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The reaction of bromite with aqueous S(IV) is first order in both reactants and is general-acid catalyzed. The
reaction half-lives vary from 5 ms (p[H*] 5.9) to 210 s (p[H*] 13.1) for 0.7 mM excess S(IV) at 25 °C. The proposed
mechanism includes a rapid reaction (k; = 3.0 x 107 M~* s™1) between BrO,~ and SOz~ to form a steady-state
intermediate, (O,BrSO3)°~. General acids assist the removal of an oxide ion from (0,BrSO3)°~ to form OBrSOs~,
which hydrolyzes rapidly to give OBr~ and SO,?~. Subsequent fast reactions between HOBI/OBr~ and SO42~ give
Br~ and SO,2~ as final products. In contrast, the chlorite reactions with S(IV) are 5—6 orders of magnitude slower.
These reactions are specific-acid, not general-acid, catalyzed. In the proposed mechanism, CIO,~ and SO3H/SO,
react to form (OCIOSO;H)?~ and (OCIOSO,) ™ intermediates which decompose to form OCI~ and SO,%~. Subsequent
fast reactions between HOCI/OCI~ and S(IV) give CI~ and SO,?~ as final products. SO, is 6 orders of magnitude
more reactive than SO3H™, where ks(SO,/CIO,”) = 6.26 x 105 M~ s™* and ks(SOsH/CIO,”) = 55 M~ 57,
Direct reaction between ClO,~ and SOs?~ is not observed. The presence or absence of general-acid catalysis
leads to the proposal of different connectivities for the initial reactive intermediates, where a Br=S bond forms with
BrO,~ and SOz, while an O-S bond forms with CIO,~ and SO3H".

Introduction has set the maximum contaminant level for drinking water
at 10ug L™t BrO;™ .4

Lee and Lister reported the kinetics of the reaction
between bromite and sulfite in basic solutions. They observed
kinetics that were first order in bromite and in sulfite and
proposed that the reaction proceeds by two stages (egs 1
and 2). They found the rate expression in eq 3 for the reaction
where [OH] = 0.016-0.046 M,k = 3.73 M1 st andk,
= 0.121 st at 25.0°C, andu = 1.0 M. They assigned the
k, pathway to a direct reaction of BgOand S@*~ and the
k, pathway to a reaction between HBr@nd S@* and
proposed that the reaction proceeds by a simple oxygen-
atom transfer mechanism. In our work, we measure the
kinetics of BrQ/S(IV) reactions over an extended p[H
*To whom correspondence should be addressed. E-mail: margerum@ range. We show t_he strong effects of buffers and pH_on the
BrO,7/S(IV) reaction rates and propose a mechanism to
account for these effects.

The mechanisms of the hypohalous acid (HOX=XCI
or Br) reduction with many nucleophiles (INO,~, SO,
Br—, CN-, CIO;") proceed by halogen(l) transfer to the
nucleophile with halide releage-However, little is known
about the reaction mechanisms for the reduction of halite
ions (XGO,7). This is due in part to the instability of aqueous
halite ions (chlorite and bromite are stable only in basic
solution, and iodite is a transient species) and due to the
lack of commercially available bromite salts. Halites are often
encountered in oscillating reactiofsand bromite is an
intermediate for bromate ion formation in the disinfection
of drinking water® Bromate is a carcinogen, and the USEPA
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BrO.” + qu—_k, OBr + SO 0 these effects, and the reactions of oxybromine anions{OBr
2 4 BrO,~, and BrQ") and oxychlorine anions (OCJ CIO,™,
OBr +S 032, rapid Br 4+ SO @ and CIQ") with S(IV) are compared and contrasted.
A
4[BrO, ] K BrO, + SO/ — OBr + S0, E°=1.52V (7)
- 2 1 - 2— _
—q— =KBrO, 1[S0;"] k=k,+ OH ] ®) OBr + SO —Br + SO E°=170V (8)

- 2-_, - 2—- o_
The corresponding chlorite/S(IV) reaction has been studied Clo, + 30, OCI" +S0, Eg"=1.60V (9)

somewhat more than the bromite/S(IV) reaction. Halperin
and Taubé stated that the reaction is essentially complete
within 1 min in 0.1 M HCI and at pH 5. They suggested Experimental Section

that the reaction proceeds by oxygen-atom transfer. Adam

and Gordoh used .baSIC Su!flte solutions (PH 10'5.) to (18 MQ cm) water that was boiled to remove ¢@nd sparged
remove hypochlorite selectively from ch.Iorlte solutions at with Ar(g) to remove dissolved oxygen. NaGl@as recrystallized
room _temperatl_Jre for_ sgbs_equent titration and (?hroma}to- before use and standardized gravimetrically. Carbonate-free NaOH
graphic analysis. This indicates that the chlorite/sulfite a5 standardized against potassium hydrogen phthalag&ya

reaction is relatively slow at this pH. Nagylpt al® found solutions ¢98.5%) were prepared just before use and were
the CIOQ,/SO:? reaction is complete within a few seconds standardized by iodimetAf. Several techniques were utilized to

OCI"+ SO —CI” +S0O” E°=1.83V (10)

Reagents All solutions were prepared using distilled, dionized

at 90°C in a continuous-stirred-tank reactor above pH 12.
Frerichs et af. gave rate constants at 2& for the three

pathways in eqs46. These are from the unpublished data
of Rushing and Thompson. In our work, we see no

exclude oxygen from the sulfite solutions: sonication of solutions
for the dissolution of the solid salt; continuous Ar(g) sparging;
transfer of solutions by gastight syringes. Nagl@as recrystal-
lized"4and standardized spectrophotometrically, wkegg= 154

M~1cm~11h The previously reportédsynthesis of sodium bromite
was modified (by more careful cleanup methods) to give improved
purity with 63% NaBrQ (by weight), 14% NaOH, 1.9% N8O,
<0.08% NaN@, 7.0% NaBrQ, 1.3% NaBr, and waters of
crystallization. The hydroxide content of the bromite salt was
measured by adding MdPQO, to a bromite stock and measuring
the resulting p[H] change caused by OHeaction with HPG?~.
Sulfate, nitrate, bromate, and bromide have no effect on the
observed kinetics under the conditions of the experiments. Bromite
solutions were standardized spectrophotometrically, whgge=
115 M1 cm 1

Methodology and Instrumentation. The measured pH was
converted to p[H] on the basis of electrode calibrationiat= 1.0
M (NaClQy). lon chromatographic data were obtained with a Dionex

o . . DX-500 instrument as described previouslyJV —vis spectra and
The electrode potentials in basic solution for the two-step inetic scans were obtained on a Perkin-Elmer Lambda-9-UV

reduction of BrQ™ and CIQ~ by SO~ are shown in eqs  yis—NIR spectrophotometer. Quartz cells were used and were
7—10The BrQ; /OBr potential is calculated on the basis  thermostated at 25.0(2. Data for faster reactions were obtained
of the BrQ;/OBr,'° BrO,/BrOs~,*' and BrQ /BrO,'? on an Applied Photophysics stopped-flow spectrometer, equipped
couples. The thermodynamic driving forces for the BrO with a 0.962 cm path length cell. At least 10 pushes/reaction were
SO;2~ and the CIG /SO reactions are comparable. Our averaged for analysis, and SigmaPlot v.18Was used for data
work shows that despite the similarities in the reaction analysis. Observed first-order rate constakgs)(greater than 50
potentials and products, the By@S(IV) reactions are more S - Were corrected for mixing according to eq 11, whégs
than 5 orders of magnitude faster than the £IS(IV) corrected rate constant akgl, = 4620(120) .17
reactions. The reaction kinetics suggest that Bf&(1V)
reactions and CI®/S(IV) reactions occur by different
pathways. Reaction mechanisms are proposed to account for

contribution from rate 1 (eq 4) and find different values for
rates 2 and 3 for the CKO/S(IV) reaction. Furthermore, we
show buffers have no effect on the GIZ5(IV) reaction
rates.

rate 1= k,'[CIO, ][SO,* ] k,/=12x10*M 's! (4)
rate 2= k,[CIO, ][SO;H™] k) =24.7M*'s™* (5)

rate 3= ky'[CIO, ][H "][SO;H ]
ks =2.19x 1°M2s* (6)

oo )

The halite/sulfite reaction rates were measured when the [S(IV)]/
[XO,] ratio was greater than 20/1 to maintain pseudo-first-order
conditions. The loss of bromite was followed at 295 rim~115
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Figure 1. Sulfite dependence of the halite/S(IV) reaction whigig = 0.10 1
slope[SQ]r (y-intercepts are zero within the error)A) bromite data where
slope from fit equals 20.9(5) M s~%; (o) chlorite data where slope from 0.00 -+ ' T ! T
fit equals 2.5(1)x 103 M~1s~L. Conditions: 0.659 mM Brg, 30.0 mM 0.00 0.02 0.04 0.06 0.08
[PO4]t, p[H'] 11.55(3); 4.0 mM CI@~, 50 mM [CQOy]r, p[H'] 9.53(3),u [HA], M
=1.0 M, 25.0(1yC. Insert showggpsdependence on [S3 for the bromite/ ) )
sulfite reaction [0) at lower p[H]. Slope = 2.56(5) x 106 M~1 s°1, Figure 2. Buffer dependence of BrO/SO;?™ reaction. (a) HPO,~ data
Conditions: 0.075 mM Br@, 40 mM [PQj+, p[H*] 7.10(2). are corrected for [S@17] by kxn(Ka(SOsH™) + [HF])/Ko(SOH™). Condi-

tion; 0.1205 ;‘nM Br@-, 0.921 mM S(IV), p[H] 6.59(3), slope= 3.4(7)
. x 10° M~2 571, Error bars reflect the standard deviation in determination.
M=t cm™)1° or 240 nm ¢ = 620 M™* cm™?). The loss of chlorite (b) B(OH); data are corrected for boric acid/sulfite complex by eq 21.
was followed at 260 nme(= 154 M~* cm )" or 290 nm ¢ = 97 Conditions: 0.50 mM Br@", 6.08(4) mM S(IV), p[H] 8.98(2), slope=
M~1 cm™1; this wavelength was used when $O absorbance 1.06(5) x 10° M—2s7L, (c) HCG;~ conditions: 0.96 mM Br@-, 30.8(2)
overwhelms the CI@ signal). The rates of loss of bromite and MM S(IV), p[H'] 9.53(1), slope= 1.50(6) x 10* M~2 571 (d) HPQ?"
chlorite were first order (eq 12), and the data fit an integrated rate conditions: 0.80 mM Br@r, 30.7(2) mM S(IV), p[H] 10.48(2), slope=

; 1.5(2)x 18 M2s1,
expression (eq 13), wherens = observed rate constardy = (2)x S

absorbancet = time, i = initial, and e = final. in [SOs)r (Figure 1), and the rate expression for the halite/
S(IV) reaction is shown in eq 15.
P2l x0, ] (12)
dt e —diXo, 1 =K, [XO, [SOJ; k= Kobs (15)
A( =A, + (Ai _ Aw)e*kobst (13) dt XN 2 T XN [SO:;]T
Results and Discussion The first-order dependences in [XQand [SQ]y indicate

. . ) that the rate-determining steps involve the reduction of halite
S.t0|ch|ometry and Reaction Order with Resp_ect to to hypohalite (eq 16). The HOCI/OCteactions with sulfitt
Halite and Sulfite. lon chromatography a”q UWis ab- _and the HOBI/OBTr reactions with sulfit€ are known to
sorbance spectrometry were used to verify the reactione e faster than the measured reaction rates. Therefore,

stoichiometries. Bromide and sulfate are the only products : : :
subsequent hypohalite reduction (eq 17) is not observed
observed from the bromite/S(IV) reaction, and chloride and kineticglly. yp (eq 17)

sulfate are the only products observed from the chlorite/S(IV)

reaction. For the Br@/S(IV) reaction, the average ratio of X0, + SQZ’ —OX™ + 8042’ (16)
initial [BrO, 7] to final [Br~] is 1.01(2) (after [Br] from the .
bromite stock is subtracted). For the GIT5(I1V) reaction, OX™ + SQ2 tapid - 4 ok (17)

the average ratio of initial [CI®T] to final [Cl] is 1.03(5).
The stoichiometry for the four-electron reduction of halite  Buffer Dependence of the BrQ=/SO:;2~ Reaction. The

by sulfite is given by eq 14. rate constants for the Be'SO:2~ reaction increase with
increasing phosphate ([F]®), carbonate ([Cg)r), and borate
X0, +2SQ* — X~ + 2S00 (14) ([Bor]t) buffer concentration, where acidic forms of the

buffers accelerate the reaction. Plot&kaf vs the acidic form
The sulfite concentration was varied to establish the of the buffer (HA) are given in Figure 2, where the HPQ
reaction order in [Sgr where [SQ]t = [SO:H ] + [SO:? 7] HCOs™, and HPO,~ concentrations are calculated from the
+ [SO,]. The reactions of halites with sulfite are first order corresponding acid dissociation constarKg(KIPO?") =

80 Inorganic Chemistry, Vol. 42, No. 1, 2003
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1071108 M, Ky(HCO;™) = 107957 M, Ky(H,POy™) = 107626
M).1h1819aThe reaction rate increases linearly as the con-
centration of the general acid increases.

Borate buffer also affects the rate of Bf@5(IV) reaction.
Boric acid is known to form complexes with several
oxyanions, including OCl, OBr-, and NQ .2° For this
reason, bromite and sulfite solutions were examined for boric
acid complex formation. Spectral scans showed no shift in
the bromite spectrum upon addition of borate buffer (g[H
8.6) so that bromite/boric acid complex formation appears
to be negligible. However, boric acid causes the sulfite
absorbance to decrease, due to the formation of a complex.
A boric acid/sulfite complex equilibrium constark®) is 0 2
defined as shown in eq 18.

T T T T T

4 6 8 10 12 14

10" x [H'], M
_ KeS _
B(OH), + SO, = (SO,B(OH),)° (18) Figure 3. [H*] dependence of the BEO/SOs?~ reaction in absence of
buffers, 7.7x 107%4-1.4 x 1001 M H*, x = 1.0 M, and 25.0(1fC:
A= b(eS[SO32_] + eHS[SO3H_] + intercept= 4.50(3) M1 s7%; slope= 3.03(4) x 1022 M~2s71,

“J(SO;B(OH),)* 1) (19) no more than 1% of Br@ would be complexed to B(OH)
) _ This may explain why no Br@/B(OH); complex is ob-
TheKBSvalue is calculated from absorbance data on the basisggryed spectrophotometrically.
of eq 19 for total absorbancé) at any wavelength, where Borate buffer accelerates the bromite/sulfite reaction but

b = 0.10 cm path length and= molar absorptivities of S |50 simultaneously decreases the rate because a fraction of
(sulfite), HS (hydrogen sulfite), and BS (boric acid/sulfite [SOir is sequestered as the unreactive {B@H)s)?

cpmplex), respectively. The absorbance ok80is negli- species. For this reasoky, must be corrected fokBS as
gible above 230 nr¥ and the measured absorbances were g asK4{SOH") (eq 21). With this correctiork,, increases
corrected for the small borate buffer and Nag#Bsorbance.  |inearly with increasing [B(OHJ (Figure 2).

Equation 20 is derived by incorporating the equation for total Hydrogen sulfite (SGH™, pK. = 6.30(5)§3 also acts as a
BS,B _ general acid and has an acid strength similar to that of
_ (€% + € KB(OH)4]) bK,(SOH )ISOl ¢ (20) H.PO,~ (pKa = 6.26). Under our conditions, however, the
K (HSO,) + [H] 4+ K(SOH)KEB(OH),] concentration of SgH~ is low relative to that of HPO,",

and so the SgH~ contribution to the general-acid-catalyzed
sulfite species ([Sehr = [SO*] + [SO;HT] + [(SOsB- rate is negligible.
(OH))?7]), eq 19, and the equilibrium constant between
SG;H™ and SG?. The concentration of B(OHl)s calculated Koxn =

T

using K(B(OH)s) =107885 M 222 after correction for the kops (KLSOHT) + [H'] + K(SOH)KEIB(OH),))
formation of polyborates (see Supporting Information for S -
details)??* The measured absorbances at three wavelengths [5O3l Ko(SQH')
(240, 245, and 250 nm) were curve fit to eq 20, where the (21)
calculated sulfite/boric acid equilibrium complex valu&p$ [H*] Dependence of the BrQ-/SOs2~ Reaction. The

= 7.6(5 M. Midgely*® developed a linear free-energy [H+] concentration was varied by adding different amounts
relationship for boric acid complexes with univalentiok$ ( of NaOH to BrQ~ solutions and observing the reaction with
on the basis of thelf, value of the conjugate acid of the 502~ A plot of ki vs [H'] is shown in Figure 3. The plot
univalent ion (logK = —2.15(58)+ 0.45(5)fK,). The K& is linear in the range of 7.% 10%4-1.4 x 1071t M H*.
predicted by this equation is 4.8(4) M which is in  The intercept and slope of this plot are 4.50(3) ! and
reasonable agreement with the value obtained here. M|dg-3_03(4)X 102 M~2s71, respectively. The [H] dependences
ely’s equation also predicts (on the basis 8&(#HBrO,) = were also resolved in HP®/PO2~, HCOs /COs2, and
3.59(5), measured under the conditions of this experiment; horate buffers, and the slopes were in agreement, after
see Figure S2) that the BfOB(OH)s complex formation  ¢orrection for the buffer acid contribution, from 3710712
constant K®8) would be 0.3(5) M™. If this value were valid, 5 1.6 x 108 M H*.

(18) Tesfal, T. M.: Margerum. D. W. Unpublished work, The intercept in Figure 3 is equivalent to Lee and Lisfer’s

(19) Martell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum definition ofk,, and the slope multiplied bi,, (10-13°M?2,
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a) Bousher, A.; Brimblecombe, P.; Midgeley, em. Soc., Dalton . .
Trans 1987 943-946. (b) Midgley, D.J. Chem. Soc., Dalton Trans range is larger by many orders of magnitude thanftheyd'

1991 1585-1587.
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40. (b) Baes, C. F. Jr.; Mesmer, R. Ehe Hydrolysis of Cations Jr. J. Electroanal. Chem. Interfacial Electroche®79 105 237—
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The expression fokx, on the basis of this mechanism, in

fraction of protonated bromite can be neglected because thehe absence of buffers, is shown in eq 30, whére= ki/

pKa, of bromous acid is 3.59(5).

BrO, /SOs?~ Reaction Mechanism.The kinetic depen-
dence on Br@, SO, and HA requires reaction intermedi-
ates that lead to the reduction of Br(lll) and the oxidation

k-1 and K, = ko/k_,. The zero-order and first-order [H
dependences &y, are resolved from the data in Figure 3.
The first-order dependence in fHis a combination of two
pathways wherek§'K; + ks72°K;Ko/Ky) = 3.03(4) x 1012

of S(IV). Electron transfer processes via Br(ll) and S(V) M~2 s, The intercept corresponds to a water-catalyzed
would be extremely unfavorable and are ruled out. Hence, apathway, whereks"°K; = 4.50(3) M! s The rate

(BrO-S0y)*" intermediate must form that can react with expression given by eq 30 includes a second-order depen-
general acids to cause Br(lll) reduction and S(IV) oxidation. dence in [H] (due toks") that is not observed in the Figure
However, a preequilibrium between HA and bromite or HA 3, Therefore, the value fdgHKK,/K,, must be less than 5

and sulfite (except B(OH) which complexes S§) is not

x 10 M~3 s71, This pathway is not significant relative to

acceptable because this mechanism would lead to specificthe other paths when p[{l > 6.0.

acid, not general-acid, catalysis. Therefore, bromite and

sulfite, not HBrQ or SGH™, are the reactive species in
BrO,7/S(IV) reactions. The mechanism of eqs-22 is

proposed. Bromite acts as an electrophile and reacts rapidly

with sulfite, a nucleophile, to form (BrSQ;)3~. This species
can protonate to form (H§BrSQO;)? . Kinetic and spectral
data indicate that the concentrations of theR(30;)3~ and
(HO,BrS0s)? are not appreciable. Reactions in carbonate,
borate, and phosphate buffers (where J[# 7.2) indicate
thatk_; > ks"A[HA] and k_[OH"] > k"A[HA]. Hence, in
the presence of buffers at pfH> 7.2, (QGBrsSG;)3~ and
(HO,BrS0;)? can be treated as preequilibrium species.

k.
BrO, + SO/ == (O,Brs0)* (22)

k2 _ —
(O,Brsoy)* + H0 <= (HO,BrSO,)* + OH™ (23)

(O,Brs0y)® + HA i OBrsSO,” + A~ +OH™  (24)
(HO,BrSQ,)* + HA 7 OBrsO, +A™ +H,0 (25)
OBrSO,” + H,0 ™ OBr + H* + HOSO,” (26)
OBr + H,0=22 HOBr+ OH K, /K,(HOBr) (27)
HOBr + SO % BrSO,” + OH™ (28)

BrSO, + OH % Br™ + HOSO,” (29)

We propose that general acids react with both adducts;

HA removes G from (O,BrSG)% and releases OH
whereas HA abstracts OHrom (HO,BrSQ;)?~ and releases
H.O. The result in both cases would be an intermediate,
OBrSG;, that rapidly hydrolyzes to form OBr HOSG,
and H. In this process, Br(lll) is reduced to Br(l) and S(IV)
is oxidized to S(VI) during either the formation or hydrolysis
of OBrSG;~. The OBr released is in rapid equilibrium with
HOBr. The resulting HOBr reacts very rapidly with an
additional S@&~ to form BrSQ~ by a Br-atom transfer
mechanism KHOBI/SGQ?") = 10° Mt s1).2e Finally,
BrSGO;~ rapidly hydrolyzes to form Brand HOS@™ which,
under the experimental conditions, gives,3Cand H'. The
pK, of HOSG;™ is 1.101%°
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H0

k,"2OK . K
KK, + ——22 < L2 H +
‘W

ern = ’I(SHZOKl +

kKK,
K

KoSGH )
K{SOH") +[H"]

2

(30)

W

The presence of two bromite/sulfite intermediatesBi©
SG:)? and (HQBrS0s)?, and two general-acid-catalyzed
paths are kinetic requirements. The composite rate constant
for the first-order dependence in {His 3.03 x 10> M2
s L. If the k;™:° path did not exist, theks"'K; = 3.03 x 102
M2 st The HHO™/(O,BrSG;)°~ rate constantkg) can be
no greater than the diffusion control limit in aqueous solution,
10 M~ s71. With this constraint, the lower limit for the
formation constant of (BrSQ;)%-, Ky, is 303 M L. With a
formation constant this large, we would expect to observe a
significant fraction of bromite complexed to sulfite. However,
the kinetic spectra show no changes in the characteristic
bromite peak shape, indicating that the;BE50;)3~ con-
centration is negligible an; < 5 x 102 M™%, Therefore,
the second reaction pathwaly™°, must occur. This path
dominates the first-order dependence in*[Hso that
kgH2PK 1Ko/Ky = 3.03 x 102 M2 s71, whereks'K; < 5 x
100 M2t

Two general-acid-assisted pathways can be extracted from
the experimental dat&s™K; andks"K;K./Ky, and this is
demonstrated for HC{®. Equation 31 shows the rate
expression in carbonate buffer. At a fixed'[Hthe equation
becomes linear (eq 32) and the rate constant depends on
[HCOs7]. The slope of theky, vs [HCO;™] plot increases
with increasing [H], where the slope is the sum of the two
HCOs; -dependent paths (eq 33).

k,HOK, K ,
Ko = KKy + = ——TH ] + k"X K [HCO, ] +
w

kMK K

—— IHCOs "] (31)
'\
K, = intercept+ slope[HCQ 1] (32)
, k,HC%K K

slope= k,"C%K, + %{H B (33)

W
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Table 1. Summary of Equilibrium and Rate Constants

constant value (std dev)
PKa(H20") —1.745
PKo(HCIOy) 1.72(2)26
pKo(HBrO,) 3.59(59
PKA(SQ,) 1.90(5)%
pKa(SOsH™) 6.30(5)%
PKa(H2PO:7) 6.26(1)™"
pKA(HOCI) 7.47(1)H
pKa(HOBT) 8.59(3)10
PKo(B(OH)s) 8.85(1)%2a
pKo(HCO3") 9.57(3)1%
pKa(HPO,2) 11.08(1)8
pKw 13.60(1)%*
pK4(H20) 15.34(1y
KBsd 7.6(5) M-1b
KBBd 0.3(5) M e
KS' 4.9(1)8

BrO, /SO~ Reaction Rate Constants
ki(BrO,/SOs%7) 3.0(5)x 10’ M~1g1b

ks™20K g 4.50(3) Mg 1b

KgH2OK 1Ko/ Koy 3.03(4)x 1012M~271b
kaHPO Ky 1.5(2)x 13 M~2571b
ksHCOs Ky 9(2) x 1B M—2g71b
KqHCOs K Ko/ Koy 1.8(3)x 1018M—3571b
KyBOHEK 1K o/ Ky 8.1(5)x 103M~3g71b

kaHPO K Ko/Kyy 1.3(3)x 108 M3s71b
ClO, /S(IV) Reaction Rate Constants

ks(CIO27/SOy) 6.26(4)x 10°M~1s-1b

ks(CIO2 /SOsH™) 5.5(3) Mts7ib

a25.0°C,u = 1.0 M (NaClQy). bThis work.¢Calculated on the basis of
pKa(H20) = —log(Kw/55.5).9Equilibrium constant for the formation of boric
acid/sulfite complexKBS) and boric acid/bromite compleXg®8). ¢Calcu-

lated on the basis ofify (HBrO) and ref 20'KS represents the ratio between

hydrogen sulfite isomers, [HOSO/[HSO3].

A plot of the slopes of the HC® dependence data vs

[H*] resolves the two HC@-assisted paths, whekg*% K,
= 9(2) x 10° M2 5% andks"°% K K,/K,, = 1.8(3) x 103

M~3 s71. These data support the presence of two general-

acid-assisted paths (eqs 24 and 25).

A similar treatment was applied to B(OH)lependence
data, wherekfBO":K;K,/K,, = 8.1(5) x 101 M2 s7%. The
y-intercept for the plot of the slopes vs THwvas zero within
the error of the fit, which means that thkef©":K; term is
negligible under these conditions. As{Hncreases, the (9
BrsSG;)3/(HO,BrS0s)?~ equilibrium constant K,) favors
higher [(HOBrS0;)?]. Thus, theks®©Hs path does not
contribute significantly to the rate constant.

The general-acid-catalyzed rate constants resolved from
the data are shown in Table 1. As noted above, as thg [H
increases, thksH* term becomes negligible. For this reason,

we can assume that thgH"%K; term is negligible, and
the ky"% K Ko/K,, term is obtained from the curve fit of
thekxn Vs HbPOy~ data (1.3(3)x 108 M3 s™1). By a similar
argument, at lower [H], the k/Po%* KKK, term is
negligible, so thaks"Po* Ky (1.5(2) x 10* M~2s71) can be
obtained from the curve fit of thk,, vs HPQ?™ plot.
Steady-State Behavior of BrQ/SO:?~ Reaction Inter-
mediates at p[H"] 7.2—5.9. Above p[H"] 7.2, the BrQ/
SO reaction rate has a first-order dependence in][{H
However below p[H] 7.2, theky, values level off as [H]

16

14
12

10 A

10° x k, /ISO,);, M s
o]

6
4
2 4
0 T T T T T T
0 2 4 6 8 10 12 14

10" x [H], M

Figure 4. [H'] dependence of bromite/sulfite reaction rate constagy,
[SOs]t (0), at 0.106 mM Br@~, 0.91-1.21 mM [SQ]t, 6.3 x 108-1.3

x 1076 M H*, and 30 mM [PQ]t. The solid line shows a curve fit to
kobd[SOs] T = (d(e[H*] + fH*][H POy~ /d)/(L1 + e[H*] + fHF][HPO, Y/
d))Ka(SOsH)/(K((SOsH™) + [HT]), whered = k; = 3.0(5) x 10 M~
S_1| e= k4H20K2/k71KW = 1.5(3) x 1P M_l, andf = k4H2PO47K1K2/KW =
1.3(3) x 10 M3 s7L Error bars reflect the propagation of error in
measurement.

(pKo(SO;H™) = 6.30)22 Under our experimental conditions,
the rate of SGH™ reaction with BrQ~ is negligible in
comparison to the Br9Q/SOy?~ reaction rate. However, this
does not completely account for the rate behavior. Instead,
these data show that as [Hincreases the preequilibrium
conditions are no longer valid and a steady-state approxima-
tion for the (QBrSG;)%" species is needed. The equation
for the total steady-state concentrations ([S&h 34)

[SSk =
ky[BrO, 1[SO;* 1(K, + [OH])
k_o[OHT] + (ks °[OHT] + k,"°K,, + kYK [H,PO,])
(34)

is derived by assuming that [SS§ equal to [(QBrSQO;)%]
+ [(HO:BrSG;)?7], and the ratio of the bromite/sulfite
intermediates is related #;, (eq 35). (A detailed derivation
is given in the Supporting Information).

‘= [(HO,Brs0,)* J[OH]

© [(0Br1S0)*] %)
The rate expression for bromite/sulfite reaction in the
absence of buffers for p[H < 7.2 is shown in eq 36, where
ksH°[OH™] is negligible relative tdk,™°K,. The curve fit of
the data (Figure 4) shows thiat, which represents BrO/
SO:?~ direct reaction, is 3.0(5x 10" M~ s, By compatri-
son, sulfite reacts rapidly with hypohalous acids to form
(HOXSOy)?™ intermediates with rate constants of 5QL0°
M~ st for HOCI and HOBr¢¢Our data show that bromite
is also very reactive but its rate constant is 2 orders of

increases (Figure 4). This occurs in part because the fractionmagnitude less. This indicates that BrOis a weaker

of protonated sulfite ion increases as *[Hincreases

electrophile than HOCI and HOBr.
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kobs — 18 4 HA
[SO.l; 16 1k, K,KJK,
Kk OKIH ] + k™K H,PO, JIH ) 1070
- X a'e]
k oK + k4H20K2[H+] + k4HZPO4 K,[H,PO, ][H 1 (B' 10 +
K(SOH™ X 8
K(SSZHO)3+;H*] %) g 2]
= 4 HA
a : kK,
The [H'] dependence of the BEO/SO?~ reaction rate 04 o = 0.88(7)
below p[H] 7.2 also provides further evidence that any >

SO;H™ and HBrQ reaction paths are negligible. The rate

, -16 -14 12 10 -8 6 -4 -2 0
expressions for Bro/SO;H™, HBrO,/SGs?~, and HBrQ/

SO;H™ reactions do not fit the data using known acid log(K,/p)
dissociation constants. Figure 5. Bransted-Pedersen plot for general-acid catalysis of BrO
Brgnsted—Pedersen Relationship for the BrQ/SOz?~ SO~ reaction: (HGQBrSQG;)?~ + HA path k" KiKo/Ky) (O) and

(OBrSGs)3~ + HA path ksH2K,) (o). Data are fit to eq 37 wher'*
represents the composite rate constant for general-acid catalysis.

o. 0 3t -
Br-S-o0 fo) (o]
O O ||7| TBr-sto | +tA+OH
Hop o)

(a)

0\ }
O:BI"S“O o o)
-0 0 | |——%prsto | +A+H0
Hey )

Reaction.General-acid-catalyzed reaction mechanisms often
follow the Bransted-Pedersen relationshif? eq 37. This
describes the correlation between the strength of the assisting o\
acid in relation to the rate constant, whed# represents HA + <‘;Br-sgoo> —_—
the composite general-acid-catalyzed rate constaistthe
number of equivalent acidic sites in HA4,is the number of
equivalent basic sites in/AG, is a constant, and describes
the sensitivity of the reaction to the acid strength of HA. )

) _{<

Plots of the experimental data are shown in Figure 5. Both ,,,
general-acid-catalyzed pathways (egs 24 and 25) follow the
Brgnsted-Pedersen relation, wheogks"AK;) = 0.88(7) and

0
O‘,Br'S:
HO o

(kMK Ko/Ky) = 0.3(1). This suggests there is a higher ®)
degree of proton transfer from HA to §BrSQs)3~ (Figure
6a) than to (HGBrSQy)2~ (Figure 6b). [ oo T o-0-s°)
5] %
KA aK,
|Og? =logG,+ a IogT (37) © @

. ) o o Figure 6. Proposed halite/S(IV) transition state species: (a)Be0:2/
The behavior of boric acid is somewhat surprising because HA (ksH4K; path, eq 24); (b) Br@/SOs2 /HA/H* (ksHAK1Ko/K,, path, eq

boric acid is a Lewis acid. However, B&ft suggests that 25 (¢) CIQ/SO:H™ (ks path, eq 42); (d) CI@/SQ, (ks path, eq 41).

boric acid may act also as a Brgnsted acid because it can btain th for thi . he d
coordinate a water to form aBB(OH); complex. This To obtain the rate parameters for this reaction, the data

complex could donate a proton to the transition state. were fit in smaller p[H] ranges. The expression eq 38 is
Lack of Buffer Dependence for the CIO, /S(IV) Reac- based on Frerichs’ wofkout includes the constant for SO

tion. The chlorite/S(IV) reaction shows no buffer dependence S~ equilibrium (K4S = 1.90(5)) The best fit to

on the rate constant for 305 mM [PQ]r at p[H'] 10.42- the data occurs when tlyeintercept o) value is zero. Since

(3), 25-100 mM [CQJr at p[H"] 9.52(1), 16-80 mM [Bor}r they-intercept represents direct chlorite/sulfite reaction, this

at b[H+] 8.75(2), 125-200 mM .[PQ]T' at p[H'] 6.38(1) indicates that the direct reaction between £l@nd SG*

and 40-80 mM [OAc]: at p[H'] 4.33(5). As the buffer S Negligible.

concentration increases, the rate of reaction does not change.

However, the rate increases with TH Thus, the acid &([H+]2+ K(SQ)[H'] + K (SOH)K(SQ)) =
dependence for the CJ'S(IV) reaction is due to specific-  [SCilt ° ° °
acid assistance, and not general-acid assistance. Yo+ a[H™] + b[H™]? (38)

[H*] Dependence of the CIQ/S(IV) Reaction. The
second-order rate constant for the reaction of chlorite with A plot of kyn Vs p[H'] is shown in Figure 7. The data fit

. . v
excess sulfite was .measured asa functlon. of] [6b[H "] . the rate expression generated by eq 38 where5.7(3) x
3.8—11.1). As [HT] increases, an increase in the reaction 102 st andb = 6.26(4) x 10° M~ s%. No higher order

rate is observed beginning near th,palue of SQH, ;
CT . ! ) paths were found (such as {H), which shows that, for
which indicates that S§1~ is more reactive with CIQ than p[H*] > 3.8, the contribution of HCI@(pK, = 1.72¥5 to

27
SO the reaction rate constant can be neglected.

(25) Bell, R. P.The Proton in Chemistry2nd ed.; Cornell University:
Ithaca, NY, 1973; (a) pp 195198, (b) p 223, (c) p 200. (26) Fabian, I.; Gordon, Gnorg. Chem.1992 31, 2144-2150.
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ClO,/S(IV) Reaction Mechanism.The mechanism for
the CIQ,/S(IV) reaction must include several features that
are different from the Br@/S(IV) mechanism but are
required by the kinetics. No CKO/SOs?~ direct reaction is
observed because tlyeintercept for the plot okopd[SO3]t
vs [H'] is zero. Although the Cl@ /SO:?~ reaction potential
is slightly more favorable than the BsQSQOs?~ reaction
potential, the CI@ /SO reaction rate is negligible whereas
the BrQ,y /SO~ reaction rate constant is 3.0 10" M~
s L Instead, CI@ reacts preferentially with SI-, while
the BrGQ,"/SO;H™ reaction is negligible. Furthermore, if the
CIO,7/S(IV) reaction mechanism were the same as the
BrO, /S(IV) reaction mechanism, we would expect strong
general-acid catalysis of the reaction rate by reaction with
ClO;7/SO?~ and CIQ /SOH™ intermediates. However,

buffers have no effect on the reaction rate. These distinctions

require a mechanism for the GIGS(IV) reaction that is
fundamentally different from the BrO/S(1V) reaction.

The mechanism of eqs 395 is developed on the basis
of the experimental data, where GlCacts as a nucleophile
and SQ and SQH™ are electrophiles. Sulfite is in a rapid
preequilibrium with hydrogen sulfite, which is in rapid
preequilibrium with sulfur dioxide. Chlorite and sulfur
dioxide react to form an intermediate (OCIOSQ which
rapidly dissociates into OCland SQ. The hydrolysis of
the SQ product is rapid in aqueous solutidhSimilarly,
chlorite and hydrogen sulfite react to form an (OCIQBB~
intermediate, which rapidly dissociates into OCand
HOSG;~. OCI is in rapid equilibrium with HOCI K(HOCI)
= 10774 M), and HOCI is rapidly reduced to Clby a
second S&F (k=7.6 x 10° M1 s hlc,

rapid

SO? +H,0==SOH +OH K, /K (SOH") (39)

rapid

SOH <2550, + OH™ K, /K(SQ)  (40)
CIO, + SO~ (OCIOSQ)” (41)
ClO,” + SOH"~ 5 (OCIOSQH)* (42)
(0cl0so) ™ ocI” + so, (43)
(OCIOSQH)* S OCI + HOSO,  (44)
HOCI+ SO S I  + 507 +HY  (45)

Hydrogen sulfite exists in two isomeric forms: H$SO
where the proton is bonded to the sulfur, and HQS@here
the proton is bonded to an oxygen. The latter isomer
predominates, and the rati® = [HOSGO, J/[HSO5; ] is 4.9
at 25.0°C, u = 1.0 M28We expect only the HOSO isomer

s 8
pH']
Figure 7. p[H'] dependence of chlorite/S(1V) rate constait, 0). Solid
line (—) fits the following equation:kx, = (5.7 x 1073H*] + 6.26 x
1[HMA/([HT]? + KASO)[HT] + Ka(SOH)KA(SD)). The insert shows
the increase in rate constant ne#,(80sH~). Conditions: u = 1.0 M;
25.0(1)°C.

the rate parameter must be corrected for the fiS&mer.

The rate expression for the GJSO;H™ reaction mecha-
nism is shown in eq 46, and the resolved rate constants,
obtained from the fit of eq 38, ate= ks = 6.26(4) x 10°
M~tstanda(l + K/(KSKL(SO,)) = ks = 5.5(3) M1 sL.

K3K(SQ,)
+2 a +
Kobs W T e 1+ KS ]
[SOdr  ([H]? + K(SO)H T + K(SOHKL(SO))

(46)

The rate constant for CKD/SO, reaction ks) is 6 orders
of magnitude larger than ClO/SO;H™ rate constantk).

The SQ path predominates when pfH < 7.5. SQ is a
much better electrophile than @@, and the rate constant
for reaction with chlorite, a nucleophile, increases with
increasing electrophilicity of S(IV). A similar behavior has
been observed for bromate/S(1V) reaction, where thesBrO
SO, rate constant is 3100 times greater than the BfO
SO;H™ rate constant?

An alternate mechanism was also considered (see Sup-
porting Information). This mechanism includes chlorite and
hydrogen sulfite in a rapid preequilibrium with a (OCIO-
SQO;H)?™ intermediate. This intermediate would protonate,
which allows for the observed squaredf]Hdependence.
Both intermediates would dissociate in the rate-determining
steps to form OCl and HOS@". The [H'] dependence for
this mechanism is identical to the mechanism given in eqgs
39—-45 under our conditions. Thus, the mechanisms are
kinetically indistinguishable. However, we prefer the mech-
anism given in eqs 3945 because it accounts for the
expected electrophilicity difference between,%@d SQH™.

to be reactive because a chlorite to sulfur bond is neededS©z is more electrophilic than S8, and SQ reacts faster

for the reaction mechanism. Sinkgrefers to the average
rate constant for the two isomeric forms of hydrogen sulfite,

(27) Meijer, E. J.; Sprik, MJ. Phys. Chem. AL998 102 2893-2898.
(28) Horner, D. A.; Connick, R. BEinorg. Chem 1986 25, 2414-2417.

with ClIO,~ than SQH™.
Oxygen-Atom Transfer vs Oxyhalogen Transfer.The
proposed Br@/S(IV) reaction mechanism includes inter-

(29) Szirovicza, L.; Boga, Hnt. J. Chem. Kinet1998 30, 869-874.
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mediates with B+S connectivity rather than ©S con-
nectivity. BrQ,~ acts as an electrophile in this reaction, and
the Br atom expands its octet to accept an electron pair from
the nucleophilic sulfur atom of S& . General acids assist
the removal of an oxide ion from BrSGs)3~ (Figure 6a)

or a hydroxide ion from (H@BrSGs)?~ (Figure 6b). If general
acids did not remove the oxide or hydroxide from the
bromine side of the intermediate, incorrect products would
form. The data analysis shows that the rate of the BfO
S(IV) reaction decreases as the fraction of protonated][SO
increases. Protonation of $O reduces the nucleophilicity
of the S atom and reduces the fraction of,BE50)3~
formed.

The alternative connectivities of (Bs€B50;)3~ contain
O—S bonds: (@BrOSQ)*" and (OBrOS@)* . The (QBroO-
SQ,)%" species does not provide a path that leads to the
products so it can be ruled out. The (OBrOFO species is
conceivable as an oxygen-atom transfer from bromine to
sulfur, which would give OBr and SQ?>". However, there
is no obvious way that general acids would catalyze the
decomposition of (OBrOSgF. If HA reacts with the
oxybromine side of the intermediate, then the HA would
remove an OBT so that the oxygen atom could be transferred
to the sulfur. This is not a characteristic general acid function.
Instead, general acids typically react witiFGor OH™ to
form OH™ or H,O. HA could react with the sulfur side of
the halite/S(IV) intermediate. This would result in an
(OBrOSQ)~ intermediate that would have to hydrolyze at
the sulfur to produce OBrand HOS@ . It is illogical that
the function of the general acid is to remove the Qhlthe
first step, only to have it return in the subsequent steps. In

Huff Hartz et al.

with O—CI connectivity, which do not have to react with
general acids.

The thermodynamic driving forces for the By@SO:2~
and CIQ /SO reactions are comparable. Yet, the IO
S(IV) reaction is more than 5 orders of magnitude slower
than the Br@ /S(1V) reaction in basic solution. The C}d
S(IV) reaction must overcome significant kinetic barriers for
reaction to occur. The proposed reaction mechanism proceeds
through (OCIOSGH)?>~ and (OCIOSQ)~ intermediates,
where chlorite donates an electron pair to sulfur. Sulfur can
expand its number of valence electrons more readily than
oxygen. The rate-determining steps for the €US(IV)
reaction include oxidation of the sulfur atom, transfer of an
oxygen atom, and reduction of the chlorine atom (eq 47).

(ocl"0sYo,H)*” — (0clos" o,H)* (47)

If only the dependence in [H were considered, it may
be reasonable to assume that the B¥S(1V) reaction and
the CIQ,/S(IV) reaction occur through the same oxygen-
atom transfer mechanism. However, rate expressions that
include S@QH™ or SG reaction with BrQ~ do not fit the
data (using known values the acid dissociation constants).
Furthermore, the observed general-acid catalysis of the
BrO, /S(IV) reaction and the lack of a general-acid catalysis
for the CIG/S(IV) reaction shows that the BgQS(I1V)
intermediates must have a different connectivity than the
ClO;7/S(IV) intermediates. General-acid catalysis is required
for (O,BrSQ;)*~ to produce OBr and SQ?, while a
general-acid catalysis is not needed for (OCIQS to
produce OCI and OSGQH™. For these reasons, we cannot

fact, the general acid reaction is completely unnecessary toassign the Br@/S(IV) reaction the same mechanism as the

produce OBr and HOSQ@™ from (OBrOSQH)? . Of the
possible (Br@-S0s)3~ connectivities, only the adduct with

CIO,/S(1V) reaction.
In comparison of chlorite/sulfite and bromite/sulfite reac-

Br—S bonds requires general-acid catalysis. For these(on mechanisms, it is known that the reactions of hypochlo-
reasons, we use the general-acid catalysis as the rationalg, ;s acid and hypobromous acid with sulfite occur through

for the Br—S connectivity of the bromite/sulfite intermedi-
ates.

The CIQ, /S(IV) reaction mechanism includes intermedi-
ates with G-S connectivity rather than €IS connectivity.
This reaction shows a specific-acid, not a general-acid,

halogenr-sulfur intermediate>¢3°Others have studied the
kinetics and mechanisms of bromate/S(1V) reacfidhand
chlorate/S(IV) reactio®?3* The reaction rates of these
halates increase as [gf@becomes more protonated. Despite
favorable thermodynamics (eqs 48 and #9},bromate and

catalysis. The Cl atom does not expand its octet as easily ashjorate show virtually no reaction with $0. Furthermore,
the Br atom and cannot accept the electrons from sulfur asihe bromate/S(1V) reaction rate is not affected by bufférs,

easily as the Br atom. Furthermore, the-Cl bond is less
polar than the B+O bond. Therefore, the Cl atom in GJO

is not as electropositive as the Br atom in Br@nd is not

a good electrophile. To overcome this, GlQeacts through
the O atom, which is more nucleophilic. As a consequence,
ClO, acts as a nucleophile and reacts preferentially with
SO, and SQH™, which are better electrophiles than $0O
SO/SO;H™ and CIQ™ form adducts with expanded valence
around the S atom via oxygen/sulfur connectivity (Figure
6c,d). These adducts, (OCIOg0and (OCIOSGH)?, form
OCI~ and HOS@ . If the CIO,/S(IV) mechanism were the
same as the BrO/S(IV) mechanism, then we would expect
intermediates with CtS connectivity that would react with
general acids. However, the lack of general-acid catalysis
shows that the CI©/S(IV) mechanism prefers intermediates
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which is similar to the chlorite/S(IV) kinetics. In light of
these observations, we propose that, for S(IV)/oxyhalogenate
reactions, reductions of CI(lll), CI(V), and Br(V) proceed
by oxygen/sulfur intermediates, while Br(lll), Br(l), and CI-

(1) prefer halogen/sulfur intermediates. The arrangement of
the oxyhalogen/S(lV) intermediate and whether the oxy-
halogen anion acts as a nucleophile or electrophile relative
to S(IV) determines the reaction rate. We propose that the

(30) Yiin, B. S.; Margerum, D. Winorg. Chem.1988 27, 1670-1672.
(31) Williamson, F. S.; King, E. LJ. Am. Chem. Sod 957, 79, 5397

(32) Gleason, E. H.; Mino, G.; Thomas, W. M. Am. Chem. Sod 957,
61, 447-450.

(33) Dobrynin, N. A.; Dymarchuk, N;. P.; Mishchenko, K. Bh. Obsch.
Khim. 1969 39, 2157-2164.

(34) Menealez, S. M.Rev. Fac. Cienc 1968 9, 119-213.
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presence or absence of general-acid catalysis and theand an Emerson Kampen Foundation Fellowship to Purdue
oxyhalogen reactivity toward S&/SO;H™ is a consequence  University (K.E.H.H.).
of the connectivity of the oxyhalogen/S(IV) reaction inter-

mediate. Supporting Information Available: Tables and figures of
_ _ _ _ kinetic data, the derivation of the rate expression derivation for
- 2 o_ '

BrO; + SG, Bro, + S0, Eg 181V (48) BrO, /SOs2~ reaction, an alternative mechanism for Gigs(1V)
reaction, and a description of polyborate distribution calculation.
This material is available free of charge via the Internet at
http://pubs.acs.org.

ClO;” +SQ* —Clo,” +SO” E°=1.68V (49)
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