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A highly efficient approach to vanillin starting from
4-cresoly

Jian-An Jiang,? Cheng Chen,? Ying Guo,? Dao-Hua Liao,? Xian-Dao Pan® and
Ya-Fei Ji*®

A highly efficient approach to the famous flavor and fragrance compound vanillin has been developed
starting from 4-cresol with the attention focused on improving the sustainability of all the reactions. The
approach involves a three-step sequence of the quasi-quantitative selective clean oxybromination of
4-cresol, the high-yield selective aerobic oxidation of 2-bromo-4-cresol, and the quantitative methoxyla-
tion of 3-bromo-4-hydroxybenzaldehyde with the recovery of pure methanol. Herein, the pivotal oxi-
dation and methoxylation reactions are logically investigated and developed into two concise
methodologies. As a green alternative, the approach holds significant value for the sustainable manufac-
turing of vanillin.

Introduction

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a most famous
flavor and fragrance compound, and remains the global leader
in the flavoring and perfumery industries." It is also an impor-
tant chemical feedstock for the production of innumerable
active pharmaceutical ingredients and fine chemicals. Nowa-
days, more than 16 000 tons of vanillin is chemically produced
annually, mainly from the intermediate guaiacol via the
nitrose method (Scheme 1a) and the glyoxylic acid method
(Scheme 1b), >* and only a rather small amount of the remain-
der originates from vanilla pods.” In the face of the worldwide
growing demand for vanillin, the high production cost,
tedious reaction steps (including the preparation of guaiacol),
cumbrous separations and vast amount of wastewater have
brought about heavy burdens for its mass manufacture.” For
the sake of economical interests and ecological considerations,
academia and industry have been devoted to developing a sus-
tainable approach to vanillin over recent decades.”

As an innovative alternative strategy (Scheme 2), vanillin
can be synthesized starting from the less-expensive 4-cresol,
combinatorially via a three-step sequence of oxidation-bromi-
nation-methoxylation (Scheme 2a), bromination-methoxyla-
tion-oxidation (Scheme 2b)*” or bromination-oxidation—
methoxylation (Scheme 2c).*¢ The theoretical zero-carbon
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Scheme 2 Synthesis of vanillin starting from 4-cresol.

emission, the recyclable bromine element, and the molecular
oxygen as a green oxidant’ apparently make Scheme 2 highly
desirable for the production of vanillin on a commercial scale.
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Comparing with the traditional methods (Scheme 1), the rele-
vant straightforward benzylic C(sp*)-H oxyfunctionalization of
4-cresols is an ideal and eco-friendly approach to 4-hydroxy-
benzaldehydes from the viewpoints of atom-, step- and
reagent-economy.” ® However, these oxidations, of 4-cresol and
2-methoxy-4-cresol for example, are constrained by the use of
impractical metal-ligand-coordinated catalysts,” high oxygen
pressure,”®” as well as the potential safety issues associated
with the combination of pure O, and low-boiling point flam-
mable methanol.® In addition, inseparable tars (oligomers),
generated from the free radical-based coupling side-reactions,
usually cause difficulties for chemists. Recently, Li and co-
workers reported a Co-[Salen-Py|[PFs],-catalyzed oxidation of
2-methoxy-4-cresol to vanillin with ethylene glycol (EG) and
water as solvents to overcome the cumbersome tar problem,’
but it is extremely difficult to implement this oxidation on a
commercial scale because of the complexity of the catalyst.
Very recently, we have developed a ligand- and additive-free
Cu(OAc),-catalyzed and EG-mediated atmospheric oxidation of
2,6-di-electron-donating group (EDG) substituted hindered
4-cresols to the corresponding 4-hydroxybenzaldehydes.'®
However, for the unhindered 4-cresols (Scheme 2), the direct
benzylic C(sp®)-H oxyfunctionalization remains an outstand-
ing challenge. It was found that low conversion and undesired
coupling reactions inevitably emerged in the Cu-catalyzed oxi-
dations of 4-cresol and 2-methoxy-4-cresol."”'! In contrast, a
better selectivity with fewer tars was found for the oxidation of
the electron-withdrawing group (EWG)-containing 2-bromo-
4-cresol.'® We reasonably speculated that 2-bromo-4-cresol poss-
ibly promises an improved conversion with a high selectivity
under suitable oxidation conditions (Scheme 2c). In this work,
based on a selective oxybromination of 4-cresol to 2-bromo-
4-cresol, we described a practical and high-yield ligand-free
Co(OAc),-catalyzed aerobic oxidation of 2-bromo-4-cresol to
3-bromo-4-hydroxybenzaldehyde under the alkaline conditions
and mediation of non-flammable EG. The quantitative meth-
oxylation of the intermediate 3-bromo-4-hydroxybenzaldehyde
was subsequently developed, ultimately realizing a green and
concise three-step sequence to synthesize vanillin (Scheme 2c).

Results and discussion

Firstly, considering the high catalytic activity of cobalt, com-
mercially available cobalt salts, acting as inexpensive and low
toxic catalysts, were surveyed to explore an efficient, practical
and straightforward oxidation of 2-bromo-4-cresol (1a) to
3-bromo-4-hydroxybenzaldehyde (2a). When undecorated CoCl,
or other halogenated cobalt salts (3.0 mol%) were employed,
only traces of the desired 2a were obtained with pure O,
(1.0 atm) under the mediation of NaOH (2.0 equiv.) and EG
(Table 1, entry 1, and see ESI} for details). Next, we turned to
organic cobalt salts, and Co(OAc),-4H,0 proved to be effective
to give 2a with a promising yield of 53% at 50 °C (entry 2). Fur-
thermore, an elevated reaction temperature of 80 °C remark-
ably enhanced the yield to 76% (entry 3). It was found that
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Table 1 Selected optimizations for the reaction conditions (see ESI for
details)?

CHO
Co salt (ny mol%)
NaOH (n, equiv)
Br 0,(1.0atm), EG,T.,9h Br
OH 1a OH 2a
Entry Co salt (n;) NaOH (n,) T (°C) yield® (%)
1 CoCl, (3.0) 2.0 50 Trace
2 CO(OAc)2 4H,0 (3.0) 2.0 50 53
3 Co(OAc),4H,0 (3.0) 2.0 80 76
4 0(OAc),-4H,0 (3.0) 0 80 0
5 0(OAC),-4H,0 (3.0) 3.0 80 84
6 0(OAc),-4H,0 (3.0) 4.0 80 90
7 Co(OAc),-4H,0 (2.0) 4.0 80 90
8 0(OAC),-4H,0 (1.0) 4.0 80 90
9 0(OAC),-4H,0 (1.0) 4.5 80 90
10 0(OAc),-4H,0 (0.5) 4.0 80 79
11 0(OACc),-4H,0 (1.0) 4.0 80 Trace®

“Reaction conditions: 1a (5.0 mmol), Co salt (1, mol%) NaOH (n,
equiv.), EG (10 mL), O, (1.0 atm), 9 h. ?Isolated yield. Performed
under argon atmosphere.

80 —o—1a
70 —&—2a
60 —&—3a
4a

Percentage (%)
ol
(=)

0 = i

0.0 1.5 3.0 4.5 6.0 7.5 9.0
Reaction Time (h)

Fig. 1 Time-dependence curves for the oxidation of 1a to 2a (percen-
tages as their respective ratios from the total ionization chromatography
area normalization method). Reaction conditions: 1a (5.0 mmol),
Co(OACc),-4H,0 (12.5 mg, 0.05 mmol), NaOH (0.80 g, 20 mmol), EG
(10 mL) and O, (1.0 atm) at 80 °C (see ESI¥ for details).

NaOH was essential to trigger the oxidation. Meanwhile, the
dimer'® and tars resulting from coupling side-reactions were
undetected under the alkaline conditions (entries 4-6),” and
4.0 equiv. of NaOH turned out to be sufficient to afford the
highest yield of 90% (entry 6). More pleasingly, the same yield
was maintained when using 2.0 or 1.0 mol% Co(OAc),-4H,0
(entries 7 and 8, entry 8 with optimal reaction conditions).
However, the product yield did not increase further when
using 4.5 equiv. of NaOH (entry 9). On the other hand, the
yield sharply reduced to 79% with a lower catalyst loading of
0.5 mol% (entry 10). In addition, only a trace amount of 2a was
observed under the anaerobic conditions (entry 11).

Apart from the desired product 2a, the ether 3a and the
alcohol 4a as two intermediates were also detected during the
oxidation by GC-MS analysis (Fig. 1 and Scheme 3). A higher

This journal is © The Royal Society of Chemistry 2014
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Scheme 3 Oxidation process of 1a.

selectivity to 3a than to 4a suggests that 3a should be the inter-
mediate formed first, whereas 4a should be its inferior deriva-
tive. Indeed, the control experiments clearly showed that the
isolated 3a efficiently underwent this oxidation providing 2a
along with the generation of 4a. In contrast, the alcohol 4a was
cleanly oxidized to 2a without any 3a being observed in the
process. Significantly, the oxidation proceeded smoothly in
methanol via a similar reaction process with the intermediates
2-bromo-4-(methoxymethyl)phenol (3a’) and 2-bromo-4-(hydro-
xymethyl)-phenol (4a) being detected. However, a compara-
tively long reaction time of 60 h was required for completion
of the methanol-mediated oxidation of 1a, only affording 2a in
a 71% yield (see ESI} for details). The distinct contributions
arising from the EG and the methanol are attributed to their
polarity differences.'®

The oxidation system of Co(OAc),-4H,0/NaOH/O, was
impressive for selectively transforming 1a to 4-hydroxy-benz-
aldehyde 2a without the overoxidation product 3-bromo-4-
hydroxybenzoic acid being formed,”> even when elevating the
reaction temperature to 100 °C or prolonging the reaction time
to 60 h in methanol (see ESIT for details). Although the reson-
ance between 4-hydroxybenzaldehydes and enolates is see-
mingly a reasonable protection for the susceptive aldehyde
group,'® we still wondered why 2a was not further oxidized to
the corresponding 4-hydroxybenzoic acid under these harsh
alkaline conditions. It was considered that the sodium pheno-
late of 2a possibly isomerized into its sodium enolate via dearo-
matization-enolization, accordingly protecting the original
labile aldehyde group. On the one hand, "H NMR analysis
showed that 2a routinely formed its thermodynamically stable
sodium phenolate instead of the preconceived sodium enolate
in CD3;ONa/CD;OD under the test conditions. On the other
hand, the fact of capturing the sodium enolate of the sterically
hindered 4-hydroxybenzaldehyde 5 lent support to 2a isomeriz-
ing into its sodium enolate under the reaction conditions as
depicted in Scheme 4 (see ESIf for details). Also, a SciFinder
search revealed that 2,6-di-tert-butyl-4-(methoxymethylene)-
cyclohexa-2,5-dienone (the methyl enol ether of 5) was a solely
documented example, derived from the dearomatization-enoli-
zation—-methylation of 3,5-di-tert-butyl-4-hydroxybenzaldehyde
due to the highly sterically hindered structure."”

With the oxidation reaction conditions in hand, we next
compared the oxidations of 2-bromo-4-cresol (1a), 4-cresol (1b)
and 2-methoxy-4-cresol (1c), in order to evaluate the aforemen-
tioned approaches (Scheme 2). As displayed in Scheme 5, com-
pared to 1a, the unsubstituted and electron-neutral 4-cresol 1b

This journal is © The Royal Society of Chemistry 2014
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Scheme 4 Isomerization of 2a into its sodium enolate under the reac-
tion conditions.
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e vanillin (2c, 55%) 6c (11%)

Scheme 5 Oxidations of 1a, 1b and 1c under the standard conditions.
Reaction performed with 1 (5.0 mmol), Co(OAc),-4H,O (12.5 mg,
0.05 mmol), NaOH (0.80 g, 20 mmol), EG (10 mL) and O, (1.0 atm) at
80 °C for 9 h (see ESIT for details).

delivered the desired 4-hydroxybenzaldehyde (2b) in a rela-
tively low yield of 81%, along with the dimer 6b (6% yield) and
undeterminable tars derived from undesired couplings. In
sharp contrast, 2-EDG-substituted 4-cresol 1c suffered from
more severe coupling side-reactions only providing the desired
oxidation product (vanillin) with a 55% yield, as well as the
dimer 6¢ (11%) and the concomitant tars. The facts indicated
that the bromine atom as an EWG could inherently suppress
potential coupling side-reactions under the strong alkaline
conditions, accordingly guaranteeing a high selectivity to 2a
(Scheme 5a). On the basis of the pivotal oxidation reactions,
the sequence of bromination-oxidation-methoxylation
(Scheme 2c¢) should be the most likely to efficiently access
vanillin from 4-cresol.

Another defining attribute of the undecorated Co(OAc),-
catalyzed oxidation protocol is its validity to transform a series
of EWG-substituted 4-cresols to the corresponding 4-hydroxy-
benzaldehydes. As shown in Table 2, the oxidation of various
2-EWG-substituted 4-cresols worked well with this protocol.
Firstly, we were pleased to observe that, this simple protocol

Green Chem., 2014, 16, 2807-2814 | 2809
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Table 2 Co(OAc),-catalyzed oxidation of 17

CHO
Co(OAC),4H,0 (1.0 mol%)
0, (1.0 atm)
R! R®  NaOH (4.0 equiv) R R?
OH 4 EG,80°C,9h OH 2
CHO CHO CHO CHO
Cl F~ i NC~ i Br Br
OH OH OH OH
2d, 87%" 2e, 85%" 2f, 83%P 2g, 90%°°
CHO CHO CHO CHO
cl Cl F~ i “Br F~ i “OMe NC OMe
OH OH OH OH
2h, 91%P° 2i, 88%°° 2j, 89%P° 2k, 86%"°

“Reaction conditions: 1 (5.0 mmol), Co(OAc),-4H,0 (12.5 mg,
0.05 mmol), NaOH (0.80 g, 20.0 mmol), EG (10 mL) and O, (1.0 atm) at
80 °C for 9 h. ?Isolated yield via column chromatography. ¢ Performed
with NaOH (0.40 g, 10.0 mmol).

smoothly provided 3-EWG-substituted 4-hydroxybenzaldehydes
2d-f in high yields of 83-87% from the corresponding unhin-
dered 2-EWG-substituted 4-cresols. Furthermore, as for the
hindered 2,6-di-EWG- or 2-EWG-6-EDG-substituted 4-cresols,
all the desired products 2g-k were efficiently obtained with
high yields of 86-91%. In the current case of the hindered
4-cresols, only 2.0 equiv. of NaOH was needed to render the
high yields (2g-k). Significantly, this alkaline Co(OAc),-
catalyzed oxidation of the EWG-containing 4-cresols is an
important complementary protocol to the previous Cu(OAc),-
catalyzed oxidation of the sterically hindered electron-rich
4-cresols."™

At the moment, based on the above findings and the pre-
viously reported Baik-Ji-type reaction mechanism beginning
with a phenoxy radical,®”'® a similar mechanism was pro-
posed to rationalize the alkaline Co(OAc),-catalyzed oxidation
(Scheme 6). In the first phase, the reaction is initiated by
single-electron transfer from the phenolate of 1a to the direct
oxidant Co(m) species, derived from Co(OAc),-4H,0 through
oxygenation,” to give the phenoxy radical. The isomeric
radical III is disproportionated to the original 1a and the
highly reactive p-benzoquinone methide A, and the nucleophi-
lic addition of A with EG results in the ether 3a (Scheme 3).
Similarly, in the second phase, the phenolate of 3a is con-
verted to the enol ether A’, which is subjected to a rapidly
spontaneous aromatization followed by the release of EG to
attain the desired 2a.'* Of course, the sodium enolate of 2a
(A") should effectively protect the original aldehyde group
under the strong alkaline conditions. In addition, a high con-
centration of NaOH will split the firstly formed intermediate
3a releasing the phenolate of 4a (Scheme 3), which is further
oxidized to 2a via the same fashion. In the process, NaOH
holds three crucial roles: (i) facilitating phenoxy radical for-
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Scheme 6 A plausible mechanism for the typical oxidation of 1la
(ROH = EG, DP = disproportionation).

mation via phenolate anion; (ii) inhibiting free radical-based
coupling side-reactions; (iii) protecting in situ the formed alde-
hyde group via dearomatization-enolization.

Having established the efficient oxidation of 1a to 2a, we
had to make an effort with the methoxylation of 2a into vanil-
lin. Traditionally, a practical methoxylation of unactivated aryl
bromides (no strong EWG such as NO,, CN, CF;, etc. on the
aromatic ring) with MeONa requires a copper(i) salt as a cata-
lyst, assisted by aprotic polar amides like dimethylformamide,
N-methyl-2-pyrrolidinone or hexamethylphosphorous triamide,
as solvents or co-catalysts.'> As a result, the unsatisfactory
efficacy, troublesome workup'® and reproductive health
hazards'” associated with these solvents make them unsuita-
ble due to current eco-awareness. Also, the contaminating
decomposition of these amides unavoidably takes place in the
presence of MeONa. For this reason, an eco-friendly and
powerful protocol has been developed to implement a quanti-
tative methoxylation (98% yield). The reaction was carried out
in a Teflon-lined autoclave at 115 °C for 2 h, with the most
inexpensive copper(i) salt CuCl (4.0 mol%) as a catalyst and
the decomposable HCOOMe (40 mol%) as a co-catalyst, as well
as methanolic MeONa (3.0 equiv.) as both a nucleophile and
solvent (Scheme 7). Compared to an open system,"® the closed
reaction system played two vital roles for guaranteeing the
quantitative methoxylation: (i) avoiding the loss of low boiling
point HCOOMe; and (ii) elevating the reaction temperature
to 115 °C. In particular, due to the fully uncontaminated
decomposition of HCOOMe into MeOH and carbon monoxide

CHO CHO
MeONa (3.0 equiv)

MeOH, 115°C, 2 h

CuCl (4 mol%)
Br  HCOOMe (40 mol%)
OH
2a vanillin (98%)

i quantitative yield
1 inexpensive CuCl
| potent HCOOMe

OMe recovering pure MeOH

Scheme 7 Methoxylation of 2a into vanillin.
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Table 3 CuCl/HCOOMe-catalyzed methoxylation of aryl bromides®

Br MeONa (3.0 equiv) OMe
- MeOH. 115°C. 2 h
=
o CuCl (4 mol%) |
A HCOOMe (40 mol%) S
R R 7
OMe OMe OMe OMe
»! Jou
OMe o
OMe o
7a, 98%" 7b, 98%° 7c, 98%° 7d, 98%°
(1007100) (100/100)° (100/100)° (100/100)°
OMe OMe OMe OMe
Jog o 0
OEt MeO,C
7e, 98%" 7f, 99%° 79, 98%° 7h, 98%°
(100/100)° (100/100)¢ (100/100)° (100/100)¢

“Reaction conditions: aryl bromides (4.0 mmol), MeOH (5 mL),
MeONa (0.65 g, 12 mmol), CuCl (15.8 mg, 0.16 mmol) and HCOOMe
(0.10 mL, d = 0.97 g mL™", 1.6 mmol) at 115 °C for 2 h. ?Isolated yield
via column chromatography. “Conv. (%)/Sele. (%) determined by
GC-MS from the total ionization chromatography area normalization
method (see ESI for details).

in the presence of MeONa, pure MeOH (colourless, purity
>99%, water content <0.12%) was directly recovered after the
completion of the reaction under the open system."®

To further unravel the efficiency and applicability of the
CuCl/HCOOMe-MeONa/MeOH system, a variety of unactivated
aryl bromides were evaluated for a classic Ullmann-type C-O
coupling reaction (Table 3). Most pleasingly, the protocol
could consistently realize a perfect methoxylation of EDG-sub-
stituted aryl bromides to access the corresponding anisoles
7a-g in quantitative yields. Likewise, for weak EWG-substituted
aryl bromides, the methoxylation protocol quantitatively
achieved the desired anisoles 7h. A conversion of 100% and a
selectivity of 100% were detected by GC-MS analysis in all the
cases excluding the common dehalogenation side-reaction (see
ESIF for details)."® The excellent efficiency and direct recovery
of pure MeOH highlighted the potential of this protocol in
practical applications.

The control experiments on the methoxylation of 2a
demonstrably suggested that, relative to MeCOOMe and DMF,
HCOOMe was the most powerful co-catalyst (Table 4). Accord-
ing to earlier reports,"®*° a modified mechanism was pro-
posed for the CuCl/HCOOMe-catalyzed methoxylation
(Scheme 8). Comparing with acetates or amides,'® the
formate HCOOMe possesses a higher reactivity firstly bringing
about the tetrahedral intermediate IV under alkaline con-
ditions. Then IV and a cuprate-like intermediate V>°“ are incor-
porated into a direct contributing intermediate VI, of which
the aryl bromide coordinating with the copper-center gives a
complex VIL Eventually, the copper(n) intermediate VIII, which
is formed by transferring electron density from the copper(1)
atom to the aryl moiety, decomposes into the product and the

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

Table 4 CuCl-catalyzed methoxylation of 2a with different co-
catalysts®

CHO CHO
MeONa (3.0 equiv)

MeOH, 115°C, 2 h

CuCl (4 mol%)
Br o OMe
OH co-catalyst (ny mol%) OH
2a vanillin

Entry Co-catalyst 1, mol% Conv./Sele.” (%) Yield® (%)
1 HCOOMe 40 100/100 98
2 MeCOOMe 40 95/100 91
3 DMF 40 94/100 89

“Reaction conditions: 2a (4.0 mmol), MeOH (5 mL), MeONa (0.65 g,
12 mmol), CuCl (15 8 mg, 0.16 mmol) and co-catalyst (r7; mol%) at
115 °C for 2 h. ”Determined by GC-MS from the total ionization
chromatography area normalization method (see ESI for details).
“Isolated yield via column chromatography.
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L —— ylon [oeul L SN
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H” “OMe -NaOM
oM ome v Med” y NaCl
| |
w7 &
zZl 5
2| 2
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Me
NaOMe Vi
H_ OMe HXOMS 7 M
SL
[Meo O, |] [Meo [oN Na
Cu /Cu"“Br
IX B MeO Vil
OMe
O/ H OMe 7 ,R
MeO o, ]Na

“TBr
VIII

Scheme 8 Possible mechanism for

methoxylation.

CuCl/HCOOMe-catalyzed

copper(1) species IX via a synergistic reductive elimination
process. Subsequently, the key intermediate VI is regenerated
via an anion metathesis of IX and MeONa. Also, it was reason-
ably presumed that, similar to the sodium enolate of 2a
(Scheme 4), the sodium enolate of vanillin should occur under
the working conditions, accordingly protecting its original
aldehyde group.

Finally, our efforts focused on developing a clean and selec-
tive bromination protocol for the synthesis of the intermediate
2-bromo-4-cresol (1a) from 4-cresol. As an alternative for tra-
ditional bromination, oxybromination has attracted consider-
able attention and remarkable advances have been acquired.>*
Experiments have shown that common chlorinated light
alkanes, such as 1,2-dichloroethane, carbon tetrachloride,
chloroform, and dichloromethane, are able to conduct oxy-
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Br, (0.51 equiv) ' R
H,0, (0.55 equiv) + clean oxybromination
—_ + nearly exclusive selectivity
CH,Cly, 0°C Br : quasi-quantitative yield
OH OH '
(1.0 equiv) 1a (96%)

Scheme 9 Hydrogen peroxide-based oxybromination of 4-cresol.

bromination with high selectivity.>*”* Choosing the lower toxic

CH,Cl, as a solvent here,** we successfully carried out a mild
and highly selective oxybromination of 4-cresol with 0.51
equiv. Br, and 0.55 equiv. H,O, as the brominating agents
(Scheme 9). To the solution of 4-cresol (10 mmol), H,0, (30%,
5.5 mmol) and CH,Cl, (10 mL),>® a solution of bromine
(5.1 mmol) and CH,CI, (5 mL) were slowly added at 0 °C for
4 h through a syringe pump. The resulting mixture was stirred
for another 4 h so as to provide the desired ortho-monobromi-
nation product 1a in a quasi-quantitative yield (96%) with a
near exclusive selectivity (only 0.9% dibromination product,
see ESIt). With the excellent bromine atom-economy, the extra
recovery of HBr and its environmental impact were excluded.
In comparison, the oxybromination of 4-hydroxybenzaldehyde
(2b) was of a lower selectivity giving the desired monobromina-
tion product 2a in a reduced yield of 73% (13% dibromination
product, see ESIf). Obviously, the perfect oxybromination of
4-cresol again demonstrated that Scheme 2c is feasible for pre-
paring vanillin. We achieved this approach to vanillin with
a highly efficient three-step sequence of oxybromination-
oxidation-methoxylation using common chemicals 4-cresol,
Br, and H,0, as the starting feedstocks (Scheme 2c).

Conclusions

In conclusion, we have developed an efficient and practical
approach to the famous flavor and fragrance compound vanil-
lin from 4-cresol via a three-step sequence of quasi-quantitat-
ive selective clean oxybromination, high-yield selective aerobic
oxidation and quantitative methoxylation with recovery of pure
methanol. Given the simplicity and sustainability of the reac-
tion steps, as well as the commercial importance of the
product, the approach could unlock a promising application
prospect in the manufacturing of vanillin.

Experimental section
General information

All reactions were carried out in oven-dried glassware and
monitored by thin layer chromatography (TLC, pre-coated
silica gel plates containing HF,s,). Reaction products were pur-
ified via column chromatography on silica gel (300-400 mesh).
Melting points were determined using open capillaries and
were uncorrected. NMR spectra were determined on a Bruker
AV400 in CDCl; or DMSO-dg, with TMS as the internal stan-
dard for "H NMR (400 MHz) and "*C NMR (100 MHz), respect-
ively. HRMS were carried out on a QSTAR Pulsar I LC/TOF MS
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mass spectrometer or a Micromass GCTTM gas chromato-
graph-mass spectrometer. GC-MS were carried out on an
Agilent 6890-5973N gas chromatograph-mass spectrometer.

General procedure for oxybromination of 4-cresol into 1a

A three-necked flask was charged with 4-cresol (1.08 g,
10 mmol), CH,Cl, (10 mL)** and H,0, (30%, 0.58 mL, d =
1.11 g mL™", 5.5 mmol), and then the solution was cooled to
0 °C. At this temperature, to the solution was slowly added a
solution of bromine (0.26 mL, d = 3.12 g mL™", 5.1 mmol) and
CH,Cl, (5 mL) over 4 h through a syringe pump. Afterwards,
the mixture was stirred for another 4 h. Aqueous NaHSO;
(10 mL, 2%) was added to the mixture at 0 °C, and the reaction
solution was allowed to stir for 1 h at room temperature. Fur-
thermore, the solution was partitioned into two layers, and the
aqueous phase was extracted with CH,Cl, (5 mL x 3). Finally,
the combined organic layers were dried over anhydrous
Na,SO,, and concentrated to give a crude oil, which was puri-
fied via column chromatography on silica gel (eluent: pet-
roleum ether-ethyl acetate 20:1) to provide the desired
product 1a (chromatographic purification can provide a more
credible yield). Yellow oil, 1.80 g (96%); "H NMR (400 MHz,
CDCl,, ppm): & 7.28 (br d, J = 1.6 Hz, 1H), 7.02 (br d, J = 8.0,
1H), 6.92 (br d, J = 8.0 Hz, 1H), 5.40 (br s, 1H), 2.27 (s, 3H); °C
NMR (100 MHz, CDCl;, ppm): § 150.0, 132.1, 131.4, 129.8,
115.8, 109.8, 20.2; HRMS (EI): m/z [M'] caled for C,H,OBr
185.9680, found 185.9682.

General procedure for the oxidation of 1a into 2a

A three-necked flask was charged with EG (10 mL), 1a (0.94 g,
5.0 mmol), Co(OAc),-4H,0 (12.5 mg, 0.05 mmol) and solid
NaOH (0.80 g, 20 mmol), and then the solution was heated to
80 °C. The molecular oxygen was continuously supplied to the
reaction through a top tube inlet for 9 h. Hydrochloric acid
(10 mL, 10%) and methyl tert-butyl ether (MTBE, 15 mL) were
successively added to the reaction mixture at room tempera-
ture. The MTBE phase was separated, and the aqueous phase
was further extracted with MTBE (15 mL x 2). The combined
organic layers were dried over anhydrous Na,SO, and concen-
trated in vacuo to give a residue, which was purified via
column chromatography on silica gel (eluent: petroleum
ether-ethyl acetate 20:1) to provide the desired product 2a
(chromatographic purification can provide a more credible
yield). Pale yellow solid, 0.90 g (90%), m.p. 130-132 °C (lit."°
m.p. 130-132 °C); "H NMR (400 MHz, CDCl;, ppm): § 9.83 (br
s, 1H), 8.04 (br s, 1H), 7.77 (br d, J = 8.4 Hz, 1H), 7.15 (br d, J =
8.4 Hz, 1H), 6.43 (br s, 1H); *C NMR (100 MHz, CDCl;, ppm):
§192.7,151.8, 132.9, 130.3, 128.1, 127.5, 127.4; HRMS (EI): m/z
[M'] caled for C;H;0,Br 199.9473, found 199.9474.

General procedure for the methoxylation of 2a into vanillin

The Teflon-lined autoclave (25 mL) was charged with 2a
(0.80 g, 4.0 mmol), MeOH (5 mL), MeONa (0.65 g, 12 mmol),
CuCl (15.8 mg, 0.16 mmol) and HCOOMe (0.10 mL, d = 0.97 g
mL™", 1.6 mmol). The autoclave was heated to 115 °C, and
stirred for 2 h. After the completion of the reaction, the reactor
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was cooled to room temperature. The reaction mixture was
stirred for 0.5 h in an open system, and then concentrated to
recover pure MeOH. To the residue was added MTBE (5 mL)
and diluted hydrochloric acid (1.0 M, 8 mL) to adjust the pH
to 2.0-3.0. Furthermore, the solution was partitioned into two
layers, and the aqueous phase was extracted with MTBE (5 mL
% 3). The combined organic layers were dried over anhydrous
Na,S0,, and concentrated in vacuo to give a solid, which was
purified via column chromatography on silica gel (eluent: pet-
roleum ether-ethyl acetate 15: 1) to provide the desired vanil-
lin. White solid, 0.59 g (98%), m.p. 82-83 °C (lit.** m.p.
80-81 °C); 'H NMR (400 MHz, CDCl;, ppm): 6 9.82 (br s,
1H), 7.43-7.41 (m, 2H), 7.04 (br d, J = 8.8 Hz, 1H), 6.30 (br s,
1H), 3.96 (s, 3H); *C NMR (100 MHz, CDCl;, ppm): § 191.1,
151.8, 147.2, 129.8, 127.6, 114.5, 108.9, 56.1; HRMS (ESI): m/z
[M — H'] caled for CgH,0;3 151.0395, found 151.0400. Gener-
ally, the purity of the recovered MeOH was more than 99% as
measured by GC, and the water content was less than 0.12% as
measured by the Karl Fischer method.
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