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Abstract: The combination of catalytic RuCl3 and pyridine with KBrO3 as the stoichiometric oxidant is shown
to efficiently promote the hydroxylation of unactivated tertiary C-H bonds. Substrates possessing different polar
functional groupss ester, epoxide, sulfone, oxazolidinone, carbamate, and sulfamates are found to engage
in this reaction to give alcohol products in yields generally exceeding 50%. As judged based on efficiency, ease
of operation, substrate scope, and selectivity toward tertiary C-H centers, the method appears competitive
with other C-H hydroxylation processes.

Methods for catalytic C-H bond functionalization have
appeared as transformative tools for fine chemicals synthesis.1

Reactions that enable the selective hydroxylation of sp3 C-H
centers are of particular interest, given the myriad natural
products and designed molecules that possess alcohol or alcohol-
derived groups.2-4 The effectiveness of most processes that rely
on transition metal complexes to mediate C-H oxidation,
however, is often limited by unwanted pathways such as
oxidative ligand degradation and/or catalyst multimerization.
Ruthenium tetraoxide, RuO4, is an intriguing species in this
regard — a potent oxidant that can be generated under catalytic
conditions and that does not require support of an ancillary
ligand set. As a stoichiometric oxidant, RuO4 is generally
regarded as indiscriminate, reacting with π-systems, saturated
C-H bonds, aromatic rings, etc.5 We have devised, however,

a protocol for selective tertiary (3°) C-H hydroxylation using
conditions in which RuO4 is generated catalytically (Figure 1).
The operational simplicity of this method and its compatibility
with a range of substituted materials hallmark this process.

First described by Djerassi, RuO4 can be obtained as a
solution in CCl4 but is more typically generated in catalytic
quantities from a lower-valent ruthenium precursor and a
stoichiometric oxidant.6,7 Seminal investigations by Bakke and
Waegell have shown that the combination of RuCl3 (2-4 mol
%) and NaIO4 in a ternary solvent mixture (CCl4/MeCN/H2O)
is capable of hydroxylating 3° C-H bonds in the natural product
cedrane and a small number of related compounds.8,9 Detailed
kinetic and computational studies give weight to a mechanism
involving concerted asynchronous [3 + 2] cycloaddition be-
tween RuO4 and the substrate C-H bond.10,11 Accordingly, such
a process makes possible the stereospecific hydroxylation of
optically active 3° C-H centers, a particularly desirable feature
of this hydroxylation method. Questions surrounding the reaction
scope, however, are a primary concern given the perception of
RuO4 as a powerful, nonselective oxidant.
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Figure 1. Ruthenium-catalyzed hydroxylation of 3° C-H bonds.
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To examine the capacity of RuO4 to selectively oxidize
starting materials having some degree of polar group substitu-
tion, trifluoroacetamide 1 was chosen as an initial test substrate.
Reaction of 1 with 5 mol % RuCl3 · xH2O and 3 equiv of NaIO4

for 24 h at 60 °C in a mixture of CCl4, MeCN, and H2O,
conditions employed for cedrane oxidation, afforded low
conversion (25%) to the desired alcohol 2 (Table 1, entry 1).8,9

On a positive note, more than 90% of the mass balance could
be accounted for as unreacted starting material and product.
Wanting to avoid the use of CCl4, a protocol described by Fuchs
for oxidation of steroidal ethers was also tried (entry 2).12

Neither the solvent change nor a switch to KBrO3 as the terminal
oxidant (entry 3) greatly affected the reaction outcome.

As the addition of a nitrogen base can often benefit oxidation
reactions with OsO4, we chose to explore the influence of such
a reagent on the hydroxylation event.13,14 Rather strikingly, the
inclusion of 10 mol % pyridine to a reaction containing NaIO4

and 1 resulted in 50% conversion to product (entry 4, Table 1).
Further improvement in performance was noted with the use
of KBrO3 (entry 5). In both cases, analysis of the unpurified 1H
NMR shows alcohol 2 and recovered starting material 1, with
only trace amounts (<5%) of products ascribed to 2° methylene
oxidation. What is most intriguing about this result is that other
common nitrogen heterocycles are substantially inferior to
pyridine, and in fact some arrest catalysis altogether (entries
6-10). Moreover, despite the oxidizing power of RuO4, the

pyridine ligand does not appear to be converted rapidly to the
N-oxide (entry 11). The combination of KBrO3 and pyridine is
indeed differential, as other oxidants including Oxone and
NaOCl give substantially reduced product conversions (entries
12, 13). Lastly, a re-examination of the influence of solvent
revealed a 1:1 mixture of H2O/MeCN to be optimal (entries
14-17), affording 2 in 74% isolated yield.15

To verify that the results in Table 1 were not specific to 1,
we chose to compare our protocol, pyridine-free conditions, and
those previously reported by Bakke and Waegell against a few
additional substrates (Table 2). From these collective data, it is
evident that the combination of RuCl3, KBrO3, and pyridine
(conditions A) offers a substantive improvement over the Bakke/
Waegell procedure (conditions C). Although the influence of
pyridine on reaction performance varies to some extent depend-
ing on substrate type, in all cases product yields exceeded the
pyridine-free control (conditions B).

The scope of the Ru-catalyzed hydroxylation process has been
examined with substrates of varying complexity (Table 3).
Reactions are easily performed with all components being added
in a single bolus. Acylated primary (1°) and secondary (2°)
alcohols, unprotected 3° alcohols, epoxides, sulfones, acylox-
azolidinones, electron-deficient amides, sulfamates, and car-
bamates are all compatible with the reaction conditions. Due
to the highly oxidizing nature of RuO4, easily oxidized moieties
such as alkenes, alkynes, ethers, sulfides, aldehydes, and
electron-neutral or -rich aromatic rings should be avoided. As
with other C-H oxidation reactions, product yields are influ-
enced by the proximity of electron-withdrawing groups to the
site of the C-H bond undergoing modification.2b-d,3,4 These
inductive effects can be exploited for the purpose of influencing
positional selectivity, as noted by the formation of one major
product with substrates possessing multiple 3° sites (entries 1,
5, 9, 10). The ratios of alcohol isomers in these cases vary from
2.5:1 at the low end (entries 1 and 10) to >20:1 when one of
the two 3° C-H centers is more proximal to an electron-
withdrawing group(s) (entries 5 and 9). Despite the number of
potentially reactive methylene centers in all of the substrates
shown in Tables 2 and 3, the mass balance for these reactions
is generally >90% substrate and product.
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Table 1. Evaluation of Reaction Conditions for C-H
Hydroxylationa

Entry Oxidant Solvent Additive Convb

1 NaIO4 CCl4/MeCN/H2O none 25
2 NaIO4 EtOAc/MeCN/aq. H2PO4

- none 35
3 KBrO3 EtOAc/MeCN/aq. H2PO4

- none 15
4 NaIO4 EtOAc/MeCN/aq. H2PO4

- pyridine 50
5 KBrO3 EtOAc/MeCN/aq. H2PO4

- pyridine 70(62)
6 KBrO3 EtOAc/MeCN/aq. H2PO4

- quinuclidine <5
7 KBrO3 EtOAc/MeCN/aq. H2PO4

- imidazole 20
8 KBrO3 EtOAc/MeCN/aq. H2PO4

- pyridazine 25
9 KBrO3 EtOAc/MeCN/aq. H2PO4

- pyrazine <5
10 KBrO3 EtOAc/MeCN/aq. H2PO4

- 2,2-bpy 0
11 KBrO3 EtOAc/MeCN/aq. H2PO4

- pyr N-oxide 30
12 Oxone EtOAc/MeCN/aq. H2PO4

- pyridine <5
13 NaOCl EtOAc/MeCN/aq. H2PO4

- pyridine 15
14 KBrO3 CCl4/MeCN/H2O pyridine 35
15 KBrO3 EtOAc/MeCN/H2O pyridine 75(67)
16 KBrO3 MeOAc/MeCN/H2O pyridine 80(73)
17 KBrO3 MeCN/H2O pyridine 75(74)

a Reactions were conducted on a 0.25 mmol scale. Conditions: 5 mol
% RuCl3 · xH2O, 3 equiv of oxidant, 10 mol % additive, 0.06 M, 60 °C,
24 h. b Yields determined by 1H NMR integration of unpurified reaction
mixtures relative to an internal standard; see Supporting Information for
details. Values in parentheses refer to isolated yields of pure product.

Table 2. Comparison of Reaction Conditions for Selected
Substratesa

a Reactions were performed on a 0.25 mmol scale at 60 °C with 5
mol % RuCl3 · xH2O and 3 equiv of oxidant. b Isolated yield of
chromatographed product. c MeCN/H2O 1:1, KBrO3, 10 mol % pyridine.
d MeCN/H2O 1:1, KBrO3, no pyridine. e MeCN/H2O/CCl4 1:2:1, NaIO4,
no pyridine.
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Operating on the assumption that RuO4 is the active oxidant
in this catalytic process, we wondered if performing the reaction
with H2

18O could provide access to 18O-labeled compounds. In
the event, use of H2

18O as a cosolvent results in the nearly

quantitative incorporation of 18O into the product alcohol.16 As
demonstrated with the adamantyl glycine ester shown in Figure
2, 3° C-H oxidation is efficient and, in this example, leads to
a single hydroxylated compound. The product alcohol serves
as an intermediate en route to Onglyza (saxagliptin), a novel
Type II diabetes therapeutic.17 We envision opportunities to
employ this chemistry for the facile, single-step synthesis of
18O-labeled drugs or drug metabolites.

A reaction protocol is described for the selective hydroxy-
lation of 3° C-H bonds that uses catalytic amounts of RuCl3,
an inexpensive terminal oxidant, KBrO3, and pyridine as an
essential additive. While the specific role(s) of pyridine in this
process is undetermined, its influence on reaction performance
is pronounced. As judged based on efficiency, ease of operation,
substrate scope, and selectivity toward 3° C-H centers, the
method appears competitive with other C-H hydroxylation
processes.
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Table 3. Ruthenium-Catalyzed 3° C-H Hydroxylationa

a Reactions were performed on a 0.25 mmol scale at 60 °C with 5
mol % RuCl3 · xH2O, 10 mol % pyridine, and 3 equiv of KBrO3.
b Isolated yields of chromatographed product. c 16% of the C3 3°
alcohol was also isolated. d No other 3° alcohol products were obtained.
e 17% of the C8a 3° alcohol was also isolated.

Figure 2. A convenient method for 18O-atom incorporation.
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