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Herein, we propose a catalytic fractionation—ozonolysis strategy
for producing aromatic aldehydes from biomass. Native lignin is
selectively depolymerized into ~30 wt% 4-methoxypropenyl-
guaiacol/syringol over MoO, at 160—-180 °C, followed by ozonoly-
sis yielding 20 wt% vanillin and syringaldehyde. This strategy is free
of base and well preserves carbohydrate pulp.

Aromatic aldehydes are a class of important compounds with
broad applications in the flavoring, polymer, and pharma-
ceutical industries."* Thanks to the functional carbonyl group,
aromatic aldehydes also act as precursors for alcohols, acids,
amines, etc., and building blocks of complex macromolecules.
Sustainably producing aromatic aldehydes from bioresources
is highly desirable.

One of the well-known aromatic aldehydes is vanillin, a
famous flavoring additive and building block for versatile pro-
ducts with a worldwide production of around 20 000 tons per
year.>™® It is historically produced by aerobic oxidation of tech-
nical lignin in caustic solution.>*” This process dominated
the market in the middle of the last century (Scheme 1), but
later, due to the environmental concerns of alkaline effluent
and high production cost, it was largely replaced by petro-
based processes using guaiacol and glyoxylic acid as the feed-
stocks (Scheme 1).** However, efforts for improving the lignin-
based vanillin process have continued. Recent studies reported
a conversion strategy, termed oxidative catalytic fractionation
(OCF), that realized a higher yield of aromatic aldehydes
(including vanillin, syringaldehyde, and 4-hydroxybenzalde-
hyde) (15-40 wt%) via alkaline aerobic oxidation of ligno-
cellulosic biomass instead of technical lignin, since native
lignin is easier to depolymerize.®*° However, the use of a high
concentration of base (1-2 M NaOH) remains environmentally
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and cost-unfriendly. OCF can also be conducted in organic sol-
vents without involving a base, although the yield of aromatic
aldehydes is lower and the risk of explosive oxidation of
organic solvents should be noted.""

Oxidizing lignin with other oxidants such as nitrobenzene,
cupric oxide, and H,0, also produces aromatic aldehydes.'*"?
However, the methods consume large amounts of oxidants
and the product compositions are complex. Oxidation via
photo- or electro-catalysis, which are free of costly oxidants,
has shown potential for depolymerizing lignin and producing
aromatic aldehydes, although further studies on catalysts and
mechanisms are required."**®

Besides lignin, isoeugenol and ferulic acid are primary pre-
cursors for sustainable vanillin production. They are converted
by fermentation or enzyme catalysis which mimic vanillin for-
mation in natural vanilla (Scheme 1).>° Thus, although the
feedstock and production are costly, the as-formed vanillin can
be labeled as “natural vanillin” and sold at higher prices.>®"”
Other conversion approaches involve oxidation using O,,
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Scheme 1 Production strategies for vanillin and syringaldehyde.
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H,0,, O3, or other oxidants which generates synthetic vanillin
but is less profitable than the guaiacol and glyoxylic acid
route.'87?*

As introduced above, current production methods for sus-
tainable aromatic aldehydes primarily involve oxidation of
lignin and monophenols. However, those methods typically
consume large amounts of costly reagents and deconstruct
carbohydrate if biomass is used. To circumvent those draw-
backs, herein, we report a potential green and sustainable pro-
duction route for vanillin and related aromatic aldehydes from
biomass (Scheme 1). In this route, biomass (i.e., native lignin)
is selectively depolymerized into 4-methoxypropenyl-guaiacol
and 4-methoxypropenyl-syringol (MP-G and MP-S) followed by
ozonolysis forming aromatic aldehydes. The advantages of this
route include being free of base, the absence of the risk of
explosive hydrogen or oxidation of solvent, cost-effective
biomass feedstock and ozonolysis process, highly selective pro-
ducts, and the recycling of the carbohydrate part of biomass.

For the first step, depolymerizing lignin into highly selec-
tive alkene (C,—Cg)-functionalized monophenols is currently a
challenge, with relevant studies rarely reported. This is
because such structures are unstable and easy to
polymerize.?>** Therefore, by catalytically hydrogenating the
alkenyl intermediates during depolymerization, 4-propyl- and
4-propanol-guaiacol/syringol (G/S) monomers can be efficiently
yielded, which is the mechanism for the emerging reductive
catalytic fractionation (RCF) conversion strategy.”>?® Very
recently, Wang and Song’s group reported an atomically dis-
persed Pd catalyst, realizing 40.7 wt% monomer yield with
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62% selectivity to 4-propenyl-G/S (and 20% selectivity to
4-propyl-G/S).>* Two types of Mo-based catalysts, supported
MoO, catalysts and Mo-based single-atom catalysts, were
reported to be efficient for producing coniferyl and sinapyl
alcohols and their methyl ethers (i.e., MP-G and MP-S), with a
total yield and selectivity higher than 40 wt% and 90%,
respectively.>>>°

Inspired by the works of Mo-based catalysts, we attempted
to apply simple and commercial MoO, as the catalyst. To our
delight, MP-G and MP-S were highly selectively produced from
poplar in methanol at 180 °C with MoO, (Fig. 1a and b),
without 4-propyl-G/S, 4-propenyl-G/S, and 4-propanol-G/S
detected. The total yield and selectivity of MP-G and MP-S
peaked at around 25 wt% and 75%, respectively, at 2 h.
Compared with the traditional RCF process, this conversion
system does not involve reductive function (i.e., reducing the
Cy—Cg bonds) and may therefore be termed catalytic fraction-
ation (CF). The only notable by-product is methyl 4-hydroxy-
benzoate, which is a characteristic component in poplar lignin
(Fig. 1b).*”*® Compared with the blank test, MoO, evidently
enhanced the monomer yield, demonstrating a promotional
effect on lignin depolymerization. 10% MoO, dosage realized
~30 wt% total monomer yield, which is comparable to the
typical RCF conversion of poplar using noble catalysts (e.g.,
Ru/C and Pd/C).>”*° Additionally, MoO; showed a similar cata-
Iytic performance to MoO,. The screening of solvents shows
that methanol is the most suitable (Fig. 1c and d). Ethanol,
ethylene glycol, and cosolvents with water were reported to be
efficient in other RCF-based processes,*®*! but turned out to
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Fig. 1 CF conversion of biomass. (a) Influence of MoO, dosage; (b) GC-MS spectrum of the CF product (2 h in Fig. S2at)(more GC spectra can be
found in Fig. S21 and S227); (c) influence of alcohol solvent; (d) influence of water as cosolvent; (e) influence of temperature; (f) 60x scale-up experi-
ments; and (g) function of MoO, in gradually heating coniferyl and sinapy!l alcohols in methanol at a rate of 2 °C min~ . CF conditions: 300 mg of
poplar powder, 10 mL of methanol or other solvents, 20% (60 mg) MoO, or other dosages, 2 MPa N,, 500 rpm, and 2 or 3 h; for scale-up experi-
ments, 18 g poplar sawdust, 600 mL of methanol, 3.6 g MoO,, 2.5 MPa N,, 175 °C, and 500 rpm. Note that the gray columns represent all by-pro-
ducts in the monomer region in the GC spectra, calculated by adding up all peaks of by-products within 10—-20 min in the GC spectra (details can

be found in Fig. S4, S21, and S227).
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be inefficient in CF. This is probably due to their poorer depo-
lymerization ability at low reaction temperatures. 160 and
180 °C were found to be suitable for CF (Fig. le). At lower
temperatures (140 and 160 °C), we found small amounts of
coniferyl and sinapyl alcohols, while at 200 °C, the yields of
MP-G and MP-S decreased probably due to repolymerization as
alkene-functionalized phenols are unstable at high tempera-
ture. Furthermore, CF at a higher biomass dosage resulted in
lower yields of MP-G and MP-S (Fig. S17), probably due to poor
stirring and mass transfer.

We further expanded the reaction size by a factor of 60 or
80 (Fig. 1f and S2t). After reaching the reaction temperature
(175 °C), MP-G, MP-S, and methyl 4-hydroxybenzoate were
gradually accumulated, achieving similar product distribution
to the small experiments. Their yields became stable at 10.3,
19.6, and 9.4 wt%, respectively, after 3 h, indicating that the
alkene-functional phenols are stable at 175 °C. Similarly, the
conversion of birch sawdust produced 32 wt% MP-G and MP-S
in total (Fig. S2bt). Comparatively, converting a softwood,
pine, was less efficient (Fig. S2ct), which is similar to other
RCF-based processes and related to the unique and stubborn
softwood lignin. In the carbohydrate residual of poplar, we
found that ~94% cellulose and hemicellulose were well pre-
served (Table S1}), probably thanks to the low reaction temp-
erature. By simply hydrolyzing the residual in diluted acid at
100 °C, we obtained 70% yield of xylose and xylulose (possibly
from catalytic isomerization from xylose over residual
MoO0, ***%) from hemicellulose, while most cellulose remained
intact as <5% glucose was yielded (Fig. S3t). Therefore, the
results exhibit a potential CF based strategy for utilizing
lignin, hemicellulose, and cellulose in sequence from
biomass.

The depolymerization mechanism is analogous to that of
RCF due to their similar reaction conditions. It is widely
reported that lignin can be fractionated into fragments and
coniferyl and sinapyl alcohols under the solvolysis effect of hot
methanol. The process is promoted via a mechanism of
methylating C,~OH into C,-OMe.****** We detected minor
amounts of coniferyl and sinapyl alcohols at low reaction
temperature (Fig. 1e) and the beginning of the CF reaction
(Fig. S21¥), conforming to the mechanism and indicating that
they are precursors of MP-G and MP-S. By heating coniferyl
and sinapyl alcohols in methanol, we found that coniferyl alco-
hols were rapidly transformed into MP-G and MP-S when the
temperature was ramped to 140-160 °C (Fig. 1g); compara-
tively, the reaction began at 120-140 °C when MoO, was
involved in the system. The results demonstrate that the
methylation reaction can be catalytically promoted by MoO,
and is a noncatalytic process at >160 °C. Moreover, MP-G and
MP-S were found to gradually decompose and polymerize at
200 °C.>>** The above results indicate that 160-180 °C would
be more suitable for accumulating MP-G and MP-S in CF con-
sidering their formation from lignin and decomposition. By
analyzing the monomeric by-products of CF (Fig. S47), we
found that most components are monophenols with C,—O
and C,~OMe structures. Their formation and the catalytic
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mechanism of MoO, for promoting lignin depolymerization
are unclear at the present stage, largely because the products
are unstable and easy to condense especially at high concen-
tration (Fig. S5 and Note S17). Thus, the samples were unable
to be thoroughly analyzed by techniques such as 2D NMR.

The above results of the CF system are inspiring. In recent
years, several efficient lignin-first depolymerization strategies
were developed to overcome the drawbacks of the emerging
RCF process.”»*3>738 Ag a variant of RCF, the CF process uses
evidently lower temperature and a commercial non-noble cata-
lyst, without using hydrogen and acid/base additives; it yields
considerable highly selective alkene-functionalized monomers
with carbohydrate pulp well preserved; therefore, it is promis-
ing for biomass valorization. Moreover, the application of a
commercial catalyst (MoO,) is conducive to further investi-
gation by other labs. At this stage, the preliminary investi-
gation offers a simple approach for producing alkene-functio-
nalized monomers, while a systematic study will follow after
this work.

For the second step, we cleave the alkene moiety into the
carbonyl group via ozonolysis. Ozonolysis is a classic organic
conversion widely used for transforming alkenes into alde-
hydes and ketones,>*° but it has rarely been reported for
upgrading biomass-derived chemicals. In an ozonolysis reac-
tion, alkenes are simply treated with an O; (0zone)/O, gas flow
at normal temperature and pressure. Then, the C=C double
bonds selectively cleave, generating carbonyl products typically
with 70-90% yield.*>*° Therefore, considering the sustainable
and cheap oxidant and mild reaction conditions, ozonolysis is
an efficient and cost-effective tool for upgrading alkene-func-
tionalized lignin monomers into valuable aromatic aldehydes.
However, the major drawbacks of ozonolysis include the for-
mation of energetic peroxides (could be explosive at high
temperature and concentration) and overoxidation due to the
strong oxidation ability of O;. The former issue is typically
resolved by reduction with a stoichiometric amount of redu-
cing agent, which inevitably increases the production cost;***°
or by a simple catalytic decomposition approach using MnO,
as reported recently by us.”* As for the latter drawback, reac-
tion conditions and pathway are unclear for lignin-derived
phenols.

To address this issue and establish suitable conversion
strategies for lignin-derived alkene-functionalized phenols
(e.g., MP-G and MP-S), we intensively investigated the influence
of solvent. Solvent is a crucial factor in ozonolysis, as it (par-
ticularly protic water and alcohols) directly reacts with ozonoly-
sis intermediates (carbonyl oxides), forming different down-
stream intermediates with different reactivities, thereby signifi-
cantly affecting the yield of the final products.'®?**** we
selected the conversion of a lignin monomer 4-propenyl-G to
vanillin as the model ozonolysis reaction. Although this reac-
tion was reported elsewhere, the vanillin yield was greatly
different (Table S27), indicating a high impact on reaction con-
ditions and overoxidation. By screening the solvent (Fig. 2a),
we found vanillin is the major product, without evident by-pro-
ducts detected in HPLC in all tests. The reaction is simple with

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Ozonolysis of 4-propenyl-G. (a) Influence of solvents on vanillin selectivity; (b) the yield and (c) selectivity of vanillin over time in different
alcohol solvents; and (d) decomposition rates of vanillin and p-benzoquinone in different alcohol solvents. Ozonolysis and decomposition con-
ditions: 0.1 mL of 4-propenyl-G or 0.1 g of vanillin or 0.13 M p-benzoquinones, 5 mL of solvent, 50 mL min~* O3/O, gas flow at an Oz concentration
of 60 mg L%, and 10 min for (a). Note: in the decomposition reactions in (d), the substrates were consumed linearly. Thus, the decomposition rates

are the slopes of the fitted lines.

conversion and vanillin yield increasing linearly until con-
sumption of all 4-propenyl-G (Fig. 2b and c), so vanillin selecti-
vity was compared. Pure alcohols including methanol and
ethanol are more suitable for producing vanillin with a higher
selectivity of around 90% (Fig. 2a). Comparatively, aprotic sol-
vents exhibited a lower vanillin selectivity of around 60%, indi-
cating a significant loss of the product due to overoxidation.
Mixing the solvents with 20% water decreased the selectivity in
alcohols, while increasing it in aprotic solvents (Fig. 2a).
Among different alcohols (Fig. 2b and c), vanillin yield peaked
at 80-92% at 15 min with the selectivity ranging from 83 to
93%, after which they decreased linearly. By oxidizing vanillin
alone, we calculated the decomposition rates (Fig. 2d) and
found that they were close to the rate of vanillin loss after ozo-
nolysis of 4-propenyl-G (Fig. S61). This demonstrates overoxi-
dation of vanillin by O3 (rather than reaction with other com-
ponents) after ozonolysis. Interestingly, the decomposition
rate in methanol, the best solvent for CF, is more than twice
that in other alcohols and also faster than in aprotic aceto-
nitrile. Additionally, ozonolysis of other lignin-related alkene-
functionalized monomers (coniferyl aldehyde, coniferyl
alcohol, and methyl isoeugenol) efficiently yielded the corres-
ponding aromatic aldehydes (Fig. S71). In particular, convert-
ing methyl isoeugenol produced methyl vanillin with ~100%
selectivity, proving that methylation of Ar-OH effectively pre-
vented overoxidation.

To further understand the influences of solvents on the
ozonolysis of 4-propenyl-G and overoxidation, we repeated the
reactions in deuterated solvents (methanol-d,, ethanol-dg,
acetonitrile-d;, and 80% acetonitrile-d;-20% water) and ana-
lyzed the products using NMR (Fig. 3 and Fig. S8-5S157). The
major peaks are assigned in Fig. 3. The results show that,
during the ozonolysis of 4-propenyl-G, vanillin was formed as
the major aromatic product in all solvents. The side chain of
4-propenyl-G was transformed into acetaldehyde and its sol-
vated and peroxide forms (Fig. 3a). The hydroperoxyacetals of
vanillin were probably formed in alcohols. It is unexpected

This journal is © The Royal Society of Chemistry 2024

that we did not detect the ozonide (1,2,4-trioxane) of vanillin
in aprotic acetonitrile, which might be due to the involvement
of trace water produced by complete overoxidation of 4-prope-
nyl-G. Oxidizing vanillin in alcohols (especially methanol) trig-
gered its addition with the solvent to form hemiacetals, which
were subsequently transformed into a quinone methide
(Fig. 3b)."®2%*> We speculate that the adducts could be more
easily oxidized, which might be a possible reason for the high
decomposition rate for vanillin in methanol (Fig. 2b-d). In all
tests, we did not find evidence of the existence of vanillic acid,
proving that the carbonyl group is relatively stable to O; and
the overoxidation begins with the oxidation of Ar-OH. The
finding of quinone methide (Fig. 3b) and the fast decompo-
sition rates of quinones (right columns in Fig. 2d) support this
oxidation route. Thus, O; oxidation is different from alkaline
aerobic oxidation (as introduced above) which produces an
aromatic acid and a wide range of small acids. Moreover, we
did not find other significant by-products except for formic
acid and formate (dashed box in Fig. 3b). This demonstrates
the fast overoxidation of vanillin into C1 components, CO,,
and H,0, which is the primary reason for the decrease of vanil-
lin yield during the ozonolysis of 4-propenyl-G. The oxidation
pathway of 4-propenyl-G is concluded and depicted in Fig. 3c.

The above results and analysis show that, during and after
the ozonolysis of 4-propenyl-G, vanillin is gradually oxidatively
decomposed. This is inevitable due to the high oxidative
capacity of O; but can be alleviated by using alcohols as the
solvent and controlling the input of O;. These findings are
important as alcohols (particularly methanol) are the most
suitable solvents for CF and other RCF-based processes. The
product solution of CF is readily ozonolyzed without the need
for tedious product work-up.

To investigate CF-ozonolysis cascade processes, poplar,
birch, and pine were subjected to the CF process (Fig. 1e and
S27). The liquid products of poplar were rotary-evaporated and
redissolved in ethanol. Afterward, the concentrated solutions
were bubbled with an O;/O, flow. As shown in Fig. 4a, the
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Fig. 4 Ozonolysis of CF products of (a) poplar, (b) pine, and (c) birch. The CF products and conditions are exhibited in Fig. S2.7 Ozonolysis con-
ditions: for (a) and (b), 30 mL of concentrated substrate solution or (c) all liquid CF product, and 300 mL min~ O3/O, gas flow at a Oz concentration

of 60 (30 for (c)) mg L™%. Detailed procedures can be fou

nd in ESI S2.3.1

main alkene-functionalized monomers of hardwood, MP-G peaked at around 95% and 50%, respectively. The low yield

and MP-S, were rapidly and linearly converted into vanillin
and syringaldehyde, respectively, within minutes. Their yields

1870 | Green Chem., 2024, 26, 11866-11872

and rapid decomposition of syringaldehyde (further proved in
Fig. S167) indicate that S units are more easily overoxidized

This journal is © The Royal Society of Chemistry 2024
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by Oz than G units. Ozonolyzing sinapic acid also produces a
low yield of syringaldehyde (Fig. S17t). Compared with the
ozonolysis of the CF product in methanol (Fig. S18t), the use
of ethanol instead of methanol mitigated the syringaldehyde
decomposition (Fig. S1971), consistent with the solvent effect
on vanillin decomposition (Fig. 2d). It is interestingly found
that vanillin was not decomposed after consuming MP-G,
which is discrepant with the model conversions (Fig. 2d and
3b). This is probably due to the fast consumption of O; by
components (e.g., syringyl components) that are easily oxidized
and act as sacrificial agents. In addition to components with S
units, lignin oligomers are probably prone to consumption
due to overoxidation, as we observed that the solution evi-
dently turned a lighter color during the overoxidation period
(Fig. S20t). Moreover, it is also interesting to find that the ozo-
nolysis of the product of pine yielded 160% of vanillin
(Fig. 4b), based on the initial content of MP-G. We speculate
that the additional vanillin may come from the ozonolysis of
alkene-functionalized oligomers, as pine lignin was hard to
depolymerize in the CF process (Fig. S2ct).

After the CF reaction, the liquid CF products can be
immediately ozonolyzed (Fig. 4c). In this case, the ozone input
was decreased to avoid overoxidation. Eventually, 7.8 wt%
vanillin and 12.2 wt% syringaldehyde (20.0 wt% in total) were
obtained. The detailed GC spectra of these CF-ozonolysis
cascade processes are presented in Fig. S21 and S22, which
show that the by-products were from CF particularly after
obtaining a high yield of alkene-functionalized phenols and
ozonolysis did not generate new by-products. This also shows
the high selectivity of aromatic aldehydes, which can be
further improved by shortening the CF reaction time, and indi-
cates an easier subsequent isolation procedure.

The above results demonstrate that vanillin and syringalde-
hyde can be produced via CF-ozonolysis cascade processes.
Vanillin is not lost due to overoxidation. Despite the fast oxi-
dative decomposition of syringyl components, it can be
expected to alkylate the Ar-OH group of MP-G and MP-S prior
to ozonolysis to prevent overoxidation (Fig. S71). The as-
formed veratraldehyde (methyl vanillin) and methyl syringalde-
hyde are also value-added and commercial for flavoring and
organic synthesis purposes.****

In comparison with the traditional alkaline aerobic oxi-
dation methods introduced before (Scheme 1), the yield of aro-
matic aldehydes in the CF-ozonolysis process is lower at the
present stage, largely due to the decomposition of syringalde-
hyde. However, the preservation of hemicellulose, base-free
condition, and more selective products are its advantages. In
terms of the toxicity of the main chemicals used, the CF-ozo-
nolysis process circumvents toxic and corrosive bases and
acids (for neutralization after the alkaline oxidation reaction).
The solvent methanol is ranked as recommended (after discus-
sion) according to the CHEM21 selection guide of solvents.*®
However, it should be noted that ozone is toxic to human
health. Thus, when operated on a large scale, the off-gas from
ozonolysis is suggested to be treated to catalytically decompose
residual ozone and recover volatile methanol.*®

This journal is © The Royal Society of Chemistry 2024
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Conclusions

We propose CF-ozonolysis cascade processes for producing
aromatic aldehydes from lignocellulosic biomass. The native
lignin is depolymerized via a CF process, a variant of RCF, to
selectively form alkene-functionalized MP-G and MP-S with a
total yield of over 30 wt% at 175 °C. Then, the liquid product
is simply bubbled with an O3/O, flow, affording 20 wt% vanil-
lin and syringaldehyde from MP-G and MP-S, respectively. The
vanillin yield is over 95% and is not lost due to overoxidation.
Compared with the traditional alkaline aerobic oxidation
approach, CF-ozonolysis processes neither use a base nor
produce evident oxidative by-products. Moreover, as a lignin-
first strategy, the CF process applies low-cost and commercial
MoO, as the catalyst and well preserves the carbohydrate.
Therefore, CF-ozonolysis represents an advancement in sus-
tainable production of aromatic aldehydes and biomass
valorization.
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