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identified and monitored by 'H NMR spectroscopy. It was established that these reactions are fully analogous and
proceed according to distinct mechanisms under alkaline and neutral conditions. At high pH, the formation and
subsequent rate determining decomposition of N-monochloroamino acid control the process. The decomposition
occurs via competing pH-independent and OH™ -assisted reaction paths and the sequence of chlorination,
dichlorination and decarboxylation steps leads to the formation of N-chloroimines and their carbanionic forms,
which are in fast acid - base equilibria. The dechlorination of the carbanions yields nitriles as the main products.
The hydration of the N-chloro imines produces chloramine and aldehydes which are involved in further
oxidation reactions with HOCl. The formation of chloroform and chloroacetaldehyde was confirmed in each
system. At pH 7.0, the N-chloro derivatives of BCAAs form immediately and are converted into the corresponding
N,N-dichloro species within a few seconds after mixing the reactants. In this reaction, the reactive form of the
oxidant is Cl0. The first-order decomposition of the dichloroamino acids occurs on stopped-flow timescale (k =
0.5 - 0.7 s 1) and yields N-chloroimines which slowly decompose with a characteristic first-order rate constant
on the order of a few times 10~° s~1. The main products are the corresponding nitriles that account for about
80% and 60% of the original amounts of amino acids under neutral and alkaline (cog = 5.00 x 1072 M) con-
ditions, respectively. Aldehydes, carboxylic acids, chloroform and NCl3 were also identified as by-products. The
results unequivocally confirm that harmful chlorinated species may form from amino acids long after the
chlorination step in water treatment technologies that deteriorates the quality of the finished water.

Environmental implication: In source waters, amino acids account for about 75% of the total dissolved nitrogen.
Therefore, it is an essential issue how the reactions of these compounds with hypochlorite ion can be controlled
to avoid the formation of toxic compounds. The compounds formed from BCAAs are considered to be harmful
both under alkaline and neutral conditions (chloroacetaldehyde, chloroform, nitriles). However, some of the
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intermediates have extended lifetime in these systems and they may also react with other components of raw
water during water treatment processes.

1. Introduction

Chlorine is widely used in the treatment and disinfection of drinking,
waste, ballast and swimming pool waters [1-5]. The prevalence of this
agent is due to its cost-effectiveness and high efficiency in microbial
disinfection and inactivation of pathogens. During the chlorination
process, chlorine gas is introduced into the treated water, where it
rapidly converts into hypochlorous acid [6]. Alternatively, the use of
sodium hypochlorite or hypochlorous acid solutions is also feasible.
HOCI, ClO7, Cl and Cl,0 are always present in equilibria controlled by
the pH and collectively referred to as hypochlorous acid (HOCI) in this
study. Distinction between these forms is made only when required for
the clarity of presentation. Typically, the active forms of the disinfectant
are HOCI or Cl;0, and the latter exists at low concentration in aqueous
solution [7-9].

Free active chlorine species are very reactive in water. These com-
pounds kill microorganisms, but also react with natural organic matter
(NOM) and produce disinfection by-products (DBPs). Chlorinated DBPs
mainly consist of trihalomethanes (THMs), halonitromethanes (HNMs),
haloacetic acids (HAAs), haloacetonitriles (HANs), haloketones (HKs)
etc., which have detrimental effects on human health [10,11]. Although
the concentrations of nitrogen-containing DBPs (N-DBPs: HANs, HNMs
etc.) are generally lower than those of carbonaceous DBPs (C-DBPs:
THM, HAAs etc.), N-DBPs have received more attention in recent years
due to their higher genotoxicity and cytotoxicity [12-14]. These com-
pounds are classified as carcinogenic because they may induce severe
protein-DNA damage, inhibit DNA self-healing and affect the life cycle
of cells [15-17]. The main precursors of N-DBPs are ammonia and
various dissolved organic nitrogen compounds (DON), such as amino
acids, proteins, urea, pharmaceutical and personal care products
(PPCPs) [18-20]. Some of the chlorinated species have a low odor and
taste perception threshold and thus contribute to the decline of water
quality [1,21,22]. This is a primary concern because the aesthetic
properties predominantly determine the judgment of the consumer on
water quality [23].

N-monochloroamino acids form in very fast pH dependent reactions
when hypochlorous acid reacts with excess amino acids [24-26]. Such
conditions are relevant mainly in biological systems [27]. In recent
studies, we have shown that these compounds undergo spontaneous
decomposition within a few hours at most [26,28-30]. In water treat-
ment technologies, HOCI is typically in excess over the amino acids.
While N-monochloroamino acids also form, subsequently they are
oxidized fully or in part to further products depending on the actual
conditions. Again, the duration of these processes is a few hours [31].
Since the distribution of drinking water via the water network system
occurs on a considerably longer time scale, the consumers are more
likely exposed to the decomposition and oxidation products of chlora-
mines than to the primary chlorinated species. The possibility for
long-term post-chlorination reactions is also feasible in the treatment of
other types of water. Accordingly, meticulous kinetic and mechanistic
studies are required to explore the transformation of N-chlorinated
species and to identify the final products formed in these reactions.
Recently, we have shown that the decomposition of N-mono-
chloroamino acids is a multi-step process which includes the formation
and further reactions of reactive intermediates. It was confirmed that the
variation of the pH has profound effect on the decomposition kinetics,
and the presence of alkyl substituents on the a-carbon atom significantly
alters the mechanism [26,28-30]. The chlorination of glycine and
a-alanine in HOCI excess features even larger diversity both in terms of
kinetics and mechanism [32]. In both systems, the observations have
been interpreted by the combination of two limiting mechanisms

established under neutral and alkaline conditions where the active
chlorinating agent is ClO and HOCI, respectively. While the N,
N-dichloroamino acids are key reactive intermediates at pH ~ 7, they do
not form in alkaline solution where the decomposition of the N-mono-
chloro species controls the overall process. The chlorination of the two
simplest amino acids shows different features due to the presence of the
a-methyl group in a-alanine.

Scully et al. have studied the reactions between various amino acids
and HOCI and identified aldehydes, nitriles and N-chloroaldimines as
DBPs at different Cl / N molar ratios in the pH 7.0 — 11.0 range. In these
papers, general reaction schemes were proposed without studying the
kinetics of the corresponding reactions in detail [33-36]. Recently, the
chlorination of valine and leucine have been reported at 2.8 and 2.4 Cl /
N molar ratios and limiting the pH to 7.5 and 7.0, respectively [31,37].
The proposed mechanisms postulate that HOCI is the reactive form of
the chlorinating agent; the rate constants of the reaction between HOCI
and the amino acids is on the order of 10* M~1s™%; the decomposition of
the N-monochloroamino acids directly contributes to the formation of
reactive intermediates under the applied conditions; and the half-life of
the N,N-dichlorovaline and N,N-dichloroleucine is 23 and 13 min. These
findings are in contrast to the results and expectations based on the
relevant literature. Most importantly, they imply that the chlorination of
the essential branched chain amino acids (BCAAs) proceeds via a
significantly different mechanism than the chlorination of glycine and
wa-alanine [32].

In this study, we provide a detailed account on the chlorination of
BCAAs. It is an intriguing issue whether the bulky alkyl substituents in
a-position can significantly alter the chlorination kinetics and induce a
mechanistic changeover in the formation of N,N-dichloroamino acids. In
this context, it is worthwhile to mention the most significant difference
between the decomposition of N-monochloro-a-alanine and that of N-
chloro BCAAs. The decomposition of the former compound proceeds via
different reaction paths and yields different products under neutral and
alkaline conditions [29]. In contrast, N-chloro BCAAs also decompose in
a pH dependent manner, but the same final products are formed
regardless of the pH [30]. We wish to explore if the same feature man-
ifests itself in the oxidation of BCAAs by excess HOCI.

2. Experimental
2.1. Chemicals

All reagents were of the highest available analytical grade quality
and used without further purification. The following chemicals were
purchased from different distributors as indicated in parenthesis:
leucine, isoleucine, valine, isobutyronitrile, isovaleronitrile, 2-methyl-
butyronitrile, isobutyraldehyde, isovaleraldehyde, 2-methylbutyralde-
hyde, chloroacetaldehyde, potassium iodide (Sigma-Aldrich);
chloroform (VWR). Chloride ion free sodium hypochlorite solutions
were prepared, standardized, and stored as described earlier [38,39]. In
general, the pH was adjusted by using perchloric acid and sodium hy-
droxide solutions. NapHPO4, NaH,PO4 (Sigma-Aldrich) were used as
buffers in the pH 6.0 — 8.0 region. Except for the NMR measurements,
1.0 M ionic strength was always set with NaClO4 solution. This com-
pound was prepared from HClO4 (Sigma-Aldrich) and anhydrous so-
dium carbonate (Reanal) as described earlier [40]. The samples were
prepared in doubly deionized and ultrafiltered water obtained from a
Purelab Classic (ELGA) water purification system.
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2.2. Methods

Spectrophotometric studies were performed with Hewlett-Packard
8543 and Agilent Technologies Cary 8454 diode array spectrophotom-
eters. The possibility of photochemical interference caused by the
spectrophotometer was excluded by using different illumination pro-
tocols in repeated kinetic runs [41]. The temperature of the cell was
controlled by a built-in thermoelectric Peltier device in the instrument.
Cuvettes with different light pathlengths were used as required by the
absorbance of the reaction mixtures. In all cases, 1.0 M NaClO4 was the
reference at the corresponding pH which was adjusted by administering
NaOH or buffers.

Rapid reactions were monitored with an Applied Photophysics
SX18MV stopped-flow instrument using a photomultiplier tube (PMT)
attached as the detector. The kinetic traces were collected using 10.0
mm or 2.00 mm optical pathlengths and were obtained as an average of
at least 3 repetitive runs. The deadtime of the stopped-flow instrument —
tq = 1.51 ms — was determined by monitoring the reduction of 2,6-
dichlorophenol-indophenol (DCPIP) with excess ascorbic acid under
pseudo-first order conditions [42].

pH measurement and titrations were performed with a Metrohm 888
Titrando automatic titrator using a Metrohm 6.0262.100 combination
glass electrode. The same instrument was used for measuring the pH in
the neutral - slightly alkaline region and the readout of the pH meter
was converted into pH = — log[H'] [43]. Iodometric titrations were
made by using a Metrohm 6.0451.100 combination platinum electrode.

NMR spectra were recorded on a Bruker DRX-400 MHz spectrometer.
The unit is equipped with a VT-1000 temperature controller and a 5 mm
z grad BBl head. The measurements were carried out in aqueous solution
and the signal of water protons (4.8 ppm) was suppressed using a
watergate pulse sequence (12.6 dB). This is not an entirely selective
method, and the integrals of the signals around the watermark are
usually not proportional to the number of protons in the corresponding
chemical environment. During the measurements, a capillary containing
DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) solution was placed in
the NMR tube and used as an external standard to determine the
chemical shift of '"H NMR signals. Spectra were recorded applying 32
scans with an acquisition time of 1.366 s and a 90° pulse. In the time
resolved NMR experiments, the instrument was shimmed with the re-
action mixture and the first spectra could be recorded about 180 s after
initiating the reaction.

The experimental results were evaluated using MestReNova and
WinNMR programs. The data from spectrophotometric experiments
were evaluated using OriginPro 9.1 and Microsoft Excel. OriginPro 9.1
was also used to fit the kinetic curves [44].

3. Results and discussion
3.1. Alkaline conditions

To obtain reliable results with the kinetic methods applied here, the
concentration of amino acids typically was 5.00 x 10~ M in the ex-
periments. While amino acids are present at lower concentration levels
in source waters, certain waste waters may contain considerably higher
amounts of these compounds. The validity of the results under drinking
water treatment conditions was confirmed in dedicated experiments
(vide infra).

The oxidation of BCAAs by excess hypochlorous acid shows com-
posite kinetic features. Upon mixing the reactants under alkaline con-
ditions (cog = 5.00 x 1072 M), rapid initial increase and subsequent
relatively slow decay of the absorbance was observed. It is reasonable to
assume that these changes correspond to the formation and further
oxidation of N- monochloro-BCAAs, respectively. The first step can
conveniently be studied at the absorbance maximum of these species
(Amax ~ 255 nm) [30]. Analogous spectral changes were obtained with
the three amino acids and the general features are demonstrated by
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showing results only for the oxidation of leucine. The corresponding
figures for the other two systems are provided as Supplementary Ma-
terial. As shown in Fig. 1 and Fig. S1, the formation of the N-mono-
chloro-BCAAs (N-chloroleucine: MCL, N-chloroisoleucine: MCI and
N-chlorovaline: MCV) follows simple first-order kinetics in the excess of
HOCI and the kinetic traces were fitted to Eq. (1).

A=Aje ™ + A, @

where kops is the pseudo-first-order rate constant; A, Ag and A, are the
actual, the initial and the final absorbance, respectively.

The plots of the pseudo-first-order rate constants (kops) as a function
of HOCI concentration (Fig. 2) are in excellent agreement with our
earlier results at amino acid excess [25]. This confirms that the reaction
is an overall second-order process (Eq. (2)) and side-reactions do not
occur with HOCI on this time scale.

dlemcl/dt = kf choct caa 2)

MC: N-chloro amino acid; AA: amino acid.

The calculated second-order rate constants, ks = 400 &= 8, 393 &+ 7,
and 361 + 13 M ! s7}, are in excellent agreement with previously re-
ported results for the formation of MCL, MCI, and MCV at amino acid
excess under the same conditions (coy = 0.05 M): 414, 392 and 377 M~}
s1, respectively [25]. These results and the 'H NMR spectra (Fig. 5 and
Fig. S5) confirm the formation of monochlorinated derivatives in the fast
initial phase of the reaction.

At longer reaction times, the absorbance monotonously decreases at
the absorption maximum of OCl™ (Anax = 292 nm) in each system (Fig. 3
and Fig. S2).

The concentration of the unreacted HOCI was determined from the
absorbance of the spent reaction mixture and plotted against the initial
HOCI concentration (Fig. 4). According to these plots, 1 mol leucine,
isoleucine and valine reacts with 4.0, 5.1 and 4.8 moles of hypochlorous
acid, respectively.

In the 290-320 nm wavelength range, the absorbance decay can be
fitted to a simple first-order rate expression (Fig. S3). The first-order rate
constants, k4, are independent of the HOCI concentration (Fig. S4). This
strongly suggests that the N-monochloro amino acids do not react
directly with HOCL. Instead, they undergo spontaneous rate determining
decomposition into intermediates which react with hypochlorous acid in
subsequent reaction steps.

Time resolved 'H NMR spectra are shown in Fig. 5 and Fig. S5. In

0.9

0.6,

A250 nm

034

0.0+ T T T
0.0 1.0 20

t(s)

Fig. 1. Typical experimental (markers) and fitted (continuous lines) kinetic
traces for the formation of N-chloroleucine (MCL) at excess HOCI under alkaline
conditions. The traces were fitted to Eq. (1). cfey = 5.00 x 107 M, cloci = o
350x10° M, @ 500x10°° M, @ 750 x 107> M, @ 1.00 x 1072 M, @
125%x102 M, @ 1.50x102 M, cog = 500x102 M, I =1.0M
(NaClOy), T = 25.0 °C.
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Fig. 2. The dependence of kops on the initial concentration of HOCI under
alkaline conditions for the formation of MCL (black), MCI (red) and MCV
(blue). The experimental data (marker) were fitted to a linear equation (solid
line). ¢ =500x10* M, cog = 500x102 M, I =10M
(NaClOy), T = 25.0 °C.

0 T T T T T T -
240 280 320 360
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Fig. 3. Time resolved spectral changes recorded during the chlorination of

leucine by excess HOCI under alkaline conditions. y =5.00 x 1074 M, cdoa

=250x%x 102 M, coy = 5.00 x 1072 M, I =1.0 M (NaClO,), T = 25.0 °C,
t = 160,00 s, At = 63 s. The spectra are normalized to 1.00 cm light pass.

each case, the peaks of the first spectra (at ~ 180 s) are assigned to
monochloroamino acids (MCL, MCI, MCV) in accordance with our pre-
vious results [30]. As expected on the basis of the above considerations,
N,N-dichloro derivatives could not be identified in these spectra. Ulti-
mately, the N-chloroamino acids are converted into the final products,
which include isovaleronitrile (iVCN from leucine), 2-methylbutyroni-
trile (mbCN from isoleucine) and isobutyronitrile (iBCN from valine).
The formation of these species was confirmed by comparing the spectra
of the pure compounds and the spent reaction mixtures as shown in
Fig. 6. In each system, the formation of chloroform (CHCl3 7.66 ppm)
and chloroacetaldehyde (Cl-aca, 8.43 ppm) was also observed. These
chlorination reactions were complete in several hours.

A close inspection of the spectra at the initial part of the reaction also
reveals the formation of the corresponding chlorimines and aldehydes
(leucine: isovaleraldehyde, ival; isoleucine: 2-methylbutyraldehyde, 2-
mb-al; valine: isobutyraldehyde, ibal) as intermediates (Fig. S6). The B3
NMR signals of these compounds are weak and disappear by the end of
the reaction, but the characteristic peaks can clearly be identified.

It was confirmed in separate experiments that Cl-aca and CHCl3 also
form when the aldehydes are oxidized by excess HOCI (Fig. S7). This
implies that the chlorination of the BCAAs always includes the oxidation

Journal of Hazardous Materials 470 (2024) 134145

of the covalent C — C bond between carbon atoms 2 and 3 of the alde-
hydes which are present as intermediates.

The intensity of the characteristic 'H NMR peaks of the N-chloro
BCAAs and the corresponding nitriles as a function of time can be fitted
to a single exponential expression (Fig. 7 and Fig. S8). The NMR data for
the two other products show similar time profiles but quantitative
evaluation of the kinetic traces is not feasible because of the low in-
tensity of the peaks. The calculated rate constants are in reasonable
agreement with each other, and the results obtained from the spectro-
photometric experiments considering that the ionic strength was not set
in the NMR experiments (Table 1). According to our previous study, the
decomposition of N-chloro BCAAs proceed parallel via pH-independent
and OH™ -assisted paths and kqy = k + kog[OH™] [30]. The rate con-
stants obtained here and reported earlier at 0.05 M [OH ] are also in
excellent agreement.

The experimental results confirm that the chlorination of the three
BCAAs by excess HOCI proceeds via fully analogous processes. The
common kinetic model shown in Scheme 1 provides a plausible detailed
interpretation of all observations. First, the N-monochloroamino acids
form in relatively fast reaction steps. The decay of these species and the
formation of the nitriles occur at the same rate, and the accumulation of
intermediates in significant concentrations could not be detected in
these systems. This implies that the rate determining decomposition of
the N-chloro BCAAs controls the overall process. Via the pH independent
path, their dechlorination and subsequent decarboxylation lead to the
formation of imines that are the precursors of the corresponding N-
chloro imines. The OH™ dependence of the decomposition is consistent
with the formation of carbanions in an equilibrium step. These species
lose chloride ion and convert into imino acids, which are N-chlorinated
and undergo decarboxylation. This reaction sequence leads to the for-
mation of the carbanionic form of the N-chloro imines produced via the
other reaction path and these species are involved in fast acid-base
equilibria. The transfer of the electron from the negatively charged
carbon atom to chlorine atom within the carbanions leads to the de-
parture of Cl™ and the formation of nitriles. The hydration of the N-
chloro imines produces aldehydes that are converted into the final
products in further chlorination steps by HOCI. Semiquantitative eval-
uation of the 'H NMR spectra reveals that the estimated concentrations
of nitriles, chloroacetaldehyde and chloroform correspond to about
60%, 16% and 9% of the original amounts of amino acids, respectively.
While analogous products are formed in the three systems, the alkyl
substituents affect differently the rates of the individual reaction steps
and the actual product distributions. This is the reason why these amino
acids consume somewhat different amounts of HOCI by the end of the
reactions (cf. Fig. 4).

The mechanism postulates the direct chlorination of imines. The
feasibility of this reaction was tested as follows. First, isobutyraldehyde
and NHj were mixed in equimolar concentration ratio at pH ~ 5.0. After
10 min, this solution was reacted with fivefold excess of alkaline HOCI
solution (cog = 5.00 x 1072 M). 4 NMR spectra confirmed the for-
mation of the corresponding N-chloroimine in a few minutes (Fig. S9).

While N-chloro acetamide is one of the final products in the chlori-
nation of o-alanine under alkaline conditions[32], analogous com-
pounds were not detected in the systems studied here. In all these
reactions, an imine is formed as a reactive intermediate via the pH in-
dependent path. In the case of a-alanine, the hydration of ethaneimine
yields 1-aminoethanol which undergoes chlorination to produce
N-chloro-1-aminoethanol. Subsequent hydrolytic, dechlorination, hy-
dration and chlorination steps lead to the formation of N-chloro acet-
amide. Most likely, the bulky alkyl groups of BCAAs inhibit the
hydration of the corresponding imines and the chlorination of these
intermediates becomes the dominant reaction path. Noteworthy that the
OH ™ -assisted chlorination of a-alanine and BCAAs proceeds via the same
reaction paths.
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Fig. 4. The concentration of the unreacted hypochlorous acid at the end of the reaction as a function of the initial hypochlorous acid concentration under alkaline
conditions: MCL (black), MCI (red) and MCV (blue). c2, = 5.00 x 10™* M, coy = 5.00 x 1072 M, I = 1.0 M (NaClO,), T = 25.0 °C.

mbCN, mbeN,

Cl-aca iVCN, iVCN, £ sl STD

h " A 4 13500
L - A L& 5100
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2-methyl-
butyronitrile
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_A‘ SID ‘A_}L‘ 1 80 : : : : : . : I reaction
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88 80 300 225 150 075 s (o)
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Fig. 6. The 'H NMR spectra of a 1:5 reaction mixture of isoleucine and hy-
Fig. 5. Time resolved 'H NMR spectra during the reaction of MCL with excess pochlorous acid and the "H NMR spectra of 2-methylbutyronitrile under alka-

. . - 2 _ -2 _
hypochlorous acid under alkaline conditions. c, =1.00x 1072 M, cPoa line conditions. c“‘i“z - 1'90 x 107" M, c’j‘z)m =5.00 x 107" M, t = 86,400,
=5.00 x 107> M, cop = 5.00 x 107> M, T = 25.0 °C. cmben = 5.00 X 1077 M, co = 5.00 > 1077 M, T'=25.0°C.

3.2. Neutral conditions

5] iVCN

Under neutral conditions, the analysis of the unreacted HOCI at the
end of the reaction revealed that HOCI oxidizes leucine, isoleucine and
valine according to 4.1: 1, 4.6: 1 and 4.2: 1 stoichiometry, respectively
(Fig. S10). The fast initial phase of the reactions was studied by the
stopped-flow method (Fig. 8 and Fig. S11). The kinetic traces exhibit
composite patterns and feature an absorbance jump within the deadtime
of the instrument. In accordance with our earlier results, this very fast
step is due to the formation of mono-N-chloroamino acids [25]. The
subsequent absorbance change corresponds to two partially overlapping ¢ MCV
first-order processes which complete in a few seconds. The kinetic
curves recorded at 240 nm were fitted to Eq. (3).

Intensity (arb. u.)

T T
0 30000 60000 90000

t(s)

Fig. 7. The intensity of the characteristic 'H NMR peaks of MCL (e 1.42 ppm)
and iVCN (@ 1.00 ppm) as a function of time. &y =1.00 x 1072 M, Yoa
=5.00 x 1072 M, cog = 5.00 x 1072 M, T = 25.0 °C.

A = A e kot +Aze’knh.~2t +Aq 3

These observations are consistent with the rapid chlorination of
monochloroamino acids to N,N-dichloroamino acids (dichloroleucine:
DCL, dichloroisoleucine: DCI and dichlorovaline: DCV, kops1), and the
transformation of the latter species into a relatively stable intermediate
(kobs2) which slowly converts into the final products (vide infra).
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Table 1
The first-order rate constants estimated on the basis of time resolved UV-Vis and
TH NMR experiments and reported earlier[30] for the decomposition of N-chloro
BCAAs.

N-chloro kda, UV-Vis kda, NMR kda, nitrile kda % 10*

BCAA x 10* x 10* x 10* s
™ ™ s [30]

MCL 2.65 + 0.01 32405 45+0.2 4.69

MCI 1.62 £ 0.01 2.0+0.4 2.8+0.5 2.47

MCV 1.60 £ 0.01 2.2+0.1 2.0 £0.1 2.18

com = 0.05 M, T = 25.0 °C.

The dependence of the pseudo-first-order rate constants on HOCI
concentration was examined to establish the appropriate rate expres-
sions for the two steps. Since one equivalent HOCI is consumed during
the formation of N-chloro BCAAs, a corrected total concentration of

HOCI was used in this procedure: &% = clocl — c3caa. As shown in

Fig. 9, kops1/cfioc] is a linear function of cffjc; with zero intercept, i.e.,
the formation of the dichloro derivatives is second order in HOCI and
overall a third order reaction. These results imply that dichlorine
monoxide (Cl,0) is the reactive form in the chlorination of N-chloro
BCAAs under neutral condition. Cl20 is in equilibrium with HOCI and
always present at low concentration levels in aqueous solution [9].
While direct detection of this species is not feasible, numerous kinetic
studies have served strong evidence that Cl,O is a more efficient chlo-
rinating agent than HOCI [8,32,45-51]. Our conclusion is corroborated
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by the earlier results.

The second order rate constant (kops2) does not depend on the HOCI
concentration (Fig. S12), so the kinetic model detailed in Eq.s. (4) - (8)
provides adequate interpretation of these observations.

H'][C107]
HOCI=0Cl — +H" K, = H[co7] 4
* [HOCT] “
[CL0]
2HOCI=Cl,0 + H,0 K, = 5)
: 7 M Hocl?
AA + HOCI = MCAA + H;O very fast (6)
MCAA + CI,O = DCAA + HOCI kcppo )
DCAA — Int; ky (8)
Thus.
2 2
kops1 = kcizoK1 (ﬁﬁ) (Cﬁ)gg) and Kops2 = ko.

The kinetic traces were fitted to this model by using a non-linear least
squares algorithm assuming that reactions 4 and 5 are fast preequilibria
and using pK, = 7.40 for HOCI [39]. The estimated parameters together
with relevant results for the chlorination of glycine and a-alanine are
listed in Table 2. The k20 K1 values obtained independently in these
systems are in excellent agreement and the first-order decomposition of
the N,N-dichloro derivatives proceeds at very similar rates.

H,N— CH—COO Rie: |
R C|3H2
k¢ l HOCI CH
OH" (2] H3C/ \CH3
CHN—CH—C00O" === CIHN—C——COO" Kon
H,0
R R Rileu:
k l l ky kon = k1 * Kon TH_CH3
_ . . CH,
cr+ HN*—CH—COO HN=C——COO0" +ClI |
CHs
R R
l -co, l Hocl R |
CH
k. W
HN=—C——R CIN—=C——COO0O" + OH HsC CHs
H
R
HOCIl-OH‘
l- co,
OH- e
CN=C——R === CIN—C—R
H H,0
leo l
0
I N=C—R + CI
HC—R + NH,CI
l Hocl
o)
CHCl; + HC—CH,—Cl + P

Scheme 1. The mechanism of the chlorination of branched-chain amino acids under alkaline conditions.
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0.0 25 5.0
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Fig. 8. Typical experimental (markers) and fitted (continuous lines) kinetic
traces for the formation and decomposition of DCL at excess HOCI in neutral
solution. The traces were fitted to Eq. (3). ey =5.00x 1074 M, fioq = o
8.00x10° M, @ 1.05x102 M, @ 1.30x 10> M, ® 1.55x 102 M, I
=1.0 M (NaClOy4), pH = 6.92, T = 25.0 °C.
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Fig. 9. The dependence of ko1 On the corrected concentration of HOCI under
neutral condition in the leucine (black), isoleucine (red) and valine (blue) —
HOCl system. ¢ =500x10* M, pH =692, I =1.0M
(NaClOy), T = 25.0 °C.

Table 2
The kcj20 K7 and the k; constants for the formation and decomposition of N,N-
chloro BCAAs. T = 25.0 °C.

N,N-dichloro BCAA kaizo K1 x 1075 (M s ka(sH
DCL 1.22 +£0.07 0.70 £ 0.01
DCI 1.10 + 0.04 0.57 £ 0.01
DCV 1.29 +0.07 0.46 £+ 0.01
glycine [32] 1.52 na
wo-alanine [32] 1.19 0.29

The intermediate formed in this phase of the reaction is slowly
converted into the final products over almost a day. The first 'H NMR
spectra recorded after mixing the reactants confirm that the noted in-
termediates are N-chloroimines, i.e., 1-chloroimino-3-methylbutane (1-
Cl-3-mb), 1-chloroimino-2-methylbutane (1-Cl-2-mb) and 1-chloroi-
mino-2-methylpropane (1-Cl-2-mp) formed from leucine, isoleucine
and valine, respectively (Fig. 10 and Fig. S13). The main products in
these reactions are nitriles that account for ~80% of the original
amounts of the amino acids, but the corresponding aldehydes were also
detected as minor components. Time resolved H NMR experiments
confirm that N-chloroimines decompose and the products form at about
the same rates. Fitting the intensities of the selected peaks of N-chlor-
oimines as a function of time to a simple exponential expression yields
the following first-order rate constants (kqp): (6.2 £+ 0.5) 107° s’l, 2.5
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Fig. 10. Time resolved 'H NMR spectra recorded in the chlorination of leucine
under neutral conditions. ¢, = 5.00 x 10°3 M, cJoq = 2.50 x 1072 M, pH
=6.92, T=25.0 °C.

+0.4)107°s7}, (4.2 + 0.6) 10 55! for 1-Cl-3-mb, 1-Cl-2-mb and 1-Cl-
2-mp, respectively (Fig. S14).

The formation of nitriles from the corresponding amino acids re-
quires only two equivalents of HOCl. However, it was established
experimentally that one amino acid consumes more than 4 equivalents
of HOCI (cf. Fig. S10). This stoichiometry implies that higher oxidation
state products and various chlorinated species also form in these sys-
tems. The detection of such compounds was not feasible in the reaction
mixtures. This is not unexpected considering that the 'H NMR peaks of
these species may overlap with the peaks of the main products, may
occur in the water suppressed region of the spectra or form at unde-
tectable low concentration levels. Presumably, the additional products
form via the aldehydes identified in these systems. In the reactions of
isovaleraldehyde, 2-methybutyraldehyde and isobutyraldehyde with
excess HOC], the corresponding carboxylic acids were detected. In the
case of isobutyraldehyde, some of the peaks could be assigned to Cl-aca
and presumably to chloroform. The results strongly suggest that the
same compounds also form during the chlorination of BCAAs.

Chloramine is also expected to form as a reactive byproduct, and it
contributes to the consumption of hypochlorous acid. In excess HOCI,
NH,Cl is converted into NCl3 that decomposes in subsequent reaction
steps. Consequently, trichloramine is formed at low concentration level
as a transient species and cannot be detected above pH 7.0. To corrob-
orate these considerations, the chlorination reaction (isoleucine — HOCI
1:5) was triggered at pH 7.0, and the reaction mixture was made slightly
acidic (pH ~ 6.0) after 240 s incubation time. These conditions stabilize
NCls, and its formation could readily be confirmed by spectrophotom-
etry at its characteristic absorbance band, Aoy = 220 nm (Fig. S15).

In the systematic kinetic and spectroscopic experiments discussed
above, relatively high amino acid concentrations were used to obtain
reliable and meaningful experimental data for the evaluation of the
mechanism. To test the extendability of the results to drinking water
treatment technologies, some of the experiments were performed at
considerably lower concentration levels of amino acids (¢ = 5.00 x 10°
M) that may occur in source waters [31]. In this case, the 'H NMR
spectra were recorded in reaction mixtures aged for 24 h (cgoc) = 2.50 x
10~ * M, pH = 6.94). The sensitivity of the measurements was improved
by using 1000 scans. Besides the corresponding nitriles, the formation of
chloroacetaldehyde was confirmed in each system. In other words, the ¢
bond between carbon atoms 2 and 3 of the aldehyde derivates are prone
for scission upon chlorination. It is noteworthy that the formation of
chloroacetaldehyde was not observed during the chlorination of
a-alanine. It was also confirmed in independent experiments that HOCIL
oxidizes acetaldehyde to acetic acid and chloro derivatives do not form
in this reaction. In accordance with these findings, it is reasonable to
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assume that the bulky alkyl moieties in the aldehydes promote the
chlorination of carbon atom 2 and simultaneous scission of the carbon —
carbon bond.

The 'H NMR spectra lack the characteristic Cl-aca peak at higher
amino acid concentrations. This can be the consequence of the trans-
formation of this species into hemiacetal or further chlorinated species
in subsequent reaction steps which are preferred by increasing the
concentration. The corresponding products are expected to feature 'H
NMR peaks that overlap with the suppressed water signal, thus cannot
be detected.

The mechanism proposed in Scheme 2 is fully consistent with the
experimental results. In the rapid chlorination of the BCAAs, first the N,
N-dichloro derivative is formed, which decomposes quickly. Accord-
ingly, these compounds cannot be detected even in the first NMR spectra
recorded approximately 180 s after mixing the reactants. The decom-
position of the dichloro BCAAs yields N-chlorimines which are detected
in the first spectra and the intensity of their peaks steadily decreases
over the reaction. The dechlorination of these species directly produces
the nitrile derivatives. N-chlorimines are also involved in hydration
equilibria that lead to the formation of aldehydes and chloramine. It was
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confirmed in dedicated experiments that such equilibrium steps are
operative in these systems. As demonstrated in the case of isoleucine, the
reaction between 2-methylbutyraldehyde and monochloramine imme-
diately produces N-chlorimine (1-chloro-imino-2-methylbutane)
(Fig. 11). Irreversible reactions of the aldehydes with HOCI produce
further oxidation products, such as carboxylic acids, chlor-
oacetaldehyde, chloroform etc.

The results resolve the noted discrepancies in earlier literature (cf.
Introduction). Thus, similarly to the chlorination of glycine and
a-alanine, Cl,O is the reactive form of the oxidant in the chlorination of
the N-monochloro derivatives of BCAAs at pH 7.0. The corresponding N,
N-dichloro derivatives readily transform into N-chlorimines and their
half-life (a few seconds) is considerably shorter than proposed before.
Finally, in contrast to earlier suggestions, the N-monochloro BCAAs are
not directly involved in the formation of imines or the final products
under neutral conditions.

4. Conclusions

The reactions of valine, leucine and isoleucine with excess HOCI are

H,N— CH—COO" Ry |
R (|3H2
CH
lHOCI WP
CIHN—CH—COO"
R Rileu:
Cl:H—CH3
k K Cl,O
cizo K4 l 2 THZ
Cl,;N— CH—COO" SHy
R
Rval: |
ks l -Co,
CH
He” CHs
CIN=—CH—R
/ \&\
HCI + N=—C—R CIHN—CH—OH
R
|
‘w HC—R + NH,CI
HOCI
(0] (0]
HO-C—R + CHCl; + HC—CH,—CI + P NCl;

Scheme 2. The mechanism of the chlorination of branched-chain amino acids under neutral conditions.
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NH,CI +
2-methyl-
butyr-
,M__,,,/W«N aldehyde
1-Cl-2-mb,
1-Cl-2-mb,
1-Cl-2-mbyg
1-Cl-2-mb,  1-Cl-2-mby
_,NVK__._,JI‘M\.. iLeu + HOCI
T T T T T
83 82 25 1.5 1.0
5 (ppm)

Fig. 11. Comparison of '"H NMR spectra recorded for product identification
under neutral conditions. cjeq =1.00 x 1072 M, cyoa = 5.00 x 1072 M,
t=2725, Cadehyde =1.00x107% M, =1.00x 1072 M, pH
=7.08, T=25.0 °C.

CNH2Cl

fully analogous, but different mechanisms are operative under alkaline
and neutral conditions. At high pH, the N-monochloroamino acids
rapidly form and their rate determining slow decomposition controls the
overall chlorination process. These reactions yield N-chloroimines and
their carbanionic forms as intermediates which are in fast acid - base
equilibria. These species convert into the final products via hydration
and subsequent oxidation or dechlorination steps. At pH 7, imines are
produced via the formation of N,N-dichloroamino acids. In further re-
action steps, a larger variety of products forms than under alkaline
conditions. These reactions show distinct features compared to the
chlorination of glycine and a-alanine, i.e. full mineralization and the
formation of N-chloro amides at high pH were not observed. Under
neutral condition, the chlorination of BCAAs yields chloroacetaldehyde
and chloroform as products while these compounds were not detected in
the analogous reaction of a-alanine. The noted differences are attributed
to the presence of the bulky alkyl groups in BCAAs. The results also
confirm that earlier proposed mechanisms for these reactions do not
provide accurate interpretation of the observations.

The results presented here unequivocally confirm that harmful
chlorinated species may form from amino acids long after the chlori-
nation step in water treatment technologies. A possibility for reducing
the risk of these processes is the elimination of the precursor BCAAs by
selective adsorption, pre-oxidative treatment of the raw water or using
other dedicated methods. In addition, careful control of the chlorine
dose is also recommended. In any case, the occurrence of potentially
toxic disinfection byproducts needs to be carefully monitored on a case-
by-case basis over an extended period of time during the use of chlori-
nated water.
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