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Abstract: Sulfonamide antibiotics are an important class of organic pollutant in the
aquatic environments. To understand the hydrolysis behavior of sulfonamides, the
hydrolysis mechanisms of a typical sulfonamide sulfachloropyridazine (SCP) were
investigated using the density functional theory (DFT) at the B3LYP/6-31+G (d, p) level.
SCP hydrolysis resembles nucleophilic substitution by water molecule attacking
sulfonyl group (pathway 1) and heterocyclic aromatic ring (pathway 2) respectively.
Due to the electrophilic center sulfur atom in pathway 1 carrying much larger positive
charge than the carbon atom in the pathway 2, the sulfonyl group can be easily
attacked by water molecule, and thus the pathway 1 can be dominant. By comparing
the hydrolysis energy barrier of different forms of SCP, it was found that the SCP
hydrolysis in neutral and once-protonated state are much more energetically favorable
to proceed than the double protonated form. In addition, the hydrolysis path is not
found for the dissociated anionic SCP. As the pH values in solution decreases, the
corresponding neutral and once-protonated SCP increases, then the hydrolysis rate
becomes faster, which is consistent with the experimental observations that the
hydrolytic degradation rate at pH=4 is much faster than those of pH=7 and 9.
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1 Introduction

Sulfonamides (SAs) are a group of synthetic antimicrobial agents [1](e.g.,
sulfachloropyridazine, sulfathiazole, sulfadiazine and sulfapyridine) which have been
widely used in healthcare and veterinary antibiotics for decades [2,3]. All the sulfonamides,
apart from sulfaguanidine, are compounds containing two basic and one acidic functional
group [4]. The basic functional groups are the amine group of aniline and the heterocyclic
base, and the acidic functional group is the sulfonamide group. The mechanism action of
SAs is to inhibit the conversion of p-aminobenzoic acid and interrupt bacterial utilization of
the compound in the synthesis of folic acid and ultimately of protein, purine and DNA [2,5].
Due to the low cost and broad spectrum of activity in preventing or treating bacterial
infections and the effectiveness of growth promotion, SAs are extensively prescribed today
as the popularly used antibiotic drugs or growth promoter with the increasing need of
pharmaceuticals and veterinary medicine [6].

As SAs are persistent and non-biodegradable, the contamination of environment has
recently raised concern in aquatic environments [7]. Although the SAs concentrations in the
environmental samples are quite low (ng-L-'-ug-L?), its high biological activity could cause
significant changes in biosphere [2,6,8]. Thus, it is very important to understand the possible
degradation ways of SAs for helping evaluate their environmental fate or the treatment of
these kinds of substance. Many experimental studies reported that SAs are resistant to
natural biodegradation, but they undergo abiotic degradation such as hydrolysis and
photolysis. Like most of other organic substances [9], SAs may experience photolysis
degradation with the presence of catalysts like TiO2, Fe(Il) or H202 in water solutions under
the illumination of UV radiation[10]. Recently, the photolysis mechanisms of
sulfachloropyridazine (SCP) and Sulfadiazine (SDZ) have been well investigated using
quantum chemical approach [11,12]. Furthermore, as one of the most common reactions
controlling abiotic degradation, hydrolysis is an important degradation path for most
organic pollutants in the environment. Recently, Kumirska et al made a detailed
experimental investigation on the hydrolysis of sulfonamides in aqueous solutions [4], the
results indicate that SA hydrolysis was closely depending on the temperature and pH values.
At 70°C, the hydrolytic degradation rate for SCP at pH=4 is much higher than those of pH=7
and 9. Two independent hydrolysis paths of SCP were proposed by Kumirska as shown in
Scheme 1[4]. In the case of path 1, the nucleophilic substitution takes place in the sulfonyl
group with sulphanilic acid and the corresponding heterocyclic base as the main products.
In path 2, the nucleophilic aromatic substitution occurs in the heterocyclic aromatic ring
with sulfanilamide as the primary product.
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Although many experimental studies about the hydrolysis of SAs were carried out
[4,13], the theoretical investigation on the mechanism of SAs hydrolysis has not been
reported. In-depth understanding the hydrolysis mechanism of SAs will be highly beneficial
for rational design of easily degradable novel sulfonamides. To confirm the sulfonamide
hydrolysis mechanisms, the theoretical calculations were carried out for the hydrolysis
process of SAs. In this study, taking the widely used antibiotic sulfachloropyridazine as a
typical example, the different hydrolysis mechanisms were evaluated by using the density
functional theory (DFT) at the level of 6-31+G (d, p) including conductor-like polarizable
continuum solvation model [14].
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Scheme 1: Two proposed hydrolysis mechanisms of sulfachloropyridazine [4].

2 Method of Calculation

All the electronic calculations were performed with the Gaussian 09 suite of program using
the density functional theory. DFT and time-dependent DFT have been widely used to study
the molecular structure, bind energy and reaction mechanism due to its low cost and high
accuracy [15-21]. Among the many implementations of DFT procedures, Becke’s
three-parameter expression with the correlation functional of Lee, Yang, and Parr (B3LYP)
including non-linear components is widely used in most areas of quantum chemistry as of
its high accuracy [22-24]. In the study of reaction mechanism, the standard 6-31+G (d,p) and
6-311++G(d, p) are frequently used [25-28]. In the early DFT study of the hydrolysis of
Toluene-2,4-diisocyanate, it is illustrated that the energy barriers obtained from
B3LYP/6-31+G(d, p) are very close to those of B3LYP/6-311++G(d, p) and CBS-QB3 [28].
Therefore, the B3LYP with 6-31+G (d, p) basis set was chosen in all the following calculations.
As the hydrolysis of Sulfonamides occurs in aqueous solution, the reactive water molecule is
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considered implicitly and the bulk water solvent effects are implicitly described by
self-consistent reaction field (SCRF) method based on the conductor-like polarizable
continuum model (CPCM) [29,30]. The geometries of all the reactants, products, transition
states and intermediates are fully optimized. Based on the optimized geometries, the
frequency analysis was performed to verify the characters of the transition states with only
one imaginary frequency and stationary points without imaginary frequency [31-33]. In
addition, the intrinsic reaction coordinate (IRC) calculations were performed to verify the
reaction pathways correctly connecting reactants and products through the located
transition states of the proposed mechanism [34,35]. Finally, the reactant or product
complexes were obtained by applying the unconstrained optimization on the endpoints of
IRC respectively [26-28,36]. The natural bond orbital (NBO) analysis was carried out to
study the atomic charge distribution over the entire molecule [37,38].

3 Results and Discussion

The sulfachloropyridazine contains two basic and one acidic functional group. The basic
functional groups are the amine group of aniline and the heterocyclic base, and the acidic
functional group is the sulfonamide group, which is known to lose its proton relatively
easily with its pKa=5.5 [4,5]. The structure of sulfachloropyridazine can be characterized by
pKai pKa2 and pKas values corresponding to the double protonated, once protonated and
neutral forms [4]. Figure 1 shows the possible forms of SCP at different pH values. The
principle species depend on the pH of solution and pKa values. Owing to the very low
pKai(<2) resulted from heterocyclic base, SCP can exist in the double protonated form SCP (I)
under very acidic conditions. The pKa2=2.2 is caused by the aniline amino group of SCP[4,5],
the once-protonated form SCP (II) dominates at pH<2.2. Due to the pKas=5.5 of sulfonamide
group, sulfachloropyridazine is one typical weak acid. At pH=(pKa+pKa3)/2=3.85, the
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Figure 1: Forms of sulfachloropyridazine observed at different pH values[4].
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neutral SCP (IIl) is predominant in solution. If the pH is higher than pKa=5.5, the SCP
mainly exists in anionic form SCP (IV). In this case, the nucleophilic water molecule can be
strongly repelled by the anionic SCP, the hydrolysis may not take place and the transition
state in deed was not found by density functional theory. Therefore, only the neutral,
once-protonated and double protonated SCP hydrolysis were presented in the context.
Figure 2 presents the optimized geometries of water molecule and SCP in three forms. As
shown in Figure 2, the calculated NBO charges indicate that the sulfur atom and C1 carbon
atom in the heterocyclic aromatic ring carry large positive charges acting as an electrophile.
However, the oxygen of water molecule holds much negative charge (-1.035) acting as a
nucleophile, which can attack on the electrophilic center of SCP in the hydrolysis. The
optimized neutral SCP forms a distorted V configuration between pyridazine ring and
benzene plane, which is in a good agreement with the experimental X-ray molecular crystal
structure [39], the differences between the calculated bond lengths and the experimental
data are less than 0.08 A. It indicates that the B3LYP/6-31+G (d, p) level of theory is a reliable
method to examine the hydrolysis mechanism of SCP. The total energies including
zero-point energy (ZPE) of SCP in three different forms and water molecule are summarized
in Table 1, which is required to estimate the relative energies of the hydrolysis.
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Figure 2: Optimized structures of sulfachloropyridazine in neutral form (a), once-protonated (b), double
protonated (c) and water molecule (d), X-ray structure (e) [39]. The data with no brackets stands for bond
lengths (A); the data within brackets stands for NBO atomic charge (e).
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Table 1. Total Energies including ZPE of SCP in three different forms and water

Energies ZPE Total Energies with ZPE
Compounds
(Hartree) (Hartree) (Hartree)
Neutral molecular SCP (a) -1614.294182 0.190471 -1614.103711
Once-prodonated SCP (b) -1614.717011 0.205673 -1614.511338
Double protonated SCP (c) -1615.141559 0.219900 -1614.921659
H0 (d) -76.442352 0.021197 -76.421155

3.1 Hydrolysis mechanisms of neutral molecular SCP

With the pH of solution between pK«=2.2 and pKas=5.5, the sulfachloropyridazine exists
primarily in neutral form SCP (III) as shown in Fig. 1. Two possible hydrolysis pathways
were proposed for neutral SCP in solution. In pathway 1, the nucleophilic substitution takes
place by water molecule attacking the electrophile sulfonyl group; the sulfanilic acid and the
corresponding heterocyclic base 3-Amino-6-chloropyridazine are the products of the SCP
hydrolysis as illustrated in Scheme 1. In such a process, the stable intermediate 1 (Figure 3)
was first obtained by forming a hydrogen bond O1-H...02(1.93A) between SCP and water
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Figure 3: Optimized structures of intermediate 1, transition state TS2 and product 3 for the pathway 1 of

neutral SCP hydrolysis mechanism.
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molecule, which leads to the total energy of the intermediate 1 slightly lowered by 1.59
kcal-mol™! relative to the separated reactants as listed in Table 2. As shown in Figure 3, the
sulfur atom of SCP holds large positive charge (2.326), it indicates that sulfur is the most
electrophilic atom of sulfonyl group. With the oxygen atom O1 of the nucleophilic water
molecule possessing negative charge (-1.050) attacking the sulfur atom of the electrophilic
sulfonyl group, the nucleophilic substitution takes place and a transition state TS2 was
formed, the energy comes to be 48.18 kcal'mol! higher than those of the separated

Table 2. Total Energies with ZPE and Relative Energies of the hydrolysis mechanisms of neutral,
once-protonated and double protonated SCP

Total Energies with ZPE Relative Energies

Compounds
(Hartree) (kcal'mol?)

SCP+H20 (path 1 in neutral from) -1690.524866 0
Intermediate 1 -1690.527401 -1.59
TS2 -1690.448067 48.18
Product 3 -1690.534375 -5.97

SCP+ H20 (path 2 in neutral form) -1690.524866 0
Intermediate 4 -1690.526073 -0.26
TS5 -1690.432646 57.85
Product 6 -1690.529267 -2.76

SCP+ H20 (path 1 in once-protonated form ) -1690.932493 0
Intermediate 7 -1690.932501 0.00
TS8 -1690.848757 52.53
Product 9 -1690.941452 -5.62

SCP+ H20 (path 2 in once-protonated form) -1690.932493 0
Intermediate 10 -1690.932546 -0.03
TS11 -1690.831925 63.09
Product 12 -1690.937630 -3.22

SCP+ H20 (path 1 in double-protonated form) -1691.342814 0
Intermediate 13 -1691.356691 -8.71
TS14 -1691.278832 48.84
Product 15 -1691.369689 -8.15

SCP+ H20 (path 2 in double-protonated form) -1691.342814 0
Intermediate 16 -1691.356595 -8.65
TS17 -1691.254910 63.79

Product 18 -1691.349971 4.16
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reactants as summarized in Table 2. With the old bonds S-N and O1-H breaking and new
bonds O1-S and N-H forming, the products 3 sulfanilic acid and 6-chloro-3-pyridazinamine
were produced as depicted in Figure 3. As listed in Table 3, the energy barrier was
estimated to be 49.77 kcal'mol™! for the hydrolysis pathway 1.

The second pathway of SCP hydrolysis resembles an aromatic nucleophilic substitution,
which occurs in a way of water molecule attacking the electrophilic heterocyclic aromatic
group, where the sulfanilamide and 3-Chloro-6-pyridazone molecules are the products. The
hydrolysis reaction starts by forming the stable intermediate 4 (Figure 4) with the hydrogen
bond O1-H...N(2.12A) as given in Figure 4, which results in the energy of intermediate 4
slightly decreased by 0.26 kcal'mol! compared to the separated reactants as illustrated in
Table 1. As shown in Figure 4, the calculated NBO charge indicates that of C atom in the
heterocyclic aromatic ring carries positive charge acting as an electrophile. Consequently,
the electrophilic C atom is attacked by the water molecule to give the unstable transition
state TS5 (Figure 4) with an energy of 57.85 kcal-mol! relative to the separated reactants as
listed in Table 2. With the H atom of water molecule transferring to the sulfonyl group, the
hydroxyl group to the C atom of the heterocyclic aromatic ring, eventually the products 6
(sulfanilamide and 3-Chloro-6-pyridazone) were obtained, the corresponding energy was
-2.76 kcal-mol! relative to the separated reactants. The energy barrier of 58.11 kcal'mol! was
predicted for the second hydrolysis pathway of neutral SCP. All the energy barriers of the
two pathways were summarized in Table 3. Figure 5 illustrated the relative energy profile
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Figure 4: Optimized structures of intermediate 4, transition state TS5 and product 6 for the pathway 2 of

neutral SCP hydrolysis mechanism.
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of the two hydrolysis pathways of neutral SCP. Hydrolysis pathway 1 and 2 both are
typical nucleophilic substitutions attacked by water molecule, which occur in the sulfonyl
group and the heterocyclic aromatic ring respectively. In comparison, the electrophilic center
sulfur carries a positive charge of 2.326 as labeled in Figure 3 (1), which is much larger than
that of carbon atom C1 (0.330) in the heterocyclic aromatic ring, which may cause the sulfur
atom can be more easily attacked by water molecule, and pathway 1 is more energetically
favorable than pathway 2, which is in a good accordance with the experimental
investigations obtained from HPLC analyses, where much more hydrolysis product
sulfanilic acid were observed than that of the sulfanilamide in the SCP hydrolysis at 70°C [4].
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Figure 5: The relative energy profile of two hydrolysis mechanism pathways for neutral SCP

Table 3. Energy barriers for the hydrolysis mechanisms of neutral, once-protonated and double protonated
scp

Hydrolysis Mechanism Reactions Energy Barrier (kcal'-mol)
Neutral SCP(a)+ H20
pathway 1 49.77
pathway 2 58.11
Once-protonated SCP(b)+ H20
pathway 1 52.54
pathway 2 63.12
Double-protonated SCP(c)+ H20
pathway 1 57.55

pathway 2 72.44
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3.2 Hydrolysis mechanisms of once-protonated SCP

If the pH of solution less than the pKa=2.2, SCP is predominantly present in
once-protonated form SCP (II) as displayed in Figure 1. As discussed in the hydrolysis
mechanisms of neutral SCP, two similar hydrolysis pathways were postulated as shown in
Scheme 1. Figure 6 illustrates the optimal geometries of the stable intermediate 7, transition
state TS8, and product 9 for the once-protonated SCP hydrolysis pathway 1. Firstly the
stable intermediate 7 was formed with a weak hydrogen bond namely O1-H...N (2.19A)
between SCP and H:20 as shown in Figure 6, the total energy was slightly lowered relative to
the separate reactants. With the reaction proceeding, the O1 of water molecule approaches to
the most electrophilic sulfur atom of the sulphonyl group, the transition state TS8 (Figure 6)
with a strained four membered ring was obtained as shown in Figure 6. Finally, with the old
bonds S-N and O1-H breaking and the new bonds O1-S and H-N forming, the products 9
(Figure 6) were yielded. For the once-protonated SCP hydrolysis pathway 1, the energy
barrier of 52.54 kcal-mol! was estimated as listed in Table 3.

The once-protonated SCP can also be hydrolyzed by the second pathway as displayed
in Scheme 1. In the pathway 2, the stable intermediate 10 was firstly obtained with
hydrogen bonding O1-H...N (2.19A) as shown in Figure 7. The nucleophilic substitution
takes place by
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once-protonated SCP hydrolysis mechanism.
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the water molecule attacking on the electrophilic carbon atom C with a positive charge

(0.324) in heterocyclic aromatic group instead of the sulfonyl group, the transition state TS11

characterized by a high strained four-member ring were then generated with the energy of

63.09 kcal'mol! (Table 2) much higher in comparison with the separated reactants. With H

transferring from water molecule to N of the sulfonyl group and the hydroxyl group to

heterocyclic ring, the new N-H and C-O1 bonds formed and the final products 12 were

obtained as shown in Figure 7. In comparison with the energy of pre-complex intermediate

10, the energy barrier of 63.12 kcal-mol! was obtained.
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Figure 7: Optimized structures of intermediate 10, transition state TS11 and product 12 for the pathway 2 of

once-protonated SCP hydrolysis mechanism.
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The relative energy profile of two hydrolysis mechanism pathways was presented in
Figure 8 for once-protonated SCP. As in the case of the neutral SCP hydrolysis, the
electrophilic sulfur (2.315) of sulfonyl group carries much larger positive charge that of
carbon atom C (0.324) in the heterocyclic aromatic ring, the sulfur atom can react easily with
water molecule, which may lead to the pathway 1 holds a considerable lower energy barrier
than the pathway 2 (52.54 kcal'-mol"! < 63.12 kcal-mol ).

3.3 Hydrolysis mechanisms of double protonated SCP

Due to the very low pKai(<2), the double protonated SCP can only exist under very acidic
conditions as shown in Figure 1. As presented in the neutral and once-protonated SCP
hydrolysis, two independent hydrolysis mechanisms were suggested for the double
protonated SCP. In the first pathway, the stable intermediate 13 was first obtained with
strong hydrogen bonds N-H1...01 (1.90A) and N-H2...01 (1.86A) between the double
protonated SCP and water molecule as illustrated in Figure 9, which results in the total
energy was hugely lowered by 8.71 kcal'mol™! relative to the separated reactants as indicated
in Table 2. As shown in Figure 9, with the Ol of water molecule interacting with the
electrophilic sulfur atom, the hydrolysis reaction follows a nucleophilic substitution process
to give a transition state TS14 with the energy 48.84 kcal'mol'! high above the separated
reactants. Thereafter, the products 15 were achieved with the S-N, O1-H bonds breaking and
new S-O1, H-N bonds forming. Table 2 summarized the total energies of the intermediate 13,
transition state TS14 and products 15. Due to the very stable pre-complex structure 13 with
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Figure 9: Optimized structures of intermediate 13, transition state TS14 and product 15 for the pathway 1 of
double-protonated SCP hydrolysis mechanism.
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the low energy of -8.71 kcal'mol?, the energy barrier is estimated to be 57.55 kcal'‘mol’,
which is much higher than those of neutral and once-protonated SCP as illustrated in Table
3.

In the initial stage of pathway 2, the hydrogen bonds N-H1...01 (1.85A) and N-H2...01
(1.91A) was formed between the SCP and water as shown in Figure 10, which leads to the
pre-complex 16 with the energy of -8.65 kcal'mol! significantly lower than the separate
reactants as given in Table 2. Attacking on the electrophilic C (0.459) heterocyclic ring by the
water molecule leads to the unstable transition state TS17 (Figure 10) with the
corresponding energy of 63.79 kcal'mol?! (Table 2) relative to the respective reactants as
given in Table 2. Finally, the products 18 were yielded with the old bonds of O1-H and N-C
breaking. Due to the stable pre-complex structure 16 with much low energy, the high energy
barrier of 72.44 kcal-mol! was obtained as listed in Table 3. Figure 11 depicts the relative
energy profile of the hydrolysis mechanism pathways for double protonated SCP. Similar to
the hydrolysis mechanism of neutral and once-protonated SCP, the electrophilic sulfur
(2.355) of sulfonyl group has much larger positive charge than that of carbon atom C (0.459)
in the heterocyclic aromatic ring, the sulfur atom can be more easily attacked by water
molecule, which causes that pathway 1 is more energetically favorable than pathway 2 for
the double protonated SCP hydrolysis.
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Figure 10: Optimized structures of intermediate 16, transition state TS17 and product 18 for the pathway 2
of double protonated SCP hydrolysis mechanism.

As summarized in Table 3, the comparison of two pathways shows that the pathway 1
with lower energy barrier can be the main path for the SCP hydrolysis, which may result
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from the electrophilic center sulfur carrying much larger positive charge than the carbon
atom in the heterocyclic aromatic ring, the sulfonyl group can be easily attacked by water
molecule. As forming the stable pre-reactant complexes, the hydrolysis of double protonated
SCP has much higher energy barrier than that of neutral and once protonated form. By
comparing the hydrolysis energy barrier of neutral SCP with once protonated and double
protonated SCP, it is obvious that the neutral SCP hydrolysis is most energetically favorable.
Due to the strong repulsion between the anionic SCP and water, the hydrolysis may not take
place, the hydrolysis path was not found by the density function theory. When the pH=9 in
solution much large than pKa3=5.5, the SCP primary exists in anionic state SCP (IV), the
hydrolysis rate is relatively low. However, under weak acidic conditions pH<pKas, the
decrease of pH causes the neutral and cationic forms of SCP increase, which leads to the
increase of hydrolysis rate. In particular, at pH=(pKat+pKa3)/2=3.85, the neutral SCP is
predominant. Therefore, the hydrolysis process is much favorable. These results are in
accordance with the HPLC analyses by Kumirska that the hydrolysis rate at pH=4.0 is
highest in comparison with pH=7.0 and 9.0[4].
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Figure 11: The relative energy profile of two hydrolysis mechanism pathways for double protonated SCP.

4 Conclusions

To understand the hydrolysis behavior of sulfonamides, two independent hydrolysis
mechanisms pathways of sulfachloropyridazine in neutral, once-protonated, double
protonated and dissociated anionic forms were investigated by using the density functional
theory at the B3LYP/6-31+G (d, p) level. Owing to the strong repulsion between the anionic
SCP and water molecule, the hydrolysis of anionic SCP hardly take place. Based on the
computed energy barriers, the hydrolysis of neutral and once-protonated SCP are much
more energetically favorable to proceed than those of the double protonated form. At
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pH=(pKa2t+pKa3)/2=3.85, the neutral SCP is the principal species, the hydrolysis process is
relatively fast, which is in a good agreement with the HPLC analyses by Kumirska that the
hydrolysis rate at pH=4.0 is highest in comparison with pH=7.0 and 9.0. As the electrophilic
sulfur of sulfonyl group carries much larger positive charge than that of carbon atom C in
the heterocyclic aromatic ring, the sulfur atom can be more easily attacked by water
molecule, which causes the nucleophilic substitution taking place on the sulfonyl group
(path 1) can be the main hydrolysis pathway.
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