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N-chlorination 
of amines  

C-hydroxylation) of amines is not reduced by sequential
addition of explicit water.

Conclusions
Oxidation of amines by HOCl has been studied computation-
ally in the gas phase and in the aqueous medium. Different
oxidation pathways are possible in the gas phase, but only one

is operative in the model solvent. In the “ultimate” nonpolar
environment, the oxygen-transfer reaction from HOCl to
amines is kinetically strongly favored over the chlorine-transfer
process. The calculated barriers for N- or C-hydroxylation reac-
tions are 80–100 kJ mol−1 lower than the barrier for N-chlori-
nation. It turns out that, in the gas phase, HOCl does not act
as a chlorinating, but a hydroxylating agent.

With the inclusion of explicit water molecules (n = 1–9) the
energy barrier for N-chlorination exhibits progressive
reduction, whereas no catalyzing solvent effects have been
observed for N- or C-hydroxylation reactions. In the model
solvent the only operative reaction is the HOCl-induced for-
mation of N-chloramines. This is in agreement with experi-
ments in aqueous solution in which hydroxylated
intermediates have never been detected.

Several DFT functionals (B3LYP, ROB2P-LYP, B2-PLYPD,
and B2K-PLYP) have been benchmarked against the high-level
G3B3 composite scheme, and the double-hybrid B2K-PLYP
model has been found superior in terms of cost and accuracy.
The calculated energy barriers (ΔG#

298) for N-chlorination of
selected amines give an excellent agreement with the experi-
mental values (±4.8 kJ mol−1).

We have found that the addition of explicit water molecules
substantially lowers the calculated barrier for N-chlorination of
amines, but no catalytic solvent effects have been observed in
the case of N- and C-hydroxylation reactions. The differential
solvation of the cyclic (for chlorination) and linear (for
hydroxylation) transition state structures have been confirmed
by MD simulations and the quantum chemical approach. The
most stable structural motif, in which chlorine transfer is
coupled to proton transfer, includes amine, HOCl, and two
reactive water molecules.

To accurately describe the reaction between HOCl and
amines, the addition of explicit water molecules is mandatory
for, at least, two reasons: (1) the addition of water changes the
reaction mechanism from hydroxylation, the favored process
in the gas phase, to chlorination, which is the only operative
process in the water environment, and (2) the mechanism
shift, induced by the presence of explicit waters, is required for
computational results to converge towards the experimental
values.

Computational details
The quantum chemical calculations were performed using the
Gaussian09 suite of programs.35 All structures were fully opti-
mized with the B3LYP functional.36,37 The standard split
valence and polarized 6-31G(d) basis set was used for geometry
optimizations and frequency calculations. All energies are
reported at 298.15 K. The thermal corrections to Gibbs free
energies have been calculated at the same level using the rigid
rotor/harmonic oscillator model. Improved energetics has
been calculated using a G3B3 composite scheme.38 We have
used G3B3 as our reference procedure in order to evaluate the
efficiency of the two double-hybrid DFT procedures, which are

Fig. 9 B3LYP/6-31G(d) optimized transition state structures for HOCl-
induced N1-chlorination (TSN1–Cl), N1-hydroxylation (TSN1–OH), and C2-
hydroxylation (TSC2–OH) of piperidine with six explicit water molecules.
Solvating water molecules appear as tube models.
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In the case of the N-hydroxylation reaction 1 → 3, no cata-
lyzing effect of explicitly added water molecules has been
observed. It comes out that the N-chlorination reaction is extre-
mely susceptible to the presence of explicit solvent molecules,
while no beneficial solvation effect has been found in the
N-hydroxylation reaction.

With the increasing number of water molecules, the calcu-
lated data converge to experimental results. With five (or six)
waters included in calculation, the transition state for 1 → 2 is
39.9 (or 44.0) kJ mol−1 less stable than the water-complexed
reactants. These values correspond to the experimental barrier
of (ΔG#

298 = 36.5 kJ mol−1)7,25 for N-chlorination of ammonia.
Therefore, the free energy barrier for chlorination of ammonia
by HOCl can be reproduced computationally if five or six water
molecules are included. This significantly exceeds the number
of explicit water molecules employed in earlier studies.10,12

In the case of the O-transfer reaction 1 → 3, no favorable
solvation effect has been observed with the increasing of
number of explicit water molecules. The averaged value of the
calculated free energy barriers, for n = 0–9, is 99.1 kJ mol−1,
and the distribution of all values along the linear trendline is
depicted in Fig. 2 (a dashed line).

The geometry of the transition state for N-chlorination is
characterized by the cyclic arrangement in which water mole-
cules assist intramolecular proton transfer between NH3 and
HOCl.9,10,12 In the case of n = 1–3, all reactive waters reside in
one plane participating directly in the reaction (Fig. 3). When

the fourth water is included, the transition structure adopts
the cage-like three-dimensional geometry (Fig. 3). The two
water molecules participate in eight-membered planar ring for-
mation, while the two solvating waters are hydrogen-bonded to
the reactive waters in the ring. This water configuration is con-
sistent with the “water-wire” system which plays an important
role in the long-range proton transfer.26

The planar structural motif, which includes HOCl, NH3,
and two reactive waters, has been calculated as the most stable
configuration for n = 4–9. All solvating waters, not involved
directly in the proton-transfer chain, form the first hydration
shell and facilitate the chlorination reaction.

In the case of the N-hydroxylation reaction no water mole-
cule is directly involved in the O-transfer step. All waters added
(n = 1–9) contribute in building the first hydration shell
(Fig. 3) and participate as reaction spectators only. In each
respective transition state structure HOCl and NH3 react in a
linear fashion and therefore the beneficial effect of neigh-
boring waters is limited, if any. With the increase of number of
explicit waters, the calculated energy barrier for the N-hydroxy-
lation process slightly increases (Fig. 2).

Therefore, to correctly describe the reaction mechanism for
Cl-transfer from HOCl to NH3, the use of the continuum sol-
vation model and the inclusion of an adequate number of
water molecules are mandatory. The aqueous medium, both
implicitly and explicitly described, has a catalytic effect on the
reaction 1 → 2. The opposite effect has been observed for
O-transfer from HOCl to NH3: the solvent itself inhibits the
reaction 1 → 3. We propose herewith that the origin of the
observed solvent effect on reactions 1 → 2 and 1 → 3, arises
from differential solvation of the respective transition state
structures TSCl and TSOH, respectively.

Transition state structures in full solution. Classical mole-
cular dynamics (MD) simulations have been employed to
explore the nature of the explicit solvation of transition states

Fig. 2 The calculated (B2K-PLYP + ΔGsolv) free energy barriers for
N-chlorination (circles) and N-hydroxylation (triangles) of ammonia by
HOCl as functions of the number of explicit water molecules (n). The
polynomial curve and the dashed line are for illustration purposes only.
The gray band denotes the target experimental barrier (ref. 7 and 25) for
the N-chlorination process (assuming an error of ±5 kJ mol−1). The inset
shows the calculated reaction energies (ΔrG298) for N-chlorination
(circles) and N-hydroxylation (triangles) as functions of the number of
water molecules.

Fig. 3 B3LYP/6-31G(d) optimized transition state structures for HOCl-
induced chlorination (TSCl) and hydroxylation (TSOH) of NH3 with 3, 4,
and 5 explicit water molecules. The rhomboids inserted illustrate mole-
cular planes in which reactive waters reside.
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A computational study of the chlorination and
hydroxylation of amines by hypochlorous acid†

Davor Šakić,a Marko Hanževački,b David M. Smithb and Valerije Vrček*a

The reactions of hypochlorous acid (HOCl) with ammonia, (di)methylamine, and heterocyclic amines

have been studied computationally using double-hybrid DFT methods (B2PLYP-D and BK-PLYP) and a

G3B3 composite scheme. In the gas phase the calculated energy barriers for N- and/or C-hydroxylation

are ca. 100 kJ mol−1 lower than the barrier for N-chlorination of amines. In the model solvent, however,

the latter process becomes kinetically more favored. The explicit solvent effects are crucial for determi-

nation of the reaction mechanism. The N-chlorination is extremely susceptible to the presence of explicit

water molecules, while no beneficial solvation effect has been found for the N- or C-hydroxylation of

amines. The origin of the observed solvent effects arises from differential solvation of the respective tran-

sition states for chlorine- and oxygen-transfers, respectively. The nature of solvation of the transition state

structures has been explored in more detail by classical molecular dynamics (MD) simulation. In agree-

ment with the quantum mechanical approach, the most stable structural motif, which includes the amine,

HOCl, and two reactive waters, has been identified during the MD simulation. The inclusion of 5 or 6

explicit water molecules is required to reproduce the experimental barriers for HOCl-induced formation

of N-chloramines in an aqueous environment.

Introduction
Chlorination of amines is a ubiquitous reaction of utmost
importance in synthetic and environmental chemistry,
and biochemistry. The reaction results in the formation of
N-chloramines which can serve as useful reagents in amidation/
amination reactions,1,2 as precursors in N-centered radical
generation,3 as chlorinating agents in pools and wastewaters,4

or as key intermediates in degradation of biological targets
under physiological conditions5 and in transformations of
pharmaceuticals in the aqueous environment.6

The reaction between hypochlorous acid (HOCl) and
ammonia (NH3) is elementary yet so intricate. This parent
system continues to be the subject of active research,7 and the
water assisted chlorination of NH3 has been recently reported
as an illustrative example describing the essential role of the
solvent in the reaction mechanism.8

Several chlorination mechanisms are possible in the reac-
tion between NH3 and chlorinating agents (e.g. Cl2, Cl2O, or
HOCl).9,10 In the course of our investigation on the chlori-
nation of amines by hypochlorous acid,11,12 we have discovered
that an alternative pathway is feasible in the reaction between
NH3 and HOCl. It is an oxygen transfer from HOCl to
ammonia in which hydroxylamine is formed (Scheme 1).
Therefore, instead of chloramine, which is a product of the
N-chlorination reaction, a different form of amine oxidation
product is possible (ammonia oxide or hydroxylamine). This
reveals the ambident electrophilic character of HOCl, since it
could react via either the chlorine or the oxygen atoms.

Our preliminary result suggests that the calculated energy
barrier for the N-hydroxylation process is ca. 100 kJ mol−1

lower than the corresponding barrier for the “classical”
N-chlorination reaction in the gas phase.13 Therefore, oxygen
transfer from HOCl to NH3 is kinetically strongly favored over
the chlorine transfer process, at least in the gas phase.

Oxygen transfer is an important and well described type of
reaction between amines and different oxidizing agents,14 but
the analogous reaction between amines and HOCl has not
been considered, neither experimentally nor theoretically. The
experimental data for the reaction between NH3 and HOCl are
available only for aqueous solutions where oxygen transfer
intermediates have never been detected. It has been assumed
that HOCl, in reactions with amines, acts as a chlorinating
agent only. In contrast to hypochlorous acid, hypofluorous

†Electronic supplementary information (ESI) available: Energies and geometries
for all structures calculated at different levels of theory, different water configur-
ations calculated for selected transition state structures, numerical analyses and
additional MD simulation data. See DOI: 10.1039/c5ob01823d

aFaculty of Pharmacy and Biochemistry, University of Zagreb, A. Kovačića 1,
10000 Zagreb, Croatia. E-mail: vvrcek@pharma.hr; Fax: +385-1-4856201;
Tel: +385-1-6394441
bDivision of Organic Chemistry and Biochemistry, Ruđer Bošković Institute,
Bijenička 54, 10002 Zagreb, Croatia
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B2K-PLYP/6-311+G(3df,2p)//B3LYP/6-31G(d) method,
which has been proven to accurately reproduce G3B3 results
(Table 1).
In each case, the energy barrier for the chlorination of the

iminol intermediate is lower (40−100 kJ/mol) than the barrier
for the one-step chlorination of the amide form. The calculated
results show that all amides under the study follow the same
chlorination mechanism in which the intermediacy of the
iminol form is essential. This suggests a conclusion that the
tautomerization step (A→ I) followed by N-chlorination of the
iminol intermediate (I → P) could be a general mechanism for
N-chlorination of amides.
3.3. N-Chlorination of Amide-Containing Pharma-

ceuticals. To search for the most favorable reaction pathway
for the N-chlorination of amide-containing pharmaceuticals,

three relevant examples have been selected: carbamazepine
(anticonvulsant), acetaminophen (analgesic), and phenytoin
(antiepileptic) (Table 3). It has been shown that reactions of
these drugs with HOCl (e.g., in wastewater treatment process)
are of utmost importance for their environmental fate.
Due to the large size of the systems under study, the G3B3

composite model is not feasible from a practical point of view,
but the B2K-PLYP method has been found appropriate in
terms of efficiency and accuracy (see above).
Again, the two reaction pathways have been compared in

each case: the one- and two-step (via iminol intermediate)
chlorination of amide-containing pharmaceuticals. The O-
chlorination pathway has been excluded as being a kinetically
implausible reaction (see above).

Table 3. Relative Gibbs Energy (ΔG298, kJ/mol) of Reactants,a Intermediates, Products, and Transition State Structures
Involved in N-Chlorination of Amide-Containing Pharmaceuticals, Calculated at B2K-PLYP/6-311+G(3df,2p)//B3LYP/6-
31g(d) in Waterb

aGibbs free energy of reactants (amide complexed to two water molecules and HOCl complexed to one water molecule) set to zero. bCPCM/
UFF//B3LYP/6-31G(d) model. Tautomerization (A→ I) and two different mechanism of chlorination have been considered: the N-chlorination of
amide forms (A → P) and the N-chlorination of iminol forms (I → P). cExperimental value from ref 23. dExperimental value from ref 71. eOnly the
most feasible process A → I3 → P2 has been considered (Scheme 5). fEnergy barrier for the N1-chlorination process.

Figure 2. B3LYP/6-31G(d) optimized transition state structures for N-chlorination of the iminol form of acetaminophen (left) and carbamazepine
(right).
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Chlorination of N‑Methylacetamide and Amide-Containing
Pharmaceuticals. Quantum-Chemical Study of the Reaction
Mechanism
Davor Šakic,́ Pavica Šonjic,́ Tana Tandaric,́ and Valerije Vrcěk*

Faculty of Pharmacy and Biochemistry, University of Zagreb, A. Kovacǐcá 1, 10000 Zagreb, Croatia

*S Supporting Information

ABSTRACT: Chlorination of amides is of utmost importance in biochemistry and
environmental chemistry. Despite the huge body of data, the mechanism of reaction
between amides and hypochlorous acid in aqueous environment remains unclear. In this
work, the three different reaction pathways for chlorination of N-methylacetamide by
HOCl have been considered: the one-step N-chlorination of the amide, the chlorination
via O-chlorinated intermediate, and the N-chlorination of the iminol intermediate. The
high-level quantum chemical G3B3 composite procedure, double-hybrid B2-PLYPD,
B2K-PLYP methods, and global hybrid M06-2X and BMK methods have been
employed. The calculated energy barriers have been compared to the experimental value of ΔG#

298 ≈ 87 kJ/mol, which
corresponds to reaction rate constant kr ≈ 0.0036 M−1 s−1. Only the mechanism in which the iminol form of N-methylacetamide
reacts with HOCl is consistent (ΔG#

298 = 87.3 kJ/mol at G3B3 level) with experimental results. The analogous reaction
mechanism has been calculated as the most favorable pathway in the chlorination of small-sized amides and amide-containing
pharmaceuticals: carbamazepine, acetaminophen, and phenytoin. We conclude that the formation of the iminol intermediate
followed by its reaction with HOCl is the general mechanism of N-chlorination for a vast array of amides.

1. INTRODUCTION
Reactions of chlorinating agents (HOCl or Cl2) with amides
result in N-chloramide products, which are important
intermediates in environmental chemistry and biochemistry.
They can play a key role in the ecological fate of
pharmaceuticals1 or in oxidation processes in biological
systems.2,3 In addition, N-chloramides incorporated in
polymeric structures, such as polyacrylamide or polyurethane,
have been used as effective biocides.4

Contrary to amines that easily react with chlorinating
agents,5,6 amides are more resistant to N-chlorination. Some
authors have claimed that amides are essentially inert to
chlorination in dilute solutions;7−9 however, this has been
disputed.10,11 Though the experimental results have revealed
that HOCl might chlorinate amides, the reaction mechanism
remains ambiguous, and the role of the amide nitrogen in
chlorination is still a matter of controversy.12

To elucidate the reaction mechanism underlying the
formation of N-chloramides, this study considers different
HOCl-mediated chlorination pathways. N-Methylacetamide
(NMA) has been selected as the model amide system for
several reasons. NMA is the simplest molecular model of
peptide linkage in proteins and has been the subject of
extensive experimental13 and theoretical investigations.14,15 In
addition, NMA can serve as a suitable model to investigate the
amides chlorination mechanism relevant in biochemistry and
environmental chemistry. Of special importance are reactions
of HOCl with amino acids and proteins under physiological
conditions,16,17 or N-chlorination of amide-containing pharma-
ceuticals which occurs during wastewater treatment.18−20

Moreover, due to the small size of NMA, high-level quantum
chemical calculations can be performed. Finally, the available
kinetic data21,22 for chlorination of NMA allow the comparison
between experimental and computational results.
To broaden the range and the scope of the relevant N-

chlorination reactions, five small-sized amide structures (Table
2) and three amide-containing pharmaceuticals (Table 3) have
been included in this study. Chlorination is an important
reaction for the chemical fate of carbamazepine,23 acetamino-
phen,24 and phenytoin25 in the aqueous environment. These
substances belong to high volume drugs and are entering the
environment in large quantities. Their chlorination products
have been isolated, but no details on the reaction mechanism
have been reported. We believe that the quantum-chemical
approach, presented in this paper, adequately provides reliable
mechanistic insight into the chlorination of a series of amides.

2. COMPUTATIONAL METHODS
The quantum chemical calculations were performed using the
Gaussian09 suite of programs.26 All structures were fully
optimized with the B3LYP functional.27,28 The standard split
valence and polarized 6-31G(d) basis set was used for geometry
optimizations and frequency calculations. All energies are
reported at 298.15 K. Thermal corrections to Gibbs free
energies have been calculated at the same level using the rigid
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Published: March 6, 2014
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exists for aliphatic and aromatic amines. The H-donor abilities
of hydrazine derivatives is well demonstrated in isoniazid
(F11, RSE = −110.8 kJ mol−1), the first-line antituberculosis
therapeutic agent. Isoniazid reacts in the active site of a myco-
bacterial catalase enzyme with a wide range of oxidants and
turns into the corresponding isonicotinoyl radical. The open-
shell intermediate forms adducts with NAD+ and NADP+,
which inhibit cell wall lipid and nucleic acid synthesis.33,40

These examples illustrate that the thermodynamics of hydro-
gen-transfer reactions involving nitrogen-centered radicals can
be quantified for a variety of amines, including closed-shell
precursors of biological and pharmaceutical relevance.41

Computational details
DFT calculations are employed for geometry optimizations
and frequency calculations for open-shell systems and closed-
shell systems at the unrestricted UB3LYP/6-31G(d) level and
restricted B3LYP/6-31G(d) level, respectively. All energies are
reported for the structures in gas-phase at 298.15 K where
thermal corrections to enthalpies have been calculated at the
same level of theory using the rigid rotor/harmonic oscillator
model (in kJ mol−1). Improved relative energies were obtained
with the G3(MP2)-RAD method developed by Radom et al. for
open shell systems in combination with the same (unscaled)
thermochemical corrections as before.7 These results were con-
firmed by calculations at the even more accurate G3B3
approach.8 Wavefunction stability is checked at each level of
theory. All the calculations were done using the Gaussian 0942

software package. URCCSD(T) calculations were performed
with either MOLPRO or Gaussian 09, the differences between
the calculated energies being negligible. A suitable manipu-
lation of the initial guess was required to obtain optimized π-
and σ-radical electronic states. In order to obtain the desired
π- or σ- radical state, the “guess = alter” and “scf = symm” key-

words along with definition of the list of orbital exchanges
were used in the input. The π- or σ-nature of a radical was
assigned on the basis of the unpaired spin SCF density
(depicted in ESI† for selected molecules) and spin
distributions (NPA values) calculated at the B3LYP/6-31G(d)
level. The spin SCF densities of molecules were plotted (0.004
electron per bohr3) using the GaussView program.43 Natural
population analysis (NPA) was done using NBO 3.1. program,39

as included in the Gaussian package.
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The stability of nitrogen-centered radicals†

Johnny Hioe,a Davor Šakić,b Valerije Vrček*b and Hendrik Zipse*a

Radical stabilization energies (RSEs) for a wide variety of nitrogen-centered radicals and their protonated

counterparts have been calculated at G3(MP2)-RAD and G3B3 level. The calculated RSE values can be

rationalized through the combined effects of resonance delocalization of the unpaired spin, electron

donation through adjacent alkyl groups or lone pairs, and through inductive electron donation/electron

withdrawal. The influence of ring strain effects as well as the synergistic combination of individual substi-

tuent effects (captodatively stabilized N-radicals) have also been explored. In symmetric N-radicals the

substituents may also affect the relative ordering of electronic states. In most cases the π-type radical

(unpaired spin distribution perpendicular to the plane of the N-radical) is found to be most stable. Closed

shell precursors of biological and pharmaceutical relevance, for which neither experimental nor theore-

tical results on radical stabilities exist, have been included.

Introduction
Nitrogen-centered radicals play an important role in a variety
of reactions, including processes as diverse as the degradation
of proteins and peptides,1 the environmental fate of pharma-
ceuticals,2 and the targeted synthesis of amines and amides.3

Following a strategy also used in carbon-centered radicals the
stability of these species can be defined quantitatively using
hydrogen-transfer reactions with well known reference com-
pounds such as ammonia (NH3, 1H). The reaction energy for
this type of process as defined in eqn (1) is often referred to
as the radical stabilization energy (RSE) of radical •NR′R″
(Scheme 1).

However, in contrast to carbon-centered radicals, the substi-
tuents R′ and R″ present in aminyl radical A interact with both
the unpaired spin and the non-bonding electron pair located
at the nitrogen atom. RSE values obtained from hydrogen
transfer reaction (1) can thus only rarely be understood as the
stabilizing or destabilizing effects of the substituents on the
unpaired spin alone. Moreover, the stability of aminyl radicals
will also depend on the interaction of the lone pair electrons
with the surrounding. These interactions may range from weak
solvation effects in apolar organic solvents all the way to (reac-
tive) complexation with cationic species such as the proton.

This latter case is described in eqn (2), where formal hydrogen
abstraction now occurs from ammonium ions and generates
amine radical cations B as the products. In order to identify
systematic substituent effects for the situations described in
eqn (1) and (2) we have now used a combination of theoreti-
cally calculated and experimentally measured enthalpies to
calculate RSE values for radicals A and B with a selection
of substituents R′ and R″. These include alkyl groups such as
R = CH3 known to act on adjacent radical centers through
inductive electron donation, aryl groups such as R = Ph known
to stabilize radical centers through resonant delocalization
of unpaired spin, and lone-pair donors such as R = OCH3 or
N(CH3)2 interacting with radical centers through electron-
donation. Of particular importance for aminyl radicals are
carbonyl substituents such as R = C(O)CH3, mimicking the
situation in peptide and protein radicals. Finally, when com-
paring theoretically calculated and experimentally measured4

RSE values, it is important to recall that the reaction enthalpy
for reaction (1) is identical to the difference in the N–H bond
dissociation energy (BDE) of the two participating amines NH3

Scheme 1 Hydrogen transfer reaction used to define the stability of
N-radicals (A) and N-radical cations (B).

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c4ob01656d
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Byproducts of the Aqueous Chlorination of Purines and Pyrimidines 

Mlchael S. Young' 
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Peter C. Uden 
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The interaction of aqueous chlorine with purines and 
pyrimidines was investigated, with particular regard to 
the formation of stable byproducts of environmental 
concern. These reaction products were studied by a 
number of gas chromatographic methods employing ECD 
and NPD. All products were confirmed by GC-MS. It 
had been suspected that chlorination of pyrimidines, 
especially cytosine, might produce significant yields of 
haloacetonitriles, but only low yields of these compounds 
were produced in this study. However, numerous organic 
byproducts were produced including cyano compounds, 
haloaldehydes, and haloacetic acids. Of particular interest, 
two of the pyrimidines produced high yields of chlorinated 
aldehydes; trichloroacetaldehyde (chloral) was produced 
in high yield from uracil, and 2,2-dichloropropanal was 
produced in similar yield from thymine. A possible 
reaction pathway is presented for the formation of the 
aldehyde products. 

Introduction 

Although the chlorination of potable water and waste- 
water for disinfection purposes remains a useful and 
generally safe procedure, there is concern regarding the 
formation of potentially hazardous disinfection byproducts 
(DBPs) from the interaction of aqueous chlorinating agents 
with humic or other natural organic matter (NOM) in those 
waters. 

In recent years, there has been a great deal of research 
regarding the interaction of chlorinating agents with 
naturally occurring nitrogenous constituents of aquatic 
humic materials. Much of this work has focused on the 
amino acids. For example, aspartic acid has been shown 
to be a likely precursor for the formation of dihaloaceto- 
nitriles (I), a mutagenic class of compounds identified in 
chlorinated drinking water and wastewater. Other recent 
studies have shown that amino acids produce nitriles, 
aldehydes, and chloroaldimines when chlorinated at  
neutral pH and at  low chlorine to substrate nitrogen ratios 
(2, 3). 

It has recently been reported that the majority of the 
mutagenic activity of chlorinated humic acid resides in 
the fraction extractable with either diethyl ether or ethyl 
acetate (4 )  and that the majority of the mutagenicity 
(primarily the compound known as MX) resides in the 
fraction extractable a t  acidic pH (5).  Interest in these 
compounds and other polar chlorination byproducts has 
led to the development of microscale solvent extraction 
(MSE) methods of analysis, such as EPA Method 551 (for 
neutrals) and Method 552 (for acids) (6).  MSE methods 
are particularly useful for water-soluble volatile com- 
pounds, such as chlorinated aldehydes, which are not 
amenable to analysis by purge and trap techniques. A 
similar procedure for the determination of polar chlori- 
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nated byproducts was used in this study. Among the polar, 
neutral compounds of interest are dichloroacetonitrile and 
trichloroacetaldehyde, substances known to be produced 
from the chlorination of amino acids. Since amino acids 
have been implicated in the formation of nitriles and 
aldehydes in chlorinated drinking water, the decision was 
made to investigate the reaction of chlorine with other 
important nitrogenous constituents of humic material. 
Among these compounds are the purines and pyrimidines. 
These compounds are known constituents of wastewater 
and have also been identified as constituents of typical 
surface waters (7). 

In the research discussed in this paper, the interaction 
of aqueous chlorine with purines and pyrimidines was 
investigated, with particular regard to the formation of 
stable byproducts of environmental concern. These 
reaction products were studied by a number of gas 
chromatographic (GC) methods employing the electron 
capture and nitrogen/phosphorus detectors (ECD and 
NPD), and major products were confirmed by gas chro- 
matography with electron impact mass spectral detection 
(GC-MS). Although it was suspected that pyrimidines, 
especially cytosine, might produce significant yields of 
halogenated nitriles, this was not observed in this study. 
However, numerous organic substances were produced that 
may have public health implications. 

Experimental Section 

Reagents. Purines and pyrimidines were obtained from 
Sigma Chemical Co. (St. Louis, MO). [4,5-13C21Uracil was 
obtained from Cambridge Isotope Laboratories (Andover, 
MA). Anhydrous diethyl ether for use in liquid extractions 
(Fisher Scientific; Springfield, NJ) was distilled prior to 
use. HPLC-grade n-hexane (Fisher) was used without 
further purification. Boron trifluoride in pesticide-grade 
methanol was obtained from Supelco Inc. (Bellafonte, PA). 
l-Methyl-3-nitro-l-nitrosoguanidine and micromolar dia- 
zomethane apparatus were obtained from Aldrich Chemi- 
cal Co. (St. Louis, MO). All other reagents were from J. 
T. Baker (Phillipsburg, NJ) and were ACS grade. 

Equipment and Instrumentation. Gas chromato- 
graphic analyses for this study were performed on a 
Hewlett-Packard 5794 (Hewlett-Packard Co.; Avondale, 
PA) equipped with ECD, FID, and NPD. The capillary 
columns were HP-1 stationary phase, 25 m long by 0.2 
mm i.d. with 0.25-pm film thickness (Hewlett-Packard). 
Reaction products were verified by GC-MS. One of the 
systems was a Hewlett-Packard 5985 quadrupole mass 
spectrometer interfaced to an HP-5840A gas chromato- 
graph. The other system was an HP-5890 Series I1 gas 
chromatograph equipped with a Model 5791A mass 
selective detector. Capillary columns for GC-MS analysis 
were 30 m long by 0.25 mm i.d. DB-5 with 0.25-pm film 
thickness (J&W Scientific; Folsom, CA). 

Environ. Sci. Technol., Vol. 28, No. 9, 1994 1755 



HN

N
H

O

O

Cl
HN

N
H

O

O

Cl
Cl

OH

HOCl HOCl HN

N

O

O

Cl
Cl

OH
Cl

hydrolysisH+

HN

N

O

O
Cl

OH

OH

Cl
Cl

H

HOCl
Cl

Cl Cl

OH

OH

HN

N

O

O
Cl

OH

H

Chloral Hydrate





with experimental findings that chlorination of 5-FU results in only
one product, and fits to the measured NMR 19Fe1H coupling data
(see above) which indicate trans-stereochemistry of the chlorohy-
drin formed.

3.2. The chlorination of trans-chlorohydrin 3a

In basic aqueous medium (pH¼ 10e11) the chlorohydrin 3a is
easily converted to glycol 8 (Scheme 2). Upon addition of NaOH to
aqueous solution of 3a, only one signal (at "122.03 ppm) was
observed in the 19F NMR spectra, while the corresponding 1H and
13C NMR data (Fig S8) were consistent with the structure of the
glycol 8 (Scheme 2). The glycol 8 is, however, out of the scope of the
present study and has not been tested for its ecotoxicity.

In neutral or slightly acidic medium, the chlorohydrin 3a un-
dergoes N-chlorination induced by HOCl, which may result in
either N1- or N3-chlorinated product (6 and 7 in Scheme 2). In the
19F NMR spectrum of the reaction mixture (Fig. 2) a new signal
appeared at "135.25 ppm, which suggested the formation of one
product only (the same reaction occurs and the same product was
detected when the parent 5-FU is subjected to a prolonged chlo-
rination reaction time). In order to isolate and identify the unstable
N-chlorinated intermediate, the reaction mixture was sampled and
treated by chloroform. In this solvent the chlorohydrin 3a is
insoluble, but the N-chlorinated product is slightly soluble. In the
1H NMR of the extracted N-chlorinated product only one NH signal
is observed at 8.10 ppmwhich corresponds to imide N3-proton (Fig

S9). In addition, a new doublet (3JF,H¼ 2.0 Hz) appears in the
spectrum at 5.36 ppm. Contrary to the chlorohydrin 3a, no coupling
between C6eH and N1eHprotonswas observedwhen HCl is added
to aqueous solution (see above). All this indicates that N1-position
is chlorinated, i.e. that the reaction between HOCl and chlorohydrin
3a results in chloroamide 6 (Scheme 2).

The regioselective chlorination of amide N1-position (vs. imide
N3-position) can be rationalized by computational results. Both N1-
and N3-anionic forms of chlorohydrin 3a have been considered as a
reactive species in the reaction with HOCl. The corresponding en-
ergy barriers for the addition of Clþ ion to N1- and N3-position are
very similar (i.e. the corresponding transition states 2TSN1 and
2TSN3 are close in energy, Scheme 2 and Fig S5), and therefore the
kinetic control cannot be accounted for the observed regiose-
lectivity. However, the product of N1-chlorination (5N1) was
calculated more stable (DG298¼ 29.3 kJ/mol) than the correspond-
ing product of N3-chlorination (5N3), which strongly suggested that
regioselectivity of N-chlorination in chlorohydrin 3a was thermo-
dynamically driven.

In aqueous medium the chloroamide intermediate 6 may be
converted to the final product 11 (Scheme 3). It was demonstrated
earlier that N-chlorination of the chlorohydrin intermediate pro-
moted the pyrimidine ring opening in the uracil system (Young and
Uden, 1994). It was also shown that water was essential for that
reaction to occur.

The chlorination of N1-position induced an intramolecular
proton transfer in 6. The C6eOH proton is shifted to the N1eCl

Scheme 1. The reaction mechanism for chlorination of 5-fluorouracil anions N1 and N3. Relative Gibbs free energies (DG298 in kJ/mol, in parentheses) calculated at the B2K-PLYP/6-
311 þ G(3df, 2p)//B3LYP/6-31 þ G(d) level are given in italics (N1 is set to zero for the anionic pathway) and in underlined format (2 is set to zero for the neutral pathway). For
clarity, the two explicit water molecules included in calculations are not presented.

Scheme 2. The reaction mechanism for chlorination of the chlorohydrin 3a. Relative Gibbs free energies (DG298 in kJ/mol, in parentheses) calculated at the B2K-PLYP/6-311 þ G(3df,
2p)//B3LYP/6-31 þ G(d) level are given in italics (4N3 is set to zero for anionic pathway only). For clarity, the two explicit water molecules included in calculations are not presented.
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group, which makes N1eC6 bond very labile and prone to the
cleavage process 6/ 9. The amide bond in the short-lived inter-
mediate 9 is hydrolyzed resulting in the elimination of the chlori-
nated urea. In this process the aldehyde 10 is produced, which is
easily converted to the final product 11. None of the two in-
termediates, 9 and 10, were detected by 1H or 19F NMR during the
course of the reaction.

These two reaction steps, 6/ 9 and 9/10, were investigated
by means of DFT calculations which support the mechanism pro-
posed in Scheme 3. The first transition state TS9 corresponds to the
structure in which the intramolecular proton transfer occurs
concurrently with the pyrimidine ring opening (Fig S6). The
calculated barrier for this process amounts to 126.3 kJ/mol. It is
interesting to note that the calculated energy barrier for the anal-
ogous proton transfer (C6eO to N1) in the chlorohydrin 3a is much
higher (DGz¼ 149.1 kJ/mol). Therefore, the chlorohydrin interme-
diate 3a is resistant to the ring opening process, unless the N1-
position is chlorinated. The second transition state TS10, which
represents the rate determining step, corresponds to the hydrolysis
of the amide (see Fig S7 for details). This is a two-step consecutive
process which follows the general mechanism for amide hydrolysis
reported earlier (Pliego, 2004; Bachrach and Dzierlenga, 2011). The
calculated energy barrier for the hydrolysis step is somewhat high,
but is lowered significantly when acid or base catalysis is included.

Due to simplicity, only the neutral pathway was considered in the
calculations (Scheme 3).

In short, the chlorohydrin product 3a can be converted to hy-
drate 11, only after the chlorination at the N1-position. This is
exactly what was recorded by our NMR experiment, in which all
three species 3a, 6, and 11 were observed simultaneously (Fig. 2).
This reveals that the reaction channel 3a / 6/11 is indeed
operative.

The similar reaction sequence was established in case of uracil
chlorination, in which the trichloroacetaldehyde (Cl3CCHO), or
chloral hydrate (Cl3CC(OH)2), was detected as the final product
(Young and Uden, 1994). Chloral hydrate is structurally and elec-
tronically related to hydrate 11, which exists in equilibriumwith its
aldehyde form 10 (Scheme 3). In general, aldehydes are more stable
than the hydrate counterparts, but electron-withdrawing groups
may shift the equilibrium toward the latters (Smith, 2013). In case
of the trichloroacetaldehyde, the three chlorine atoms withdraw
electron density from the partially positive carbon atom, which
destabilizes the carbonyl bond, whereas the aldehyde 10 is desta-
bilized by the similar electron-withdrawing effect of carboxyl
group, fluorine and chlorine atoms. Therefore, in both cases hy-
drates are predominate forms in the corresponding equilibria. For
that reason the ecotoxicity properties of the two hydrates were
compared in Daphnia magna immobilization assays (see below).

Fig. 2. 19F NMR (376MHz) spectra of the reaction mixture aliquots (3a þ HOCl in water) taken at several time points. Chlorohydrin 3a concentration 0.05moL/L, HOCl concentration
0.1moL/L, pH¼ 6.7 (phosphate buffer, 0.1moL/L). The stack-plot of spectra (with an offset included) were recorded over 40min; arrows point how signals change with time. All
spectra were measured at 25 #C (a D2O filled capillary used).

Scheme 3. The reaction mechanism for the intramolecular proton transfer and ring opening in 6 (set to zero), and subsequent hydrolysis of 9 resulting in the final product 11 (exists
in equilibrium with the aldehyde form 10).
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Slika 6. NMR spektrometar Varian INOVA 4000 
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a b s t r a c t

What happens to drugs in the chlorinating environment? Degradation products may vary in pharma-
cological profiles and in ecotoxicity potentials compared to the parent compound. This study combines
synthesis, NMR spectroscopy, quantum chemical calculations, and toxicity experiments on Daphnia
magna to investigate chemical fate of antineoplastic drug 5-fluorouracil (5-FU) in chlorinated environ-
ment, which is common in waste-water treatment procedures, but also endogenous in activated neu-
trophils. A reduction of toxicity (EC50 after 48 h is 50% higher than for the parent 5-FU) was observed
after the first chlorination step, in which a chlorohydrin 5-chloro-5-fluoro-6-hydroxy-5,6-dihydrouracil
was formed. Further chlorination leads to N-chlorinated intermediate, that undergoes the pyrimidine
ring opening reaction. The final product, 2-chloro-2-fluoro-3,3-dihydroxypropanoic acid was obtained
after the loss of the chlorinated urea fragment. This is the most potent compound in the reaction
sequence, with toxicity parameter EC50, after 48 h, more than twice lower compared to the parent 5-FU.
Clearly, the contact time between chlorinating species and degradation products provide different
ecotoxicological properties of reaction mixtures. Interplay between experimental and theoretical pro-
cedures, to properly describe reaction pathways and provide more information on toxicity profiles, is a
way forward in environmental science research.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

5-Fluorouracil (5-FU) is a pyrimidine antimetabolite introduced
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At 1000 mg/L

Survival 100%

EC50 = 80.0 mg/L (24h)

At 100 mg/L

Survival 95%
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