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ABSTRACT: The results are reported of an ab initio study of the thermo-
chemistry and of the kinetics of the HOBrO disproportionation reaction 2HOBrO
(2) 2 HOBr (1) + HBrO; (3), reaction (R4'), in gas phase (MP2(full)/6-311G*)
and aqueous solution (SMD(MP2(full)/6-311G*)). The reaction energy of ~_Br.

bromous acid disproportionation is discussed in the context of the coupled reaction To
system R2—R4 of the FKN mechanism of the Belousov—Zhabotinsky reaction and
considering the acidities of HBr and HOBrO,. The structures were determined of
ten dimeric aggregates 4 of bromous acid, (HOBrO),, of eight mixed aggregates 5
formed between the products of disproportionation, (HOBr)(HOBrO,), and of four transition states structures 6 for
disproportionation by direct O-transfer. It was found that the condensation of two HOBrO molecules provides facile access to
bromous acid anhydride 7, O(BrO),. A discussion of the potential energy surface of Br,O; shows that O(BrO), is prone to
isomerization to the mixed anhydride 8, BrO—BrO,, and to dissociation to 9, BrO, and 10, BrO,, and their radical pair 11.
Hence, three possible paths from O(BrO), to the products of disproportionation, HOBr and HOBrO,, are discussed: (1)
hydrolysis of O(BrO), along a path that differs from its formation, (2) isomerization of O(BrO), to BrO—BrO, followed by
hydrolysis, and (3) O(BrO), dissociation to BrO and BrO, and their reactions with water. The results of the potential energy
surface analysis show that the rate-limiting step in the disproportionation of HOBrO consists of the formation of the hydrate 12a
of bromous acid anhydride 7 via transition state structure 14a. The computed activation free enthalpy AG, (SMD) = 13.6 kcal/
mol for the process 2-2a — [14a]* — 12a corresponds to the reaction rate constant k, = 667.5 M~' s~ and is in very good
agreement with experimental measurements. The potential energy surface analysis further shows that anhydride 7 is kinetically
and thermodynamically unstable with regard to hydrolysis to HOBr and HOBrO, via transition state structure 14b. The
transition state structure 14b is much more stable than 14a, and, hence, the formation of the “symmetrical anhydride” from
bromous acid becomes an irreversible reaction for all practical purposes because 7 will instead be hydrolyzed as a “mixed
anhydride” to afford HOBr and HOBrO,. The mixed anhydride 8, BrO—BrO,, does not play a significant role in bromous acid

2 HOBrO = HOBr + HOBrO,

disproportionation.

B INTRODUCTION

The first oscillating reaction was reported by Belousov in
1958," and it consisted of the cerium-catalyzed bromate oxida-
tion of citric acid, HOOC—C(OH)(CH,COOH),, in aqueous
sulfuric acid solution. Zhabotinsky also employed malic acid,
HOOC-CH(OH)-CH,COOH, and malonic acid, H,C-
(COOH),, in his seminal 1970 paper.?‘ Today, the cerium-
catalyzed bromate oxidation of malonic acid in aqueous sulfuric
acid solution is considered as the classic Belousov—Zhabotinsky
reaction (BZR).>* The color of the reaction solution of the
classic BZR oscillates between yellow and colorless reflecting
the oscillations between Ce(IV) and Ce(III) species, respec-
tively. A frequently studied variation of the BZR employs iron
salts in the presence of phenanthroline and this ferroin-BZR>®
displays impressive oscillations between red ferroin [Fe-
(phen),]** and blue ferrin [Fe(phen);]*, and other metals
also have been studied (Ru,” Mn®). Since the pioneering dis-
coveries of Belousov and Zhabotinsky, a number of other oscillating
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chemical reactions as well as biological reactions have been dis-
covered and studied, but the significance of the BZR as the
mainstay reaction of nonlinear chemical dynamics remains
unrivaled.” Current interests in the BZ reaction are concerned
with detailed analyses of the organic products including CO and
CO, formations,'”"" de novo designs of new oscillating sys-
tems,' the study of light-emitting oscillating reactions,"* and most
recently the analysis of microemulsions'* and polymer-gels."®

H" + Br' + HOBrO 2 2HOBr (R2)
2H" + Br” + BrO;” 2 HOBr + HOBrO (R3)
2HOBrO 2 HOBr + H' + BrO;’ (R4)
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Table 1. Reported Kinetic Parameters of the Disproportionation of Bromous Acid

year authors medium
1972 Field, Koros, and Noyes ~1 M H,SO,
1979 Sullivan and Thompson 1.5 M H,SO,
1983 Noszticzius, 0.15 M H,SO,
Noszticzius and Schelly 1.5 M H,SO,
1983 Forsterling et al.
1986 Ariese and Nagy-Ungvarai 0.5 M H,SO,
1986 Field and Forsterling ~1 M H,SO,
1993 Forsterling and Varga 2 M H,SO,
1994 Faria, Epstein, Kustin pH 3.9-5.6°
1994 Faria, Epstein, Kustin pH 59-8.0°
2006 Agreda and Field 30—90 mM H,SO,
2006 Agreda and Field 4—9 mM HCIO,

ky (M7 S_l)) kg (M7 s7)

4 x 107 2% 10710

<6 x 10°

14 + 02 x 10°

38 +1x10°

4 x 10°

22 % 10°

3000 1x 1078

8000

~800 + 100

~39.1 + 2.6

~1700 AEY =55 + 0.1
ASF = —284 + 02

781 + 6 AEf = 45 + 02
AS* = —31.5 + 07

activation parameters”

“Acetate buffer. bPhosphate buffer. “AE* in keal/mol and AS* in cal/(K mol).

In 1972, Field, Korés, and Noyes published two seminal papers
on the mechanism of the BZ reaction, and their model included
ten reactions. The first seven reactions together with the
respective reaction rate constants are now widely referred to as
the FKN model." The disproportionation of bromous acid plays
a prominent role as “Reaction 4” (or R4 for short) in the FKN
model. Alternative models have been discussed,'” and these
include in particular the Gydrgyi-Field (GF) model of eight
reactions proposed in 1991'® and the Marburg-Budapest-Missoula
(MBM) model proposed in 2001." It is a key feature of the GF
model that HOBr does not appear in the reactions. Reaction GF3
takes the place of R4 in that bromous acid reacts with itself in a
bimolecular, irreversible reaction (rgg; = kgr; [HOBrOJ]?) and
then with malonic acid (MA) to yield bromic acid, brominated
malonic acid (BrCH(COOH),, BrMA) and water. Reaction GF3
can formally be understood as the combination of R4 with the
faster reaction HOBr + MA — BrMA + H,O, but the GF
mechanism allows for the possibility of BrO, radicals reacting
directly with MA. It is an important feature of the MBM model
that the neutral disproportionation FKN-R4 is replaced by the
protonation of bromous acid HOBrO + H* — H,BrO," (MBM-
R4)* and the proton-catalyzed reaction HOBrO + H,BrO," —
HOBr + BrO,~ + 2H* (MBM-RS).

The reaction rate constants k, = 4 X 10’ M~ s™' and k_, =
2 X 107" M2 57!, respectively, for the forward and backward
reactions, respectively, show the disproportionation of bromous
acid to be very fast and irreversible (Table 1). The equilibrium
constant K, = ky/k, = 2 X 10*'7 M corresponds to a reaction
free enthalpy AG, = —23.6 kcal/mol. A few years later
Forsterling et al.”>' published an even higher k, value. Yet,
Sullivan and Thompson®* observed the kinetics of the Ce(IV)-
bromous acid reaction in 1.5 M H,SO, by stopped-flow
methods and concluded in 1979 that the FKN estimate of k,
must be much too large, and their work suggested k, < 6 x 10"
M s7". The bromous acid disproportionation is a key step of
the BZ reaction, and several studies in the following two
decades were aimed at clarifying the reaction kinetics. In 1983,
Noszticzius, Noszticzius, and Schelly monitored the dispro-
portionation reaction of (bromide-free) bromous acid with ion-
selective electrodes in 0.15 and 1.5 M H,SO,.** The acidity of
the medium affects the measured k, values (Table 1), but both
measured k, values where several magnitudes lower than the
FNK value. In 1986, Ariese and Nagy-Ungvarai24 measured the
bromous acid disproportionation reaction using stopped-flow

techniques in 0.5 M H,SO, and reported k, = 2.2 X 10" M
s™" in support of the value k, = 2 X 10"> M™! 57! they attributed
to Noszticzius et al.>® for the 0.5 M H,SO, medium. Also in
1986, Field and Forsterling (FF) susggested an alternative set of
rate constants for the BZ reaction.”® One of the key differences
between the FKN and FF parameter sets concerned the much
lower forward reaction rate constant k, = 3000 M~ s™! of
“Reaction 4” as well as the higher reaction rate constant k_, = 1
X 107 M s7". These data give an equilibrium constant K, =
k,/k4 =3 X 10" M corresponding to AG, = —15.64 kcal/mol.
The rate of reaction R4 increases with the acid concentration
(cf. values measured in 0.5 M, 1 M, and 2 M H,S0,),%° and
efforts were made to measure R4 in less acidic media. In 1994,
Faria, Epstein, and Kustin®’ measured the kinetics of the
disproportionation reaction in phosphate buffer (5.9 < pH <
8.0) and acetate buffer (3.9 < pH < 5.6) by monitoring optical
absorbance at 294 nm using stopped-flow methods and
reported the rate constant k, ~ 800 + 100 M~ s™". In 2006,
Agreda and Field studied the HOBrO disproportionation in
aqueous HCIO, and aqueous H,SO,* The reactions were
found to be clean second-order reactions, and the experimental
rate constant kexp was treated as superposition of one pH-
independent and one pH-dependent reaction, k., = k +
k'-[H*], and the data reported for the pH-independent reaction
are included in Table 1. Agreda and Field derived the standard
enthalpy of formation of bromous acid A'H,{HBrO,(aq)} =
—7.9 kecal/mol and determined the reaction enthalpy of R4 to
be AH, = —27.2, kcal/mol. With the FF-value AG, = —15.64
kcal/mol, the reaction entropy becomes AS, = —40.1 cal/(K
mol).”

In this article we report the results of an ab initio study of the
thermochemistry and of the kinetics of the HOBrO
disproportionation in gas phase and aqueous solution. We
begin with a study of hypobromous acid 1, bromous acid 2, and
bromic acid 3 and discuss the reaction energy of bromous acid
disproportionation in the context of the coupled reaction
system R2—R4 and considering the protonation states of HBr
and HOBrO,. Next, we report results of studies of dimeric
aggregates 4 of bromous acid, (HOBrO), and of mixed
aggregates S formed between the products of disproportiona-
tion, (HOBr)(HOBrO,). The discussion of the aggregates
guides the search for transition states structures 6 for direct O-
transfer and four such transition state structures were located.
The analysis of aggregates 4 and S, respectively, also guides the
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Table 2. Relative and Reaction Energiesa’b Computed at MP2(full)/6-311G*

eq relation/reaction AE AH, AH,s AGy
E,y 1b vs 1a 4628 4528 4493 4636
E,, 2a — 2b 302 227 211 229
E. 2a = 2¢ 808 730 714 735
E,, 3a = 3b 481 466 417 556
R4 E,,22a— la+3a -30.27 -=30.17 -=30.01 -29.97
R2” E,,HBr+2az22la —40.22 -3791 -—38.09 —39.26
R3" E,, HBr+3a2 la+2a -996 —-7.74 —8.08 —9.29
E,, boat-4a vs chair-4a 2.85 2.69 2.88 2.18
Egy 2-2a — chair-4a 2717 —2484 —2476 —1241
E.., 4b vs chair-4a 18.03 16.46 17.44 14.40
E,., 4c vs chair-4a 18.11 16.43 17.44 14.64
E, g, cis-4d vs chair-4a 18.90 17.12 18.16 15.49
E,., trans-4d vs chair-4a 19.01 17.25 18.31 15.39
E,, TS(4b,4c) vs chair-4a 4388 4142 4189 4107
E,, 4e vs chair-4a 8.76 8.06 8.47 7.71
E,y 4f vs chair-4a 1212 1120 1186 1027
E.., 4g vs chair-4a 12.27 11.65 12.21 9.79
E,, 4h vs chair-4a 1055 993 1048  8.34
Eyy 222 — 4de —1841 —1678 —1629 —470
By 222 — 4f 1500 —1364 —1289 —2.14
Egmy 222 — 4g 1490 —1318 —12.54 —2.62
E4y 222 — 4h —-16.61 —1491 -—-14.28 -—3.87
E,y Sb vs 52 136 105 130 —046
E,, cis-Sc vs Sa —-798 —647 =734 =521
E,, trans-5¢ vs Sa -743 =597 —6.80 —4.88
E,, 5d vs Sa —346 -267 -316 —221
E,, cis-Se vs Sa -3.60 —=3.00 —332 =257
E,, trans-Se vs Sa -3.54 —293 =324 =277
E., Sfvs Sa -296 =251 269 —3.36
Eygy la + 3a = Sa =537 —446 =351 5.56
Eagg, la +3a— Sb —4.01 —342 —2.21 S.10
E,gy 1a + 3a — cis-5¢ —13.35 -1094 -10.84 0.34
Eagg, la + 3a — trans-Sc -12.81 -1043 -10.31 0.67
E,,, 4b — 6b 2585 2496 2444 2667
E,, 4c — 6¢ 2299 2305 2220 2491
E,., 4e — 6e 3352 3309 3251  33.88
E,, 4f — 6f 33.63 32.81 3227 33.83
E,p 222 — 6b 1671 1659 1713 2866
E,, 22a — 6¢ 13.93 14.65 14.89 27.14
E,, 22a — 6e 1511 1632 1622 29.18
E., 22a — 6f 1863 1917 1938 3168
E,y 7b vs 7a 137 141 139 154
E,, 7a = 7c¢ 6.06 5.90 546 6.75
E, 8b vs 8a 065 023 —011 171
7a — BrO + BrO, —0.60 —-1.62 —-2.32 —12.05
BrO + BrO, — 8a -2725 -=2537 -25.05 -—15.09
7a — 8a -27.85 -=27.00 -=27.37 -=27.13

eq relation/reaction AE AH, AH,s AGyy
BrO + BrO, — ’11b —4.05 =372 =261 3.41
E., 4 — 12a —8.88 —895 863 —9.04
By 222 = 7a + H,0 —999 —1127 -1006 —9.99
E,, la + 3a =- 7a + H,0 20.27 18.90 19.95 19.98
By 122 = 7a + H,0 1389 1132 1147 120
E,., 4 —> 14a 1138 824 772 8389
B, 222 — l4a —362 —540 -518 675
E, 12a —> 14b 457 129 060 189
E,., 7a + H,O — 14b —932 —1003 —1087  0.69
E,y 14a vs 14b 1559 1590 1575 1604
E,, 1a + 3a — 14b 1096 887 908 2067
E,p 222 — 14c 1581 1488 1518 2667
Egeep 12b = 7a + H,0 3418 3191 3190 2211
Egesop 12b = 8a + H,0 6.33 491 453 —491
E,y 15e vs 14a 288 509 505 522
B, 22a > 15e —074 —031 —013 1197
Byewy 132 — 8a + H,0 788 598 588 —432
Egeop 13b = 8a + H,0 1203 1012 988 —007
Egeap 13¢ = 8a + H,0 704 539 496 —374
Egep 13d = 8a + H,0 522 370 320 =555
E,, 13b — trans-Se 10.77 11.07 10.64 10.42
E,n 13¢c — trans-Se (via 5a) 5.71 6.09 5.63 6.20
E., 8 + HO — la + 3a 7.58 8.09 742 7.1§
E,yp 15b vs 15a —145 055 025 128
E., 15c vs 15a 26.42 28.75 28.03 30.26
E,y 15d vs 15a 2693 2907 2837  30.59
Epg 15e vs 15a 1702 1888 1884  19.13
B, 1a + 3a — 15a 1250 1098 1104  22.80
E. 1a + 32 > 15b 1105 1153 1129 24.09
E,., 13b > 15a 3211 2919 2834  29.88
E,, 13b — 15b 3066 2974 2860 3116
E, 8a + H,0 — 152 2008 1907 1846  29.95
E,., 8a + H,O0 — 15b 1864 1962 1871 3124
E., 8a + 2H,0 — 16 -27.31 =22.50 -=22.62 -=2.1S
E,, 16 = 17 3555 3186 3147 3121
E,, 8a + 2H,0 — 17 825 936 885 2907
E,, 8a + (H,0), — 17 1638 1500 1446  28.50

Epy BrO + H,O0 — 1a+ HO 1215 1081 1085  10.50
EnyBrO, + H,0 - 2a+HO 3932 3811 3816 3858

E,, BrO + HO — 2a —28.72 —=2522 -25.79 -—16.54

E., BrO, + HO — 3a —31.82 —28.09 -—-2849 -1843

E,.., BrO + BrO, + H,0 — —-19.67 -17.28 -—17.63 —7.94
la + 3a

E,, BrO + H,O0 — 18 23.43 21.83 21.29 29.76

E,, BrO, + H,O — 19 48.39 48.92 47.98 59.15

E,, BrO + 2H,0 — 20 10.95 17.21 16.52 34.18

E,, BrO-H,0 + H,0 —» 20 1773 2291 2170  32.59

“All values are in kcal/mol. *Two digits are provided merely for numerical accuracy.

subsequent discussions of the formations of anhydrides 7,
O(BrO),, and 8, BrO—BrO,, respectively. A classification of
condensation reactions is described that connects two
molecules of HOBrO or HOBr and HOBrO, to either 7 and
8, and eight transition state structures of such condensation
reactions have been determined. The potential energy surface
analysis shows that O(BrO), is prone to isomerization to 8 and
to dissociation to 9, BrO, and 10, BrO,, and their radical pair
11. Hence, there are several options to convert O(BrO), to the
products of disproportionation, HOBr and HOBrO,, and we
discuss (1) the hydrolysis of O(BrO), along a path that differs

from its formation, (2) isomerization of O(BrO), to BrO—
BrO, followed by hydrolysis, and (3) O(BrO), dissociation to
BrO and BrO, and their reactions with water. The analysis
shows that the rate-limiting step of HOBrO disproportionation
consists of the formation of anhydride 7, and the computed
activation parameters are fully consistent with reported
experimental reaction rate constants k,.

B COMPUTATIONAL METHODS

Potential energy surface (PES) analyses® were performed
employing second-order Meoller—Plesset perturbation theory
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(MP2)*"** in conjunction with the 6-311G* basis set,>
MP2(full)/6-311G*, to locate and characterize minima and
transition state structures. Selected structures were determined
also with inclusion of effects of aqueous solvation at the
SMD(MP2(full)/6-311G*) level, and this level is referred to as
SMD for brevity. Computations were performed with
Gaussian09°* in conjunction with Gaussview 5,35 on an SGI
Altix BX2 SMP system with 64 Itanium2 processors and a Dell
EMO64T cluster system with 512 processors.

Solvation can be modeled by continuous and discrete solvent
models,*® and we employed a method of density-based, self-
consistent reaction field theory of bulk electrostatics (SCRF),
namely, the recently developed solvation model density (SMD)
method.*”*® The SMD method accounts for long-range
electrostatic polarization (bulk solvent) and also for short-
range effects associated with cavitation, dispersion, and solvent
structural effects (CDS). The computation of the bulk effects
parallels the polarizable continuum method®** (PCM); it
requires the dielectric constant of the solvent and the
determination of the solvent accessible surface (SAS) based
on atom-centered spheres with intrinsic Coulomb radii F;. The
computation of the short-range CDS term requires parameters
for the atomic surface tensions (o,) of atoms k, for the
molecular surface tension o™, and for the solvent accessible
surface area A, of atoms k. The atomic and molecular surface
tensions depend on three solvent properties: the solvent’s
refractive index n, Abraham’s hydrogen bond acidity parameter
a, and Abraham’s hydrogen bond basicity parameter . The A;
values are computed with the knowledge of the solute atoms’
van der Waal radii and the solvent radius (rg). The SMD
parametrization is based on an extensive set of 2821 solvation
data including neutral and charged solutes in aqueous and
nonaqueous solvents.>”

Total energies (E,,,), vibrational zero point energies (VZPE),
thermal energies (TE), molecular entropies (S), the numbers of
imaginary frequencies (NI), and the lowest vibrational
frequencies v, and v, computed for the free molecules and at
the SMD level, respectively, are given in Tables S1 and S2 of
the Supporting Information. In Tables 2 and 3 are listed the
relative and reaction energies computed for gas phase and for
aqueous solution, respectively. For each parameter, four
thermodynamic values are provided, and these are AE, AH,,
AH,gs, and AGgg.

B RESULTS AND DISCUSSION

Structures of HOBr, HOBrO, and HOBrO,. The potential
energy surfaces of HBrO,*"** HBrO,,** and HBrO, >4 have
been explored previously, mostly with a view to atmospheric
chemistry. The isomers HOBr, HOBrO, and HOBrO, are
pertinent in the current context and molecular models are
shown in Figure 1. The structures of HOBr, HOBrO, and
HOBrO, are bent at the HO-oxygen with £(H—O—Br) angles
of 103.9° 106.1°, and 106.9°, respectively. HOBrO adopts a
nonplanar conformation 2a with dihedral angle 2(H—O—Br—
O) = 74.2°, and the planar structures 2b and 2c¢ are transition
state structures for fast enantiomerization of 2a 2 2a’
(AE,(2a — 2b) = 3.0 kcal/mol; AG,,(2a — 2b) = 2.3
kcal/mol). The rotational energy profile about the Br—OH
bond was computed for 3, and the anti-conformation 3a is the
only minimum. The syn-structure 3b is a transition state
structure for fast automerization of 3a (AE,(3a — 3b) = 4.8
keal/mol; AG,4(3a = 3b) = 5.6 kcal/mol). The bond lengths
between bromine and hydroxyl are d(Br—OH) ~ 1.87 + 0.02 A

Table 3. Relative and Reaction Energies” Computed at
SMD(MP2(full) /6-311G*)

eq relation/reaction AE AH, AH,os  AG,g
R4’ E.,22a— la+ 3a —-2622 —2635 —=26.12 -—26.04
R2" E,, HBr + 2a 2 2la —41.10 —38.88 —39.01 —40.26
R3" E,, HBr+3a2 la+2a —14.88 —12.53 -—12.89 -—14.22
E,., 22a — 6b 2150 2135 2190  33.57
E,. 222 — 6¢ 1928 1973 2010 3218
E,, 22a — 6e 2349 2414 2422 3679
E,p 222 — 6f 2620 2655 2690  38.65
7a — BrO + BrO, —-0.93 —-1.92 —-2.63 —1231
BrO + BrO, — 8a —2546 —23.57 -—-2325 -—1298
7a — 8a —26.39 —2549 -—25.87 -—2529
E., 22a — 7a + H,0 —975 —1139 -1008 -1023
E., la+3a = 7a + H,0 1647 1496 1604 1581
E,p 222 > l4a 349 162 198  13.60
E,, 12a — 14b s72 283 200 373
E,p 7a + H,0 > 14b —1.54 —192 -284 897
E,, 14a vs 14b 14.78 14.92 14.90 14.86
E,, la + 3a — 14b 1493 1304 1320 2478
Egesop 12a = 7a + H,0 7.25 4.75 485 =524
Eyp 12b = 7a + H,0 3057 27.82 2804 1759
Epg 15¢ vs 14a 406  S42 544 522
E, 222 — 15¢ 755 704 742 1881
By 12b = 8a + H,0 418 233 217 =770
E,, 8a + H,0 - la + 3a 992 1053 983 948
E,y 15b vs 15a 319 454 428 508
E,y 15e vs 15a 2063 2109 2122 20.66
E. la+3a— 15a 1314 1230 1232 2420
E,, la + 3a — 15b 1633 1683 1659 2928
E,, 8a + H,0 — 15a 2306 2282 2214  33.68
E,, 8a + H,0 — 15b 2625 2736 2642 3876

Eny9+10+H,0 > la+3a —1553 —13.04 —1342 —3.50

“All values are in kcal/mol.

J

S 2

HOBr, Cup, SOSP, 1b

J 9

HOBr, Cs, 1a HBr, Ceon

»

HBrO,, Cs, cis, TS, 2b HBrO,, Cy, 2a HBrO,, Cs, trans, TS, 2¢

1

)

HBrO;, Cs, anti, 3a

yd
|
d

HBrO;, Cs, syn, TS, 3b

Figure 1. Optimized structures of HOBr, HOBrO, and HOBrO, and
rotational energy profile of HO—BrO,. The plot shows the relative
energy (in kcal/mol) as a function of the dihedral angle £(H—O—
Br—X) where syn-3b appears at Z(H—O—Br—X) = 0° and anti-3a
appears at £(H—O—Br—X) = +180°.
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Table 4. Thermodynamic and Kinetic Parameters of the Disproportionation of Bromous Acid”

year authors rxn k,
1972 FKN” R4 4% 107
R2 2 x 10°
R3 2.1
1986 FF° R4 3000
3 % 10°
2.0
2012a this work R4 17007
“Marcus” SMD R2 3 x 10°
R3 2.0
2012b this work R4 17007
“Petkovic” SMD R2 3 x 10°
R3 2.0

k, K, AG,
2% 1071 2.0 x 10" —23.61
5% 107° 40 x 108 —18.56
1 x 10* 21 x 107* 5.02
1x 1078 3.0 x 10 —15.66
2% 107° 1.5 x 10" —15.25
32 0.6 0.41
1.39 x 1071¢ 1.22 x 10% —26.04°
3.64 x 1075 825 x 10%° —28.56"
2.85 X 1072 70.08 —2.528
1.39 x 107'¢ 1.22 x 10Y —26.04°
733 x 1072 4.09 x 107 —36.00"
1.0 x 107° 2.00 x 10° —9.96%

“Reaction rate constants in M~ s™* for k_,, k_s, and k,, in M™% s™" for k, and k_,; and in M3 s™* for k. Free enthalpies in kcal/mol. bTable 1 in ref
25. “Table 2 in ref 25. “Reference 28. “Direct computation for reaction R4./( Computed with reaction R2” and using Marcus’s value AG,(HBr) =
—11.7 keal/mol (ref $8). #Via AG, = AG, — AG;. "Computed with reaction R2” and using Petkovic’s value AG,(HBr) = —4.26 kcal/mol (ref 56).

(1a: 1.86; 2a: 1.88; 3a: 1.87 A) and roughly 0.2—0.3 A longer
than Br—O bonds (2a: 1.64; 3a: 1.60 A).

Thermochemistry of Bromous Acid Disproportiona-
tion. The computed reaction enthalpy and free reaction
enthalpy of HOBrO disproportionation 2-2a — 1a + 3a are
AH, = AG," = —30.0 kcal/mol. The estimation of the effects
of aqueous solvation by computation of 1a, 2a, and 3a with the
SMD(MP2(full)/6-311G*) method yields AH, (SMD) =
—26.1 and AG,(SMD) = —26.0 kcal/mol. It makes sense
that the reaction entropy is close to zero for the reaction
2HOBrO 2 HOBr + HOBrO,. The best established reaction
energy for HOBrO disproportionation in aqueous media is the
reaction enthalpy AH, = —27.2 kcal/mol. We find that this
AH, value agrees very well with AH,’(SMD), and this leads to
a discussion of the dissociation state of bromic acid.

2HOBrO 2 HOBr + HOBrO,

(R4/)’ KdiSP = K/4’ AGdisp = AG/4
HOBrO, 2 H" + BrO,~ (A(3)), K,(3), AG,(3)

2HOBrO 2 HOBr + HY + BrO;”
(R4) = (R4') + (AQ3)),
AG, = AG, + AG,(3)

K, = K','K,(3),

Equilibrium Constant K, and Bromic Acid Dissocia-
tion. We computed the thermochemistry of reaction R4/,
that is, the disproportionation of undissociated HOBrO with
formation of undissociated acids HOBr and HOBrO,. There
exists general agreement that hypobromous acid
(pK,(HOBr) = 8.59"") and bromous acid (pK,(HOBrO) =
3.43*) are not dissociated at the typical pH value of the
BZR. In contrast, it has been assumed that bromic acid does
dissociate under BZR conditions, and reaction R4 combines
the disproportionation reaction R4’ with the acid dissocia-
tion reaction of bromic acid A(3) and hence K, = K,"-K,(3)
and AG, = AG,’ + AG,(3).

Assuming that FF’s value AG, = —15.6¢ kcal/mol™ is
correct, ie., that K, = k,/k_, = 3 X 10**! M, then one must
assign the difference AG, — AG,’ = AG,(3) to the acid
dissociation reaction of bromic acid. Since AH,' is very close
to AH, = —27.2; kcal/mol*® and considering that the reac-
tion enthalpies AH, of deprotonation reactions in solution

are usually positive and small in magnitude, one would be
inclined to explain the difference between AG, and AG,’ by
the entropy change associated with the acid dissociation of
bromic acid and AS,(3) would have to be negative. Quali-
tatively, a negative AS, value would be consistent with
bromic acid dissociation, HOBrO, 2 BrO;~ + H'. While
acid dissociation in gas-phase increases entropy by about
23 cal/(K mol),* the overall entropy decrease of acid
dissociation in solution is consistent with entropy reduction
associated with proton solvation.>”*'

To account for an additional reaction free enthalpy AG.y,, =
AG, — AG, = +10.33 kcal/mol via the acidity of 3 would
require pK,(3) = 7.6, because of AG,(3) = 2.303-RT-pK,(3).
With this acidity constant, one computes the ratio [HBrO;]/
[BrO,™] > 10 at a typical pH =~ 1 of the BZ reaction, and this
creates an obvious paradox. The actual pK,(3) value has not
been well established by experimentation; values of 1.87,%
0.7, and —0.29%* were reported, and, most recently, Cortes
and Faria concluded that pK,(3) < —0.5 (AG,(3) < —0.68 kcal/
mol).>* Tt will be important to establish pK,(3) because this
value decides whether one should replace reactions R3 and R4
by reactions R3’ and R4’, respectively.

H* + Br' + HOBrO, 2 HOBr + HOBrO
(R3') = (R3) + (A(3))

2HOBrO = HOBr + HOBrO, (R4")
With the knowledge of the range pK,(3) = 0 + 1.5 it is clear
that AG,(3) is small, and, therefore, we take the position that
AG,'= —26.0, kcal/mol is close to the true AG, value, ie., AG,
~ AG, (Table 4). The computed value AG,'(SMD) gives an
equilibrium constant of K,” = 1.22 X 10"" and considering the
value k, = 1700 M~ s7! firmly established by Agreda and
Field,”® one then obtains k_, = 1.39 X 1071 M~ 5™, There has
never been any doubt that reaction R4 (or R4’) is irreversible,
that fact is not altered if k_, is decreased by several magnitudes.

If one takes the position that AG, ~ AG,’, then it also
follows that AG; = AG; and there are consequences for
reaction R2 as well because AG, = AG, — AG; (or K, =
K,/K;). We computed the thermochemistry of reactions R2”
and R3”. Reactions R2 and R2” are connected via the acid
dissociation reaction A(HBr); (R2) = (R2”) — (A(HBr)),
K, = K,"/K,(HBr), AG, = AG,” — AG,(HBr). Reactions R3”
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and R3’ also are connected via reaction A(HBr); (R3’) = (R3")
— (A(HBY)), Ky = Ky"/K,(HBr), AGy' = AG,” — AG,(HBr).

HBr + HOBrO 2 2HOBr (R2")
HBr + HOBrO, 2 HOBr + HOBrO (R3")

HBr 2 H' + Br’ (A(HBr)), K,(HBr), AG,(HBr)

H* + Br  + HOBrO 2 2HOBr
(R2) = (R2")-(A(HBr))

H* + Br' + HOBrO, 2 HOBr + HOBrO
(R3") = (R3")-(A(HBr))

Free Enthalpy of HBr Dissociation and Equilibrium
Constant K;. The computed free enthalpies of reactions R2”
and R3’, respectively, are AG,”(SMD) = —40.24 kcal/mol and
AG,"(SMD) = —14.2, kcal/mol, respectively. Reactions R2”
and R3” are related to reactions R2 and R3’ via the acidity of
aqueous hydrobromic acid.

Petkovic reported that the acidity of aqueous HBr is com-
parable to the acidity of sulfuric acid (pK,(HBr) = —3.12;
pK,(H,S0,) = —3.29)°*7 At a typical pH ~ 1 of a BZ
reaction, one computes [HBr]/[Br~] ~ 10" and confirms the
expectation that HBr is dissociated under these conditions.
Petkovic's value pK,(HBr) = —3.12 corresponds to AG,(HBr) =
—4.24 keal/mol. The pK,(HBr) value is not firmly established,
however, and several authors have argued for a much higher
acidity of HBr. The measurements by Marcus®® resulted in the
value pK,(HBr) = —8.6 which corresponds to a free enthalpy of
dissociation AG,(HBr) = —11.7 kcal/mol.

Comparison of FF’s value AG, = —15.25 kcal/mol to the
computed value AG,”"(SMD) = —40.24 kcal/mol leads to
AG,(HBr) = —25.0;, kcal/mol. The computed value
AG,”(SMD) = —40.24 kcal/mol can be associated with an
error of a few kcal/mol, but an error as high as 10 kcal/mol does
not seem likely. Hence, assuming that AG,”(SMD) is essentially
correct (i.e, within a couple of kcal/mol) and with Marcus’s
value AG,(HBr) = —11.7 kcal/mol, we arrive at the estimate
AG, = —2854 kcal/mol and the corresponding equilibrium
constant K, = 8.25 X 10"2° M™" (Table 4, 2012a). The respective
values computed with Petkovic’s value AG,(HBr) = —4.24 kcal/
mol also are included in Table 4 (2012b).

Coupled Reactions and Equilibrium Constant Kj'.
Reactions R2, R3, and R4 are coupled because AG, = AG, — AG;
and K, = K,/K;. The FKN values K, = 40 X 10° M™, K; = 2.1 X
107* M2 and K, = 2.0 X 10" M (very nearly) fulfill this condition
(Table 4). The FF values K, = 1.5 X 10" M and K, = 3 X 10" M
also fulfill this condition if K; = 0.5 M (rather than 0.6)
corresponding to AG; = 04, kcal/mol. With the value AG,’ =
—26.0, kcal/mol and using either AG, = —28.54 kcal/mol
(“Marcus”) or AG, = —36.0, kcal/mol (“Petkovic”), respectively,
one arrives at the AG;' values of —2.5 or —10 kcal/mol, respectively.

Dimeric Aggregates of Bromous Acid, (HOBrO),.
Molecular models of dimeric aggregates 4 of bromous acid
are shown in Figure 2, and they include 4-, 6-, and 8-membered
ring structures. The aggregation hardly affects intramolecular
bonding (e.g,, bond lengths™ are d(Br—OH) ~ 1.87 + 0.10 A
and d(Br—0) ~ 1.66 + 0.02 A in dimers 4), and only selected
intramolecular bonding parameters are described.

The most stable dimer of HOBrO adopts an eight-membered
ring structure 4a held together by two OH---O hydrogen bonds
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Figure 2. Optimized structures of dimeric aggregates of HOBrO, 4.

(chair-4a: 1.67 A; boat-4a: 1.72 A), and the chair conformation
is slightly preferred over the boat conformation (AE = 2.9 kcal/
mol; AG = 2.2 kcal/mol). The reaction energies computed for
the dimerization 2-2a — chair-4a (AEg,, = —27.2 kcal/mol;
AGgy, = —124 kcal/mol) show the strength of the OH:--O
bonds in 4a.

Dimer 4a might be important as the resting state of HOBrO,
but it is not a suitable substrate for O-transfer between two Br
centers. A substrate for direct O-transfer should contain at least
one intermolecular BrO---Br contact. This is easily realized in
dimer 4b, that is, the four-membered ring structure with two
BrO---Br contacts (2.67 and 3.12 A) and antiparallel alignment
of the large dipole moments of the BrO bonds. Note that the
HOBrO molecules in 4b are not equivalent; the BrO, planes of
the two molecules are nearly perpendicular, and one can
describe their interaction as a T-contact.”® The tautomeric
aggregate 4c involves the BrO bond of one HOBrO and the
BrO(H) bond of another and features one BrO--Br halogen
bond (2.84 A) and one BrO(H)--Br halogen bond (2.82 A).
Substrate 4c would allow for two disproportionation paths:
Direct O-transfer to form HOBr and HOBrO, or indirect
O-transfer involving OH-transfer (i.e., formation of contact ion
pair [(HO),BrO]*BrO~) and subsequent tautomerization. The
consideration of this type of indirect O-transfer adds dimer 4d
to the palette of putative reactive substrates. Aggregate 4d
involves antiparallel alignment of the BrO(H) bonds of two
HOBrO molecules, allows for cis and trans stereoisomers, and
features two BrO(H)--Br halogen bonds (trans: 2.89 A, cis:
2.86 A). As can be seen from the entries in Table 2, the four-
membered ring aggregates 4b, 4c, and 4d all are rather close
in energy and significantly less stable than chair-4a (AE
18.5 + 0.5 kcal/mol and AG, = 14.9 + 0.5 kcal/mol).

In addition, we considered three cyclic dimers with six-
membered ring skeletons, and these structures are attractive

rel =
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Figure 3. Optimized structures of the (HBrO;)(HOBr) aggregate S.
The models for the cis and trans isomers of Sc and Se also are shown
as Newman projections along the Br—OH bond of the HO—BrO,
moiety. Note that the OH group is in front in the Newman projections
of cis-5¢ and trans-Sc, while it is in back in the Newman projections of
cis-Se and trans-Se.

options because of the absence of significant ring strain. Two of
these dimers are held together by one BrOH:-O hydrogen
bond (4e: 1.79 A; 4f: 1.83 A) and one BrO---Br halogen bond
(4e:2.59 A; 4f: 2.78 A), and the third structure 4g features two
BrOH---O hydrogen bonds. In structures 4e and 4, the halogen
bond must be of the BrO---Br type, and the hydrogen bond
may use an O- or an OH-acceptor, respectively. The formations
of 4e-4g are much more exothermic compared to 4b-4d, and
these cyclic aggregates even remain exergonic in gas-phase.
Mixed Aggregate of Bromic Acid and Hypobromous
Acid, (HOBrO,)(HOBr). The product of disproportionation by

1
?
0—%3

6¢, TS(4c,5a)

oy

6f, TS(4f,5a,f)

6b, TS(4b,5a)

- -
~~“‘

6e, TS(de,5d)

Figure 4. Optimized structures of O-transfer transition state structures 6.

direct O-transfer is the mixed molecular aggregate (HOBrO,)-
(HOBr), and possible structures are shown in Figure 3.
Aggregates 5a and Sb both contain one HOBr--OBr(O)OH
halogen bond (Sa: 2.84 A; Sb: 2.87 A), and they differ as to
whether HOBr and the OH group of HOBrO, are on the same
or on opposite sides of the BrO, plane. In Sa, there might exist
the possibility for an HOBr---HOBrO, hydrogen bonding inter-
action (2.91 A). Considering the relative energies computed for
Sa and Sb, however, it is clear that the halogen bonding is the
dominant intermolecular interaction. The aggregation energies
for Sa and Sb are exothermic but endergonic.

Aggregates cis-Sc and trans-Sc contain two O--HO hydro-
gen-bonds with HOBrO, acting as HB-donor (cis: 1.84 A;
trans: 1.85 A) and HB-acceptor (cis: 1.96 A; trans: 1.94 A).
Aggregate 5d also contains two H-bonds, but bromine is now
one of the acceptors. The O---HO bond (1.88 A) uses HOBr as
HB-donor, and a BrO-acceptor and the Br---HO bond (2.66 A)
uses HOBr’s bromine as HB-acceptor. The main interaction in
aggregates Se and 5f is one O--HO bond which uses HOBr
as HB-donor and BrO(H) as HB-acceptor (Se: 1.96 A; Sf:
1.81 A). The geometry of Se would allow for a secondary BrO
contact (2.92 A). Among the H-bonded aggregates Sc-5f, the
isomers of Sc are bound the most, but even these aggregates
remain endergonic in the gas-phase.

Transition State Structures for Direct O-Transfer.
Several transition state structures 6 (Figure 4) were located
for direct O-transfer within dimeric aggregates 4, and the letter
descriptor of 6 matches the respective descriptor of its “dimer
substrate” (Figure 2). Hence, 6b, 6¢, 6e, and 6f, respectively,
are the transition state structures associated with O-transfer
within 4b, 4c, 4e, and 4f, respectively, and leading to product
aggregates Sa, Sa, 5d, and cis-Sc, respectively.

The activation energies for the O-transfer reaction via the
four-membered ring transition state structures 6b and 6c¢ do
not appear to suffer from ring strain: E,,(2-2a — 6b) = 16.7
kcal/mol and E,4(2-2a — 6c) = 13.9 kcal/mol are comparable
to activation energies E,,(2:2a — 6f) = 18.6 kcal/mol and
E,.(22a — 6e) = 15.1 kcal/mol for O-transfer via the six-
membered ring transition state structures. All of these reactions
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Scheme 1. Mechanistic Options for the Disproportionation 2HOBrO 2 HOBr + HOBrO, by Direct O-Transfer and via

Condensation-Hydration Sequences Involving O(BrO),”
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“Options for the latter include direct hydrolysis of O(BrO),, isomerization of O(BrO), to BrO—BrO, followed by hydrolysis, and O(BrO),

dissociation to BrO and BrO, and their reactions with water.

require organization in the transition state region, and the
activation free enthalpies are high and above 27 kcal/mol. We
also determined the transition state structures 6b, 6c, 6e, and
6f for direct O-transfer at the SMD level, and the effects
of aqueous solvation increase the activation energies above
19 kcal/mol and the activation free enthalpies above
32 kcal/mol.

If Not Direct O-Transfer, Then What? Direct O-transfer
is possible between two molecules of bromous acid, but the
activation barriers all are too high compared to measured data
for the disproportionation of bromous acid. Direct O-transfer
is exemplified in Scheme 1 together with mechanistic
alternatives for indirect O-transfer by way of condensation
and hydration sequences. To facilitate the discussion, all
Lewis structures in Scheme 1 are drawn with polar BrO bonds
(Br'—O~ instead of Br=0). This convention has the
advantage that the lone pair count at bromine immediately
informs about a change in the oxidation state of bromine
during a reaction. We do show all lone pairs at bromine in
Scheme 1, while we usually omit lone pairs on oxygen. Blue
dashed lines are used to indicate intermolecular interactions
(H-bonding, halogen bonding), whereas black dashed lines in
Lewis structures of transition state structures indicate bonds
that are being formed or broken during the reaction.

Direct O-transfer is exemplified in the first row of Scheme 1
to the left, and it requires nucleophilic substitution at oxygen by

a poor bromine nucleophile, the further oxidation of the same
already electron-deficient bromine, and the reduction of the
bromine of the leaving group BrOH. We illustrate the direct
O-transfer mechanism with aggregate 4f for a good reason:
Searches for the O-transfer transition state associated with 4f
on occasion led to a region of the potential energy surface that
corresponds to the hydrate of dibromotrioxide, O(BrO),. This
condensation reaction is illustrated in the second row of
Scheme 1, and one of its advantages becomes immediately
obvious: it is a nucleophilic substitution at bromine by a good
nucleophile and intramolecular leaving group stabilization by
way of proton transfer.

In the following, we first present a discussion of the potential
energy surface of Br,O; and show that O(BrO), is prone to
isomerization to BrO—BrO, and to dissociation to BrO and
BrO,. Hence, there are three possible paths from O(BrO), to
the products of disproportionation, HOBr and HOBrO,, and
these will be discussed: (1) hydrolysis of O(BrO), along a path
that differs from its formation, (2) isomerization of O(BrO), to
BrO—BrO, followed by hydrolysis, and (3) O(BrO),
dissociation to BrO and BrO, and their reactions with water.

Dibromotrioxide O(BrO),, Radicals BrO and BrO,, and
Mixed Anhydride BrO—BrO,. The bromous acid anhydride
prefers the C,-symmetric structure 7a, and C-7b is a local
minimum about 1.5 kcal/mol higher in energy (Figure S). The
PES scan of Br,O; as a function of the £(Br—O—Br—0,)
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Figure S. Rotational energy profile and optimized structures of
bromous acid anhydride OBr—O—BrO, 7, stationary structures of
mixed anhydride BrO—BrO,, 8, and structures of free and paired
radicals BrO,. The plot shows the relative energy (in kcal/mol) as a
function of the dihedral angle £(Br—O—Br—O0) starting with the value
in 7a.

dihedral angle shows that 7a is easily converted to 7b via the
rotational transition state structure 7c = RTS(7a,7b) with a
barrier of about 5—6 kcal/mol. The scan shows a discontinuity
in the region where the dihedral angle £(Br—O—Br—0O,)
comes close to zero. Once 7 enters the region of the 7b
conformation, the pure anhydride 7 collapses to the mixed
anhydride 8a, BrO—BrO,, with a BrO—BrO, bond length of
2.02 A. We also explored the potential energy surface of 7 as a
function of the OBr—OBrO bond while constraining both
Z£(Br—O—Br—O0,) dihedral angles to their values in 7a. Again,
the structure collapsed to the mixed anhydride around d(OBr—
OBrO) =~ 2.35 A and with a tiny barrier of less than 3.5 kcal/
mol. It is possible that the collapse of 7 leads through thermally
nonequilibrated 8-type structures to more or less free radicals
BrO and BrO,.

The homolysis of 7a to the free radicals BrO, 9 and BrO,, 10
is slightly exothermic (AH,p3 = —2.3 kcal/mol) and more
exergonic (AG,g3 = —12.1 kcal/mol). Whether the rearrange-
ment 7a — 8a will occur depends on the properties of the
singlet radical pair (BrO)(BrO,), '11a. The radical recombi-
nation 9 + 10 — 8 to the mixed anhydride certainly is an
option because it is exothermic (AH, = —25.1 kcal/mol)
enough to also be exergonic (AG,s = —1S5.1 kcal/mol).
Overall, the isomerization 7a — 8a is highly exergonic by
AG,95 = —27.1 kcal/mol and de facto irreversible.

We then located the transition state structure 8b with
d(BrO—Br0O,) = 2.29 A, and 8b is only slightly less stable that
8a. The transition vector of 8b shortens the BrO---BrO, bond
and lengthens the OBr---OBrO bond, and 8b looks like the
transition state structure for isomerization of 7 and 8. However,
8b is more stable than 7a, and, hence, 8b must function as a
transition state structure for the dissociation of 8a to BrO and
BrO,. The triplet radical pair *11b formed between 9 and 10

shows an OBr bond length of 3.05 4; it is bound by AH,o5 =
2.6 kcal/mol, but the association is endergonic by AGyys = 3.4
kcal/mol, respectively. We located a transition state structure
11c with a BrO—BrO, bond length of 3.39 A, and energy of
AG,gg = —6.6 kcal/mol relative to free 9 and 10, and its
imaginary mode shows the motion from radical pair to form 8a.

The SMD model shows that all the essential features of the
gas-phase potential energy surface carry over to aqueous
solution, and, moreover, the solvation effects alter the
thermodynamic reaction parameters less than 2 kcal/mol
(Table 3). In particular, the homolysis 7a — BrO + BrO, is
exergonic by AG,s(SMD) = —12.3 kcal/mol, the radical
combination reaction BrO + BrO, — 8a also is exergonic by
AG,95(SMD) = —13.0 kcal/mol, and overall the isomerization
reaction 7a — 8a reaction is exergonic by AG,ps(SMD) =
—285.3 kcal/mol.

Bromous Acid Dimers and Dibromotrioxide Hydrates.
The optimized structure of C,-7a is perfectly set up for one
H-bond and one bromine—oxygen contact in the hydrate
Br,0;-OH,, 12a = 7a-OH, (Figure 6), but water binding is only

14¢ = TS(4,12b)

12a = 7a-(OH»)

12b = 82-(OH2)

e

9
14b = TS(12a,5)

Figure 6. Optimized structure of hydrate 12a of anhydride 7a, of
transition state structure 14a for its formation from two HOBrO
molecules, and of transition state structure 14b for its hydrolysis to
HOBr and HOBrO,. The transition state structure 14c for potential
[2,2]-condensation of two HOBrO molecules actually leads to mixed
anhydride 8.

slightly exergonic (AH,ps = —11.5, AG,93 = —1.2 kcal/mol)
nevertheless. We located the transition state structure 14a for
the dimerization of HOBrO with water condensation.
Alternatively, 14a can be viewed as the transition state structure
for 1,4-addition of water to O(BrO), with concomitant Br—O
bond cleavage to form the HOBrO dimer 4f The reaction
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energies for the reactions 4f 2 12a and 2HOBrO 2 7a + OH,
both are exothermic and exergonic by about 10 kcal/mol in gas-
phase. Importantly, the activation barrier for the water
elimination is significantly lower than for any of the direct
O-transfer paths. The process 4f — 14a requires activation of
AH,ys = 7.7 and AG,ys = 8.9 kcal/mol, and the activation
energies for the process 2-2a — 14a are AH,p; = —5.2 and
AG,e5 = 6.8 kcal/mol. The results of the SMD computations
show that the condensation reaction 2HOBrO 2 7a + H,0
again is exothermic and exergonic by about 10 kcal/mol in
aqueous solution. However, the activation energies for the
process 2-2a — 14a are raised by about 7 kcal/mol, and they
are AH,o3(SMD) = 2.0 and AG,y5(SMD) = 13.6 kcal/mol.

Scheme 1 shows how anhydride 7 is formed by condensation
of two HOBrO molecules via transition state structure 14a,
and 7 can therefore be seen as a “symmetrical anhydride” (ie.,
R =R’ in R—-CO—0—-CO-R’). However, 7 also can be seen as
a “mixed anhydride” formed by condensation of HOBr and
HOBrO, although it might not be trivial to recognize this
option because a “mixed anhydride” usually is unsymmetric
(i.e.,, a mixed carboxylic acid anhydride with R # R’ in R—CO—
O—CO—R’). We located transition state structure 14b (Figure 6),
and it is only slightly less stable than 12a: The activation
energies for the process 12a — 14b are AG,gg3 = 1.9 kcal/mol
and AGyg = 3.7 kcal/mol at the MP2 and SMD levels,
respectively. For the process 7a + H,O — 14b the AG,gg values
are 0.7 and 9.0 kcal/mol at the MP2 and SMD levels,
respectively. No matter what the reference, the transition
state structure 14b is much more stable than 14a (by about
15 kcal/mol), and, hence, the formation of the “symmetrical
anhydride” from bromous acid becomes an irreversible reaction
for all practical purposes because 7 will instead be hydrolyzed
as a “mixed anhydride” to afford HOBr and HOBrO, in an
exothermic and exergonic reaction.

The reaction 12a — [14b] — S begins with proton transfer
from water to the terminal O, atom (d(OH) = 1.149 A in 14b)
and the heterolysis of the proximate O.—BrO, bond (2.606 A in
14b) rather than heterolysis of the remote Br—O_BrO, bond
(as in 14a). The heterolysis of the proximate O.—Br bond shifts
the electron pair to Br and creates an incipient electron hole at
O.. Hence, the O.—Br heterolysis creates a strong incentive for
Br—O, electron transfer and the formation of the new Br—OH
bond (2.361 A in 14b).

Classification of Br,0; Anhydride Formations. A
condensation path must involve the cleavage of a Br—OH
bond of one substrate (the OH donor) and the transfer of an H
atom from the other substrate (the H-donor). These
constraints allow for a variety of mechanisms depending on
the location of the newly formed bond. In 14a, for example, the
H-donor reacts as a 1,4-reagent, that is, the new intermolecular
bond is formed with the atom that is in position 4 relative to H
in the H-donor substrate. In this reaction, the OH-donor reacts
as a 1,2-reagent, that is, the new intermolecular bond is formed
with the atom that is in position 2 relative to hydroxyl-O in the
OH-donor substrate. The mechanisms of condensation
reactions between an H-donor 1,n-reagent and an HO-donor
1,m-reagent thus can be described as [n,m]-condensations.
Hence 14a is the transition state structure of a [4,2]-
condensation of two HOBrO molecules.

This classification allows for a systematic evaluation of the
options for the condensation of two molecules of bromous acid.
The [2,3]- and [4,3]-condensations would lead to products
with an O—O bond, and [3,2]-condensations would lead a

product with a Br—Br bond; neither of these options were
explored. On the other hand, a [2,2]-condensation reaction
of two HOBrO molecules might lead to 7 via transition state
structure 14c, and, importantly, there also exists a path for
[3,3]-condensation of two HOBrO molecules via transi-
tion state structure 1Se for the direct formation of mixed
anhydride 8.

This same type of classification can be applied to the
formations of mixed anhydrides in conjunction with a
specification as to whether HOBr is the H-donor (primed) or
the HO-donor (double-primed). Thus, 14b is the transition
state structure of a [3,3]'-condensation. Aside from the
formation of 7 by [3,3]'-condensation via transition state
structure 14b, we explored two modes for [2,2]'-condensation
of HOBr and HOBrO, via transition state structures 15a and
15b, respectively, and two modes of [4,2]”-condensation via
transition state structures 15c¢ and 15d, respectively.

Bromous Acid [2,2]-Condensation and [3,3]-Conden-
sation. The transition state structure 14c for [2,2]-condensa-
tion of two HOBrO (Figure 6) looks as expected for a con-
densation to form 7 (Scheme 1, top right). We searched the
potential energy surface for the hydrate of the symmetrical
anhydride 7a, the expected product, but the searches led
directly to structure 12b which really is a hydrate of 8
(Figure 6) with a solvation energy of AG,og = 4.9 kcal/mol. It is
an interesting structural feature of 12b that the bond lengths
d(BrO—Br0O,) = 2.499 A and d(BrO—OBrO) = 2.496 A are
almost equal; i.e., the mere presence of a water molecule results
in a Br,0O; moiety that is neither the symmetrical nor the
unsymmetrical anhydride. Most importantly, we find that the
activation energy for the [2,2]-condensation 2-2a — [14c] —
12b is AG,g3 = 26.7 kcal/mol and that it is much higher than
for the [4,2]-condensation 2-2a — [14a] — 12a.

The transition state structure 15e for [3,3]-condensation of
two HOBrO molecules affects the direct formation of mixed
anhydride 8 (Scheme 1, center right). A molecular model of
15e is included in Figure 7, and we will discuss its struc-
ture below in comparison to 15d. Most importantly, 1Se
is significantly less stable than 14a at the MP2 and SMD levels,
and the relative free enthalpies of AG,93 = 5.2 kcal/mol happen
to be the same at the two levels. This energy difference between
1Se and 14a is quite consequential for the chemistry, and
indeed bromous acid disproportionation would not be possible
otherwise. The much more exergonic formation of the
unsymmetrical anhydride 8 is kinetically hindered, and the
symmetrical anhydride 7 is formed instead. The symmetrical
anhydride 7 can be hydrolyzed to HOBr and HOBrO, in an
exergonic reaction and with little activation energy, while the
mixed anhydride 8 cannot.

Formation of Anhydrides from HOBr and HOBrO,. As
discussed above, the [3,3]’-condensation affords the formation
of hydrate 12a of symmetrical anhydride 7 from aggregate S via
14b (Scheme 1, third row). The forward reaction formally
involves nucleophilic addition of a weak bromine nucleophile to
an anionic oxygen of 3a with concomitant O—Br electron
transfer within the 3a moiety (dashed red arrow in Scheme 1).
In a way, the intramolecular O—Br electron transfer allows for
the retention of the existing Br—O bond in 3a as the new O—Br
bond to la is formed. The formation of the symmetrical
anhydride via la + 3a — 7a + H,0 is endothermic and
endergonic at the MP2 and SMD levels (AG,o5 = +20.0 keal/
mol, AG,5(SMD) = +15.8 kcal/mol), whereas the formation
of the mixed anhydride 1a + 3a — 8a + H,O is exothermic and
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Figure 7. Optimized structures of hydrate 13 of anhydride 8 and of
transition state structures for hydrolysis of 8 to HOBr and HOBrO,.
The transition state structures 15e for [3,3]-condensation of two
HOBrO also leads to 8.

exergonic at the MP2 and SMD levels (AG,g = —7.2 keal/mol;
AG,e(SMD) = —9.5 kcal/mol). Hence, the question remains
whether HOBr might react with HOBrO, to form the mixed
anhydride.

Two types of mechanisms for condensations leading to
hydrates 13 of the unsymmetrical anhydride 8 are illustrated in
the bottom row of Scheme 1. We located hydrates 13a—13d of
mixed anhydride 8 (Figure 7). There are two H-bonds in
structure 13a, hydrate 13b is perfectly setup to form one
H-bond with the OBr moiety and one bromine—oxygen contact
with the BrO, moiety, hydrate 13c features one bromine—
oxygen contact with the terminal bromine, and 13d is a
stereoisomer of 13c with one less H-bond. The formation
reactions of hydrate 13a, 13c, and 13d are endergonic (13a:

AH,s = —5.9; AG,9g = +4.3 kcal/mol; 13c: AH,qq = —7.0;
AG,gg = +3.7 kcal/mol; 13d: AH,g5 = —3.2; AG,gg = +5.6 keal/
mol), while the formation of 13b is almost thermoneutral
(AH,95 = —9.9; AGygg = 0.1 kcal/mol).

The HOBr molecule is the H-donor in [2,2]’-condensation,
and we located two stereoisomeric transition states 15a and
15b for the formation of hydrate 13b (Figure 7) with very
similar energy. There is a small AG,gq preference for 15a, and
we discuss 15a. Even though the condensation 1a + 3a — 8a +
H,O is exothermic and exergonic while the condensation 1a +
3a — 7a + H,0 is greatly endothermic and endergonic, the
activation barriers for the symmetrical and unsymmetrical
anhydride formations are quite similar at the MP2 level with
values of AGyg(la + 3a — [14b]*) = 20.7 kcal/mol and
AGy(1a + 3a — [15a]*) = 22.8 kcal/mol. At the SMD level,
the activation barriers are even closer and with a small
preference for the formation of 8; AG,(1a + 3a — [14b]*) =
24.8 kcal/mol and AG,(1a + 3a — [15a]%) = 24.2 kecal/mol.

Hypobromous acid HOBr is the HO-donor in [4,2]”-
condensation, and we located two stereoisomeric and almost
isoenergetic transition states 15¢ and 15d for the formation of
hydrate 13c (Figure 7). These transition state structures are
much higher in energy than 15a or 15b, and, clearly, [4,2]”-
condensation cannot compete with [2,2]'-condensation.

Hydrolysis of Mixed Anhydride. Suppose mixed
anhydride 8a was formed by isomerization of 7a or by
combination of radicals BrO and BrO,. Would it be possible to
hydrolyze the mixed anhydride to HOBr and HOBrO,? The
reaction energies for the reactions 13b 2 Se and 8a + H,0 2
la + 3b both are endothermic and endergonic by about 7—
11 kcal/mol. The process 13b — 15a requires activation of
AH,os = 28.3 and AG,yg = 29.9 kcal/mol, and the activation
energies for the process 8a + H,O — 15a are AH,o = 18.5 and
AG,gg = 30.0 kcal/mol. At the SMD level the reaction 8a +
H,0 2 1a + 3b is endergonic by AG,5(SMD) = 9.5 keal/mol,
and the activation free enthalpy is AG,4s(SMD) = 33.7 kcal/mol.

We also considered the dihydrate 16 formed by the
coordination of 8 by water molecules in both of the positions
occupied in 13a and 13b. The activation barrier for the
hydrolysis of 16 via the transition state structure 17 again is
AG,, =~ 30.0 kcal/mol, and the path remains inaccessible.

These results show that the hydrolysis of the mixed
anhydride 8 is kinetically hindered and that a thermally
equilibrated 8 cannot be on the reaction path for dispropor-
tionation.

Reactions of BrO, Radicals with Water. Finally,
anhydride 7 might collapse to radicals BrO and BrO, without
formation of 8, and one must ask whether the radicals BrO,
could result in the formations of HOBr and HBrO;. Buxton
and Dainton generated BrO (A, = 350 nm) and BrO, (4., =
475 nm) separately and monitored their disproportionations
in water,’" but the reaction rates of BrO, hydrolyses at lower
pH values are not known. The computations show that the
H-transfer reactions BrO + H,0 — 1a + HO and BrO, + H,0 —
2a + HO both are endergonic and that the H-abstraction from
water is much easier for BrO than for BrO,. Guha and
Francisco® studied the H-abstraction from HOBrO by OH, and
their best reaction enthalpy (QCISD(T)//MP2 level with well
polarized basis sets) agrees closely with ours. The addition
reactions BrO + HO — 2a and BrO, + HO — 3b both are
exergonic, and the reaction free enthalpy of the latter is slightly
more exergonic. If both radicals BrO and BrO, are present in
close proximity, one can imagine that BrO would perform most
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of the H-abstractions to form HOBr and that BrO, would add
hydroxyl to generate HBrO; and the overall reaction BrO +
BrO, + H,O — 1a + 3b is exergonic (Tables 2 and 3).

We determined the transition state structures 18 and 19 for
H-transfer from water to BrO and BrO,, respectively, and we
also determined the transition state structure 20 for H-transfer
in the dihydrate of BrO (Figure 8). As expected, the activation

Figure 8. Optimized structures of transition state structures 18 and 19
for H-transfer from water to BrO and BrO,, respectively. Structure 20
is the transition state structure for H-transfer in the dihydrate of BrO.

barrier for H-abstraction is much lower for BrO than for BrO,
(Table 2), but all of the activation barriers for H-abstraction are
about 30 kcal/mol or higher.

Reaction Rate Constant of HOBrO Disproportiona-
tion. The results of our study show that the rate-limiting step
of the reaction 2HOBrO — HOBr + HOBrO, consists of the
condensation reaction 2HOBrO — OBr—O—BrO + H,0. The
activation barrier for this reaction is almost entirely due to the
entropy term; AS,, = —40.0 cal K™ mol™" and AS, (SMD) =
—39.0 cal K!' mol™". Note that the activation enthalpy is
slightly negative® in gas-phase (AH, = —5.2 kcal/mol) and
that the respective values are positive but small in aqueous
solution (AH,.(SMD) = +2.0 kcal/mol).

With the Eyring equation®® k, = (ky-T/h) exp(—AG,./RT),
the computed activation free enthalpy AG,.(SMD) = 13.6
kcal/mol returns the reaction rate constant k, = 667.5 M~ s™%.
With error bars of +1 or +2 kcal/mol, respectively, the
computed rate constant falls in the ranges 1234 M~ s™" < k, <
3610 M™! s7' or 22.8 M™' 57! < k, < 19,519 M7 57 res-
pectively. This result is in full agreement with the experimental
studies by Sullivan and Thompson,”* Noszticzius et al,,** Ariese
and Nagy—Ungvirai,24 Field and F'cirsterling,25 and the most
recent study by Agreda and Field.”®

We can also compare the computed activation free enthalpies
and activation entropies to the experimental data reported by
Agreda and Field for the neutral disproportionation reaction in
dilute sulfuric acid (Table 1). The value AH, . (SMD) = +2.0
keal/mol is about 3.5 kcal/mol lower than E* = 5.5 + 0.1 kcal/
mol and AS,(SMD) = —39.0 cal K™ mol™ is ~10.6 cal K™
mol ™ more negative than S* = —28.4 + 0.2 cal K™' mol™". This
agreement is encouraging, and it is certainly good enough to
support our mechanistic proposal for the disproportionation of
bromous acid.

B CONCLUSION

The thermochemistry was studied of the disproportionation
reaction 2HOBrO 2 HOBr + HOBrO, (R4’) and discussed in

comparison to reaction R4 of the FKN mechanism of the BZ
reaction 2HOBrO 2 HOBr + H* + BrO;™. There has been
general agreement that hypobromous acid 1 (pK,(HOBr) =
8.59) and bromous acid 2 (pK,(HOBrO) = 3.43) are not
dissociated at the typical pH value of the BZR. On the other
hand, it has generally been assumed that bromic acid 3 is
dissociated in typical BZ reactions and that the acid dissociation
of bromic acid is responsible for the extra free enthalpy of
reaction R4 as compared to reaction R4’. Considering the
experimental estimates of pK,(3) = 0 + 1.5, it is clear that
AG,(3) is small in magnitude and not nearly large enough to
account for the difference between AG, = —15.7 kcal/mol*®
and AG," = —26.0 kcal/mol. Therefore, we conclude that the
true AG, value is close to the computed free enthalpy AG,'=
—26.0 kecal/mol for bromous acid disproportionation, ie., AG,
~ AG, (Table 4). This conclusion is corroborated by the very
good agreement between the computed value AH," = —26.1
kcal/mol and the measured value AH, = —27.2, kcal/mol.*®

The free enthalpies of the reactions HBr + HOBrO 2
2HOBr (R2”) and HBr + HBrO; 2 HOBr + HOBrO (R3"),
respectively, were computed, and the best estimates are
AG,”(SMD) = —40.24 kcal/mol and AG;"(SMD) = —14.2,
kcal/mol, respectively. Reactions R2” and R3” are related to
reactions R2 and R3’ via the acidity of aqueous hydrobromic
acid, and there remains considerable uncertainty about the
value of pK,(HBr).

Direct O-transfer does not play a significant role in the
disproportionation of bromous acid. The discussion of all
possible dimeric aggregates 4 of bromous acid, (HOBrO),, and
of the possible mixed aggregates 5, (HOBr)(HOBrO,), guided
the search for transition states structures 6 for direct O-transfer
and four such transition state structures were located. Direct
O-transfer is more likely in the 6-membered ring aggregates (4e
— [6e]* — 5d and 4f — [6f]* — Sc) than in the 4-membered
ring aggregates (4b — [6b]* — Sa and 4c — [6c]* — Sa), but
the activation processes for all of these processes are too high.

The results of the potential energy surface analysis show that
the rate-limiting step in the disproportionation of HOBrO
consists of the formation of the hydrate 12a of anhydride 7,
O(BrO),, via transition state structure 14a. The computed
activation free enthalpy AG,(SMD) = 13.6 kcal/mol for the
process 2-2a — [14a]* — 12 corresponds to the reaction rate
constant k, = 667.5 M~ s7%, and, with the inclusion of error
bars of +1 or +2 kcal/mol on AG,, the computed range for k,
is in full agreement with the experimental studies by Sullivan
and Thompson,22 Noszticzius et al,>> Ariese and Nagy-
Ungvarai,24 Field and Fijrsterling,25 and the most recent
study by Agreda and Field.”®

The potential energy surface analysis further shows that
anhydride 7 is kinetically and thermodynamically unstable with
regard to hydrolysis to HOBr and HOBrO,. Anhydride 7 is
formed by condensation of two HOBrO molecules via
transition state structure 14a and as a “symmetrical anhydride”.
However, 7 also is the “mixed anhydride” of HOBr and
HOBrO,, and the hydrolysis of 7 to HOBr and HOBrO, via
transition state structure 14b is exergonic and hardly hindered.
At the SMD level, the activation energies for the processes
12a — [14b]* and 7a + H,0 — [14b]* are AG,o = 3.7 and
AG,93 = 9.0 kcal/mol, respectively. The transition state
structure 14b is much more stable than 14a, and, hence, the
formation of the “symmetrical anhydride” from bromous acid
becomes an irreversible reaction for all practical purposes
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because 7 will instead be hydrolyzed as a “mixed anhydride” to
afford HOBr and HOBrO,.

It was shown that the mixed anhydride 8, BrO—BrO,, does
not play a significant role in bromous acid disproportionation.
The formation of 8 by the isomerization reaction 7 — 8 is
exergonic and kinetically possible, and this isomerization might
compete to a small degree with the hydrolysis of 12a — [14b]*
— HOBr and HOBrO,. The hydrolysis of hydrate 13 of anhy-
dride 8 to HOBr and HOBrO, via transition state structure 15
is kinetically hindered with an activation barrier larger than
30 kcal/mol.

Oxygen-transfer between two HOBrO molecules requires
nucleophilic attack by a bromine-bound oxygen on bromine.
The high lone pair count at the bromine target presents a major
obstacle to this nucleophilic attack because lone pair density
resists the approach of nucleophiles. The fact that bromous acid
is absolutely stable in dilute alkaline solution shows that the
neutral disproportionation is shutdown because of the scarcity
of HOBrO (pK, ~ 3.4), that any nucleophilic attack on BrO,~
by either HOBrO or BrO,~ cannot happen, and, importantly,
that any type of nucleophilic attack on HOBrO by BrO,™ also is
impossible. The anhydride mechanism facilitates the O-on-Br
attack because a nucleophilic addition to bromine is replaced by a
nucleophilic substitution at bromine. Proton-catalysis most likely
will affect the mechanism of disproportionation by provision
of the better electrophile [H,BrO,]* as the target of the
nucleophilic attack. One can easily envision a proton-assisted
variation of the anhydride mechanism involving [Br(OH),]" as
OH donor. It is nontrivial to estimate the eftects of this type of
proton-assistance on the activation barrier because protonation
would facilitate the nucleophilic attack on [Br(OH),]*, but it
might also slow the Br—OH cleavage associated with con-
densation. On the other hand, proton-catalysis might provide
access to one of the paths for direct O-transfer by making the
nucleophilic addition of OBrOH to [Br(OH),]* so much better
that the substitution at bromine is no longer needed. In this
scenario, the electrophile [(HO),Br]* would react with OBrOH
and produce protonated bromic acid [(HO),BrO]* and BrOH,
and this overall reaction a priori may proceed in one step or in
two steps via the intermediate [(HO),Br—O—BrOH]". In a
third group of possible mechanisms, one would have to con-
sider reaction paths that involve nucleophilic attack of HOBrO
on OH-protonated species [OBrOH,]*. These paths may pro-
ceed with water condensation and formation of [HOBr—O—
BrO]* intermediates or they may lead to HOBr and protonated
bromic acid [O,BrOH,]* either directly or via the intermediate
[HOBr—O—BrO(OH,)]*. As can be seen, there is a plethora of
options for the proton-catalyzed bromous acid disproportion-
ation, and we plan to explore these options with due diligence
in the future.
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