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A quantum chemical study of HOCl-induced
transformations of carbamazepinef

Tana Tandari¢,? Valerije Vreek*® and Davor Saki¢*?

The antiepileptic drug carbamazepine (CBZ) is one of the most persistent pharmaceuticals in the environ-
ment. Its chemical fate is influenced by the type of wastewater treatment. This study sets out to determine
the degradation mechanism and products in the reaction between CBZ and hypochlorous acid (HOCI),
which is the main chlorinating species in water. In the search for the most feasible pathways of HOCI-
induced transformations of CBZ, a quantum chemical approach was employed. Chlorination and epoxi-
dation of CBZ are two initial, competitive processes that result in two key intermediates: N-chloramide
and 10,11-epoxide. The calculated free energy barriers (AG§93) for these reactions are 105.7 and
95.7 kJ mol™ resp., which is in agreement with the experimental energy barrier of 98.2 kJ mol™. All trans-
formation products detected in chlorination experiments were located by computational models, and the
reaction mechanism underlying their formation was described in detail. Different computational methods
(density functional and ab initio theory) were applied, and the double hybrid B2-PLYPD functional was
found to be superior in terms of efficiency and accuracy. Of special interest are oxoiminostilbene and for-
mylacridine, which are the final products in the degradation cascade. Their exceptional thermodynamic
stability, as predicted by quantum chemical methods, suggests that these structures should be considered
as recalcitrants in chlorinated waters. Fruitful interplay between computational models and experimental
data proves that the quantum chemical approach can be used as a predictive tool in environmental degra-

www.rsc.org/obc dation studies.

Introduction

Carbamazepine (CBZ) is a pharmaceutical compound that is
commonly used as an anticonvulsant and mood stabilizing
drug." CBZ is one of the most frequently detected pharma-
ceuticals in the aquatic environment.>? It is present in surface
waters and treated wastewaters at concentrations of up to 6 pg
L™%.%7 Although there are only preliminary data indicating
that CBZ has a negative impact on the environment,®™° its
recalcitrance is worrisome especially as its usage has seen an
upward trend in recent years."' ?

CBZ is persistent in the environment and is negligibly
degraded via biotic mechanisms."*"® Beyond the biological
treatments, a variety of other processes have been probed to
eliminate CBZ from the environment. Physicochemical pro-
cesses such as coagulation-flocculation and flotation did not
give better results,'®?° but advanced oxidation processes and
different photolytic processes resulted in higher percentages
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of CBZ degradation.”’”>* However, the main drawback is the
formation of a wide range of undesirable and toxic by-
products.>*?’

As chlorination remains to be a primary method for waste-
water effluent disinfection, it is imperative that further studies
be performed to examine the potential reactions between CBZ
and free chlorine. The performance of chlorination treatment
is somewhat controversial, with earlier studies describing the
chlorination as an inefficient procedure for CBZ elimin-
ation,*®?° whereas recent results indicate that the reaction of
CBZ and chlorinating agents is a feasible process.** >

In this work we focus our investigation on the transform-
ation reactions of CBZ induced exclusively with hypochlorous
acid (HOCI), which is the main chlorinating agent in a neutral
or slightly acidic aqueous environment (pH = 6-7). Quantum
chemical models (density functional and ab initio theory) have
been extensively used to identify major intermediates and reac-
tion products. To assess the performance of selected compu-
tational models, all relevant structures located by the theory
were compared with the products detected in chlorination
experiments. Two recent experimental studies suggested the
formation of 8 different products in the reaction between CBZ
and HOCI (Chart 1).*>*> However, the final structures and reac-
tion mechanisms proposed in these two reports do not match,
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Chart 1 Proposed structures of products, formed in the reaction
between CBZ and HOCI, assigned to the respective m/z signals (in
parentheses) from experimental mass spectra (ref. 30 and 32).

although experiments are carried out under similar reaction
conditions. Here we show that the use of quantum-chemical
models is suitable to explain and interpret the discrepancy
between the two sets of experimental data. The use of
quantum chemical methods in solving the issues of ecological
concern appears only rarely in the literature.***® We propose
that an approach which combines computational techniques
with available experimental data has to be employed more
often when addressing environmental problems, e.g. to ident-
ify the major pathways of degradation, and to assist in experi-
mental assignments of transformation products.

Computational details

Quantum chemical calculations were performed using the
Gaussian09 suite of programs.®” All structures were fully opti-
mized with the B3LYP functional.*®*° The standard split
valence and polarized 6-31G(d) basis set was used for geometry
optimizations and frequency calculations. All energies are
reported at 293.15 K in order to compare the calculated and
experimental results. Thermal corrections to Gibbs free ener-
gies have been calculated at the same level using the rigid
rotor/harmonic oscillator model. Improved energetics have
been calculated using the double-hybrid methods B2K-PLYP*
and B2-PLYPD*' in combination with the 6-311+G(3df,2p)
basis set. The former DFT method shows the best overall per-
formance for calculating barrier heights for water-catalyzed
proton-transfer reactions,*” whereas the latter has “high accu-
racy and extended applicability”.** Both DFT models accurately
reproduce the results obtained by high-level reference pro-
cedures (e.g. G3B3),*"** with B2-PLYPD values being discussed
throughout this text. In addition, single point energies have
been calculated using second-order Moller-Plesset pertur-
bation theory (MP2)** with 6-311+G(3df,2p) and G3MP2Large
basis sets. Energies calculated at the B2-PLYPD level agree well
with the values obtained at the MP2 level of theory.

Analytical vibrational analyses at the B3LYP level were per-
formed to characterize each stationary point as a minimum
(NImag = 0) or first-order saddle point (NImag = 1). Intrinsic
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reaction coordinate (IRC) calculations were performed to
identify the minima connected through the transition state.*®

Gibbs energies of solvation were determined using the
CPCM continuum solvation model at the B3LYP/6-31G(d) level,
with the UFF atomic radii and electrostatic scaling factor
(alpha value) set to 1.1 for all atoms (default values in
Gaussian09).*” The solvent relative permittivity of ¢ = 78.4
(water) was used. To correctly describe chemical systems in
water the inclusion of bulk and specific solvent effects is man-
datory. We have found that the addition of explicit water mole-
cules substantially lowers the calculated free energy barriers
for all the processes investigated. The number of explicit water
molecules is varied in order to identify the most stable struc-
ture.®® In this work three explicit water molecules were
included in all calculations throughout the text. For clarity,
explicit water molecules are not included in Schemes 1-3.

The most stable forms of water-complexed species are
located by placing water molecules in a variety of locations to
sample the different arrays of interaction networks available
between the reactants and water. Initial configurations were
created using a locally modified version of the stochastic
search method.*®*® According to Pliego,’® the reactant and the
explicit water molecules form a rigid cluster that constitutes a
distinct chemical species. Therefore, the relative energy of reac-
tants complexed with an optimal number of water molecules
is set to zero. All other structures, intermediates and products,
reported throughout the text also
molecules.

In order to account for the entropic effect of the presence of
solvent molecules around a solute, the cell model presented by
Ardura et al. was used.’® This model is proposed in order to
explicitly evaluate the effect of the loss of translation degrees
of freedom in solution on the Gibbs activation energy in
bimolecular (or higher order of molecularity) reaction.*'

include extra water

Results and discussion

According to LC-MS analysis, four structures were detected
and proposed as products of the reaction between CBZ and
HOCI (Chart 1): carbamazepine 10,11-epoxide (CBZ-EP, m/z =
253), acridine-9-carboxaldehyde (AC-9-AL, m/z = 208), 10-oxo-
iminostilbene (IMS-10-O, m/z = 208), and iminostilbene (IMS,
m/z = 194).>> The two latter signals were also observed by
Soufan et al. together with three other peaks (Chart 1) corres-
ponding to carbamazepine 10,11-chlorohydrin (CBZ-Cl-OH,
mjz = 289), carbamazepine 10,11-diol (CBZ-diOH, m/z = 271),
and carbamazepine N-chloramide (CBZ-Cl, m/z = 271).*° In
addition, one signal having 320 m/z was termed “unknown”.

In this work, our goal is to verify if the calculated potential
energy landscape for the reaction between CBZ and HOCI
involves the same set of structures as predicted by the two
chlorination experiments. The computational search for ener-
getically viable transformations of CBZ in chlorinated water
(HOCl-induced reactions) revealed the two reaction pathways
as the most feasible: chlorination and epoxidation of CBZ. In
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the first reaction pathway the N-chloramide CBZ-Cl is formed,
whereas the second parallel reaction results in the 10,11-
epoxide CBZ-EP. Once formed, both CBZ-Cl and CBZ-EP can
undergo rearrangements that result in a series of additional
transformation products.

In the following sections, we will discuss the mechanism of
the initial reactions (chlorination and epoxidation of CBZ)
responsible for carbamazepine loss, and then we will explain
the formation of additional transformation products observed
in the chlorination/oxidation experiments.

N-Chlorination of CBZ

Contrary to older reports,”®° it has been found that CBZ can
be chlorinated with HOCL>” This is in agreement with a recent
study by Soufan et al.,>* and also with our high-level compu-
tational results.”® In our detailed description of the reaction
mechanism, the N-chloramide product CBZ-Cl is formed in a
two-step manner (Scheme 1).>" In the first step, carbamazepine
undergoes tautomerization in which the iminol intermediate
CBZ-1 is formed. The less stable (Table 1) but more reactive

oTh

CBZ CBZ-

HN:c:o? HzoﬂHoc.
K0

CI—N=C=0 NHCI

IMS CBz-Cl

Scheme 1 Tautomerisation of carbamazepine (CBZ — CBZ-I), chlori-
nation of its iminol form (CBZ-1 — CBZ-Cl), and formation of IMS from
CBZ-Cl (chloroisocyanate elimination), and from CBZ (deamidation
process).
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iminol reacts with HOCI in the second step CBZ-I - CBZ-Cl.
The latter reaction is the rate-determining step and the calcu-
lated Gibbs free energy of activation (see below) is within the
barrier limits set by experimental measurements.

It has been estimated recently that the rate constant for an
elementary reaction between CBZ and HOCI at 20 (+2) °C is
<1.0 x 107" M™' 57!, which corresponds to the Gibbs free
energy of activation slightly higher than 94 k] mol *.*° In an
earlier study,** the experimental Gibbs free energy of activation
(AGhy;) for the reaction between CBZ and HOCI is
98.2 k] mol™’, which is in agreement with the estimation of

Soufan et al. (AGhy, > 94 kJ mol™1).3°

A similar free energy barrier has been obtained by
quantum-chemical methods (Table 1). The calculated Gibbs
free energy of activation for chlorination of CBZ ranges from
99.6 k] mol™" (MP2 level) to 115.6 k] mol™" (B2K-PLYP level),
which proves that selected theoretical models can successfully
reproduce the experimental results. Gibbs free energies of acti-
vation, determined from the difference in energy between the
transition state structure CBZ-TS-Cl and reactants (Table 1),
govern the reaction rate according to the transition state
theory.>® The structure CBZ-TS-Cl in which three water mole-
cules assist the chlorination of the iminol form CBZ-I is pre-
sented in Fig. 1. This structure is essential to explain the
experimental observation that the N-chloramide CBZ-CI is one
of the major transformation intermediates of carbamaze-
pine.*® It is known that chloramides are reactive species,”>*
and can undergo fast rearrangements. Their detection, there-
fore, depends on the reaction conditions employed. In the
experiment reported by Soufan et al. the N-chloramide CBZ-Cl
corresponds to 271 m/z in the mass spectrum.*’

10,11-Epoxidation of CBZ

Among 30 metabolites of CBZ isolated in biological systems,
carbamazepine 10,11-epoxide (CBZ-EP) is the most important
from a clinical point of view. In addition, this metabolite is a
transformation product of CBZ frequently detected in the

aqueous and soil environment,”> as well in experiments

Table 1 Relative Gibbs energy (AGzg3, kJ mol™?) of reactants,? intermediates, products, and transition state structures involved in N-chlorination
and epoxidation of carbamazepine, calculated at different levels of theory in water as the model solvent®

Entry B3LYP* B2K-PLYP? B2-PLYPD® mp2/ MP2¢

CBZ + HOCI(H,0) 0.0 0.0 0.0 0.0 0.0
CBZ-1 + HOCI(H,0) 62.6 60.2 58.9 56.9 56.2
CBZ-Cl + (H,0), -33.0 —44.0 -48.5 -67.8 -64.0
CBZ-EP + HCI(H,0) -93.7 —-94.4 -93.3 -114.0 ~108.0
IMS HNCO + HOCI(H,0) 31.9 33.7 26.4 41.5 39.8
IMS + CINCO + (H,0), 4.7 -3.7 -6.6 2.2 -2.3
CBZ-TS-1 + HOCI(H,0) 62.2 70.3 64.8 64.4 62.2
CBZ-TS-Cl 107.4 115.6 105.7 99.6 100.0
CBZ-TS-EP 88.9 125.9 95.7 95.5 96.3
CBZ-TS-IMS + HOCI(H,0) 147.8 165.8 127.8 122.2 122.0
CBZ-CI-TS-IMS + (H,0), 79.2 32.2 -1.6 -1.1 0.8

“Gibbs free energy of reactants (CBZ complexed with two water molecules and HOCI complexed with one water molecule) set to zero; intermedi-

ates and products are complexed with two water molecules.

b CPCM(UFF, a = 1.1)//B3LYP/6-31G(d) level (¢ = 78.4). ¢

B3LYP/6- 31G(d) B2K-PLYP/6-

311+G(3df,2p)/B3LYP/6-31G(d). ¢ B2PLYP-D/6-311+G(3df,2p)./ MP2/6-311+G(3df,2p)/B3LYP/6-31G(d). ¢ MP2/G3MP2Large//B3LYP/6-31G(d).
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Fig. 1 B3LYP/6-31G(d) optimized structures of transition states for
N-chlorination (CBZ-TS-Cl) and epoxidation (CBZ-TS-EP) of carbamaze-
pine by HOCI. Bond distances are in angstroms.

performed under different reaction conditions (aerobic degra-
dation in soil or a bioreactor, UV-radiation, UV/H,0, treat-
ment, oxidation with Cl,O or Cl,...).>***>® Therefore, various
reactants can mediate the epoxidation of CBZ, including
HOCI, which is predominately used in water treatment
procedures.

We set out to investigate computationally the epoxidation
of CBZ, which is a process competitive to the N-chlorination of
CBZ (see above) in chlorinated water. The mechanism of carb-
amazepine epoxidation by HOCI follows a similar reaction
mechanism reported earlier for the parent system, i.e. ethyl-
ene.”” Oxygen is transferred onto the C10-C11 double bond of
CBZ (atom numbering in Scheme 1) via a transition state struc-
ture CBZ-TS-EP (Fig. 1), in which the three atoms (C10, C11,
and O) form vertices of a scalene triangle (C10-C11: 1.39 A,
C10-0: 2.38 A and C11-0: 1.91 A).

This process is assisted by three explicit water molecules
which facilitate proton transfer between O and Cl atoms in
HOCI. Oxygen is transferred onto the C10-C11 double bond of
CBZ (atom numbering in Scheme 1) via a transition state struc-
ture CBZ-TS-EP (Fig. 1), in which the three atoms (C10, C11,
and O) form vertices of a scalene triangle (C10-C11: 1.39 A,
C10-0: 2.38 A and C11-0: 1.91 A). The calculated free energy
barrier for CBZ epoxidation is 95.7 k] mol™" (Table 1), which is
very similar to the corresponding barrier for ethylene epoxi-
dation (AG* = 94.6 k] mol™) (see the ESI{). To compare the
epoxidation power of HOCI, four typical epoxidizing agents
have been selected: peroxynitrous acid, performic acid, oxaziri-
dine, and peroxide.’® In the reaction between CBZ and each of
the oxidants the product CBZ-EP has been obtained.

It comes out that HOCI is less effective than peroxynitrous
acid, but comparable to performic acid, and more effective

This journal is © The Royal Society of Chemistry 2016
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than oxaziridine and peroxide (for details, see Table S4 in the
ESIT). Therefore, the computational results on the epoxidation
reactivity of HOCI support experimental observation that epoxi-

dation of CBZ (AGE93 = 95.7 k] mol™") occurs competitively

with the N-chlorination process (AGiy; = 105.7 kJ mol™) in
chlorinated water. The latter process is somewhat slower due
to a higher free energy barrier, and is thermodynamically less
feasible. Chlorination products (CBZ-Cl and H,0) have been
calculated to be 48.5 k] mol™" more stable than reactants (CBZ
and HOCI), whereas epoxidation products (CBZ-EP and HCI)
are 93.3 k] mol™" more stable than the starting reactants
(Table 1).

In conclusion, the two parallel reactions, epoxidation and
N-chlorination, contribute the most to the HOCI-induced
degradation of carbamazepine. The calculated free energy bar-
riers (95.7 and 105.7 kJ mol™", resp.) for these reaction path-
ways are in agreement with the experimental value of
98.2 k] mol™". The similar barrier heights (for example,

AAG§93 at MP2 levels is only 4 k] mol™") suggest that the rates
for the formation of the respective products (CBZ-EP and
CBZ-Cl) are comparable. Their structures have been proposed
and the respective peaks at m/z 253 and 271, resp., have been
detected in the MS spectra.

Reaction cascade from N-chloramide CBZ-Cl

Formation of iminostilbene (IMS). Transformation of CBZ to
IMS has been observed in several studies, both analytical and
biochemical, but no details on the reaction mechanism have
been reported. The minor metabolic pathway undergone by
carbamazepine in biological systems is its oxidation by cyto-
chrome P450 enzymes, which generates iminostilbene.’® This
metabolite (dibenz[b,flazepine) is easily detected by liquid
chromatography-mass spectrometry methods as a fragment
ion at m/z 194 (protonated molecular ion).®” In some cases,
iminostilbene has been recorded as a byproduct resulting
from the thermal degradation of carbamazepine in the GC
liner.®* However, this artifactual formation of iminostilbene
can be prevented if high temperature is avoided during sample
analysis.

In this study we set out to rationalize the two different
mechanisms underlying the formation of iminostilbene from
(i) carbamazepine or (ii) N-chlorinated carbamazepine. In the
first reaction, iminostilbene could have resulted from the clea-
vage of the HNCO fragment (deamidation). In the second reac-
tion, the elimination of the CI-NCO fragment from CBZ is a
HOCI-mediated process. The first reaction could take place
under metabolic conditions or as a by-product of the ion
source at high temperatures, whereas the second process
could undergo in the chlorinated aqueous environment.
Several possible pathways for the elimination of the isocyanate
fragment from CBZ and CBZ-Cl have been considered (see the
ESIT), but only the most plausible reaction channels are pre-
sented in each case (Table 1 and Scheme 1).

The calculated free energy barrier for elimination of the iso-
cyanate moiety from CBZ is 205.9 k] mol™". If two explicit
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water molecules are included in the calculation, the free
energy barrier is lowered to 127.8 k] mol ™" (Table 1). It is still a
high barrier to overcome, suggesting that either strong (bio)
catalysis is involved or elevated temperature is needed for reac-
tion CBZ — IMS to occur (e.g. in the GC liner). The transition
state structure CBZ-TS-IMS for this process has one imaginary
frequency (979i cm™") which corresponds to the proton trans-
fer from the NH, to N5 atom simultaneously with N5-C bond
cleavage (Fig. S1 in the ESIT). The analogous mechanism has
been established for water-assisted decomposition of urea,**®
which is the parent compound of carbamazepine.

In the case of N-chlorinated carbamazepine CBZ-Cl, the cal-
culated free energy barrier for elimination of N-chloro-iso-
cyanate is only 46.9 k] mol™" (energy difference between the
corresponding transition states CBZ-CI-TS-IMS and CBZ-Cl in
Table 1), which is 81 kJ mol™" lower than the barrier for the
corresponding process (isocyanate elimination) in CBZ. This
suggests that the formation of iminostilbene from carbamaze-
pine is kinetically strongly favored if carbamazepine exists in
its N-chlorinated form CBZ-Cl. The evidence for the intermedi-
acy of CBZ-Cl in the degradation of carbamazepine has been
provided earlier.*°

To summarize this part, the occurrence of IMS is not
limited only to metabolic degradation or high-temperature
induced side reactions, but is also related to HOCl-mediated
degradation of CBZ in the aqueous environment. During water
treatment the chlorination of CBZ gives rise to N-chloramide
CBZ-Cl, which may easily undergo CINCO cleavage forming
IMS.

Formation of oxoiminostilbene (IMS-10-O). Once formed,
IMS can undergo different transformation reactions promoted
by HOCI in the aqueous environment. Several pathways have
been considered: C10-C11 double-bond and phenyl ring epoxi-
dation, N- and C-chlorination, and C10-C11 double-bond and
phenyl-ring hydroxylation (see details in Scheme S2 in the
ESIT). The two most feasible processes are additions of the
chlorine or hydroxyl group on the C10-C11 double bond in
IMS (Scheme 2). The calculated barriers for chlorination and
hydroxylation processes are 41.8 and 84.7 kJ mol™", respect-
ively, (Table 2) which suggests that the addition products,
10-chloroiminostilbene (IMS-10-Cl) and 10-hydroxyimino-
stilbene (IMS-10-OH), can easily be formed.

“E.SH

IMS-10-CI

H,0
HOCI

IMS-10-OH IMS-10-0

IMS-10+
2 HZO

Scheme 2 HOCI-induced transformation of IMS

environment.

in the aqueous
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For comparison, the calculated barriers for epoxidations at
the C10-C11 and C2-C3 positions (Scheme S2 in the ESI{) are
more than 50 kJ mol™" higher in energy, and therefore less
favorable than the two electrophilic reactions at the C-10 posi-
tion (IMS — IMS-10-Cl and/or IMS-10-OH).

The transient species IMS-10-OH was detected earlier by
Li et al®® They recorded a signal of m/z 210 [M + H] and
assigned it to IMS-10-OH. On the contrary, the existence of the
chlorinated intermediate IMS-10-Cl has never been confirmed.
It is kinetically very unstable, considering that the ionization
of the C10-ClI bond occurs rapidly through the aromatic carbo-
cation intermediate IMS-10+ (presented with two resonance
structures in Scheme 2), which in the aqueous environment
undergoes fast addition of water to give IMS-10-OH.** The
10-hydroxyiminostilbene is by 97.6 k] mol™" (Table 2) more
stable than the starting IMS, but represents a short-lived inter-
mediate that can easily be oxidized by HOCI to 10-oxoimino-
stilbene (IMS-10-O). It is known that HOCI is an effective
oxidant for conversion of a secondary alcohol to the corres-
ponding ketone.®® The oxidation step IMS-10-OH — IMS-10-O
is both kinetically and thermodynamically driven: the calcu-
lated free energy barrier is 53.7 k] mol ™" (the energy difference
between IMS-10-OH and the transition state IMS-10-OH-TS-O,
Table 2), and the final product IMS-10-O is 353.3 k] mol™*
more stable than IMS. This large change in energy is due to
the resonance energy, since IMS-10-O is an aromatic structure,
unlike its parent compound IMS. Similar oxidation has been
reported in the course of the transformation of 2-hydroxyimi-
nostilbene to 2-oxoiminostilbene. However, this process is rele-
vant only for hepatic metabolism of IMS mediated by cyto-
chrome P450.°%¢”

The experimental (MS signal at m/z = 208) and our compu-
tational results suggest that the formation of 10-oxoimino-
stilbene (IMS-10-O) is an important process for the chemical
fate of iminostilbene in chlorinated water.

Reaction cascade from epoxide CBZ-EP

Formation of carbamazepine 10,11-chlorohydrin (CBZ-CI-
OH) and carbamazepine 10,11-diol (CBZ-diOH). Similarly to
chloramide CBZ-Cl obtained in the reaction of CBZ and
HOCI (see above), the reactivity of epoxide CBZ-EP is also rela-
tively high. Several rearrangement pathways for CBZ-EP have
been considered computationally (see detailed Scheme S3 in the
ESIf), but only the most feasible one has been described
herewith.

The opening of the three-membered ring in epoxide
CBZ-EP (Scheme 3) has the lowest free energy barrier (AGho, =
128.7 kJ mol ™", at the B3LYP level, Table 3). This process is
mediated by HOCI (or H,0), and results in the formation of
the carbocation intermediate CBZ-EP+.

The formed carbocation can easily react with the hydroxide
or chloride ion producing 10,11-diol CBZ-diOH or 10,11-
chlorohydrin CBZ-CI-OH, respectively. Both structures were
detected in mass spectrometry as respective signals at m/z =
271 and m/z = 289. The latter intermediate can undergo

This journal is © The Royal Society of Chemistry 2016
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Table 2 Relative Gibbs energy (AGasz, kI mol™) of reactants,? intermediates, products, and transition state structures involved in 10-oxoiminostil-
bene formation, calculated at different levels of theory in water as the model solvent®

Entry B3LYP® B2K-PLYP? B2-PLYPD® Mp2/ MP2¢

IMS + HOCI(H,0) 0.0 0.0 0.0 0.0 0.0
IMS-10-Cl + (H,0), -82.1 -143.3 —134.8 -161.2 -160.0
IMS-10-OH + HCI(H,0) —57.2 —48.2 -97.6 -116.5 -105.4
IMS-TS-10-Cl 69.5 72.2 41.8 48.8 50.2
IMS-TS-10-OH 80.9 90.1 84.7 97.9 92.8
IMS-10-OH-TS-0O" -5.3 -22.9 -43.9 —40.1 —49.3
IMS-10-O + HCI(H,0)" —336.4 -371.7 -353.3 -360.5 —354.8

“ Gibbs free energy of reactants (IMS complexed with two water molecules and HOCI complexed with one water molecule) set to zero; intermedi-
ates and products are complexed with two water molecules. ” CPCM(UFF, a = 1.1)//B3LYP/6-31G(d) model (& = 78.4). “ B3LYP/6-31G(d). ¢ B2K-PLYP/
6-311+G(3df,2p)/B3LYP/6-31G(d). ° B2PLYP-D/6-311+G(3df,2p). /MP2/6-311+G(3df,2p)/B3LYP/6-31G(d). £ MP2/G3MP2Large//B3LYP/6-31G(d).
" Relative to IMS + 2(HOCI(H,0)).

________ o n additional N-chlorination resulting in the proposed product

CBZ-diCl-OH (structure in the dashed rectangle in Scheme 3)
rog 5 _hoct_ I N\, which can be assigned to the unknown compound detected in
the MS spectrum (peak at m/z = 320).

o NH, o NH,

. CRZER: CBZ-AC AC9-AL Formation of 9-formylacridine (AC-9-AL). In addition, the
carbocation intermediate CBZ-EP+ can undergo facile ring con-
0“7\0'9 traction via CBZ-EP+-TS-AC, yielding the acridine derivative

,,,,,,,,,,,,,,,,,,,,, CBZ-AC. The ring contraction process CBZ-EP — CBZ-AC can

™ ; e also occur directly (dashed arrow in Scheme 3), without the
O O a | d'b intermediacy of the carbocation, but the corresponding barrier
e | is 108.5 k] mol™" (Table 3) higher in energy (process via the

CBZ-diOH CBZ-CI-OH CBZ-diCl-OH transition state CBZ-EP-TS-AC).
Interestingly, no ring contraction process in carbamazepine
Scheme 3 Rearrangement of CBZ-EP to chlorohydrin, dihydroxy, and . 8l g P. K . P-
acridine derivatives mediated by HOCI. Dashed arrow describes the metat'mhtessohas 'be'en observed earlier in tlle chlorlnatlon
process in which no carbocationic intermediate CBZ-EP+ exists. experiment.”” This is probably due to the different reaction
conditions employed (e.g. use of carbonate instead of

Table 3 Relative Gibbs energy (AGyg3, kJ mol™) of reactants,? intermediates, products, and transition state structures involved in oxidation of
carbamazepine-10,11-epoxide, calculated at different levels of theory in water as the model solvent?

B3LYP¢ B2K-PLYP? B2-PLYPD® mp2/ MP2¢
CBZ-EP + HOCI(H,0) 0.0 0.0 0.0 0.0 0.0
CBZ-EP' + OCI~(H,0), 44.7 59.4 58.9 62.0 62.2
CBZ-AC + HOCI(H,0) —81.2 —91.8 —90.5 —89.5 —89.2
CBZ-EP-TS-EP* 128.7 137.6 134.9 129.9 131.4
CBZ-EP*-TS-AC 65.8 71.3 49.7 55.0 51.2
CBZ-EP-TS-AC 136.8 150.4 158.2 172.6 171.2
CBZ-diOH —26.7 —35.2 —32.3 —41.2 -39.3
CBZ-Cl-OH —27.6 —48.7 —46.1 —54.8 —-52.6
CBZ-Cl-OH-1 35.1 20.7 22.8 12.3 13.8
CBZ-diCl-OH -38.8 —-70.3 —62.9 -91.8 -85.0
CBZ-EP-TS-diOH 171.4 195.3 192.7 181.3 182.0
CBZ-EP"-TS-diOH 142.7 127.3 156.3 149.3 153.1
CBZ-EP-TS-Cl-OH 64.5 82.3 714 106.1 102.4
CBZ-EP"-TS-CI-OH 51.4 62.3 53.6 80.2 79.9
CBZ-Cl-OH-TS-Cl-OH-I 50.9 47.1 45.4 36.0 36.0
CBZ-Cl-OH-I-TS-diCl-OH 90.8 66.7 68.1 52.8 56.7
AC-9-AL + HCI(H,0) —307.1 —352.9 -339.8 —344.0 —-339.4
CBZ-AC-TS-AC-9-AL 32.7 15.1 38.5 43.1 42.3

“Gibbs free energy of reactants (CBZ-EP complexed with two water molecules and HOCI complexed with one water molecule) set to zero; inter-
med1ates and products are complexed with two water molecules. ? CPCM(UFF,a = 1.1)/B3LYP/6-31G(d) model (¢ = 78.4).  B3LYP/6-31G(d).

4 B2K-PLYP/6-311+G(3df,2p)/B3LYP/6-31G(d). ° B2PLYP-D/6-311+G(3df,2p). /MP2/6-311+G(3df,2p)/B3LYP/6-31G(d). ¢ MP2/G3MP2Large//B3LYP/
6-31G(d).

This journal is © The Royal Society of Chemistry 2016 Org. Biomol. Chem., 2016, 14, 10866-10874 | 10871
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phosphate buffer, change in acidic medium, or variation in
the level of chloride ions in the free chlorine stock solution).

On the other hand, CBZ-AC has been proposed as a tenta-
tive intermediate in photodegradation,>®® and advanced oxi-
dation processes.®” We have found that CBZ-AC can undergo
oxidation, mediated by HOCI, to give 9-formylacridine (AC-9-
AL). This process is thermodynamically driven and can be
explained by the tendency of CBZ-AC to yield an aromatic
structure. The final product AC-9-AL has been calculated as the
most stable intermediate on the corresponding potential
energy surface. It is 249.3 and 339.8 k] mol ™' more stable than
CBZ-AC and starting reactants (CBZ and HOCI), respectively.
The exceptional stability of AC-9-AL suggests that this structure
should be considered as a recalcitrant metabolite formed in
chlorinated water.

As IMS-10-O and AC-9-AL are both aromatic, and have the
same mass, it is hard to differentiate between those two pro-
ducts. According to our calculations, AC-9-AL has been calcu-
lated almost 100 k] mol™" more stable than the former. It is
clear that the acridine moiety in AC-9-AL provides much better
stabilization than the tricyclic system with the azepine ring in
IMS-10-O. The MS peak corresponding to the mass of either
IMS-10-O or AC-9-AL has been detected earlier in the chlori-
nation experiment,*® but neither 10-oxoiminostilbene nor acri-
dine-9-carboxaldehyde has been proposed as a possible carba-
mazepine degradation intermediate. On the contrary, in a
number of other analytical or biochemical studies, acridine-9-
carboxaldehyde has been discussed as an important product
of carbamazepine transformations in both aqueous®®®® and
physiological environments.®*”°

Conclusions

Quantum chemical investigation of HOCl-mediated transform-
ation of CBZ was accomplished. Five different theoretical
levels (DFT and MP2 methods) were tested, and B2-PLYPD was
selected as superior in terms of better precision and lower
computational cost. The experimental Gibbs free energy of

activation for the reaction between HOCI and CBZ (AG%93 =
98.2 k] mol™") was successfully reproduced by the B2-PLYPD
functional. The two parallel reactions contribute to the overall
barrier: C10,C11-epoxidation (AGh, = 95.7 kJ mol™!) and
N-chlorination (AG,, = 105.7 k] mol ™) of carbamazepine.
These processes give rise to epoxide CBZ-EP and chlor-
amide CBZ-Cl, respectively, which undergo a series of fast
rearrangements resulting in an additional set of intermediates.
The two chlorination experiments®* revealed 8 degradation
products, with some structures tentatively assigned or
unknown. Full assignment of signals in mass spectra was per-
formed by assistance of computational models. In addition to
epoxide CBZ-EP and chloramide CBZ-Cl, the suggested struc-
tures include iminostilbene (IMS), carbamazepine 10,11-diol
(CBZ-diOH), carbamazepine 10,11-chlorohydrin (CBZ-CI-OH),
and its N-chlorinated derivative (CBZ-diCl-OH), oxoiminostil-

10872 | Org. Biomol. Chem., 2016, 14, 1086610874
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bene (IMS-10-OH), and formylacridine (AC-9-AL). The two
latter are of special importance due to their exceptional
thermodynamic stability (326.9 k] mol™" and 433.1 kJ mol ™,
respectively, more stable than CBZ). Unlike other intermedi-
ates, IMS-10-O and AC-9-AL have planar aromatic structures
which can be associated with their (bio)recalcitrant properties.

In this work the fruitful interplay between computational
models and available experimental data was implemented in
assessing the environmental fate of carbamazepine. The
measured kinetic parameters for reactions (AG*) and signals
observed in mass spectra were used as a guide for calculations
of reaction mechanisms underlying the HOCl-induced trans-
formations of carbamazepine.
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