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’ INTRODUCTION

Water disinfectants such as chlorine, ozone, chlorine dioxide,
or chloramines can react with naturally occurring organic matter,
pollutants, or anions such as bromide and iodide during the
production of drinking water.1 Disinfection byproducts (DBPs)
formed in these reactions, such as halomethanes or haloacetic
acids, are responsible for most of the observed mutagenicity of
chlorinated tap water2�5 and have been linked to the incidence of
bladder6 and colorectal7 cancer.

A group ofDBPs of rising interest and yet to be regulated are the
halofuranones, which are formed in the chlorination of organic
matter, such as humic substances. Their genotoxic and carcino-
genic properties have been studied thoroughly and are well-
known.8,9 Among these halofuranones formed in chlorination are
mucochloric (MCA, 3,4-dichloro-5-hydroxyfuran-2(5H)-one), and
mucobromic acids (MBA, 3,4-dibromo-5-hydroxyfuran-2(5H)-one),
both of which are direct genotoxins and potential carcinogens.10�16

Aside from their role as anthropogenic pollutants, mucohalic acids
are gaining use in organic synthesis, due to their high functionalization
and availability.17�25

Both mucohalic acids (MXA) are known to alkylate the DNA
bases guanosine, adenosine, and cytidine equally in the form of
monomers and forming part of DNA, giving rise to etheno, oxalo
etheno, and halopropenal derivatives.26�33

The reaction of mucohalic acids with hydroxide ions to form
mucoxyhalic acids (MOXA) has been proposed in some works as

the initial step in the reaction of MXA with DNA bases.26,29�31

However, our previous work suggests that the rate of formation
of MOXA in the cellular conditions is negligible.34 This is in
agreement with the alkylation mechanism proposed in more
recent works,31,33 shown in Scheme 1. Identical reaction paths
are expected for adenosine, guanosine, and cytidine: alkylation of
the exocyclic secondary amine followed by elimination, hydro-
lysis, cyclization, and decarboxylation.

Additional minor pathways exist, yielding α-hydroxy chloro-
hydrins from guanosine31 and also dialkylated products in an
excess of adenosine.28

In this work, a kinetic study of the alkylation reactivity of MXA
using monofunctional model nucleophiles was undertaken. Since
mucohalic acids react with the exocyclic primary amino groups of
guanosine, cytidine, and adenosine, aniline (AN) was chosen as a
model for those groups. 4-(p-nitrobenzyl)pyridine (NBP) is a known
trap for alkylating agents and gives its name to a simple colorimetric
assay and was chosen to model the reactivity of endocyclic nitrogen
atoms. Its use as a nucleophilicity model for the aromatic nitrogen
atoms of nucleotides has allowed us to gain insight into the alkylation
mechanisms of both strong35�40 and weak electrophiles.41�44
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ABSTRACT: Hydroxyhalofuranones form a group of geno-
toxic disinfection byproduct (DBP) of increasing interest.
Among them, mucohalic acids (3,4-dihalo-5-hydroxyfuran-
2(5H)-one, MXA) are known mutagens that react with nucleo-
tides, affording etheno, oxaloetheno, and halopropenal deriva-
tives. Mucohalic acids have also found use in organic synthesis
due to their high functionalization. In this work, the alkylation
kinetics of mucochloric and mucobromic acids with model
nucleophiles aniline and NBP has been studied experimentally.
Also, the alkylationmechanism of nucleosides byMXAhas been
studied in silico. The results described allow us to reach the
following conclusions: (i) based on the kinetic and computa-
tional evidence obtained, a reaction mechanism was proposed, in which MXA react directly with amino groups in nucleotides,
preferentially attacking the exocyclic amino groups over the endocyclic aromatic nitrogen atoms; (ii) the suggested mechanism is in
agreement with both the product distribution observed experimentally and the mutational pattern of MXA; (iii) the limiting step in
the alkylation reaction is addition to the carbonyl group, subsequent steps occurring rapidly; and (iv) mucoxyhalic acids, the
hydrolysis products of MXA, play no role in the alkylation reaction by MXA.
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In addition, the alkylation reaction of adenosine bymucohalic acids
has been modeled in silico to gain insight into the alkylation mechan-
ism and the order in which the successive reaction steps take place.

’EXPERIMENTAL SECTION

Reactions were monitored by UV�vis spectroscopy in a Shi-
madzu UV2401 PC with a thermoelectric six-cell holder tempera-
ture control system ((0.1 �C). The reactions were carried out in an
excess of nucleophile, and thus the pseudo-first-order approximation
was applied. pH was kept constant by using buffer solutions: 0.020
MCH3COOH/CH3COO

� for 4 < pH< 6 and 0.020MH2PO4
�/

HPO4
2- for 6 < pH < 8. Electrospray ionization mass spectra were

recorded on a Waters ZQ4000 spectrometer by direct injection.
Reaction with Aniline (AN). Reactions were carried out in

water, and in 7:3 (vol) water/dioxane (w/d) mixtures. The
kinetic species was monitored at λ = 320 nm for both MBA
and MCA, where aniline shows almost null absorption. The
concentration of MXA was in the 7�50 μM range and that of
aniline was in the 1�20 mM range.
Reaction with 4-(p-nitrobenzyl)pyridine (NBP). Because

the adduct formed in the alkylation of NBP by MXA shows
significant absorption in the visible region of the spectrum, a
variation of the NBP test was used in which basification of the
reaction media to obtain color was not necessary. Thus, the
alkylation reaction was monitored continuously in the reaction
medium at λ = 485 nm for MBA and λ = 510 nm for MCA. The
MXA concentration was in the 30�200 μM and that of NBP in
the 5�20 mM range. Because NBP is insoluble in water,
reactions were carried out in 7:3 (vol) w/d mixtures.
Computational Calculations. Geometries were optimized at

the B3LYP/6-31G(d) level, and were characterized as either minima
or transition states byharmonic analysis. Solvent effectswere included
using the IEF-PCM method with default parameters. Calculations
were performed using the Gaussian 03 suite of programs.
Safety. Mucohalic acids have tested positive in a number of

genotoxicity assays, including the Salmonella assay. They should
be handled with care and disposed properly.

’RESULTS AND DISCUSSION

Reaction with Aniline. Figure 1 in Supporting Information
(SI) depicts the variation in the UV�vis spectrum of the reaction
mixture along time during the reaction ofMXAwith excess aniline.
The variation in absorbance (A) with time at the wavelength of
maximum absorption of the adduct, λ = 320 nm, (Figure 2, SI),

complies with a pseudo-first-order rate equation (eq 1)

A ¼ εAN-MXA l½MXA�oð1� e�kAN1alktÞ ð1Þ
where εAN-MXAis the molar absorption coefficient of the adduct;
l is the optic path, and k1alk

AN is the alkylation pseudoconstant.
k1alk
AN is proportional to the concentration of aniline and hence

kAN1alk ¼ kANalk ½AN� ð2Þ
From these results the following experimental rate equation
(eq 3) can be derived:

d½ADAN-MXA �
dt

¼ kANalk ½MXA�½AN� ð3Þ
The fit to eq 1 affords the k1alk

AN and εAN-MXAvalues (εAN-MCA=
(30.3 ( 0.2) � 103 M�1 cm�1; εAN-MBA= (27.3 ( 0.3) � 103

M�1 cm�1 at λ = 320 nm). The reaction rate was observed to be
pH-independent in the 5.5 < pH < 8.0 range. Table 1 shows the
alkylation rate constants obtained in water and aquo-organic
reaction media at different temperatures. The two mucohalic
acids react at very similar rates, with the reaction withMBA being
slightly faster. The decrease in the dielectric constant when
switching to 7:3 (vol) water/dioxane (w/d) medium elicits
approximately a 6-fold decrease in the rate constant.
The reaction rate for the alkylation of aniline is very fast compared

to the rate of formation of mucoxyhalic acids (MOXA) from
mucohalic acids.34 The hydrolysis half-life of MXA at 25.0 �C and
pH = 8.0 is of the order of years,34 whereas the alkylation half-life in
the same conditions ranges from minutes to hours. This confirms
that the role of MOXA in the alkylation by MXA is very small or
inexistent, and thus the presence of hydroxyl groups in the earlier
position of halogen atoms must be due to a reaction with water or
hydroxide ions succeeding, and not preceding, the alkylation.
The fit of the kalk

AN (Table 1) values to the Eyring�Wynne�Jones
equation (eq 4), gives the activation parameters for the alkylation
reaction (Table 2).

ln
k
T

¼ ln
k
h
þ Δ‡S�

R
�Δ‡H�

R
1
T

ð4Þ

The low values for the activation enthalpies are consistent with
the high reactivity of the aldehyde group of mucohalic acids,

Scheme 1. Proposed Reaction Mechanism for the Alkylation
of Nucleotides by MXA

Figure 1. Typical kinetic profile of the alkylation reaction of NBP by
MXA. Dashed line (� � �): fit to a two-reaction mechanism; solid line
(— — —): fit to a three-reaction mechanism. Symbols: experimental,
(O)MCA, (Δ)MBA. [NBP] = 0.015M,T= 25.0 �C. (a) [MCA] = 2.0�
10�5M, (b) [MBA] = 2.0� 10�5M, pH= 7.00, 7:3 water/dioxane (vol).
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whereas the negative activation entropies are consistent with the
idea of alkylation being an addition reaction.
The reaction products (ADAN-MXA) were identified as the 2:1

aniline-MXA adducts by mass spectrometry, with m/z = 301.1
forMCA andm/z = 345.1 forMBA (calcd 301.1 and 345.1). This
is consistent with the observation that mucohalic acids react with
a stoichiometric amount of aniline to form the Schiff base,
whereas in an excess of aniline the diadduct is formed by
substitution of the halogen atom α to the carboxylic group.24,45

Minor amounts of a secondary product showing mono-
alkylation and substitution of the halogen in α by a hydroxyl
group were also detected (m/z = 226.1 for MCA and m/z =
270.0 for MBA).
This allows us to propose the following reaction mechanism

(Scheme 2): mucohalic acids exist as an equilibrium between the
closed-chain acetal lactone and the open-chain aldehyde.34,46

The attack of aniline on the aldehyde group is the limiting step,
whereas the subsequent elimination to form the Schiff base and
further reaction with aniline or water take place rapidly.
It is known that no substitution of the halogen atom by aniline

is observed prior to formation of the Schiff base24,45 and that
substitution of α-halogens by water to form mucoxyhalic acids is
very slow.34 This, together with our results, suggests that the
reactivity of the halogenα to the carboxyl group in the Schiff base
is increased with respect to that in mucohalic acids. This
enhanced electrophilicity is also consistent with the formation
of products with hydroxyl substituentsα to the carboxylate group
in adducts of MXA with adenosine, guanosine, and cytidine.
Cyclic adducts are themain product in the alkylation of cytidine,

adenosine, and guanosine in water, as shown in Scheme 1. They
are formed by the attack of an aromatic nitrogen in the nucleobases
on the carbon β to the carboxylate group after alkylation of the
exocyclic amine group.

The fact that the intramolecular reaction takes place at the β
instead of the more reactive α position is possibly due to a
combination of various factors: (a) the potential six-ring pro-
ducts obtained by intramolecular attack on the carbon α are
disfavored; (b) the endocyclic nitrogen atoms are not nucleo-
philic enough to react with the sp2 α-carbon, while stronger
nucleophilic hydroxide ions do react at that site; and (c)
substitution in α by water or hydroxide is relatively fast and
takes place before cyclization in α can occur.
Because the position β to the carboxylate shows almost no

reactivity prior to alkylation�MXA undergo substitution by
hydroxide only in the α position�it may be concluded that the
electrophilicity of this carbon must also be enhanced before
cyclization. Substitution of chlorine in α by a hydroxyl group
yields an enol, whose corresponding keto form would show a
strongly increased reactivity on the β-carbon, since it would
acquire a more electrophilic sp3 hybridization and yield a favored
five-membered ring.
Reaction with NBP.The variation in absorbance along time is

shown in Figure 3 of the Supporting Information. The adducts
showmaximum absorption at λ = 510 nm in the case ofMCA and
λ = 485 nm for MBA.
The kinetic profiles of typical reactions are shown in Figure 1.

The adduct is seen to be unstable, decomposing quite rapidly in
the reactionmedium, which suggests a biexponential mechanism.
However, closer scrutiny reveals the presence of an induction

period, which imposes the need to take into account an extra
reaction. When this third step is considered (Scheme 3), the rate
eqs 5�7 are obtained. If kalk

NBP is the alkylation rate constant, k1alk
NBP

Table 2. Activation Parameters for kalk
AN as a Function of the

Reaction Medium

activation parameters for kalk
AN

MCA MBA

water

7:3 w/d

(vol) water

7:3 w/d

(vol)

Δ‡H� (kJ mol�1) 35( 1 25( 1 29( 1 19( 1

�Δ‡S� (J K�1 mol�1) 141( 191 191( 2 159( 2 207( 2

Δ‡G� (kJ mol�1) 35 �C 78( 2 84( 2 78( 2 83( 2

Scheme 2. Proposed Reaction Mechanism for the Alkylation
of Aniline by MXA

Table 1. Rate Constants of Aniline Alkylation by Mucohalic
Acids as a Function of Temperature and the ReactionMedium

T (�C)

kalk
AN (M�1 s�1)a

MCA MBA

water 7:3 w/d (vol) water 7:3 w/d (vol)

25.0 0.162 0.0304 0.242 0.0454

27.5 0.190 0.0329 0.273 0.0490

30.0 0.210 0.0368 0.302 0.0529

32.5 0.235 0.0392 0.335 0.0559

35.0 0.275 0.0430 0.370 0.0610

37.5 0.300 0.0475 0.404 0.0640
aValues are reproducible to within 5%.

Scheme 3. Proposed Reaction Mechanism for the Alkylation
of NBP by MXA
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is the alkylation pseudoconstant, kconv is the rate constant for the
conversion of ADNBP1 into ADNBP2, and kdec is the rate constant
for the decomposition of ADNBP2, we have

d½MXA�
dt

¼ � kNBPalk ½NBP�½MXA� ¼ � kNBP1alk ½MXA� ð5Þ

d½ADNBP1�
dt

¼ kNBP1alk ½MXA� � kconv½ADNBP1� ð6Þ

d½ADNBP2�
dt

¼ kconv½ADNBP1� � kdec½ADNBP2� ð7Þ

Integration of eqs 5�7 affords eq 8:

½ADNBP2� ¼ ½MXA�o
kNBP1alk kconvðð�kNBP1alk � kconvÞe�kdect þ ðkconv � kdecÞe�kNBP1alk t � ð�kNBP1alk � kdecÞe�kconv tÞ

ðkNBP1alk þ kconvÞðkNBP1alk þ kdecÞðkdec � kconvÞ ð8Þ

The quality of the fit of the experimental data to eq 8 is shown
in Figure 1. To confirm the need for the inclusion of the three
steps, the fit of the kinetic profile to a simplified biexponential
mechanism with only two successive reactions is also shown in
Figure 1. It can be seen that the quality of the fit is insufficient,
and that there is significant deviation from the curve described by
the experimental points.
Fitting to eq 8 affords values for the three rate constants and

the molar absorption coefficients of the adducts. ADNBP2 shows
εNBP-MCA-2= (25.6 ( 0.4) � 103 M�1 cm�1 at λ = 510 nm and
εNBP-MBA-2= (30.1 ( 1.4) � 103 M�1 cm�1 at λ = 485 nm.
ADNBP1 does not show significant absorption at the wavelengths
of measurement.
Alkylation Reaction. k1alk

NBP was observed to be linear in the
concentration of NBP and pH-independent in the working
conditions. The values for the second-order alkylation rate
constants (kalk

NBP) are shown in Table 3.
The alkylation rate constants are higher for MCA, which is

coherent with the electronegativity of chlorine and also with the
greater steric repulsion of bromine atoms. The values are between
5- and 10-fold lower than those observed for the alkylation of aniline,
which is in keeping with the observation that mucohalic acids react
primarily at the exocyclic amino groups of DNA bases rather than at
the sp2 nitrogen atoms in the ring. As amatter of fact, no nucleobase
adducts of MXA with thymine—which lacks exocyclic nitrogen
atoms—have been detected. However, the reactivity of MXA
toward endocyclic nitrogen atoms is not completely negligible; a
minor alkylation of aromatic nitrogen has also been observed in the
reaction of MXA and guanosine,31 for whose endocyclic nitrogen
atoms NBP is a nucleophilicity model.
Table 4 shows the activation parameters—from the fit to eq 4—

for the alkylation of NBP.
The activation parameters parallel those obtained with aniline:

low activation enthalpies, consistent with the electrophilicity of
the aldehyde, and high negative activation entropies, consistent
with an addition mechanism.

The values of the activation free energies are slightly higher
than the values obtained for the alkylation of aniline in water/
dioxane medium. This is consistent with the lower reactivity of
aromatic nitrogen atoms with mucohalic acids.
Comparison of the activation parameters with those obtained for

the alkylation of NBP by other alkylating agents such as diketene36

(Δ‡G� = 71 ( 2 kJ mol�1), β-propiolactone35 (Δ‡G� = 87 (
2 kJ mol�1), potassium sorbate42 (Δ‡G� = 99 ( 6 kJ mol�1),
or acrylamide43 (Δ‡G� = 104( 2 kJ mol�1) in the same reaction
conditions suggests that mucohalic acids are strong alkylating
agents when attacking endocyclic nitrogen atoms, and evenmore
so when reacting with exocyclic amino groups, as is suggested by
the higher rate constants obtained in the reaction with aniline.
Elimination Reaction.NBP has been shown to be a reasonable

nucleophilicity model of guanosine N-7 and other nitrogen
atoms in the cycle of nucleobases. However, its structure is very
different from that of nucleotides and hence the subsequent
transformations undergone by the MXA-NBP adduct after
alkylation are hardly extrapolable to DNA. Therefore, they will
only be discussed briefly.
The values for kconv are shown in Table 1 of the Supporting

Information. kconv was seen to be pH-independent in the 5.5 <
pH < 8.0 range. Because water elimination reactions occur
through a base-catalyzed pathway, the possibility of general base
catalysis by the phosphate buffer cannot be ruled out.
It can be seen that the values for MBA are almost 4-fold higher

than those of MCA.
The UV�vis spectrum of ADNBP2 (SI, Figure 3) deserves

some attention: it shows absorption in the visible part of the
spectrum, without the need for basification; the wavelengths of
maximum absorption are significantly blue-shifted when com-
pared to NBP adducts with other alkylating agents and the molar
absorption coefficients are high as compared to those of other
NBP adducts, which are about 5� 103 M�1 cm�1. This suggests
that AD2 is the highly conjugated elimination product shown in
Scheme 3.

Table 3. Rate Constants of NBP Alkylation by Mucohalic
Acids as a Function of Temperature at pH = 7.0

T (�C)

103kalk
NBP (M�1 s�1) 7:3 w/d (vol)

MCA MBA

25.0 8.0( 0.2 4.7( 0.1

27.5 9.1( 0.2 5.6( 0.1

30.0 10.3( 0.5 6.5( 0.2

32.5 11.6( 0.5 7.5( 0.2

35.0 12.6( 0.4 8.6( 0.1

37.5 14.0( 0.3 10.0( 0.2

Table 4. Activation Parameters for kalk
NBP

activation parameters for kalk
NBP

7:3 w/d (vol)

MCA MBA

Δ‡H� (kJ mol�1) 32( 1 43( 1

�Δ‡S� (J K�1 mol�1) 177( 4 144( 3

Δ‡G� 35 �C (kJ mol�1) 86( 2 88( 2
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Computational Modeling of Nucleobase Alkylation. To
bring together the kinetic evidence obtained with the model
substrates, and the products identified by Kronberg et al. in the
reactionofMXAandnucleotides, wemodeled theproposed reaction
mechanism of nucleobase alkylation by MXA in silico (Scheme 4).
As shown in Scheme 4, transition states were computed for the

following reactions: the alkylation reaction (TS1); the putative
ring closure reactions of AD1, affording both five- or six-membered
rings (TS2 and TS3); substitution of the α and β halogen atoms
in AD1 by hydroxide (TS4 and TS5); the ring-closure reaction of
AD2 in both keto and enol forms (TS6 and TS8); the hydrolysis
of AD2 in TS7 and TS9.
The energy barriers for the reactions and energy differences

between different possible isomers are reported in Table 5.
Guanosine adducts can exist both as keto and enol tautomers.
The results reported correspond to the lower in energy.
The energy barriers for the alkylation reaction (TS1) suggest

that this is the rate-limiting step for the complete alkylation
pathway. Of the three nucleobases studied, guanosine shows the
lowest alkylation barrier, which is quite similar to that of aniline
(Table 2), with the calculated activation free energies for
adenosine being about 10�15 kJmol�1 higher. The initial barrier
for the alkylation of cytidine is higher than those of the purine
bases (MCAΔ‡H� = 95.6 kJ mol�1,Δ‡G� = 99.8 kJ mol�1), and

thus no further steps in the alkylation path were computed for
this compound.

Scheme 4. Computed Alkylation Pathway for Nucleobases

Table 5. Relative Energies of Transition States and Isomeric
Forms (kJ mol�1)

dA dG

MCA MBA MCA MBA

Δ‡H� Δ‡G� Δ‡H� Δ‡G� Δ‡H� Δ‡G� Δ‡H� Δ‡G�

TS1a 74.4 89.3 71.3 84.5 64.3 78.7 62.8 77.3

TS2 b 158.8 168.3 142.4 149.1 272.5 285.3 269.2 284.1

TS3 b 119.9 130.9 112.8 122.1 193.1 200.9 185.2 191.8

TS4 b 33.4 42.4 30.7 38.5 57.3 68.1 49.8 68.7

TS5 b 95.2 105.4 93.5 106.3 102.4 126.1 100.2 120.7

AD2-en c 0 0 0 0 0 0 0 0

TS8 c 187.6 189.5 182.7 185.7 194.3 192.6 189.7 191.4

TS9 c 172.8 177.7 164.7 170.4 182.5 186.9 175.5 179.4

AD2-ket c 20.1 12.5 14.0 8.2 14.2 11.0 6.8 4.5

TS6 c 75.1 77.5 67.2 69.7 77.0 83.0 75.5 79.5

TS7 c 29.2 34.8 20.9 29.3 28.5 33.7 26.5 31.5
aReferred to the reactants. bReferred to AD1. cReferred to AD2.
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Computational calculation of the energy barrier for the
elimination step is complex, since the reaction is susceptible to
general base catalysis by a number of species that are present in
both experimental conditions and in vivo, such as phosphate.
Experimental evidence from the reaction of aniline suggests
that this elimination reaction is very fast, and thus that it
has little influence on the global reaction rate. For these
reasons, the elimination step in the reaction pathway was not
computed.
AD1 can undergo a variety of reactions that cleave the

halogen�carbon bonds: substitution by hydroxide or by endo-
cyclic nitrogen atoms, which yields cyclic products. Of these
reactions, the one corresponding to the hydrolysis of the halogen
atomα to the carboxylate group (TS4) is by far the most favored.
This is consistent with the final reaction products and the
proposed reaction pathway (Scheme 1). It also confirms that
hydrolysis precludes cyclization, as was the case with aniline. We
also computed the barriers for the noncatalyzed hydrolysis
reaction, with water as a nucleophile. The barrier is comparatively
higher than that for hydroxide ions (Δ‡H� = 82.1 kJmol�1,Δ‡G� =
89.7 kJ mol�1 for adenosine-MCA), but the reaction is still faster
than the intramolecular alternatives or the hydrolysis at the
β-position. Thus, the alkylation pathway proceeds through
TS4, or its neutral counterpart, depending on the reaction
conditions. Since the amino group in aniline is a stronger nucleo-
phile than the N-1 atom in adenosine or guanosine, double
alkylation is observed instead of hydrolysis in the reaction of
aniline and MXA.
The enol form of AD2 is slightlymore stable than the keto form.

This is possibly due to the formation of a hydrogen bond
between the enol hydrogen and the carboxylate oxygen, and to
the extended conjugation that connects the aromatic system and
the carboxylate unit. Reactivity, however, is favored in the keto
form. The sp2 carbon in the enol form is less reactive in
electrophilic reactions, such as hydrolysis or displacement by
cyclic nitrogen atoms, as suggested by the high activation free
energies for TS8 and TS9, as compared to TS6 and TS7.
The activation free energy for the ring-closure reaction (TS6)

is quite low—the activation entropy being close to null, as
expected for unimolecular reactions—and hence the reaction is
expected to proceed rapidly. The activation free energies for the
competing hydrolysis are also very low, which suggests that
hydrolysis by hydroxide ions is very fast. However, the concen-
tration of hydroxide ions in neutral medium is very low (10�7

M). Because the effect of reducing the concentration of hydro-
xide from the reference standard state of 1 M to 10�7 M is
approximately equivalent to an increase of 40 kJ mol�1 in the
activation free energy, both ring-closure and base-catalyzed
hydrolysis could be expected to occur similar at similar rates.
The hydrolysis of AD2 by the more abundant water molecules

has a higher energy barrier (adenosine: Δ‡H� = 59.7 kJ mol�1,
Δ‡G� = 81.3 kJ mol�1 for MCA;Δ‡H� = 52.6 kJ mol�1,Δ‡G� =
79.8 kJ mol�1 for MBA) and is somewhat higher than that
observed for the formation of the cycle. Thus, it may be
concluded that hydrolysis by both hydroxide and water might
pose some competition to intramolecular cyclization. However,
the formation of nucleotide-adducts showing substitution of the
second halogen atom by a hydroxyl group has not been observed
experimentally.
Analysis of the reported free energy barriers shows that the

nucleophilic attack of the primary amine at the carbonyl carbon is
the rate-limiting step of the alkylation reaction, and that the rest

of the steps in the reaction path take place rapidly. However,
since the free energy barriers are very similar for all the steps,
especially in the case of guanosine, the indetermination in the
calculated energies is compatible with more than one step being
rate-limiting, rather than a single specific reaction being a
bottleneck.
When the experimental alkylation reactions of nucleotides

with MXA are carried out at high temperatures (∼90 �C),
decarboxylated and even deoxalo products are encountered.
However, these are hardly detectable when alkylation reactions
are carried out at temperatures closer to biological conditions.
Because they lack a keto group to assist the reaction, no
transition states were found for the decarboxylation of MXA
or AD1, which is consistent with the fact that no decarboxylated
products have been observed in the alkylation reaction, prior to
the formation of AD2. The decarboxylation reactions of the
AO2 (and analogue protonated MOXA) somewhat unfavored
with free energies of activation about 150�160 kJ mol�1

(MOCA:Δ‡G� = 161 kJ mol�1; MOBA:Δ‡G� = 156 kJ mol�1;
adenosine-AD2: Δ‡H� = 161 kJ mol�1, Δ‡G� = 156 kJ mol�1

for MCA; Δ‡H� = 162 kJ mol�1, Δ‡G� = 158 kJ mol�1 for
MBA). The decarboxylation of AD3 is more favored, consis-
tently with the increased amount of decarboxylated AD3 adduct
observed in the experiments (adenosine-AD3: Δ‡H� = 113 kJ
mol�1, Δ‡G� = 116 kJ mol�1).
These reactions show high activation enthalpies and positive

activation entropies (consistent with a unimolecular cleavage
that affords two product molecules) which imply a large increase
in the decarboxylation rate at higher temperatures; this is in
keeping with the observation of decarboxylated products in these
conditions.
The mutational pattern of MXA—which consists mainly of

GCfAT transitions—has been explained by the formation of
guanosine and, possibly to a lesser extent, cytidine-etheno
derivatives.14 Our results are in good agreement with these
conclusions: guanosine shows the lower theoretical free energy
barrier for alkylation and thus it is expected to be the main target
of mucohalic acids. The formed adducts have shown no tendency
to lead to abasic sites and it is difficult to envision such bulky
tricyclic adducts mispairing with large purine residues, be they A
or G. Of the two pyrimidine nucleobases, only pairing with
thymidine leads to a netmutation, and thus,GCfG*CfG*TfAT
(G* being the modified guanosine) would be the expected
sequence of base pairs, which is in keeping with the results
reported in the literature.
The combined experimental and theoretical results presented

here allow us to conclude the following:
(i) Mucohalic acids (MXA) are strong alkylating agents that

react directly with amino groups in nucleotides, as sug-
gested by the high reaction rates and low activation free
energies measured in the alkylation of aniline and NBP.

(ii) MXA preferentially attack the exocyclic amino groups
over the endocyclic aromatic nitrogen atoms.

(iii) Mucoxyhalic acids, the hydrolysis products of MXA, play
no role in the alkylation reaction by MXA.

(iv) The limiting step in the alkylation reaction by mucohalic
acids is the addition to the carbonyl group. Subsequent
elimination, hydrolysis, and cyclization occur rapidly.

(v) Kinetic and computational evidence suggests an alkyla-
tion mechanism in agreement with both the experi-
mental product distribution and the mutagenic spectra
of mucohalic acids.



9015 dx.doi.org/10.1021/es202251b |Environ. Sci. Technol. 2011, 45, 9009–9016

Environmental Science & Technology ARTICLE

’ASSOCIATED CONTENT

bS Supporting Information. Figures showing the variation
in the UV�vis spectra of the AN-MXA andNBP-MXA alkylation
mixtures and also fit of the experimental data to eq 1. This
information is available free of charge via the Internet at
http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*Phone: +34 923 294486; fax: +34 923 294574; e-mail: jucali@
usal.es.

’ACKNOWLEDGMENT

We thank the Spanish Ministerio de Ciencia e Innovaci�on and
European Regional Development Fund (Project CTQ2010-
18999) for supporting the research reported in this article. R.
G.B. thanks the Ministerio de Ciencia e Innovaci�on, J.A.V. and
M.G.P. thank the Junta de Castilla y Le�on and I.F.C.C. also
thanks the Spanish Ministerio de Asuntos Exteriores y de
Cooperaci�on for PhD grants.

’REFERENCES

(1) Richardson, S. D.; Plewa, M. J.; Wagner, E. D.; Schoeny, R.;
DeMarini, D. M. Occurrence, genotoxicity, and carcinogenicity of
regulated and emerging disinfection by-products in drinking water: A
review and roadmap for research. Mutat. Res. 2007, 636 (1�3),
178–242.
(2) Kronberg, L.; Holmbom, B.; Reunanen, M.; Tikkanen, L.

Identification and quantification of the Ames mutagenic compound
3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone and its geo-
metric isomer E-2-chloro-4-(dichloromethyl)-4-oxobutenoic acid in
chlorine-trated humic water and drinking water extracts. Environ. Sci.
Technol. 1988, 22, 1097–1103.
(3) Meier, J. R.; Knohl, R. B.; Coleman, W. E.; Ringhand, H. P.;

Munch, J. W.; Kaylor, W. H. Ames mutagenicity and concentration of
the strong mutagen 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-fur-
anone and of its geometric isomer E-2-chloro-3-(dichloromethyl)-
4-oxo-butenoic acid in chlorine-treated tap waters. Mutat. Res. 1988,
206, 177–182.
(4) Kronberg, L.; Christman, R. F.; Singh, R.; Ball, L. Identification

of oxidized and reduced forms of the strong bacterial mutagen (Z)-2-
chloro-3-(dichloromethyl)-4-oxobutenoic acid (MX) in extracts of
chlorine-treated water. Environ. Sci. Technol. 1991, 25, 99–104.
(5) Kanniganti, R.; Johnson, J. D.; Ball, L. M.; Charles, M. J.

Identification of Compounds in Mutagenic Extracts of Aqueous Mono-
chloraminated Fulvic-Acid. Environ. Sci. Technol. 1992, 26 (10),
1998–2004.
(6) Villanueva, C. M.; Cantor, K. P.; Cordier, S.; Jaakkola, J. J.; King,

W. D.; Lynch, C. F.; Porru, S.; Kogevinas, M. Disinfection byproducts
and bladder cancer: A pooled analysis. Epidemiology 2004, 15 (3),
357–367.
(7) Rahman, M.; Driscoll, T.; Cowie, C.; Armstrong, B. Disinfection

by-products in drinking water and colorectal cancer: Ameta-analysis. Int.
J. Epidemiol. 2010, 39 (3), 733–745.
(8) McDonald, T. A.; Komulainen, H. Carcinogenicity of the

cholorination disinfection by-product MX. Environ. Sci. Health 2005,
23, 163.
(9) IARC. Some Drinking-water Disinfectants and Contaminants,

Including Arsenic; Lyon, France, 2004.
(10) Fekadu, K.; Parzefall, W.; Kronberg, L.; Franzen, R.; Schulte-

Hermann, R.; Knasmuller, S. Induction of genotoxic effects by chloro-
hydroxifuranones, byproducts of water disinfection, in E. coli K-12 cells

recovered from various organs of mice. Environ. Mol. Mutagen 1994,
24, 317–324.

(11) Hyttinen, J.; Niittykoski, M.; Jansson, K. Lack of uniformity in
the mutational spectra of chlorohydroxyfuranones in Salmonella typhi-
murium strain TA100. Mutagenesis 1995, 10, 321–323.

(12) Jansson, K.; Hyttinen, J.; Niittykoski, M.; M€aki-Paakkanen, J.
Mutagenicity in vitro of 3,4-dichloro-5-hydroxy-2(5H)-furanone
(mucochloric acid), a chlorine disinfection by-product in drinking water.
Environ. Mol. Mutagen 1995, 25, 284–287.

(13) LaLonde, R. T.; Ramdayal, F. Mucochloric acid action on Phi
X174 DNA: A comparison to other chlorine-substituted 2(5H)-fura-
nones. Chem. Res. Toxicol. 1997, 10 (2), 205–210.

(14) Knasmuller, S.; Zohrer, E.; Kronberg, L.; Kundi, M.; Franzen,
R.; SchulteHermann, R. Mutational spectra of Salmonella typhimurium
revertants induced by chlorohydroxyfuranones, byproducts of chlorine
disinfection of drinking water. Chem. Res. Toxicol. 1996, 9 (2), 374–381.

(15) Isomaa, B.; Holmstrom, T. H.; Lilius, H.; Franzen, R.; Kron-
berg, L. The Toxicity of the Mutagen Mx and Its Analog, Mucochloric
Acid, to Rainbow-Trout Hepatocytes and Gill Epithelial-Cells and to
Daphnia magna. Toxicology 1995, 100 (1�3), 69–77.

(16) Lalonde, R. T.; Leo, H. R. Interactive Chlorine-by-Bromine and
Hydrogen-by-Hydroxyl Group Replacement Effects in 2(5h)-Furanone
Mutagenicity. Chem. Res. Toxicol. 1994, 7 (6), 779–783.

(17) Zhang, J.; Blazecka, P. G.; Belmont, D.; Davidson, J. G.
Reinvestigation of mucohalic acids, versatile and useful building blocks
for highly functionalized alpha,beta-unsaturated gamma-butyrolactones.
Org. Lett. 2002, 4 (25), 4559–4561.

(18) Bellina, F.; Anselmi, C.; Martina, F.; Rossi, R.Mucochloric acid:
A useful synthon for the selective synthesis of 4-aryl-3chloro-2(5H)-
furanones, (Z)-4-aryl-5-[1-(aryl)methylidenel-3-chloro-2(5H)furanones
and 3,4-diaryl-2(5H)-furanones. Eur. J. Org. Chem. 2003, 12, 2290–2302.

(19) Blazecka, P. G.; Belmont, D.; Curran, T.; Pflum, D.; Zhang, J.
Further utilization of mucohalic acids: Palladium-free, regioselective
etherification and amination of alpha,beta-dihalo gamma-methoxycar-
bonyloxy and gamma-acetoxy butenolides. Org. Lett. 2003, 5 (26),
5015–5017.

(20) Zhang, J.; Blazecka, P. G.; Davidson, J. G. First direct reductive
amination of mucochloric acid: A simple and efficient method for
preparing highly functionalized alpha,beta-unsaturated gamma-butyro-
lactams. Org. Lett. 2003, 5 (4), 553–556.

(21) Zhang, J.; Das Sarma, K.; Curran, T. T.; Belmont, D. T.;
Davidson, J. G. Efficient synthesis of novel gamma-substituted gam-
ma-butenolides by Lewis acid catalyzed addition of metal enolates of
active methylene compounds to mucohalic acids. J. Org. Chem. 2005, 70
(15), 5890–5895.

(22) Das Sarma, K.; Zhang, J.; Huang, Y.; Davidson, J. G. Amino acid
esters and amides for reductive amination of mucochloric acid: Synthesis
of novel gamma-lactams, short peptides and antiseizure agent levetir-
acetam (Keppra (R)). Eur. J. Org. Chem. 2006, 3730–3737.

(23) Das Sarma, K.; Zhang, J.; Curran, T. T. Novel synthons from
mucochloric acid: The first use of alpha,beta-dichloro-gamma-buteno-
lides and gamma-butyrolactams for direct vinylogous aldol addition. J. Org.
Chem. 2007, 72 (9), 3311–3318.

(24) Bellina, F.; Rossi, R. Mucochloric and mucobromic acids:
Inexpensive, highly functionalised starting materials for the selective
synthesis of variously substituted 2(5H)-furanone derivatives, sulfur- or
nitrogen-containing heterocycles and stereodefined acyclic unsaturated
dihalogenated compounds. Curr. Org. Chem. 2004, 8 (12), 1089–1103.

(25) Ube, H.; Shimada, N.; Terada, M. Asymmetric Direct Vinylo-
gous Aldol Reaction of Furanone Derivatives Catalyzed by an Axially
Chiral Guanidine Base. Angew. Chem., Int. Ed. 2010, 49 (10), 1858–1861.

(26) Kronberg, L.; Sj€oholm, R.; Karlsson, S. Formation of 3,N(4)-
Ethenocytidine, 1,N(6)-Ethenoadenosine, and 1,N(2)-Ethenoguano-
sine in Reactions of Mucochloric Acid with Nucleosides. Chem. Res.
Toxicol. 1992, 5 (6), 852–855.

(27) Kronberg, L.; Karlsson, S.; Sj€oholm, R. Formation of Etheno-
carbaldehyde Derivatives of Adenosine and Cytidine in Reactions with
Mucochloric Acid. Chem. Res. Toxicol. 1993, 6 (4), 495–499.



9016 dx.doi.org/10.1021/es202251b |Environ. Sci. Technol. 2011, 45, 9009–9016

Environmental Science & Technology ARTICLE

(28) Asplund, D.; Kronberg, L.; Sj€oholm, R.; Munter, T. Reaction of
Mucochloric Acid with Adenosine - Formation of 8-(N-6-Adenosinyl)
Ethenoadenosine Derivatives. Chem. Res. Toxicol. 1995, 8 (6), 841–846.
(29) Kronberg, L.; Asplund, D.; M€aki, J.; Sj€oholm, R. Reaction of

mucochloric and mucobromic acids with adenosine and cytidine:
Formation of chloro- and bromopropenal derivatives. Chem. Res. Toxicol.
1996, 9 (8), 1257–1263.
(30) M€aki, J.; Sj€oholm, R.; Kronberg, L. Formation of oxalo-substituted

etheno derivatives in reactions of mucochloric acid with adenosine,
guanosine and cytidine. J. Chem. Soc., Perkin Trans. 1 1999, No. 20,
2923–2928.
(31) Klika, K. D.; M€aki, J.; Sj€oholm, R.; Kronberg, L. Regioisomeric

alpha-hydroxy chlorohydrins from the reaction of mucochloric acid and
guanosine. Arkivoc 2006, 65–74.
(32) LeCurieux, F.; Munter, T.; Kronberg, L. Identification of

adenine adducts formed in reaction of calf thymus DNA with mutagenic
chlorohydroxyfuranones found in drinking water. Chem. Res. Toxicol.
1997, 10 (10), 1180–1185.
(33) M€aki, J.; Sj€oholm, R.; Kronberg, L. Bi-imidazole nucleosides

obtained by ring opening of etheno and substituted etheno derivatives of
adenosine. J. Chem. Soc., Perkin Trans. 1 2000, 24, 4445–4450.
(34) G�omez-Bombarelli, R.; Gonz�alez-P�erez, M.; Calle, E.; Casado,

J. Reactivity of mucohalic acids in water. Water Res. 2011, 45 (2),
714–720.
(35) Manso, J. A.; P�erez-Prior, M. T.; García-Santos, M. P.; Calle, E.;

Casado, J. A kinetic approach to the alkylating potential of carcinogenic
lactones. Chem. Res. Toxicol. 2005, 18 (7), 1161–1166.
(36) G�omez-Bombarelli, R.; Gonz�alez-P�erez, M.; P�erez-Prior, M. T.;

Manso, J. A.; Calle, E.; Casado, J. Chemical Reactivity and Biological
Activity of Diketene. Chem. Res. Toxicol. 2008, 21 (10), 1964–1969.
(37) Fern�andez-Rodríguez, E.; Manso, J. A.; P�erez-Prior, M. T.;

García-Santos, M. D. P.; Calle, E.; Casado, J. The unusual ability of
alpha-angelicalactone to form adducts: A kinetic approach. Int. J. Chem.
Kinet. 2007, 39 (10), 591–594.
(38) P�erez-Prior, M. T.; G�omez-Bombarelli, R.; Gonz�alez-P�erez, M.;

Manso, J. A.; Calle, E.; Casado, J. Sorbate-Nitrite Interactions: Acetoni-
trile Oxide as an Alkylating Agent. Chem. Res. Toxicol. 2009, 22 (7),
1320–1324.
(39) Manso, J. A.; P�erez-Prior, M. T.; García-Santos, M. P.; Calle, E.;

Casado, J. Steric effect in alkylation reactions by N-alkyl-N-nitrosoureas:
A kinetic approach. J. Phys. Org. Chem. 2008, 21 (11), 932–938.
(40) Manso, J. A.; P�erez-Prior, M. T.; G�omez-Bombarelli, R.;

Gonz�alez-P�erez, M.; C�espedes, I. F.; García-Santos, M. P.; Calle, E.;
Casado, J. Alkylating potential of N-phenyl-N-nitrosourea. J. Phys. Org.
Chem. 2009, 22, 386–389.
(41) P�erez-Prior, M. T.; Manso, J. A.; García-Santos, M. P.; Calle, E.;

Casado, J. Sorbic acid as an alkylating agent. J. Solution Chem. 2008, 37 (4),
459–466.
(42) P�erez-Prior, M. T.; Manso, J. A.; García-Santos, M. P.; Calle, E.;

Casado, J. Alkylating potential of potassium sorbate. J. Agric. Food Chem.
2005, 53 (26), 10244–10247.
(43) C�espedes-Camacho, I. F.; Manso, J. A.; P�erez Prior, M. T.;

G�omez Bombarelli, R.; Gonz�alez P�erez,M.; Calle, E.; Casado, J. Reactivity
of acrylamide as an alkylating agent: a kinetic approach. J. Phys. Org. Chem.
2010, 23, 171–175.
(44) Gomez-Bombarelli, R.; Palma, B. B.; Martins, C.; Kranendonk,

M.; Rodrigues, A. S.; Calle, E.; Rueff, J.; Casado, J. Alkylating potential of
oxetanes. Chem. Res. Toxicol. 2010, 23 (7), 1275–81.
(45) Simonis, H. The influence of the primary amines on the

mucobromine andmucochlorine acids and their esters. Ber. Dtsch. Chem.
Ges. 1901, 34 (1), 509–519.
(46) G�omez-Bombarelli, R.; Gonz�alez-P�erez, M.; P�erez-Prior, M. T.;

Calle, E.; Casado, J., Genotoxic halofuranones in water: Isomerization
and Acidity of Mucohalic Acids. J. Phys. Org. Chem. 2011, DOI 10.1002/
poc.1857.


