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Elimination mechanism of vanillin from non-
phenolic B-O-4-type terminals formed in guaiacyl
lignin: a combined kinetic and theoretical study
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The alkaline aerobic oxidation of lignin to vanillin (4-hydroxy-3-methoxybenzaldehyde) has been employed
as an industrial method for producing bio-based low-molecular-weight aromatic compounds. To deepen
the molecular-level understanding of this reaction, we have been investigating the vanillin formation
mechanism from native softwood lignin. One of the major reaction pathways involves oxidative
degradation of B-O-4-type internal units, followed by alkaline-induced elimination of vanillin from the
resulting vanillin end group. This study examined the reaction mechanism of a model compound, 4-[2-
(3-ethoxy-4-methoxyphenyl)-2-hydroxy-1-(hydroxymethyl)ethoxy] - 3-methoxybenzaldehyde, VEg, which
mimics the vanillin end group, in 4.0 mol L™ aqueous NaOH, with particular focus on the formation
pathways of vanillin and byproducts. VEg rapidly formed an equilibrium mixture comprising various
rearranged compounds, in which the vanillin residue had migrated to the a- and y-positions of the side-
chain via an acetal-type intermediate. Kinetic analysis based on a pseudo-first-order competitive
reaction model revealed that this equilibrium mixture was consumed through two distinct pathways:
vanillin elimination and side reaction accompanied by polymerization. The activation energy (E,) for
vanillin elimination was determined to be 17.0 kcal mol™?, which agreed moderately with the E, value of
20.7 kcal mol™?t calculated by DFT(M06-2X) for the a-oxyanion-assisted elimination process. Although
the details of the side reaction pathway remain unclear, the overall reaction followed pseudo-first-order
kinetics despite the involvement of bimolecular steps, suggesting that the rate-determining step of the
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Introduction

Lignin is an aromatic polymer that constitutes approximately
15-35 wt% of lignocellulose." Various methods for depolyme-
rizing lignin into low-molecular-weight aromatic compounds
useful for the chemical industry have been investigated.>™®
Among these methods, alkaline aerobic oxidation is considered
promising due to its use of non-toxic molecular oxygen as the
oxidant. This method enables the effective cleavage of the major
interunit linkages in lignin, particularly ether bonds, leading to
the oxidative degradation of the C; side-chains and the
production of low-molecular-weight phenols.***

The alkaline aerobic oxidation method has already been
industrialized as a means of producing vanillin from lignosul-
fonates, which are byproducts of the sulfite pulping process of
softwood.>?*** Vanillin (4-hydroxy-3-methoxybenzaldehyde) is
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side reaction proceeds via a unimolecular process.

not only used as a flavoring agent but also serves as a key
chemical intermediate in the synthesis of pharmaceuticals and
other industrial chemicals.”* The industrial production of
vanillin from lignosulfonates involves oxidative degradation
under pressurized air at around 170 °C using Cu>" as a catalyst,
and this method was the dominant process for global vanillin
production until the 1980s. However, this process has major
drawbacks, including low vanillin yields (typically below
10 wt%) and the difficulty of isolating vanillin from the reaction
mixture.”> As a result, petroleum-based processes have become
the mainstream approach. Nevertheless, in light of growing
environmental awareness, the revival of lignin-based vanillin
production is of considerable significance.

To improve the production process of vanillin from lignin,
numerous studies have aimed to increase the yield of vanillin by
enhancing reaction efficiency through various catalysts and
optimizing the process from a chemical engineering
perspective.’>*** In contrast, only a limited number of studies
have addressed the reaction mechanism of vanillin formation
from lignin during alkaline aerobic oxidation. The degradation
mechanism of lignin by molecular oxygen has been investigated
in detail primarily from the perspective of pulp bleaching,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Vanillin production pathway from a B-O-4 middle unit of lignin during alkaline aerobic oxidation.>-*

rather than from the standpoint of chemical production from
lignin. In such studies, the main focus has been on the degra-
dation of benzene ring structures within lignin that contribute
to color formation, while the oxidative conversion of lignin side-
chains into vanillin has been regarded as a side reaction.**-**
Thus, although the bleaching mechanisms proposed in
previous studies deal with the same fundamental phenom-
enon—namely, the degradation of lignin by molecular oxygen
under alkaline conditions—their focus differs significantly. As
a result, they cannot be directly referenced as rational guide-
lines for controlling the vanillin production process.

Against this background, we have undertaken a study aimed
at elucidating the mechanism of vanillin formation during the
alkaline aerobic oxidation of lignin, with the goal of acquiring
microscopic insights into the oxidative reactions that can be
utilized for the development and control of vanillin production
processes. Our previous research has focused on intermediate
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structures containing the f-O-4 linkage—a major type of linkage
found in lignin—and has proposed a vanillin formation
pathway as illustrated in Scheme 1.****' In this pathway, the B-
ether bond undergoes non-oxidative cleavage under alkaline
conditions to generate a glycerol end group. The side-chain of
this end group is then oxidized to form a vanillin end group.
Subsequently, the B-ether bond adjacent to this unit is cleaved
non-oxidatively under alkaline conditions, resulting in the
release of a vanillin molecule.

This study focuses on the final step depicted in Scheme 1—
namely, the non-oxidative elimination of a vanillin molecule
from a vanillin end group. The present series of investigations
was conducted as a continuation of our previous work.*> The
reaction behavior of a model compound representing the
vanillin end group structure, 4-[2-(3-ethoxy-4-methoxy-phenyl)-
2-hydroxy-1-(hydroxymethyl)ethoxy]-3-methoxy-benzaldehyde,
VEg, under typical alkaline conditions (aqueous 4.0 mol L ™"
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Scheme 2 Reaction pathways proceeding from VEg proposed in our previous study.*?
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NaOH), as shown in Scheme 2, is of particular interest to both
wood chemists and organic chemists. Specifically, under
ambient alkaline conditions, VEg rapidly establishes an equi-
librium with two rearranged compounds—4-(1-(3,4-
dimethoxyphenyl)-2,3-dihydroxypropoxy)-3-
methoxybenzaldehyde, VE, and 4-(3-(3,4-dimethoxyphenyl)-2,3-
dihydroxypropoxy)-3-methoxybenzaldehyde, VE,—via acetal
intermediates (I1 and I2), in which the vanillin residue has
migrated to the a- and y-positions, respectively. Upon heating,
this equilibrium mixture undergoes two main reactions: one is
the cleavage of the ether bond to form vanillin and 1-(3-ethoxy-
4-methoxy-phenyl) propane-1,2,3-triol, ArG, designated as
Route I; the other is the formation of high-molecular-weight
components (hereafter referred to as “High-MW compo-
nents”), designated as Route II.

The above findings raise several new questions, among
which a primary issue is the mechanism by which vanillin is
eliminated in Route I. Two possible mechanisms have been
proposed, as illustrated in Scheme 3. One is the SyicB mecha-
nism, in which a neighboring alkoxide attacks the ether linkage,
leading to its cleavage. The other is the SyAr mechanism, which
involves a hydroxide ion attacking the aromatic carbon followed
by cleavage of the ether bond.*”***** Previous studies on model
compounds with C, side-chains structurally similar to that of
VEg have reported results supporting the SyicB mechanism,
based on kinetic analysis and reaction behavior in '®0-labeled
aqueous media.** However, those findings were obtained
under limited reaction conditions (dioxane-0.5 mol L' NaOH
aqueous solution at 75 °C), and do not necessarily validate the
applicability of the SyicB mechanism under the more strongly
alkaline conditions (~4.0 mol L™' NaOH) employed in our
proposed vanillin production process. Furthermore, in prior
kinetic analyses, the formation of High-MW components via
Route II had not yet been recognized and was thus never
included in kinetic considerations. Therefore, elucidating the
detailed nature of Route II constitutes another new challenge
that emerged from our previous study.

In this study, we employed VEg—a model compound previ-
ously investigated by our group—as a representative vanillin
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Scheme 3 S\icB and SyAr mechanisms for vanillin elimination.
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end group, with the objective of gaining deeper mechanistic
insights into its reaction behavior in aqueous 4.0 mol L™ " NaOH
solution, beyond the reaction pathways illustrated in Scheme 2.
In the first half of this paper, we construct a kinetic model based
on the assumption of competitive degradation of VEg via Route
I and Route II (Scheme 2), and conduct a detailed kinetic
analysis grounded in this model. This section is expected to
provide mechanistic insights including activation parameters
for both Route I and Route II. The formation mechanism of the
High-MW components in Route II is also discussed based on
the results of the kinetic analysis. In the latter half of the paper,
theoretical calculations are performed to elucidate the molec-
ular mechanism of vanillin elimination in Route L. In this part,
we compare the activation barriers obtained experimentally
with the calculated values and discuss the detailed mechanism
of vanillin elimination.

Experimental
Materials

The compound VEg, shown in Scheme 2, was used as the
sample. The detailed synthetic procedure and spectroscopic
data for this compound have been reported in our previous
publication.*” A standard sample of vanillin and HPLC grade
acetonitrile were purchased from FUJIFILM Wako Pure Chem-
ical Corporation.

Alkaline degradation and product analysis

An ethanol solution of VEg with a precisely adjusted concen-
tration was added to a perfluoroalkoxy alkane (PFA) test tube
(total volume: 5.0 mL) so that the amount of the model
compound introduced was 3.0 mg (7.97 umol). After removing
the solvent under reduced pressure, a magnetic stir bar was
placed inside the tube. In a nitrogen-filled glove box, 2.0 mL of
4.0 mol L™ aqueous sodium hydroxide solution was added to
the tube, which was then sealed with a silicone stopper. The
reaction was initiated by immersing the tube in an oil bath
maintained at a temperature between 21 and 60 °C. After
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stirring the mixture for 10 min to 4 h, the tube was removed,
cooled, and opened. Then, 1.0 mL of ethanol containing exactly
1.0 mg of the internal standard compound (p-hydroxybenz-
aldehyde) was added to the reaction mixture. A 20 pL aliquot of
the resulting solution was diluted with 980 uL of 0.08 mol L ™"
aqueous trifluoroacetic acid/acetonitrile solution (9/1, v/v),
filtered through a 0.45 um syringe filter (quantity: 100 filters),
and used as the sample for HPLC analysis.

HPLC analysis was performed using a system equipped with
a Shimadzu LC-20AD pump, CTO-20AC column oven, and SPD-
M40 photodiode array detector. The analytical conditions were
as follows: Cadenza CD-C18 column (Imtakt), column temper-
ature 35 °C, flow rate 0.8 mL min !, and a mobile phase
gradient composed of 0.1% aqueous trifluoroacetic acid and
acetonitrile, programmed as follows: 90/10 — 45/55 (0-30 min),
45/55 — 0/100 (30-35 min), 0/100 (35-40 min), 0/100 — 45/55
(40-45 min), and 45/55 — 90/10 (45-50 min). Quantification of
the major substances in the reaction solution—vanillin, ArG,
VE,, and VE,—was carried out by comparing the peak areas of
each compound with that of the internal standard. Calibration
curves were prepared by HPLC analysis of standard samples of
the target products and the internal standard. For ArG, a cali-
bration curve could not be directly prepared due to the difficulty
in isolating a sufficient quantity; instead, the calibration curve
for veratrylglycerol, which we previously examined, was used as
a substitute.*® Similarly, the calibration curves for VE, and VE,
were substituted with that of VEg.

Kinetic analysis

Kinetic analysis in this study was conducted based on the
pseudo-first-order competitive reaction model shown in
Scheme 4. In this model VE,, VEg, VE,—three isomers that
rapidly interconvert—are collectively defined as the starting
substrates. From these substrates, two competing reactions
occur: one leads to the formation of vanillin with a rate constant
ki, and the other leads to the formation of byproducts with
a rate constant k,. These competitive reactions are assumed to
be significantly slower than the interconversion among the
three substrates and are treated as irreversible. Although
hydroxide ions are undoubtedly involved in the reaction, the
experimental conditions involve a large excess of hydroxide ions
relative to the substrate concentration. A pseudo-first-order
approximation is therefore considered valid, treating [OH ] as
a constant.

In this model, the total concentration of the three starting
substrates at reaction time t—namely [VEg] + [VE,] + [VE,]—is
expressed by the following eqn (1), using the overall rate

promeeeeeaaese 1k
| VE, ! "L vanili
! Z o anillin
LVEg ot -

i R VE !

? Byproducts
Scheme 4 Pseudo-first-order competitive reaction model used in this

study, proceeding from an equilibrium mixture consisting of VEg, VE,
and VE,.
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constant kz, which corresponds to the rate constant for the
degradation of the starting materials.
In([VEg] + [VE,] + [VE,]) = In([VEglo + [VE,]o + [VEy]o) — k71(1)
Here, [VEg]o, [VE.]o, [VEy]o represent the initial concentrations
of each starting compound. Since VE, and VE, are not present
in the system at the beginning of the reaction, their initial
concentrations are [VE,], = [VE,], = 0.

The concentration of vanillin, [Vanillin], at reaction time ¢ in
this model is described by the following eqn (2), which is the
analytical solution of the differential equations corresponding
to the competitive reaction model shown in Scheme 4.

[Vanillin] = k,([VEglo + [VE o + [VE,J)(I — e *"Vks  (2)

From this equation, it can be seen that plotting ([VEg], +
[VE,]o + [VE,Jo)(1 — e *)/k; against [Vanillin] yields a straight
line with a slope of ;.

The formation rate constant k, for the High-MW compo-
nents can be determined using the following eqn (3).

ko =kr—k (3)

An Arrhenius plot was constructed using the rate constants k
obtained at each reaction temperature 7. Based on the Arrhe-
nius equation shown in eqn (4), the activation energy (E,) and
the frequency factor A were calculated from the slope and
intercept of the regression line, respectively. Here, R denotes the
universal gas constant.

E,
In k——RT—HnA (4)

The activation entropy (AS*) was calculated using the
frequency factor A, Boltzmann constant kg, Planck constant 4,
temperature 7, and gas constant R, according to eqn (5) shown
below.

hA

AS* =R 1
§ neszT

(5)

Quantum chemical calculation

Quantum chemical calculations were performed using the
GAUSSIAN 09 program package.*” Geometry optimizations and
frequency calculations were carried out using the DFT (M06-2X)
method. For this method, the 6-31G basis set was used for
hydrogen atoms, and the 6-31G(d) basis set was used for carbon
and oxygen atoms. In addition, diffuse functions were added to
the carbon and oxygen atoms, and p-type polarization functions
were added to the hydrogen atoms in hydroxyl groups. This
basis set is hereafter referred to as BS-I. Single-point energy
calculations were performed on each optimized structure. For
these calculations, the cc-pVTZ basis set was used for hydrogen
atoms, and the aug-cc-pVTZ basis set was used for carbon and
oxygen atoms. This basis set is referred to as BS-II. The potential
energy was corrected using the zero-point energy obtained from
the frequency calculations. Furthermore, the Gibbs free

RSC Adv, 2025, 15, 41886-41898 | 41889
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energies of all structures were estimated by calculating the
entropy and enthalpy at 298.15 K and 1 atm based on the
vibrational analysis. We confirmed that all optimized equilib-
rium structures had no imaginary vibrational modes, and that
each transition state structure had exactly one imaginary
vibrational mode. The connectivity of each optimized transition
state to its corresponding reactant and product was verified by
visualizing the imaginary vibrational mode and performing
intrinsic reaction coordinate calculations based on the steepest
descent method.

Results and discussion
Degradation behavior of VEg and its kinetic analysis

The degradation of VEg in 4.0 mol L™ aqueous NaOH was
conducted at temperatures ranging from 21 to 60 °C. At all
reaction temperatures, VE, and VE,—rearranged products in
which the vanillin residue of VEg had migrated—were detected
in the reaction solution shortly after the initiation of the
experiment (see HPLC chromatogram in Fig. S1 in the SI). This
observation confirms that the equilibrium among VE,, VEg, and
VE,, as proposed in Scheme 2 in our previous study, was indeed
established under all temperature conditions examined in the
present work. Notably, at all reaction temperatures, the total
recovery of VE,, VEg, and VE, in the early stage of the reaction
was much higher than the yields of vanillin or ArG at the same
time point (see Fig. S2 in the SI). This result clearly indicates
that the interconversion among VE,, VEg, and VE, proceeds
significantly faster than the subsequent formation of vanillin
and ArG. Hereafter, VE,, VEg, and VE, are collectively referred
to as the “starting materials (SMs)”.

Table 1 summarizes the yields of vanillin and ArG at the
longest reaction times employed at each temperature. In addi-
tion, changes with time in the recovery of the SMs and the yields
of the main products during the reaction are provided in the SI
(see Fig. S2). Vanillin was produced from the SMs with yields
ranging from 22.4 to 63.4 mol%. At 50 °C, the yields of vanillin
and ArG, which generally exhibited an increasing trend with
temperature, showed a temporary decrease; however, this
phenomenon is considered to arise from experimental error

Table 1 Yields of vanillin and ArG and recovery of SMs after the
degradation experiments in 4.0 mol L~* NaOH aqg. at various reaction
temperatures under N,

Yield (mol%)

Temperature Reaction Recovery

(°C) time (min)  (%)“ Vanillin ArG

21 240 43.5 22.4 [39.7)b 10.2 (18.1)
30 180 32.4 35.1 (51.9) 21.4 (31.2)
40 120 15.1 48.1 (56.6) 34.8 (41.0)
50 90 20.9 41.7 (52.7) 29.4 (37.1)
60 60 1.6 63.4 (64.4) 52.7 (53.5)

“ The recovery yield is presented as the total value of SMs (VEg, VE,, and
VE,). ” The number in the parenthesis shows yields (mol%) of Vanillin
or ArG on the basis of the degraded SMs (VEg, VE,, and VE,).
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associated mainly with the batch-type experiments employed in
this study. When recalculated based on the amount of SMs
degraded, these values correspond to approximately 40-
65 mol%, indicating that the SMs did not convert to vanillin
quantitatively at any of the tested temperatures. As we reported
previously, the SMs also give rise to byproducts with relatively
high molecular weights in addition to vanillin.** Although
molecular weight measurements of the products were not per-
formed in the present study, it is considered that similar High-
MW components were formed as byproducts in the course of
the reaction. Quantification of the high-molecular-weight
components is not feasible due to the structural diversity
involved, and therefore was not conducted in this study.
Notably, the yield of ArG was consistently lower than that of
vanillin. This observation will be revisited in the later discus-
sion of the vanillin elimination mechanism.

Based on the above discussion, it is strongly suggested that
the SMs, including VEg, underwent degradation through two
competing pathways at all temperature ranges: one leading to
vanillin formation and the other to the formation of byproducts.
To gain a deeper understanding of this observation, we carried
out kinetic analyses from two perspectives—degradation of the
SMs and formation of vanillin—based on the pseudo-first-order
competitive reaction model shown in Scheme 4.

Semi-logarithmic plots of SMs concentration versus reaction
time at 21-60 °C in Fig. 1A yielded linear relationships between
the logarithm of SMs concentration and reaction time at all
tested temperatures. This result indicates that eqn (1) holds
under conditions with a large excess of hydroxide ions, and that
the degradation of SMs can be approximated as a pseudo-first-
order reaction. Similar pseudo-first-order kinetics have also
been reported for lignin model compounds with C, side-chains
analogous to VEg, in which the vanillin residue acts as a leaving
group, under alkaline conditions,***>*® and the present results
support this observation. Furthermore, as shown in Fig. 1B,
a linear relationship was also observed between the vanillin
concentration and the expression ([VEg]o + [VE,]o + [VE,]o)(1 —
e *')/ky (see eqn (2) in the Experimental section). This finding
demonstrates that the pseudo-first-order competitive reaction
model appropriately describes the degradation behavior of the
SMs. In contrast, a semi-logarithmic plot of vanillin concen-
tration versus reaction time did not yield a linear relationship
(see Fig. S3 in the SI). This result further supports the notion—
based on an independent line of evidence—that the degrada-
tion of SMs involves not only vanillin formation but also
competing side reaction.

From the slopes of the plots in Fig. 1, the pseudo-first-order
rate constants k; and k; at each temperature were calculated,
and the rate constant k, was subsequently obtained from the
difference between k; and k;, according to eqn (3). As shown in
Table 2, the overall rate constant k, for the degradation of the
SMs ranged from 5.8 to 110 (s~' 10°). The rate constant k;,
corresponding to vanillin formation, ranged from 1.7 to 44.5
(s™* 107°), while the rate constant k,, which is considered to
correspond to the formation of high-molecular-weight byprod-
ucts, ranged from 4.1 to 65.2 (s~ 10°). A comparison of the two
rate constants reveals that k, was consistently slightly greater

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Semi-logarithmic plot of the temporal changes in the reactant concentration during the degradation of SMs (A), and the plot of the vanillin
concentration against ([VEglg + [VE o + [VE,lo)(1 — e~ /ks(B), in 4.0 mol L™t NaOH aqg. at 21-60 °C under N,. Reaction temperatures: 21 °C (H),
30°C (#),40°C (x), 50 °C (@), 60 °C (A). The coefficients of determination (R?) of the linear fits are as follows: 21 °C (k;: 0.982, k7 0.992); 30 °C
(k1: 0.940, ky: 0.965); 40 °C (kqy: 0.992, k+: 0.988); 50 °C (ky: 0. 978, k+: 0. 978); 60 °C (k;: 0.990, k1= 0.992).

than k; at all reaction temperatures. This observation is not
entirely consistent with the fact that, in some cases, the vanillin
yields based on degraded SMs slightly exceeded 50 mol% (see
Table 1). One possible explanation for this discrepancy is that
intermediates capable of producing vanillin may be generated
in the side reaction pathway (Route II) shown in Scheme 2. If
this assumption is valid, the kinetic model presented in Scheme
4 does not fully reflect the actual degradation pathways of the
SMs. This issue will likely be resolved in future research through
the elucidation of more specific chemical processes involved in

Table 2 Pseudo-first order kinetic constants (k, s™* x 107°) and
activation parameters (kcal mol™), activation energy (E,), activation
enthalpy (AH%), activation entropy (AS?), and activation Gibbs energy
(AGY) determined in the degradation of SMs under the conditions of
4.0 mol L™ NaOH aq./N,

kr 3 k,
21 °C 5.8 + 0.036" 1.7 4 0.022 4.1 + 0.042
30 °C 10.6 £ 0.096 3.8 4 0.025 6.7 £ 0.099
40 °C 23.4+0.089  10.3 +0.032  13.2 + 0.095
50 °C 60.8 = 0.145  28.2+0.052  32.6 + 0.154
60 °C 110 + 0.135 44.5 £0.022 652 4+ 0.136
Activation parameters
E} 15.1 17.0 14.1
AH* 14.6 (19.6)° 16.4 13.5
AS* (calmol ™' K)?  —30.6 (—22)°  —26.6 —34.9
AG* (keal mol~*)? 23.7 24.3 23.9

¢ Standard error.

b The activation energy and activation entropy were

calculated according to the slope and intercept of the Arrhenius plot
1n Fig. 2, respectively. ¢ Values in parentheses are taken from ref. 44.

9 The activation Gibbs energy, AG was calculated at 25 °C (T =
298.15 K) using the equatlon “AG* = AH* — TAS™ after determmlng
the activation enthalpy, AH*, from the activation energy, E,, using the
equation “AH* = E, — RT".

© 2025 The Author(s). Published by the Royal Society of Chemistry

the side reaction pathways, including the actual nature of
intermediate I, and the adoption of a more refined kinetic
model based on these findings. Nevertheless, given that the
linear fit in Fig. 1B is excellent and that vanillin yields never
significantly exceed 50 mol% at any temperature, we proceed
with our discussion under the premise that the kinetic model
shown in Scheme 4 remains a valid representation.

The kinetic analysis presented thus far provides important
insights into the side reaction (Route II) other than vanillin
formation. The formation of high-molecular-weight compo-
nents, which are presumed to be products of Route II,
undoubtedly involves molecular collisions between SMs or
intermediates derived therefrom. On the other hand, it is
noteworthy that the kinetic model shown in Scheme 4, which
assumes a pseudo-first-order reaction with [OH™] treated as
constant, describes the degradation behavior of the SMs well.
This observation strongly suggests that the collision-based
steps in the side reaction pathway are not rate-determining.
As illustrated in Scheme 5, it is therefore proposed that
a highly reactive intermediate I is formed unimolecularly from
the SMs, and that this step constitutes the rate-determining
step of the side reaction. After the formation of I, subsequent
reactions between these intermediates are presumed to lead to
the generation of dimers or higher oligomers. Although the
specific chemical identity of intermediate I (or a group of such
intermediates) remains unclear at present, future studies using
appropriately designed model compounds will be important to
clarify their structural features and are expected to shed light on
the molecular mechanism underlying this side reaction

+1
—_— High-MwW
= (i,

Scheme 5 Schematic illustration of processes involved in Route II.

SMs ——> Intermediate I
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pathway. Nevertheless, the above findings imply that sup-
pressing the formation or accumulation of intermediate I could
be an effective strategy to minimize polymerization and thereby
improve vanillin yields under alkaline conditions.

An Arrhenius plot was constructed from the logarithm of the
rate constant k at each temperature listed in Table 2 versus the
reciprocal of the reaction temperature 7. As shown in Fig. 2,
linear relationships were obtained for all cases: k; (degradation
of SMs), k; (vanillin formation), and k, (side reactions). From
the slopes and intercepts of the resulting regression lines,
various activation parameters were calculated according to eqn
(4) and (5). The activation energy (E,), activation enthalpy (AHY),
and activation entropy (AS*) derived from k; were
15.1 kcal mol™?, 14.6 kcal mol™?, and —30.6 cal mol™* K,
respectively. Among these values, the notably negative AS* is
consistent with previous reports on C,-type lignin model
compound by Collier et al.** In their study, such highly negative
AS* values as reported in the present work have been observed
only when the leaving group bears a p-formyl substituent.
Although there are differences in substrate and OH™ concen-
tration compared to this study, the somewhat unusual AS*
associated with leaving groups containing a formyl substituent
can at least partly be rationalized by the presence of side reac-
tion pathways, which are extremely unfavorable in terms of
entropy, as discussed later in this article. On the other hand, the
AH* value was approximately 5 kcal mol~* lower than the re-
ported value of 19.6 kcal mol ™" in that study. This discrepancy
can be explained by structural differences between the model
compounds, namely C;- and C,-side-chain, as discussed in the
next section.

The E,, AH*, AS* for the vanillin formation reaction repre-
sented by k; (Route I in Scheme 2) were 17.0 kcal mol *,

-6

7

Ink

-10

11 +

_12 1 L 1 1 L
2.9 31 32 33 34

1/T (% 103)

w

3.5

Fig.2 Arrhenius plots constructed based on the disappearance rate of
SMs (k7) (@), the formation rate of vanillin (k;) (A), and the rate of side
reactions (k,) (). For details on the calculation methods of each rate
constant, see the Experimental section. The degradation experiments
of SMs were performed in 4.0 mol L™ NaOH aq. at 21-60 °C under N.
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16.4 keal mol ', and —26.6 cal mol ! K, respectively. Compared
to the corresponding values for the side reaction represented by
k,, the E, and AH' values for vanillin formation were approxi-
mately 3 keal mol™* higher, while AS* was about 8 cal mol* K
greater. These results clearly indicate that the vanillin forma-
tion reaction (Route I) is enthalpically less favorable but
entropically more favorable than the side reaction (Route II).
This implies that the entropic advantage of Route I becomes
more pronounced at higher temperatures, which corresponds
well with the trend observed in Table 1, where the vanillin yield
increases with increasing temperature. The activation free
energy (AGY), which reflects both enthalpic and entropic
contributions, was calculated to be 24.3 kcal mol ™ for vanillin
formation and 23.9 kcal mol™" for the side reaction under
standard conditions. The slightly higher AG* value for vanillin
formation is consistent with the observation that the rate of
vanillin formation is lower than that of the side reaction. The
differences in the values of the activation parameters between
Route I and Route II undoubtedly reflect the differences in the
chemical reactions proceeding along these routes. The activa-
tion parameters presented in this study will serve as important
clues for further examining the detailed reaction mechanisms,
particularly those of the side reactions whose actual nature
remains unclear at present.

In principle, the AG* value derived from ky, which reflects
the overall reaction, should fall between the two values derived
from k; and k,. However, as summarized in Table 2, the calcu-
lated value was slightly lower than either, at 23.7 kcal mol .
This discrepancy is likely due to error associated with the
precision of the Arrhenius plot, particularly in the estimation of
AS*, where the intercept of the plot is highly sensitive to
experimental uncertainties in rate measurements. In any case,
the three plots shown in Fig. 2 clearly reflect the trends in the
slopes and intercepts of their respective regression lines. Hence,
the enthalpic and entropic advantages and disadvantages of
Routes I and II, as discussed above, are not undermined by this
small deviation.

Quantum chemical calculations

In the previous section, various activation parameters for the
vanillin formation reaction (Route I, Scheme 2) were evaluated,
as summarized in Table 2. The next question of interest is the
reaction mechanism by which vanillin is eliminated from the
SMs. As discussed in the introduction, two possible mecha-
nisms have been proposed for this reaction: the SyicB mecha-
nism and the SyAr mechanism (Scheme 3). In this section, we
conducted a mechanistic analysis using theoretical calculations
to clarify which of these two mechanisms is operative. Previous
reports on the activation barrier for vanillin formation using C,
side-chain model compounds were carried out under condi-
tions in which the presence of side reaction was not considered,
and therefore did not isolate the activation barrier of the
vanillin formation reaction itself.** In contrast, the activation
barrier for the vanillin formation reaction, excluding the influ-
ence of side reaction (Route II), is revealed here for the first
time. A rational mechanistic discussion of the vanillin

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formation reaction thus became possible only on the basis of
the kinetic analysis presented in this study.

In our quantum chemical calculations, a truncated model
compound, VEg(C,), was employed in place of VEg, in which the
y-position was removed to reduce computational cost (see
Scheme S1). The SyicB-type elimination of a vanillin molecule
from the oxyanion form of VEg(C,) (VEg(C,) ) was investigated
at the DFT(MO06-2X) level. As shown in Fig. 3, a reaction pathway
was identified in which VEg(C,)™ proceeds via a transition state
(TS1) to give a product complex (Pc) composed of a vanillate ion
and an epoxide intermediate. In this process, the distance
between the a-oxygen atom (O,,) and the B-carbon atom (Cg) is
progressively shortened (2.37 — 1.87 — 1.43 A), whereas the
bond between Cg and the oxygen atom of the vanillin residue
(Op) is elongated (1.44 — 1.91 — 2.37 A), reflecting the progress

View Article Online
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of vanillin elimination. In addition, the O,~-C,~-Cg bond angle
decreases markedly from 108.7° to 58.9°, which is associated
with epoxide ring formation. At the DFT(M06-2X)/BS-1I level, the
calculated activation Gibbs energy (AG°*) and activation energy
(E,) for this reaction were both 20.7 keal mol™". The AG® and AE
for the formation of Pc were calculated to be —7.7 and
—7.0 kecal mol™*, respectively, indicating that the reaction is
exothermic. The structure of VEg(C,)~ shown in Fig. 3 corre-
sponds to the most stable among several possible rotamers of
VEg(C,) ™. This structure was used as the zero-point reference
for all subsequent energy evaluations, including the analysis of
the acetal intermediate formation described later (for the
structures of less stable rotamers, see Fig. S4 in the SI).

We next investigated the initial reaction step involving the
migration of the vanillin residue in VEg(C,)~, specifically the

Angle (0,-C,-Cy):

@

1.7

Angle (0,C,C)) TSt
1082 20.7 (20.7) gl (0,60 \
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S VE[}(Cz) i Angle \ \ I Actl-
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Fig. 3 Energy profile for vanillin elimination and acetal formation from VEg(C5)™
was used as the reference point (ground zero) for energy evaluation among the various

of theory. The most stable conformer of VEg(Cp)™

l
\

fy

i

, calculated at the DFT(M06-2X)/BS-I1//DFT(M06-2X)/BS-I level

possible conformers (see Fig. $4 for less stable conformers). Relative Gibbs energies (AG®, in kcal mol™) are shown outside the parentheses, and
the corresponding potential energies (AE) are given in parentheses. Atomic distances, bond angles and energies are given in A, degrees,
and kcal mol™?, respectively. A reaction scheme based on structural formulas is also provided as supplementary information in the Sl (see Scheme
S1).
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formation of an acetal intermediate. In this reaction, a rotamer
of VEg(C,), designated VEg(C,) ’, which is 1.2-2.9 kcal mol "
less stable than VEg(C,)™ on the potential energy surface, is
formed. From this rotamer, the acetal intermediate Actl™ is
generated via the transition state TS2. In this process, the O,-C,
(vanillin) bond distance is progressively shortened from 3.01 A
in VEg(C,) ™’ to 2.08 A in TS2 and 1.45 A in Actl™, reflecting the
formation of a new C-O bond. Meanwhile, the O,-C,-Cg bond
angle decreases only slightly (112.0° — 106.4°— 102.7°), indi-
cating that the five-membered acetal ring is formed without
large angular strain, which is consistent with the relatively low
activation barrier for this reaction. At the DFT(M06-2X)/BS-1I
level, the AG%* (E,) for this reaction were calculated to be 6.6
and 5.2 kcal mol ™, respectively. When evaluated with reference
to VEg(C,) ", the AG® (E,) values become 7.8 and 8.1 kcal mol %,
which are more appropriate for comparison with the experi-
mental results. These values are significantly lower than those
of the vanillin elimination reaction proceeding via TS1. This
result is consistent with experimental observations, in which
the migration products such as VE, and VE, are readily ob-
tained simply by dissolving VEg in aqueous alkali at room
temperature,”> whereas the formation of vanillin requires pro-
longed reaction times and/or heating. Note that the AG® (AE) for
the formation of Actl” calculated to be -3.9
(—3.6) keal mol ™, respectively, indicating that Actl™ is ther-
modynamically more stable than VEg(C,) ™. At first glance, this
result may appear inconsistent with experimental observations;
however, this discrepancy arises from the fact that all chemical
species were modeled as oxyanions in the theoretical calcula-
tions (for further discussion, see Fig. S5 and the accompanying
explanation). In any case, this issue is unlikely to significantly
affect the comparative evaluation of the SyicB and SyAr mech-
anisms, which is discussed below.

In this study, we did not perform direct quantum chemical
calculations for the SyAr mechanism. This is because accurate
modeling of this pathway, which involves OH™, would require
consideration of OH™ cluster formation in aqueous solution,
a task that would demand substantial computational resources.
Nevertheless, based on the above results for Actl” formation, it
is still possible to make a rational inference regarding the SyAr
pathway. Specifically, the nucleophilic attack by OH™ on the C,
position of the vanillin residue, which initiates the SyAr
mechanism, is essentially analogous to the nucleophilic attack
by an oxyanion that leads to Actl” formation. Thus, it can be
reasonably expected that the E, for the SyAr mechanism would
be similar to that of the TS2-mediated Actl™ formation, i.e., less
than 10 kcal mol™. On the other hand, as discussed in Table 2,
the experimentally determined E, for vanillin formation is
17.0 keal mol ™, which is close to the value of 20.7 kcal mol™*
calculated for the SyicB mechanism. It is therefore reasonable
to conclude that vanillin elimination from VEg proceeds
predominantly via the SyicB mechanism. The slightly lower
experimental E, compared to the calculated value may suggest
a minor contribution from the SyAr mechanism to the overall
vanillin elimination process. It may also be the case that the use
of the C,-side-chain model in the calculations is another reason
for such a small difference in E,. In other words, since the three-

were
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membered ring strain of the C,-side-chain epoxy intermediate is
greater than that of the C;-side-chain counterpart, the E, value
is expected to be higher for VEg(C,). In fact, the E, value
calculated for VEg(C,) (20.7 kecal mol™', Fig. 3) is in good
agreement with the experimental value reported for the same
C,-side-chain model (19.6 kcal mol ™, see Table 2), although not
accounting for the presence of side reaction pathways there.**
Although no definitive evidence currently exists to explain
why vanillin elimination via the SyAr mechanism—which is
expected to have a lower activation energy than the SyicB
pathway—does not readily proceed, several plausible explana-
tions can be considered. One possible explanation lies in the
fact that the nucleophilic attack by OH™ on the C, position of
the vanillin moiety is a bimolecular process, which is entropi-
cally much less favorable than the intramolecular SyicB reac-
tion. While it is difficult to accurately compute the activation
entropy for such nucleophilic attacks and thus quantify the
entropic penalty, this factor may substantially elevate the true
activation barrier of the SyAr pathway. Another factor concerns
the nature of the hemiacetal intermediate I,, which is required
for the SyAr mechanism to proceed, as illustrated in Scheme 6.
A second possible explanation is related to the anticipated
reactivity of this Iys. The potential reaction pathways from Iy,
include: formation of vanillin via elimination of an alkoxide
group (Path A); the reverse reaction in which OH" is eliminated,
regenerating the starting material (Path B); and elimination of
the vanillate ion from a dianion that is formed by deprotonation
of the hydroxyl group at the C, position (Path C). Between Path A
and Path B, the latter is generally considered more favorable, as
alkoxides are typically poorer leaving groups than OH . In Path
C, although the second step—the elimination of the vanillate
ion—is favorable, the first step—the formation of the dianion—

0o
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Scheme 6 Possible reaction pathways proceeding from the hemi-
acetal intermediate Iya produced by the nucleophilic attack of OH™ on
the vanillin residue of the starting materials, SMs.
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is highly unfavorable from both enthalpic and entropic
perspectives. Therefore, even if the nucleophilic attack by OH™
at the C, carbon proceeds and leads to the formation of Iy, the
reaction is likely to revert through Path B, thereby suppressing
the formation of vanillin. In any case, these considerations
require further experimental and theoretical validation.

The results of this study suggest that vanillin elimination
from VEg proceeds predominantly via the SyicB mechanism.
This conclusion is further supported by the experimental
observation that the yield of ArG, which is produced alongside
vanillin in the degradation of VEg, was consistently lower than
that of vanillin under all temperature conditions (Table 1). If
vanillin elimination were to proceed via the SxAr mechanism, it
would be expected that both vanillin and ArG would be gener-
ated directly from Iy, in a 1:1 molar ratio. However, this
prediction clearly contradicts the experimental findings. In
contrast, under the SyicB mechanism, the formation of ArG
requires nucleophilic attack by OH™ on the epoxide interme-
diate. Thus, the yield of ArG would depend on the selectivity
between this nucleophilic addition and other competing side
reaction, meaning that ArG and vanillin would not necessarily
be produced in equimolar amounts. Indeed, it has been re-
ported that, in addition to OH™ addition, the epoxide inter-
mediate can undergo competing reactions such as
deprotonation at the y-position leading to carbonyl compound
formation.** These considerations further support, from
another standpoint, that vanillin elimination from VEg
proceeds mainly via the SyicB mechanism.

Conclusions

In this study, we investigated the degradation mechanism of the
vanillin end group model compound VEg in 4.0 mol L~ NaOH
aqueous solution, with a particular focus on the vanillin elim-
ination pathway, through both kinetic analysis and theoretical
calculations. Upon dissolution in the reaction medium at room
temperature, VEg underwent terminal group transfer, forming
an equilibrium mixture of starting materials (SMs) consisting of
VE, and VE,. The degradation of SMs was found to proceed
according to the pseudo-first-order competitive reaction model
shown in Scheme 4. Kinetic analysis based on this model esti-
mated the activation energy (E,) for vanillin formation (Route I,
Scheme 2) to be 17.0 keal mol™". This value closely matches the
E, of 20.7 keal mol ! calculated for the SyicB mechanism at the
DFT(M06-2X) level, suggesting that under the reaction condi-
tions employed in this study, the elimination of vanillin
predominantly proceeds via the SyicB pathway.

In contrast, the formation pathway of high-molecular-weight
components (Route II, Scheme 2), which proceeds as a side
reaction of vanillin production, exhibited a reaction rate
comparable to that of vanillin elimination. Although this reac-
tion was enthalpically more favorable than the vanillin elimi-
nation reaction, it was entropically less favorable. Despite
yielding relatively high-molecular-weight components as final
products, this side reaction followed first-order kinetics with
respect to the concentration of the SMs, strongly suggesting that
its rate-determining step is unimolecular. While the detailed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecular mechanism of this reaction remains unclear at
present, these findings provide important insights toward its
elucidation.

The ultimate goal of our study is to propose a kinetics-based
rational strategy for controlling the vanillin-forming reaction
and its associated side reactions. The findings obtained in this
work reveal the reaction mechanism of vanillin formation and
the kinetic characteristics of the side reaction pathways that
should be suppressed. On the other hand, the specific features
of these side reaction pathways, such as the chemical structure
of intermediate I, remain unresolved, and thus, at present, it is
difficult to make concrete proposals for controlling the vanillin
production process. In the future, a better understanding of the
molecular mechanism of this side reaction is expected to enable
the development of rational strategies to suppress the
competing pathway and to improve the efficiency of vanillin
elimination.
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