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The characterization of intermediates in oxidation reactions of Chart 1. Structures and Abbreviations of the Compounds
transition metals is a common goal in biological and inorganic chem- Examined
istry! needed to guide the development of new industrial catalysts

e . L PPh PPh PhoP *
that can use @as a sacrificial oxidant. Such advances require im- o, | ~CO o, _\fco o 2|/t\PPh2
proved capabilities for identifying metaD, adducts as well as J))Ir'“\m C\);lr”\NCO (!)/ThL

. . . . PPh,
the mechgnlsms by whlch_ Fhe_se species are formed. In this paper,  ppp, PPhs PP
we examine oxygen equilibrium isotope effect§Q( EIEs) on Ire,

Irnco

reversible reactions that give rise to peroxidg’(Qpand superoxide N _s“‘CHa

(O,1) compounds. The EIEs reported here provide benchmarks ( N/)

for interpreting intermediates during transition-metal-mediated O ’Nﬁcd"‘\“‘o@

activation in a variety of natural and synthetic systénts. éo (\) Ny
Classic compounds with defined structures (Chaft igre \‘o ae C omcm Lo PN

chosen to examine howO EIEs reflect the reduction of Qas R S

well as the mode by which it coordinates to a metal center. The Cosal

observation of G-O stretching frequencies(O—0) = 800—930

cm~? for side-on peroxide compounds and 163200 cnt? for

Table 1. Parameters Describing the Reversibility of O, Binding

end-on superoxide compounds, has typically served this purpose, % yield Ko, xjo’a ArF? . AS®
although intermediate structures, such as those assigned to side-on 0z M7 (keal mol™) &)
superoxide species, have challenged this simple means of clas- Ifci DMF  82(13) 16(1.9) —8.4(0.5) —9.3(3.3)

ification® einle L P .. Irnco DMF - 93(10) 1.3(0.30) -7.3(0.5) —10(2)
sification® In principle, 80 EIEs complement existing spectroscopic Rh DME  90(6) 047(011) —151(08) —37(3)

techniques by reporting on changes irO bonding together with Cow DMF  97(5F 0.32(0.02 —13.1(1.0) —39(7)

the formation of new metalO bonds. Cosa CIBz 110(19Y  0.26(0.05y —12.4(1.9) —40(7)
In this work, 80 EIEs were determined from the oxygen isotope  Cawr  CIBz  94(14)  0.63(0.219 —8.9(1.0f  —26(4)

cqmposition of metatO; adduct_s that haq been prc_a-gquilibrated aMeasured at 22 2 °C under 1 atm of dry air unless notetlio errors
V\{Ith natural abundance rom air. A detailed descrlptloh of the are in parenthese8Estimated fromAH andyAS at 22°C. S At —14 °C.
high vacuum apparatus and methodology used for preparing samples a; —28 °C. e Determined over the following ranges: 40 to 70 (Irc),
has been publisheef?” Samples were analyzed by isotope ratio 30 to 60°C (Irnco), 15 to 40°C (Rh), 0 to—28 °C (Cas). f From ref 5d
mass spectrometry (IRMS) which givé%:160 to precisions of with errors+20; determined in toluene from35 to —80 °C.

+0.0002. The'®0 EIEs were calculated according to eq 1 where Binding of O, to five-coordinate Cbprecursors gives products with
R is the 180:160 in the “total” O, isolated from air-saturated  end-on superoxide ligands-ere, lower temperatures were neces-

solutions containing the metaD, adduct;R, is the180:1%0 in the sary to determine thé?O EIEs, which are considerably smaller
“unbound” G, from solutions containing only air and- f is the than those quoted above: 1.00410.0011 (Cg,) in DMF at —14
fraction of metal-bound ©in the air-saturated solutions. °C, 1.0053+ 0.0017 (Cgy) in CIBz at —28 °C, and 1.0066+
0.0013 (Cgoy) in CIBz at—28 °C. Change in thé®0 EIE for Cag
18 _ K(*®0'°0) I was undetectable from28 to 0°C7
O EIE= K(18016O) - R/R,— f @) The results for the diverse compounds in solvents of widely vary-

ing polarity!® provide strong evidence th&#0 EIEs are character-
Reversibility of Q binding is a key requirement for accurate and istic of the level of Q reduction together with the mode by which
reproducible determinations 80 EIEs. Spurious results occur when O, binds to the metal (Figure 1). The variation in the obseAfed
metal-O, adduct decomposition leads to irreversible consumption of EIEs is large considering that the range of calculdf@ EIEs is
O, on the time scale of sample collection. In most experiments, the 1.00-1.05 for reactions (where £s reduced to HQ H,0,, H,0,
recovery of Q was nearly quantitative at22 °C; yields were deter- 0,17, and G?").11 Further, the distinctivé?O EIEs for side-on perox-

mined by manometry and based on concentrations of the fr@tal ide and end-on superoxide structures are in contrast to the expecta-
adducts detected by multinuclear NMR and BWs spectroscopy. tion of similar'®0 EIEs (~1.01) based on an earlier modélThis
Using the same methods, equilibrium constants fobi@ding Ko,) model assumed analogous bonding within a metal superoxide spe-

under 1 atm of dry air were evaluated as a function of temperature cies and H@as well as within a metal peroxide species an®H
in chlorobenzene (CIBz) or dimethylformamide (DMF) (Table 1). The formalism of Bigeleisen and Goeppert-Mayés generally

The metat-O, adducts in this study are derived from group IX used to calculate heavy atom isotope effects in terms of the change
transition metals. Binding of £o square planar Rlor Ir' precursors in force constants in proceeding from a reactant to a product state.
gives products with side-on peroxide ligarfdBhese structures are  Using this approach®O EIEs of 1.049 (@ — O,2") and 1.033
characterized by®O EIEs of 2-3% in DMF at 22°C: 1.0199+ (O, — O,17) are predicted for the reduction of,@ the absence
0.0017 (Rh), 1.0226- 0.0013 (Ixco), and 1.0305+ 0.0023 (Ig)). of concomitant bond formation (Figure 2). Here the size of'fae
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1.040 metals and having different bonding geometries are currently in
I progress to further address this interesting observation.
1.030 1.030¢ ] Insofar as®0 EIEs can be taken as upper limits#® KIEs upon
w w 1.020} ] unidirectional @ binding, the present results support previous stud-
o 1020 o 1010} ies of O activation by group IX and X metal compoun#dn this
& - 3 work, we reported®0 KIEs of 1.0069-1.0268 on reactions leading
1.010 iC'BZJ[DMF)LUm' to metal peroxide products. On the grounds that (i) KIEs decreased
1.000 Qg?kf;?r:t?‘)-ifzg?c in proportion to t.he barriers to@inpling and (ii) no interme_diate
Ir Ir . Rh Coch“I Co,, was detectable in any of the reactions, we proposed a single-step

T 150 ibrium | ; forming th mechanism involving a transition state with peroxide rather than

Figure 1. Left: equilibrium isotope effects upon forming the ; ;

compounds in Chart 1. Right80 EIE versusAG calculated at 25C. Super(?XIde character. Assuming the abo¥@ EIEs as bqqndary
conditions, a KIE< 1.007 would be expected for a transition state

16.16 leading to a superoxide intermediate and a KIEL.03 would be
‘ T I expected for a transition state leading to a peroxide product. Thus,
16,16 . .
1816 1 @ the observed KIEs appear more consistent with a concerted 2e
: ' 15?1@ mechanism. Of course, a sequential mechanism involving the
Reactant Product reorganization of a high-energy superoxide intermediate to a

0-0 Stretching Coordinate peroxide product in thg rate-limiting step cannot _be _exc_luded.
) ) ) In summary, oxygen isotope effects upon reversibi®i@ding to

fg‘i’g azﬁ g ?gylgsege':iotr?gt‘z (;g?gt %‘i‘r?tfnzrcha“gfﬂ"ﬁo‘(orce C_O”tSta”It; synthetic transition-metal compounds have been determined for the

' ' g P gies ot the 0xygen 1S01opologUeSy ot time. Using defined systems, we have found that the isotope ef-
fect is distinctly different when @is bound as a side-on peroxide
ligand versus an end-on superoxide ligand to a group IX metal. We
. . suggest the ranges of isotope effects for these compounds can serve

Thelg(.) EIEs measured for S|d§-on perOX|_de compount_js roughly as%genchmarks ?or identifyinz transient met@al, adducth). For exam-
agree with those calculated using stretching frequencies for the ple, in cases where outer-sphere electron transfe ta®be ruled

0-0 ha3nd n;]etaJ—O normal n;odes Ig'f;'hel above-rr:entlr?ned aP- out, 180 KIES of ~1% may signal the intermediacy of end-on super-
proachWe have encountered more difficulty matching the experi- oxide specied?whereas values 0f-23% are consistent with perox-

mental results for Cgand Coor, Where calculated®O EIEs are g intermediates. This type of analysis provides a new approach
1.006-1.017. The variations appear to reflect uncertainties in the low- 4 characterizing intermediates in catalytic oxidation reactions.

frequency mode&The observedO EIEs are, however, close to val-
ues reported for end-on Eesuperoxide species in heme proteins ~ Acknowledgment. We are grateful for support from NSF
(1.0039-1.0056). In this original work, the small size of tf© CAREER award 0449900 (to J.P.R.) and a Kilpatrick fellowship
EIEs was attributed to hydrogen bonding of the terminal oxygen to (to M.P.L.) awarded by the JHU Department of Chemistry.
a.nearby amino acitt: Such effects are u.nIiI'<eI.y in Fhe pres.ent study Supporting Information Available: A description of the experi-
since the'®0 EIEs for Cazand Cqor are indistinguishable in DMF 1 ats and calculations. This material is available free of charge via
and CIBz, yet only DMF has the ability to form hydrogen bonds.  the |nternet at http://pubs.acs.org.

180 EIEs which characterize the metaD, adducts are likely the

EIE is largely determined by the-@D force constant of the product
relative to that of Q.2
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