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Highly Efficient C—H Hydroxylation of Carbonyl Compounds with

Oxygen under Mild Conditions™**
Yu-Feng Liang and Ning Jiao*

Abstract: A transition-metal-free Cs,COj-catalyzed a-hydrox-
ylation of carbonyl compounds with O, as the oxygen source is
described. This reaction provides an efficient approach to
tertiary a-hydroxycarbonyl compounds, which are highly
valued chemicals and widely used in the chemical and
pharmaceutical industry. The simple conditions and the use
of molecular oxygen as both the oxidant and the oxygen source
make this protocol very environmentally friendly and practi-
cal. This transformation is highly efficient and highly selective
for tertiary C(sp’)—H bond cleavage.

Tertiary a-hydroxycarbonyl groups are ubiquitous structural
motifs in organic chemistry. They serve as valuable building
blocks and are present in many biologically active compounds
and synthetic drugs,!"! such as paeonilactone B,"* daunorubi-
cin,™™ phyllaemblic acid,'? and doxycyclinel'¥! (Scheme 1).
Furthermore, they have been widely used as efficient photo-
initiators for ultraviolet-light-cured coatings in the coating
industry for the surface protection of various materials.”
Therefore, the preparation of tertiary o-hydroxycarbonyl
compounds has received considerable attention.®! In the past
decades, oxidation of the corresponding enolates or silyl enol
ethers with peroxides, hypervalent iodine compounds, metal
oxides, N-sulfonyloxaziridines, oxygen, and other oxidants
has been described (Scheme 2a)."!

The use of molecular oxygen as an oxidant and oxygen-
atom source for oxygen incorporation in organic synthesis has
attracted considerable attention owing to its inexpensive,
abundant, and environmentally benign nature.** Although
a significant number of transition-metal-catalyzed C—H
hydroxylation reactions have been developed,®”! practical
and efficient C—H hydroxylation reactions with molecular
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Scheme 1. Biologically active molecules and drugs.
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Scheme 2. Transformation of carbonyl compounds into tertiary
a-hydroxycarbonyl compounds.

oxygen as the oxidant and oxygen source are still desirable.
Whereas previous autoxidation® and metal-mediated aerobic
oxidative hydroxylation” reactions of carbonyl compounds
had shown limited scope in terms of possible substrates,
a milestone was set by Ritter and co-workers in the form of
a transformation catalyzed by a bimetallic palladium complex
with O, as the oxidant and oxygen source as the first practical,
efficient, and general approach based on aerobic C—H
hydroxylation for the synthesis of tertiary a-hydroxycarbonyl
compounds (Scheme 2b).'" Despite the significance of the
reaction, it is not without disadvantages: The expensive and
complex Pd catalyst used has to be completely removed from
the product, especially in the synthesis of pharmaceutical
compounds. Therefore, a practical and efficient method for
the direct C—H hydroxylation of carbonyl compounds with
molecular oxygen under mild conditions is still required.
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Herein, we present a transition-metal-free Cs,CO;-cata-
lyzed direct a-hydroxylation of carbonyl compounds with O,
for the synthesis of tertiary a-hydroxycarbonyl compounds at
room temperature (Scheme 2c). The significance of the
present finding is fourfold: 1) The reaction shows broad
generality: various carbonyl compounds, including ketones,
esters, amides, aldehydes, and 3-dicarbonyl compounds, could
be efficiently converted into the desired tertiary a-hydroxy-
carbonyl compounds. Bioactive compounds and drugs could
be modified by this procedure. 2) Molecular oxygen is
employed as a reagent and the sole oxidant, thus making
this method very environmentally friendly. 3) Simple and
readily available Cs,CO; emerges as an efficient catalyst,
rather than a transition-metal catalyst, which is often
expensive and is required to be completely removed from
products, especially in the synthesis of pharmaceutical com-
pounds. 4) The Cs,CO;/P(OEt);/O, system is inexpensive,
mild, and readily handled with high catalytic efficiency and
safety.

Recently, copper-catalyzed aerobic oxidative C—H func-
tionalization reactions have been significantly improved.!!!
Inspired by these results, we initially investigated the copper-
catalyzed aerobic oxidation of 2-methyl-1-phenylpropan-1-
one (1a) under O, in the presence of Cs,CO; as a base at room
temperature. To our delight, the expected hydroxylation
product 2a was obtained; however, the yield was very low
(Table 1, entry 1). The efficiency of the reaction was signifi-
cantly improved by the addition of inexpensive and readily
available P(OEt); (Table 1, entry 2). We were surprised to
find that the hydroxylation reaction also took place efficiently

Table 1: Screening of different parameters.!

O cat. (20 mol%) 0
base (2.0 equiv)

Angewandte

with just a catalytic amount of Cs,CO; (Table 1, entry 3). The
Pd, Cu, Fe, Ru, Ir, Ni, and Ag content in the Cs,CO;, P(OEt),,
and DMSO used was less than d=0.1 ppm in each case
(ICPMS analysis; see the Supporting Information), which
indicated that this hydroxylation reaction is promoted by
Cs,CO; itself rather than catalyzed by trace metal impurities.
Reactions in the presence of other bases as potential catalysts,
such as K,COj;, Na,CO;, CsOAc, and CsNO;, did not proceed
(Table 1, entries 4-7; see also the Supporting Information).
Product 2a was observed in trace amounts when CsOH was
employed (Table 1, entry 8). The yield decreased slightly
when PPh; was used instead of P(OEt); (Table 1, entry 9); in
contrast, the reaction did not proceed in the presence of
Na,S,0; (entry 10). The use of other solvents, such as DMF,
NMP, and toluene, led to the formation of 2a in very low
yields (see the Supporting Information). Notably, a reaction
in the absence of Cs,CO; did not proceed, and only a trace
amount of 2a was formed without P(OEt); (Tablel,
entries 11 and 12). This transformation also proceeded well
in air, but the yield of 2a was slightly lower (Table 1,
entry 13). In contrast, the reaction did not occur under
argon (Table 1, entry 14).

The above results indicate that Cs,CO; is a competent
catalyst for the a-hydroxylation of carbonyl compounds. The
scope of the transformation was then investigated under the
standard conditions (Table 1, entry 3; Scheme 3). Hydroxy
and fluoride groups were compatible with this protocol
(products 2b,c). Naphthyl and heteroaryl substrates could
also participate in the reaction (products 2d-f), and a variety
of tertiary C(sp®)—H bonds at the a-position of ketones could
be hydroxylated in excellent yields (products 2g—p). The

o Cs,CO; (20 mol%)

R? i o
Q)H/ additive (2.0 equiv) ©)H(°H RJK( P(OE); (2.0 equiv) RAKKRZ
DMSO, RT, 24 h R? DMSO, RT R3OH
1a 0, (1 atm) 2a 1a-1p 0, (1 atm) 2a-2p

Entry Catalyst Base Additive Yield [%6]" o o} F o o

2 CuBr, Cs,CO, P(OEt), 91 (87) ~"0

3 Cs,CO, - P(OEt), 91 (87) 2a, 87% 2b, 75% 2c, 84% 2d, 82%

4 K,CO, - P(OEY), 0 o 0 0., 0.,

5 Na,CO, - P(OEt), 0 S N 0

6 CsOAc - P(OEt), 0 O oH | OH

7 CsNO, - P(OEt), 0 N o

AE]

8 CsOH - P(OEt), trace 2, 75% 2f, 70% 2g, 99% 2’9‘5%1

9 Cs,CO, - PPh, 78 (74) o o o o
10 Cs,CO, - Na,S,0, trace oH oH O o
1 - - P(OEt), 0 L
12 Cs,CO; - - trace
130 Cs,CO, _ P(OE), 76 (73) 2i, 99% 2j, 99% 2k, 91% 21,87%
1421 Cs,CO, - P(OEt); 0 o 0., o o
15 Cs,CO, - P(OEt), 79 (75) OH, o o on % YK
[a] Reaction conditions: 1a (0.5 mmol), catalyst (0.1 mmol), base HO"S, HO

(1.0 mmol), additive (1.0 mmol), DMSO (2 mL); the mixture was stirred 2m. 93% 2n, 50% 20, 53% 2p. 80%L

at room temperature under O, (1 atm) for 24 h. [b] The yield was
determined by GC with biphenyl as an internal standard. The value in
parentheses is the yield of the isolated product. [c] The reaction was
carried out in air (1 atm) for 48 h. [d] The reaction was carried out under
Ar (1 atm). [e] The reaction was carried out in the dark. DMSO =di-
methyl sulfoxide.
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Scheme 3. Cs,COs-initiated a-hydroxylation of ketones with O,. For the
standard reaction conditions, see Table 1, entry 3. Yields shown are for
the isolated products. [a] Reaction time: 72 h. [b] The reaction was
carried out with 1.0 equiv of Cs,CO;. [c] The yield was determined by
"H NMR spectroscopy.
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hydroxylation reaction is highly chemo- and regioselective.
Only tertiary C(sp®)—H bonds can be hydroxylated to form
tertiary alcohols (products 2m-—p). Secondary C(sp’)—H
bonds (for example, in propiophenone) or primary C(sp’)—
H bonds (for example, in acetophenone) were unreactive in
this reaction. In the case of product 2n, this alcohol was the
only product observed in the reaction, even though an active
benzyl position was present in the substrate. The trans-
formation of the simple alkyl ketone 1p proceeded well to
produce 2p in good yield.

To our delight, the hydroxylation of esters and amides also
occurred smoothly (Scheme 4). Products containing an
alkynyl (product 2s), alkenyl (product 2t), or heteroaryl

o Cs,C03 (20 mol%) o
R1)K( R2 P(OEt)s (2.0 equiv) R1J\’<R2
R3 DMSO, RT raOH
0, (1 atm)
1qg-1af 2q-2af
o) o} o) P o}
/
H0>HJ\OB :g>‘)l\o/ :g%o/\/ :;>|/U\O/\[(
Ph Ph Ph Ph
2q, 89% 2r, 88% 2s,81% 2t, 84%
OH
o _0
0 SN o or OH
" o})ko“/l\( N Ph @/&oa
H
Ph )QO
2u, 85% 2v, 59% 2w, 31% 2x, 67%
o o] O o0 o_0
OHO OHO o OH
o EtO OEt
OEt
2y, 70% 22, 52% 2aa, 64% 2ab, 73%
o o O oD o} S
o OEt PHO oM
OEt e
Ph cl OMe  MeO
2ac, 85% 2ad, 72% 2ae, 60% 2af, 96%

Scheme 4. Cs,CO;-initiated a-hydroxylation of esters, amides, alde-
hydes, and B-dicarbonyl compounds with O,. For the standard reaction
conditions, see Table 1, entry 3. Yields shown are for the isolated
products. [a] Morpholine (1.0 equiv) was added.

group (product 2u) could be obtained in high yields. The
hydroxylation of amide 1v produced 2v, the core structure of
several natural products™® in good yield. The reaction of
aldehydes gave a messy reaction mixture under the standard
conditions. A little of the corresponding C,-shortened ketone
was obtained along with several unidentified products. We
found that the addition of morpholine (1.0 equiv) could
improve the selectivity of the reaction to produce the a-
hydroxylation product 2w in 31% yield. Significantly, the
present strategy was also applicable to an array of [-
dicarbonyl compounds (products 2x-af).'! Notably, the
compatibility of the reaction with alkyne (product 2s),
alkene (product 2t), and chloride substituents on the aromatic
ring (product 2ae) offers an opportunity for further trans-
formations.

Significantly, several drug substrates, such as ketoprofen,
ibuprofen, and naproxen, could be modified by this method to

www.angewandte.de
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Scheme 5. Drug diversification.

afford the respective hydroxylated products in moderate
yields in three steps (Scheme 5). Thus, this method has
potential for drug diversification. Notably, products 2a
(Darocur 1173), 2b (Irgacure 2959), and 2h (Irgacure 184),
which are widely used as photoinitiators for clear coating
under UV light,!™ were also efficiently prepared (Scheme 3).
In the traditional method for their preparation, halogenation
is followed by hydrolysis (Scheme 6),!! and in the two-step

o hod O
1 current metho R!
Ar R Ar OH
R2 2a (Darocur 1173), 85% R?
gram scale 2h (Irgacure 184), 93%

Scheme 6. Gram-scale synthesis of 2a and 2h.

procedure, a strong acid is produced, and a strong base is
consumed. In comparison, the current method is environ-
mentally friendly and practical. To investigate the practical
application of this transformation in organic synthesis, we
conducted gram-scale reactions of 1a and 1h. The desired
products were produced without any significant decrease in
efficiency (85 versus 87 % for the reaction on a 0.5 mmol scale
for 2a, 93 versus 96 % for the reaction on a 0.5 mmol scale for
2h; Scheme 3 and Scheme 6).

Furthermore, both potentially reactive C—H bonds in
substrate 1ag could be hydroxylated to form the difunctional
product 2ag in 85% yield [Eq. (1)]. Such products present
more advantages than monofunctional products as photo-
initiators.'”)

To gain an understanding of the mechanism, we inves-
tigated some control experiments. The results of 'O labeling

o o
Cs,COj3 (40 mol%)
o O P(OEY); (4.0 equiv) © 0 )
DMSO, RT
0, (1 atm) OH OH

1ag 2ag, 85%
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proved that the oxygen atom in the hydroxy group originates
from molecular oxygen [Eq. (2)]. Moreover, P'*O(OEt), was
also obtained in this case [Eq.(2); see the Supporting
Information]. The reaction proceeded well in the presence
of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) or 1,1-
diphenylethylene to produce the desired product 2a in 88
and 86 % yield, respectively; these reactions indicate that
a radical process might not be involved in the present
transformation. When the singlet oxygen inhibitor 1,4-
diazabicyclo[2,2,2]octane  (DABCO) was added to the
model reaction,™ the reaction was not inhibited, and 2a
was isolated in 81 % yield. Furthermore, the reaction also
proceeded well in the dark (Table 1, entry 15), which may
exclude the participation of singlet molecular oxygen in this
transformation.

0 Cs,CO3 (20 mol%) 0
P(OEt); (2.0 equiv)
DMSO, RT 1804 @
180, (1 atm)
1a 88% ['®0]-2a 98% %0

On the basis of these preliminary results, a possible
mechanism is proposed (Scheme 7). Initially, substrate
1 undergoes a Cs,COs-initiated deprotonation to produce

Cs,CO;3 (20 mol%)

o ! o
R1JK(R2 P(OEt)3 (2.0 equiv) R1)K,<R2
RS DMSO, RT RaOH
1 0, (1 atm) 2
K PO(OEt),
P(OEt);
o}
RZ
R' _OH
R3°
[

Scheme 7. Proposed mechanism.

the corresponding carbanion A. Subsequently, carbanion A
reacts with O, to generate a superoxide anion B, which could
obtain a proton from substrate 1 to form a superoxide C and
regenerate carbanion A. Intermediate C would then undergo
reduction by P(OFEt)," to give the desired product 2.

In summary, we have demonstrated a Cs,COs-initiated
o-hydroxylation of carbonyl compounds to give tertiary o-
hydroxycarbonyl compounds, which are highly valued chem-
icals and widely used in the chemical and pharmaceutical
industries. The reaction is not only applicable to ketones, but
also to esters, amides, aldehydes, and f-dicarbonyl com-
pounds. Notably, molecular oxygen or air, the most environ-
mentally friendly oxidant, was employed at a pressure of
1 atmosphere at room temperature without any transition-
metal catalysts. Studies to elucidate the detailed mechanism
and synthetic applications of this efficient and practical
hydroxylation are under way in our laboratory.
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