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Oxygen atom transfer from trans-L(H,0)RhOOH?* {L = [14]aneN, (LY), meso-Meg[14]aneN, (L?), and (NHs)s} to
iodide takes place according to the rate law —d[L(H,0)RhOOH?*}/dt = k[L(H,0)RhOOH?*][I"][H*]. At 0.10 M ionic
strength and 25 °C, the rate constant k/M~2 s~* has values of 8.8 x 10% [L = (NH3),], 536 (L'), and 530 (L?). The
final products are LRh(H,0),** and Io/ls~. The (NH3)4(H,0)RhOOH?*/Br~ reaction also exhibits mixed third-order
kinetics with ks ~ 1.8 M2 s at high concentrations of acid (close to 1 M) and bromide (close to 0.1 M) and an
ionic strength of 1.0 M. Under these conditions, Br,/Brs~ is produced in stoichiometric amounts. As the concentrations
of acid and bromide decrease, the reaction begins to generate O, at the expense of Br,, until the limit at which [H*]
< 0.10 M and [Br7] < 0.010 M, when Br,/Br;~ is no longer observed and O, is produced quantitatively. At this
limit, the loss of (NHs)4(H,0)RhOOH?* is about twice as fast as it is at the high [H*] and [Br~] extreme, and the
stoichiometry is 2(NHz)4(H,0)RhOOH*" — 2(NH3)4(H,0)RhOH?* + Oy; i.e., the reaction has turned into the bromide-
catalyzed disproportionation of coordinated hydroperoxide. In the proposed mechanism, the hydrolysis of the initially
formed Br, produces HOBr, the active oxidant for the second equivalent of (NHs)4(H,O)RhOOH?*. The rate constant
knosr for the HOBI/(NH3)s(H,O)RhOOH?* reaction is 2.9 x 108 M~! s™1,

Introduction electron reduction of superoxo precursors or a direct interac-
tion of H,O, with the metal complex. The-OOH group is

centers results in electrophilic activation of the peroxide. coordinated in an end-on fashion to the m_etal,ﬁ\;yhich is
Such an enhancement in reactivity explains the role played YPically present in some intermediate oxidation stdte,,

by peroxometal compounds in a number of biological Rh(l11), Fe(ll), Cq(lll), Cr(ll1), etc., although high oxidation
oxidations, including those catalyzed by haloperoxidages ~ State hydroperoxides are also known, e.g., Pt(I\W) some
and some reactions of commercial significafeén such instances, an acid-induced perexwydroperoxo transfor-

compounds, the peroxide has a side-on geometry, and thdnation, accompanied by changes in reactivity, has been

metal is typically in its highest oxidation state, i.e., V(v), °pserved _
Cr(V1), Mo(V1), W(VI), Re(VII), etc. A number of studies of oxygen atom transfer from per-

Transition metal hydroperoxides LMOOH (& ligand oxometal co_mplexes have be_en puin_shed. Much less hf’iS
system) are also often involved as intermediates in the beerl done with the hydropgromdes, which are the less readily
process of activation of dioxygen by transition metal com- 2available of the two. Previoush,** we have shown that
plexes i.n chemica! and biolog.ical systems. The detailed (6) Bakac, AAd. Inorg. Chem 2004 55, 159,
mechanisms by which LMOOH is formed may involve one-  (7) wick, D. D.; Goldberg, K. I.J. Am. Chem. Sod999 121, 11900~

Coordination of HO, to high-valent transition metal

11901.
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some chromium and cobalt hydroperoxides, namepD(s
CrOOH", ([14]aneN)(H,0)CoOOH", andmese(Meg[14]-

Lemma and Bakac

water was further purified by passage through a Millipore Milli-Q
water purification system.

aneN)(H-0)CoOOH, react by oxygen atom transfer sig- The kinetics of oxidation of iodide were studied by monitoring

nificantly faster than kD, does, but the reactivity in one-  the growth of &~ at 351 nm ¢ = 2.6 x 10" M~* cm™%). The
electron, Fenton-type processes was comparable for LMOOHL(HZO)RhOOHH/Br‘ reaction was monitored at either 240 nm
and HzO,z (loss of hydroperoxide) or 266 nm (growth of B). The halides

We ha\./e now extended our studies of hvdroperoxo Chem_were used in large excesg 30-fold) over the hydroperoxides to
. . yarop keep the ratios [X]/[X2] (X = Br, 1),221 eqs 1-2, essentially
istry to three rhodium complexes of the general formula ., stant during the course of each kinetic run.
transL(H,O)RhOOH" {L = [14]aneN (L), meseMeg[14]-

aneN (L?), and (NHy)4}. These complexes are more stable L+l =1 K =830 M- Q)
than their chromium and cobalt analogues and permit a much 2 s
greater variation of reaction conditions in kinetic and Br,+Br =Br,, K=193M" )

mechanistic studies. We were especially interested in estab-

I'Sh'ng Wh_ether the.aC|d catalysis, observed in our previous  The spectral and most of the kinetics measurements were carried
studies with chromium and cobalt complexes, was perhapsoyt with a conventional UV-vis Shimadzu 3101 PC spectropho-

a general feature of O-atom transfer from the hydroperoxides.tometer. All kinetics measurements were performed at-26.2

The substrates chosen, bromide and iodide ions, have beenC in acidic aqueous solutions at a constant ionic strength
identified previously as good oxygen atom acceptors. maintained with sodium perchlorate. Kinetic analyses were per-

The structures of the complexes used in this work are formed by use of KaleidaGraph 3.09 PC software.
shown here. Most of the kinetics of the reaction between HOBgEmNd
(NH3)4(H2O)RhOOH* were studied by use of an Applied Photo-
physics DX-17MV stopped-flow apparatus. In these experiments,

S |2+
H\ @N/—'ﬂ = MH OH "2 solutions containing the desired amounts of Bnd NaBr at 2.0
NQ N N HaNQ\ /NHa M ionic strength (maintained with HClGand NaClQ) were mixed
[N/R|h\Nj [ /R|h\ j A with solutions of (NH)4(H,0)RhOOH+ at 0.010 M ionic strength,
@ HNOHZNH HsN OHZNH3 and the disappearance of the hydroperoxide was monitored at 238
H H M nm. The large difference in the electrolyte concentrations in the
L'(H,0)RhOOH?  L%(H,0)RhOOH*  (NHy),(H,0)RhOOH2* two solutions caused no visible distortions of the kinetic traces,

which responded cleanly to the changes in concentrations of all
the reagents. Moreover, the measured rate constants agreed well
with those determined by conventional spectrophotometry at much
Samples of [(H,O)RhH](CIO), and [L2(H,O)RhH](CRSGs), lower concentrations of BHHOBr. The stopped-flow measurements
were available from our previous wotk!6and [(NH;)4(H.O)RhH]- were performed in the following concentration ranges: = fH ]
(SOy)” was prepared according to a literature procedure. The purity > 0.050 M, 6.0> [Br~] > 1.0 mM, 6.0> [Br;] > 0.50 mM. Under
of the hydrides was confirmed by UV spectroscopy, which will these conditions, the oxidation of bromide by hydroperoxide is too
detect even minute amounts of the decomposition products, all of slow to contribute measurably to the loss of the hydroperoxide.
which absorb light much more intensely than the hydrides do at The average concentrations of bromide ions and bromine, used in
< 250 nm'é Perchloric acid, sodium perchlorate, bromine (all all the rate constant calculations, were obtained by correcting initial
Fisher), sodium iodide, and sodium bromide (both Baker) were concentrations for the effects of the equilibrium in reaction 2, and
reagent grade or better and were used as received. Stock solutionfor the amounts of Brand Bk consumed or generated in reactions
(0.020-0.50 M) of iodide and bromide ions were prepared by 5 and 10. The values used were those calculated at the midpoint of
dissolving weighed samples of the salts in air-free deionized water. each kinetic trace.

Experimental Section

Slightly acidic stock solutions of L(¥D)RhOOH" complexes
were prepared from the parent hydride and & previously
described?® Concentrations of (NkJ4(H,O)RhOOH* were deter-
mined from the absorbance at 241 nim<{ 4 x 10° M—1 cm™1),19
and those of Land L2 analogues by titration with (es3o(SCH-
CHoNH,)?*, Aeges= 6200 Mt cmL. Solutions of CxOOH*" were

prepared by quantitative reduction of the superoxo complex by Ru-

(NH3)e2", as described previousty.Saturated{0.1 M) solutions
of bromine were prepared in 0.10 M HCJOrhe concentration of

Concentrations of dissolved oxygen were measured with a YSI
model 5300 biological oxygen monitor electrode in a closed system.

Results

Reactions with lodide. In the presence of large concen-
trations of I, the reaction with L(HO)RhOOH" obeyed
pseudo-first-order kinetics. The observed pseudo-first-order
rate constants were first order in TH first order in [I7],

bromine was determined, after dilution, from the absorbance at 452and independent of the initial concentrations of hydroper-

nm (€ = 103 M1 cm™1), an isosbestic point for BiBr;~. Deionized

(14) Bakac, A.; Assink, B.; Espenson, J. IHorg. Chem1996 35, 788—
790.

(15) Lemma, K.; Ellern, A.; Bakac, Alnorg. Chem.2003 42, 3662—
3669.

(16) Bakac, A.J. Am. Chem. So200Q 122, 1092-1097.

(17) Osborn, J. A.; Powell, A. R.; Wilkinson, @hem. Commurl966
461-462.

(18) Pestovsky, O.; Bakac, Anorg. Chem.2002 41, 3975-3982.

(19) Endicott, J. F.; Wong, C.-L.; Inoue, T.; Natarajan,lfforg. Chem.
1979 18, 450-454.
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oxide, eq 3. These kinetic dependences are illustrated for
L%(H,O)RhOOH" in the linear plots ofky,d[H'] versus

[17] and kopd[I ] versus [H] in Figure 1. The values of

ki obtained for the three hydroperoxides are (880
0.06) x 10° [L = (NH3)4], 536+ 7 (LY), and 530+ 11 (L?)
M—2gsL

(20) Eigen, M.; Kustin, KJ. Am. Chem. Sod.962 84, 1355-1361.
(21) Beckwith, R. C.; Wang, T. X.; Margerum, D. Whorg. Chem1996
35, 995-1000.



Hydroperoxo Rhodium(lll) Complexes
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Figure 1. Plots ofkond[H™] vs [I7] () andkepd[l 7] vs [H*] (b) for the
oxidation of iodide by 1.3x 1075 M L3(H,O)RhOOH",

0 0.001

—d[L(H,0)RhOOH")/dt = k|[L(H ,0)RhOOH ][H ][I 7]
3)

0.02< [H'] = 0.10 M, and 1.5< [Br] < 10 mM. As will
be shown later, the rate constakt= 2ks, under these
conditions.

—d[L(H,0)RhOOH')/dt =
kg, [L(H,0)RhOOH J[H][Br ] (7)

At 1.0 M ionic strength and constant 10 mMBithe plot
of kops @gainst [H], Figure 3, is linear at low acidities and
yields a third-order rate constant (slope/0.010) of 3.6G M
s 1. The slope decreases with {H and the third-order rate
constant approaches the value of 1.82* at the highest
acid concentrations used (0.80 M). In the presence of a large
excess of bromide (10 mM), the first-order plots were linear
over the whole range of acid concentrations used, 09040

The absorbance increase at 350 nm, combined with the[H"] < 0.80 M.

IJ/ls~ equilibrium of eq 1, yielded the stoichiometric ratio
[12]o/[L(H20)RhOOH"]o = 1.0, eq 4. Variable amounts of
additional iodide are consumed in the rapid follow-up
equilibrium of eq 1 which also serves as a reaction indicator.

21" + L(H,0)RhOOH* 2% | 4+ LRh(H,0),*" + H,0
(4)

Reactions with Bromide. At high concentrations of
bromide (0.016-0.100 M) and acid (0.561.0 M), the
reaction produced Br(Figure 2a).

Assuming a 1:1 [Bif]./[L(H 20)RhOOH"], stoichiometry,
eq 5, the yield of B#Br;~ under the conditions in Figure 2a

The change in products but not in the rate law (except for
the kinetic factor of 2) under two sets of conditions suggests
a common mechanism followed by a rapid step in which
the product (Bj) reacts with the limiting reagent, (Ni-
(H,O)RhOOH", at low [H'] and [Br]. This idea was
examined in a direct experimental study, as will be described
herein.

Reaction of (NHg)4(H,O)RhOOH?2" with Br o/Br ~ Mix-
tures. Upon mixing of (NH)4(H.O)RhOOH" (0.10 mM)
with Br; (2.11 mM) and Br (3.03 mM) in 1.0 M HCIQ,
the (NH)4(H,O)RhOOH" disappeared with a half-life of
less than 1 s. In the absence of,Bthe (NH)4(H.0)-
RhOOH*/Br~ reaction under the same conditions would

was 55%, and it reached 100% in an experiment having 1.0have a half-life of over 2 min. Clearly, (N$§k(H20)-

M H* and 0.10 M Br.

2B + L(H,0)RhOOH* = Br, + LRh(H,0),%" + H,0
(5)

RhOOH* reacts rapidly with B

The reaction generates, Quantitatively, as shown in an
experiment having 0.49 mM (N$,(H.O)RhOOH", 0.90
mM Br,, and 0.076 M H. The concentration of produced
oxygen was 0.48 mM.

As the concentrations of bromide and acid decreased, the The kinetics were studied over a wide range of concentra-
yield of Br./Br;~ and the associated absorbance change attions, but always under the conditions where the competing

267 nm ¢ = 3.85x 10* M~! cm™t) decreased much more
than had been predicted solely on the basis of th£BBy~
equilibrium of eq 2. At the limit ((H] < 0.1 M and [Br]
< 0.01 M), no Bg/Brs~ was produced. Under these condi-

reaction of (NR)4(H,O)RhOOH" with bromide contributed

less than 5% to the overall rate of disappearance of the
hydroperoxide. Both conventional and stopped-flow spec-
trophotometries were used in these experiments. The loss

tions, the reaction was accompanied by an absorbance deof (NHs)4(H.O)RhOOH" obeyed the rate law of eq 8, as
crease associated with the disappearance of the hydroperillustrated by the linear plot dé:nd[Br2] against the reciprocal

oxide, Figure 2b. Molecular oxygen was generated under Of the product [H][Br~] in Figure 4. The slope of the line

these conditions, eq 6. The role of bromide has changed fromgivesk = 1.78 +£ 0.02 M s™.

that of a reductant at high acid and bromide concentrations

(eq 5) to that of a catalyst for the disproportionation of
coordinated hydroperoxide at the opposite end of the
concentration limits (eq 6).

2(NHy),(H,0)RhOOH" =~ 0, + 2(NH,),(H,O0)RhOH*
(6)

—d[(NH,),(H,O)RhOOH"]/dt =
K[(NH,),(H,0)RhOOH][Br;]
[H][Br]
kopd(NH3),(H,0)RhOOH ] (8)

The inverse dependence on the concentrations ofBd

The kinetics were determined at 240 nm, the wavelength H* strongly implicates HOBr as the active oxidant, as shown

of maximum absorbance for (N}4(H.O)RhOOH". The

in egs 9-10. In this scenario, the composite rate conskant

data adhered strictly to the mixed third-order rate law of eq in eq 8 is the produdfyosr x Knosr. By use ofKpyogr = 6.1

7 and yieldedk = 4.70 M2 s7% at 0.10 M ionic strength,

x 1072 M~221 one obtainkKuosr = 2.9 x 1B M~1s71,

Inorganic Chemistry, Vol. 43, No. 14, 2004 4507
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Figure 2. Spectral changes observed in the reaction between)gH3O)RhOOH" (0.13 mM) and Br (10 mM) in 1.0 M H' (a) and 0.10 M H (b).
In part a, the formation of BfBrs~ (55% yield) is observed at 267 nm. In part b, only the disappearance a){#z0)RhOOH+, 1max = 240 nm, is seen.
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Figure 3. Plot of kops Vs [H'] for the oxidation of Br (10 mM) with
(NH3)4(H20)RhOOH (5 x 107° M) at 25°C and 1.0 M ionic strength.
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Figure 4. Plot of kond[Br2] against 1/[H][Br ] for the reaction between
(NH3)4(H20)RhOOH+ and B at 1.0 M ionic strength.

Br,+H,O=HOBr+H" +Br" K, (9
HOBr + (NH,),(H,O)RhOOH" —
(NH,),Rh(H,0),>" + Br + 0,  kyog (10)

Reaction of Cr,OOH?" with Br »/Br~ Mixtures. Previ-
ously, we reported that the reaction betweep@dH" and
bromide produced BfBr;~ in two parallel path$® The
major, acid-catalyzed path, equivalent to that in eq 5, had
= 0.52 M2 s71. A minor term, independent of the [
hadk = 0.035 Mt s,

In view of our findings on the HOBI/(NE4(H20)-
RhOOH* reaction in this work, we have now re-examined
the CrOOH" reaction for the potential occurrence of the

Table 1. Summary of Kinetic Data Obtained in This Wérk

LMOOH2*+ k|b kBrb kHOBrC ref
(H20)sCrOOH+ 988(16Y 0.54 9.5x 10°f 14, this work
LY(H,0)CoOOH* 10002y 14
L2(H,0)CoOOH" 72.3(21Y 14
(NH3)4(H,O)RhOOH+ 8800(60y 2.35(5y 3 x 1(Bh this work

1.8 this work
LY{(H,O)RhOOH* 536(7y 0.200(1% this work
L%(H,O)RhOOH* 530(11y 0.55(2) this work
H20, 0.173 0.000 23 (1.5-5.8) x 10* 22-24

a Aqueous solutions, 25C. Numbers in parentheses represent one
standard deviation of the last significant figuk in M2 s71 ¢k
in M~1 s7, d|onic strength ) = 0.075 M.ex = 2.0 M.fu = 0.50 M.
9u = 0.10 M."y = 1.0 M.'y = 0.20 M.I [H*]-independent term has
ko = 0.0115 M! s71 k[H*]-independent term hak, = 3.8 x 1077
M-1sL

never large, although as will be shown, it did cause some
distortions at the lowest concentrations of bromide and
acid.

The HOBr/CgOOH* reaction of eq 11 was studied at
0.50 M ionic strength in the concentration regimes carefully
chosen to suppress the oxidation of bromide byQ)d
CrOOH", as follows: 0.10< [H*] < 0.50 M, 1.0< [Br]
< 5.0 mM, [Br] = 4.6 x 104 M, and [(H,0)sCrOOH*]
=6 x 10> M. A plot of ksnd[Br2] againstioe/([H*][Br 1)
is linear (Supporting Information Figure S2), yieldikgbs,
=95x 1P M1st

Cr, OOH" + HOBr—Cr,;* + 0, + H,0+Br~  (11)

Our old data on the GQOOH*/Br~ reactio® were
reanalyzed by taking into account eq 11. This analysis clearly
shows that the acid-independent path is unreal, an artifact
caused by the decreasing slopekgf versus [H] at higher
concentrations of H, in a manner analogous to that
illustrated in Figure 3 for the (NgJ4(H.O)RhOOH"/Br-
reaction. At the lowest [H used, 0.10 M, we estimate
that the observed rate constant could be up to 40% larger
than the value extrapolated from the data at high][H
The limiting factor of 2 was never reached experimentally.
After the correction for eq 11, the rate law for the
Cr,OOH*/Br~ reaction becomesd[Cr,{OOH*]/dt = 0.54
[CraOOHT][Br ~][H *]. Consistent with this reinterpretation,
the increase in the observed rate constant by a factarof

HOBr path. We find that it indeed operates under the at low [H™] and [Br] is accompanied by a decrease in the
properly selected conditions as will be described herein. It yield of Br,/Brs~. The summary of all the kinetic data is
was missed in our earlier work where its contribution was given in Table 1.

4508 Inorganic Chemistry, Vol. 43, No. 14, 2004
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Discussion HOBr + H,0,— O, + Br_ + H,0 (13)
The reaction of iodide ions with the rhodium hydroper- ) )
oxides in this work follows the pattern established previously ~ 1nereé are no thermodynamic data available for the
for several other metal hydroperoxides. Unlikeds, which hydroperoxides of rhodlum, but_an estimate has been fhade
exhibits both an acid-independent and an acid-catalyzed path{or the redox potential for reaction 14 = 0.65 V at pH 0.
metal hydroperoxides react exclusively by the acid-catalyzed The two-electron oxidation of GOOH" is more favorable
route. As we argued earliét these kinetic differences may PY 0:13 V than the oxidation of D, in eq 15, which
be explained if the protonation of the metal hydroperoxides ranslates into a 25 kJ/mol advantage in terms\Gf’, or
about 2.4x 10* in terms of equilibrium constant. The

in Table 1 is thermodynamically more favorable than the A |
observed several hundred-fold increase in rate constant can

protonation of HO.. . .
The bromide reactions are more complex. The change fromtNus be adequately explained by the thermodynamics of
reactions 14 and 15.

Br,/Br;~ to O, as reaction products, and an increase in the
rate constant by a factor of 2 as the concentrations of H

3+ ~ + + _
and Br decreased, are fully consistent with the mechanism Clg + 0, +2e +H = CraqOOHZ E=065V

in Scheme 1. Bromine, which is the initial product under all (14)
Scheme 1 O,+2¢ +2H"=H,0, E=078V (15)
RhOOH?" + Br" ———> HOBr + RhOH’ 2 In a neutral-to-alkaline medium, the kinetics of reaction
Br, H* R ) 13 are inversely proportional to [Hl2° In the proposed
Bry/Bry” + H,0 ©® mechanism, eq 16, HO attacks at the bromine end of HOBr
with a rate constant of 7.6 10® M~ s, In acidic solutions,
HOBr hydrogen peroxide is fully protonated and much less nu-
(NHs),(H,0)RhOOH?* cleophilic. As a result, the rate constant is more thaf 10

(NH3)Rh(H20),"+ 0, + Br (10) times smaller than that for reaction 16.

the conditions, hydrolyzes to give minute concentrations of
HOBr, which was shown independently to react very rapidly
with the hydroperoxides, as in eq 10. Except at the highest A gimjlar mechanism probably operates in the reaction
concentrations of acid and bromide used in this work, the \yith metal hydroperoxides, as shown in Scheme 2. In the
steady-state concentration of HOBr, although very small yron0sed transition state, the attack by Brakes place at
(=107 M), was still sufficiently large to react with a portion  the rhodium-bound oxygen, which is expected to be the more
of the hydroperoxide on the time scale of the LMOOH nucleophilic of the two peroxo oxygens.

Br~ reaction. Under these c_onc_iitions, the final yields ?fﬂBr The multiplicity of O, produced in the reactions of HOBr
Brs~ were less than quantitative. At the low end of'[H \yith metal hydroperoxides has not been determined. It would
and [Br], the rate of HOBr/hydroperoxide reaction was as pe interesting to learn whether single i® produced, as is
large or larger than the rate of reaction in eq 12. As a result, ine case with 0,27

2 equiv of the hydroperoxide was lost per rate-determining |, the oxidation of both bromide and iodide, the reactivity
step of eq 12, introducing a kinetic factor of 2. order is (NH)4(H20)RhOOH* > Cr,{OOH* and L(H:0)-

In the intermediate range of [iflin Figure 3, the kinetics RhOOH* > L(H,0)CoOOH™ (L = L1, L?). In the absence
should not be strictly first order, because the concentration ¢ thermodynamic data, we can only speculate that this
of one competitor, (Ni).(H-O)RhOOH", and, with it, the  reaciivity follows the oxidizing power of the hydroperoxide.
competition ratio, change throughout the reaction. First-order 5 possibility that the reactions with Brand I take place
plots were still linear, however, as often happens in such py electron transfer, as suggested by a reviewer, is not an
cases, because the change in rate constant during the reactioghneling alternative. Irrespective of the initial reaction site,

is small and gra+dua1. . o electron transfer would produce highly reactive halogen
The CeOOH/Br~ chemistry also qualitatively follows  atoms and metal-complex-derived intermediates Lok

the pattern in Scheme 1, but the rate constant for the jo) There is no experimental evidence for such species.

equivalent of reaction 12 is lower than for (N(H-0)- The reactions of GROOH* were carried out in the presence

RhOOH?, Table 1. The same is true for the oxidation of 4t methanol which would scavenge Hénd at least a portion
the two hydroperoxides with HOBr in reactions 10 and 11. ot | MV and Br and, thus, alter the stoichiometry and

Still, both hydroperoxides react more rapidly by several compjicate the kinetics. None of this was observed. Finally,
orders of magnitude as compared t@CH eq 13. The e kinetic behavior of the halide reactions, including the
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Scheme 2 oxides of chromium and rhodium. The mechanism of action
Bre M and the effectiveness of the drug may be influenced by such
” Q . ) chemistry.
LRhOOH?" + HOBr — LRhO i —> LRh*" + 0, + H,0 + Br
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