Ia, and Ib (The electron-rich region is coded red color,

while the electron-poor region is blue color on the total electron density surface).
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Fig. 2. The potential energy diagram and geometry transformations, showing the formation of compound Ia, Ila, and optimized geometries of
the reactants, intermediates, transition states, and products calculated by B3LYP/6-311G(d,p), a) without solvent molecule, b) added solvent
molecule.

B3LYP/6-311G(d,p) method was used for conformational
analysis, which was performed by potential energy surface
scan function using same basis set. The different conform-
ers of the compound were obtained by varying the dihe-
dral angle O(2)-C(2)-N(2)-C(9) in the steps of 36° over
one complete rotation from 0° to 360°. The graphical output,

drawn between total energy vs. scan coordinates, of this con-
former analysis is presented in Fig. S3. The graph clearly
shows that there is a conformer with minimum energy at
357°. The structure of the molecule at this conformation is
shown in Fig. S3 representing the minimum energy con-
former or the most stable conformer of this compound.
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The HOMO, LUMO orbital visualizations, and total
electron density surfaces of inapH, pea, ea, Ia, and Ila
are given in Fig. I, while the compositions of the HOMO
and LUMO orbitals are listed in Table SI. As seen from
the figure and table, while the HOMO orbital of the
inapH molecule is mostly localized on C=0 (22%) and
phenyl (67%) groups, amine groups have the highest con-
tributions at the pea (38%) and ea (79%) molecules. The
LUMO orbital contributions of inapH, pea, and ea mole-
cules are generally separated from all parts of the mole-
cules, except amine group of pea. For the HOMO
orbitals of Ia — Ib, the contributions of the imine oxime,
and phenyl groups were 23 — 21% and 45 — 65%, respec-
tively. On the other hand, LUMO orbitals of Ia and Ib
were dominantly localized on imine oxime groups, ca.
82% and 68%, respectively. The electron-rich and elec-
tron-poor regions are given with red and blue colors on
the total electron density surface, respectively. Most elec-
tron contributions were observed on the C=O oxygen of
the inapH. In the pea and ea molecules, the electron-poor
regions are the hydrogen atoms of the NH, groups, mean-
ing that electrons were accumulated mostly on the

nitrogen atom. In addition, the electron-rich regions are
the oxygen atoms of oxime groups, while the electron-
poor regions are the hydrogen atoms of the OH groups in
Ia and Ila.

Formation of Compound Ia

All calculations of mechanisms were performed in two
ways: the first one is only in the presence of reactants,
which are C=0O oxime and amine, and the second one is
also the participation of solvent molecule in the mecha-
nism. The mechanism of the formation reaction of com-
pound Ia involves two steps, namely: i) formation of a
carbinolamine  intermediate  (inapH + pea-IN2  in
Fig. S4), and ii) dehydration of the carbinolamine to
give the final imine (oxiimine alcohol, Ia) (TS3-
IIa + H,O in Fig. S4). The corresponding potential
energy surfaces (PES’s) and optimized structures of all
molecules for formation reaction of the compounds Ia
and Ila are shown in Fig. 2, while relative enthalpies
and free energies of the reactants, intermediates (IN),
transition states (TS), and products are given in Table 2

Table 2. Relative enthalpy, relative free energy, and negative frequency of the structures of the reaction paths for gas phase and EtOH
solution of compound Ia and Ila

Molecules Relative enthalpy [kJ/mol] Relative free energy [kJ/mol] Negative
frequency [cm ']
Gas IEFPCM Gas IEFPCM

Without solvent molecule
inapH + pea 11.03 12.08 14.95 10.75 -
TS1 82.44 74.30 95.74 91.54 —88
IN1 64.85 4227 86.03 69.77 -
TS2 117.62 115.52 143.48 137.70 —1469
IN2 12.86 4.463 29.63 29.64 -
TS3 54.87 45.16 67.67 71.34 —1318
Ia + water 0 0 0 0 -
Ia 0 0 0 0 -
TS4 116.31 109.74 117.77 108.59 —1462
IN3 105.28 94.78 105.18 95.74 -
TS5 137.31 139.67 142.95 138.49 —509
IN4 108.43 112.37 109.64 108.33 -
TS6 167.77 156.22 155.80 137.19 —1671
Ila + HCN 23.89 2232 26.49 22.82 -

Added solvent molecule
inapH + pea 8.93 11.03 12.86 13.12 -
TS1 61.44 59.60 65.90 76.66 —143
IN1 44.11 39.91 51.98 59.60 -
TS2 90.32 81.65 105.81 101.34 —1091
IN2 8.14 17.33 23.63 34.13 -
TS3 5829 60.12 74.04 79.02 —652
Ia + water 0 0 0 0 -
Ia 0 0 0 0 -
TS4 75.35 67.47 89.27 84.01 —589
IN3 59.60 58.29 68.79 67.21 -
TS5 100.29 91.37 109.74 100.82 —1361
IN4 72.46 70.89 87.17 87.43 -
TS6 80.08 78.24 98.45 103.71 —725
Ila + HCN 28.09 28.88 29.67 23.10 -
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and absolute energies of all molecules are listed in
Table S2. In addition, the numbering of atoms is shown
in Fig. S5. The first step in the mechanism without sol-
vent molecule is formation of the appropriate carbino-
lamine (hemiaminal) intermediate via nucleophilic attack
of the incoming amine nitrogen atom (N(2)) on the car-
bonyl carbon atom (C(2)) of the substrate. One of the
H-atoms of the amine molecule forms a hydrogen bond
with the C=0O oxygen atom of inapH (H:-O = 2.362 A,
Table 3). The attack of the pea molecule results in an
interaction with the imine carbon atom through the oxy-
gen atom. First, the nitrogen atom of pea approaches to
the carbon atom of inapH, forming IN1 through TS1
transition state, and then at that position consequently it
forms a four-membered ring transition structure (TS2).
The energy barrier (E,) of this step is quite high, being
137.70 kJ/mol. TS2 transforms into the tetrahedral inter-
mediate (a carbinolamine, IN2). The barrier for the for-
mation of the carbinolamine intermediate is rather low
at 29.64 kJ/mol, compared to TS2. In the species from
inapH + pea to IN2, the distance between the C(2) and
N(2) atoms changes from 4.060 to 1.493 A, indicating

formation of single bond between them. This is followed
by the approach of the amine hydrogen to the OH oxy-
gen to form TS3 with a relatively high-energy barrier of
71.34 kJ/mol. In the subsequent stage (Ia + H,O), the
C-N bond distances shorten gradually from 1.493 to
1291 A, leading to the formation of the C=N imine
double bond. The AH and AG values of the formation
of the final oxiimine alcohol (Ia) are —11.03 and
—14.95 kJ/mol in the gas phase, and —12.08 and
—10.75 kJ/mol in the EtOH solution, respectively. On
the other hand, in the mechanism of solvent added
molecule, relative enthalpies and free energies of the all
molecules are given in Table 2. Generally, in the pres-
ence of alcohol molecule in the mechanism, it was
determined that the relative energies are lower than the
mechanism without solvent molecule. Especially, the rel-
ative energies of transition state were reduced with the
design of six-membered transition product. In fact, the
formation of the title compound Ia is an equilibrium
reaction with a calculated AG value of ca. —12 kJ/mol.
These results suggest that compound Ia can only be
obtained in a non-aqueous medium.

Table 3. The interatomic distances of the studied molecules for reaction of inapH and pea calculated using the B3LYP/6-311G(d,p) method

Formation of compound la

InapH + pea TS1 IN1 TS2 IN2 TS3 Ia + H,O
CI1-N1 1.297 1.283 1.295 1.294 1.294 1.295 1.297
Cl1-C2 1.505 1.524 1.525 1.533 1.530 1.517 1.496
N1-0O1 1.359 1.391 1.391 1.393 1.389 1.390 1.389
O1-Ha 1.087 1.014 1.013 1.013 1.016 1.015 1.016
C2-02 1.213 1.231 1.484 1.368 1.441 1.672 3.438
C2-N2 4.060 2.032 1.518 1.518 1.493 1.390 1.291
N2-Hb 1.024 1.026 1.059 1.608 2.386 2.883 3.755
N2-Hc 1.014 1.028 1.041 1.032 1.028 1.543 2.372
C9-N2 1.489 1.496 1.521 1.490 1.479 1.466 1.471
O2-Ha 2.362 2.381 2.253 1.533 0.986 0.980 0.950
0O2-Hb 3.715 2.701 3.223 2.799 2.542 1.237 0.962
O3-Hd 0.982
O1-Hd 6.001
Rearrangement of compound la, formation of compound Ila

Ia + H,O TS4 IN3 TS5 IN4 TS6 IIa + HCN
CI1-N1 1.297 1.290 1.155 1.154 1.153 1.162 1.153
C1-C2 1.496 1.502 1.460 1.505 1.491 1.643 3.750
N1-O1 1.389 1.397 3.013 3.365 4.421 3.394 4.134
Ol1-Ha 1.016 1.014 0.965 0.974 1.014 1.576 2.006
C2-N2 1.291 1.290 1.288 1.339 1.483 1.436 1.390
C9-N2 1.471 1.460 1.466 1.469 1.479 1.479 1.477
O3-Hd 0.982 1.797
O3-He 1.011 0.973 0.983 0.978 0.980
O1-Hd 6.001 2.003 0.967 1.043 2.563 3.169 3.195
C2-01 2.788 4.772 1.757 1.428 1.369 1.227
Cl-Ha 3.022 3.248 3.146 2.622 1.448 1.067
N2-Hd 4.168 5.119 1.802 1.031 1.022 1.016
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The natural bond orbital analysis (NBO) charges are
given in Table S3. The positive NBO charge on the C(2)
atom at IN1 was smaller than that of the inapH + pea form
because of its connection with the electronegative nitrogen

339

inapH + pea to Ia + H,O, due to the nitrogen atom of pea
binding to the C=0 carbon atom. The NBO charge of C=0
oxygen atom is —0.579 in inapH. This atom charge gradu-
ally increases from inapH + pea to Ia + H,O, from —0.579

to —0.924. These results indicate that the H,O molecule is
away from the structure, thus the compound Ia is formed.

atom (N(2)). The negative NBO charge on the N(2) atom
at —0.875 in pea also gradually decreased from
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Fig. 3. The potential energy diagram and geometry transformations, showing the formation of compound Ib, Ilb, and optimized geometries of
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molecule.
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Rearrangement of Compound 1a and Formation of
Compound Ila

Theoretical calculations were carried out to study the rear-
rangement mechanism of oxiimine alcohol (Ia) in the pres-
ence of gas phase and EtOH solution. The mechanism of
rearrangement was done three steps, namely: i) dehydra-
tion of oxime group (Ia-IN3 in Fig. S6), ii) water to attack
the imine (TS5-IN4 in Fig. S6), and iii) removal of HCN to
give the final amido alcohol (TS6-IIa + HCN in Fig. S6).
As shown in Fig. S6, in the rearrangement mechanism of
oxiimine alcohol (Ia), the hydroxyethyl hydrogen atom
interacts with the oxime oxygen atom, and removes the
H,O molecule from oxime group in the first step (Ia, TS4,
IN3). In this case, the N(1)-O(1) bond distance increases
from 1.389 to 3.014 A. Then, a H,O molecule, as a nucle-
ophile, attacks the imine C(2) atom, and forms the tetrahe-
dral intermediate IN4 through transition-state TSS. The
C(1)-O(1) distance was found to be 1.428 A in IN4, while
calculated 4.772 A in IN3. This bond distance is 1.757 A in
TSS5. The negative charge on the O(1) atom decreased,
while the positive charge on C(2) atom also increased at

TSS. Using the B3LYP/6-311G(d,p) method, the activation
barrier of this step was quite high, being 138.49 kJ/mol.
This energy barrier was calculated at 100.82 kJ/mol in the
six-membered transition state. The negative imaginary fre-
quency was found only at —509 and —1361 cm™! for TS5
(Table 2). In the last step, the transfer of hydrogen atom of
OH group at that position consequently forms a four-mem-
bered ring transition structure (TS6). The energy barrier
(E,) of this step is quite high, being 137.19 kJ/mol. During
the formation of the Ila + HCN, the C(1)-C(2) bond dis-
tance changes from 1.496 to 3.750 A. Formally, the dissoci-
ation of the C(1)-C(2) bond occurs in the last step, giving a
free amido alcohol (Ila) and HCN. In addition, as a result
of rearrangements the N(2)-Hd bond distance decrease
from 4.168 to 1.016 A. The AG value calculated for the
rearrangement mechanism of oxiimine alcohol (Ia) is ca. 28
and 23 kJ/mol in gas phase and EtOH solution, respec-
tively. These results indicate that the presence of excess
H,O molecules favors the formation of the compound
IIa as expected. As described previously [69], this result
was confirmed experimentally during the synthesis of an
oxiimine alcohol (Ila).

Table 4. Relative enthalpy, relative free energy, and negative frequency of the structures of the reaction paths for gas phase and EtOH
solution of compound Ib and IIb

Molecules Relative enthalpy [kJ/mol] Relative free energy [kJ/mol] Negative
frequency [cm ']
Gas IEFPCM Gas IEFPCM

Without solvent molecule
inapH + ea 15.75 8.93 13.38 14.16 -
TS1 132.06 95.83 130.88 101.51 —80
IN1 95.04 68.79 100.45 83.67 -
TS2 157.53 147.81 174.16 163.93 —1554
IN2 39.12 18.64 54.03 32.52 -
TS3 89.00 48.31 89.70 65.31 —1839
Ib + water 0 0 0 0 -
Ib 0 0 0 0 -
TS4 148.60 144.14 147.67 140.59 —1423
IN3 73.25 70.10 66.62 64.52 -
TS5 157.79 158.32 164.20 157.90 —1115
IN4 95.83 96.09 101.25 96.26 -
TS6 150.44 143.88 150.03 136.39 —1426
IIb + HCN 46.47 50.41 4511 46.95 -

Added solvent molecule
inapH + ea 7.09 6.04 13.39 11.82 -
TS1 86.12 58.55 85.85 68.26 —140
IN1 68.79 49.62 77.45 59.60 -
TS2 104.23 91.89 119.98 111.58 —1355
IN2 34.13 32.56 49.09 47.52 -
TS3 41.74 33.87 55.39 53.56 —753
Ib + water 0 0 0 0 -
Ib 0 0 0 0 -
TS4 105.54 101.34 107.64 105.81 —352
IN3 83.23 60.12 69.57 62.49 -
TS5 122.61 128.65 122.08 129.17 —1319
IN4 94.52 94.52 90.05 89.00 -
TS6 127.33 103.18 117.36 107.64 —1525
IIb + HCN 62.22 43.06 47.52 43.32 -
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The positive NBO charge on the C(2) atom gradually
increases from 0.280 to 0.704 during the rearrangement.
The negative NBO charge on the O(1) atom at —0.519 in
IIa first increases until IN3, and then decreases at 0.684,
due to the removal of H,O molecule. The positive NBO
charge of C(1) atom first increases until IN3, and then
gradually decreases at 0.084, due to removal of HCN
group from compound Ia. These results indicate that the
HCN molecule is away from the structure, thus the com-
pound IIa may be formed in this solution environment in
which equal amount of H,O occurs to oxiimine alcohol
molecule (Ia). While this amount of H,O is not enough
for the hydrolysis of oxiimine alcohol molecule (Ia), it is
sufficient for the formation of amido alcohol molecule
(ITa).

Formation of Compound Ib

Theoretical calculations were also carried out to study
the formation mechanism of compound Ib in gas phase
and EtOH solution. The mechanism of the formation
reaction of compound Ib is given in Fig. S4. The corre-
sponding potential energy surfaces (PES’s) and optimized

structures of all molecules for the formation reaction of
the compounds Ib and IIb are shown in Fig. 3, while rela-
tive enthalpies and free relative energies of the reactants,
intermediates (IN), transition states (TS), and products
are given in Table 4 and absolute energies of all mole-
cules are listed in Table S4. As shown in Fig. S§4, in the
formation of compound Ib, the first step is the ea mole-
cule, as a nucleophile, attacks the C=O carbon atom. This
results in an unstable product with a negatively charged
O(2) atom (—0.896) and N(2) atom (—0.582), which
simultaneously transfers the H-atom to the O(2) atom. As
a result, a carbinolamine intermediate (IN2) is formed.
During the formation of the IN2, the C-N bond distance
changes from 4.191 to 1.450 A. Formally, the other H-
atom is transferred to the O(2) atom and then the dissoci-
ation of the C-O bond occurs in the next steps, giving
oxiimine alcohol (Ib) and H,O molecule. The AG value
calculated for the formation of the compound Ib is ca.
—13 and —14 kJ/mol in gas phase and EtOH solution,
respectively, being quite similar to that calculated for the
formation of Ia. Other selected bond lengths and the
NBO charges calculated at B3LYP/6-311G(d,p) level are
given in Tables 5 and S4.

Table 5. The interatomic distances of the studied molecules for reaction of inapH and ea calculated using the B3LYP/6-311G(d,p) method

Formation of compound Ib

InapH + ea TS1 IN1 TS2 IN2 TS3 b + H,O
C1-N1 1.280 1.270 1.272 1.268 1.267 1.268 1.278
C1-C2 1.491 1.512 1.507 1.532 1.525 1.505 1.475
N1-0O1 1.353 1.402 1.406 1.402 1.397 1.400 1.386
O1-Ha 0.993 0.963 0.962 0.963 0.963 0.963 0.963
C2-02 1.222 1.236 1.484 1.380 1.426 1.796 3.649
C2-N2 4.191 2.029 1.519 1.518 1.450 1.376 1.284
N2-Hb 1.016 1.015 1.026 1.606 3.035 2.921 3.252
N2-Hc 1.011 1.017 1.027 1.020 1.012 1.343 1.973
C9-N2 1.471 1.479 1.495 1.477 1.468 1.466 1.457
O2-Hb 2.406 2.484 2.214 1.535 0.969 0.969 0.962
0O2-Hc 3.918 2.622 3.222 2.501 2.660 1.315 0.975
O3-Hd 0.963
O1-Hd 5.813
Rearrangement of compound Ib, Formation of compound 1Ib

Ib + H,O TS4 IN3 TS5 IN4 TS6 IIb + HCN
C1-N1 1.278 1.299 1.154 1.154 1.153 1.171 1.150
C1-C2 1.475 1.476 1.462 1.459 1.495 1.581 4.182
N1-01 1.386 1.391 2.929 3.479 2.351 3.277 4.176
O1-Ha 0.963 0.960 0.962 0.969 0.977 1.575 1.947
C2-N2 1.284 1.285 1.275 1.292 1.453 1.403 1.360
C9-N2 1.457 1.456 1.442 1.460 1.462 1.455 1.458
O3-Hd 0.963 1.725
0O3-He 0.965 0.962 0.965 0.963 0.962
O1-Hd 5.813 2.021 0.970 1.256 2.653 3.207 3.145
C2-01 2.732 4.494 2.011 1.416 1.410 1.230
Cl-Ha 3.141 2.805 3.060 2.499 1.447 1.080
N2-Hd 3.421 4.366 1.708 1.014 1.013 1.007
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Rearrangement of Compound Ib, Formation of
Compound 1lb

The mechanism of the formation of the compound IIb
involves three steps as in the mechanism of the formation
of the compound Ila, namely: i) dehydration of oxime
group (Ib-IN3 in Fig S6), ii) HO to attack the imine
(TS5-IN4 in Fig S6), and iii) removal of HCN to give the
final amido alcohol (TS6-IIb + HCN in Fig S6). For these
three steps, there are three transition states, namely TS4,
TS5, and TS6. The activation barriers of these transition
states were quite high, being 140.59, 157.90, and
136.39 kJ/mol, respectively, and negative imaginary fre-
quencies were found to be 1423, 1115, and 1426 cm ™! for
each transition states, respectively. These energy barriers
of transition states were calculated at 105.81, 129.17, and
107.64 kJ/mol in mechanism of added solvent molecule.
During the formation of the IIb + HCN, the C(1)-C(2)
bond distance changes from 1.475 to 4.182 A. Formally,
the dissociation of the C(1)-C(2) bond occurs in the last
step, giving a free amido alcohol (IIb) and HCN. In addi-
tion, as a result of rearrangements, the N(2)-Hd bond
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distance decreases from 3.421 to 1.007 A. The AG values
calculated for the rearrangement mechanism of oxiimine
alcohol (Ib) are 45.11 and 46.95 kJ/mol in gas phase and
EtOH solution, respectively. These driving forces are rel-
atively high compared with the rearrangement mechanism
of oxiimine alcohol (Ia). Also, the driving force is higher
than ca. 45 kJ/mol in EtOH solution. This result indicates
that the compound IIb cannot be experimentally synthe-
sized from the rearrangement of oxiimine alcohol (Ib) as
in [70].

The Effect of Dispersion Correction

DFT is among the most popular and versatile methods
available in computational chemistry. It provides an
appropriate and feasible level of theory for several prob-
lems supporting experimental research. However, a limi-
tation in DFT is the ability to describe dispersion and the
energies of all molecules in a sufficient way. Development
has been done to treat this nontrivial matter. Excellent
reviews on dispersion interactions in DFT are given by
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Fig. 4. Comparison of Gibbs free energy for the mechanisms with different functionals without dispersion correction (B3LYP) and added disper-
sion correction (WB97X-D): a) formation Ila, b) IIb without solvent molecule, and ¢) formation Ila, d) IIb-added solvent molecule.
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Johnson et al. [71] and Grimme [72], including the widely
accepted scheme by Grimme of dispersion-corrected DFT
which are DFT-D [73][74] and DFT-D3 [75]. Therefore,
all the calculations were also performed by wB97X-D
method and 6-311G(d,p) basis set. Calculation of the rela-
tive free energies of all the molecules in the mechanisms
is listed in Table S5, while comparison of the Gibbs free
energy values calculated by the method of B3LYP and
wB97X-D is presented in Fig. 4. The first and second col-
umns in 7Table S5 show the relative free energies calcu-
lated with B3LYP and wB97X-D, respectively, for Ia and
IIa, while the third and fourth columns present the rela-
tive free energies performed with B3LYP and wB97X-D,
respectively, for Ib and IIb. In general, the relative free
energies of all molecules calculated from wB97XD
method lower than performed from B3LYP level. The
largest difference of relative Gibbs free energy between
B3LYP and wB97X-D methods is 24.92 kJ/mol which is
observed in TS6 energy barrier of the reaction of Ib to
IIb without solvent molecule, while the smallest differ-
ence is 2.34 kJ/mol in the IN2 of same reaction. In addi-
tion, the AG values calculated by wB97X-D/6-311G(d,p)
for the formation of the compound Ia and Ib are ca.
—9 kJ/mol for both ways. On the other hand, the Gibbs
free energies of formation of Ila from Ia were determined
16.88 and 18.38 kJ/mol for without and added solvent
molecule, respectively, while the AG values of reaction Ib
to IIb were calculated 41.83 and 38.86 kJ/mol, respec-
tively. These results are quite similar to that of calculated
by B3LYP.

Thermodynamic Properties

The statistical thermodynamics can be obtained theoreti-
cally from theoretical frequencies of studied reactions and
molecules. The Gibbs free energies (G) of all molecules
were calculated by the theoretical harmonic frequencies
of the optimized molecules at B3LYP/6-311G(d,p) level.
The changes of Gibbs free energy (AG) at various tem-
peratures, which are 100 — 500 K, were listed in Table 6.
While the formations of Ia and Ib are an exothermic pro-
cess, the IIa and IIb are positive, so these reaction are
endothermic. The AG values are predicted to be 25.20
and 43.32 kJ/mol at 100 K for formations of Ila and IIb,
respectively. These relative free energies are fallen down
to 15.75 and 33.61 kJ/mol, respectively. In the course of
formations of Ila and IIb, the calculated AG decreases
with increasing temperature. These results show that the
final rearrangement products, namely IIa and IIb, can be
obtained easier at higher temperatures.

Natural Bond Orbital Analysis for All Compounds

Natural bond orbital analysis have been calculated at
B3LYP/6-311G(d,p) level using Gaussian 03. Table 7 pre-
sents the resulted natural atomic hybrids centered on
atom A (ha) on some atoms with the polarization

Table 6. Gibbs free energy changes of the structures of the
formation reaction of I and II at the different temperatures

AG
100 200 298.15 400 500
inapH + pea — la — Ila
inapH + pea 9.98 12.34 14.95 17.59 18.90
TS1 76.93 86.38 95.74 109.48 123.13
IN1 72.46 80.08 86.03 93.73 101.34
TS2 124.18 133.90 143.48 159.10 171.97
IN2 20.22 24.94 29.63 35.97 42.27
TS3 51.46 59.60 67.67 81.39 95.04
Ia + water 0 0 0 0 0
Ia 0 0 0 0 0
TS4 108.43 113.16 117.77 112.37 110.01
IN3 107.91 106.59 105.18 102.39 99.50
TSS 135.21 139.15 142.95 148.34 153.59
IN4 106.59 108.17 109.64 110.01 110.27
TS6 147.55 151.75 155.8 153.85 153.33
IIa + HCN 25.20 26.25 26.49 24.42 15.75
inapH + ea — Ib — IIb

inapH + ea 9.71 10.76 13.38 14.44 16.80
TS1 127.07 128.38 130.88 131.01 131.54
IN1 93.20 96.62 100.45 102.39 107.38
TS2 163.57 169.34 174.16 179.58 189.30
IN2 50.41 53.30 54.03 55.66 59.86
TS3 87.17 89.53 89.7 90.58 93.99
Ib + water 0 0 0 0 0
Ib 0 0 0 0 0
TS4 140.46 146.24 147.67 145.98 142.56
IN3 58.55 64.59 66.62 64.06 61.17
TS5 150.18 158.84 164.2 165.14 167.50
IN4 88.74 97.40 101.25 101.34 102.92
TS6 139.94 147.03 150.03 149.39 148.86
IIb + HCN 43.32 44.37 45.11 41.22 33.61

coefficient c5 for each hybrid (in parentheses) in the

corresponding NBO [76]. The results are summarized as

follows:

I) Similar results were obtained in the orbital analysis of
both molecules, therefore, it is sufficient to discuss
only one molecule.

II) The sp2 characters of C and N o¢(1) nq1) bond orbitals
in inapH + pea decrease with increasing reaction
coordinate from inapH + pea to IN3, so the charac-
ters of carbon and nitrogen bond orbitals are sp''*
and sp"*, respectively, which results in formation of
C=N bond.

IIT) The character of the C(2) atom in o) czy bond
of inapH + pea is sp'®. The p character of this
hybrid orbital was firstly increased (sp*®®) in IN1, and
then decreased again value of sp"*’ in Ia molecule.
These results supports first the disappearance of the
carbonyl bond (C(2)=0(2)), and then the formation
of the imine bond (C(2)=N(2)).

IV) In the rearrangement mechanism of oxiimine alcohol
(Ia), the hydroxyethyl hydrogen atom interacts with
the oxime O(1) atom, resulting in the removal of the
H,O molecule from oxime group in the first step (Ia,
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Table 7. NBO calculated hybridizations for all molecules calculated at B3LYP/6-311G(d,p)
Molecules CI1-N1 C1-C2 N1-O1 C2-02 C9-N2 C2-N2 C2-01
a
inapH + pea sp> 2, spl36 spt%3, spl®? sp*43, sp*56 sp?26, spl sp>®, sp>® B B
TS1 sp?01, Sp1.46 spl®, sp>11 sp5'14, sp! sp>22, sp!30 sp*17, sp?47 7 _
IN1 sp>01, splat sp!-56, sp26 sp>15, sp>56 sp>0, sp>©3 sp>63, sp24 sp*24, sp?2 B
TS2 spl97, spl¥7 sp!91, sp2 7! sp> %, §p>63 sp>L, sp® sp>18, §p229 sp>7, sp?73 B
IN2 sp? 02, spl 28 spl9, sp? 55 sp> 0L, sp>76 sp>72, sp14 sp>03, sp2 sp>08, spl%8 B
TS3 sp? 02 gpl 44 spl®, sp>62 sp*9_ sp> 62 - sp? %t sp?14 sp31, spl50 -
Ia sp? %2, spl¥7 sp? 25, spl¥7 sp>1L, spot B sp>13, sp2 sp>0, spl38 B
TS4 spl%. spl4! sp?*2, sp! 70 sp5'34, sp>7 _ sp> %8 p??7 spl 93, spl 3 _
IN3 spl14 gpl 04 sp®¥7, sp?30 B B sp>0L, sp*1s splS8, spl4s B
TS5 spl11 gpl08 sp0%0, sp228 _ B sp*12, §p?3S spt9L, spl™? B
IN4 spl1l, spl 07 sp®®, sp>16 B B sp?9, sp?00 sp>3, spl sp>96, sp228
TS6 spl ¥, spl 04 sp?51, sp06 B - sp>32, sp? ! sp?®7, spl® sp? 03, §p?38
Ila B B B B sp>26, spl86 sp>17, spl® sp> 23, spl 4
b
inapH + pea sp> 2, spl36 spl92, spl 98 sp*34, spt sp?27, spl sp>7, sp13 B B
TS1 spt5, spl32 sp!S1, sp2 0 sp> 3, sp> 82 sp? 28, sp! 0 sp>16, §p228 B B
IN1 sp? %3, spl3? spl®8, §p270 sp>il sp?® sp>5, sp>72 sp>%, sp? 4 sp*28, sp228 B
TS2 spl9*, spl?9 sp! ™, sp2 71 sp> 0, §p383 sp>40, sp> sp>20_ p210 sp>*7, sp> 53 B
IN2 sp>01, spl28 spl%5, sp® sp>0, sp>75 sp>72, sp14 sp>0L, sp226 sp>05, splY7 B
TS3 spl9! spl33 sp! ™2, sp2?7 sp>2, sp*®! B sp> 05, sp230 sp?2, spl72 B
b sp?02, spl¥7 spl®8, sp?2¢ sp>13, spot B sp>, sp28 sp>2, spl38 B
TS4 sp207, §pl56 sp! 33, spl 0 sp>34, sp>® B sp>07, §p226 sps1, splrs0 B
IN3 sp1‘14, sp1‘°4 Spom’ szss - B SpsAoz’ Sp2,18 Sp1.ss’ S101.48 B
TS5 spl12, spl o8 sp89, sp22 B B sp>08, sp> spl95, splH B
IN4 spill, splo sp9, sp*15 B B sp>95, sp00 sp>?7, sptY7 sp>6L, sp>?
TS6 spt0, spli3 sp8L, sp>%7 B B sp>10, sp217 sp>®, spl76 sp* 33, sp2 48
b B - _ _ SpsAzz’ Spl,ss sz.us’ Spl.as szzé’ spl‘SO

TS4, IN3). The character of C(2) atom in ocp2)-N(2)
bond of Ia is sp2'03. Then, a H,O molecule attacks the
imine C(2) atom as a nucleophile, and forms the
C(2)-O(1) bond in tetrahedral intermediate IN4. In
the IN4, the p character of the C(2) atom has
increased by sp>® (in oc@2)-oa1))- With the formation
C=0 bond, the character of the C(2) atom has
returned again to sp? hybridization (sp*%’).

Conclusions

In this work, the formation mechanisms of compounds Ia
and Ib, and its rearrangement mechanisms in gas phase
and EtOH solution were studied using the DFT at the
B3LYP/6-311G(d,p) level of calculations with the solvent
effects using the IEFPCM continuum model. The rate-
determining steps are the nucleophilic attack of the pea
and ea molecules to the C=0O carbon atom of inapH, and
then formation of the carbinolamine intermediates (IN2).
The formation of compound Ia results in inapH and pea
with AG values of —14.95 and —10.75 kJ/mol, and AG
values of compound Ib were calculated at —13.38 and
—14.16 kJ/mol in the gas and EtOH solution, respectively.
These results suggest that the compound Ia and Ib
obtained in a non-aqueous medium. The driving forces of
rearrangement of compound Ia (formation of compound
IlIa) are calculated to be 26.49 and 22.82 kJ/mol in the gas

and EtOH solution, respectively. These results indicate
that the presence of excess water molecules favors the
formation of the compound Ila as expected. As described
earlier, this was observed experimentally during the syn-
thesis of compound Ila. On the other hand, formation of
compound IIb results in rearrangement of compound Ib
with AG values of 45.11 and 46.95 kJ/mol. This high-
energy barrier supports that the compound IIb cannot
obtained from rearrangement of compound Ib. In addi-
tion, the mechanism studies were also performed on the
participation of solvent molecules. Generally, in the pres-
ence of alcohol molecule in the mechanism, it was deter-
mined that the relative energies are lower than the
mechanism without solvent molecule. On the other hand,
dispersion corrections for reaction heat and free-energy
barrier for the all molecules were estimated using the
wB97X-D/6-311G(d,p) method. The relative free energies
of all molecules calculated from wB97XD method lower
than performed from B3LYP level. The statistical thermo-
dynamic parameters were obtained from the theoretical
harmonic frequencies at different temperatures, which are
100 — 500 K, and the results show that the final rearrange-
ment products, namely Ila and IIb, can be obtained easier
at high temperatures. The NBO calculated hybridization
of selected bonds for all molecules shows that all of mole-
cules have sp* hybridization. The total hybridization of all
molecules is sp* that was confirmed by structure.
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Computational Details

In the present work, the Becke—Lee—Yang—Parr functional
(B3LYP) method [77] was adopted and all calculations
were performed using the Gaussian 03 program package
[78]. In the first step of the calculation, conformational
features of I and II were studied to described the lowest
energy conformers of I and II. All conformational proper-
ties were calculated at the 6-311G(d,p) basis set. Then,
calculations of neutral formation mechanism of I and II
were performed using the 6-311G(d,p) basis set. Har-
monic frequencies of the structures were calculated at the
same method and basis set to find local minima (all posi-
tive force constants) or transition states (one imaginary
force constant only). The intrinsic reaction coordinate
(IRC) calculation has been used to determine the true
transition structure. The optimized gas-phase geometries
have been used for B3LYP/6-311G(d,p) single point
SCREF calculations. The IEFPCM and EtOH solvent have
been used for SCRF calculations [79 — 81]. As the DFT
functionals poorly describe dispersion effects, dispersion
correction for reaction heat and free-energy barrier were
estimated using the wB97X-D/6-311G(d,p) method devel-
oped by Grimme and co-workers [75]. NBO analysis and
the thermodynamic properties for the all molecules
throughout mechanism with temperature ranging from
100 to 500 K were performed in the gas phase at B3ALYP
method with the standard 6-311G(d,p) basis set.

Supplementary Data

Optimized geometries of isomers, atomic contributions of
HOMO and LUMO orbitals, NBO charges, and total and
relative energies of the molecules can be found in the
supporting information. This is available free of charge
via the internet at http://onlinelibrary.wiley.com.
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