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Superoxochromium(lll) complexes L(H,0)CrOO* (L = (H,0)s and 1,4,8,11-tetraazacyclotetradecane) oxidize
hydroperoxo complexes of rhodium and cobalt in an apparent hydrogen-atom transfer process, i.e., L(H,0)CrO0?*
+ L(H,0)RhOOH?* — L(H,0)CrOOH?* + L(H,0)RhO0?*. All of the measured rate constants fall in a narrow range,
17-135 Mt s71, These values are about 2.5-3.0 times smaller in D,O, where the hydroperoxo hydrogen is
replaced by deuterium, and coordinated molecules of water by D,O. The failure of the back reaction to take place
in the available concentration range places the O—H bond dissociation energy in RnNOO—H?* at <320 kJ/mol. The
rates of oxidation of L(H,O)RhOOH?* by Cr,002* are comparable to those for the oxidation of the corresponding
hydrides despite the great difference (=80 kJ/mol) in the driving force for the two types of reactions. A chromyl
ion, Cr'V4q0?*, oxidizes L(H,O)RhOOH?* and the cobalt analogs to the corresponding superoxo complexes. The
rate constants are ~10%fold larger than those for the oxidation by Cr,q00%". The oxidation of ter-BuOOH by
CrVaq0?* has k = 160 M~* s~* and exhibits an isotope effect ksyoon/keuooo = 12. Hydrogen atom transfer from
H,0, to Cr,q00% is slow, k ~ 1073 M1 s7%,
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mation about the reaction or specific intermediates under
study. It also provides means to address the feasibility of
similar chemistry in complex biological or industrial catalytic
reactions, where various pathways or species may be
obscured by the spectral and/or chemical complexity of the
overall system.

A great majority of mechanistic work with transition metal-
activated oxygen has focused on oxidations of organic
substrate$3141819That work, combined with mechanistic
organic chemistry of hydrocarbon autoxidation, has produced
valuable information about the reactivity of organic inter-
mediates, such as carbon or oxygen radicals, toward variou

substrates. Much less is known, however, about the interac-
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Cr, O0°" +*00C(0)R— —{ Cr(lll) + Cr(VI)} +
{CO,+R_, + RCOOH (1)

We have now turned to the reactions between inorganic
intermediates generated in the process of oxygen activation.
Such reactions may take place in catalytic systems utilizing
more than one type of metal catalyst or in biological systems

where a number of metal ions and complexes are routinely

present. Most importantly, however, this study was under-
taken to get an insight into this unexplored area of mecha-
nistic chemistry of oxygen activation. We were particularly
interested in identifying the types of reactions taking place
etween various intermediates, in examining the kinetics of
such reactions, and, where possible, extracting thermody-

tions between metal-based and organic intermediates anth,mic jnformation which is especially scarce in this field.

even less about the reactions of different inorganic interme-
diates with each oth&ror the role that such chemistry may
play in real-life catalytic systems.

Our recent work on the reaction between a superoxochro-
mium(lll) ion and acylperoxyl radicals is, to our knowledge,
the first example of a kinetic and mechanistic study of this
type of chemistry between organic and metal-based inter-
mediateg!?? The reaction is rapid and generates products
that suggest an initial Russell-type interacticand involve-
ment of Cr(V), which finally disproportionates to yield the
observed stable oxidation states of the metak*Crand
HCrO, . The reaction in eq 1, as well as hydrogen-atom
transfer (HAT) from various substrates to oxo and superoxo
metal complexes that we reported earfeparallel the
chemistry of the organic counterparts, i.e., alkoxyl (Rand
alkylperoxyl (ROO) radicals?*?” Inorganic intermediates
are typically less reactive, but their persistence provides more
time for the reactions to take place.
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In the present paper we focus on the reactions in egs 2 and
3, where M is a transition metal ion (Cr, Rh or Co), and L
= (H20)4, (NHg)4, L* (1,4,8,11-tetraazacyclotetradecane), or
L2 (mese@5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacy-
clotetradecane). We also examined the reactivity of chro-
mium superoxo and oxo complexes towargOpl and tert-
BuOOH.

L(H,0)MOQO*" + L(H,O)M'OOH" —
L(H,O)MOOH*" + L(H,O)M'O0*" (2)

L(H,O)M"YO?" + L(H,O)M'OOH" +

H" — L(H,0),M* + L(H,O)M'OO*" (3)

The reactions studied here are formally analogous to those
taking place between the organic species, e.g., iRIQOH
vs CrOO*/Cr,{OOH?*, but predicting the outcome of the
all-metal reactions on the basis of the known RGROOH
chemistry is by no means straightforward. Electronic proper-
ties, charge distribution, spin density on the terminal oxygens,
and (less importantly) overall charges differ greatly for ROO
and L(HO)OCO*". This study allows a direct comparison

H H]2* H S
NI NI
Nd N Nd N
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OG-
VLR e N
&0
H H H H

L'(H,0)Croo* L%(H,0)Cro0*
between purely organic and purely inorganic species and their
chemistry in oxygen activation.

Experimental Section

Aqueous solutions of the superoxo, hydroperoxo, and aqua metal
complexes were prepared by our previously published proce-
dures?28 Solutions of CgfOC?* typically contained 56100 mM
CH3;OH which stabilizes the superoxo complex by removing traces
of highly reactive CVO?".1121 UV —vis spectral and kinetic
measurements utilized a Shimadzu 3101 PC spectrophotometer at
a constant temperature of 25 0.2 °C. For faster reactions, an

(28) Bakac, A.J. Am. Chem. S0d.997, 119 10726-10731.



Hydrogen-Atom Transfer

OLIS RSM-1000 stopped-flow spectrophotometer was used. Water 5 r . \
was used as solvent throughout.

The kinetics of reaction 2 were studied by the method of initial
rates. The concentration of each species was varied to the maximum
extent possible. In the GOC?**/LRh(H,0)O0H reactions, [Cyy
OO?"] = (7—160) x 1076 M, [(NH3)4(H,O)RhOOH'] = (1.4—

14) x 105 M, [LYH,O)RhOOH'] = (1.4-18) x 107> M,

[L2(H,O)RhOOH'] = (1.2-16) x 107> M, and [H"] = 0.02-

0.04 M. The narrow available [H range was determined by the

effect of H" on the limited lifetimes of the two reactants.

Hydroperoxorhodium complexes are more stable at Iow(+0.01

M), but the superoxochromium species require 0.1 M fdr

maximum stability. Our standard medium, 0.02 M,kvas chosen

as a compromise where both species exhibit reasonably longFigure 1. Dependence of the initial rates of oxidation of LLB)RhOOH+

lifetimes (minutes to hours, depending on concentrations). \gi}:?) g;EqPOz; on Lthe l(\:l?-incem'ratlion pl_rloiiﬁ;; [I%EOZ;EMXE [;-(:l;g)s-
i~hi , where L= circles), y .

The overall stoichiometry of the GOC?*/L(H,0)RhOOH" Condition]s: (CLO0] N (;)—41(60) ° 106(,\/', [Rgh(Hio)(NH3)(4gO|'F+])
reactions was calculated_fro_m the absorbance changes at 270 nm_ (1.4-14) x 1075 M, [L H,O)RhOOH?2#] = (1.4—18) x 1075 M, and
where the molar absorptivities for the reactants and products are:[L2(H,0)RhOOH*] = (1.2-16) x 1075 M, [H*] = x = 0.02 M.

3.0 x 10® (Cry,OO?"), 1.6 x 10° (L(H,O)RhOOH™), 1.5 x 10
(CradOOHRY), and (9.2-9.5) x 103 M~1 cm~1 for L(H,0)RhOG* absorptivity changeAez7o = 6.2 (#0.3) x 10° M~ cm™?
(L = (NH3)s, LY L. For a 1:1 [C5OC*)/ L(H,O)RhOOH* for the reactions with all three rhodium complexes.
stoichiometry, the average calculatad is 6.2 &0.2) x 103 M1
gm‘l for a]ltll three rho:ilE)T complgxes. A rr?orhe rlealisltic standard Craqoo2+ + L(H,0)RhOOH" — Craqoo|—|2+ +

eviation forAe is probably around 10%, which also places a 10%
error on the kinetic data obtained from initial rates. For that reason, L(HZO)RhOd+ L = (NHy),, Ll’ L® (6)
we report the kinetic data to only two significant figures.

The L2(H,0)CoOOH*/Cra 0% and (NH)s(D;0)RhOOB/ The kinetics were expected to follow a mixed second-
CraO?* reactions were studied under pseudo-first-order conditions Order rate law, but the absorbandeme traces at 270 nm

using one of the reagents in large excess. The reactions werewere more complicated and exhibited either some tailing in
monitored for at least three half-lives, and the rate constants werethe later stages of the reaction or an apparent exponential
obtained from the fits to the exponential rate equation, eq 4, where behavior under non-pseudo-first-order conditions. In all of
Abs, Abs,, and Abg represent absorbance at indicated times. Some the cases, the deviations from the expected kinetics could

of the kinetic data for the H,0)CoOOH*/Cr,O0°* reaction  pe explained and simulated by the known slow decomposi-
were collected under second-order conditions and fitted to eq 5, tion of the reactants, both GOO?" 1112 and L(HO0)-

where A]p and [B]o are the initial concentrations of the limiting RhOOH-+2° and/or products, including GOOH* 2 at
2n;ee?ﬁgssstc:iii?oemmest‘riLef;sgtrgdy': a[Blo — b[AJo, andaand 00 times. Even though such decay reactions are slow on
' the time scale of reaction 6, the effect on the absorbance

v /107 Ms”

0
0 2 4 6 8 10
[CraqOOz"][L(HZO)RhOOHZ’] /10° M2

Abs, = Abs, + (Abs, — Abs,) exp(—k.,1) 4) change becomes measural.)k'a'late in the reaction. Eor Fhat
reason, we turned to the initial rates for all the kinetic
[Al, A determinations for reaction 6.
Abs,, + {Abso(l - ﬁ) - Absw} e Plots of the initial ratesy;, against the product of the initial
Abs = A ° (5) reactant concentrations, [L{B)CrOG*]i x [L(H:0)-
1— gk RhOOH"];, are linear throughout the range of concentrations

(Blo used, as shown in Figure 1 for the reactions of00?"

and in Figure S3 for those of'(H,O)CrOCG*. This result
establishes first-order dependence on the concentration
product, as well as on each individual species, eq 7. Also,
the plots of logy) vs log([CrOC?*] x [L(H.O)RhOOH]),
shown in Figure S4, are linear with slopes (i.e., reaction
orders) of 1.08 (L= (NHz),), 0.97 (L), and 0.99 (B),
Results confirming the rate law in eq 7. Analogous plots for the

Cr OO IL(H ;0)RhOOH?* Reaction (L= (NHz)s, L1, reactions of E(H,O)CrOC*, Figure S5, confirmed the same

L?). An intense absorption band 270 nm, characteristic form of the rate law for this complex as well

Oxygen evolution was measured with a YSI model 5300
biological oxygen monitor at 25 1 °C. In-house-distilled water
was further purified by a passage through a Barnstead EASYpure
Il system. The program Chemical Kinetics Simulator was used to
simulate kinetic traces.

of the superoxorhodium complexes, developed upon mixing = KIL(H.O)CrOGHIL(H .O)RhOOH 7
of Cr,d00?* with (NH3)4(H,0)RhOOH* or with the mac- %= KLHLO) JIL(H-0) ] 0
rocyclic analogues L(bO)RhOOH™ (L = L%, L?). Spectral The rate constantks, obtained as slopes of the lines in

data are shown in Figures S$2 in the Supporting Informa- Figure 1, have the following values: 462 (L = (NHa)a),
tion. The observed absorbance change was consistent withyg' . (LY, and 17+ 1 M1 s (L2) in 0.020 M HCIQ.

the reaction in eq 6. The stoichiomet[Cr,OC*"]/A-
[L(H,O)RhOOH"] = 1:1 was calculated from the molar (29) Vashinder, M. J.; Bakac, Anorg. Chem.In press.
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Vasbinder and Bakac

Table 1. Summary of Kinetic Data for the Reactions of Superoxo and 0.05 T 7
Oxo Complexes of Chromium with Hydroperoxides -l
oxidant reductant kiIIMt 51 kieP 0.04 ]
CraO0?* (NHg)4(H20)RhOOH+ 46 + 2¢ 2.9 003 | |
(NH3)4(D,0)RhOOD* 16+ 2 o
L1(H,O)RhOOH* 23+1 i
L2(H,O)RhOOH* 174+ 1¢ ~® 002 1
L2(H,0)CoOOH* 135+ 10 ~3
H2O, ~10°3 0.01 | 1
LY(H,0)CrOC**  (NH3)4(H;0)RhOOH*+ 19+ 1
L1(H,O)RhOOH* 3642 of , ‘
L%(H,O)RhOOH* <2 0 1 2 3 4
Cr,dO%+ NH H,O)RhOOH*+ >10¢ >5 24 2 s )
adO gNHzngDzothOOEi* (2,00 0.20)x 10° (Cr, 00 or 2 [L(H,0)C00H™]/ 107 M
Cr.OOH?* (1.30+£0.10)x 1®* 5.0 Figure 2. Plot of kyps VS excess reagent, [(OC?] (filled circles) or
H>02° (1.90+0.10)x 1> 3.6 2[L3(H,0)CoOOH*] (open circles), for the oxidation ofAH,0)CoOOH"
tert-BuOOH (1.60+ 0.37)x 1?12 with CrafOO?. [HCIO4] = 0.05 M.
tert-BuOOD 135+ 1.8
a Acidic aqueous solutions, 2. P kie = ku,o/kp,0. ¢ Reverse reaction OOH** (0.1 mM) and L(HO)RhOG" (0.2 mM) (L =
hask < 1 M~! s7L dReference 30¢ Reference 31. (NH3)4 and L?), no reaction was observed during the lifetime

of the hydroperoxochromium complex, which slowly{
~ 15 min) decomposed to &f" and HCrQ~. These data
allow us to place a conservative limit on the rate constant

Adding up to 7.0 mM M#A*" or increasing the methanol
concentration from the typical 0.1 tol M had no effect on
the initial rates. These results strongly argue against the

i -1 g1
involvement CV¥,{O?" which reacts readily with both of the for the reverse of reaction e = 1M > _for bqth
added reagents, eq—8. The CHOH/O, combination rhodium complexes examined. The combination with the

converts CVa0?" to Cr OO, which would make the forward rate constants listed in Table 1 places the lower limit
al al 1] ™ . .
reaction catalytic in GEOO?". Mna?* replaces C¥ 402" on the equilibrium constant& = ke/k—s > 45 for the reaction

. + 2 -
with the (typically) much less reactive Mfi*, which would with (NH;)s(H,O)RhOOH", and K > 17 for L*(H;0)

+
slow down the reaction if ®f,JO*" were an important RhOOH". . o
of this cobalt complex was faster than the oxidation of the
Cr'vaqo” CH;OH Craq2+ o Craqoo2+ (8) hydropero>_<9rhodium analogues, Whi(?h ma@g the backgrgund
decomposition of all the components insignificant on the time
Crlvaq02+ + Mnaq2+ (+2H" — Craq3+ + Mnaq3+ ) scale of the reaction, and allowed full kinetic analysis of

the kinetic traces under both pseudo-first-order and second-
Measurements with an oxygen electrode confirmed that no order conditions.
O, was evolved in the reaction between,@0*" and Rh- The absorbance changes at 295 nm established a 2:1 Cr
(H20)(NH3),O0H*, except for the small amounts generated OC?*/L2(H,0)CoOOH* stoichiometry. With either reagent
by the slow decomposition of the reactants over long times. present in large excess, the kinetic traces were exponential
The sluggish electrode response required that these measurexnd yielded pseudo-first-order rate constakig, A plot of
ments be made at times greater than 45 s after the reactiork,,; against the concentration of excess reagent adjusted for
was initialized, i.e., somewhat later than the spectrophoto- the stoichiometric factor, i.e., [GPC*] or 2[LZ(H.0)-
metric measurements of initial rates (usually covering the CoOOH], is linear, Figure 2, and yieldk;, = 135+ 10
first 60 s for a reaction taking:15 min for completion). M-1s1in 0.050 M HCIQ. The reaction was significantly
There is, however, no reason to believe that the chemistry siower in DO (by at least a factor of-23), but the precise
in the first minute differs from that taking place in the next rate constants and kie were not determined because the
several minutes. All the kinetics data are summarized in secondary background reactions once again interfered on

Table 1. these longer time scales.
An experiment was carried out in,D, which converts

Rh(H,0)(NH;)«O0H" to Rh(D,O)(NH;),00D". We have ¢, 00%* + L(H,0)Co00H" (+H" +

shown earlier that the replacement of coordinated and solvent . 2 34

H.O by D,O had no effect on the rate constants for hydrogen- H,0) —~ ZCraqOOHZ +L°Co(H0),™ + 0, (10)

atom abstraction by GQOC?" from the rhodium hydrides

L(H,O)RhH*.28 We assume that the same is true in the  The data obtained with comparable concentrations of the

reaction with the hydroperoxides, so that any observed effecttwo reagents (0.060.10 mM) were fitted to the second-

of DO would have to come from the hydroperoxo hydrogen. order rate equation and yieldégh = 145+ 15 M~ s™, in

The reaction of 5.8< 10 M Rh(D,O)(NH;),O0D** and good agreement with the value obtained in Figure 2.

2.9 x 1075 M Cr,fOC** in D,O (99% D) yieldedks = 16 All the results, including the 2:1 stoichiometry, are

M~1s ie., kie= kuylkp = 2.9. consistent with the mechanism in eqs-114. The product
Attempts were made to study the reverse of reaction 6, of the initial 1:1 reaction is a superoxocobalt complex which

but even at the highest available concentrations qftCr readily dissociates Dk, = 2 x 10* s, K;;=4 x 1073

2924 Inorganic Chemistry, Vol. 46, No. 7, 2007
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M.32 The L?Co(H,0),?" generated in reaction 12 reacts 0.12
rapidly with the second equivalent of GDC?", eq 13. 010 -
Cr, O0°" + L*(H,0)CoO0H " — Cr, OOH" + _ 008
L%(H,0)Co0d" (11) 5 006
L%(H,0)Co0G" + H,0 = L?Co(H,0),2* + 0, (12) 0.04
0.02
L’Co(H,0),*" + Cr, 00" (+H") — L®Co(H,0),"" + 000/ .
Cr, QOH" fast (13) o 1 2 3 4 5

[Cr'Vaqoz*]ave M0 M
CraqO0?t/H,0, Reaction. The rate of disappearance of
Cr,dOC?t increased only slightly whex0.10 M H,O, was

Figure 3. Plot of kops against the average concentration ofOF* for
the reaction with (NH)4(D,O)RhOOF" (3.5-10 uM) in D20 at [D'] =

added to the solutions of this complex. At 0.10 M®4, the =~ # = 0-10M.
rate was approximately twice as large as the spontaneous 1.0
decomposition rate. Under the assumption that the reaction
obeys mixed second-order kinetics, we estinkatg, ~ 103 0.8 -
M-tst

L1(H,0)CrOO2*/L(H,0)RhOOH2?+ Reaction (L = o 067
(NH3)4, LY, L?). The reactions with this macrocyclic super- ;g 0.4 L
oxochromium complex, eq 14, also proceeded to completion
and yielded a rate constakt, = 19+ 1 M~* s for (NHa).- 02
(H,O)RhOOH* and 36+ 2 for LY(H,O)RhOOH*. No

0.0 . .
reaction was observed for the sterically more encumbered 0.00 001 002 003
L%(H,O)RhOOHT, k < 2 M~ s7% The reverse of reaction [tert-BUOOH]] / M
14 could not be studied because the chromium hydroperoxoFigure 4. Plot of ke against the concentration ¢ért-BUOOH for the

product undergoes rapid irreversible conversion to Cr(V), 'eaction with C¥q0?* (30-50 uM) in the presence of 3.0 mM G@H
followed by decompositio??’ in 0.10 M HCIQ; in H,0O (diamonds) and gD (circles).

From the slope, we obtaindds = (2.24+ 0.2) x 10° M~!
s~ for the CgdO?"/ [(NH3)4(D,O)RhOODF '] reaction. The
combination with the estimated lower limit in,8 yields a
kie >5.

Cr,qO?"/tert-BUuOOH Reaction. The absorbance dif-

LY(H,0)CrOG" + L(H,0)RhOOH" —
LY(H,0)CrOOH" + L(H,0)RhOG" (14)

CrV,qO?*/Rh(NH3)4(D-,0)O0D?" Reaction. The reaction
of 10uM CrV,0?* with 18 uM (NH3)4(H,O)RhOOH* was
complete in less tha5 s inconventional spectrophotometric
experiments, placing a limit on the rate constant-dt*

M~* s71. Stopped-flow measurements were not feasible in athanol (3 mM) which reacts with GO in the presence
H,0 where CtaO*" decays in about 1 min in 0.10 M o 0, 1o generate GROO?*, as shown in eq 8. The formation
HCIO,, i.e., in the amount of time required to load the ¢ Cr.dO0?" was monitored at 293 nm. The observed rate
solutions into the instrument. In D, the reaction was  constant increased, and the amount of generategDOF
slower and measurable by conventional spectrophotometry.gecreased with increasing concentrationsedt BUOOH, in
Experlme_nts were conducted with the nonabsorbing 5ccordance with a scheme wherebysOH andtert-BuOOH
Cra0?" in excess over (NgJ(D:0)RhOOD". The super-  compete for Cx0?", eq 16. The slopes of the plots in Figure
oxorhodium complex was produced quantitatively in ac- 4 yielded the rate constakéucon in the two solvents, 160

cordance with eq 15. (H20) and 13.5 M! s7* (D;0).

UV —visible range are too small for a direct kinetic measure-

Cr¥, 0% + (NH,y)(D,0)RhOOD " (+D") — Cr, > +

—d[Cr,O*')/dt = (KJ[CH,OH] +
(NH,),(D,0)RhOG" + D,0 (15)

KsuooH tert-BUuOOH])[Cr, 0%'] (16)

Under pseudo-first-order conditions, kinetic traces were

exponential and yielded the rate constagtsthat are plotted Discussion

ferences between the reactants and products throughout the

ments. The rate constant was determined by competition with

against the average concentration oV g©?* in Figure 3.

(30) Wang, W. D.; Bakac, A.; Espenson, J. lHorg. Chem.1993 32,
5034-5039.

(31) Al-Ajlouni, A. M.; Espenson, J. H.; Bakac, Anorg. Chem.1993
32, 3162-3165.

(32) Marchaj, A.; Bakac, A.; Espenson, J.lHorg. Chem1992 31, 4164~
4168.

(33) Pestovsky, O.; Bakac, Malton Trans.2005 556-560.

The stoichiometry, products, kinetics, and isotope effects
all point to HAT as the most likely mechanism for the
superoxo/hydroperoxo reactions presented for a general case
in eq 2. To the best of our knowledge, this is the first reported
example of such chemistry taking place between two
inorganic species. The analogous reaction in the absence of
metals is the identity H&YH,O, reaction, not observable
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Table 2. Kinetic and Thermodynamic Data for Hydrogen-Atom astounding. Moreover, hydrogen bonding to the solvent water
Transfer to GO0 should be stronger for the hydroperoxo complexes, which
reductant kroodM~?s™t  BDE /kJ molt K should inhibit reaction 6 even more.
(Ll\llis)é(HRzﬁ_)EQ:Hz* gg ca. ;gg (EE:) igﬁ In a formal sense, the two reactions are similar, but they
LZEHzongkHH 24 EZ: 250 ((RHH; 1014 differ in one major aspect. In reaction 17, the rhoditm
(NH3)4(H20)RhOO-H2* 45 <321 (0O-H)® >45 hydrogen bond is broken and the oxidation state of the metal
L;(HzO)RhOO—Hi 23 j322 (O-H)*  >23 changes from 3 to 2+. In reaction 6, the chemistry takes
kr(gﬁ?)RhO(}H li’.‘g@ 34‘3123 (O-H) ; 171(r2 place entirely at the oxygen entity while the oxidation state
t-BuCHO 0.16 371 4x10°8 of the metal remains unchanged. Nonetheless, it is not clear
a Calculated from the equilibrium constant and taking bde foy@D— Why rgacuon :!'7. should be so much slower, but there is n_o
H2* = 330 kJ/mol (solution value® bPAr = 2,6-¢-Bu)(4- guestion that it is the unusual one as shown by the data in
CMe;,CH,NH3")CeH. © Reference 35! Value for 2,4,6-(-Bu)sCeH20H % Table 2. The energies of elemeritydrogen bonds for the

e f 6
Reference 23.Value for EICHO? other substrates examined (pivaldehytighenols®® and

under normal conditions in the absence of isotopic labeling. hydroperoxides) fall in the range 32871 kJ/mok® but the
The HaberWeiss reaction of eq 16 involves the same rate constants are only negligibly or moderately lower than
reactants, but the chemistfyis quite different from that  those for rhodium hydrides (bde 250 kJ/mol). Even though

observed with the metal-based Species in this work. the kinetics qualitatively follow thermodynamics, the most
dramatic change in the bde (rhodium hydrides to hydroper-
H,O, + HO,’ —~'OH+ H,0 + O, (16) oxides) results in the smallest relative change in the rate
constants.
The most unexpected finding in this work is the similarity  aAnother interesting result was obtained in the oxidation
in the rate constants for hydrogen abstraction by@o** of a water-soluble substituted phenol (ArOH) and of pival-

from L(H,O)RhOOH"and from the previously studi&t dehyde by CrOO?, although in this case it is only the
L(H,0)RhH*. The same is true for the oxidation of the same agnitude of the effect, but not the direction, that appears
two groups of rhodium complexes by 0" unusual. The equilibrium constant for the pivaldehyde
The difference in bond dissociation energies (bde) between gaction is almost 6 orders of magnitude smaller than that
L(H-0)RhH™ (ca 250 kJ/moff and CkOOH" (ca 330 kI for ArOH, and the identity reactions involving-H bonds
mol)*® places the equilibrium constant for reaction 17 at i, nonaqueous solvents are typically much slower than those
about 16*. involving O—H bonds*” On the basis of these considerations,
" . " one would predict a rate constant that i§-100°-fold greater
L(H,0)RNH" + Craq002 — L(HO)RI" + for ArOH than for pivaldehyde, but the observed factor is
Cr, OOH" (17) <10, which represents an unusually strong response to the
change of the medium from nonhydroxylic solvents to
The bde for L(HO)RhOO-H?" is not available, but it strongly hydrogen-bonding water. The decrease in the rate
has to be less than that for gDO—H?* given that the  constant for ArOH/Ar® identity reaction upon transfer to

reverse of reaction 6 was not observeds < 1 M™* s™". water can be expected to be no more than a factorH®16
The combination of the kinetic data for the forward and ot nearly enough to explain the observed data. Steric factors
reverse reaction places the equilibrium constépt at may play a role, but they are already taken into account in

_2(17—45) for the three hydroperoxo rhodium complt_axes, the identity reaction which hds= 200 M~ s in CCl, for

i.e., about 18-fold lower thanKi; for the corresponding 4 closely related triert-butylphenok Further discussion of
hydrides, as summarized in Table 2. This translates into atyese issues will have to await experimental determination
bde for RhOG-H of =321 kJ/mol. Admittedly, this figure  of the rate constants for H-atom exchange reactions in water
is only an upper limit, but several observations suggest thatq, the three couples involved, ArOH/AfORCHO/RCO,

the reduction potential of L(#D)RhOG*, as well as the and Cg00?*/Cro,{OOHR*.

bde of L(HLO)RhOO-H?", are not dramatically smaller than

those of the chromium analogues. This conclusion is basea(35) Nemes, A Bakac, Anorg. Chem2001, 40, 746749,

on the similar reactivity of superoxorhodium and superoxo- (36) Luo, Y.-R. Handbook of Bond Dissociation Energies in Organic

chromium complexes toward temi8@nd other nitroxyl free CompoundsCRC Press: Boca Raton, FL, 2003,
. 0 . (37) Mayer, J. MAAnnu. Re. Phys. Chem2004 55, 363—390.
radicals £° = 0.92 V) and on the failure to observe the (3g) abraham, M. H.; Grellier, P. L.; Prior, D. V. Duce, P. P.; Mortis, J.

reverse reaction between the hydroperoxo complexes and( )J'E Taﬁylor, P.JJ. Che;lm. Soc, Perkin 2989 699-711. |

; ; 39) Abraham, M. H.; Grellier, P. L.; Prior, D. V.; Morris, J. J.; Taylor, P.
oxoammonium  cations. Also, none of the hydroperoxo 3.3, Chem. Soc. Perkin 2990 521-529.
complexes are oxidized by tempo. In other words, theHD (40) Mulder, P.; Korth, H.-G.; Pratt, D. M.; DiLabio, G. A.; Valgimigli,

bde in L(HO)RhOO-H?" is probably close to the estimated Ié.e;sFéedulli, G. F.; Ingold, K. UJ. Phys. Chem. 2005 109, 2647~
Upper_"mit of =321 kJ/mol. _ . o (41) Snelgrove, D. W.; Lusztyk, J.; Banks, J. T.; Mulder, P.; Ingold, K. U.
In view of the enormous difference in the driving forces, J. Am. Chem. So@001, 123 469-477.

. - (42) Avila, D. V.; Ingold, K. U.; Lusztyk, J.; Green, W. H.; Procopio, D.
the similarity in rate constants for reactions 17 and 6 are R. J. Am. Chem. S0d 995 117, 2929-2930.

(43) Roth, J. P.; Lovell, S.; Mayer, J. M. Am. Chem. SoQ00Q 122
(34) Weinstein, J.; Bielski, B. H. 3. Am. Chem. S0d.979 101, 58—62. 5486-5498.
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Hydrogen-Atom Transfer

Heg 2 o o
(A) IV 2+ |’ I -HT TH | +H" THZ |
Cr'V,, 0% + H0, —> OH ——» 0 — 5 _0
Crl/ o Cr
2+
0" PH o v 0%
/
o | -H* O | +u"mo OH |
B) Cr,00%" +H,0, —» OH —> 0 2 o +HO
(B) aq 20, | — | - | - 22
Cr Cr Cr
a2t
u
~H o . .
\ -BuOO +H

o
(C) CrIVaq02++BuOOH —_— ||‘/ Cl‘aqol‘lzJr —_— Craq3+
Cr

Figure 5. Hydrogen-atom transfer from coordinated hydroperoxide tg@r and CgdOCO?". There is a net chemical change in reactions (A) and (C), but
the CrdO0?*/H,0; reaction will result in site-exchange only, as in (B).

One distinguishing difference between the hydroperoxides OO—H?" in solution is 330 kJ/maoi® which represents a 39
and hydrides in their reactions with superoxometal complexeskJ/mol decrease from the value fop®b andtert-BuOOH 36
is the sensitivity to ligand steric requirements. HAT from The RhOG-H bond, estimated at320 kJ/mol, is even
the hydrides becomes imperceptibly slow when both partnersweaker. Thus observing a much slower reaction betwegp Cr
bear macrocyclic ligands which prevent close contact OO*" and HO,, k ~ 103 Mt s7%, is not surprising.
between the metal acceptor and the hydride in the transition These considerations seem to be contradicted, however,
state which we picture as [g@)LRhHOOCTrL(HO)*']*. As by the findings in the reactions of £©?* with H,O, and
an example, the rate constant for hydrogen abstraction fromtert-BuOOH. Both hydroperoxides appear to react unusually
LYH.O)RhH" by Cr,OC?*" is 129 Mt s7%, and by L1}(H,0)- fast, with rate constants (190 and 1600\ 1, respectively)
CrOC**, itis <1 M~1s™ In contrast, the rate constants for only slightly smaller than that for GOOH* (k = 1.3 x
the reaction of E(H,O)RhOOH*' with the same two  10° M1 s™1). We attribute this result to prior coordination
superoxochromium reagents are 23 and 36 #1, the larger of H,0, (andtert-BuOOH) to CpO?*, as depicted in Figure
value being associated with the macrocyclic complex. Steric 5a. In other words, the coordination of the peroxide to
effects become a factor only when at least one of the Cr,JO?" itself followed by intramolecular electron transfer
macrocycles is the more crowded, las exemplified by the is kinetically almost as beneficial as is prior coordination to
slow LY(H,0)CrOG /L3 H,0)RhOOH' reactionk <2 Mt another metal, such as &¥ or L(HO)RK" followed by a
s%, Table 1. The diminished sensitivity to steric effects in bimolecular process of eq 3.
the L(H,O)MOOH?**/L(H,O)M’OQ?" reactions can be at- In contrast, the GFOO?**/H,0, reaction is exceptionally
tributed to the much greater separation between the metalslow and is the first case that violates our empirical rule about
centers (and their ligands) in the transition state for HAT, the reactivity of C5fO?" being~1(? times greater than that
[L(H20)RhOO(H)OOCTr(HO)L**]*. In fact, in view of the of Cr.OO?* toward the same substrate. In thgd-reaction,
four-atom separation between the metal centers, it is surpris-this ratio is about 19
ing that steric factors play a role at all. This result may point  There are two likely explanations for this apparent
to a nonlinear transition state, as suggested by a reviewerdiscrepancy. First, the substitution of-H,O by H,O, in
The moderate isotope effects are also consistent with thisthe & Cr'',OC?* is probably much slower than that in the
picture, although we can only speculate about the details of d> CrV,J0?*, which would slow down the GgQOC?* reaction.

the transition-state structure at this point. Moreover, even if the substitution in €4 0OC?** did take
The driving force and reaction rates for oxidations by place, the HAT between the hydroperoxo and superoxo
Cr.O?" are larger than those for QDO?". In fact, in groups would result only in the exchange of sites, but no

keeping with our earlier studies of HAT from various net chemical reaction, as sketched in Figure 5b. Thus, the
substrated! the rate constants for the oxidation of metal small ke;o/keroo ratio in the reactions with 0, seems to
hydroperoxides by GgO?* are about 19times larger than  be a result of the mechanistic change; the observed rate
those for the oxidations by GOO?", i.e., kero/keroo & 107 constant for the Cf,JO?" reaction is a combination of the
Every additional example of such behavior reinforces our binding constant for kD, and intramolecular HAT, but in

original interpretatiort3?® i.e., that the factor of 1is the case of GFOO?", the rate constant is a measure of a
determined by the thermodynamics of the elemdrydrogen true bimolecular event.
bonds involved. The reaction of (NH)4(D,O)RhOOBF* with Cr,dO?* is

HAT to the two superoxochromium complexes is much >5-fold slower than the reaction of the protiated analogue,
faster for the hydroperoxometal species in Table 1 than for (NH3)4(H.O)RhOOH". A similarly large kie was observed
H,O,. This result would appear consistent with the more in the reaction of GgO?* with Cr,{OOH* 3! and a somewhat
favorable thermodynamics for the hydroperoxo complexes, smaller value, kie= 3.6, in the reaction with pD,,3° Table
i.e., with the weakening of the hydroperoxe-8 bond upon 1. Of all the hydroperoxides, the largest kie is exhibited by
coordination to the metal. The estimated-B bde in Cgq tert-BuOOH which hasu/kp = 12, comparable to that for
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CrafO?tICeHsOH reaction (kie= 14.7)# The CgO%f/tert- to establish whether the organic reactions are also subject
BuOOH reaction is believed to involve the precoordination to steric effects as was observed in the present work.
of the peroxide, similar to kD,, followed by intramolecular Given that the electronic and steric factors are quite

HAT. After this point, the two reactions differ. A formal different for peroxyalkyl radicals and the inorganic super-
proton shift between coordinated hydroperoxyl radical and oxometal complexes, the similar reactivity in hydrogen
Cr'—OH site in the HO, reaction yields the superoxochro- ~abstractiorwithin each seriess surprising. One might have
mium product, CfOC?*, as shown in Figure 5a. The alkyl expected that the large degree of electron transfer between
hydroperoxide cannot utilize this route. Our data are con- ©Xygen and the metal in LMO®D, which is best considered
sistent with the alkylperoxyl radicalert-BuOO, dissociating ~ & Metal-coordinated superoxide anion, would reduce the
from the metal, which would yield the observed product, ability of these complexes to engage in HAT. Itis probably
Cr.*, as shown in Figure 5c. It is not obvious why the kie a comblr_]atlon of two featurewnpalrgd eIec'Fron density at
for the two hydroperoxides should be so different, unless € terminal oxygen and electron-withdrawing effect of the
the multiple proton shifts in the 4@, reaction are part of ~Metarthat provides, respectively, the mechanism and
the activation process, and not just rapid steps following thermodynamics for hydrogen abstraction by LMOO

HAT. In such a case, the opposing kie's for various steps th Fokirnret?son?t(;f crompilieﬁ S:jab'“trﬁ’t') tzeineﬁdvx?fric'dlt)lldot?
could result in a smaller overall kie. € Kinetics ot ine reactions describe S work could be

. . ) examined only in a narrow range that typically covered no
The LMOG*/LMOOH?* reactions resemble, at least more than a factor of 2 in [H. Within these narrow limits,

formally, those of the ROZR'OOH pairs (R, R= alkyl). no effect was observed, but this does not rule out acid-
The kinetics are somewhat faster for the organic counterpartscatalyzed pathways at highertHoncentrations, as was
but not by a large margin. For example, the rate constantsohserved in some other oxidations by hydroperoxo and
for the reactions ofert-butylperoxyl radicals with several  superoxo complexés.

hydroperoxides are around 600~Ms™! in isopentané®46

i.e., about 16-50 times greater than the rate constants for
the metal-based species in Table 2. The data are insufficien
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