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We reported an efficient ligand-free Co(OAc),-4H,0/NaOH/O,/ethylene glycol reaction system that
enables selective aerobic oxidation of a wide range of substrates covering 2,6-di-EWG-, 2,3,6-tri-EWG-,
2-EWG-, and 2-EWG-6-EDG-substituted 4-cresols into the corresponding 4-hydroxybenzaldehydes.
Based on the experimental investigations and well-defined p-benzoquinone methides, a plausible

reaction mechanism was proposed. Considering the simplicity of the procedure and importance of the

Keywords:

Aerobic oxidation
4-Cresols
4-Hydroxybenzaldehydes
Co(OAc),

Ethylene glycol

products, the methodology was expected to become a favorable and practical tool in related benzylic
C(sp*)-H functionalization chemistry.

© 2013 Elsevier Ltd. All rights reserved.

Selective oxidation of 4-cresols into 4-hydroxybenzaldehydes is
an important transformation in organic chemistry, since the versa-
tile multifunctional 4-hydroxybenzaldehydes have served as sig-
nificant chemical feedstocks for pharmaceutical, perfume, dye,
and agrochemical industries, as well as other purposes.! Although
some traditional strategies, like Reimer-Tiemann reaction,” gly-
oxylic acid method,> waste-producing oxidation using stoichiome-
tric oxidizing reagents,* and electric/electrocatalytic oxidation,’
have been valid for this kind of aldehyde group formation, tedious
separation, serious pollution, sometimes multistep procedures,
and harsh reaction conditions did limit their applications. Actually,
over recent decades, eco-friendly transition-metal-catalyzed aero-
bic oxidation of 4-cresols has attracted an intense interest in chem-
ical community in view of their direct benzylic C(sp*)-H
oxyfunctionalization, and notable achievements have been
acquired.®"® However, these precedents are still quite constrained
from a practical point of view, due to complex metal-ligand-coor-
dinated catalyst system and possible safety issue associated with
the combination of pure O, and low-boiling flammable solvent.’
Furthermore, these substrates were strictly confined to 4-cresol®
and electron-donating group (EDG)-substituted electron-rich
4-cresols.”® By contrast, the aerobic oxidation of 4-cresols bearing
the electron-withdrawing group (EWG) has been rarely
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approached. Therefore, it is necessary, for extending the synthetic
scope and utility of the straightforward transformation, to develop
a user-friendly and ligand-free transition-metal catalyzed aerobic
oxidation. To valorize products and serve practical applications,
among the first row of transition metals, inexpensive, lowly toxic,
and active cobalt catalyst is highly desirable.

In this context, we attempted to exploit a highly practical
Co(OAc),/NaOH/O, reaction system that effects efficient
oxygenation of a broad scope of EWG-substituted 4-cresols,
including 2,6-di-EWG-, 2,3,6-tri-EWG-, 2-EWG-, and 2-EWG-6-
EDG-substituted 4-cresols, into the corresponding 4-hydroxyben-
zaldehydes (Scheme 1). The ligand-free Co(OAc),-catalyzed aerobic
oxidation enables selective oxyfunctionalization of the benzyl
group of EWG-substituted 4-cresols under the mediation of
alkaline ethylene glycol (EG). Undoubtedly, it is one of the most
important goals in oxidation chemistry that utilization of O,
constitutes a ‘green’ transformation with water as the only
byproduct.'® In addition, the high-boiling nonflammable EG can
effectively avoid latent safety problem.’

CHO
| \7R2 Co(OACc)2/NaOH | N g2

RI7N 0, EG RN
OH1 OH 2

R' = EWG; R2=EWG, H or EDG

Scheme 1. Co(OAc),-catalyzed oxygenation of 1 into 2 in alkaline EG.
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Table 1
Selected optimization for the oxygenation of 1a into 2a®
CHO
cobalt salt (n4 mol%)
NaOH (n, equiv)
Br Br  0,(1.0atm),EG, T.,8h Br Br
OH 1a OH 2a
Entry Co salt (n; mol %) NaOH (n, equiv) T (°C) Yield” (%)
1 CoCl; (3.0) 1.0 50 Trace
2 Co(OAc),-4H,0 (3.0) 1.0 50 53
3 Co(OAC),-4H,0 (3.0) 1.0 80 76
4 Co(OAc),-4H,0 (3.0) 0 80 0
5 Co(OAc),-4H,0 (3.0) 2.0 80 90
6 Co(OAC),-4H,0 (3.0) 3.0 80 90
7 Co(OAC),-4H,0 (2.0) 2.0 80 90
8 Co(OAc),-4H,0 (1.0) 2.0 80 90
9 Co(OAc),-4H,0 (0.5) 2.0 80 79
10 Co(OAc),-4H,0 (1.0) 2.0 80 Trace®
11 Co(OAc),-4H,0 (1.0) 2.0 100 90

@ Performed with 1a (1.0 mmol), cobalt salt (n; mol %), NaOH (n, equiv), and EG
(5 mL), O, (1.0 atm) for 8 h.

b Isolated yield via column chromatography.

¢ Performed under argon atmosphere.

d Reaction time of 24 h.

Initially, the model oxidation of 2,6-dibromo-4-cresol (1a) into
3,5-dibromo-4-hydroxybenzaldehyde (2a) was manipulated in EG
with commercially available cobalt salts (3.0 mol %) and NaOH (1.0
equiv) under pure O, atmosphere (atmospheric pressure, 1.0 atm)
for 8 h. Very low yields of the desired 2a were obtained by employ-
ing CoCl, and other halogenated cobalt salts (Table 1, entry 1, and
see Table S1). Then, we turned to commercial organic cobalt salts,
the ordinary Co(OAc),-4H,0 proved to be fruitful giving 2a in a
promising yield of 53% at 50 °C (entry 2). Furthermore, the effi-
ciency of oxidation was remarkably enhanced at an elevated reac-
tion temperature of 80 °C to provide 76% yield (entry 3). On the
other hand, no desired product was observed in the absence of
NaOH, indicating an essential role of NaOH in initiation of the oxi-
dation (entry 4). Further improved yields were achieved by
increasing the amount of NaOH, and 2.0 equiv of NaOH turned
out to be adequate to offer the best yield of 90% (entries 5 and
6). More pleasingly, these reactions still worked well to afford 2a
in the excellent yield of 90% when using 2.0 or 1.0 mol % Co(OAc),.
-4H,0 (entries 7 and 8, entry 8 as the standard reaction conditions).
But, the yield sharply reduced to 79% when the catalyst loading
was lowered to 0.5 mol % (entry 9). Besides, only trace of 2a was
observed under anaerobic conditions (entry 10). It was noteworthy
that, further screening of solvents showed that the oxidation was
generally effective in alcohols, but ineffective in aprotic solvents.
These experiments indicated an indispensable mediation of alco-
hols, and only more polar EG gave the best yield (Table S1).

Impressively, no observable overoxidation product 3,5-di-bro-
mo-4-hydroxybenzoic acid was detected in the oxidation, even ele-
vating reaction temperature and prolonging reaction time (entry
11). We considered that its sodium enolate, derived from the isom-
erization of sodium phenolate of 2a via dearomatization-enoliza-
tion under the alkaline conditions, should account for the highly
selective conversion, and synchronously effective protection of
the susceptive aldehyde group (Scheme 2).!!

With the standard reaction conditions in hand, a variety of
EWG-substituted hindered 4-cresols 1b-r were examined to
explore the potential scope of the Co(OAc),-catalyzed oxygenation
(Table 2, entries 2-18).'? Firstly, we were pleased to observe that,
similar to the case of entry 1, this simple protocol smoothly
oxidized 2,6-dihalogenated 4-cresols 1b and 1c into 2b and 2c¢ in
high yields of 91% and 88%, respectively (entries 2 and 3). Also,
meta-methyl group-containing 2,6-dibromo-3-methyl-4-cresol

CHO CHO i ONa
NaOH
. —_
Br Br B Br Br Br
OH ONa 0
2a sodium phenolate sodium enolate

Scheme 2. Possible sodium enolate of 2a under the alkaline conditions.

(1d) was regioselectively converted into 3,5-dibromo-4-hydroxy-
2-methylbenzaldehyde (2d) in 86% yield, with the original
meta-methyl group remaining intact (entry 4). For more electron-
deficient 2,3,6-trihalogenated 4-cresols 1e and 1f, the desired
products 2e and 2f were consistently obtained in high yields of
87% and 90%, respectively (entries 5 and 6), under the standard
conditions (80 °C, 2.0 equiv of NaOH, 8 h).

As anticipated, in consequence of EDG, the oxidation of 2-EWG-
6-EDG-substituted 4-cresols 1g-r faster proceeded to deliver the
corresponding 4-hydroxybenzaldehydes 2g-r in a short reaction
time of 6 h (otherwise consistent conditions: 80 °C, 2.0 equiv of
NaOH), with good yields of 82-90% (entries 7-18). Of these, as to
more sterically hindered iso-butoxy- and tert-butyl-substituted
4-cresols 1k and 1m, the reactions provided the products 2k and
2m with relatively low yields of 83% and 82%, respectively (entries
11 and 13). With respect to the ortho-methyl group-containing
2-bromo-6-methyl-4-cresol (11), the oxidation exclusively offered
regioselective 4-hydroxybenzaldehydes 2l, while the original
ortho-methyl group remained unchanged as well (entry 12).

Next, we focused on the oxygenation of more challenging
unhindered 2-EWG-substituted 4-cresols, wherein radical-based
coupling side-reactions usually perplexed chemists (entries
19-22)."% To our delight, with 4.0 equiv of NaOH being employed
(otherwise consistent conditions: 80 °C, 8 h), these 2-bromo-,
2-formyl-, and 2-nitro-substituted 4-cresols 1s-v were success-
fully converted into the desired 4-hydroxybenzaldehydes 2s-v in
high yields of 87-90%, without obvious coupling side-reactions
being observed (entries 19-22). In contrast, the oxidation of the
unhindered electron-rich 2-methoxy-4-cresol (1w) furnished van-
illin (2w) with relatively low yields of 53% or 62% in the presence of
4.0 equiv or 6.0 equiv of NaOH (entry 23), under the otherwise
consistent conditions (80 °C, 4 h). Therein, the concomitant tar
(oligomers), associated with coupling side-reactions, could not be
avoided. These facts illustrated that the EWG in unhindered
2-EWG-substituted 4-cresols and the increased amount of NaOH
would effectively suppress the undesired couplings. Additionally,
2,6-dimethoxy-4-cresol (1x), as a representative of electron-rich
hindered 4-cresols, smoothly underwent the oxidation delivering
syringaldehyde (2x) in a high yield of 91% (entry 24), further dem-
onstrating the practical compatibility of the procedure. As a result
of the EDG, complete conversion of readily oxidizable 1w and 1x
only required a shorter reaction time of 4 h. The results shown in
Table 2 indicated an advantage of the oxidation for EWG-substi-
tuted 4-cresols: broad scope of substrates including hindered and
unhindered 4-cresols. It should be mentioned that 2a and 2s are
two key intermediates for preparing commercially famous syring-
aldehyde (2x) and vanillin (2w), respectively.

Expansive investigations were undertaken to probe the reaction
mechanism (Scheme 3). The control experiments showed that the
feedstock 1a gradually produced the desired 2a via the correspond-
ing ethereal intermediates 3a (Scheme 3a). Indeed, the isolated
ethers 3a efficiently took part in the further oxidation incurring
2a (Scheme 3b). Moreover, stoichiometric radical scavenger
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) completely inhib-
ited the reaction, clearly indicating a free radical oxidation process
(Scheme 3c). Next, the oxidations of 2-cresol and 4-chloro-2-cresol
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Table 2
Scope of 1 for Co(OAc),-catalyzed oxygenation®
CHO
Co(OAC)24H,0 (1.0 mol%)
| \—RZ NaOH (2.0 equiv) | \—RZ
R! = o R! Z
0, (1.0 atm), EG, 80 °C, t
OH1 OH 2
Entry Substrate Product t (h) Yield® (%) Entry Substrate Product t (h) Yield" (%)
CHO CHO
1 B.—/i\sr Br/©\ . 8 90 13 Br/i\[—Bu Br/©\t-8u 6 82
OH OH OH OH
1a 2a 1m 2m
CHO CHO
2 Cl Cl cl /©\CI 8 91 14 Cl OMe al /@OMe 6 90
OH OH OH OH
1b 2b in 2n
CHO CHO
3 F~ i “Br F/@\Br 8 88 15 c” i ~OEt CI/©\OEt 6 89
OH OH OH OH
1c 2 1o 20
CHO CHO
4 Br Br Br/@\/& 8 86 16 cl On-Pr CI/©\On—Pr 6 86
H H CH OH
1d 2d 1p 2p
CHO CHO
Br Br
5 Br Br Br Br 8 87 17 F OMe E OMe 6 89
OH OH OH OH
1e 2e 1q 2q
CHO CHO
Br Br
6 cl cl o al 8 90 18 NG OMe - ome 6 86
OH OH OH OH
1f 2f 1r 2r
CHO CHO
7 Br” i ~OMe Br/©\OMe 6 86 19 Br/¢ & 8 90
OH OH OH OH
19 2g 1s 2s
CHO CHO
8 Br” i "OEt Br/©\OEt 6 87 20 HO,C HOZC/© 8 89
o OH OH OH
1h 2h 1t 2t
CHO CHO
9 Br~ i On-Pr Br/©\0n—Pr 6 85 21 OuN’ i OQN/© 8 87
OH1i oH OH i
2i u 2u
CHO HO
10 Br On-Bu Br/©\0n-8u 6 86 22 Br Br /©/ 8 88¢
OH OH 2j OH OH
1j 1v
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Table 2 (continued)

Entry Substrate Product t (h) Yield” (%) Entry Substrate Product t (h) Yield” (%)
CHO CHO
11 Br Oi-Bu Br 0iBu 6 83 23 MeO MeO 4 51462¢)
OH OH OH OoH
1k 2K w 2w
CHO CHO
12 Br B 6 89 24 MeO OMe MeO ove 4 91
OH OH OH OH
11 2 1x 2x
@ Performed with 1a (1.0 mmol), Co(OAc),-4H,0 (0.01 mmol), NaOH (2.0 mmol) and EG (5 mL), O, (1.0 atm) for a specified time (t).
b Isolated yield via column chromatography.
¢ Performed with NaOH (4.0 mmol).
d

Performed with NaOH (6.0 mmol).

O o_ 0O
(a) HO™ > CHO
Co(OAc),4H,0 (1.0 mol%)
NaOH (2.0 equiv) . + 1a +
Br Br 0, (1.0 atm), EG, 80°C, 4 h Br Br Br Br Br
OH OH (24% OH
1a 3a (16%) 2a (52%) recovered) 4 (0%)
(b) po ™0 CHO
Co(OAc),4H,0 (1.0 mol%)
NaOH (2.0 equiv)
Br Br Oy (1.0atm),EG,80°C,4h Br Br
OH OH
3a 2a (93%)
CHO
(c) Co(OAC)54H,0 (1.0 mol%)
TEMPO (100 mol%)
NaOH (2.0 equiv)
Br Br o Br Br *  Br Br
OH1a 02 (1.0 atm), EG, 80 °C,8 h OH OH
1a (96% recovered) 2a (0%)
(@ R R
Co(0AG)y4H,0 (1.0 mol%)
NaOH (4.0 equiv)
+ + tars
0, (1.0 atm), EG, 80 °C, 8 h CHO
OH OH
(R=H,22%)  (R=H, 36% recovered)
(R=CI, 19%) (R = Cl, 47% recovered)

Scheme 3. Mechanistic studies.

gave complex mixtures, including the desired 2-hydroxybenzalde-
hydes (19% and 22%, respectively), unreacted materials, and
undeterminable tars (Scheme 3d). The low yields for 2-hydroxy-
benzaldehydes unambiguously suggested that the developed
Co(0OAc),-4H,0/NaOH/0,/ethylene glycol reaction system would
predominantly oxidize the para-methyl group with high selectivity
(Table 2, entry 12). Differing from previous reports,’> in addition,
the expected thermodynamically favored EG acetal 4 was not de-
tected over the whole scenario (see Supporting information).

On the basis of the well-defined p-benzoquinone methides
derived from phenoxy radicals of 4-cresols,”®® all the findings
suggested a plausible reaction mechanism for this 4-hydroxyl
group-directed remote benzylic C(sp®)-H oxyfunctionalization
(Scheme 4). Firstly, the reaction is initiated by single-electron
transfer from the phenolate of 1 to the direct oxidant Co(IIl)
species, generated from Co(OAc),-4H,0 through aeration with
0,,'* to give the phenoxy radical. A favorable disproportionation

of the isomeric radical IIl provides the original 1 and highly reac-
tive p-benzoquinone methides A, and the nucleophilic addition of
A with EG leads to 3. Subsequently, the phenolate of 3, resembling
the above-mentioned process, is converted into the transitory enol
ether A, which is subjected to a rapid spontaneous aromatization-
hydrolysis sequence to attain the desired 2 with releasing EG.'° It
is important to note that, relative to isomeric radical III, radical II
(when R? =2-Me) is difficult to undergo a similar disproportion-
ation for generating the corresponding ortho-benzoquinone
methides B to conduct the ortho-methyl group oxidation.”" In
essence, the remote hydroxyl group transfers a reactivity to the
para-methyl group accordingly triggering this gentle oxidation.
The whole reaction mechanism includes that: (i) the importance
of NaOH facilitating generation of phenoxy radical, protecting the
formed aldehyde group via dearomatization-enolization, and sup-
pressing possible coupling side-reactions; (ii) two phenoxy radical
processes to form highly reactive para-benzoquinone methides;
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Scheme 4. Plausible mechanism for the oxygenation of 1 into 2.

(iii) powerful regeneration of redox active catalyst Co(OAc), with
0, and efficient mediation of EG.

In summary, an efficient oxygenation of 2,6-di-EWG-, 2,3,
6-tri-EWG-, 2-EWG-, and 2-EWG-6-EDG-substituted 4-cresols into
synthetically versatile 4-hydroxybenzaldehydes has been devel-
oped. The procedure is deservedly compatible with readily
oxidizable EDG-substituted 4-cresols. The ligand-free Co(OAc),-cat-
alyzed aerobic oxidation, characterized by a broad scope of the
substrates, high yields with excellent selectivity, mild reaction con-
ditions, and low catalyst loading, unlocks an atom-, step-, and
reagent-economical transformation for straightforward C=0 bond
formation. Further studies on extending this transformation in
related benzylic C(sp®)-H functionalization chemistry are currently
underway.
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(10 mL x 2). The combined organic phase was dried over anhydrous sodium
sulfate and concentrated to give a residue, which was purified by column
chromatography on silica gel (eluents: petroleum ether/ethyl acetate, 10/1) to
provide the desired products 2. Representative product 2a (Table 2, entry 1):
white solid, 251.9 mg (90% yield), mp 182-184 °C (lit'° mp 183 °C); 'H NMR
(400 MHz, CDCls, ppm): 6 9.80 (br s, 1H), 8.00 (s, 2H), 6.40 (br s, 1H); 13C NMR
(100 MHz, CDCl;, ppm): § 188.2, 154.4, 133.7 (2C), 131.3, 110.7 (2C); HRMS
(ESI): m/z [M—H"] calcd for C;H3Br,0, 276.8500, found 276.8490.
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