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Selective Aerobic Benzylic Alcohol Oxidation of Lignin
Model Compounds: Route to Aryl Ketones

Monali Dawange, Maxim V. Galkin, and Joseph S. M. Samec*®

A mild and chemoselective oxidation of the a-alcohol in -O-
4’-ethanoaryl and B-O-4'-glycerolaryl ethers has been devel-
oped. The benzylic alcohols were selectively dehydrogenated
to the corresponding ketones in 60-93 % yield. A one-pot se-
lective route to aryl ethyl ketones was performed. The catalytic
system comprises recyclable heterogeneous palladium, mild re-
action conditions, green solvents, and oxygen in air as oxidant.
Catalytic amounts of a coordinating polyol were found pivotal
for an efficient aerobic oxidation.

Lignocellulosic biomass is one of the most attractive renewable
feedstocks for producing chemicals and fuels.!" Lignin is a bio-
polymer that represents a major component of non-
edible biomass. Rational utilization of this resource

OH

ferred. Such substrates are valuable starting materials in fine
chemical industries.!" Selective oxidation of the secondary al-
cohol without C—C bond cleavage for phenolic models is still
a major challenge in lignin chemistry (Scheme 1).” We only
found one report that describes the transformation of ad-
vanced lignin model compounds (1) to the corresponding ke-
tones (2) (Scheme 1), for which addition of strong acids was re-
quired.” However, due to C—C bond cleavage, poor selectivity
was obtained.

Recently, we reported a Pd/C-catalyzed transfer hydrogenol-
ysis of lignin model compounds by addition of ammonium for-
mate and formic acid as a hydrogen source to reductively
cleave the B-O-4-ethanoaryl ether linkage.”” We showed that
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which the [3-O-4'-glycerolaryl ether linkage represents
the most common repeating monomeric unit
(Figure 1).1>2
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Figure 1. Structure of a lignin fragment. The 3-O-4'-glycerolaryl ether linkage is highlighted.

Both reductive and oxidative methodologies to promote re-
activity of the [-O-4'-glycerolaryl ether linkage have been re-
ported."® Methods for oxidation of lignin and its model com-
pounds have been the focus of extensive investigations.”!
Many of the current methods proceed via a C—C bond cleav-
age that leads to degradation of the propylbenzene skeleton.
Usually such methods result in benzoic acids, phenolic alde-
hydes, or different quinone derivatives as products.”* In cer-
tain applications, such as vanillin production, a C—C bond
cleavage is desired. In other applications, conservation of the
alkyl chain to selectively generate the aryl ethyl ketone is pre-
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Scheme 1. Strategy for selective degradation of lignin to generate 4.

an initial rate-limiting dehydro-
genation generated a ketone in-
termediate  that  underwent
a fast hydrogenolysis of the 3-O-
4'-ethanoaryl ether linkage to
give aryl ethyl ketone and
phenol. No reactivity was ob-
served for the more challenging
[-O-4'-glycerolaryl ether under
similar reaction conditions. When the reaction time, tempera-
ture, and amount of reducing agent were increased, an unse-
lective reaction to yield a mixture of 3-aryl propanol and aryl
propane took place (Scheme 2).

Here, we report a mild and selective oxidation of the benzyl-
ic alcohol in lignin model compounds. Stopping the reaction
at the benzylic oxidation opens up the possibility to obtain the
aryl ethyl ketone in a one-pot procedure (Scheme 1). These
compounds are highly valuable as substrates for fine chemicals
synthesis (Scheme 3). For example, Chiba and Loh’s group re-
cently reported oxidative amide formation by using 2 as start-
ing material.”’ Plietker's and Shim’s groups reported an a-alky-
lation of 4. Other conceivable reactions include: Baeyer-Vil-
liger oxidation, reductive amination, reduction to alcohol, Man-
nich reaction, aldol condensation, and the Grignard reaction
(Scheme 3).

The addition of catalytic amounts of sodium borohydride
and excess of base has been reported to prevent deactivation

OMe

ChemCatChem 0000, 00, 1 -4
These are not the final page numbers! 27



CAT

OH OMe

0 Pd/C 5 mol%
+ 6 equiv [H]
MeO HO 36 h, 120 °C

OMe 1a

A0 +
34%

Scheme 2. Previously reported method yielded low selectivity and no ketone.
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Scheme 3. Ketone 4 from lignin as a versatile starting material for the
synthesis of fine chemicals.

of palladium.”’ However, metal hydrides are not convenient in
large-scale productions.'” Initial attempts to selectively oxidize
the benzyl alcohol in lignin model compound 1a by Pd/C (see
the Supporting Information) with addition of sodium borohy-
dride led to marginally better results compared to the blank
reaction without additives (Table 1, entries 9-10). Ammonium
formate also gave poor selectivity in the oxidation reaction in
which C—O bond cleavage was observed (Table 1, entry 8).
On using alcohols, the conversions increased to above 50% of
the desired product (Table 1, entries 1-7). The best result was
obtained with glucose in which 1a was selectively dehydro-
genated to yield 2a in 68% yield (Table 1, entry 1). An opti-
mum of 40 mol% of glucose was found; increased or de-
creased levels of glucose gave poorer results. Attempts to per-
form the reaction in either an inert or oxygen atmosphere
were unsuccessful (see the Supporting Information). The reac-
tion could be performed in environmentally friendly solvents
such as ethyl acetate, ethanol, cyclopentyl methyl ether, or 2-

Ar/\/

methyltetrahydrofuran together with water to give
2a in a good yield. Notably, the procedure did not
require the addition of acids or bases as in earlier re-
37% ports.>? Performing the reactions in ethyl acetate
gave higher selectivity with lignin models than in
ethanol. In ethanol, both the dehydrogenation and
the C—O bond cleavage were accelerated to give
lower selectivity. Another advantage of using ethyl
acetate was that the product was easier to isolate from the re-
action mixture (i.e., recycling). Performing the reaction in the
absence of water gave low reactivity. A plausible explanation is
that water facilitated the dissolution of glucose. Notably, this
mild dehydrogenation methodology was applied to a variety
of primary and secondary alcohols to generate the correspond-
ing aldehydes and ketones in good to excellent yield within
minutes (see the Supporting Information). These reactions
were performed in ethanol and water, with no side reactions
observed.

Pd/C-catalyzed aerobic oxidation of benzylic alcohols in
lignin model compounds was subsequently investigated. $-O-
4’-Ethanolaryl ethers, which mimic lignin from different sour-
ces, were chosen as model substrates to investigate the scope
of the reaction.®? Model 5a, with no methoxy substitution of
the aryl, is the major component in for example, switchgrass.
Substitution of the hydrogen atoms in the aryl group by one
methoxy group in the R* position (5 f) corresponds to the pre-
dominant lignin substitution pattern in softwood and, by two
methoxy groups in the R* and R* positions (5g), to the lignin
substitution pattern in hardwood, for example, birch and euca-
lyptus. Gratifyingly, selective oxidation gave the corresponding
products in 83-94% isolated yield (Table 2). No degradation of
the C—0O or C—C bonds was observed. Interestingly, the substi-
tution pattern of the aryl did not affect the yield or selectivity
to generate the desired ketone. Highly substituted 5g was
transformed in a high yield (Table 2, entry 7). This compound
has previously proved difficult to transform by transition metal
catalysis.’” Lignin model compound 5h with a free phenolic
group also underwent selective dehydrogenation to generate

the corresponding ketone 6h in a good yield. Unpro-

Table 1. Influence of additives on oxidation of 1a.”

tected phenols have been reported to be cumber-
Me some to transform. 2!

OH OMe o] (o]
Pd/C 5 mol% - . .
o) el o_rzoeq‘:,iv o) Lignin model compounds with the y-alcohol motif
EOATHO represent the native lignin structure. These (3-O-4-
C .

MeO HO 80 o02 L) O glycerolaryl ethers models have previously showed

OMe 1a OMe 2a Lo i
low or no reactivity in transition-metal-catalyzed reac-
Entry Additive 2a[%] | tions.®™ Gratifyingly, the PB-O-4-glycerolaryl ethers
1 glucose 63 underwent selective benzylic oxidation to generate
2 sorbitol 56 ketones 7a-d in moderate to good yields (Table 3).
3 2-propanol 53 Compounds containing free phenol (7 ¢) also showed

4 sucrose 52 good reactivity and selectivity.

: pinacol 2 To d he feasibility of the selective d

6 glycerol 48 o demonstrate the feasibility of the selective de-
7 ethylene glycol 42 hydrogenation, [3-O-4'-glycerolaryl ether 1a was con-
8 HCOONH, 4 verted to aryl ethyl ketone 4a in a one-pot proce-
?o NaBH, ?g dure (Scheme 4). Performing an aerobic oxidation

with Pd/C in an ethyl acetate and water mixture for

80°C, 12 h.

[a] Reaction conditions: 0.4 equiv additive, 0.05 equiv Pd/C (5 wt %), EtOAc/H,0 (4:1),

12 h at 80°C gave 2a. Addition of base led to dehy-
dration intermediate 3. This intermediate was re-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Oxidation of various 2-aryloxy-1-arylethanols.””
OH R®  pdic 5 mol% o RS
Oj@ glucose 0.4 equiv (0]
4 3" EtOAc/H20 4 3"
R IS R 80 °C T R
5a-h D 6a-h
Entry  Substrate R® R R¥ R¥ thl  Yield® [%]
1 5a H H H H 3 83
2 5b H OMe H H 3 87
3 5¢c H H OMe H 4 89
4 5d H OMe OMe H 24 89
5 S5e OMe OMe H H 36 85
6 5f OMe OMe OMe H 10 93
7 59 OMe OMe OMe OMe 36 93
8 5h OMe OH OMe H 36 89
[a] Reaction conditions: 0.4 equiv glucose, 0.05equiv Pd/C (5 wt%),
EtOAc/H,O (4:1), 80°C. [b] Average isolated yield of the corresponding
ketone based on two duplicate experiments.

Table 3. Oxidation of various 3-O-4"-glycerolaryl ethers.
] 3
OH R*  Pd/C 5 mol% ? R
o} glucose 0.4 equiv O\©
—_
4 EtOAc/H,0 R4 HO
R 3 HO 80° C R3
R

1a—d 2a-d
Entry Substrate R? R* R¥ t[h] Yield® [%)]
1 Ta OMe OMe OMe 12 68
2 1b H OMe OMe 12 81
3 1c OMe OH OMe 48 60
4 1d H H H 24 64
[a] Average isolated yield of the corresponding ketone based on two
duplicate experiments.

1. Pd/C 5 mol%, glucose 0.4 equiv,12h
2. K,COg3, 2.5 equiv, 3h
3. Pd/C 5 mol%, 4h

amounts of oxidation could be difficult to observe because of
the different forms of glucose. The same investigation of the
sugar derivative was also performed on the reaction with sor-
bitol as additive. In this case, oxidized sugars would be easily
detected. However, no traces of the oxidized sugar derivatives
were observed after dehydrogenation of 1a. An alternative ex-
planation is that the alcohol/polyol stabilizes palladium to pre-
vent palladium from aggregation."” The results from above
would support such a role. The dehydrogenation of 1a in the
presence of pinacol gave a 50% conversion to 2a (Table 1,
entry 5). Thus, pinacol that could coordinate to palladium but
could not act as a hydrogen donor gave similar conversions to
other polyols. These results support that the role of glucose is
to stabilize palladium on the support. Other research groups
have observed similar role of polyols or other ligands in heter-
ogeneous palladium catalysis."”

In our previous studies we used Pd/C with different addi-
tives to transform benzyl alcohols, lignin model compounds,
and lignin itself."¥ Notably, the effect of the additive is funda-
mental to the reactivity. Formic acid alone promotes a dispro-
portionation reaction of the benzyl alcohol in both benzyl alco-
hols and lignin models. Use of formate instead of formic acid
gives C—0 bond cleavage in different (3-O-4"-ethanolaryl ether
lignin models. This reaction also starts with an initial dehydro-
genation. However, in the presence of formate a reductive
cleavage of the weaker C—O ether bond" occurs in a fast sub-
sequent reaction step. Notably, the more challenging -O-4'-
glycerolaryl ethers models were not reactive at 80°C. To ach-
ieve reactivity, the oil bath was heated to 120°C and an over-
stoichiometric amount of hydrogen donor was required. Under
those reaction conditions no aryl ethyl ketone was formed. In
the present study we complement the reactivity of Pd/C and
lignin model compounds to a selective dehydrogenation reac-
tion for lignin model compounds. The role of the additive is to
maintain the palladium activity only in the dehydrogenation

reaction. This way, the aryl ethyl ketone can be pre-
pared selectively under mild reaction conditions.
In conclusion, we have demonstrated the selective

oH o OMe :gggm ezq:iV_ Q oxidation of benzylic alcohols in lignin model com-
\© 4 2 equ pounds to the corresponding ketones without C—O
MeO HO Et%gco/gzo MeO or C—C cleavage or y-alcohol dehydrogenation. Selec-
OMe OMe tive dehydrogenation of the benzylic alcohol in lignin
1a 4a (62%)

Scheme 4. Selective benzylic oxidation followed by 3-O-4'-bond cleavage.

duced and cleaved by utilizing the same batch of Pd/C (regen-
erated) and water by addition of formic acid and ammonium
formate to yield the aryl ethyl ketone 4a in 62 % yield.

The role of the additive was investigated. Our initial hypoth-
esis was that the alcohol could act as a mild hydrogen donor
to prevent over-oxidation of Pd/C as previously reported for
aerobic oxidation of benzylic alcohols in the presence of
sodium borohydride. A couple of experiments were per-
formed to probe the role of the polyol. After the dehydrogena-
tion of 1a to 2a, the glucose additive was studied. Surprising-
ly, no oxidation of sugar was observed. However, small

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

model compounds is a straightforward route to aryl
ethyl ketones and this is demonstrated here. The key
to success is the addition of catalytic amounts of glu-
cose, for example, to inhibit catalyst deactivation. We
propose that the role of the polyol is to stabilize the palladium,
thus preventing it from aggregation. The utilization of mild re-
action conditions, air as an oxidant, and recyclable Pd/C in
green solvents makes this procedure interesting from econom-
ic and environmental perspectives.

Experimental Section

General procedure for oxidation of benzylic alcohols to corre-
sponding carbonyl compounds: To a suspension of Pd/C (16 mg,
7.5 umol) in H,O (0.6 mL), glucose (11 mg, 0.06 mmol), substrate
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(0.15 mmol), and EtOAc (2.4 mL) were added. The reaction mixture
was heated to 80°C in air in a reflux condenser. The progress of re-
action was monitored by using TLC on silica gel. After completion,
the reaction mixture was cooled to RT and the organic phase deca-
nted and filtered through a Celite pad by using EtOAc (10 mL) as
eluent and concentrated in vacuo to give a crude oil. The oil was
purified by column chromatography.
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COMMUNICATIONS

OH 0 o M. Dawange, M. V. Galkin, J. S. M. Samec*
O, . o
Af)\j ~ [ Af)% a2 Ar)H EE-EE
HO HO

5% Pd/C, polyol Selective Aerobic Benzylic Alcohol

==
Oxidation of Lignin Model
The ligninator: A mild and chemoselec-  selective route to aryl ethyl ketones is Compounds: Route to Aryl Ketones
tive oxidation of the a-alcohol in 3-0-4' performed. The catalytic system
lignin model compounds is developed. comprises recyclable heterogeneous
The benzylic alcohols are selectively palladium, mild reaction conditions,
dehydrogenated to the corresponding green solvents, and oxygen in air as
ketones in 60-93 % yield. A one-pot oxidant.
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