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New methods for the catalytic oxygenation of hydrocarbons
continue to be of fundamental intereand potential economic
valueZz Among the metalloporphyrin-mediated oxidatidrs,
ruthenium catalysts display remarkable activity for aerobic
oxidationg"#4 and promising reactivity with BD.> Recently,
Hirobe et af have reported efficient oxygenation reactions with
ruthenium porphyrin complexes and aromatioxides in the
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Table 1. Hydrocarbon OxidatiohCatalyzed by [RUTPFPP)(CO)]

time product yield®  max raté
No. substrate (min) (% conv.p (%) (turnovers/min)
1¢ adamantane 20 1-adamantanol (76.2) 91 72
adamantane-1,3-diol (7.3)
2' adamantane 120 1-adamantanol (61.0) 97 800
adamantane-1,3-diol (6.0)
3 cis-decalin 25 P)-9-decalol (79.6) 90 64
(2)-decal-9,10-diol (4.2)
4 trans-decalin 60 E-9-decalol (25.8) 70 4.4
secondary alcohols (4.3)
ketones (13.9)
5' cyclohexane 180 cyclohexanol (1.6) 95 22
cyclohexanone (6.7)
6 1-octene 60 1,2-epoxyoctane (96) 96 11 936)
7 1-octene/ 1,2-epoxyoctane (54) 90 9.5
adamantane 60 l-adamantanol (28) 4.8
8" benzene 12h 1,4-benzoquinone (13.3) 40

a[substrate}= [pyCl,NO] = 0.02 M, [1] = 50 uM. All reactions in
CHCl, at 65°C in sealed containers. No difference was registered in
reactions performed under aerobic or anaerobic conditfoRercent

presence of strong mineral acids. Here we describe the veryconversion based on substrate consumed. Products were identified by

rapid oxygenation of a variety of substrates including alkanes,
terminal olefins, and benzene, catalyzed by perfluorinated
ruthenium porphyrin complexésn aprotic media and a dis-
section of the mechanism of this process.

Carbonyl (5,10,15,20-tetrapentafluorophenylporphyrinato)-
ruthenium(ll) [RU(TPFPP)(CO)],1,2 has shown remarkable
activity® with 2,6-dichloropyridineN-oxide [pyCbNO] as the
oxygen donor. Hydroxylations of adamantane aisdecalin
were achieved with high selectivity, complete stereoretention,
high rates (up to 800 turnovers/min), and high efficiency (400
14600 turnovers, Table 1, entries-3). Oxygenation of less
reactive substrates proceeded with lower but still significant
turnover numbers (1663000, Table 1, entries 4, 5, and 7).

Analysis of the adamantane hydroxylation catalyzedlby
provided revealing information with respect to the mechanism.
The evolution of products over time (curve A, Figure 1) showed
an initial induction period followed by a fast, zero-order phase
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Figure 1. Time course for adamantane hydroxylation bin CH,Cl, at
65 °C; adamantane (0.02 M), pyflO (0.02 M), 1 (50 uM); 1-
adamantanol determined by GE1%). Curve A: typical kinetic trace with
1 as catalysty = 0.999 for the linear section, 6& 4 turnovers/min for
triplicate runs. Curve B: reaction A recharged with pd@D and adamantane
to 0.02 M att = 20 min. Curve C4a used as the catalyst (see text).

with maximum rate and the highest efficiencies (column 6, Table
1). Deviation from linear behavior was observed only after 90%
of the oxygen donor and 80% of the substrate had been
consumed. Recharge of the reaction mixture with pMCl and
adamantane afforded another catalytic burst with a similar rate
but with no induction period (curve B, Figure 1). Thus, the
active form of the catalyst was still fully efficient.

The transformation of to the active catalyst proceedeid
an adduc? [K = 350 M1, at 25°C], as detected by changes
in the IR (1959-1950 cnTl) and UV-vis (404-406 nm)
spectra. Photostimulation with red-orange lighb60 nm) was
observed; consistent with photoejection of the carbonyl ligand.

Ruthenium porphyrin radical cations are known to be formed
from the corresponding carbonyl compounds by chemical or
electrochemical oxidatiof?2 Further, these species show a
characteristic absorption band in the 60®0 nm regio#2¢ The
radical cation3 was quantitatively generated by reactionlof
with ferric perchloraté? The shift ofv CO (from 1950 to 1979

which is more pronounced with the less reactive substrates, would accountcm™1), the broadening of the Soret band, the appearance of a

for the high activity at lower catalyst concentration (Table 1, entry 2). Also
the identity of the axial ligand X, in Scheme 1, is probably concentration
dependent, thus further affecting the reaction rates.

(11) Unfiltered irradiation (tungsten lamp, 300 W) caused the rapid
degradation of the porphyrin ligand.
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Figure 2. Superimposed UV spectra (GEl, 25 °C) of 2 (—) (1 = [50

uM] + pyCELNO = [0.02 M]), 3 (—+—), and 4a (- - ). Inset: X-

band EPR of3 (inset a) andtb (inset b) recorded in C¥Cl, at 135 K.
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635 nm absorption (Figure 2, dotted curve), and the EPR signal
(g = 2.00) (Figure 2, inset a) agree with the proposed structure
for 3.12¢ Dichloromethane solutions of compouBavere stable

at low temperature, busd converted slowly tol with clean
isosbestic behavior (IR and UWis) upon standing at 25C.

Reaction of3 with an excess of thé\-oxide at—50 °C
induced a color change from green to orange. Evolution of
CO was observed as the solution reached°@5 leading to
speciesta (Figure 2, line-dotted curve). The occurrence of an
internal electron transfer process from ruthenium(ll) to the
porphyrin radical cation upon ligation has been repottéd.
Indeed, compoundb (OD = 2,6-lutidineN-oxide) showed an
EPR signal typical of a ruthenium(lll) speciése (Figure 2,
inset b, ¢ = 2.55, g = 2.05). Significantly, compounda
(OD = pyCLNO) catalyzed adamantane hydroxylation with no
induction period* However, the zero-order regime occurred
with a similar rate (Figure 1, curve C). Moreovdg was the
species observed by UWis spectroscopy during the rapid
phase of catalysis.

On the basis of the above observations, we propose the
catalytic cycle in Scheme 1 for this reaction. Such a mechanism
accounts both for the slow initiation leading to the formation
of 4aand for the zero-order phase of the oxygenation process.
Significantly, the hydroxylation of adamantane showed a kinetic
deuterium isotopic effectkf/kp = 3.05 at 65°C) in a
competitive experiment, while deuterated and undeuterated
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at 65°C.
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substrates displayed ttlsame raten the fast kinetic phase in
separate reactions. Similar results were obtained for decalin
(ku/kp = 5.4 at 40°C). These observations can be explained if
a reactive intermediate, such &s is formedin the rate-
determining step The temperature dependence of adamantane
hydroxylation suggested a significant barrier for the @ bond
cleavage stef?

The unusually low reactivity of 1-octene with respect to
adamantane andis-decalin appeared to result from catalyst
inhibition by this substrate. Thus, 1-octene was twice as reactive
as adamantane in competitive oxidation, and the efficiency of
the 1l-octene epoxidation was improved 3-fold when excess
pyCLNO was employed® Coordination of 1-octene to the Ru
center would explain this observation, but no such adduct was
observed’

The results are consistent with the rate-determining formation
of a RW-oxo species or a R(+oxo porphyrin radical catidhab
(5) as the reactive species in these reactions. A similar
transformation of a Rl octaethyl porphyrin (OEP) complex
to a reactive oxo-RY (OEP) cation radical has been proposed
by Dolphin and Jame®¥;12abhowever, the stability reported for
that species at 252 stands in contrast to the reactivity 6f
Significantly, pyChNO was not able to oxidize [RUTPFPP)-

(0)] to [RUW!(TPFPP)(O)]8 rapidly, and this oxidant is an
unlikely intermediaté® Oxygen donors such as iodosylbenzene,
magnesium monoperoxyphthalate, oxone, and tetrabutylammo-
nium periodate were able to produce thans-dioxo species

but were ineffective for rapid catalysis under the conditions
described her&?

Rapid, efficient hydrocarbon oxygenation can be achieved
with a perfluorophenyl Rt porphyrin catalystia the stepwise
oxidation of the ruthenium(ll) carbonyl complex. A search for
accesses to the key Ru-RW cycle from Q, N,O, and BO,
is underway.

OD=oxygen donor X = OD or other ligands
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