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The product selectivity, production rates and the required process conditions are important for techno-
logy development. Selective lignin depolymerisation on the prime p-O-4 motif provides an opportunity to
obtain valuable functionalized phenolic monomers. Diol-stabilized acidolysis of lignin with sulfuric acid,
triflic acid or triflate salts is a proven p-O-4 cleavage methodology that forms acetals by trapping of
released reactive aldehydes. For future scale-up, a better understanding of the prime reaction pathways
and how these can be controlled upon changing reaction parameters is required. By using $-O-4 model
compounds and ytterbium(m) triflate as catalyst, starting material conversion and product formation
including two key intermediates, the diol adducts (in this study, ethylene glycol as the diol) and the vinyl
ethers, were accurately monitored, allowing for detailed kinetic modelling. Over the selected temperature
range (80-150 °C), higher temperatures led to higher overall carbon balance and selectivity for the main
desired acetal product. The kinetic modelling allowed for establishing a detailed reaction network with
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activation energies and rate constants. These collectively led to new insights into the key steps involved in
the diol-stabilized p-O-4 motif acidolysis and how the reaction selectivity can be manipulated by control-
ling the reaction temperature, and the ethylene glycol and water content. The elucidation on reaction

rsc.li/greenchem kinetics and networks constitutes a further step in the design of a diol-stabilized lignin acidolysis process.
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Introduction

Lignin is globally the most abundant aromatic biopolymer
serving as one of the major components of lignocellulosic
biomass." Its efficient conversion to valuable aromatic chemi-
cals is key to enhancing biorefineries’ profitability, which can
be a sustainable option or supplementary for the depleting
fossil-based refinery.>? Although low carbon-footprint chemi-
cal production from lignin has been considered promising,*”
there are many challenges in lignin valorisation especially its
tendency to break down into reactive fragments and reform
new, even significantly more recalcitrant C-C bonds.*’
Recently, many elegant depolymerisation approaches, such as
reductive, oxidative, acid/base catalyzed and thermal depoly-
merisation methods have been developed to achieve the
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efficient conversion of lignin to specific aromatic chemicals,
and most of these methods target the most abundant p-O-4
linking motif.”** Acidolysis or acid-catalyzed degradation of
the lignin p-O-4 linking motif has been historically applied for
the elucidation of lignin structure.’*'® Two distinct cleavage
pathways, differentiated by the loss, or not, of the y-carbinol
group have been identified, namely the C3 and the C2 cleavage
pathways with the choice of types of acid appearing to deter-
mine the dominant route (Scheme 1)."” Reactions on dimeric
B-O-4 linking motif model compounds have shown that hydro-
bromic acid (HBr) and hydrochloric acid (HCI) appear to favor
the C3 cleavage pathway resulting in a mixture of C3-ketones
known as Hibbert ketones.'®?* In contrast, sulfuric acid
(H,S0,4) and triflic acid (HOTf) favor the C2 cleavage pathway
leading to formaldehyde and C2-aldehydes.>** Both pathways
are believed to be initiated via a carbocation intermediate that
is also claimed to be involved in C-C bond-forming conden-
sation reactions. These and other secondary condensation
reactions such as acid-catalyzed aldol condensation and
nucleophilic aromatic substitution reactions involving alde-
hydes and ketones, ultimately lead to low monomer yields and
the formation of highly condensed C-C bonded products.

In recent years, several related strategies have been devel-
oped based on the concept of in situ trapping or defunctionali-
zation of reactive intermediates to prevent their repolymeriza-

Green Chem., 2022, 24, 3193-3207 | 3193


https://doi.org/10.1039/d2gc00069e
http://rsc.li/greenchem
http://orcid.org/0000-0001-7776-5800
http://orcid.org/0000-0002-1794-2921
http://orcid.org/0000-0001-7888-1731
http://orcid.org/0000-0002-8046-4248
http://orcid.org/0000-0002-2254-2500
https://doi.org/10.1039/d2gc00069e
https://doi.org/10.1039/d2gc00069e
https://doi.org/10.1039/d2gc00069e
http://crossmark.crossref.org/dialog/?doi=10.1039/d2gc00069e&domain=pdf&date_stamp=2022-04-13
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2gc00069e
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC024008

Open Access Article. Published on 26 March 2022. Downloaded on 2/9/2026 7:00:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

main pathway
when catalyzed by
H,SO,4 or HOTf

. [e] OMe
main pathway

H
o 1
when catalyzed by MeOO @
HCl or HBr 0 PHOAeof

| L Sve
+H" - H0 Lignin B-0-4 motif +H-H0
H OMe OMe
MeO. 2fo A MeO. 2 oA
WS, e~ I I
o HOMeO” [e] HOMeO
- OMe - OMe

Carbocation intermediate

reverse l _H*

Pnn; - formaldehyde
reaction

a OMe
condensation MeO. 0
reactions @
o MeO'
!
L Ome
C2-vinyl ethers

l 0
MeOO MeO.

t; |

HO™ Y OH ). e Hom

OMe
C3-Hibbert ketones
and its isomers

Carbocation intermediate

e
« OMe
MeO:‘/TO
ORPO
O~ Y HO'MeO
- ome
C3-enol ethers

+H,0

Aemyjed abeaes|d ¢9 p-0-g uiubi
Kemyjed abeaes|d z9 y-0-g ulubi

C2-aldehydes

Scheme 1 The C2 and C3 acidolysis pathways with proposed key inter-
mediates. Note that the two pathways go through the same benzylic
carbocation, which is susceptible to undesired condensation reactions,
as are the aldehyde or ketone acidolysis products.

tion and consequently increase the yield of monomers.>*>®

Acidolysis of the p-O-4 in lignin with HOTf, combined with
in situ capture of reactive aldehydes by ethylene glycol (EG),
has proved to be a very successful methodology to generate the
corresponding aromatic C2-acetals.>® For example, acetals
yields of 35.5 wt% upon the depolymerisation of organosolv
lignin were reported.?® The formed acetals can be either depro-
tected to the relevant aldehydes®® or serve as new type of plat-
form chemicals (e.g., introducing functionalized diols to form
modified acetals to make polymers®*"*?). In addition, an
adapted acidolysis methodology with EG has been applied for
lignin-first fractionation, which achieved up to 9 wt% acetals
with a degree of delignification of 77% on a pinewood. Recent
studies in our laboratory on simple dimeric C2 $-O-4 models
that lack the y-carbinol group showed that the highly corrosive
and hazardous HOTf could be replaced by a broad range of
metal triflates (M(OTf),).>®> Metal triflates have also been
applied as hydrolysis catalysts to cleave lignin $-O-4 linking
motif.>**> Likely, the triflate counter ion can play a similar
role in the reaction as HSO, , which was recently revealed to
facilitate proton transfer steps necessary for the acidolysis reac-
tion.>® Notably, a screening of different metal triflates found
Fe(OTf); to be as effective as HOT( for the diol-stabilized acido-
lysis reaction (Scheme 2a). Approximately 20 wt% of C2-acetal
was achieved on walnut methanosolv lignin by using Fe
(OTf);.>* Equal amounts of C2-acetal and guaiacol were
obtained with C2 p-O-4 models, while lower C2-acetal yield
than that of guaiacol was observed with the application of this
method on a C3 $-O-4 model, which was possibly due to the
competing C3 pathway products and condensation reactions.
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These lead to yield losses when applied to lignin which con-
tains such C3 B-O-4 motifs.>**” Many questions remain unan-
swered with respect to this diol-stabilized metal triflates cata-
lyzed lignin acidolysis approach. For example, (1) the key reac-
tion steps/pathways and their relative reaction rates; (2) the
reactivity of the key reaction intermediates under acidolysis
conditions, or which specific reaction intermediates/steps lead
to side reactions; (3) and how the reaction conditions influ-
ence the reaction pathways, rates and overall yields. For the
progress toward new production routes of bio-based chemicals
from lignin, a deeper understanding of the underlying mecha-
nisms is thus needed.

Our ongoing work on the development and scale-up of reac-
tors for the production of bio-based chemicals depends on the
availability of detailed kinetic information. Ultimately, the
information of this study will help facilitate process design
and evaluation of alternative processes for the production of
bio-based chemicals from lignin. Understanding the reaction
mechanism provided by monitoring the kinetics of the for-
mation and consumption of the key reaction intermediates
can elevate our understanding of the metal triflate-catalyzed
acidolysis reaction. However, monitoring acidolysis reaction
can be extremely difficult because reactions are typically extre-
mely fast, thus making it highly challenging to obtain suitably
detailed reaction profiles.>® In this contribution, through
careful selection of metal triflate catalysts, the aim is to ident-
ify key reaction steps and to quantify the formation and con-
sumption of intermediates that lead to the final cleavage pro-
ducts from representative C3-f-O-4 model compounds. The
generated detailed reaction profiles allow us to perform kinetic
modeling and determine kinetic parameters such as rate con-
stants and activation energies for key reaction steps
(Scheme 2b). These enabled us to reveal key intermediates that
may lead to secondary reactions causing the loss of carbon
balance. In addition, the effect of the addition of ethylene
glycol and water on the diol-stabilized acidolysis was studied.
Overall, through systematic kinetic analysis, these findings
have greatly enhanced understanding of the major reaction
networks and key intermediates leading to side reactions, as
well as how reaction conditions can steer reaction outcomes.

Results and discussion
C3 f-0-4 model acidolysis with different metal triflates

Our previous investigation of diol-stabilized acidolysis reac-
tions catalyzed by various metal triflates showed different cata-
lytic activities for the C2 B-O-4 model.** In order to gain
further insights into the reaction, we performed a similar
evaluation of metal triflate-catalyzed ethylene glycol (EG)-
stabilized acidolysis using a more complex and lignin-repre-
sentative phenolic C3 p-O-4 model compound (HO-A) (Fig. 1).
We have recently demonstrated the benefits of using dimethyl
carbonate as a greener alternative to 1,4-dioxane,*® and there-
fore was also used here as a solvent. Ag(1), Sn(ur), Al(ur), Bi(u),
In(m) and Sc(wr) triflates all gave complete conversion and

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Cleavage of the phenolic C3 $-O-4 model compound (HO-A)
using metal triflates as catalysts in dimethyl carbonate (reaction con-
ditions shown in the scheme). *monitoring the reaction with Yb(OTf)s
over a longer reaction time shows the eventual formation of G and
HO-P1 in a similar ratio as other triflate salts, see ESI, Fig. S2.1

good yields of both guaiacol (G) (mid 80% yields) and phenolic
C2-acetal (HO-P1) (low 70% yields) after a reaction time of
30 min. AgOTf achieved the highest combined selectivity
toward G (92%) and HO-P1 (75%). Fe(OTf); and Cu(OTf),
could also achieve more than 80% yield of G and complete
conversion while the selectivity toward HO-P1 was decreased
dramatically. These lower yields of HO-P1 than G can be

This journal is © The Royal Society of Chemistry 2022

explained by the higher reactivity of these metal triflates, so
that C2-acetals are formed quickly and are affected to a greater
extent by secondary condensation reactions (Table S17).
Interestingly, more than 70% conversion of HO-A was observed
within 30 min for Yb(m), Sm(m) and Zn(un) triflates that have
lower hydrolysis constants (pKy).>> Only at reaction times of
over 1 h the formation of cleavage products HO-P1 were
detected (Table S1t, Entry 13) suggesting that at moderate
reaction times intermediates must be present in significant
amounts. After 30 min, reaction intermediates, such as a
mixture of the phenolic cis/trans vinyl ethers (HO-I1) could be
clearly identified for these triflate salts-catalyzed acidolysis
reactions (Fig. S1f). These intermediate products from the
reverse Prins reaction with the loss of formaldehyde were pre-
viously identified as (minor) reaction intermediates in acidoly-
sis with various mineral acids wunder different
conditions.'®?%?123:24:3940 pyrthermore, the ethylene glycol
adduct (HO-B) was identified, which has been observed pre-
viously in reactions with mineral acids in the presence of ethyl-
ene glycol.*®*! This adduct is formed upon dehydration which
has been shown for a range of alcohols.*>** Monitoring the
reaction of HO-A with Yb(OTf); over a longer reaction time of
24 h did allow the formation of a higher amount of G (65%)
and HO-P1 (40%), at which the reaction was still ongoing
(Fig. S27). This suggests that Yb(OTf); as well as Sm(OTf); and
Zn(OTf), catalyze the reaction via the same pathway, albeit at a
slower rate compared with other triflate salts (e.g., Fe(OTf)s,
which catalyze the acidolysis fast and was used in our previous

Green Chem., 2022, 24, 3193-3207 | 3195
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investigation®®). Taking Yb(OTf); as an example, similar
results were found when the non-phenolic model of the $-O-4
A, a model for an “internal” p-O-4 linkage, which accounts for
the majority of the B-O-4 linkages in the lignin biopolymer,**
was investigated as substrate for acidolysis in both dimethyl
carbonate and 1,4-dioxane (Fig. S3t). Yb(OTf); is of particular
interest as it has also been reported to promote ether linkage
cleavage in lignin in combination with other stabilization
strategies.”>*®> Therefore, in the following experiments,
Yb(OTf); was used as the acidolysis catalyst, as it gives a suitable
reaction rate to allow tracking of intermediates. It is also worth
noting that the metal triflates diol-stabilized acidolysis also
works for other diols such as 1,3-propanediol and 1,2-propane-
diol. Both the relevant diol adducts intermediates and C2-
acetal are identified and monitored by UPLC-MS (Fig. S6-S87).
The differences between the phenolic and non-phenolic -O-4
linkage during acidolysis mainly lie in the conversion rate (the
conversion rate of phenolic $-O-4 is 2-11 times faster than the
non-phenolic counterpart depending on the acids applied),
which has been studied in detail by Yokoyama et al,*® and
Beckham et al*° DFT calculations suggested that the rate
increase is due to the stabilization of the carbocation inter-
mediate by delocalization of benzylic carbocation in the phe-
nolic p-0-4.° In this study, the non-phenolic $-O-4 model com-
pound was used for further investigations due to its dominant
existence in lignin. In both solvents (i.e., 1,4-dioxane and
dimethyl carbonate) the reaction catalyzed by Yb(OTf); follows
the analogous acid-catalyzed C2 p-O-4 cleavage pathway.
Monitoring these reaction profiles showed that the yield of
ethylene glycol adducts (B) rose to approximately 45-50%
under the applied conditions coinciding with the rapid con-
sumption of starting material A, with it being fully consumed
at just over 100 min. Simultaneously, a mixture of cis/trans
vinyl ethers (I1, considered here as a mixture) were observed to
be formed and reached a maximum yield of approximately
50% at 6 h, after which they were slowly consumed. The for-
mation rate of guaiacol (G) was relatively higher than that of
C2-acetal (P1), and a yield gap between the two was as pre-
viously also observed for H,SO, catalyzed acidolysis reaction.>®
Earlier acidolysis work without ethylene glycol using HCl/HBr
in 9:1 1,4-dioxane and water as solvent** or H,SO, in water>’
showed that the C3 cleavage pathway is likely involved in
causing this yield gap. Targeted analysis of potential inter-
mediates (C3-enol ethers 12) and products (C3-Hibbert ketone
R, C3-ketal R1) was performed with these compounds being
specifically synthesized (Scheme 2b and ESI, S2.0 for synthesis
detailst). However, to our surprise, the products R and R1
were not detected, while I2 was found only in a minor amount
(<1 mol%). It is well known that C3-Hibbert ketone products
have a tendency to undergo disproportionation reactions,
which could explain the elusive nature of formation of specific
products in high yields."**”>° Further analysis revealed the
formation of veratraldehyde (up to 5 mol%). Other cleavage
products like the one with a 1,4-dioxene structure, recently
reported by Westwood et al. are potentially formed.>® It is
expected that all the minor amounts of all these products com-
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bined with some secondary reactions involving P1,”" contrib-
ute to the yield gap between G and P1. The remainder of
carbon balance loss involves condensation/repolymerization
reactions that do not release guaiacol, such as intramolecular
repolymerization products reported by Beckham et al.,*®
however, unfortunately, no specific products could be identi-
fied in this case as these are not expected to be present in
large quantities. GPC analysis showed that besides the low
molecular weight cleavage products, high molecular
weight fractions were formed, (Fig. S51). Further insight into
the nature of carbon balance loss (either by unidentified clea-
vage or condensation reactions) is important because it could
be extended to acidolysis with other triflates, including triflic
acid as well as sulfonate anion containing catalysts (e.g,
H,S0,).

The temperature-dependence of the diol-stabilized Yb(OTf);-
catalyzed lignin -O-4 acidolysis

We aimed to identify secondary reaction pathways by detailed
kinetic investigations of starting materials, products and key
intermediates. Solvent types and compositions (water content)
have a clear effect on the carbocation formation rate during
acidolysis of lignin,** dry 1,4-dioxane (around 400 ppm H,0)
was used here also to avoid potential side reactions previously
identified from reactions carried out in dimethyl
carbonate.’®?*® Although acidolysis has been performed at
different temperatures,>****°*>* there is still no systematic
investigation on temperature-dependence of lignin acidolysis
with ethylene glycol as trapping reagent to show the effect on
the formation of reaction intermediates. Thus, using lignin
model compound A, acidolysis reactions under a wide temp-
erature range from 80 to 150 °C with 10 °C intervals were
monitored (Fig. 2, Fig. S9 and S10%). In these reactions, the
temperature was very carefully controlled by measuring
internal reaction temperatures. This was shown to be essential
to obtain suitable profiles for kinetic modelling as small fluc-
tuations led to clear changes in the reaction profiles, which
can still be seen at different stages of the reaction for some of
the reaction profiles. Fig. 2 shows representative detailed reac-
tion profiles for acidolysis at 80, 100, 120 and 140 °C, in which
the conversion, intermediates and products yields were moni-
tored over time. At 80 °C (Fig. 2a and Fig. S9at), the o-OH
group in the B-O-4 model compound A was slowly substituted
by ethylene glycol generating B (26% after 10 h), with nearly
no further reaction and a carbon balance close to 100% over
24 h. The ethylene glycol substitution reaction to form B, as
well as the formation of I1, was observed within 24 h by
increasing the temperature to 90 or 100 °C. At 100 °C, the for-
mation rate of B was higher than at 90 °C, peaking at 180 min
with 65% yield, which was then converted within 10 h (71% of
the peak yield of B was at 480 min at 90 °C) to I1 (maximum
yield = 30%). I1 was finally cleaved, leading to the formation of
G and P1. Further increasing the reaction temperature from
110 to 150 °C led to higher I1 peak yields (up to 71% at
150 °C) reached at shorter times, as well as higher G and P1
yields (98% and 85%, respectively, at 150 °C). Independent

This journal is © The Royal Society of Chemistry 2022
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reaction profiles were plotted for each intermediate at different
reaction temperatures, clearly showing increased conversion
rate at higher temperatures (Fig. S11at). The peak yield of B is
higher at lower temperatures (Fig. S11b¥), while the peak yield
of I1 is higher at high temperatures (Fig. S11ct). Both P1 and
G showed accelerated formation rates and more importantly,
increased final yields at higher temperatures (Fig. S9 and
S107). Interestingly, the selectivity to P1 was dramatically
improved by running the diol-stabilized acidolysis reaction at a
higher temperature range (130 to 150 °C), where the yield gap
was near constant at 14% (Fig. 3). In contrast, the yield gap
between G and P1 reached as high as 44% at lower tempera-
tures ranging from 90 to 120 °C. As this indicates a similar
trend to the carbon balance loss it is suspected that the main
C3 pathway side reactions as well as intramolecular conden-
sations, are relatively more active at lower temperatures, which
was unexpected as lignin condensation reactions are typically
associated with higher temperatures, for example during
extractions in the presence of sulfuric acid.>®”°® Here, it is
important to distinguish between those side reactions: ie.,

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The carbon balance and yield gap between guaiacol G and C2-
acetal P1 after 24 h when the reaction is complete or near-complete

under different temperatures. The carbon balance calculation is based
on the identified products, as further detailed in section 3.1, ESI.

those involving the condensation of starting material through
carbocation without generating cleavage products and those
following the C3 cleavage pathway and thus releasing G. To
further investigate these aspects, we turned to Kkinetic
modelling.
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Kinetic modelling of the lignin acidolysis reaction profiles
under different temperatures

Kinetic modelling is a powerful tool for the quantitative
description of reactions in time and the understanding of reac-
tion mechanisms. Initially, the possible primary lignin acidoly-
sis pathways and suspected side reactions are summarized
(illustrated in Scheme 3). In addition to the diol-stabilized
acidolysis C2 or C3 acidolysis pathway, postulated intra and
intermolecular condensation reactions to the phenyl dihydro-
benzofuran (C1) or C2 via electrophilic aromatic substitution
under acidolysis conditions are illustrated in Scheme 3. In
principle, there are two possible starting materials for the for-
mation of I1 via the reverse-Prins reaction, either A or B, which
should be in equilibrium with each other via displacement of
water with ethylene glycol and vice versa (Scheme 3). To get
more insights into their relative contributions, four variations
of a simplified reaction network focusing on the consumption
of A and the formation/consumption of B were considered for
further kinetic evaluation based on the pathways diagram of
the lignin acidolysis reaction (Fig. 4). It is worth to mention
that both water and ethylene glycol concentrations are impor-
tant. However their quantities were not monitored and there
are many possible formation and consumption pathways, their
effects are discussed separately (vide infra). Model 1 depicts a
reversible reaction between A and B, where only A can lead to
the formation of I1, which subsequently decomposes to G and
P1. In Model 2, I1 is exclusively formed from B, while both A
and B are allowed to transform to I1 in Model 3. Pseudo-first-
order reaction orders were used, which has been reported to
give good fits for the acidolysis reactions catalyzed by HCIl, HBr
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or H,80,."%?*?* The very good fit, especially of Model 3 to the
measured data, confirms that the reaction network can now be
described well with a first-order dependency of the reactants.
Both Model 1 and Model 2 showed poor fits with initial simul-
taneously data fitting of C, and Cg using the time course
profile at 130 °C (Fig. 4a and b). There was too much A reacting
to B for the initial fitting of Model 1, while too little A reacted
to B for the initial fitting of Model 2. This result clearly
demonstrated that likely reactions from both A and B contribu-
ted to the I1 formation, which was confirmed by initial evalu-
ation of the fit of the Model 3 giving an excellent fit for both
Ca and Cg (t < 90 min in which all A and B were consumed,
Fig. 4c). Simplified Model 3 was applied to the expanded data
sets at temperatures ranging from 80-150 °C. As is shown in
Fig. S12,1 good initial fits were observed under these con-
sidered reaction temperatures. The carbocation intermediate
(ABI) has been hypothesized as the key intermediate that may
cause condensation reactions. Therefore, the existence of this
benzyl carbocation is introduced and examined in Model 4. In
this model, the reversible reaction between A and B goes
through the benzyl carbocation ABI as a transition state, while
ABI is also the intermediate for further reactions. Comparably
satisfying fits were also observed for C, and Cg, therefore, no
clear distinction between Models 3 and 4 can be made based
on the data for A and B (Fig. 4d). Earlier mechanistic investi-
gations showed that ABI is likely involved in the interexchange
between A and B as well as routes to products, but the
obtained kinetic data does not allow to quantitatively differen-
tiate its involvement in this data set.*>>” Nevertheless, the fact
that the kinetic data show that products generating from both
A and B does indicate that a direct pathway from A is active,
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and not all products are formed necessarily via B as an
intermediate.

An extended version of Model 3 including I1 and P1 was
used for further detailed kinetic studies. G was left out at this
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stage as it can also form via the C3 or other analogous cleavage
pathways. Taking the time course profile at 130 °C as an
example, a poor fit was obtained, showing much less I1 and P1
than suggested by model (Fig. 5a); this is because the model
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does not take side reactions into account. To account for this,
side reactions including both unidentified cleavage and con-
densation reactions, here defined as “sinks”, were introduced
to different positions in Model 3 to compensate for the incom-
plete selectivity toward the C2 pathway (Fig. S1371). Again utiliz-
ing the data sets from the reaction at 130 °C, the simultaneous
fitting of ky, ky, ka, ks, ki1, ksink Was performed to observe Ca,
Cg, Cp; and Cp; under these different sink routes, see model-
ling results in Fig. S13.f The summary of the rate constants
and residual sum of squares using different sinks are shown
in Table S2.7 Among the options considered, a sole sink route
originating from B showed an excellent fit (Fig. 5b) with the
smallest residual sum of squares (Fig. 5d and Table S27).
Similarly, different sink routes were introduced on a simplified
Model 4 to compensate for the loss of carbon balance
(Fig. S14t), and the simplified Model 4 under these different
sink routes was evaluated with the time course profile at
130 °C. The comparison of kinetic modelling results of the
Model 4 under different sink routes are summarized in Fig. 5d

EV  Diol-stablized acdolysis reaction scheme

View Article Online
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and Table S3.} As illustrated, the best model under these reac-
tion conditions remains that with a sink originating from B
confirming that reactions from B lead to most unknown pro-
ducts, contributing most to the carbon balance loss. However,
also a sink at the carbocation AB1 gave a relatively good fit,
which could also indicate its involvement in side reactions to
form structures like C1 and C2 previously suggested.®>”

Next, the reaction network was further tuned. Including the
excess G (relative to P1) formed in the reaction, two distinct
sink reactions were introduced to Model 3 (Fig. 6a). One sink
route is to X1 that does not release G and produce conden-
sation products such as C1 and C2, while the other sink route
is to X2, corresponding to reactions that do release G but do
not lead to P1 (potentially the C3 pathway). The simultaneous
data fitting of C,, Cg, C11, Cp; and Cg on this reaction scheme
was performed for the entire data set of different temperatures.
As can be seen from Fig. 7, all data sets at various tempera-
tures ranging from 80-150 °C showed high-quality fits using
this fine-tuned reaction network. The activation energy for
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(a) Reaction networks that were used for final kinetic modeling, (b) Summary of activation energies and rate constants (110, 130 and 150 °C)
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each step could be obtained from the Arrhenius plots (Fig. 8),
and the activation energy along with rate constants at 110, 130
and 150 °C are summarized in Fig. 6b. These kinetic model-
ling results provide a detailed kinetic perspective on the key
reaction steps involved in the diol-stabilized acidolysis reac-
tion. For example, the cleavage of I1 to P1 and G possesses the
lowest activation energy, while the I1 formation reactions rep-
resent the highest energy barrier. The reversible reaction
between A and B shows the forward reaction possessing an
activation energy of 129 + 11 k] mol™", around 50 k] mol ™" less
than that of the reverse reaction. This is also consistent with
the much higher &; than that k, values, e.g., 0.189 vs.
0.019 min~" at 130 °C. Both A and B can lead to the formation
of I1; however, the route from B to I1 has an activation energy
only of 158 = 17 k] mol ™", while 195 + 32 k] mol™" is necessary
to activate the route from A to I1. This suggests that the for-
mation of B can facilitate the reverse Prins reaction. Thus,
although not all I1 is formed via B, it acts as a significant inter-
mediate in the reaction from A to I1. This is also reflected by
rate constants: k, is only approximately 2 times that of kg in
the same order of magnitude. In addition, the activation
energy from B to G and X2 is smaller than both B to I1 and A
to I1, which would indicate that the higher G yield than that of
P1 is caused by the degradation of B to G and an unknown
product X2. The rate constant of this cleavage side reaction
(kcicavage) is higher than that of condensation reaction

This journal is © The Royal Society of Chemistry 2022

(kcondensation) (Fig. 6b), denoting more active participation of
the side cleavage reaction of B than the condensation reaction.
Comparing the experimental observations at different temp-
eratures with the found activation energies for the different I1
formation pathways, namely either from A (195 + 32 kJ mol™)
or from B (158 + 17 k] mol ™), it is understood that lower temp-
erature favors the formation path of I1 from B due to the lower
activation energy than that of A to I1. With the increase of
temperature, the formation of I1 directly from A becomes
much more dominant in the acidolysis reaction, of which k/kg
is slightly changed from 1.7 times to 2.1 with temperature
increasing from 110 to 150 °C (Fig. 6b). This is consistent with
the lower carbon balance at lower reaction temperatures, since
there is more formation of B at relatively low temperatures,
which can lead to side reactions. In addition, since model 4
involving the transition state ABI showed comparably good
fitting results, ABI initiating side reactions may be intensively
involved in the reversible reaction between A and B. This
reversible reaction is also influenced by the concentrations of
water and ethylene glycol.

The effect of ethylene glycol and water concentrations on the
reaction pathways

When dealing with these reactions with biomass or isolated
lignins the situation gets significantly more complex. For
example, ethylene glycol is also consumed in reactions with

Green Chem., 2022, 24, 3193-3207 | 3201
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carbohydrates and is therefore present at varying concen-
trations. Different amounts of water are present depending on
the biomass and lignin species or their processing methods.
Therefore, to gain more insights we were particularly inter-
ested in the effect of the presence of different amounts of
ethylene glycol and water in the reaction system.

Our previous study found that a balanced ethylene glycol
loading is of importance to achieve higher yields of final pro-
ducts.*® While better selectivity is observed at higher ethylene
glycol content, lower reaction rates are observed. Thus, the
loading of ethylene glycol was varied from the typical 4 eq. to
2, 8 and 16 eq. to study the rate/concentration kinetic depen-
dencies (Fig. S157). Indeed, the main observation was that the
overall reaction rates decreased and as expected, the maximum
yield of B was boosted dramatically (from 32% to 96% for 2
and 16 eq. EG, respectively), combined with an overall better
carbon balance (e.g., 89% for 2 eq. EG and >99% for 16 eq. EG
when full conversion of A was reached). To investigate the
origin of the increase of product selectivity, a simultaneous fit
of ki, ks, ka, ks, k11 and ks was applied to observe Cy, Cg, Cpq
and Cp; under the Model 3 with different sink routes, namely,
A-sink, B-sink, I1-sink and P1-sink (Fig. S161). Comparing
these fitting results under different sink routes indicated by
the sum of square residuals the best fitting model is clearly
B-sink at 2 and 4 eq. of ethylene glycol, while it is not distinct
under these different sink routes at 8 and 16 eq. EG
(Fig. S17%). This indicates that the B-sink route becomes less

3202 | Green Chem., 2022, 24, 3193-3207

dominant at higher ethylene glycol loading, while clearly more
I1 is formed via B based on comparison of k, and kg values
(Table S47). Overall, very marginal sinks from all of these poss-
ible sink routes were observed at higher ethylene glycol
amount, matching the very low carbon balance loss. This
shows that an increase of ethylene glycol loading can dramati-
cally decrease the sink route from B, while the sink routes
from A, P1 and I1 become relatively higher contributors under
very high carbon balance of the reaction. This demonstrates
the previously observed beneficial effect that ethylene glycol
has on the reaction, which likely ensures that ABI can only be
involved in side reactions to a limited extent by extensively
trapping in the form of the adduct B, but at the cost of lower-
ing the reaction rates.

Water is a typical component involved in the lignin acidoly-
sis in the presence of ethylene glycol, either introduced by the
solvent or the biomass itself. In addition, water is unavoidably
formed during the ethylene glycol substitution reaction, and is
also released in the acetal formation reactions. Water, in com-
bination with Lewis acid, can promote several types of reac-
tions,”® while several Lewis acids are claimed to be unusable
in aqueous media.>® Thus it is of particular interest to see how
the water affects the diol-stabilized acidolysis reaction.
Reaction profiles under different water content (392, 6209 and
11209 ppm, corresponding to 0.04, 0.62 and 1.12 v/v%, or 1,
14 and 25 eq.) were monitored (Fig. S18t). It is clear that the
introduction of higher water content decreased the reaction

This journal is © The Royal Society of Chemistry 2022
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rates. Also, the peak yields of both B and I1 were decreased
with the increase of water loading. In addition, the P1 yield
was dramatically decreased, while the yield of G was nearly
unaffected under higher water content. Similarly, a simul-
taneous fit of k4, ky, ka, ks, k11 and ks allowed for observing the
behavior of Cy, Cg, C;; and Cp; under the simplified model 3
with different sink routes (results shown in Fig. 9). The sum of
square residuals was calculated for these fittings under
different sink routes (Fig. 10a). With higher water content,
Model 3 with I1 sink described the best fitting, suggesting I1
becomes the dominate carbon balance loss source at higher
water content. Once I1 is formed, formaldehyde is already lost
and thus the higher carbon loss does not originate from an
increased contribution of the C3 pathway. Rather, it more
likely originates from the C2-aldehyde condensation reactions.
Water is involved in the cleavage reaction of I1 to P1 or C2-

A-sink

View Article Online
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aldehyde and G. Therefore, higher water content likely pro-
motes the cleavage reaction of I1 to G and C2-aldehyde, which
is prone to undergo condensation. Moreover, the introduction
of water can promote the release of ethylene glycol from P1
under aqueous acidic conditions leading to the same C2-alde-
hyde. All of these contribute to lower yields of P1 than that of
G under higher water content. In addition, it is noticeable that
Model 3 with I1 sink effectively reduces the reaction sequence
to: A to B to I1 shown in Fig. 10b and k values are shown in
Table S5t. Although the A to B equilibrium is moved toward A
under higher water contents, the forward reaction from A to B
is still dominant, moreover, the direct reaction from A to I1 is
significantly slowed. Also, the fact that the amount of G
released is nearly 100% for the reaction with high water
content indicates that the sink routes via inter- or intra-
molecular condensation from the carbocation intermediate
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ABI is actually reduced, thus contributes less to the carbon
loss. Overall, it suggests the presence of water is particularly
detrimental for the selectivity to P1 and needs to be carefully
controlled to obtain high acetal yields.

Conclusions

We have demonstrated that Yb(OTf); can catalyze the diol-
stabilized acidolysis of the lignin f-O-4 motif and was specifi-
cally suitable to study the relevant intermediates. At least
90 °C was necessary to initiate the diol-stabilized acidolysis of
the p-O-4 motif. The C2 cleavage acidolysis pathway was
observed to be dominant under the utilized reaction con-
ditions (up to 150 °C with 2-16 eq. EG and up to 11 000 ppm
water). At elevated reaction temperatures, higher carbon
balance and improved C2-acetal P1 yields were observed.
Kinetic analysis revealed that this was due to the alternation
of the main reaction pathways (A/B to I1 to P1) in relation to
main contributing side reactions. The starting material A and
ethylene glycol adduct B were found to be in equilibrium (via
carbocation ABI), favoring B under the applied reaction con-
ditions. Both, A and B were found to undergo a reverse Prins
reaction (also via ABI) to result in the formation of C2-vinyl
ethers I1, though with different activation energies: 195 +
32 k] mol™" for A to I in contrast with 158 + 17 kJ mol™" for
B to I1. At higher reaction temperature, more I1 was directly
formed from A, while at lower reaction temperatures, more
formation of I1 was revealed through B. This means that B is
not an intermediate for all I1 formed. At lower temperatures,
kinetic modeling suggested that the acidolysis was
accompanied by more condensation or unclear cleavage reac-

3204 | Green Chem., 2022, 24, 3193-3207

tions that were mostly linked with B but were also likely
initiated from ABI. The conversion of I1 to P1 and G had a
lower activation energy (78 kJ mol™) and was shown to be
relatively selective suggesting that carbon balance loss was
indeed mostly linked to the species formed before the key
intermediate I1. We have additionally observed that the clea-
vage of A and B slowed down significantly with increasing
ethylene glycol content, but at the same time the carbon
balance and the selectivity to P1 increased significantly.
Kinetic analysis showed that in particular the side reactions
originating from B were reduced remarkably, revealing poss-
ible beneficial effect of ethylene glycol in stabilizing ABI in
the form of B. In general, similar effects to the reaction rate
observed with the increase of water content;
however much lower yields of P1 were obtained than that of
G. It is pointed out by kinetic investigation that the formation

were

of I1 was nearly exclusively via the B-mediated pathway
at increased water concentration. The main side reactions
under these conditions were linked to I1, which can be
explained by increase of condensation reactions related to C2-
aldehyde.

Overall, these detailed kinetic findings on the diol-stabil-
ized lignin p-O-4 acidolysis confirm many previous specu-
lations on the acidolysis mechanism and involved intermedi-
ates of this novel methodology based on previous knowledge
of the lignin acidolysis. The understanding is now greatly
enhanced in terms of contribution of the main pathways and
secondary reactions derived from the key intermediates and
the influence of the reaction conditions (temperature, time,
ethylene glycol and water content). This can now be further
extended to variations of the -O-4 motif, such as phenolic and
syringyl type substitutions as well as other common linking

This journal is © The Royal Society of Chemistry 2022
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motifs. These results can facilitate the rational design of the
diol-stabilized lignin acidolysis reaction and reactor setups by
finely tuning the reaction conditions.

Experimental
Materials and experimental procedures

Metal triflates were obtained from Sigma-Aldrich, Alfa Aesar,
and Fluorochem. Other chemicals obtained from Acros,
Sigma-Aldrich, Fisher Chemicals and Fluorochem were used
as received. The 1,4-dioxane utilized in this work was acquired
anhydrous under argon and used standard Schlenk tech-
niques. The model compounds A, B, I1, P1, 12, R, R1 were syn-
thesized following the published procedure (ESI, S2.0 for
detailst).

A typical procedure for the time course reaction: compound
A (2 mL of a 0.15 mmol stock solution in 1,4-dioxane) was
added to a 20 mL pressure vial (purchased from Biotage, also
sold as microwave vials) equipped with a magnetic stirring
bar. Internal standard (1,2,4,5-tetramethylbenzene, 3 mL of a
0.3 mmol stock solution in 1,4-dioxane) was added. Ethylene
glycol (0.7 mL of a 0.6 mmol stock solution in 1,4-dioxane) was
added and the vial was sealed. The solution was stirred and
heated to desired temperature. An initial time point sample
was taken immediately prior to the catalyst addition. The cata-
lyst, Yb(OTf);, (e.g., 10 mol%, 0.3 mL, 0.015 mmol from a
stock solution in 1,4-dioxane) was added by syringe with a thin
needle through the septum of the pressure vial. Samples of
0.1 mL were taken from the vial through the septum with a
thin needle at intervals over a 24-48 h period and quenched
into HPLC sample vials containing 0.9 mL of a 60:40
MeCN: H,0 solution basified with Et;N. The samples were
then analyzed by HPLC and UPLC-MS. There was temperature
difference between the set temperature of oil bath and the
inside reaction temperature, because of refluxing present in
this setup as well as the low boiling point of 1,4-dioxane com-
pared to the setting temperature. Therefore, the inside temp-
erature of the reaction mixture was measured via a parallel
blank pressure vial (1,4-dioxane inside) installed with a
thermometer (see details of the reaction setup in Fig. S47). All
of the temperatures in the manuscript were referred to inside
temperature of the reaction mixture, unless otherwise stated.

Analysis

High performance liquid chromatography (HPLC) was per-
formed on a Shimadzu prominence system equipped with a
photodiode detector (Shimadzu SPD-M20A Prominence). The
column is Agilent Eclipse XDB-C18 Column (5 pm 4.6 X
150 mm). Data analysis was processed with Shimadzu Lab
Solutions Version 5.51 software. 1,2,4,5-Tetramethylbenzene
was used as an internal standard. All samples were run using
MeCN (0.1% formic acid) (A)/H,O (0.1% formic acid) (B) gradi-
ent follow with a flow rate of 1.0 mL min~'. The method
started with 5% A/95% B for 10 min followed by gradient to
95% A/5% B over 30 min followed by 10 min at 95% A/5% B
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followed by a gradient to 5% A/95% B over 5 min followed by
5 min at 5% A/95% B a flow rate of 1.0 mL min~'. For other
analysis see ESI, S1.0 for details.}

Kinetic modelling

The reaction network was modelled using kinetic models
where the reaction rates were assumed first order in each of
the participating components. The experimental
consist of accurately measured concentrations of the reactants
and products over time.

Inspection of these profiles reveals that, especially at the
higher temperatures, the variation in the concentrations of
species A and B mainly occurs initially, Z.e., at short time values,
see for example Fig. 2. These initial parts of the experimental
profiles were investigated first, using the simplified models
shown in Fig. 4. For example, for Model 3 in Fig. 4, the model
equations for the concentration profiles of A and B read:

results

dCy

T - —(kl + kA)CA + kZCB (CA)t:O = CA,O (1)
dc
T: — kch - (k2 + kB)CB (CB)t:() — 0 (2)

For description of the complete profiles, including also the
profiles of the products I1 and P1, the simple models of Fig. 4
were extended as shown in Fig. 5. For Model 3 equations now
read:

W e (bt kICh T haCs (g =Cro (3)
% =kCx — (kz + ks + ks)Cs  (Ci),_q =0 (4)
dgth = kaCa + ksCp — ki, Cr, (Cr,),g =0 (5)
dgfl —k,C,  (Cp,)peg =0 (6)

Analogous to eqn (1)-(2) and (3)—(6), model equations are
also written for the other models. The reaction rate constants
were optimized by least squares optimization using the experi-
mental data. The optimization routine lsqnonlin of Matlab
2020b was used, with numerical integration of the model
equations using the ode45 routine. See also ESI, S4.0.F
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