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The oxidation of hydrogen bromide and alkali metal bromide salts to bromine in acetic acid by cobalt(lll) acetate
has been studied. The oxidation is inhibited by Mn(QAar)d Co(OAc), which lower the bromide concentration
through complexation. Stability constants for'®o, were redetermined in acetic acid containing 0.1% water as

a function of temperature. This amount of water lowers the stability constant values as compared to glacial acetic
acid. Mr'Br, complexes were identified by UWisible spectroscopy, and the stability constants for'Bip

were determined by electrochemical methods. The kinetics of HBr oxidation shows that there is a new pathway
in the presence of NBr,. Analysis of the concentration dependences shows thatoBrMnBe are the principal

and perhaps sole forms of the divalent metals that react with Co(lll) and Mn(lll). The interpretation of these data
is in terms of this step (M, N= Mn or Co): M(OAck + N"Br, + HOAc — M(OAc), + N"Br,0Ac. The
second-order rate constants (L mbs1) for different M, N pairs in glacial acetic acid are 4.8 (Co, Co afay,

0.96 (Mn, Co at 20C), 0.15 (Mn(lll)Co(ll), Co at 20°C), and 0.07 (Mn, Mn at 20C). Following that, reductive
elimination of the dibromide radical is proposed to occur!'B¥,OAc + HOAc — N(OAc), + HBry". This

finding implicates the dibromide radical as a key intermediate in this chemistry, and indeed in the-cobalt
bromide catalyzed autoxidation of methylarenes, for which some form of zerovalent bromine has been identified.
The selectivity for CoBr and MnBg is consistent with a pathway that forms this radical rather than bromine
atoms which are at a considerably higher Gibbs energy. Mn(©#&xjlizes PhCHBr, k = 1.3 L molt st at

50.0°C in HOAc.

Introduction concentration when [NaBg] is nearly equal to [CoBrOAc}*

We have undertaken a study of the reactions between cobalt-
élll) and cobalt(ll) in the presence of bromide to determine rate
constants for the different bromocobalt(ll) species present. We
find that CoBg is the principal and likely sole reactant for Co-
(1), suggesting a key role for the dibromide radical aniory Br

in the catalytic cycle. The effect of Co(ll) on the Mn(HHBr
reaction gives concordant results, providing further proof for

the previously implied involvement of Br.t

A complex set of equilibrium and kinetics steps governs the
reactions between cobalt, manganese, and bromide in acetic aci
solutions!~® Interest in these issues derives from the success
of the cobalt-manganesebromide system in catalyzing the
autoxidation of methylarené®:” In this report, the oxidation
of HBr to bromine by cobalt(lll) and manganese(lll) in acetic
acid, especially the decelerating role of cobalt(ll), is reported.
Also, data for the coordination equilibria for bromocobalt(1l)
complexes have now been extended to conditions other tha”Experimental Section
those originally employe#.

The industial oxidation of-xylene to terephthalic acid using Reagents.Certain compounds were obtained commercially, includ-

cobalt(ll) and bromide as cocatalysts is carried out with the ing cobalt(ll) acetate tetrahydrate, manganese(ll) acetate (anhydrous),
cerium(lV) perchlorate as a solution 6 M perchloric acid, hydro-

sto_lchlometrlc cobalt concentration equal to that of bromld_e, bromic acid (48% aqueous solution), lithium and sodium bromides,
which has_been SqueSted to m(-iz;n that the mOI"Obrormde'p-xylene, benzyl bromide and several of its derivatives, and glacial
CoBrOAc, is the most active forfi!® The rate constant for  5cetic acid. Manganese(lll) acetate was used both as the oxo-centered
the reduction of Co(lll) in Co(ll)/NaBg-xylene solutions was  trinuclear commercial materiéland as the mononuclear form prepared
found to be approximately proportional to the total bromide in situ by oxidation of Mn(OAG) with cerium(IV)21

Cobalt(l1l) was prepared by bubbling ozone into a solution of cobalt-
(Il) acetate. This converts the pink Co(ll) by way of the metastable
apple-green species Co(llla) to the olive-green forms Co(llic) and Co-
(ls) in a 69:31 ratio. Suggested structures are shown in Chieift 12
Other solutions of Co(lll) were prepared by Zakharov's method, which
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Reactions of Mn(OAg) Co(OAc), and Bromide Salts
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employs an in situ oxidation procedure based upon the oxidation of
Co(ll) by ArCH,OO.** In it, oxygen is introduced into a solution of
Co(OAc), p-xylene, and sodium bromide; the cobalt(lll) concentration
builds up until the oxygen has been depleted, whereupon [Co(lll)]
diminishes as it oxidizes ®8r, complexes. Further addition of oxygen
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controlled cell holder. Faster reactions were studied by the stopped-
flow method with a Bio-Sequential DX-17MW instrument from Applied
Photophysics. The pseudo-first-order rate constantwas evaluated

by the nonlinear least-squares fitting to the absorbatioee values

to the equation

Abs, = Abs,, + (Abs, — Abs,) x e !

Results

Bromide—Co(ll) Complexation Equilibria. Equilibrium
constants are known for the stepwise formation of bromocobalt-
(I1) complexes in glacial acetic acid at 252@.8 Spectropho-
tometric and electrochemical determinations were carried out
in solutions containing 48.5 mmol/L 4@ (0.1 wt %) in acetic
acid over a range of LiBr concentrations (31800 mmol/L)
at temperatures of 25:060.0°C and a cobalt(ll) concentration
of 12.3 mmol/L as described by Sawada and Tarfekpectral
scans were recorded over the range 4800 nm at intervals
of 1.0 nm for at least 20 bromide concentrations at each selected
temperature. Figure S¥1shows representative results. The data

can be repeated, so that the rise and fall of the cobalt(lll) absorbanceat each temperature were analyzed simultaneously at all

can be made to recur. The falling stage of this transformation,
representing the oxidation of HBr by Co(lll) in the presence of Co(ll),
was the portion of interest to us in this study.

Equilibrium mixtures of bromocobalt(ll) and bromomanganese(ll)
complexes were prepared from Co(OAa) Mn(OAc), in glacial acetic
acid with a stoichiometric deficiency of NaBr or LiBr. The distribution
of Cd'Br, was calculated from the stepwise formation constablsder
the conditions chosen, the monobromocobalt(ll) complex is the
predominant species, but as we shall see it is the concentration o
dibromocobalt(Il) that is most important in the reaction chemistry. Water
is known to affect the extent to which given species of bromicizbalt-

wavelengths and bromide concentrations using the program
PSEQUAD.?! In addition, these solutions were analyzed for
free bromide by the electrochemical method described by
Sawada and Tanakal he equilibrium constants so determined,
presented in Table 1, indicate the diminution of the binding
constants caused by even this low water concentration. Table 1
also includes the values &H° and AS’ from the fits to the

fvan't Hoff equation, Figure S-22 One form in which the

temperature-dependent equilibria will be used in this research
rests on the quotienKy/K;, which representXp, a ligand

(I) are formed, and so the stability constants were redetermined at the distribution equilibrium; it shows but a small temperature effect.
water concentrations used here using the electrochemical method Bromide—Mn(ll) Complexation Equilibria. None of the

described by Sawada and Tandka.

Acetic acid is not an ionizing medium; hydrobromic acid is a weak
acid with (K, 6.7. Cobalt(ll) acetate can be crystallized from water as
the six-coordinate complex Co(OA&)H.0). with four waters coor-
dinated to Co(OAg)%?% Slow crystallization of 0.12 M Co(OAg)
(H20)s from acetic acid afforded a different structure of hydrated
cobalt(ll) acetate with an infinite chain structureatenapoly-
[monoaquadiacetatocobalt(ll) monohydrate], JE@H;COO)(H.0)-
H,0],.2* Cobalt(ll) acetate forms a pink solution in wet acetic acid,
consistent with six-coordinate Co(HOAM:0)m(OAC); in chemical
equations it will be written simply as Co(OAc)rhe monobromocobalt-

(I1) complex is also pink, whereas the dibromo and higher complexes
are deep blue, thus tetrahedral complexes. Similarly, the bromo
complexes will be designated CoBrOAc and CoBr

Trivalent Mn(lll) and Co(lll) exist in di- and trinuclear forms in

acetic acid, as well as transient mononuclear species. This point is

particularly pertinent for Co(lll), the kinetic inertness of which ensures
that such forms will not likely equilibrate with one another in the
reaction time. We have recently commented upon the Mn(lll) and Co-
(1) speciest16-20 Except when speciation itself becomes an issue, the
notation M(OAc} will be used.

Kinetics. Most of the reactions were examined with BVisible

bromomanganese(ll) species exhibit an absorption band of useful
intensity. Three bromomanganese(ll) species were identified in
ternary mixtures of Mn(OAg) Co(OAc), and LiBr. Addition
of the manganese salt lowers the absorbance of the solution by
competitively lowering the concentrations of the Co(ll)Br
species responsible for light absorption. Using the PSEQUAD
program?! three bromomanganese(ll) species were identified.
The stability constants of MiBr, were determined by the
electrochemical method described by Sawada and Tahaka.
These experiments used 2.20 mmof Mn(OAc), and 0-21.8
mmol L™1 LiBr in glacial acetic acid at 25C. These formation
constants were calculated for MnBrK; = 701+ 8, K, =91
+ 10, andK3 = 18 £+ 8. When expressed as overall formation
constants, the values become Jg= 2.84, logs, = 4.80, and
log B3 = 6.06. At 50°C, K; = 415+ 13,K, = 194+ 3, andK3
~ 0. No association between Co(ll) and Mn(ll) could be
detected spectrophotometrically.

The formation constant&,, for both cobalt and manganese
decrease markedly with the water content. This becomes an
important point in the practical autoxidation chemistry, as water

methods, for which Shimadzu 2101 and 3101 and Shimadzu MultiSpec is a byproduct. For that reason, autoxidation becomes ineffective
1501 instruments were used. The reaction cuvettes were maintained abnce water reaches a certain level. This depends on the

constant temperature {80 °C, as desired) by an electronically

(21) Zekany, L.; Nagyp4 I. In Computational methods for the determi-
nation of formation constantdeggett, D., Ed.; Plenum Press: New
York, 1985. We are grateful to ®ar Lente for assistance in its
implementation.

(22) Kaduk, J. A.; Partenheimer, VPowder Diffr. 1997, 12, 27—39.

(23) Niekerk, J. N. V.; Schoening, F. Rcta Crystallogr.1953 6, 609—
612.

(24) Jiao, X.-D.; Guzei, I. A.; Espenson, J. H.Kristallogr—New Cryst.
Struct.200Q 215 173.

hydrocarbon used, but it is about 10% water in the case of
terephthalic acid.

Manganese(lll) Oxidation of Bromide in the Presence of
Mn(ll). We have reported the oxidation of HBr and MBr (M
= alkali metal) by Mn(Il1)* When Mr'Br, complexes are also
present in solution, a new pathway opens that arises from direct
oxidation of Mr'Br,. The net reaction remains as before:

(25) See the Supporting Information.
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Table 1. Equilibrium Constants and Other Thermodynamic Parameters for the Stepwise Formation of Bromocobalt(ll) Complexes in Acetic

AcidaP
glacial HOAc HOAc (0.1% HO)
Kn 25.0°C 25.0°C 40.0°C 50.0°C 60.0°C AH°/kJ ASII KT AGzo8°/k]
Ky 850 491 330 297 271 —14.0 (20) 4.0 (70) —15.2 (20)
Ko 300 116 84 67 71 —12.7 (34) —3.5(100) —13.7 (50)
Ks 680 63 28 24 19 —27.9 (48) —59.9 (150) —45.7 (100)
Ks 25
Kp® 0.35 0.24 0.25 0.23 0.26
aValues in glacial HOAc from ref 82 With 12.0 mmol L% Co(ll), 0—100 mmol L% NaBr. ¢ Kp = Ki/Kj.
2Mn(OAc), + 2HBr — 2Mn(OAc), + 2HOAc+ Br, (1) 0.006 ' '
o]
The kinetics of HBr oxidation by Mn(OAeg)in the presence -
of Mn(OAc), was studied by monitoring the decrease in the
Mn(lll) absorption atl 461 nm ¢ 308 L mol! cm™1) with 0004 |
34—90 mM Mn(ll), 0.07—-0.15 mM Mn(lll), and 14-53 mM ’ A
HBr. Representative kinetics experiments are shown in Figures o |
S-3 and S-45 The data from each experiment were analyzed o
by pseudo-first-order kinetics (see Table 8By1The resulting 9
values ofk, were then correlated with the concentrations of 0.002 °
the species present in solution. This rate law was found to fit Y
the concentration dependences: .
[e}e) [ ]
[]
—d[Mn(OAC)ﬂ =k, [Mn(OAc),] = Op 0.01 0.02 0.03
dt ) [CoBrOACI/[Co{OAG),],  /mol L
'[Mn(OAC)"’][Mn(OAC)Br] ) Figure 1. Kinetics of the reaction of Mn(lll) (open circles) and Mn
[Mn(OAc),] Mn'" (filled circles) with CdBr, as a function of the X-variable, which

with k' = (8.64 0.7) x 1073 L mol~! st in glacial acetic acid

at 20.0°C. Figure S-3° shows the plot ok, against the quotient
[Mn(OACc)Br1%#[Mn(OAc),] for the data at 20C in HOAc. The
linearity of this plot, although imperfect, covers a substantial
variation of each concentration, which we take to mean that eq
2 represents the “best” single-term rate law. Doubtless, were

one to introduce additional parameters, such as a contributionpn" + cg' — cg"'-Mn"

from the tribromomanganese complex, a better statistical fit

is proportional to [CoB4], as in eq 7.

Manganese(lll) Oxidation of Bromide in the Presence of
Co(ll). Co(OAc), affects the oxidation of LiBr by Mn(OAg)
much as Mn(OAg) does, but this system is complicated by the
slowness, compared to eq 4, of the analogous trivaldinalent
interaction:

(ks=0.37Lmol''s ™' (6)

could have been obtained, but that procedure appears to beAs a consequence, the separate reactions ¢f ktd Cd-Mn'"

unjustified from the precision of the data. From eq 2 one can
infer that the reaction occurs mainly by way of a bimolecular
reaction between Mn(OAg)and the minor species MnBr
formed in a ligand-distribution equilibrium. It is independently
known that Mn(Il) and Mn(lll) undergo an extensive and rapid
association in a 1:1 ratio to give an acetate-bridged species
written as Mi-Mn'!', This is the reaction scheme suggested by
these results:

2Mn(OAc)Br= MnBr, + Mn(OAc),
(fast,Kp = K,/K; = 0.13) (3)

Mnlll +Mn"—'Mn"-Mn'"
=3.4x mol ~s
k,=3.4x 10°Lmol 's ™" (4

Mn"-Mn" + MnBr, — 2Mn" + Mn"'Br,” (k5 (5)
SinceKp = 0.13,ks = (6.6 = 0.5) x 1072 L mol~ts™* (20°C,
glacial acetic acid).

Is it reasonable to suggest that only the species Mrdzcts?
This is the simplest inference one might draw from the form of
the rate equation. We return to this point following the
presentation of data referring to the study of the effect of cobalt-
(I on bromide oxidation by Mn(lll) and Co(lll) in the next
two sections, since the same subject arises there as well.

could be resolved from the biexponential kinetics. Figureés-6
shows a representative kinetics experiment and its resolution
into two components. This treatment gives for each experiment
two pseudo-first-order-rate constants, labeled as the large and
small componentsk,' and k,3, which are functions of the
concentrations present. Both)' andk, vary linearly with the
guotient [CoBrOAc}[Co(OAc)], Figure 1. Thus the rate law

is analogous to eq 2. The reaction scheme allows for a ligand-
distribution equilibrium among the bromocobalt(ll) species,
which is followed by parallel oxidation steps in which CeBr
reacts with Mn(OAc) and Cd-Mn''. The derived rate constant

at 20.0°C in glacial acid for Mn(OAQ)isk' = 0.13+ 0.01 L
mol~1 s71; for Cd'-Mn'"", k' = 0.021+ 0.002 L mot? s71,
according to this reaction scheme:

2CoBrOAc= CoBr, + Co(OAc), (K, =K,/K;=0.24)

(7
Mn(OAc), + CoBr, — Mn(OAc), + Ca" (OAc)Br, (kg
(8)
ca'-Mn" + CoBr,— Cd' + Mn" + Cd"Br, (k) (9)

The rate constants determined from this treatmenkare
0.96 L mol! st andkg = 0.15 L mol? s71, each known to
ca.+10—15%.
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Figure 2. The Co(lll) absorbance at 400 nm rises when oxygen is ] o
introduced into a solution gd-xylene (1.6 mol %) containing 80 mM Figure 3. A plot the pseudo-first-order rate constant for the oxidation

Co(OAc) and 30 mM NaBr at 40C, until the supply of oxygen has ~ 0f HBr by Co(OAc}), showing that CoBris the active form of cobalt-
been exhausted, whereupon the net oxidation of HBr by Co(lll) occurs (). Agreement is illustrated by the inclusion of data for the two
with the effects of Co(ll), particularly CoBrdescribed herein. Addition ~ methods of preparing Co(lll), prior ozonolysis and in situ catalytic
of more Q, simply by momentarily opening the sealed cuvette, allows generation with oxygen according to ref 14.

the cycle to repeat; the phenomenon can be repeated many times. N .
y P P P 4 Table 2. Rate Constants for the Oxidation of Aralkyl Bromides by

Cobalt(lll) Oxidation of Bromide in the Presence of Monomeric Manganese(lll) at 253 in Glacial Acetic Acid
Cobalt(ll). This reaction at 40.0C in glacial acetic acid was XCeH4CH,Br k/i102L moltst
monitored by following the absorbance of Co(lll) at 335 or 400 H 9.8
nm, where the respective molar absorptivities are 1500 and 640 o-Me 7.1
L mol~t cm™1. One set of experiments was conducted using p-Br 7.0
the method devised by Zakharov and co-workédédescribed m-Br 6.4
in the Experimental Section; [Br] = 4—30 mM, [Cd'iora] = p-Me 14

80 mM, [p-xylene]= 0.3 mol L™, [O2] ~ 1 mM. The rise and m-Me 1.3

fall with the addition and depletion of oxygen make an o experimental methods gave consistent data. The slope in
informative display, as given in Figure 2. In the second group, rigure 3 provides the value of the second-order rate constant

with ozone-generated Co(lll), the concentrations wer® M for the reaction between CoBand Co(lll) as 4.8+ 0.2 L mol!
Briowaand 19-117 mM Cdoai The distribution amongthe Co o1 5t 313 K. This reaction was studied as a function of

Brn species at 20.8C in glacial acetic acid was calculated from e mperature. The values &f (eq 11) were analyzed by the
the equilibrium constants reported earlier in this paper’@p Eyring equation, Figure S, giving these activation param-
0.1% HO). Given [Cd]r > [Co(ll])] (=0.06-0.4 mM), the  eters: AH* = 95.24+ 4.9 kJ mol? andAS = 74 + 16 J K
reactions followed first-order kinetics and the distribution among ,q-1.
the CdBr, species remained constant throughout each experi- Cobalt(lll) Oxidation of Bromide. The oxidation of bromide
ment. The pseudo-first-order rate constants arguadratic by cobalt(l11), studied with & 10-fold excess of bromide over
function of [CoBrOAc] in experiments at constant [Co(OAF)  copalt(lll), was studied at 359 in 10% aqueous HOAc. The
see Figure 5?5 they are a linear function of [COBrOA%] decrease in the absorbance of Co(lll) could be fit to biexpo-
[Co(OAC)]. This shows that the reaction rate is described by nengial kinetics, consistent with the existence of the two species
this equation: shown in Chart £:16-20 The resolved rate constants, when
plotted against bromide, each gave a linear plot, confirming that
0) both Co(llic) and Co(llIs) follow second-order kinetics overall.
The rate constants (L mol s™1) for Co(llic) are 9.9 (HBr) and
0.20 (NaBr); the corresponding rate constants for Co(llls) are
Table S-#5 provides the concentrations and rate constants. 1.4 (HBr) and 0.036 (NaBr).
Precisely equivalent to this data analysis is one in which the Reaction of Manganese(lll) with Benzyl Bromide. Our
rate constant is expressed as a function of [GpBfFhe earlier work reported on the reaction of Ph{BH with cobalt-
concentration of the dibromocobalt(ll) species is related to the (lll),2 and we have now turned to the more reactive Mn(lll).
others by the equilibrium constant for the ligand redistribution To avoid oligomeric species, such as the commercial Mn(@Ac)
equilibrium shown in eq 7. As a result the following reaction which is an oxo-centered trinuclear compound, the Mn(lll) used
is implicated and its second-order rate constant can be obtainedn this research was the mononuclear species prepared in situ

d[Co(OAc)]  [Co(OAc)][CoBrOAc)”
B dt - [Co(OAc))]

as the quotienk;; = K/Kp: by cerium(IV) oxidation as detailed previoushThe reaction
was studied under argon with pseudo-first-order conditions,
Co(OAc), + CoBr, — Co(OAc), + CoBr,(OAc)  (k;y) ArCH,Br = 10 x [Mn(lll)] o, at 25.0°C in glacial acetic acid;

(11) see Figure S-% The plot ofk, against [ArCHBr] is a straight
line through the origin, see Figure S-30The slope gives the
Figure 3 presents a plot d¢f, against the concentration of  rate constants presented in Table 2 for six different aryl groups.
CoBr;, calculated from the equilibrium constant expressions. It Kinetic data for benzyl bromide were also determined at 35.0
proved to be immaterial whether Co(lll) was prepared from and 50.0°C, Figure S-125 from which AH* = 76 4+ 14 kJ
ozone or generated in situ according to Zakharov’s method; themol~! andAS' = —22 4 45 J K™ mol~L.
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Table 3. Summary of Reactions and Rate Constants

reaction, rate layv k/L mol-tst tempfC solvent
A. Co(lll) Oxidation of HBr, NaBr
v = K[Co(lllc)][bromide] 9.9 (HBr) 35.0 10% aq HOAc
0.20 (NaBr)
v = k[Co(llls)][bromide] 1.4 (HBr) 35.0 10% aq HOAc
0.036 (NaBr)

B. Co(lll) Oxidation of HBr or NaBr, in the Presence of Co(ll)

N [CO(OACH[CO(OAC)BI’]z k'=1.8 (HBr) 40.0 HOACc
vex [Co(OAC)]
= K[Co(OAc)][CoBr3] k=3.6 40.0 0.1% aq HOAc
k= 4.8 (NaBr) 0.1% aq HOAc

C. Mn(lll) Oxidation of HBr in the Presence of Mn(ll) or Co(ll)

 [Mn(OAC)]J[MnBrOAc]? k'=8.6x 103 20.0 HOAC
- [Mn(OAc),]
= kIMn(OACc)3][MnBr;] k=16.6x 102
_  Mn(InJCoBrOAc] 2 20.0 HOAc
v [Co(OAC)]
= kg[Mn(OAC)3][CoBr7] ks = 0.96
+ ko[Mn"-C0'][CoBr;] ko = 0.15

D. Mn(lll) and Co(lll) Oxidation of Benzyl Bromide
v = KIM(OAC)3][PhCH,Br] 1.5 [Mn]° 50.0 HOAc
0.9 [Co(llla)F

ay = —d[M(Il))/d t. ® Values for other ArCEBr are given in Table
2. ¢From ref 2.

Discussion

Table 3 summarizes the kinetic data for the reactions
encountered in this study. All of these data and those given in
the previous studypoint to this scheme: the \Br, species,

M = Co or Mn, is oxidized by Mn(OAg)and Co(OAcj} in the

Jiao et al.

reactions of the other M(Il) reagents. Thus they are nonproduc-
tive insofar as bromine production is concerned. If not quickly
consumed by other reactions, dibromide radical produced as
by eq 13 can disproportionate forming bromide and bromine:

2HBr,” — Br, + 2HBr (15)
When a methylarene (ArGHl in general) is present, the
dibromide radical is responsible for the reactions that lead to
the subsequent oxidation sequence:

HBr," + ArCH, — 2HBr + ArCH," (16)

ArCH," + O, — ArCH, 00 a7

The role of the active intermediate is clearly played by the
dibromide radical, not (for instance) by atomic bromine in
solution. The selectivity for HBf formation has its origin in
thermodynamics: Bris at a considerably higher free energy
than HBg'. In water, for exampleE® for Bri/Br~ exceedsE®
for Bry*=/2Br~ by 0.3 V26-28 Even in the absence of the divalent
metal salt, manganese(lll) oxidizes HBr and NaBr in reactions
whose kinetics implicates the MnBOACc) intermediate and
reactions 13 and 14. To summarize: the dibromide radical is
accessible from reactions of Mn(lll) and Co(lll), whereas Br
is not.

For both HBr and NaBr, Mn(lI}is much more reactive than
either of the Co(lll) species. Not only that, but the Mn(lll)
reactions follow a rate law that shows a second-order depen-
dence on [HBr] and [NaBr]. This kinetic form was attributed

rate-controlling step. This pathway for the oxidation of HBr or t0 the intervention of a dibromomanganese(lll) intermediate that
NaBr occurs to the exclusion, for example, of the oxidation of underwent reductive elimination to form the dibromide radical.

M(OAc); or MBrOAc, and is much faster than the oxidation of ~ This reaction is given by eq 13, and itis obviously the pertinent
HBr or NaBr. We propose that this pattern signals a key feature eaction, regardless of whether the dibromomanganese(ll)

of the mechanism. When MBris oxidized, the resulting
dibromometal(lll) complex has a favorable pathway for uni-
molecular reductive elimination. This yields the dibromide
radical, which is then converted to molecular bromine by
subsequent oxidation. These are the proposed reactions, wher
M in either oxidation state may be Co or Mn:

M"Br, + M'(OAc); — M" Br,(OAc) + M'(OAc), (12)

M"Br,(OAc) + HOAc — M(OAc), + HBr,’  (13)

HBr,” + M'(OAc), — Br, + M(OAc), + HOAc (14)

According to this scheme, as given in eq 12, only the dibromo
complex of M(Il) is reactive. It is only logical, however, that
M(OACc), and MBrOAc could also participate in parallel redox
reactions with M(Ill). Indeed, it is only reasonable that the
oxidation reactions of M(OAg)and MBrOAc would have rate
constants very similar tdi,. In this proposal, it is neither
necessary nor profitable to propose any special function for
coordinated bromide in eq 12: we propose that outer-sphere
electron transfer occurs. Therefore, it is logical to suppose that
all three species of the divalent metals are participants: M(©Ac)
and MBrOAc, as well as MBr Our findings indicate that only
the reaction of MByis productive; its product is able to undergo
reductive elimination of dibromide as in eq 13.

species is prepared from electron transfer or ligand substitution.

Given the ubiquitous role that the dibromide radical appears
to play in several of the mechanisms reported here and
previously-2we are inclined to suggest by analogy that it plays
a role in the Co(lll}-HBr reactions also. That claim could not
be documented from the kinetics or other data, however, since
thefirst substitution reaction between Co(lll) and HBr was rate-
controlling, no doubt because of the low rate of ligand
substitution into the coordination sphere &f@b(lll). Inferential
evidence for the dibromide radical is nonetheless found,
reasoning by analogy from the reactions in which HBr is
oxidized by Co(lll) or Mn(lll) in the presence of Co(ll), eqs
12-14.

In the oxidation of bromide by M(Ill) in the absence of M(ll),
in both this work on Co(lll) and our earlier studies of Mn(IH),
it was found that HBr reacts much more rapidly than NaBr and
other alkali metal bromides do. This effect can be attributed to
stabilization of the transition state by formation of a hydrogen
bond, as shown in this diagram:

B "H‘o

r

oo, N
Q\O

The rate constants for the oxidation of benzyl bromide by
Mn(Ill) and by Co(lllay have been determined; at 8@, the
values ofk/L mol~t s~1 are similar: 1.5 for Mn(lll) and 0.9 for

The M(II) products formed by the oxidation of M(OAC)
and MBrOAc, lacking a suitable low-energy reaction pathway,
would revert to the starting materials by the reverse reaction
step. Note that eq 12 is nearly thermoneutral, as are the similar

(26) Stanbury, D. MAdv. Inorg. Chem.1989 31, 69-137.

(27) Wardman, PJ. Phys. Chem. Ref. Datt989 18, 1637-1755.

(28) Field, R. J.; Koros, E.; Noyes, R. M. Am. Chem. Sod.972 94,
8649.
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Co(llla). These reactions are believed to occur in three steps:high to oxidize benzyl bromid&. The organic product of eq
outer-sphere electron transfer to form a radical cation, ionization 20 will, through additional solvolysis and oxidation, be con-
of the radical cation, and a second redox step. The following verted to a carboxylic acid.

equations show the reactions suggested.
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