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Abstract: Dicationic metal superoxo complexes, LBIMOC?*T (M = Rh, Cr; L = (NH3)4, (H20)s, [14]aneN)
react with rhodium hydrides '(HO)RhH+ (L' = (NHg)s, [14]aneN, and meseMeg-[14]aneN) to yield
L(H20)MOOH" and L'(H,0),Rh?*. The rhodium(ll) product is rapidly converted t&(H,O)RhOG in a reaction

with molecular oxygenk ~ 10° M~1 s71), or to a binucl

ear superoxo product in the absence of @hen the

central metal atom and nonpatrticipating ligands are identical in the two reactantsRM L = L"), the G insertion

into Rh—H bond becomes catalytic RhH*+ + O, — L'Rh

OOH" (L'RhOCG* = catalyst). The hydrogen transfer

step exhibits a large kinetic isotope effekiti/fiko = 7.6 for the reaction of GROO?" with ([14]aneN)(HO)RhH,
AHy* = 20.3+ 1.8 kJ mot?, AS* = —136+ 6 J mol! K—1, andAHp* = 24.7 &+ 4.3 kJ mot!, AS* = —138
+ 15 J moft K1), but the isotopic composition of the solvent has no effect on ratgsko,0 = 1. Steric effects
play a major role in the kinetics. From the available thermochemical data, the energy ofdd©&€EH?>" bond was

calculated to be~330 kJ/mol.

Introduction

Autoxidation of hydrocarbons to (initially) alkyl hydro-
peroxides is one of the most thoroughly investigated radical
chain reaction$:> In the propagating steps, eqs 1 and 2,

@
&)

alkylperoxyl radicals abstract a hydrogen atom from the

ROO + RH— ROOH+ R

R +0,—ROC

hydrocarbon yielding carbon-centered radicals and the hydro-

peroxide. Alkyl radicals are captured by, @o regenerate
alkylperoxyl radicals and continue the chain.

A number of transition metal complexes catalyze the autoxi-
dation of organic materials. The key catalytic intermediates
are either high-valent metals or organic radi¢disMetal ions
often react with the initially formed hydroperoxides to generate
radicals which perpetuate the chairi. Superoxometal com-
pounds may also be involved as short-lived precursors to radica
intermediates. For example, alkyl and alkylperoxyl radicals may
be formed by the hydrogen atom transfer of eq 3<lligand

®)

system, M= metal), followed by reaction 2812 Obviously,

LMOQO" + RH— LMOOH" + R

® Abstract published if\dvance ACS Abstract€ctober 15, 1997.

(1) Simandi, L. l.Catalytic Actvation of Dioxygen by Metal Complexes
Kluwer Academic Publishers: Dordercht/Boston/London, 1992.

(2) Sheldon, R. A. InThe Actvation of Dioxygen and Homogeneous
Catalytic Oxidation Barton, D. H. R., Martell, A. E., Sawyer, D. T., Eds.;
Plenum: New York and London, 1993; pp-90.

(3) Parshall, G. W.; Ittel, S. DHomogeneous Catalysi2nd ed.;
Wiley: New York, 1992; Chapter 10.

(4) Sheldon, R.; Kochi, J. KAdv. Catal. 1976 25, 272.

(5) Shilov, A. E.Activation of Saturated Hydrocarbons by Transition
Metal ComplexesD. Reidel Publishing Co.: Dordrecht, The Netherlands,
1984; Chapter 4.

(6) Bottcher, A.; Birnbaum, E. R.; Day, M. W.; Gray, H. B.; Grinstaff,
M. W.; Labinger, J. AJ. Mol. Catal.1997, 117, 229.

(7) Franz, G.; Sheldon, R. A. iblimann’s Encyclopedia of Industrial
Chemistry VCH: Weinheim, Germany, 1991; pp 26B11.

(8) Bailey, C. L.; Drago, R. SCoord. Chem. Re 1987 79, 321.

(9) Nishinaga, A.; Yamato, H.; Abe, T.; Maruyama, K.; Matsuura, T.
Tetrahedron Lett1988 29, 6309.

S0002-7863(97)01987-2 CCC: $14.00

this mechanism is limited to compounds with relatively weak
C—H bonds, which rules out most of nonfunctionalized alkanes.
The enzyme-catalyzed oxidation of these and other materials
in biological environments often involves superoxometal inter-
mediates but only as precursors to more potent oxidizing species
and not as hydrogen atom abstracting agé&hts.

In support of reaction 3, several superoxometal complexes
have been shown to oxidize compounds with moderately weak
C—H bonds, such as cumene, phenols, alcohols, and affiriés.
Later studies have shown, however, that mechanisms other than
hydrogen atom abstraction can rationalize the results equally
well or better? For example, the autoxidation of cumene and
cyclohexene is now believed to be initiated by metal-catalyzed
decomposition of trace amounts of alkyl hydroperoxides, and
the oxidation of phenols catalyzed by cobalt and manganese
Schiff-base complexes involves peroxide displacement from
superoxo or peroxo metal complexes, eq 4, followed by cebalt
oxygen bond homolysis and the reaction of phenoxyl radicals
|W|th 02.2

LCo" OO0+ ArOH — LCo" OAr + HO,' (4)

Hydrogen transfer thus appears to be a low-probability
pathway for superoxometal complexes, at least in the cases
examined. From the limited number of mechanistic stddfe&®
it is not clear whether the observed behavior is determined by
the kinetics or thermodynamics. Moreover, the energy of the
O—H bonds in LMOOH and even the exact chemical composi-
tion of the superoxo and hydroperoxo species in catalytic
oxygenation reactions are usually not known.
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Chart 1 redissolved in KO, and the procedure was repeated one more time.
The UV—visible spectrum of the final product was identical to that of

H m i H\Y\(/H the chloride salt?

Caution! Perchlorate salts of transition metal complexes are

N N
[N\ /Nj [ \M/ potentially explosie. Preparations should be carried out on small
M N/ N\ scales only, and such materials should be handled with.care
‘@-'N N»-.% ae 2T Solutions oftis- andtransLY(H,O)RhH", trans(NHs)s(H.0)RhH,
H K) H /)\)\ andp-trans-(meseL?)(HO)RhH" (hereafter ERhH", (NH3),RhHT,
ing v and L2RhH*, respectively) in dilute trifluoromethanesulfonic or

perchloric acid were prepared by ion exchange of the chloride or sulfate
. salts, as described previoudfy. Some solutions afans-(NHsz)4RhH*
Whether or not LMOO complexes engage in hydrogen atom ere obtained by dissolution of the solid perchlorate salt without ion-
transfer is an important mechanistic question in the area of exchange. The deuterated compleansLY{(D,O)Rh*" was prepared
catalytic autoxidation. We decided to address this issue by and stored in DCI@D,O (>95% D). Solutions of the macrocyclic
examining several cases with favorable thermodynamics. Rho-rhodium hydrides survived for several days under argon & @nd
dium(lll) hydrides were chosen as hydrogen donors, and the several months in a freezer. The tetraammine complex decomposes

expected chemistry is shown in eq 5. The rapid capture of more readily, and fresh solutions were prepared frequently.
Dilute solutions of ECrOC** and CgfOC?" were prepared at 6C

from the chromium(ll) precursors and an excess of molecular oxy-

2+ 24+ 2+ 2+
LRhH™" + LMOO LRh™ + LMOOH KvH-mo0 geni®? For kinetic purposes, fresh stock solutions &€tOC?* were

(5) prepared daily. Solutions of EOC?" generate chromate on standfig.
To avoid complications from the rhodium hydridehromate reaction,
LRh*" + o,— LRhOO*" (6) a fresh solution of GFOO** was prepared for each kinetic run.

Solutions of transL!RhOG*, cisLIRhOG*, L2RhOC*, and

LRh2+ by mol lar ox nin the next rapi hould viel (NH3)sRhOCG* were prepared by UV-photolysis (Rayonet reactor) of
by molecular oxyge the next rapid step should yield the corresponding rhodium hydrides in-€aturated solutions. Under

Fhe Superoxorhodlum'Complexe§ LRhGOeq 6. The reactants typical conditions, a 60-s photolysis of 0.2 mM rhodium hydride
Ineq 5 are We"'defm_ed species, as are th62 expected metalproducedwo.OS mM superoxorhodium complex. Because the products
hydroperoxo and rhodium superoxo produéts? Hydrogen absorb in the UV much more intensely than the reactants do, further
atom transfer between (Nji(H,0)RhH* and (NH)4(H20)- photolysis had little effect on product yields. The chemistry during
RhOCG* has been implied as a step in photochemical O photolysis is believed to take place as in egsl®%2! (L = ligand
insertion into a RA-H bond?! but no direct evidence for this  system) so that the photolyzed solutions contain sora@,Hand
step was presented.

Although the LRR-H and LMOO-H bond dissociation LRhH?" 2 LRRZ" + H° 7
energies (BDE) have not been determined for the complexes
used in this work, reaction 5 is believed to be thermodynamically H + O, —~HO, (8)
favored given that RhH bonds are generally weaker thar-8
bonds; see Discussion. Also, other reaction pathways, such as HO, + LRhH*" — H,0, + LRh*" 9)
peroxo displacement, would require an unlikely metaktal-
bonded complex to be formed in a reaction analogous to that LRh? + 02% LRhOOY (10)

in eq 4. Importantly, all the superoxo complexes and rhodium

hydrlde§ In th"c’, yvorK Ca,n be handled ur?der both a@robm and unreacted rhodium hydride in addition to the desired superoxo complex.
anaerobic conditions in dilute aqueous acid. The ability to work pese unavoidable impurities did not seem to interfere with subsequent
with LMOO?* in the absence of £and with LMH** in the chemistry. Deliberate addition of 0.1 mM,&; had no effect on the
presence of @provides a great opportunity to examine the products or kinetics of any of the reactions studied in this work.
nature and role of intermediates over a range of conditions and The molar absorptivity €) of transL!RhOCG* at 267 nm was

establish the mechanism with some confidence. determined by spectrophotometric titrations with Rugt under air-
free conditions and assuming a 1:1 stoichiometryROWOCG™ +
Experimental Section RU(NHg)e?" + HT — L'RhOOH* 4+ Ru(NHs)e®"). Similar titrations

were also conducted with E&" under both aerobic and anaerobic

conditions. These experiments yieldeds (9 + 1) x 1 M~tcm™?,
[L'RhH](ZnCL), [(NH)sRhH](SQ), andtrans{(NH3)s(H,0)RhH](SQ) similar to the values for other superoxorhodium complexes with

were prepared as solids by published procedt€siand the novel oo, ated amine ligant#e® and somewhat larger than our previous

trans[L2(CI)RhH](ZnClL)o s by a procedure analogous to that used for estimate of (5.5+ 1.5) x 10° M~1 cm1.20

the L' complex (Chart 1§ (Data for [L(C)RhH](ZnCl)os are as The kinetics of hydrogen transfer were monitored at the UV-maxima

follows. NMR (in dmsoe): —20.14 ppm den-ri = 30 Hz). Ligand o¢) ppooke* (1 240 nm.e = 4025 M- cm for (NH3),RhOOH* 21

methyl groups appear at 1.09 ppm (unresolved, 6 H), 1.16 (s, 3H), ande ~ 4000 fortransLIRhOOH*) or LRhOGH (4 270, ¢ = 9600

1'2_01 (s, 3 H), 1.'22 (s, 3H) 1.39 (s, 3H). IR (powdenjn- 2123 M=t ecm™ for (NH3)sRhOCG* 22 and e = 9000 fortransL'RhOCG;

3?“ )I. The solldtrfans[(NH€)4(HZO)§hH](CIO4)2 v]l/as prepared by g0 above). Experiments were carried out under pseudo-first-order
issolving 0.25 g of [(NE)sRhH](SQ)*in 7.5 mL of O containing conditions using LRhP in >10-fold excess over the superoxometal

0.25 mL of 28% NH at 45°C under Ar and adding 7.5 mL of saturated complexes (LRhO®, Cr, 0%, or LICrOC?*), which were kept at

aqueous solution of NaClO The suspension was cooled to r00m 0 5.92-0.1 mM level. lonic strength was kept constant at 0.10 M
temperature and filtered. The solid was washed with acetone and (CR:SOH/CR:SO.LI or HCIOLLICIO,). The nature of the anion

The complexesis- andtrans[L *RhCE]CI, trans[L2RhCH]CI, trans-

(19) Bakac, A.Prog. Inorg. Chem1995 43, 267. (triflate vs perchlorate) had no effect on reaction rates. For experiments
(20) Bakac, A.; Thomas, L. Minorg. Chem.1996 35, 5880. using LRhOG" complexes under anaerobic conditions, the superoxo
19%1)18Enfg(60tt, J. F.; Wong, C.-L.; Inoue, T.; Natarajan)iarg. Chem. complex was first prepared in an-Gaturated solution, allowed to stand
(22) Lilie, J.; Simic, M. G.; Endicott, J. Anorg. Chem1975 14, 2129. (26) Bakac, A.; Scott, S. L.; Espenson, J. H.; Rodgers, KJ.LAm.
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10728 J. Am. Chem. Soc., Vol. 119, No. 44, 1997

1 T T T T T T
0.8
v 06
O
g
<
e}
5 04
2 .
e
<
0.2
1] ..
200 250 300 350 400
wavelength/nm

Figure 1. Spectral transformations during the reaction between
(NH3);RhH* and (NH);RhOCG* in 4 mM HCIO;, (ionic strength not
adjusted): (a) 0.29 mM (NgLRhH; (b) mixture of (NH),RhOCG*
(0.08 mM) and unreacted (NFRhH" obtained by partial photolysis
of (a) in O, saturated solution; (c) after completion of the reaction, eq
14 (2 h); (d) difference between (c) and (b) identifies gdRhOOH"
(Amax 240 nm) as reaction product.

until all the remaining LRhPA" was converted to LRhOOH, and only
then degassed.
LRhOCG* decomposes readily. The chemistry responsible for this
behavior is described later in the section on air-free kinetics.

The kinetics of the reaction afansL'Rh?" with O, were determined
by laser flash photolysis utilizing a Nd:YAG laser system described
previously?® All the experiments usetl; 266 nm. Spectral and most
of the kinetic data were collected by use of a Shimadzu 3100 PC
spectrophotometer. IR spectra were recorded with a Bio-Rad Digilab
FTS-60A FT-IR spectrometer equipped with an MTEC Model 200
photoacoustic cell, and NMR spectra with a Bruker 400 spectrometer.

Results

General Observations. Superoxo- and hydridorhodium
complexes react with each other in-@r air-saturated acidic
aqueous solutions to form the respective hydroperoxo and
superoxo products which were identified and quantified by UV
spectroscopy, as shown in Figure 1 for the tetraammine
complexes. The reactions are stoichiometric for reactants with
different ligand systems, eq 11, but become catalytic if the two

02
(NH,),RhOO™" + L'RhH* —
(NH,),RhOOH" + L'RhOC™ (11)

reactants have an identical set of nonparticipating ligands.
Reaction 12, for example, representdRhOCG"-catalyzed
insertion of dioxygen into a RhH bond.

LIRhOG* + L'RhH" —= L'RhOOH* + LthOOZ(+12)
Clearly, even the stoichiometric reactions are not free of
catalytic effects, because the superoxo products (ERhQG"
in eq 11) react further with excess rhodium hydride, as in eq
12. The interference by catalysis in kinetic experiments was
minimized by proper choice of reaction conditions and monitor-
ing wavelength, as described below for individual cases.
Rhodium hydrides react also with superoxo complexes of
other metals. For example, §DO?" is reduced to GFOOH?T,
eqg 13. The changes in UWisible spectra clearly showed the

O,
Cr, 00" + LRhH* — Cr, OOH" + LRhOG*"  (13)

If the hydride is present during the degassing, the

Bakac

120 11—

100

80

> 60

10°k /st

40

20

O A I L 1 L 1 L 1 1 .
0 20 40 60 80 100 120

105[A4Rh002+]/M or 105[A4RhH2+]/M

Figure 2. Plot of k, against the concentration of the catalyst @\
RhOC™* for the reaction between (NJ4RhH* and Q (circles) and
against excess reagent, (§HRhH*, for the stoichiometric reaction
between(NH);RhH* and (NH),RhOCG* under Ar (squares). The
expanded plot for the catalytic reaction is shown as inset. Axis labels
for main figure and inset are identical. The four ammonia ligands are
abbreviated as A

disappearance of gOCO?" and the formation of IRhOCG.

The other product, GOOH", has no distinct spectral features,
Figure S12° but its formation was inferred from the overall
stoichiometry ([LRhOG'./[CradO0?t]o = 0.9 £ 0.1) and by
analogy to the related superoxorhodium/hydridorhodium reac-
tions of egs 11 and 12, where the hydroperoxo products have
been identified unambiguously.

Catalytic Reactions. The kinetics were followed by observ-
ing the formation of hydroperoxo products in the presence of
excess @at 240 nm. The reaction of tetraammine complexes,
eq 14, obeyed the mixed second-order rate law of eq 15. Ata

(NH,) ,RhH* + (NH,),RhOC™* e
(NH,),RhOG" + (NH,),RhOOH" (14)

d[(NH,),RhOOH*)/dt =
ki [(NHZ) ,RhOGJ[(NH ) ,RhH] (15)

constant ionic strength of 0.1 M, the rate was independent of
[H*] (0.003-0.1 M) and [Q] (0.20-1.2 mM). A plot of
pseudo-first-order rate constants against the concentration of
the catalyst (NH),RhOC, Figure 2, yieldedk;4 = 32.7 +
1.1 M1is

The analogous reaction betwetansLRhH* andtrans
L'RhOC*", eq 12, is much slower, and the kinetics were
complicated by the decomposition of the produRhOOH"
at longer times. The rate constant for reactionki2,0.4 M1
s71, was determined in a single experiment{@@hH"]o = 0.37
mM, [LIRhOCG*], = 0.078 mM) from initial rates, assuming
a mixed second-order rate law. Under similar conditions,
LIRhD?" yielded k= 0.06 M~1s71. From the two values one
calculates a kinetic isotope effect of7.

Stoichiometric Reactions. The formation of LRhO®" in
the reactions between ODO?" and LRhH* (L = (NH3)a, LY,
or L?), eq 13, was monitored at 270 nm. All the reactions
obeyed a mixed second-order rate law, eq 16, wkegyes 135

d[LRhOG*/dt = ky5[Cr, OO*'J[LRhH?]  (16)

+ 5 M1 s71 for (NH3)4sRhH2, 129 +£ 3 M1 s71 for trans

(29) Supporting information.
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Table 1. Rate Constants (M s™%) for Hydrogen Atom Transfer
from Rhodium Hydrides to Superoxometal Compléxes

(NHg)s- t- t-
Clagod* RhOCG* L!RhOCGH* LICrOC*
(NHa3),RhH+ 135(5) 32.7(11) 3
93.8(44y 27.6(8y
tLIRhHRF 129(3)  (25°C) 22.8(12) 0.8 <1e
109(1) (17.5C)
84.2(34) (11.8C)
71.6(21) (7.9C)
63.1(1) (2.4°C)
tLIRhD? 9 17.0(1) (25°C) 0.06
15.7  (18.1°C)
13.#  (17.5°C)
9.80(10) (11.5C)
7.59(78) (4.4C)
c-LIRhH  123(1)
tL2RhH"  24.1(4)

an acidic aqueous solutions at 26 (unless stated otherwise) and
0.1 M ionic strength. £ = [14]-aneN, L? = meseMeg-[14]aneN, t
= trans ¢ = cis. ? O, atmosphereS Numbers in parentheses represent
one standard deviation of the last significant figutér atmosphere.
e Single measurementAHy* = 20.3+ 1.8 kJ/mol,AS* = —136 +
6 J/mol K.9 AHp* = 24.74+ 4.3 kJ mol AS* = —1384+ 15 J/mol K.

5 T T T T T T

0.1

0.12- b

0.09r 1

k /st

0.06f A

0.03- b

[RhD(H)**]/mM
Figure 3. Plot of pseudo-first-order rate constants against concentration
of rhodium hydrides for the reactions of gDC?* with L'RhH" in
H.0O (open diamonds) and in,D (filled diamonds) and with tRhD?*
in H,O (open circles) and in f (filled circles).

L'RhHT, 123+ 1 Mt s7 for cisL'RhH*, and 24.1+ 0.4

for L2RhH2, Table 1. The deuterated compleansLRhD?+
reacts more slowly (k= 17.04 0.1 M1 s71) than its protiated
analog, resulting in a deuterium kinetic isotope effect of 7.6 at
25°C. The rate constants for botransL'RhH** andtrans
L!RhD?* remain unchanged as,& is replaced by BO and
vice versa, Figure 3. Thus the isotopic composition of the bulk
solventandof the coordinated molecules of water in,@O?*

and LY{[H(D)].0} RhOCG* is without effect.

The temperature variation in the range226.0°C, Table 1
and Figure 4, yieldedAHy* = 20.3+ 1.8 kJ mot?, AS4 =
—1364 6 J moft K~ for transL'RhH** and AHp* = 24.7
+ 4.3 kJ mot!, ASS* = —138 + 15 J mot! K1 for trans
LIRhD?t.

There was no interference from the secondary catalytic steps

in any of the C§fOO?" reactions. For L= L%, the catalytic
step of eq 12 is too slow (0.4 M s™) to interfere. For L=
(NHs)4, the secondary reaction of eq 14 is still slow but not
negligible in comparison with the reaction of interest. It is

J. Am. Chem. Soc., Vol. 119, No. 44,012/

0.0
-1.0r L'RhH?"
g
g 20
=
3.0t
L'RhD**
4.0 . .
3.3 3.4 3.5 3.6 3.7
1000/T

Figure 4. Eyring plots for the reactions between,@¥CO?** andtrans
L'RhH* and L'RhD?.

much larger quantities of product are formed in the catalytic
step than in the stoichiometric reaction. This can lead to a
distortion of the kinetic traces for the determinationkpfsy,
unless the absorbance changes for the catalytic step are
negligible at the monitoring wavelength.

A macrocyclic superoxochromium complex,!@rOCG*,
reacts with rhodium hydrides much more slowly than the aqua
analog does. A single experiment with (§)fRhH*, monitored
at 270 nm, yieldeck ~ 3 M~1 s71. There was no reaction
between 0.28 mM LCrOCG*" and 0.6 mMtrans-L'RhH?" in 2
min, which places the rate constant<at M~1 s71,

The (NH;)4,RhOCG/transLIRhH* reaction, eq 11, and all
the other reactions between rhodium hydrides and superoxo-
rhodium complexes are accompanied by only minor absorbance
changes at 270 nm. The kinetics were monitored at 240 nm,
where all the hydroperoxorhodium complexes have large but
similar molar absorptivities. As a result, the secondary catalytic
step interfered seriously in most cases, as shown in Figii®e S3
for the reaction betweetransL!RhH?" and (NH;)4sRhOC.

The catalytic stage takes several hours for completion, which
made it possible to treat the initial portion of the trace500

s) as a sum of first- and zeroth-order reactions, yielding=
228 M1s1

The other combinatiortrans-L IRhOCG*/(NH3),RhHZ", did
not produce useful kinetic data in the presence gflff@cause
the catalytic step dominates throughout. The rate constant was
obtained under air-free conditions, as described below.

Kinetics under Air-Free Conditions. If the chemistry under
O, indeed proceeds as postulated in egs 5 and 6, then it should
be possible to determine the kinetics in the absence O
well. In such circumstances the superoxo complex LMOO
is the most likely candidate to take over as a scavenger for
LRh2", as shown in Scheme 1. The expected rate law differs
from that obtained in the presence of By a stoichiometric
factorn + 1.

Scheme 1

LRhH*" 4+ LMOO*" — LRhW*" + LMOOH**  Kyy_moo

(%)

LRh?" + n LMOO?* 222 products

important to note that the second-order rate constants for the —d[LMOO?J/dt = (n + 1)kyy_moolLRhH* IILMOO #*]
stoichiometric and catalytic processes are not directly compa-

rable. In the calculation of the pseudo-first-order rate constants  The (NHs)sRhOG/(NH3)4,RhH:" reaction was used as a test
ky(sty andky(cay, the multiplier changes from [LRh#H] (excess case. The kinetic traces showed an absorbance increase at 240
reagent) to [LRhO®'] (catalyst), respectively. For this reason nm, followed by a much slower decrease. The rate constants
Ky (car) is usually much smaller thaky,sy. On the other hand,  for the two stages were obtained from the fit to a biexponential
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rate expression. Only the kinetics of the first stage were observed change in the stoichiometric ratio [LMB®
proportional to the concentration of (NJZRhH", Figure 2, [LRhHZ*] from = 1:1 under Qto 3:1 under argod!
yielding (0 + 1)kis = 93.84 4.4 M~1s71. The slow decreasing The large deuterium isotope effects for the two cases in Table
portion of the trace was probably caused by a switch from 1 clearly show the importance of the RH bond cleavage in
(NH3),RhOC* to reaction products, (N§LURhOOH" and/or the activation process. The valuggkp = 7.6 for the reaction
(NH3)4Rh({u-OH)(u-Oz)Rh(NHg) 4+, as scavengers for (NJARHT of LIRhH** with Cr,fO0?* and ~7 for the reaction between
in the final stages of the reaction. L'RhH2" and LIRhOCH are significantly larger than the
The ratio of the rate constants in the absence and presencénaximum value of 4.2 calculated from an expression for a
of O, has avalue + 1 = 2.9+ 0.2. The UV-visible spectra simple three-center mod#&. The large isotope effects suggest
of spent reaction solutions exhibited bands at 360 and 560 nm,quantum mechanical tunneling. Also consistent with tunneling
indicative of (NH)4Rh(u-OH)(u-O2)Rh(NHs)44T 2130 together is the difference between the activation enthafgider the
with some (NH)4Rh3*. The nature of the product provides an  reactions of GOO?" with L'RhH* and L'RhD?*. The value,

independent confirmation of the stoichiometric faatot 1 = A(AH¥) = AHp* — AH¥ = 4.4 kJ/mol, exceeds the difference

3. Scheme 2 accounts for all the observations. in zero-point vibrational energies, 3.6 kJ/mol, calculated from
the IR date® The weight of this argument is diminished,

Scheme 2 however, by the large standard deviations on activation param-

eters, including enthalpies of activation. The large deviations
+ + result from a combination of small temperature effect on reaction
(NH3)4Rh002 + (NH3)4RhH2 rates, Table 1, and a narrow temperature range used. The
(NH,),RhOOH" + (NHJ),RF*" ki, experimental temperature limits were determined by the melting
point of the solvent on one end and the stability of the reactants
. . ot and produpts on the other. _ _ _ _
(NH,) RN + (NH,),RhOC* + H,0 — Other criteria used to establish tunneling, the nonlinearity of
3+ + Eyring plots and the ratio of Arrhenius preexponential factérs,
(NHg),Rh{u-OH)(u-Ox)Rh(NHy),™ + H are inherently less precise than the activation enthalpies, and a
detailed analysis of these parameters has not been attempted.
) ) 3+ On the basis of the arguments presented, however, it appears
(NHg) RN{u-OH)(u-Op)RN(NHy),™ + . reasonable to suggest that tunneling plays a role in hydrogen
(NH,),RhOG* + HT == transfer betweenransL'RhH** and CgOO?* and probably
4t + in other reactions in Table 1 as well.
(NH3),Rh(u-OH)(-Ox)Rh(NH,), ™ + (NH3)4RhOOHZ Normal kinetic isotope effects have been obsef¥étin
hydrogen atom transfer between metal hydrides and carbon-
net: (Nl—g)4RhH2+ + 3(NH3)4Rh002+ — centered radicaf®. Such reactions are involved, for example,
ot + in the hydrogenation of olefins, eqs 17 and 18, and often
(NH3),Rh(u-OH)(u-Ox)Rh(NH,),~ + Z(NH3)4RhOOH2 followed by dimerization of M Interestingly, hydrogen atom
transfer to olefin in the first step, eq 17, often occurs with an

The reaction betweetransL'RhOCG+ and (NH);RhH* inverse isotope effeég3*
under argon behaved similarly and yielded# 1)k = 27.7+
0.7 M1 s71, Figure S 2° Assuming that the stoichiometric yZ N [
factorn + 1 is again 3, the rate constant for hydrogen atom =—C + MH —— /C'— cC— + M (17)

abstraction is 9 M! s™1. The small value of this rate constant |

relative toky4 (32.7 M1 s71) explains the observed dominance

of the catalytic component (reaction 14) whemnsL'RhOCG/ N | |
(NH3)4RhH* reaction was conducted in the presence of O~ _C—C— + MH —> —C—C— + M

Kinetics of the LRh2"—0, Reaction. Single-shot laser-flash | l

photolysis of 0.£-0.2 mM LRhH* in 0.01 M HCIQ, produced ) _ , :

3-5 uM LRh2". The ensuing reaction with Oto form Anoth(_ar_lnterestlng_feature of olefin hydrogenation concerns
LRhOC?* caused the absorbance at 270 nm to increase. Theth€ reactivity patterns in .the.two steps. The energy of the metal-
observed pseudo-first-order rate constants f@t2+/0, reac-  nydrogen bond is decisive in reaction ¥7and steric factof$

tion had values, = (5.1+ 0.2) x 10° s*_l (air-saturated) and are |mpor|t_?2rlt in react|02n+ 18. In this respect, hydr_ogen transfer
2.7+ 0.1) x 10° s (O.-saturated), yieldingon = (2.1 + from LRh to LMOO?* clearly resembles reaction 18. As
O.i) < 1 M-1s1 (see eq 10) at 28C. For then reaction of  Shown in Table 1, the rate constants for the reactionsisf
L2Rh?* with O,, similar experiments yieldekh, = (8.2+ 0.1) LIRhHY, transL'RhH, and (NH).RhH" with CraOC?" are

x 10’ M~ s71. Both values are somewhat smaller than that  (31) Equations 5 and 6 represent a propagating sequence of a chain
measured previously for (N\phRHT (3.1 x 1B M~1s71).22 reaction, and the catalytic behavior is seen only as a result of special
circumstances, i.e. when LRh LM. A fine, but distinct, line divides the
) ) two situations: In a catalytic reaction, a molecule of catalyst enters the
Discussion reaction and exits at the end. In the chain reaction of egs 5 and 6, the
LRhOC?** that appears at the end is derived from LRhHwhereas the
The data obtained in this work provide strong evidence for original LRhOG™ becomes the product LRhOGH

: _ (32) Saunders, W. H., Jr. IiTechniques of Chemistry. Volume VI.
hydrogen atom transfer between superoxo and hydrido com Investigation of Rates and Mechanisms of Reactions. PaBetnasconi,

plexes. The products, metal hydroperoxides in the presence ofc. k., Ed.; wiley: New York, 1986; Chapter 8.
0O, and binuclear superoxorhodium complexes under argon, are  (33) Bullock, R. M. in Transition Metal Hydrides Dedieu, A., Ed.;
most readily explained by invoking LRhas an intermediate, =~ YCH: New York, 1992; pp 263307.
- . . . (34) Bullock, R. M.Comments Inorg. Cheri991, 12, 1.
egs 5 and 6 and Scheme 1. Consistent with this proposal is the  (35) Buliock, R. M.; Samsel, E. G. Am. Chem. S0499Q 112, 6886.

(36) Eisenberg, D. C.; Lawrie, C. J. C.; Moody, A. E.; Norton, JJR.
(30) Johnston, L. E.; Page, J. &an. J. Chem1969 47, 4241. Am. Chem. Sod 991 113 4888.

(18)
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within the error identical with each other. The reason probably
lies not only in the similar steric and electronic properties of

J. Am. Chem. Soc., Vol. 119, No. 44 07

(oep)RR-H (259 kJ/mol305t  (tmp)Rh-H (~250)2051
(txp)Rh—H (~250)5°51and (dbpb)RkH (“comparable to those

these complexes, but also in the long, three-atom bridge for rhodium porphyrin complexes'$°and the mean BDE for

(—H---O0-) in the transition state which keeps the metal
centers far apart and eliminates the effect of minor steric
differences. Strikingly, the isotopic substitution'RhH2" vs
LIRhD?") influences the rate much more than the change of
N4 ligands fromcis to trans and from a macrocycle to four
ammonias.

The complex (NH);RhOCG*" also has comparable rate
constants for reactions with the two hydrides studied, {i}H
RhH* (32.7 Mt s71) and LIRhH (22.8 M1 s™1). The values
are smaller than those for the equivalent reactions wihO@?*
by a factor of~5. It is tempting to suggest that this factor
arises mainly from the difference in LOO—H?t and
(NH3)4RhOO—-H?" bond energies, but such conclusions may

RhCI[P(4-tolylx]s(H)2 (241p2 and RhCl(thtp)[P(4-toly§]2(H)2
(2420952 are all within <20 kJ/mol, demonstrating the modest
role of ligands in determining the RtH bond energy. The
change to the dicationic LR is bound to have some effect,
but even if one allows the BDE of LRHH?" to exceed the
average known BDE of rhodium(lll) hydrides by a generous
20 kJ/mol, the energy of LRRHZ" bond (=270 kJ/mol) would
still be much lower than the energy of the—® bond in
CraOOH" (~330 kJ/mal), creating a sizable driving force for
hydrogen transfer.

Our results clearly show that superoxometal complexes can
and do engage in hydrogen atom transfer. The activation
energy, at least for the reaction betweegQ€?+ and L'RhH*,

be premature in view of the large number of parameters that is small, and major contribution to the activation barrier comes

determine the activation energies for hydrogen trarifét.

In keeping with the steric argument, the more crowded
L2RhH* reacts with CffOC?*" more slowly thartransL'RhH*
does, although different thermodynamic stabilities f&iRhH"

from the AS' term. Large negative entropies of activation are
to be expected for bimolecular reactions between species of
equal charge, although the magnitude of tN& term for
CradOO?H/LIRhH?* reaction 136 J/mol K) does seem some-

and L2RhH* cannot be ruled out entirely as the source of kinetic what larger than usual. Along the same lines, the sensitivity
differences. A major drop in rates is observed in all the of the reaction to steric effects is large for the reactions in Table
reactions taking place between two macrocyclic complexes, 1, where three intervening atoms separate the two metal centers
where nonbonding interactions in the transition state are in the activated complex. In catalytic oxidations of organic
expected to be the greatest. materials, the driving force for hydrogen atom abstraction by
The rapid scavenging of the rhodium(ll) product by @ superoxometal complexes is smaller than in the reactions in
LMOO?Z+ makes all the reactions in Table 1 irreversible, so that Table 1. The less favorable energetics combined with the
the kinetic data provide no information on thermodynamics. On pronounced sensitivity to steric congestion may be the reason
the basis of limited data for the appropriate-B and Rh-H that superoxometal intermediates seem to react preferentially
bond energies, it does seem likely that the reactions in Table 1by pathways other than hydrogen transfer.
are thermodynamically favorable. The energy of theQ0O—
H?* bond can be estimated from the thermochemical schemeA
in egs 19-21. Under the assumption that the entropies of f
CraOOH* and CgOC*t are comparable, th&S for reaction
21 is determined by Sor Haq (38 J/mol K) yielding AH® =
BDE ~ 330 kJ/mol, significantly smaller than BDE’s for
HOO—H and ROGC-H (369 kJ/mol)38
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