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Abstract

Aromatic nitrogenous(N-) heterocyclic halogenated disinfection byproducts (DBPs), as emerging
DBPs in drinking water, exhibit significantly higher toxicity than most traditional aliphatic disinfec-
tion byproducts and are frequently detected in water environments, thereby becoming the focus in
the field of drinking water safety. Therefore, this study employs quantum chemical computational
methods to investigate the reaction mechanisms of pyrrole during chlorination and the various po-
tential reaction products. Considering the presence of bromide ions in water bodies due to seawater
intrusion and other influences, this study also focuses on the reactions of precursors with hypo-
chlorous acid and hypobromous acid. During this process, both substitution and addition mecha-
nisms were simultaneously investigated, and the most probable formation pathways for the prod-
ucts were determined. In all chlorination/bromination reactions of pyrrole, the SgAr reaction re-
mains the most favorable, with the order of substitution sites being C2, C5, C3, and C4, producing 2-
Cl/Br-pyrrole, 2,5-di-Cl/Br-pyrrole, 2,3,5-tri-Cl/Br-pyrrole, and 2,3,4,5-tetra-Cl/Br-pyrrole, respec-
tively. Their Kest-ris are approximately 104/106,104/10¢,10/10, and 10%2/103 M-1s-1, Among the prod-
ucts, 2,3,5-tri-Br-pyrrole and 2,3,4,5-tetra-Br-pyrrole are consistent with the tribromopyrrole and
tetrabromopyrrole detected in the experiment. It is noteworthy that the mono-chlorination/bro-
mination and di-chlorination/bromination reactions occur rapidly, while the tri-chlorination/bro-
mination and tetra-chlorination/bromination reactions are relatively slower. Moreover, bromina-
tion reactions seem to be more feasible Kinetically than chlorination reactions, with their Kest-ns val-
ues being 1~2 orders of magnitude higher than those of chlorination reactions. Therefore, in chlo-
rination and bromination reactions, the C sites of pyrrole are the active sites for the reaction, and
the final products 2,3,4,5-tetra-Cl/Br-pyrrole are formed through the SgAr reaction mechanism.
Given the reported presence of tribromopyrrole and tetrabromopyrrole in actual water bodies, the
above results suggest that pyrrole may be a potential precursor of halogenated pyrrole.
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Figure 1. Detection and identification of halogenated pyrrole
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Figure 2. Structures of transition states and important geometric parameters calculated at the M06-2X(D3)/6-311+G(d) or
MO06-2X(D3)/6-311G(d) levels for the chlorination reactions of pyrrole
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Table 1. AG?/AH (in kcal/mol) in the first step of chlorination at all sites for the neutral and anionic pyrrole

F 1. PHMBAE TSR E RS R E—PH AG/AH(BAL keal/mol)

Neutral Anion
Reactive site
AG* AH AG* AH
N1 28.6 —15.8 1.5 —20.2
C2 11.0 -12.0 1.4 —42.0
C3 11.7 -6.9 1.3 -36.4

ML T TR, A B TR AN AR R SR AGPAEL T Lt TR U AR, AGHEAE 1.3~1.5
keal/mol, 5 B VSRR FHALL I 9 5 11 3B ML FR) 5% R A BE e R, 285 R A g e P A 9 8 R 3 i L
THEE ALk o A M 8 T AL SR BT Kobs.est (BRI TTHRES , B35 2 PITO

Table 2. The estimated apparent rate constants (kobs-est, in M™! s71) in the chlorination of each site for the neutral and anionic
pyrrole and their contributions (¢, %) to the kobs-est of pyrrole

i 2. qﬂ'ﬁ*ﬂﬁﬂ%?ﬁ?iﬁﬂ"]”kk”ﬁ*ﬁ’rﬁ;ﬁﬁi%ﬂ&F_‘Ll_ﬁﬁﬂl‘]%iﬂﬁﬁﬁﬁ(kobs-est, iﬁ—L N[i1 S’I)U&X‘Tﬂttﬂ% kobs-est
HIZTRR(c, %)

Reactive Neutral Anion pyrrole
site Kobs.est c Kobs—est ¢ Kobs-est
N1 7.3 x107° 0% 3.2x 107! 100% 3.2x107!
C2 5.7 x 10* 100% 3.2x 107! 0% 5.8 x 10*
C3 1.8 x 10 100% 3.2x107! 0% 1.8 x 10*
The pKa value of N1-H is 16.5. ¢ = kalc(N(i)/A(i))f(N(i)/A(i)) %.
kobsest ( pyrrole)
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Figure 3. Initial chlorination of all the potential reaction sites in pyrrole by HOCI
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