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Nucleophilic cleavage of lignin model compounds under acidic
conditions in an ionic liquid. A mechanistic study

William E. S. Hart,”! Leigh Aldous™" and Jason B. Harper*™

Abstract: A range of lignin model compounds have been examined
for their reactivity with hydrogen bromide in the ionic liquid
N-butylpyridinium ftriflate. It was found that the ionic liquid enabled
rapid reaction at both the hydroxyl and methyl ether sites of the
model compounds at room temperature. Reaction at the phenyl
ether sites was more complex; rather than facilitating cleavage at
these sites, alternate breakdown products that had not been seen in
previous studies were observed; these products are consistent with
functionalisation of the aromatic components of the model
compounds.

Introduction

Lignin is one of the most abundant biopolymers on the planet,”
second only to the holocelluloses (cellulose and hemicellulose).
It contains a variety of aromatic components that can potentially
be fractionated out of the biopolymer and subsequently used as
feedstock chemicals for industry." Lignin is formed through the
polymerisation of paracoumaryl, coniferyl and syna
alcohols;!" (Figure 1) these compounds can connect in a va
of different ways and this variety results in lignin having a
variety of functional groups. The ratio of these functionalities will
vary depending on the type of biomass. A commo
across the many different sources of lignin is that mo
of the linkages present? between these monom
linkages (see Figure 1 for a general representatio
lonic liquids have become of significant i
years for their ability to dissolve biomass® as
reaction outcomes compared to other solvents.!
research focuses upon different techniques

for

and cleavage in ionic liquids catal
metals®® amongst a range of other

the fractionation of native li
complexity of lignin's structur
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Supporting information for this article is given via a link at the end of
the document.

sinapyl
alcohol

BO4 linkage
ure 1: Reprgi¥ntative monolignols that are polymerised to form lignin; the
t comm inkage between them is the BO4 linkage pictured. R
ituents are a variety of hydroxyl groups, methoxyl groups and linkages to
t of the lignin molecule.

the breakdown of lignin and hence utilise lignin as a
ce of chemical feedstocks

One Wich study!""! monitored the reaction of a range of
lignin model compounds with hydrogen bromide in the ionic
liquid 1 (Figure 2). These compounds included models
ining different ether linkages, to examine the selectivity of
cleavage under these conditions. It was observed that
was marked selectivity for reaction at the less sterically
dered methyl ether site; this ether was effectively cleaved
ntirely prior to any reaction at the phenyl ether site. Reactivity
at the phenyl ether site was also noted to be enhanced in more
basic compounds because the initial step of the reaction
involves protonation to give the oxonium ion; increased basicity
results in a greater proportion of the starting material activated
towards nucleophilic attack. Such increased protonation of the
ether; either through electronic stabilisation (by substituents on
the adjacent phenyl group) or through the presence of a
bifurcated hydrogen bond (only possible when there is an ortho
substituent on the adjacent phenyl group is capable of forming a
hydrogen bond, e.g. methoxy); corresponded to a greater
proportion of the starting material activated towards nucleophilic
attack.

o X, O—S—CF,
R | N o]
N\

R=H, o/m/p-OMe, o/p-Me, p-Br 1

Figure 2: The model compounds studied in previous work (left) and the ionic
liquid 1 (right) used as the solvent for the reaction of these compounds with
hydrogen bromide.

The compounds initially studied"" were phenyl phenethyl
ethers functionalised on the phenyl substituent. They were not
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functionalised on the aliphatic linkages between the aromatic
rings. Such functionalisation, particularly with an oxygen
substituent such as a hydroxyl group, is prevalent in native lignin
and therefore of significant interest! Given that this
functionalisation occurs adjacent to the phenyl ether, it was
expected that the group at this position would have a significant
effect on the reactivity of these model compounds, particularly
the rate of phenyl ether cleavage since substitution on the alkyl
chain has previously been shown to have significant effect on
the reactivity of aO4 model compounds.®@ We have therefore
considered models more representative of the native lignin
structure, in order to elucidate what additional effect, if any, that
functionalised aliphatic linkages have upon ether cleavage
reactions in ionic liquids.

Results and Discussion

The work herein describes a kinetic analysis of the reactivity of
compounds 2-5 (Figure 3) with hydrogen bromide in the ionic
liquid 1 in order to ascertain how a hydroxyl group at the
a position on a BO4 linkage can affect the rates and selectivities
of ether cleavage in these systems. Particularly, the various
substitutions allow demonstration of the importance of the
electronic nature of the aromatic ring and comparison to
previous data allows the importance of the hydroxyl function
to be assessed. These compounds are clearly models for the
extended structure of lignin, noting that steric requirements of
the tertiary structure may also affect reactivity.

()
R=2H 3 0-OMe
4 m-OMe 5 p-OMe

A

OH

Figure 3: The BO4 model compounds used in this work.

Under conditions equivalent to those regorted previously (ca
M HBr,""? >10 equivalents, either 29
were followed using 'H NMR spe
constants presented in this work. The re
generated through combining the ionic liquid
triflate ([Bpyr][OTf], 1), N-bu idinium bromide
and triflic acid to genergte a

as noted that

the a position, with >95% re
significant (
molecule. R spectra in each case,
m) of the signal due to
ition, are consistent with the hydroxyl
something less electron withdrawing.
at this is the result of bromination,
substitution pathway, to yield a

species 6 in reaction of the

the proton at the a
group bging substitute

brominated compoun
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model 3 (Scheme 1). This outcome is in contrast to previous
studies where the first reaction w limination of water to give
an alkene functionality.®®® ®? Thos s however, focussed
on hydrolysis pathways (in both cases, were dissolved
in various acidic ionic liquids without a hile) rather
than the nucleophilic substitglion condi#hs used here.

The re# at the a position was followed by cleavage of
ethyl ether in compounds 3-5, which was evidenced by the

tion in integration of the 'H NMR signal due to the methy!
during the second reaction, consistent with formation of
onding phenol, such as species 7 in the case of
el compound 3 (Scheme 1). Finally, cleavage at
er was observed; the complete reaction pathway
is shown in Scheme 1 for the model 3. The rate constants for
each step are presented in Tables 1-2 below. This is an
sting result as previous studies!®™ * 5% ¢ 8 of acid catalysed
range of different solvents with varied

Table 1: The rate constants for reaction of compounds 2-5 with hydrogen
bromide at the a carbon in the ionic liquid 1 at 298 K.

Compound ky/10°M 7'
2 61.5+1.6
3 168 +7
4 222+1.38
5 81.2+2.0

@ Uncertainties quoted are half the range of triplicate measurements.

Consider initially the reaction at the alpha position. Importantly,
reaction at this site is effectively complete before significant
cleavage of either of the ether sites; such a comparison is useful
for potential fractionation of real lignin samples, noting again the
effects the extended structure of lignin might have. Some
analysis into the cause of this reactivity difference is worthwhile
and, in order to do this, comparison of the rates of reaction
across the series is necessary. There is a significant difference
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in the rate constants for reaction at the a position across the
range of model compounds 2-5 (Table 1) considered, with the
fastest reaction (compound 3) being approximately 8 times
faster than slowest case (compound 4). It seems unlikely that
this is simply an electronic effect, particularly given the distance
between the reactive site and the position of the various
substituents. This assertion is supported by the proton at the a
position of each of the compounds 2-5 having very similar 'H
NMR chemical shift.

Given that it is unlikely that electronic effects are purely the
cause for the order of reactivity at the alpha position of
compounds 2-5, steric factors should be considered. As the
BO4 linkage between the two phenyl rings is made entirely of
sigma bonds, it can be considered to have reasonably free
rotation around each of these bonds. As such, the compounds
can readily adopt conformations that are susceptible to
nucleophilic attack and as such it is also unlikely that the
differences in rate constants are due to steric considerations.

As was demonstrated in previous work,!"" the primary cause
of difference in the reactivities of the different model compounds
was due to the position of equilibrium of the initial protonation of
the ether oxygen. It was seen that the ortho substituted
compound, analogous to compound 3 studied in this work but
without the hydroxyl group, exhibited the fastest rate of ether
cleavage. This effect was argued to be due to the formation of a
bifurcated hydrogen bond between the two oxygen centr
which in turn, further stabilised the protonated form of
starting material, favouring formation of the prot
intermediate and hence increasing the rate of reaction.

In the case of compound 3, the three oxygen ce
bind a proton in an analogous fashion to that discu
previous work but involving three oxygen centres (F4
would be expected to stabilise the protonated for
This increased extent of protonation might explaj
rate of reaction of the ortho substituted compoun
the other species 2, 4 and 5 where such stabilisatio
possible.!"?!

Figure 4: Proposed structure for the injlial protonation of com showing
the stabilised proton.

Compounds 4 and 5
as compound 3 but the p
that the formation of the
Figure 4 is much less likely."
the hydroxyl posgiign in compou

oxy functionality
jon of substitu the ring means
ivalent speciesMo that shown in
e rate constants for reaction at
2, 4 and 5 are in the order 5
nt with either electronic
para substituent) or
ase of the meta substituent) of the
pounds (likely involving a bifurcated
e a hydroxyl and BO4 oxygen
ct is consistent with that seen
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previously for the corresponding systems without the hydroxyl
group."

The formation of bridged prot
hydroxyl group can be used to explain
hydroxyl group occurs faster than at m
other systems,""" and in co

species involving the

he bridged species, the
the hydroxyl group is
e arguments would
rwise). This might
a benzylic position, with

ion of incipient positive
171

likely favour reactio
be due to the hydrn
protonation being
charge at that site
of the compounds 3-5 is
(Table 2). This site is the
model compounds studied here since it is
than the BO4 ether, which is consistent
e order of reactivity is not changed as
bstitution though the effect on the
absolute rate constants iscussed below. Note that bridged
protonated species involving the substituent at the alpha position
e are unlikely to significantly contribute in this
t the bromine atom is less likely to be involved
a hydroxyl group. The rate constants for these reactions for
ries of compounds are in the order of 3 > 5 > 4. This order
tivity is consistent with the results of the previous
that case it was suggested that a methoxy
the ortho position allows formation of a bifurcated
bond and bilisation of the protonated starting material which
in turn enhances the overall rate of reaction; once again, this
argument can again be used to rationalise the order of reactivity.
Thagara substituted compound 5 reacts faster than compound
4 sii¥e a para substituted ether is electronically more capable of
sigfiilising the positive charge built up during protonation.!"®

second to react |
sterically more aval
with preg tudies;

able 2: The rate constant for reaction of the compounds 3-5 reacting with
hydrogen bromide at the methyl ether site in the ionic liquid 1 at 298 K.

Compound ko/ 10 M7 s
2 n/a
3 27.0+1.3
4 7.37 £0.25
5 199+1.8

@ Uncertainties quoted are half the range of triplicate measurements.

Directly comparing these rate constants with those reported
previously is not possible as the rate constants presented here
were obtained at a different temperature to the previous report
(298 K instead of 343 K); this was necessary to allow monitoring
of the reaction at the hydroxyl site and hence comparison with
those rate data. When reaction of these species was carried out
at the higher temperature, the rate constant data (see ESI) was
comparable but ca. 30-40% slower for compounds 4 and 5 than
their non-hydroxylated counterparts. This decrease might be
due to the a bromide present as a result of initial substitution (as

This article is protected by copyright. All rights reserved.
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exemplified in compound 6). Given the distance of the bromine
atom from the reactive centre, this is unlikely to be simply a
steric effect, suggesting the electronic nature is significant. Any
electronic effect is unlikely to be simply an inductive, through o
bonds, effect (again, given the distance between the site of
protonation and the bromine atom) suggesting a through space
effect. In this case, protonation at the phenyl ether might be
slightly favoured relative to the methyl ether through formation of
an analogous (though less effective, vida supra) bifurcated
hydrogen bond involving the bromine centre.

In a manner analogous to what was seen with the relative
reactivities of the hydroxyl group and the methyl ether site,
reaction at the methyl ether was complete (>95%) prior to any
visible change in the 'H NMR spectra indicating cleavage of the
phenyl ether (conservatively estimated at <5% reaction after the
same length of time). Cleavage of the phenyl ether, was noted
after extended periods of time but the reaction was found to not
progress further after ca. 400 h; the extent of conversion at this
time varied between ca. 8% for compound 5 and 20% for
compound 2 (see ESI for plots showing the proportion of
residual starting material with time). No further change in the 'H
NMR spectrum was observed up to 1000 h. Importantly, this
outcome is very different to that in the previous work,""
indicating the importance of substitution at the benzylic position
to the reactivity of the phenyl phenethyl ethers.

It is not immediately obvious why the cleavage of the phegyl
ether would not proceed to completion in compounds 2-5. Lj
causes for the cleavage of the phenyl ether to halt at
include (i) the reaction being an equilibrium (i.e. in the case of
the starting material 3, compounds 7 and 8 are in e jum,
Scheme 3) and (ii) the other reagent (hydrogen bri
been either exhausted or removed from the syste
can no longer react with either compounds
breakdown products. These options were asse

phenyl ether cleavage rea
conditions. It should be note,
completely cleaved in
either the presence
change in temperature
phenyl ether cleavage.
In order to examine

spectra
hydrog Secondly, there were significant
chan ion (see Figures S1-S4); whilst

some small changes due to the limited cleavage of
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the phenyl ether) were noted after 1000 h at 298 K, the changes
after 1000 h at 343 K were muchggore marked. In the cases
starting with models 3, 4 and 5, ma Is were seen, with no
clear major product formed (Figures S1° the case of the

oublets ca.
. Such¥signals are
ene with substituents of
The compound was
he addition of an

Whilst no i
compound 10 can
at the ition of th

ediates were isolated, the formation of
tionalised through a nucleophilic attack
zene ring in the hydroxyl breakdown
nalogous to compound 6 above).
Such attack is likely ma ossible by protonation of the oxygen
atom (hence activating the ring towards nucleophilic attack). [For
fidll discussioglf this mechanism, see ESI.J'"%

It shouldgbe noted that consecutive substitution processes
ving two bromide nucleophiles might occur for compounds

igures S1-S4). This would also account for the
nals seen in the aromatic region of the 'H NMR
spectrum o¥the mixture derived from compound 2. In the case
of the other compounds 3, 4 and 5, the more complex mixture
suggests that these additional reaction pathways are more
i Irrespective, over long times at elevated

It is possible that nucleophilic attack on the phenyl ring
cecurred in the previous study,”""! however brominated products
were not observed, likely due to the reaction being stopped after
the phenyl ether cleavage, before significant amounts of
brominated products might have formed. Importantly, the very
slow rates of reaction as a result of the additional substitution in
these model compounds allows observation of this additional
pathway that might have particular relevance in the fractionation
of lignin.

The effect of water on the cleavage of the methyl and phenyl
ethers in compounds 4 and 5 were also examined at 343 K in
order to assess the effect of water on the reaction. [The reaction
at the a hydroxy site was not examined as, under these
conditions, it proceeded too quickly to practically monitor]. It was
noted that as the water content of the reaction mixture increased
the rate constant for the reaction at the methyl ether site
decreased, similar to what was seen in the previous study;""
rate constants were also comparable for analogous compounds
at the same water concentrations (see Table S2 for data).

Differences were noted, however, in the cleavage of the
phenyl ether in compound 5 at 343 K when the ionic liquid
solvent contained an additional 30 mol % water relative to the
ionic liquid. Over the course of the methyl ether cleavage, the 'H

This article is protected by copyright. All rights reserved.
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NMR signals due to the aliphatic BO4 protons completely
disappeared, to give a spectrum similar to those seen after
extended periods of time (during which aromatic substitution had
occurred) in the previous samples. These changes indicate that
the presence of water in the mixture is causing the aromatic
substitution to be the favoured pathway for cleavage of the
phenyl ether in compound 5; the enhancement is sufficient that
this process occurs during the reaction of the methyl ether
(which would normally be at least an order of magnitude
faster'!). No further examination was made into why the
presence of water causes the reaction of compound 5 to
proceed via a different pathway. This result does demonstrate,
however, that the addition of another solute (such as water) can
modify the reaction pathways in this system.

Conclusions

The work described immediately demonstrates the
importance of considering substation on the a position on a BO4
linkage. The presence of a substituent at this site has a notable
effect on the selectivity of reactions of the molecule, their rates
relative to cases in its absence and the importance of other
breakdown pathways.

It can be seen from the kinetic data presented that there is
selectivity between the three different reactive sites on
model compounds examined in this work (at 298 K). As
been noted previously,'" protonation of oxygen centrfs is
required for reaction and the selectivity observe
combination of steric effects and relative stabilities of

of protonation. In relation to the reactivity of ligni is work
indicates that lignin would likely react at sites whergi#he posi
charge developed during protonation is the mosiffftable, noting

that this selectivity might be altered by the steric availability of
reactive sites in lignin; all other factors being equal such
protonation effects would dominate. The kinetic se
observed could potentially be exploited in the fractionation
lignin through either adding a sub-stoichiometric amourt of
hydrogen bromide or quenching ghe reaction
comparatively short period of time.

It was also seen that variatio

an advancement in the
lities which are found in
cleaved through the use of an ionic
velop methodologies to obtain useful

Overall, thi
understanding of
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Experimental Section

and was used without
om TCI chemicals

Triflic acid was purchased from Sigm
further purification. Lignin (alkaline) was puri
and was used as received. The ionic liqui

parent heterocycle.”” The s

For each of the kinetic
the reagent compoun
(>10 equivalents) in
equivalent relative to

ined through monitoring the
d products using 'H NMR
spectroscopy (see
These rate constan

For kinetic measurements with half-lives shorter than 3 h, the reaction
was maintainedgt a constant temperature (either 298 K or 343 K) inside

NMR spe,\eter used; temperature calibration was verified using a
erature be suspended in ethylene glycol prior to beginning the
jons. For kinetic measurements with half-lives longer than 3 h,
ns were kept at the desired temperature (either 298 K or 343 K) in
bath and their '"H NMR spectra were obtained periodically,
least 10 measurements over at least three half-lives of the
on. For all compounds 2-5, a mixture of both techniques
was used; ate of reaction was measured for the substitution at the a
position in the spectrometer prior to the rate of reaction for the methyl
and phenyl ether cleavage being measured using the water bath
technique described above.
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Selective cleavage of lignin model compounds is observed in an ionic liquid.
Reaction at the phenyl ether site was notably slower and different to what has been
observed previously. These processes have application in the functionalisation and
fractionation of lignin.
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