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Abstract: Anaerobic oxidations of 9,10-dihydroanthracene (DHA), xanthene, and fluorene by [(bpy)2(py)-
RuVOJ?" in acetonitrile solution give mixtures of products including oxygenated and non-oxygenated
compounds. The products include those formed by organic radical dimerization, such as 9,9'-bixanthene,
as well as by oxygen-atom transfer (e.g., xanthone). The kinetics of these reactions have been measured.
The kinetic isotope effect for oxidation of DHA vs DHA-d, gives ku/ko = 35 + 1. The data indicate a
mechanism of initial hydrogen-atom abstraction forming radicals that dimerize, disproportionate and are
trapped by the oxidant. This mechanism also appears to apply to the oxidations of toluene, ethylbenzene,
cumene, indene, and cyclohexene. The rate constants for H-atom abstraction from these substrates correlate
well with the strength of the C—H bond that is cleaved. Rate constants for abstraction from DHA and toluene
also correlate with those for oxygen radicals and other oxidants. The rate constant for H-atom transfer
from toluene to [(bpy)2(py)RUVOJ?* appears to be close to that predicted by the Marcus cross relation,
using a tentative rate constant for hydrogen atom self-exchange between [(bpy)2(py)RUu"OH]?" and [(bpy)2-
(py)RuVOF*.

Introduction RUVYO]%" (RuO?") are powerful and versatile oxidants. The
properties ofRuO2™ and its related hydroxo and aquo deriva-
tives, [(bpy}(py)RU"OH]?* (RuOH?") and [(bpy}(py)Ru'-
OHy]?" (RUOH2?"), have been described in detfilRuO?*

has been reported to oxidize substrates by a variety of mech-
anisms, including electron transfeproton-coupled electron
transfer5~7 hydrogen atom abstracti§fi hydride abstractiot 12

and oxygen atom transfer (including epoxidatiéh):® The

Selective oxidations of organic compounds, including oxida-
tions of C-H bonds, are of fundamental, technological, and
biochemical interestRuthenium-oxo compounds have received
particular attention in this aréa?? Over the past twenty-five
years, Meyer and co-worke?s20 and otherg!-?2 have shown
that ruthenium-oxo-polypyridyl complexes such as [(b{py)-
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Scheme 1. Thermochemical Data in the [(bpy)2(py)RuVO]2*
System (E° vs NHE, pK, Values*20)

0x0 hydroxo aquo
@v)| [RuOF*
123V
N
84 kcal mol’! K. 0.83
(110 [RUOHPZ* L2 [RuoHP*
10.46 v%ial mol’! ll.OZV
1l + +
(n [RUOH] AT [RUOH,F

reactions studied have involved the oxidation of @ bonds
(H20,,° alcoholst213and hydroquinor® as well as oxidations
of C—H bonds. The oxidations of allylic €H bonds in indene

Table 1. Yields of Products Formed from the Oxidation of DHA by
Ru02+a

[RUO?*]:[DHA] [anthrone] [anthraquinone] [anthracene] total (%)
11 0.06 (12%) 0.06 (24%) 0.39 (39%) 75
1:2 0.11 (22%) 0.05 (20%) 0.55 (55%) 97
1:4 0.09 (18%) 0.03 (12%) 0.70 (70%) 100
1:10 0.09(18%) b 0.87 (87%) 105
2:4 0.17 (17%) 0.11 (22%) 1.10 (55%) 94
4:4 0.30 (15%) 0.30 (30%) 1.33(33%) 78

a2 Reagent amounts and yields in mM (accuratette-10%); DHA =
9,10-dihydroanthracene. Values in parentheses are the percentages of the
total RuO?" oxidative equivalents consumed in the formation of this product.
b <0.01 (<4%).

Reported here are studies of the oxidations of 9,10-dihy-
droanthracene (DHA), xanthene, fluorene, and related substrates
by RuO?*. Both product and kinetic studies support a common
mechanism of hydrogen atom transfer followed by competitive

and Cyc|ohexene have been proposed to occur by direct Oxygen.l'adical dimerization and radical trapping by the oxidant. There

atom insertiort®18 Oxidations of cumene, ethylbenzene, and

is a clear correlation between the rate constant for H-atom

toluene were suggested to occur by a nucleophile-assistedabstraction and the ©©H bond dissociation energy (BDE) of

hydride transfer mechanistf although this conclusion is not
supported by recent results in our lab and in the Meyefab.
In this report, we present evidence that all of the K bond
oxidations occur by a mechanism of initial hydrogen atom
transfer from the benzylic or allylic €H bond to the oxo group
of RuO?*.

Work in our lab and elsewhere has shown that, in general,
the ability of a metal complex to abstract a hydrogen atom from
a substrate correlates with the thermodynamic driving force for
H-atom transfe?3-2 This correlation is a subset of the more
general result that H-atom transfer reactions typically follow
the Marcus cross relation, identifying the importance of both
driving force and intrinsic barrie®. For a reaction X+ HY
— HX + Y, the AH® is the difference between the bond
dissociation energies of HX and HY. The+X bond strength
can be determined from the redox potential of X and tKg p
of HX (or the E° for HX and the K, of HX™), using
thermochemical cycle¥30 The enthalpies foRuO?* + H —
RuOH?Z" andRUOH?2" + H — RuOH 2" in aqueous solution

the organic substrate, both for the compounds studied here and
for the oxidations of other benzylic and allylic substrates. In
addition, the hydrogen-atom self-exchange rateRaO?" +
RuOH?2" has been probed by dynamid NMR line-broadening,

to apply the Marcus cross relation to these reactions.

Results

Oxidations of Organic Substrates and Product Charac-
terization. The oxidations of DHA, xanthene, and fluorene by
RuO?" were carried out anaerobically at room temperature in
dry acetonitrile, typically with +2 mM RuO?" and 110 mM
substrate. Reactions are complete within minutes and a mixture
of organic products is observed for each reaction. Organic
products were characterized by GC/MS and quantitated using
calibrated GC/FID response factors with naphthalene as an
internal standard. Yields are reproducible in samples analyzed
after extended periods of time<{@4 h). The inorganic products
were characterized by UWis and/or NMR spectroscopies.

DHA is oxidized within seconds to give a mixture of
anthracene, anthrone, and anthraquinone, with anthracene as the

can be calculated via this approach (Scheme 1) using themajor product (eq 1, Table 1). The product distributions are

potential and K, data reported by Meyer et &l.In this
somewhat unusual case, the'RRuU" reduction potential at

dependent on initial concentrations of oxidant and substrate (see
below). To determine the source of oxygen in the oxygenated

pH 0 corresponds to a one electron-two proton process formingproducts, reactions were carried out with 10 mM addet®t

RuOH23", whose [iK, must be subtracted to get the thermody-
namics for one electron-one proton (hydrogen atom) trad&fer.

(23) (a) Mayer, J. MAcc. Chem. Re4998 31, 441-450. (b) Roth, J. P.; Mayer,
J. M. Inorg. Chem.1999 38, 2760-2761. (c) Larsen, A. S.; Wang, K.;
Lockwood, M. A.; Rice, G. L.; Won, T.-J.; Lovell, S.; Séek, M.; Tureek,
F.; Mayer, J. M.J. Am. Chem. So@002 124, 10 112-10 123.
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Soc.2002 124, 83—96.

(26) (a) Roth, J. P.; Yoder, J. C.; Won, T.-J.; Mayer, J.9dience2001, 294,
2524-2526. (b) Roth, J. P.; Lovell, S.; Mayer, J. Nl.. Am. Chem. Soc.
200Q 122 5486-5498.

(27) (a) Bordwell, F. G.; Cheng, J.-P.; Ji, G.-Z.; Satish, A. V.; ZhangJX.
Am. Chem. S0d.991, 113 9790-9795. (b) Bordwell, F. G.; Cheng, J.-P.;
Harrelson, J. A., JJ. Am. Chem. S0d.988 110, 1229-1231. (c) Zhang,
X.-M.; Bordwell, F. G.J. Am. Chem. S0d.992 114, 7458-7462.

(28) (a) Parker, V. D.; Handoo, K. L.; Roness, F.; Tilset, MAm. Chem. Soc.
1991 113 7493-7498. (b) Parker, V. DJ. Am. Chem. S0d.992 114,
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2069-2078.
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It has been shown th&uO?2* does not exchange with,fO

in water over the time scale of these reactiBfi#nthraquinone
shows 2%'0 incorporation by GC/MS from the intensity of
the (M + 2)* vs MT ions in comparison to reactions in which
no labeled water was added. No incorporation into anthrone
was detected.

Q0D ==

O 0

I
0 002 o

O

Xanthene reacts witRuO2+ within seconds to give a mixture
of xanthone, the major product, and 'S@xanthene (eq 2, Table
2). Oxidation of fluorene proceeds similarly, about an order of
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Table 2. Yields of Products Formed from the Oxidations of observed yield accounts for 71% of tHRuO2t oxidative
2+ . . . .
Xanthene and Fluorene (YH,) by RuO®™ equivalents consumed. The ruthenium product of this reaction
[RUO*J[YH,] [Y=0] [(YH)] total (%) appears to be onlRUNCMe?*. No RUOH?" is observed by
xanthene:1:1 0.36 (72%) 0.013 (1.3%) 73 UV—vis, consistent with the time scale of the reaction being
iii ggi gngg 8-8;2 822;03 Zg longer than that for solvolysis.
. . 0 . . 0 . - .
110 0.38 (76%) 0.036 (3.6%) 80 In the IOX|dat|ons of DHA, xantheng and fluorene, the ratios
2:4 0.66 (66%) 0.045 (2.3%) 68 of organic products depend on the initRliO?" and substrate
4:4 1.31 (66%) 0.045 (1.1%) 67 concentrations, as shown in Tables 1 and 2. In each table, the
fluorene: 1:1 0.37/(74%) 0.011 (1.1%) s percentage yields are given in terms of oxidative equivalents.
1:2 0.33 (66%) 0.014 (1.4%) 67 _ . . . .
14 0.31 (62%) 0.017 (1.7%) 64 This value is the concentration of the organic product times
1:10 0.33 (66%) 0.023 (2.3%) 68 the number ofRuO?" equivalents required to produce it,
2:4 0.63 (66%) 0.027 (1.4%) 67 dividing by the initial concentration d&RuO?2*. In the oxidation
4:4 1.25 (63%) 0.027 (0.7%) 64

of DHA, for instance, 1 equiv oRuO?" is consumed for each
aReagent amounts and yields in mM-10%). Values in parentheses ~ anthracene, 2 for anthrone, and 4 for anthraquinone. The final
are the percentages of the toRUO?" oxidative equivalents consumed in  columns give the percentage BUIO?" oxidative equivalents
the formation of this product. %O is xanthone or fluorenone; (Ykly= accounted for by the products listed. Less than quantitative total
bixanthene or bifluorene. . .
yields here and elsewhere may be due in part to the slow

magnitude slower than xanthene. This reaction produces fluo-decomposition oRuO?" during storage and in solution, or to

renone, bifluorene and a very small amount of bifluorenylidene, the formation of products such as carboxylic acids which would
with fluorenone as the major product (eq 3, Table 2). Oxidations Not have been observed with the GC conditions used. In the
in the presence of 10 mM ££O give essentially unlabeled ~DHA oxidations, the percentage yield of anthraquinone de-

ketones: 2%20 in the xanthone and<1% €0 in the creases with increasing [DHA] at constaRuO?*] (the first
fluorenone. four entries in Table 1). Conversely, comparing the three entries
with 4 mM DHA, the yield of anthraquinone increases with
0 RU=02* increasing RuO?].
O O —— In the reactions oRuO?* with xanthene and fluorene, the

products account for 6480% of the ruthenium oxidative
O O equivalents consumed (Table 2). The remainigO2t may
O be consumed by further oxidation of bixanthene or bifluorene,
O O + 2 whose tertiary benzylic €H bonds should be quite reactive.
O O A trace of bifluorenylidene is observed in the fluorene oxida-
o 0 tions. The coupled products, bixanthene and bifluorene, are
formed in low yields of +3% (estimated errord&~30% of

or f these values). The yields of these products are larger with lower
.O Ru=0 O‘O + ruthenium and higher substrate concentrations, as will be
discussed below using a kinetic model.

Kinetics. The kinetics of the reactions &uO?" with DHA,

O'O 0.0 anthracene, xanthene, fluorene, indene, cyclohexene, and toluene
+ | 3) were measgred by UWvis spectroscopy r_;lt 2c ir_] acetonitrile

. under a nitrogen atmosphere. Reactions with cumene and
O O O‘O ethylbenzene will be described elsewh&&he organic sub-

strate was always in large excess (pseudo-first-order conditions).
The ruthenium products of these reactions appear to be gReactions with DHA, xanthene, fluorene, indene, and cyclo-

mixture of mostlyRUOH 2+ and the known acetonitrile complex hexene were_fast enough to require_me_asurements with a
[(bpy):(py)RU' (NCMe)]2+ (RUNCMe2").6 The mixture quan- stopped-flow instrument. Anthracene kinetics were measured

titatively converts over time tRUNCMe2* as the aquo complex O @ diode array UVvis spectrophotometer over 30 min;
undergoes solvolysisoy = 1.66 x 103 5% t;, = 7 min)8 reactions with toluene required several hours to reach comple-

After several hours, 100% conversionRiO?* to RUNCMe2+ tion, even with 2500-fold excess substrate (0.5 R)O2* is

is observed by UV-vis Spectroscopyiax 440 nm,e = 8160 known to decompose slqwly in agetonitrile (over' 24 h or mére),
M~1 cm1).6 but not appreciably during the time scale of kinetic measure-

Anthrone is oxidized byRuO2* within seconds to form  Ments.

anthraquinone (quantitatively by GC/FID) and a mixture of  Kinetics traces were fitted with SPECF7a global analysis
RUOH,2" and RUNCMe?" (by UV—vis). The analogous software package. The rapid reactions with DHA, xanthene and

oxidation of anthracene is much slower, requiring 30 min at indene could be fit with a biexponential model-A B — C.

) M, :
room temperature &5 s for DHA). At 2 mMMRuO2* and 4 The slower reaction ofRuO4" with fluorene requires a

mM anthracene, 0.47 mM anthraquinone is produced. Conver-tr'eXpon]ﬁentlal model, '3_’ B _h> (r:]_’ D'hSPiCFlT calculgtes.
sion of anthracene to anthraquinone is a six-electron oxidation, SPectra for A, B, C, and D, which can then be interpreted using

requiring 3 equiv ofRUO?" per quinone formed. Thus, the the knov_vn spectral prope_rties in this system (see Figures 1
Supporting Information Figure S1). The spectra calculated for

(31) In this case, BDE= 23.06E° — 1.37 Ky — C whereE® (vs NHE) and
pK, are measured in water ai@l= —57 + 22930 (32) Spectrum Software Associates, Marlborough, MA.

J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003 10353
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RuNCMe?/

Epsilon (fMfcm)
|

T T T T
350 400 450 500 550
Wavelength (nm)

Figure 1. Spectra oRuO?", RUOH?" (spectra obtained from a 1:1 mixture
of RuO?*, and RUOH2%", contains a slight amount oRUOHZ%"),

RUuOH?*, RUNCMe?*.

B, C, and D all appear to be due to mixtures of ruthenium
species, and some include absorbances due to organic product:
For the reactions that occur more slowly than the rate of
solvolysis of RUOH?*, the observed final product appears to
be predominantfRuNCMe?". When the kinetics are complete

in less than a few minutes, solvolysis is not a significant reaction
and the final product C (or D for fluorene) appears to be a
mixture of RU species, [(bpy(py)RU'(L)]2 where L= H,0,
MeCN, or an organic product such as xanthone!-Bpy
complexes have a characteristic MLCT absorbance with
8000 Mt cm™l, as in RUOH22" (Amax = 468 nm) and
440 nm)® The A— B — C — D model

is needed for the reaction of fluorene at least in part because
the C— D step includes the solvolysis of aRuOH?" that is
present in C. Thégyps for the C— D rate depends on reagent
concentrations, varying from 58 10°°s71t0 7.8 x 107 3s71,

and is similar in magnitude to the rate constant for solvolysis,

RUNCMe?" (Amax =

1.66x 103518

The calculated spectra for B are consistent with mixtures of
Ru" and Rl species. At the stage of the reaction when B is at
a maximum, the xanthene reaction mixture contains a substantial ~—
amount of Rt} (Figure 3). Rl species make a much smaller
contribution to B in the DHA reaction (Figure 2). The 'Ru
components of B likely include bofRuOH?2" and some [(bpy)
(py)RU"ORJ?* species, where R is derived from the substrate

T
600

(a)

Absorbance

T T T T
375 425 475 526 575

(b)

Absorbance
L]
=

125 175 ns s

Time (sec)

(e)

Epsilon (fcm)
1
/

T
375 425 475 525 575
Wavelength {nm)

(e.g., fluorenyl). Similar conclusions have been made by Meyer Figure 2. (a) Spectral changes observed for the reaction of 0.2Rukd?*

et al. in related systenig 192

The kinetic models vyield first-order rate constakgss for
each of the reaction phases. Plotkgf(A — B) vs [substrate]
are linear for DHA, xanthene, and fluorene (Figure 4), giving
second-order rate constanitss 1254+ 8 M1 s 1 (DHA), 577
+ 13 M1 s7! (xanthene) and 21.9 1.8 Mt s71 (fluorene).

In each casekyps for the second phase (B C) is not linearly
related to substrate concentration, with values varying from
0.027 to 0.79 st for DHA, 0.19-1.66 s for xanthene, and
0.014-0.065 s for fluorene. The linearity of the data in Figure
4 and the negligible intercepts indicate that the-AB phase
follows the simple bimolecular rate law in eq 4. Furthermore,

Rate= k,_z[RuO*"][substrate]

10354 J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003

with 6 mM DHA over 30 s. (b) Single wavelength trace of the absorbance
at 385.5 nm with SPECFIT fit (green) showing the initial rising-A B
phase followed by the decreasingB C phase. (c) Calculated spectra
returned by SPECFIT for A, B, and C.

for all three substrates, plots of kagsvs log[substrate] are linear
with slopes of 0.96-0.97 and intercepts equal to I&gFigure
S2). Thus, the rate-limiting step of the A B phase involves
the bimolecular reaction dRuO?* and substrate; subsequent
reactions that form the mixture of species that make up B are
fast on this time scale. Rates of oxidation of xanthenRbg2+
were investigated from 278 to 318 K, yielding the activation
parameters\H* = 4.9 4+ 1.0 kcal mot! andASF = =30+ 5

cal molt K1 (the Eyring plot is deposited as Figure S3). These
values are similar in magnitude to those reported for otheC



Oxidation of C—H Bonds ARTICLES

(@) 40

35 | 8/ xanthene
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B Figure 4. Plot of kops for A — B vs substrate concentration for reactions
4500 B of RuO?* with xanthene @), DHA (M), and fluorene ¢). Data are from
~ i three separate runs at each concentration.
E
§ 3500 Table 3. Properties of Organic Substrates and Their Rate
< 4 Constants for Oxidation by RuO2*+
& 2500 BDE(C-H)?
- A substrate k(Mts™) (kcal mol™%) IE (eV) pK,?
1500 xanthene 5.7% 107 75.5 7.65 41.0
] DHA 1.25x 1(? 78 n.a. 41.1
500 indene 1.08x 10t 78.9 8.14 20.1
“ fluorene 2.19x 10 80 7.91 33.6
‘ ‘ ' ' ' ‘ ‘ cyclohexene 9.% 101 81.6¢ 8.95
375 425 475 525 o7 cumené 33x 102 84.8 8.73
Wavelength (nm) ethylbenzerfe 2.2x 1072 87 8.77
Figure 3. (a) Spectral changes observed for the reaction of 0.2Roka2+ toluene 6.4x 1073 off 8.83
with 20 mM xanthene owe3 s (1000 scans/s). (b) Calculated spectra anthracene 2% 101 ~1119 7.44

returned by SPECFIT for A, B, and C.
aFrom refs 27; errors=~2 kcal mot™. b Reference 41° Reference 19b.

dVvalues measured in DMS® and extrapolated to GIEN using the

bond oxidations byRuO2*. For example, the oxidation of  eguation Kac-r (CHCN) = 11+ pKac-) (DMSO)* ©Reference 44.

I fReference 45¢ DFT calculatior®
cyclohexene to 2-cyclohexen-1-one has activation parameters

of A:ﬁ i 178-4 + 0.1 kcal mot* andAS" = —34 + 3.4 cal To check for the possible intermediacy of radicals in these
mol™* K™% reactions, the kinetics of xanthene oxidation RyO2" were
The kinetics of anthracene and anthrone oxidatioRbp* also examined in @sparged MeCN solutions. Measurements

were measured to determine their roles as possible intermediatesvere carried out in the stopped flow with 0.2 mRuO?+ and

in the oxidation of DHA. Spectral changes for the anthracene 20—60 mM xanthene. Data were analyzed as described above
reactions can be fit to a single exponential {A B model), and gave the first-order ratgan o{A — B) = 340+ 30 M1

with RUNCMe?* as the only product (Figure S4). Monitoring  s~L. This is a decrease in rate by almost half from the reaction
at 440 nm fmax for RUNCMe?") giveskann = 0.273+ 0.01 rate under N of kean = 577 + 13 M~1 s71. This is consistent
M~1s71 The oxidation of anthrone bRuO?* is quite rapid- with the involvement of carbon radicals that are trapped hy O
complete within the mixing delay of the stopped flow instru- The resulting peroxyl and perhaps oxyl radicals could then
ment. Assuming a first-order dependence on anthrone concen+eoxidizeRuOH2* or RuOH 2+, which would be observed as
tration and that three half-lives of the reaction are complete in a slower rate of decay of oxidized ruthenium complexes.

3 ms, KanthroneiS Calculated to be greater tharml®® M—1 s, The rates of oxidation of toluene, ethylbenzene, cyclohexene,
On the basis of these rate constants, the oxidation of DHA to and indene were similarly measured and analyzed with an A
anthrone and anthraquinone cannot proceed via oxidation of— B — C model. The values for the A B phase are given in
anthracene. A SPECFIT simulation of a DHA oxidation in which Table 3 (see below). The rate constant found for toluene
anthrone and anthraquinone are produced solely from anthracen@xidation, ko) = (6.4 4 0.6) x 1073 M~! s71, is more than 2
predicts<1 uM of oxygenated products. The simulations also orders of magnitude faster than the previously reported value
show that anthraquinone must be produced competitively with of 5 x 107> M~ s™1 (measured aerobicallyy.Potential origins
anthrone. The addition of the second oxygen to anthrone may of this discrepancy, and that some of the results reported in ref
occur when the anthrone is bound to Ru (during the-BC 10 have been difficult to reproduce in Meyer’s labs and in our
phase of the reaction), while there is sRUO?*" present. own, will be discussed elsewhefeThe oxidation of toluene
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Figure 5. (a) Calculated concentrations over time for an NMR tube self-
exchange reaction based on initial concentrations of 11.2Rui@2 and

5.8 mM RUOH2%*. (b) Stacked plot ofH NMR spectra from &RuO?*/
RuOH?2* self-exchange experiment showing the sharpening oRih@2*+
resonance ab53.5 fromt = 0 to 2.5 h.

gives benzaldehydeand possibly benzoic acid, though it was
not observed by GC/FID or GC/MS. Indene and cyclohexene
are oxidized on the stopped flow time scale (secondk)gat
108+ 1 Mt standkyn = 092+ 0.12 M ! s! to give

indenone and cyclohexenone as the sole product in each cas
(by GC/MS). The rate constants are the same, within the error

limits, as the values reported by Meyer and co-workérs.
Oxidation of ethylbenzene gives exclusively acetophenone, with
kehet= 2.2 x 1002 M~1s71,

Deuterium isotope effects for the oxidation of DHA versus
DHA-d, and toluene vs toluendswere measured over a range
of concentrations and analyzed as above. Reaction of DHA-
(98—99% deuterium enrichment as determinedby NMR)
gavekDHA,dA; =3.6+04M1 S_l, or kona/kona—d4 = 35+ 5.
Similarly, Keoluene-ds = (9.56 &= 0.18) x 10> M~ s1 which
gives kioluendKioluene-as = 67 & 4. Because these values are so
large, the residual H contributes to the reactivity of the
deuterated materiaf8.Taking this into account (but ignoring
secondary isotope effects), the actkgkp for DHA is between
50 (calculated for 1% residual H) and 100 (for 2% residual H),
and the 0.5% residual H in the methyl group of the toludge-
gives an actuaky/kp = 100. A large deuterium isotope effect
has been reported f&RuO?* oxidizing a CH vs CD bond in
cyclohexene vs cyclohexené,.1®
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Figure 6. Plot of 7AW vs [RUOH(D)] for the hydrogen-aton®(, —) and
deuterium-atom®, — —) self-exchange reactions (two runs each).

Self-Exchange RatesBecause the Marcus cross relation has
been reported to hold for H-atom transfer reactions of this type,
we have attempted to measure the rate of degenerate hydrogen-
atom self-exchange betwed&uO?" and RuOH?" (eq 5) by
dynamic NMR method&! This is a challenging measurement
becauseRUOH?" is not stable in acetonitrile, undergoing
disproportionation (eq 8° and the resulting aquo complex
solvolyzes toRUNCMe?" as noted above. We have used this
instability to prepare the solutions for the self-exchange study,
as follows.

*RUO2" + RUOHZ" = *RUOH 2" + RUO?*

n k=4.07x 103M-1s-1

®)

RuO®" + RUOH,? 2RUOH*" (6)

k =80.6 M1s1

In CD3CN solution, addition of 0.5 equiRuOH 2" to 1 equiv
of RuO?" forms a solution of roughly equimol&®uO?* and
RUOH?*, with a small amount oRUOH?" (Keq = 50 for eq

%). The presence dRUuOH?" results in the broadening of the

proton resonances for the pyridyl ligandsRiiO2" because of
the self-exchange reaction (eq 5). The small concentration of
RuOH,2" slowly undergoes solvolysis in GON, causing the
equilibrium to shift and the amount dRuOH?2* to decrease
(Figure 5a). As a result, a range of concentrationRe®OH?2"
occur over time in only one NMR tube. As the concentration
of RUOH?" decreases, the line widths &uO?" sharpen
because the rate of self-exchange decreases (Figure 5b).

A plot of the increase in line width@AW) for two different
resonances versusR{IOH?'] is roughly linear (Figure 6)
suggesting thaRuO?" and RuOH2" undergo chemical ex-
change on the NMR time-scale. This process is a net hydrogen-
atom self-exchange as these complexes differ by a proton and

(33) For a discussion of the effect of residual H on obsekygkb, see: Sorokin,
A.; Robert, A.; Meunier, BJ. Am. Chem. S0d.993 115 7293-7299.
(34) Sandstim, J.Dynamic NMR Spectroscopficademic Press: New York,
982

(35) For related studies of polypyridyl Re=0 + Ru'(H,0) reactions, see: (a)
lordanova, N.; Hammes-Schiffer, $.Am. Chem. SoQ002 124, 4848-
4856. (b) Farrer, B. T.; Thorp, H. Hnorg. Chem.1999 38, 2497.
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an electron. We have previously used this approach to measuraeaction solutions causes a change in the rate of the Arst>(
H-atom self-exchange rates for iron compleX&¥ The data B) phase of xanthene oxidatida g, indicating that organic
are consistent for two experiments with different batches of Ru radicals are involved in thA — B phase wheiRuO?" is being
starting materials, each measured at two different proton consumed. The large deuterium isotope effect for the oxidation
resonances. The slope of the line suggests an average selfef DHA-d,4 (ki/kp = 35+ 1) indicates that €H bond breaking
exchange rate constant kfse = (7.6 = 0.4) x 10* M1 s, is an important part of the rate-limiting step. Isotope effects of
The same procedure was carried out with the additidRwof this magnitude are often attributed to tunneling and have been
OD2?* to determine the deuterium-atom self-exchange rate. The observed in many other oxidations BuO?2+,912.13including
CDsCN used in the experiment was dried thoroughly over £€aH  ky/kp = 21 + 1 for the oxidation of cyclohexene vs cyclohex-

and ROs, and the NMR indicated only a small amountQ.5 enee,18
mM) of H,0O present in the solvent. As a check on the isotopic  The data indicate that at least a portion of the reactions of
purity of the reaction mixture, the integral for€ in the CQ- RuO?* proceed by initial H-atom abstraction. A mechanism

CN reaction solution does not grow in appreciably through the that involves solely oxygen atom insertion |RuO?*, and
experiment indicating nearly quantitative@incorporationinto  formation of radicals only bRUOH?2* is difficult to rationalize

the starting material [solvolysis dRUO(H/D),*" by CDsCN  wiith the effect of oxygen on the rate and the higher yield of
increases the amount of free (HAD)in the sample]. A plotof  radical coupling products at higher xanthene and fluorene
the increase in line widthiAW) for two different resonances  cgncentrations (see below). The high yield of the non-oxygen-
versus Ru—OD*] is linear and gives a self-exchange rate ated product anthracene would have to be explained by
constant okpse = (6.4 4+ 0.4) x 10'M 57 (Figure 6). This  gehydration of an intermediate 9,10-dihydroanthracenol complex
gives a self-exchange isotope effegtdkose = 1.2+ 0.1. This to anthracene anRUOH 2" 37 competitive with its oxidation
small isotope effect raises the question of whether the NMR {4 anthrone. The significant formation of Runtermediates in
line broadening really results from the self-exchange reaction e oxidation of DHA (observed in spectrum B) seems
or is due to some other process. Two different resonances ofinconsistent with a two-electron oxygen-insertion pathway, since
RuO?" broaden equally, consistent with an exchange Process. comproportionation oRuO?* with RUOH 2" is slower than

But it is difficult to obtain direct evidence for exchange, such «_H pond oxidation under our conditions. For example, at 40

as peak coalgscence, because of the instabilitRuwbH?*. mM DHA and 0.2 mMRuOZ2*, ty, for the A— B phase of the
Thus, the assignment dise as (7.6+ 0.4) x 10° M+ s oxidation is 0.13 s, whereag, = 0.85 s for reaction of
should be considered tentative (certainly an upper limit). RUOH,2* with 0.2 mM RuO2*. Xanthene is even faster.
Discussion It is possible that there is a mixed mechanism, VRinO2+

reacting both by direct oxygen atom insertion and by hydrogen
atom abstraction. However, there is no need to invoke direct
oxygen insertion, as all of the data can be rationalized by an
H-atom abstraction pathway as described in the following
sections. It should be noted that there are few documented cases
of direct O-atom insertion into €H bonds3® whereas experi-
ments have increasingly shown H-atom abstraction by metal-
oxo and other complexé8. RuO%™ andRUOH?2" are thermo-
dynamically good hydrogen atom abstractors, as they forkiO
bonds of 84 and 82 2 kcal mol* (Scheme 1). Direct oxygen
transfer likely does occur in the oxidation of anthracene by
RuO?*. Aromatic oxidations in general do not proceed by
hydrogen atom abstraction because the aromatiel ®ond is

too strong (see Table 3). Most likehNRuO?" acts as an
electrophile toward anthracene, analogous to the mechanism
proposed for phenol oxidation BRuO2*.14 RuO?* is known

Mechanistic Considerations [(bpy)z(py)RUYO]?" (RuO?*)
is an extensively studied material that is known to oxidize a
wide range of substratés?2 A variety of mechanisms have been
proposed for its oxidations of-€H and C-H bonds. Hydrogen-
atom abstraction and related proton-coupled electron transfer
(PCET) pathways have been proposed RurO?" oxidations
of O—H bonds é.g.,hydroquinoné, H,O,,° and the compro-
portionation/disproportionation of eq %) but these have not
been the suggested mechanisms ferHCbond oxidations. In
detailed studies of allylic oxidation of cyclohexene and indene
by RuO?*, Meyer and co-workers considered a mechanism of
H-atom abstraction followed by rapid radical trapping but
concluded in favor of direct oxygen insertion because reactions
of 3,3,6,6-tetradeuteriocyclohexertk-€yclohexene) gave very
little allylic rearrangement®8 Oxidation of cyclohexene by
Ru'" OH2*, however, was concluded to proceed by H-atom
abstractiort® Che and co-workers have suggested an H-atom @) (a) Rao, S. N.; More OFerrall, R. A: Kelly, S. C.. Boyd, D. R. Agarwallb,

abstraction mechanism for-@4 bond oxidations by ruthenium- R.J. Am. Chem. S0d.993 115, 5458-5465. (b) Dey, J.; O'Donoghue,
2b,d A. C.; More O'Ferrall, R. A.J. Am. Chem. SoQ002 124 8561-8574.
(Vl) dioxo complexe§ (38) See, for example: (a) Chen, K.; Que, L.,JrAm. Chem. So@001, 123
The oxidations of DHA, xanthene, and fluorene presented 6327-6337. (b) Shustov, G. V.; Rauk, A. Org. Chem1998 63, 5413~
5422 and Du, X.; Houk, K. NJ. Org. Chem1998 63, 6480-6483, and
here give both oxygenated (anthrone, anthraguinone, xanthone, & 00~ o
fluorenone) and non-oxygenated products (anthracené, 9,9 (39) See, for instance: (a) References 1¢;-28, 29, 38a. (b) Cook, G. K.;

; ; : Mayer, J. M.J. Am. Chem. S0d994 116, 1855-1868 (correctionibid.,
bixanthene, bifluorene). The oxygen in the products does not 8859). (c) Cook, G. K. Mayer, J. Mi. Am. Chem. S04995 117, 7139~

come from water (as shown by added"#D experiments), so Z%gg (2d7)7%ryantIl J.kR.; Tgv&s, Al.. E.I; ll\)/Iayer:, % Ilvarg. EhenRZ&O_ZLlo, i
under our anaerobic conditions, it must come from the ruthenium- 5 Pyiayer P e Sl r LBy he i St
oxo group. The formation of bixanthene and bifluorene by Mahapatra, S.; Halfen, J. A;; Tolman, W. B.Am. Chem. Sod996 118

. . . . . 11575-11 586. in, K.; Incarvito, C. D.; Rheingold, A. L.; Theopold,
RuO?2* indicates the intermediacy of radicals in these processes K H. J. Am. Ché%,QSOQOOZ 124, 14 008-14 oog,g(h) Auclair, K. ﬁu,

in sufficient concentrations to dimerize. Addition of @ the Z.; Little, D. M.; Ortiz de Montellano, P. R.; Groves, J. T.Am. Chem.
Soc.2002 124, 6020-6027 and references therein. (i) Reitz, J. B.; Solomon,

E. I. J. Am. Chem. Sod998 120 11 46711 478. (j) Fontecave, M;
(36) Yoder, J. C.; Roth, J. P.; Gussenhoven, E. M,; Larsen, A. S.; Mayer, J. M. Pierre, J. L.Comptes Rendus Acad. Sci. Ser. 112001, 4, 531-538
J. Am. Chem. So003 125 2629-2640. “Mechanisms of Formation of Free Radicals In Biological Catalysis.”
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Figure 8. Plot of the log of the rate constant for H-atom abstraction for
DHA (@, —) and toluene®, — —) vs the strength of the XH bond formed
by the oxidant. The straight lines are drawn through the two oxygen radical

. . points. MO, represents the value for oxidation by [(phgi'V (O),Mn'! -
to attack other electron-rich substrates such as phosphines pnenyj3+, Mny(0)(OH,) for [(phenyMn' (O)(OH)Mn (phen}]3+, and Fe-

sulfides, and alkenés:1” (Hbim) for [Fe!' (Hbim)(Hzbim),]2+.23.29
Reactivity vs Thermodynamic Driving Force. A hallmark
. . Scheme 2
of hydrogen atom abstraction processes is that the rate constants

BDE (kcal/mol)

Figure 7. Plot of log k' vs BDE for oxidation of various substrates by
RuOZ*,

correlate with G-H bond dissociation energies (BDES)A plot RuO?* + YH, K HY- + RuOH2*

of rate constant vs BDE for all of the substrates studied here

(except anthracene) is shown in Figure 7 (data in Table 3). The dimerization trapping by

rate constants in this plok';) areka—g values that have been 1o HY=-YH RuO?* or RUOH2*

statistically corrected for the number of reactive hydrogens (e.g.,
DHA, 4; xanthene, 2; toluene, 3). TH&, values have not,
however, been corrected the stoichiometries of the reaction, that
one H-atom transfer can lead to the reduction of more than one
molecule of RuQ?+293%.cThe A — B kinetic phase does
include multiple steps, as noted above, but the magnitude of
this correction is difficult to estimate. The close correlation of
k'y with BDE is quite good over a range of ca.®1id rate
constants. It encompasses both benzylic and allylic oxidations
and includes primary, secondary, and tertiaryHCbonds. This
correlation is strong evidence for a common hydrogen-atom
abstraction mechanism for all of the substrates. The rates of
oxidation, ka—g, do not correlate with other properties of the
substrates, such as ionization energy (IE) or aciditg,)(pas
shown in Table 3. For instance, cyclohexene has a lower IE
than toluene, but reacts more slowly. Similarly, indene and
fluorene are much more acidic than xanthene or DHA, but react
more slowly. The data indicate that the reactions do not occur
by rate-limiting initial electron or proton transfer. This is not
surprising, aRRuO?* is not basié®2and is a very poor electron-
transfer oxidant.

(anthracene) Y Y=0 (xanthonee)

fluorenon

reactions, we have found that rate constants for metal complexes
correlate well with the rate constants for the oxygen radicals
BuO and ROO (R = Bu, sBu).2% The oxidations of DHA and
toluene byRuO?* fit reasonably well on these correlation lines
(Figure 8). TheRuO—H?2" bond strength of 84 kcal mo} is
higher than the hydrogen-atom affinities of MuC¥

[FE" (Hbim)(Habim),]2t,23 and [(phemMn(u-O):Mn(phen)]3*

(80, 76, and 79 kcal mot, respectivelyf3 It should be noted
that Stack and co-workers have reported an exception to this
correlation?® The correlation is a special case of a more general
Marcus treatment (see below).

Product Formation. For xanthene and fluorene, the forma-
tion of both dimeric and oxygenated products indicates that
radical coupling competes with trapping of the radical by the
oxidant (Scheme 2). Oxidizing metal oxo compounds are known
to be good radical traps, forming oxygenated prodtici&his
trapping can compete with the almost diffusion controlled radical

The rapid rate of DHA oxidation bRuO?2" is consistent with

AH° = —6 + 3 kcal mol for the hydrogen-atom transfer step.

This value is based on the 78 kcal mbIC—H bond strength
in DHA and the 84 kcal mot! bond strength ilrRUOH?2" (Table

3, Scheme 1). In previous studies of H-atom abstraction

(40) (a)Free RadicalsKochi, J. K., Ed.; Wiley: New York, 1973, especially

Ingold, K. U. Chapter 2, Vol 1, pp 67ff and Russell, G. A. Chapter 7, Vol.

1, pp 275-331. (b) Tedder, J. MAngew. Chem., Int. Ed. Endl982 21,
401-410. (c) See also refs 23a and 25.
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dimerization or disproportionatiotk{~ 10° M~ s~1)*8 because

(41) http://webbook.nist.gov/chemistry: NIST Standard Reference Database
Number 69-July 2001 Release.

(42) (a) Reference 27a. (b) Bordwell, F. &cc. Chem. Red988 21, 456—
463 and references therein.

(43

(44

~

) Wayner, D. D. M.; Parker, V. DAcc. Chem. Red.993 26, 287—294.
) Denisov, E. T.; Denisova, T. Glandbook of Antioxidan{22nd ed.; CRC
Press: Boca Raton, 2000; p-236.
(45) Bierbaum, V.; DePuy, C.; Davico, G.; Ellison, Bit. J. Mass Spectrom.
lon Phys.1996 156, 109-131.
(46) Barckholtz, C.; Barckholtz, T. A.; Hadad, C. Nl. Am. Chem. S0d.999
121, 491-500.
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Scheme 3. Kinetic Models for Oxidations of Xanthene (XHz) and
Fluorene (FIH,) by RuO2*+

Ru=0?*+ XH, Ru-OHZ* + HX:

ko - -1 o1
RUZO? + HXe X=0 kq 577Mes1 1

ks ky=5x10°M" s
Ru-OHZ* + HXe X=0 ks=5x10° M7 s

Ka =109 M1 o1
2HX> — = (HX)2 ks=10"M"'s
Ru=0%*+ FIH, Ru-OH?* + HFI*

k2 - 1 g1
Ru=02*+ HFk FI=0 ki 21'9'\’; S

ks ko=1x108M"s
Ru-OHZ* + HFI FI=0 ks=1x108 M s

Ky =109 M1 o1
SHEI _ R A, ky=109M"s

Table 4. Experimental and Calculated Product Concentrations
Using the Model in Scheme 32

[(HY)2] (mM)* [Y=0] (mM)*
[RUOH][YH,])(mM) observed® calculated observed® calculated
Xanthene 1:1 0.013 0.010 0.36 0.38
1:2 0.019 0.010 0.35 0.38
1:4 0.025 0.021 0.31 0.38
1:10 0.036 0.043 0.38 0.36
2:4 0.045 0.017 0.66 0.76
4:4 0.045 0.020 1.31 1.55
Fluorene: 1:1 0.011 0.006 0.37 0.49
1:2 0.014 0.014 0.33 0.49
1:4 0.017 0.026 0.31 0.47
1:10 0.023 0.053 0.33 0.45
2:4 0.027 0.027 0.63 0.97
4:4 0.027 0.025 1.25 1.97

a(HY)is 9,9-bixanthene or bifluorene; =0 is xanthone or fluorenone.
b From Table 2.

the oxidant is present in much higher concentration than the
radical. This model explains why the yield of dimerization
products decreases with increasing concentrationRugd?*
(Table 2). Addition of Rto the oxo group irRuO?" or to the
hydroxo group irRUOH?2™ would form [(bpy}(py)RU" ORJ?*

or [(bpyk(py)RU'(HOR)?*, consistent with the observed

spectra. Further oxidation of these species and solvolyses,

occurring typically in the slower kinetic phases such as*B

In the oxidation of DHA, trapping of the hydroanthracenyl
radical (HA) can occur by either €0 bond formation or by
transfer of a second hydrogen atom. The former path leads to
anthrone and anthraquinone, and the latter gives anthracene.
Anthracene can also be formed by disproportionation of two
hydroanthracenyl radicals (2HA> A + DHA, Kgisp ~ 10°M1
s71).#8 Hydrogen transfer from HAis facile because of the very
weak C-H bond strength in this radical, 43 kcal mér®

Meyer and co-workers ruled out a hydrogen atom transfer
mechanism for the allylic oxidation of cyclohexene because
reactions of 3,3,6,6-tetradeuteriocyclohexemgecfyclohexene)
gave very little allylic rearrangemett.For this result to be
consistent with Scheme 2, tlig-cyclohexenyl radical would
have to be trapped rapidly BBuOH?2*, within the solvent cage.
Groves and co-workers had previously found 30% allylic
rearrangement in the oxidation of thg-cyclohexene with
cytochrome P450 enzymes and with an iron-porphytin
iodosylbenzene catalytic systéthThey argued on this basis
for a rebound mechanishanalogous to Scheme®>2.The
Groves result suggests that 60% of the cyclohexyl radicals have
enough lifetime to be trapped randomly at either allylic position,
but also that 40% of the oxidized products are formed regio-
specifically, presumably by very rapid trapping. Similar expla-
nations have been given for a number of i@ bond oxidations
by CM and M¥!" reagents that occur with partial retention of
configuration, starting with a report by Wiberg in 1981 hese
studies thus provide precedent for trapping that is sufficiently
rapid that rearrangement is not observed. However, it is not
clear why trapping of cyclohexenyl radicals ByOH2" would
so efficient. With other hydrocarbon substrates, cage escape
competes with trapping within the solvent cage, as indicated
by the formation of dimeric products and the effect of O

It should be noted that hydrogen atom abstraction and direct
insertion are extremes of a mechanistic continuum. Many current
theoretical treatments of-€H bond hydroxylation by metal-
oxo species show that-€H bond formation and €H bond
cleavage occur prior to significant€D bond formation, in part
because the light hydrogen atom moves more quigky—O
bond formation often has a very small or essentially zero

C, generate the ketone and ruthenium products observed. Théeaction barrier. ThUS, it seems pOSSibIe that rate constants for

sensitivity ofks ¢ to reaction conditions reflects the changing
mixture of the processes occurring in this step.

The mechanism in Scheme 2 has been modeled for the
xanthene and fluorene reactions using SPECFIT simulations
(Scheme 3). In both cases, thiesteps are taken as the measured
ka—g. The trapping rates, assumed for simplicity to be the same
for RuO?* and RuOH?2*, need to be 5x 10°f M1 s71 for
xanthenyl radicals and ¥ 10° M1 s71 for fluorenyl radicals
to account for observed product ratios. A test of the model is
that it reproduces the trends in ketone vs dimer yields on varying
the initial concentrations (Table 4). A similar model was used
in our study of oxidations by manganesexo dimers, which
found trapping rates of £6-10* M~1 s71.23¢|n both that study
and this work, trapping of xanthenyl radicals is faster than that
of fluorenyl radicals, although the reason for this is not known.

(47) (a) Steenken, S.; Neta, P.Am. Chem. S0d.982 104, 1244-1248. (b)
Al-Sheikhly, M.; McLaughlin, W. L.Radiat. Phys. Chen1991, 38, 203—
211. (c) Libson, K.; Sullivan, J. C.; Mulac, W. A.; Gordon, S.; Deutsch, E.
Inorg. Chem1989 28, 375-377. (d) Elliot, A. J.; Padamshi, S.; Pika, J.
Can. J. Chem1986 64, 314-320. (e) References 23c, 29, 39b,c.

(48) Arends, |I. W. C. E.; Mulder, P.; Clark, K. B.; Wayner, D. D. M.Phys.
Chem 1995 99, 8182-8189.

a set of processes could reflect an H-atom transfer rate-limiting
step, whereas selectivities could suggest direct insettion.

(49) The sum of the HAH bond strength (78 kcal mot) and the H-A bond
strength equaldH° for H,A — A + 2 H (A = anthracene). ThAH® can
be determined fron\H®% (H) = 52.1 kcal mot! and AH® for DHA —
anthracene- H, = 17 kcal mof? (Cox, J. D.; Pilcher, GThermochemistry
of Organic and Organometallic Compoundscademic Press: New York,
1970).

(50) Groves, J. T.; Adhyam, D. \d. Am. Chem. S0d.984 106, 2177-2181.

(51) (a) Reference 39h and references therein. (b) Schoneboom, J. C.; Lin, H,;
Reuter, N.; Thiel, W.; Cohen, S.; Ogliaro, F.; Shaik,J5.Am. Chem.
So0c2002 124, 8142-8151.

(52) Oxidation of (-)-3-methylheptane by chromic acid in 91% acetic acid gave

the corresponding tertiary alcohol with #85% retention of configura-

tion: Wiberg, K. B.; Foster, GJ. Am. Chem. Socl961 83, 424. (b)

Oxidation of optically active PhCHDEt by CkQl, gives optically active

1-chloro-1-phenylpropane in 330% chemical yield and with about 35%

retention of configuration: Stephenson, L. M.; Egnatchik, J.; Speth, D. R.

J. Org. Chem.1979 44, 346-349. (c) Permanganate oxidations of

arylvaleric acids gave 3840% retention: Brauman, J. |.; Pandell, AJJ.

Am. Chem. Sod.97Q 92, 329-335. See also: (d) Wiberg, K. B.; Fox, A.

S.J. Am. Chem. Sod963 85, 3487. (e) Eastman, R. H.; Quinn, R. A.

Am. Chem. Sod96Q 82, 4249.

See, for instance: (a) Ogliaro, F.; Harris, N.; Cohen, S.; Filatov, M.; de

Visser, S. P.; Shaik, 9. Am. Chem. So200Q 122, 8977-8989. (b) Hata,

M.; Hirano, Y.; Hoshino, T.; Tsuda, MJ. Am. Chem. SoQ001, 123

6410-6416. (c) Baik, M.-H.; Gherman, B. F.; Friesner, R. A,; Lippard, S.

J.J. Am. Chem. So@002 124, 14 608-14 615. (d) Strassner, T.; Houk,

K. N. J. Am. Chem. SoQ00Q 122 7821-7822.

(53)
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Bryant and Mayer

Self-Exchange Rates and Application of the Marcus Cross
Relation. We have recently shown that rate constants for a broad
set of hydrogen atom transfer reactions XHY follow the
Marcus cross relation (eq 7) fairly wef255The correlations
of rate constants with bond strengths in Figures 7 and 8 are

0XO0 group, to giveRUOH?2" and the organic radical. This radical
can be trapped by the oxidant or can encounter another radical
to form dimerization products (Scheme 2). Rate constants for
the initial hydrogen-atom transfer step correlate well with the
strength of the &H bond being cleaved, over a range of10

special cases of the Marcus equation and cross relation, thatin k. RuO?* reacts slightly more slowly than ROQonsistent

hold

Ky = /Ko Kyy Ky iy (7)

with its 84 kcal mot? affinity for a hydrogen atom being smaller
than that of the oxygen radical (90 kcal m§lsee Figure 8).
IH NMR line-broadening experiments have given a tentative
value of theRuO?"/RuOH?* hydrogen-atom self-exchange rate

when the intrinsic barriers are roughly constant across the seriefonstantkuse. Using this value, or an alternative estimate of

(or vary linearly withAG). The intrinsic barriers appear in eq
7 primarily through the rate constants for degenerate self-
exchange XHt+ X (kxx). The factorfxy is close to unity for
reactions of moderate driving-forée.

The applicability of the Marcus cross relation to the oxidation

knsg, the rate constant for H-atom transfer from toluene to
[(bpy)2(py)RUVO]2" is well predicted by the Marcus cross
relation.

Experimental Section

reactions described here can be tested using the rate of toluene General Considerations.All experiments were performed under

oxidation byRuO?*. Benzyl radical+ toluene self-exchange
(kyy) occurs with a rate constant efl x 107> M~1 s per
hydroger® H-transfer from PhCgito RuO?" is 6 4+ 3 kcall
mol~1 uphill, based on D(PhCH) = 90 kcal mot! and
D(RuO—H) = 84 kcal mot . AssumingAS= 0 for the H-atom
transfer, theAH® corresponds to an equilibrium constant of 4
x 1075, with an uncertainty of about 2 orders of magnitude.
Using the tentativlRuO?"/RuOH?" self-exchange rate constant
kise = 7.6 x 10* M~1 s71 discussed above, arfdy = 1,57
gives keadRUO?t + PhCH) = 5.6 x 103 ML s This is
remarkably close to the experimental rate constant (per hydro-
gen) of 2.1x 103 M1 s1, a factor of 3 larger. As an
alternative estimate of tfeRuO?"/RuOH2" self-exchange rate,

one could use the geometric mean of the comproportionation/

disproportionation rate constants in eq 6, because these are clos

to self-exchange reactiondG°® = +2.3 kcal mot?1).6 Using
this mean valuek(ysg = 5.7 x 1 M1 s71), kead RUOZ™ +
PhCH;) = 4.9 x 104 M1 s71, a factor of 4 smaller than the

an N, atmosphere using standard techniques unless otherwise noted.
Solvents (including deuterated solvents from Cambridge Isotope) were
degassed and dried according to standard proceé&furesetonitrile
(low-water brand) was purchased from Burdick and Jackson and
dispensed from a stainless steel keg plumbed directly into the drybox.
CDsCN was stirred over Catfor 2 days, vacuum transferred te@2

and stirred for 4 h. It was then transferred back to gaitirred for 30

min, and transferred to a sealable flask prior to use. Dihydroanthracene
(DHA) was recrystallized twice from absolute ethanol. Other reagents
were purchased from Aldrich and used as received unless otherwise
noted. Ru(bpy)Cl, and [Ru(bpy)(py)Cl](PF) were synthesized ac-
cording to literature method&>°[Ru(bpyk(py)(OH)](PFs)2 (RUOH2)

and [Ru(bpy)(py)O](PFR). (RuO?") were synthesized by modified
literature procedures. The same procedure for the synthesis of the
perchlorate salt [Ru(bpy(py)(OH)](CIO,), was followed?® except

that a saturated solution of KRk water was used to precipitate the
Sroduct. A procedure similar to the one used to synthesize [Rufbpy)
(py)*80](ClO,), was usetf2to produce [Ru(bpylpy)O](PFs)2. Liquid

Br, was added in a very small amount to the dissolRetDH2** and

the resulting solution was purged with, Nor several minutes. The

experimental value. Thus, both estimates based on the crossolution was cooled and-12 mL of saturated KPFin water was added

relation are within the uncertainty of this calculation of a little
more than an order of magnitude (primarily from uncertainties
in the bond strengths used to estimktg). It should be noted
that while the Marcus cross relation is valuable for hydrogen
atom transfer reactions in some ways, it does not provide an
explanation of the large isotope effects. For instance, the
k(toluene)k(tolueneds) of ~10? would require that the isotope
effect on toluene/benzyl radical self-exchange be an unrealistic
10%

Conclusions

[(bpy)2(py)RUYO]2+ (RUO?™) oxidizes C-H bonds of alkyl-
aromatic and allylic substrates, forming oxygenated products

to precipitate the producRu—ODy?" was synthesized in a manner
identical to that used for the synthesisREOH 2" except that RO
replaced HO at all points in the synthesis from [Ru(bpfpy)Cl]-
(PR).2% Only one batch oRu—0OD2?*" was synthesized and it was
stored in a vial in the drybox between experimeRa0?%", RUOH?2",
RUOH2*", Ru—0OD2?**, andRUNCMe?" were characterized by NMR
and UV-vis spectroscopie¥.DHA-d, was synthesized by a previous
member of the lab by exchange of protons with sodium dimsyate-
in DMSO-0s.°

H NMR spectra were recorded on Bruker AC-200, AF-300, and
DRX-500 spectrometers at ambient temperatures and are reported in
ppm relative to SiMg UV —vis spectra were recorded on a Hewlett-
Packard 8453 diode array spectrophotometer and are reporfed.as
(nm), (€, M~ cm™). GC/MS data were obtained on a Hewlett-Packard

(such as xanthone), a dehydrogenated product (anthracene), and971 instrument equipped with a nonpolar capillary column and a mass

or products from radical coupling (9;Bixanthenyl). The kinetic
and mechanistic data are consistent with a mechanism of initial
hydrogen-atom abstraction from the substrate to the ruthenium

(54) (a) This argument is related to one made by Groves, personal communica-
tion, ref 39h, and Brazeau, B. J.; Austin, R. N.; Tarr, C.; Groves, J. T.;
Lipscomb, J. DJ. Am. Chem. So@001, 123 11 83111 837. (b) Related
arguments have been in the context of dioxirane oxidations, cf., Curci, R.;
Dinoi, A.; Fusco, C.; Lillo, M. A.Tetr. Lett.1996 37, 249-252.

(55) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265-322.

(56) Jackson, R. A.; O'Neill, D. WJ. Chem. Soc., Chem. Comm@69 1210~
1211.

(57) Infyy = [1/4(InKyy)A/[IN(kexkyy/Z?)].5° Using the values given above, with
Z = 10" (ref 55),f,, = 0.98.
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spectral analyzer. GC/FID spectra were obtained on a Hewlett-Packard
5890 instrument equipped with a similar column. Yields of organic
products were quantified using response factors and confirmed by the
addition of authentic samples.

Typical Procedure for Organic Oxidations. A solution ofxanthene
(4 mg, 20umol) andRuO?" (5 umol) in 5 mL MeCN turned orange

(58) Perrin, D. D.; Armarego, W. L. FRurification of Laboratory Chemicals
3rd ed; Pergamon Press: New York, 1988.

(59) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem1978 17, 3334~
3341

(60) Bailey, R.J.; Card, P. J.; Schechter JHAmM. Chem. So&983 105 6096~
6103.
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within 5 min. 9,9-Bixanthene was observed by GC/M$z 181, M" Self-Exchange MeasurementsThe self-exchange rates fRuO?*/
(at twice the retention time of xanthene), 152, 693%%anthone was RuOH?" andRuO?"/Ru—0OD?" were measured by dynamiiel NMR
observed atvz 196, 168, 139. Oxidation dfuorene showed bifluorene line broadening. A solution of 4.5 mRuO?" (5.6 umol), 2.3 mg
(m/z 330, 165), bifluorenylidenenf/z 328), and fluorenonenf’z 180, RUOH2?* (2.9 umol) and 1uL (MesSi),0 (as an internal standard) in
152). Oxidations oDHA were monitored by GC/MS and by UWis 0.5 mL CD;CN was prepared in a sealable NMR tub¢ NMR spectra
spectroscopy, where anthracene production was evident from its were acquired every 10 min for-3} h. Line widths forRuO?" were
characteristic spectrum in GEN: 359 (8800), 378 (8200) after  measured ab 53.1 and—31.0 ppm by fitting to Lorentzian functions
removal of the RU product by passing the solution through a silica using the commercially available NUTS software (Acorn NMR). Values
pipet column. Anthracene was quantitated by-tis and by GC/FID for AW were obtained by subtracting the natural line widthsRaO?*
response factors. Anthragquinone production was also observed by GClin the absence oRuOH?* from the values obtained by Lorentzian
MS (m/z 208, 180, 152)10-labeling studies were conducted under fitting.
the same conditions as above, but with 10mM addg€@H The amount
of 0 incorporation was measured by comparing thiell+ 2* peak Acknowledgment. We are grateful to Dr. Martin Sadilek and
intensity ratios for products formed in the presence gf@lto those b pgrian Bales for assistance with mass spectra and chroma-
formed in the absence of HO.

o . - . . tography and to Dr. T. J. Meyer and Dr. M. H. V. Huynh for

Kinetics Studies. Stopped-flow kinetic data were obtained using . . S
sharing results prior to publication. We acknowledge the

an OLIS stopped flow apparatus with a rapid scanning monochromator, ) . X
typically obtaining spectra from 350 to 650 nm every 0.001 to 0.5 s National Institutes of Health and the UW PRIME Fellowship

over 1-1000 s. Kinetic data were analyzed using the global analysis for financial support.

software package SPECF.Reactions ofRuO?" with xanthene, o

fluorene and DHA were carried out with 0.2 mRUO?* and 2-80 Supporting Information Available:  Kinetics traces and
mM substrate in MeCN. Solutions were made up in asfilked drybox SPECFIT calculated spectra for the oxidation of fluorene, plots
immediately prior to use. Oxidations of xanthene in-€turated of log k vs log[x] for xanthene, DHA, and fluorene, Eyring plot
solution were carried out in the stopped flow instrument using for the oxidation of xanthene, and an overlay plot and kinetic
acetonitrile sparged with Oprior to mixing with the reagents. The  trace for the oxidation of anthracene are included in the

kinetics of anthracene oxidation ByuO*" were slow enough to be  gypporting Information. This material is available free of charge
carried out with the HP 8453 diode array spectrophotometer, monitoring via the Internet at http://pubs.acs.org

ever 2 s for 600 s. Solutions were made up and transferred to a cuvette
with a Teflon Kontes valve in a nitrogen-filled glovebox. JA035276W
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