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Incorporation of catechyl monomers into lignins:
lignification from the non-phenolic end via Diels—
Alder cycloaddition?f
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Canonical lignification occurs via the coupling of phenolic radicals, in which chain extension can occur
only from phenolic ends of growing polymer chains. Radical coupling of catechyl monomers, including
caffeyl and 5-hydroxyconiferyl alcohols, gives rise to benzodioxane units in the polymer. Anticipating that
a catechol could oxidize to its o-benzoquinone analog under the dehydrogenative (oxidative) conditions
of lignification, we examined the possibility that an o-benzoquinone, as the diene component, could also
incorporate into lignin via another mechanism, the Diels—Alder cycloaddition reaction. The o-benzo-
quinone derived from methyl 5-hydroxyvanillate and 4-O-methylconiferyl alcohol served as models for
the diene and dienophile, respectively, and produced Diels—Alder products in vitro. Two types of Diels—
Alder products were found: (i) when the 1,2-diketone of the quinone acts as the diene in a hetero-Diels—
Alder reaction, a benzodioxane structure was produced with a different regiochemistry than the benzo-
dioxane isomer produced via radical coupling; (i) when the quinone’s diene participated in the Diels—
Alder reaction, a distinctive oxatricyclo structure was produced. Both features may be used as markers for
the occurrence of Diels—Alder reactions in lignification. Examination of natural lignins derived from cate-
chyl monomers, however, did not reveal evidence for such products. The conclusion is that the only sig-
nificant reactions in lignification are combinatorial radical coupling reactions of the single-electron-oxi-
dized phenolics and that polymer chain extension therefore occurs only from the phenolic end-units
even in the special case of plants that utilize catechyl monomers for lignification.
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Lignification is the process by which phenolic monomers poly-
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merize, in planta, to form lignin polymers."™ The primary
canonical monomers, termed monolignols, are p-coumaryl,
coniferyl, and sinapyl alcohols, hydroxycinnamyl alcohols
bearing 0, 1, or 2 methoxyls ortho to the phenol (and, conse-
quently, meta to the 3-carbon sidechain). After polymerization,
these result in the p-hydroxyphenyl (H), guaiacyl (G), and syrin-
gyl (S) aromatic units in the lignin polymer. The polymeriz-
ation requires the formation of monolignol, oligolignol, and/or
polymer radicals, created by 1-electron oxidation (dehydro-
genation) using H,0,-requiring peroxidases or O,-requiring
laccases, as shown in Fig. 1A for guaiacyl lignins from coniferyl
alcohol 1. The enzymes do not necessarily need direct contact
with the oligomeric/polymeric phenolic substrate, as demon-
strated in a manganese peroxidase system in which phenolic
radicals were generated via a redox shuttle such as Mn(u)/Mn
(m) oxalate.” Phenolic intermediaries that are more easily oxi-
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Fig. 1 (A) Generation of the radical 1" from coniferyl alcohol 1, a monolignol, and the radical 2" from an oligolignol or lignin chain 2. Dimerization of
1 (via its radical 1') produces, following rearomatization reactions, one of 3 primary dimers 3a—c; cross-coupling of a monolignol 1 with an oligomer
2 (endwise coupling), the main reaction in lignification, (again via the radicals 1" and 2 of each) lengthens the chain by one unit and produces new
end-units 4a—b; cross-coupling can also join two growing chains 2 to produce 5-5- and 4-O-5-coupled units 5a—b. The bonds formed during the
radical coupling step are highlighted by being bolded. Additional coupling to continue the lignification can occur at the positions noted by the small
arrows; obviously, these new products also have the general structure represented by 2. (B) An attempt to cross-couple a monolignol 1 (via its
radical 1) with an etherified (phenol-protected) monolignol such as 4-O-methylconiferyl alcohol (3,4-dimethoxycinnamyl alcohol) 6 results in
quantitative recovery of starting material 6 along with the usual array of products from the monolignol 1, i.e., 3a, 3b, 3c as shown in Fig. 2. N.R.: no
reaction. (C) What happens to cinnamyl alcohol endgroups in lignification? Top: The usual case is illustrated using a p-ether dimer 3a. The phenolic
radical 3a’ can be generated and, as usual, we can understand the coupling pathways available by drawing resonance forms. The resonance form
shown illustrates how the single-electron radical density can reach as far as C1, but there is no mechanism by which it can extend into the sidechain.
The available coupling possibilities are therefore at 4-O, 5, or 1 (as indicated by the dotted arrows on 3a). Bottom: A special case in which lignifica-
tion can occur on an etherified unit.!® In the phenylcoumaran dimer 3b, the generated radical 3b" can, via an actual reaction, ring-open and
undergo radical coupling at its p-position with a phenolic unit radical 2" to produce, e.g., the intermediate 7. Following normal rearomatization, the
product is 8 that appears as though it derives from coupling with the etherified B-unit in 3b, but it is actually not derived that way (see text).
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dized such as p-coumarate, or monomer radicals themselves,
may also oxidize the polymer by radical transfer.>** "2

The subsequent coupling mechanism has some striking
features that often surprise organic chemists. First, the
polymerization is not a series of radical addition reactions in a
chain reaction typified by the polymerization of styrene to
polystyrene. Instead, every chain-extension event is a radical
coupling (quenching) reaction between two radicals to gene-
rate a non-radical neutral species (Fig. 1A); forming a new phe-
nolic radical is required again for the next chain-extension.
The apparently energetically profligate process of lignification
requires that the newly produced phenolic end-group is again
re-oxidized to form a new phenolic radical for further polymer-
ization. A likely advantage of such an apparently energy-ineffi-
cient process is that it is controllable, and not subject to
runaway radical reactions that are the bane of living systems.

The initial reaction, as illustrated in Fig. 1A for coniferyl
alcohol, may be either the (dehydro)dimerization of two mono-
lignol radicals (via f-p-, p-5-, or B-O-4-coupling) to produce
dehydrodimers 3, or by the cross-coupling of a monolignol
radical with any of a variety of initiating or nucleating phenolic
monomer radicals (not shown); examples include ferulate (on
arabinoxylans, in monocots),® and tricin (a flavone, mainly in
monocots).">'* Here, and in subsequent polymerization, a
second striking feature of the lignification mechanism is
encountered. The process is a non-enzymatic combinatorial
chemical one in the sense that the monomer may couple with
another monomer or the growing polymer to form several
different products, even if polymerization is from a single
monomer type (such as coniferyl alcohol, Fig. 1A); more possi-
bilities arise if the supplied monomer can vary. Ramifications
of this combinatorial, chemically-controlled process are noted
below.

The major polymerization reaction involves coupling of a
monolignol radical with a radical from the phenolic end of a
growing polymer 2 (via 4-O-p- or 5-p-coupling) to produce the
single-unit-extended polymer 4. From coupling reactions invol-
ving a monolignol, which invariably couples at its f-position,
the resulting intermediate products are reactive quinone
methides that undergo rearomatization via nucleophilic
addition at the a-position by, e.g., water or an internal aliphatic
or phenolic hydroxyl group, as typically observed after p-O-4,
B-p, or p-5 coupling reactions, respectively, to dimers 3a-c or
oligomers 4a-b. Two lignin chains 2 may also couple at their
phenolic ends, via 5-5- or 4-O-5-coupling, linking the two
chains together and producing units 5 in the polymer (Fig. 14A;
the minor p-1 coupling pathway is not shown). By convention,
the new bond formed during the coupling reaction (p-O-4, -5,
B-p, B-1, 5-5, and 4-0-5) is used to designate that coupling
pathway and the structure in the lignin dimer, or the dimeric
unit in an oligomer/polymer, that results following the inter-
mediate’s rearomatization.

Under physiological conditions, the radical coupling reac-
tions are considered to be irreversible, as are the following
rearomatization reactions, such that the distribution of
isomers or of different products reflects kinetic control and
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not thermodynamics.®> For example, if allowed to equilibrate
under acidic conditions, both p-guaiacyl and B-syringyl ethers
equilibrate to ~50:50 erythro:threo (anti:syn, RS/SR:RR/SS)
thermodynamic ratios, but f-syringyl ethers are produced in
approximately 75:25 ratio in vivo and under biomimetic
in vitro conditions, and remain that way in the lignin polymer,
as dictated by the kinetics of rearomatization.>*’

A key feature of these polymerization reactions is that they
are purely chemical and not enzyme- or protein-directed.”'®'”
The resulting polymer gains two new optical centers each time
a monomer couples with another phenolic; as a result of the
combinatorial coupling, even from a single type of monolignol
monomer, individual polymer chains are structurally and/or
stereochemically highly diverse. The complexity is such that
even a simple p-ether 20-mer derived from solely p-O-4-coup-
ling reactions to produce a homopolymer has 38 optical
centers and consequently 2°® optical isomers, or half that
many, 2°7 (over 137 billion), possible physically distinct
isomers. Clearly lignin is a very different polymer than, for
example, a protein in which every molecule has the same
sequence and structure, and is only a single isomer;'® this is
not to say that proteins may not end up becoming different
when post-translationally modified, for example. Another cor-
ollary of this combinatorial and purely chemical process is
that there is no prescribed order of assembly of monomers
into the polymer, nor is there any prescribed sequence of the
types of units produced by the various coupling regiochemis-
tries available. Because certain couplings are chemically
favored over others, the coupling is not, however, statistically
random (as sometimes suggested) but reflects coupling and
cross-coupling propensities in a statistically weighted manner.
As complex as the resulting lignin structure is, however, the
lignification process itself is delightfully simple, as only a
single chemical mechanism, that of radical coupling, is
involved. In many ways lignin biosynthesis is therefore simpler
than, for example, the biosynthesis of hemicellulosic
polysaccharides.

Even after this mechanism of lignification is accepted, it is
still frequently not appreciated that the reaction is exclusively
via the coupling (quenching) of two radicals (Fig. 1A). Why is it
not possible to take a single radical and couple it with a
neutral molecule possessing a double bond as in, for example,
polystyrene polymerization? Is it possible, for example, to take
an etherified monolignol, i.e., one that is phenol-protected,
and react it with a monolignol radical (Fig. 1B)? Such reactions
are of course known in chemistry, but they involve oxidizing
reagents that are considerably stronger than those available in
the plant world with its peroxidases and laccases for the
process. Lignin chemists have long known that this type of
radical cross-reaction (Fig. 1B) will not occur during lignifica-
tion, but we offer further evidence herein.

A valid question remains, however. Are there viable ways to
extend the polymer from an etherified hydroxycinnamyl
alcohol at the non-phenolic end of the chain? Traditionally
within the lignin literature, the answer is a very strong ‘No!’ -
the double bond of a hydroxycinnamyl alcohol in which its

Green Chem., 2021, 23, 8995-9013 | 8997
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phenol is etherified is not reactive in a lignification sense. The
simple reasoning is that it is not possible for a phenolic
radical, generated in a structure containing an etherified
hydroxycinnamyl alcohol unit, to propagate any single-electron
density to that sidechain double-bond. For example, Fig. 1C,
in dimer 3a, the ring B cinnamyl alcohol is etherified, and
therefore cannot enter into any coupling reactions even after
generating the ring A phenolic radical 3a". In chemical terms,
it is not possible to use the mechanistic rules of ‘electron-
pushing’ to transfer single-electron density to the p-carbon in
that B-ring double-bond. Recently, however, an apparent excep-
tion to this rule in the rather special case of phenylcoumaran
dimer 3b was revealed, Fig. 1C."° Because of an actual chemi-
cal reaction pathway (not simply resonance), the phenylcou-
maran radical 3b" can ring-open and, in a concerted reaction,
undergo radical coupling via its B-ring moiety with a phenolic
radical 2°. The result for the example of Bf-O-4 coupling to
give the bis-(quinone methide) intermediate 7, following the
usual water addition and re-cyclization of the phenylcoumaran
in the rearomatization step, is the apparent extension of the
chain via the double-bond of a phenol-etherified unit in pro-
ducts such as 8 (Fig. 1C). Preliminary density functional theory
(DFT) calculations [at the B3LYP/6-31+G(d) level] indicate that
the reaction from 3b° to 7 is exothermic (at —8.65 kcal mol™)
indicating that the reaction should occur; the rearomatization
reaction to 8 is also obviously energetically downhill. This
mechanism had escaped even conjecture until the appearance
of the paper revealing this possibility."> The evidence from
experiments using strategically labeled compounds provides
an apparent exception to the rule that phenol-etherified units
cannot participate in lignification. It must be stressed,
however, that this process involves a true chemical reaction as
shown in Fig. 1C. As such, it clearly represents a mechanism
by which a phenol-etherified cinnamyl alcohol unit can be
involved in a radical coupling reaction and, in addition to
occurring in a biomimetic in vitro system, almost certainly also
occurs during lignification. This eye-opening exception aside,
it can still be asserted that, in general, phenol-etherified units
cannot inherently generate radicals that can undergo radical
coupling, and certainly not by resonance from a distant pheno-
lic radical, ie., in general, etherified phenolic units cannot
participate in the radical coupling reactions of lignification.
Are there other ways in which polymer chain extension
might occur on etherified hydroxycinnamyl alcohol end-units
in lignins? Interesting candidates may be found in plants
deficient in O-methyltransferases. Truncated monolignol bio-
synthesis in such plants produces catechol-containing alterna-
tive monomers caffeyl alcohol and 5-hydroxyconiferyl alcohol,
resulting in catechyl and 5-hydroxyguaiacyl units (C- and 5H-
lignin units) in the polymer. Considerations of the reactivity
and polymerization mechanisms of catechyl monomers relate
not solely to genetically engineered plants deficient in
O-methyltransferases, as natural mutants with the same
characteristics are well-known in agriculture. The brown-
midrib mutants of maize (bm3 or bmr3) and sorghum (bmi2
or bmri2) are the classic examples that demonstrate the
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plants’ utilization of 5-hydroxyconiferyl alcohol monomers in
lignification.>*>* More recently, C-lignin and 5H-lignin poly-
mers derived partially or entirely from caffeyl alcohol or
5-hydroxyconiferyl alcohol have been discovered in the seed-
coats of various plants.>*” Additionally, the stilbene piceatan-
nol, a catechol, has recently been discovered as a lignin
monomer in various fruit endocarp tissues and bark.>*' we
reasoned that such catechyl monomers could produce ortho-
benzoquinones under the dehydrogenative (oxidative) con-
ditions of lignification; quinones, including o-quinones, are
known plant metabolites.>* Indeed, early on it was contended
that such catechyl monomers, if produced, would spon-
taneously oxidize or disproportionate to o-benzoquinones that
could not then undergo radical coupling reactions and there-
fore lignification in a normal sense.**** The incorporation of
the catechyl monomers into the single-electron oxidative pro-
cesses of lignification has, however, been decisively confirmed,
as reviewed.>*'*?> Nevertheless, we hypothesized that o-benzo-
quinones, if formed, could readily act as the diene component
of classical Diels-Alder reactions, with cinnamyl alcohol units,
even those present in etherified structures, being the required
dienophile, analogously to reported reactions of galloyl
quinones.*® Aqueous intermolecular Diels-Alder reactions
are known.”” We report here a demonstration that, in the
special case of catechyl monomers reacting with etherified
hydroxycinnamyl alcohols, in vitro Diels-Alder reactions can
indeed occur and produce diagnostic marker units for such
reactions. We then explore whether such reactions can be
found to occur during in planta lignification.

Results and discussion

The major goal of this research was to establish whether there
were plausible mechanisms by which, under special circum-
stances, etherified hydroxycinnamyl alcohol units in lignins
might participate in lignification. We were particularly inter-
ested in determining whether lignification with catechyl
monomers could, via their o-benzoquinones, open up the
possibility of Diels-Alder reactions in addition to the proto-
typical radical coupling reactions. We first needed to reaffirm
that etherified hydroxycinnamyl alcohols cannot and do not
participate in radical coupling reactions under lignification
conditions.

Establishing that etherified monolignols do not normally
participate in lignification

Here we attempt to show a feature that is well-known in the
lignin field, namely that cinnamyl alcohols without the (conju-
gated) phenolic-OH group cannot form radicals under lignifi-
cation conditions and nor can they somehow cross-couple with
a (phenolic) radical, ie., that etherified hydroxycinnamyl
alcohol moieties cannot participate in lignification. We took
coniferyl alcohol 1 and 4-O-methylconiferyl alcohol 6 (=3,4-
dimethoxycinnamyl alcohol) in a biomimetic peroxidase/H,0,
in vitro system (Fig. 1B) wherein, as shown in Fig. 2, the coni-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Total-ion chromatogram of (A) starting mixture and (B) product
mixture, showing that 4-O-methylconiferyl alcohol 6 does not partici-
pate in radical coupling reactions whereas coniferyl alcohol 1 is con-
verted by the biomimetic peroxidase-H,O, system to dimers by coupling
B-O-4 (3a, two isomers, syn or threo, anti or erythro), p-5 (3b, one
isomer, trans), and B-p (3c, one isomer). 1.S.: 3,4-dimethoxybenzaldehyde.
Average, s.e.m. (standard error of the mean) from 3 replicates.

feryl alcohol 1 undergoes dehydrodimerization to produce four
dimers 3, the two isomers of the f-ether 3a, and the single
isomers each of the phenylcoumaran 3b and the resinol 3c.
Coniferyl alcohol’s phenol-methylated analog, 4-O-methyl-
coniferyl alcohol 6, remains totally intact; quantification of 6
before and after reaction (in triplicate) reveals that it has not
reacted, and no cross-products from it were observed. We hope
that this demonstration will be sufficiently convincing to
confirm the contention that a free phenol is required for
radical coupling, and perhaps avert further notions of cross-
coupling reactions with etherified components from being
entertained in the lignin literature.

Possibility of Diels-Alder reactions between the double-bond
of a cinnamyl alcohol as the dienophile and an
o-benzoquinone as the diene

Catechyl structures can potentially be oxidized to form o-benzo-
quinones under the dehydrogenative (oxidative) conditions of
lignification (Fig. 3). Horseradish peroxidase oxidized catechol
to o-benzoquinone in vitro, for example.*® A Diels-Alder
reaction is a concerted [4 + 2] addition reaction between a con-
jugated diene and an alkene, the latter of which is termed a
dienophile. Ideally, one of the pair is electron-deficient (substi-
tuted with electron-withdrawing groups) and the other is elec-
tron-rich (substituted with electron-donating groups). In the
case of o-benzoquinones derived from catechyl monomers in
lignification, obviously the quinone is electron-deficient,
whereas the monolignol is electron-rich. An o-benzoquinone
has two modes by which it may act as a diene - the actual diene
itself in the traditional Diels-Alder reaction, or the 1,2-diketone
in a so-called hetero-Diels-Alder reaction.***° Such cyclo-
addition reactions have even been noted in a somewhat lignin-
related sense.*! After initially discovering a Diels-Alder product
in an attempted in vitro radical coupling reaction between coni-
feryl alcohol 1 and methyl 5-hydroxyvanillate 11, as will be
described below, we undertook a more careful evaluation of the
products from a simple etherified analog of coniferyl alcohol, 4-
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O-methylconiferyl alcohol 6 (Fig. 3), and the o-benzoquinone 9
derived explicitly from methyl 5-hydroxyvanillate 11 under oxi-
dative conditions and isolated before the reaction.

Initial discovery of a Diels-Alder product from an attempted
in vitro radical cross-coupling reaction between coniferyl
alcohol and methyl 5-hydroxyvanillate

Early in the process of characterizing lignins in COMT-
deficient plants we attempted to make compounds to authenti-
cate the new benzodioxane units being
discovered.?*>*?%29:42749 ywe sought the benzodioxane product
12'a (Fig. 3) as an intermediate compound to synthesize such a
benzodioxane lignin model compound.*” By cross-coupling
coniferyl alcohol 1 with methyl 5-hydroxyvanillate 11, we also
isolated (unreported at the time) a modest (5%) yield of a
product that had as many as nine HMBC NMR correlations to
some of its protons - see later in Fig. 5 and 7. We deduced this
product to be the trimer 15 (Fig. 3), as reported here (below)
for the first time, a Diels-Alder [4+2]-cycloaddition product.
Two possible reaction pathways, which cannot be distin-
guished here, could lead to this product. Coniferyl alcohol 1
could directly undergo a Diels-Alder reaction with quinone 9
(formed by in situ oxidation of catechol 11 under the dehydro-
genation conditions) to form compound 13a which could then
subsequently chain-elongate to 15 via radical coupling as
usual between the phenolic radical of 13a and a further radical
from coniferyl alcohol 1. Alternatively, two coniferyl alcohol 1
monomers could first dimerize via radical coupling to the p-5
(phenylcoumaran) dehydrodimer 14, which could then sub-
sequently act as a dienophile in a Diels-Alder reaction with
diene 9 to produce 15. Compound 13a was not isolated from
the mixture but that doesn’t discount its possible intermedi-
acy. We assume, but did not verify, that higher oligomers of
coniferyl alcohol that, like compound 14, retain the cinnamyl
alcohol end-unit, could also undergo the Diels-Alder reaction
with diene 9 to form higher-molecular-mass products. We
discuss the nature of the trimer 15 and the production of ben-
zodioxanes from either radical coupling or Diels-Alder cycliza-
tion below after first examining the simpler reaction depicted
in the top line of Fig. 3.

Diels-Alder products from the coupling of 4-O-methylconiferyl
alcohol and the quinone from methyl 5-hydroxyvanillate

After the observation that the Diels-Alder product 15 was pro-
duced in our attempts to cross-couple coniferyl alcohol 1 and
methyl 5-hydroxyvanillate 11, we more carefully examined the
pathway and products from the reactions between a simpler
phenol-protected monolignol, 4-O-methylconiferyl alcohol 6
(that could not be involved in radical coupling reactions
because it lacks the requisite phenol), and the quinone 9
(Fig. 3). The quinone 9 was therefore generated explicitly from
methyl 5-hydroxyvanillate 11 and isolated before the reaction.
Reaction of quinone 9 with 6 at room temperature produced
a mixture of four main products (Fig. 3, top row) for which
structures could readily be determined by NMR analysis. In
addition to the starting material 6, one product was 4-O-

Green Chem., 2021, 23, 8995-9013 | 8999
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Fig. 3 Diels—Alder reaction between a quinone and a cinnamyl alcohol. (A) In the top line (black reaction arrows) are the reaction products from
reacting 4-O-methylconiferyl alcohol 6 with the quinone 9 from catechol 11 (methyl 5-hydroxyvanillate). Notably, two Diels—Alder products are
formed: a benzodioxane 12 and an oxatricyclo compound 13. Percentages are relative to the total yield of the four products (which totals 100%);
actual yields are provided in the Experimental section. (B) The bottom scheme (red reaction arrows) is from the attempted reaction of coniferyl
alcohol 1 with catechol 11 to produce the $-O-4-coupling product, benzodioxane model 12'a, from which was isolated Diels—Alder product 15;
compound 15 could be produced via first producing either 14, the -5 dimer of coniferyl alcohol, followed by Diels—Alder coupling with quinone 9,
or via Diels—Alder product 13a followed by radical coupling with further coniferyl alcohol 1. Methylation of benzodioxane 12'a produced the benzo-
dioxane 12, which is an isomer of 12. In other words, the Diels—Alder reaction product, benzodioxane 12, that resembles a radical coupling product
is not the same product 12’ that is produced by radical coupling (followed by simple phenol-methylation). Compounds are colored green to show
the units sourced from the cinnamyl alcohol 1 (but dark blue for the second coniferyl alcohol 1 moiety added) and magenta from the quinone 9 or
catechol 11; black bonds are those created in the [4+2]-cycloaddition reaction or from the subsequent internal trapping of the diketone by the
v-OH; the bold black bond in 12'a, 12’, 14 and 15 is the bond formed during radical coupling of coniferyl alcohol 1, and the gray bonds are from the
internal cyclization (rearomatization) of the quinone methide intermediate.

methylconiferaldehyde (3,4-dimethoxycinnamaldehyde) 10,
with its diagnostic aldehyde peak at 9.65 ppm in the 'H NMR
spectrum. This compound derived from the oxidation of com-
pound 6 by the quinone 9, as corroborated by also finding the
reduction product, catechol 11. The third product was the 1,4-
benzodioxane 12. In the "H NMR spectrum, the a and p proton
peaks were observed at 5.01 and 4.07 ppm (Fig. 8), similarly to
those found in some 1,4-benzodioxane structures in lignin
and neolignans, and analogously to benzodioxanes prevalent
in the recently discovered C-lignin and 5H-lignin in certain
seedcoats.”*” This compound 12 was determined to be a
trans-stereoisomer by the coupling constant between protons o
and B (J = 8.17 Hz); the cis-isomer of 12 cannot be formed via a
concerted Diels-Alder reaction with trans-4-O-methylconiferyl
alcohol 6 as the dienophile. Without the presence of a pheno-
lic-OH on compound 6, it was concluded that this benzodiox-
ane structure 12 had to have been formed by the Diels-Alder
reaction between the diketone of the o-benzoquinone 9 and
the alkene in 6, i.e., that quinone 9 is capable of reacting as a

9000 | Green Chem., 2021, 23, 8995-9013

diene in two senses; in this case it is the 1,2-diketo system that
is the diene in a ‘hetero-Diels-Alder’ reaction.***® However,
benzodioxane 12 was a regioisomer of the analogous product
formed by radical coupling - see below.

The final product was the expected oxatricyclo Diels-Alder
product 13 (Fig. 3, 6, and S27). In this case, it is the conjugated
diene itself that has acted as the diene in the Diels-Alder reac-
tion, quite analogously to reported reactions of galloyl qui-
nones.*® The structure was determined by NMR analysis using
normal assignment principles from the typical array of 1D and
2D NMR experiments - 'H (Fig. S21), >C (Fig. S4Af), COSY
(Fig. 4A), NOESY (Fig. 4B), HSQC (Fig. 5, red contours), and
HMBC (Fig. 5, black contours). Confirmation was from
reported "H NMR data of a compound that has the common
oxatricyclo structure.”® In the COSY spectrum (Fig. 4A), proton
2' correlated with protons o and 6’, but not with the f§ proton.
Proton f correlated with protons «, 6/, and vy, but not with the
2" proton. These data strongly suggest that protons 2’ and f are
the most separated in the proton coupling network. In the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 COSY and NOESY spectra of compound 13 (500 MHz, in CDCls). (A) COSY spectrum highlighting correlations between protons 2’ (red) and f
(cyan). (B) NOESY spectrum highlighting correlations between protons 2’ and 6 and/or 2 (red), and between protons a and y1 (cyan); negative con-
tours, mainly associated with the diagonal and devoid of useful information, are in a light gray to deemphasize them.

NOESY spectrum (revealing protons that are spatially close,
Fig. 4B), proton 2’ correlated with protons 2 and 6 (as well as
the 3-OMe). Proton a correlated with proton y; but not with
proton vy, (Fig. 4B), observations that are also consistent with
the structure 13 drawn. Further confirmation was provided by

This journal is © The Royal Society of Chemistry 2021

the carbon 2’ correlations in the HMBC spectrum that are gen-
erally limited to 3-bonds (Fig. 5); Carbon 2’ correlated with
protons 6’ and a, but not with proton . HMBC spectra are par-
ticularly diagnostic of these types of Diels-Alder products
(such as 13) because of the incredible number of correlations

Green Chem., 2021, 23, 8995-9013 | 9001
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Fig. 5 'H-'3C correlation spectra of compound 13 (500 MHz, in CDCls). HSQC (red contours, and with assignments) and HMBC spectra (black)
showing 3-bond correlations of protons 6’ (yellow highlighting) and « (green highlighting) to carbon 2’ that are useful for defining the stereo-
chemistry. Bicyclo[2.2.2]octanes (including 13 here) from Diels—Alder reactions have HMBC correlations between a proton and carbons 2- or
3-bonds separated that initially seem to be too numerous to be physically possible, but are in fact beautiful signatures of such structures. For
example, as shown by the green and yellow shading, proton a correlates with nine carbons: 6', B, v, 3, 2, 6, 1, 2', and 4’ (in chemical shift order); the
correlation to 4' is too distant to be shown in this plot region (but is present). Similarly, proton p correlates with five carbons: 6', o, 3', 1, and 1; the 2’
proton correlates with 5 carbons: 6', 1', 5, 7, and 4'; and proton 6’ correlates with 7 carbons: §, o, 1', 5', 2, 7', and 4'. Contours colored light gray are
from residual 1-bond correlations (split by the 1-bond *H-*C coupling constant) from some peaks due to deviation from the set average value (145
Hz); darker gray contours are from minor impurities. The structure below shows the complex color-coded HMBC correlations from protons in the
oxatricyclo ring to carbons within 3-bonds, also confirming its regiochemical assignment of compound 13.

possible between protons and carbons that are within 3-bonds Rationalization of Diels-Alder coupling to produce a single

of each other; proton «, for example, correlates with nine isomer of product 13

carbons, 6/, B, v, 3/, 2, 6, 1, 2', and 4’ - all but the 4’ correlation

(that was nevertheless observed, as indicated) are shown in The Diels-Alder possibilities for reaction of the diene 9 with
Fig. 5. dienophile 6 are referred to as being ‘inverse electron-demand’

9002 | Green Chem., 2021, 23, 8995-9013 This journal is © The Royal Society of Chemistry 2021
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Diels-Alder reactions because the diene is electron-deficient
and the dienophile is electron-rich, well known reactions that
are opposite to the originally reported ‘conventional’ or
‘normal electron-demand’ reaction.’™** In the case of the
Diels-Alder reaction in which the conjugated double-bonds
(and not the quinone system) in o-benzoquinone 9 act as the
diene, four products from the cycloaddition with dienophile 6,
two bicyclo isomers and two oxatricyclo isomers, can be drawn
(Fig. S11). However, the only Diels-Alder product is that antici-
pated and rationalized if the reaction is considered to be ionic
(as most readily visualized via the gray arrows and resonance
forms drawn in Fig. 6A), ie., the oxatricyclo product 13. The
concerted Diels-Alder cycloaddition reaction is shown by the
magenta arrows; the alternative orientations (Fig. S1B-Dt)
simply don’t comport with the electronics. NMR confirms this
structure 13 as the main/sole Diels-Alder product of this type
obtained, clarifying that the Diels-Alder reaction can occur

o ome ®

View Article Online

Paper

using the diene in the quinone structure 9 and the double-
bond in the 4-O-methylconiferyl alcohol 6 as the dienophile.
As noted above, the Diels—Alder reaction in which the diketone
in 9 can act as the diene is also produced, as discussed below.
Molecular modeling can also be used to help rationalize
the products 12 and 13 observed from the Diels-Alder coup-
ling of 4-O-methylconiferyl alcohol 6 and quinone 9, Fig. 3 and
6. Firstly, the proposed inverse electron-demand nature of this
Diels-Alder system in which the LUMO of the diene and the
HOMO of the dienophile is confirmed by a much smaller gap
between these frontier molecular orbitals. Next, per the experi-
mental results, compound 13 is the main Diels-Alder product,
with the benzodioxane 12 also detected. Computationally, 12
is the more stable by 8.1 kcal mol™" (Fig. 6). This relatively
large thermodynamic difference is probably due to the reten-
tion of two aromatic rings in the benzodioxane. Among the
bicyclic and tricyclic Diels-Alder adducts the tricyclic com-

A (Conventional Diels-Alder reaction in which the diene is the diene)

OMe
12 (B—-0O-5)-Benzodioxane
(GFEre| = '81)

Fig. 6 Diels—Alder reactions and products from 4-O-methylconiferyl alcohol 6 and the quinone 9 from methyl 5-hydroxyvanillate 11. Two so-
termed ‘inverse electron-demand’ (because the diene is electron-deficient and the dienophile is electron-rich) Diels—Alder reactions are possible.
(A) The conventional Diels—Alder reaction in which the diene itself acts as the diene component. Because of the electronic requirements (see text),
there is a strongly favored regiochemical possibility, producing 13 (and its optical isomer). (B) The ‘hetero-Diels-Alder’ reaction in which the
o-benzoquinone acts as the diene. To satisfy the electronic requirements, the regiochemistry, if it were described as resulting from radical coupling,
appears as a -O-5 product 12; because of the concerted nature of the reaction, strictly trans-benzodioxane 12 is produced. The regiochemistry and
the trans-only nature of the benzodioxane ring are therefore significantly different from the outcome with radical coupling, in which only the $-O-4
coupling product 12’ (Fig. 3, and see later in Fig. 8) is produced, and in which the ring-closure from the quinone methide intermediate allows both
trans- and cis-benzodioxane rings to form, admittedly with the cis-ring being minor (~5%). Modeling doesn't allow a prediction of a favored benzo-
dioxane as the Gibbs free energy (GFE) levels are similar (Fig. S1t); lower GFEs are predicted for both benzodioxanes 12 and 12 than for the conven-
tional Diels—Alder product 13, also proving to be of limited value given that the latter is the major product. Note: In the structures on the left (and
also in the orientational figures in the middle), the magenta arrows show the conventional concerted Diels—Alder electron-pushing with the antici-
pated (and observed) regiochemistry from electronic considerations, whereas the dashed gray arrows indicate (part of) the ionic rendition — a useful
tool for predicting the reaction regiochemistry [see, for example, https://en.wikipedia.org/wiki/Diels—Alder_reaction]. The full range of potential pro-
ducts is shown in Fig. S1.§

This journal is © The Royal Society of Chemistry 2021 Green Chem., 2021, 23, 8995-9013 | 9003
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pounds are the most stable, and compound 13 is the
most stable among these. Despite the energy calculations
suggesting that the benzodioxane 12 is significantly more
stable than the oxatricyclo product 13, both products were
observed in comparable amounts (with 13 predominating)
implying that both of these Diels-Alder reactions can occur
between these two substrates, and with roughly similar
propensities.

Diels-Alder coupling reactions produce trimer 15

As seen from the NMR data, the product 13 (Fig. 4, 5 and
Fig. S2, S4At) from reaction of 4-O-methylconiferyl alcohol 6
and quinone 9 (Fig. 3) and the product 15 (Fig. 7 and Fig. S3,
S4BT) isolated from the reaction of coniferyl alcohol 1 with
catechol 11 (via its quinone 9 and involving at least one coni-
feryl alcohol radical to produce the p-5 moiety), share signifi-
cant structural similarities, particularly with the oxatricyclo
moiety. In each case, the regiochemistry of the reaction can be
defined from particularly the HMBC correlations observed,
Fig. 5 and 7, and are supported by NOESY correlations.
Particularly striking again are the HMBC correlations between
proton « in 13 and proton Ba in 15 with all nine carbons
within 3 bonds of it in each case (Fig. 5 and 7).

It is perhaps evident in the 1D projections on Fig. 7, but is
more clearly revealed in the 1D spectra in Fig. S3 and S4B,
that most of the proton and carbon multiplets in the spectra
of 15 are split into two resolved sets each. This is because
there are two isomers in essentially equal proportion, but it
might not be obvious how these arise. There are clearly two
stereocenters (at Aa and Af) in the phenylcoumaran moiety,
and five in the oxatricyclo system. However, because these are
all constrained relative to each other in each moiety, it is equi-
valent to having just one stereocenter in the phenylcoumaran
and one in the oxatricyclo system, but these are independent
of each other, so they could be like RR/SS and RS/SR isomers
(as are syn and anti, or threo and erythro isomers, for example).
As shown in Fig. 7, it appears that the phenylcoumaran moiety
in 15 is in the trans-configuration (because there is only one
real isomer of the dimer 14, Fig. 3) such that of is either RS or
SR. The stereochemistry of the oxatricyclo system of 15 in the
order 3', Ba, B, 6’ appears to be SRRR/RSSS. The two isomers
combined would be the two pairs of optical isomers RSSRRR/
SRRSSS and SRSRRR/RSRSSS. Again, it is easiest to equate this
compound to having a single optical center in each moiety, as
with typical threo/erythro or syn/anti isomer pairs. Incidentally,
we have previously seen this NMR separation of isomers in
which the two optical centers, even when separated by many
bonds within the molecule, are in separate moieties, as will be
revealed separately (unpublished).>

Benzodioxanes resulting from hetero-Diels-Alder vs. radical
coupling

Since their original discovery in lignins,****** benzodioxane
units are now well-known to result from lignification in which
catechyl lignin monomers such as caffeyl alcohol or 5-hydroxy-
coniferyl alcohol are involved; as noted above, certain seedcoat

9004 | Green Chem., 2021, 23, 8995-9013
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lignins are derived solely from such monomers resulting in
lignins that are almost exclusively composed of benzodioxane
units.>**’ In lignins and in model reactions, they have always
been described to be the benzodioxanes derived from 4-O-
B-coupling of the catechol with a monomer. Although theoreti-
cally possible, the 5-O-p-coupled benzodioxane isomers have
not been described to occur. The rationalization is that the
product derives from the more conjugated (and therefore more
stable) 4-O-radical, even though radical transfer to produce the
presumably more reactive 5-O-radical would be energetically
trivial.

The benzodioxane 12 produced by the Diels-Alder reaction
between 4-O-methylconiferyl alcohol 6 and the o-benzo-
quinone 9 from methyl 5-hydroxyvanillate 11 can be described
as a 5-O-p or p-O-5 product (were it to derive from radical coup-
ling, Fig. 3). This structure was particularly evidenced by the
3-bond HMBC correlations between proton o and carbon 4/,
and between proton p and carbon 5' (Fig. 8A, the carbon
assignments of which can be quite unambiguously assigned
by first principles, i.e., without resorting to chemical shift
arguments, by analysis of the combined correlation data from
the various experiments). To confirm the structure of the
radical coupling product 12'a (Fig. 3) between coniferyl alcohol
1 and methyl 5-hydroxyvanillate 11, we methylated its pheno-
lic-OH using methyl iodide, thereby creating the isomer 12’
(Fig. 3). In contrast to its Diels-Alder-produced counterpart 12,
the HMBC correlations in 12’ were between proton o and
carbon 5', and between proton f and carbon 4’ (Fig. 8B), estab-
lishing 12'a firmly as the 4-O--coupling product.

Clearly, the Diels-Alder reaction and the radical coupling
pathway produced opposite geometric isomers. Another obser-
vation was that radical coupling produced some 5% of the cis-
benzodioxane ring (Fig. 8B) whereas we noted (and can fully
rationalize) only the trans-benzodioxane from the Diels-Alder
reaction. Although we cannot unambiguously claim that there
was no cis-isomer of 12, it is logical that there was none as the
stereochemistry of the benzodioxane ring is fully defined by
the concerted [4+2]-cycloaddition reaction. The exciting
realization is that we now have two product structures (the $-O-
5-benzodioxane as in 12, and the oxa-tricyclo unit as in 13)
that, if found in lignin, would be diagnostic for the occurrence
of Diels-Alder reactions during lignification, and perhaps the
cis-(4-O-f)-benzodioxane is a ‘marker’ for radical coupling.
That said, because of the similarity of the spectra and the
closely matched correlations in the HSQC spectra, Fig. 8, we
don’t expect to be able to resolve and distinguish the two
possibilities in the broader HSQC spectra from actual lignins.

Are Diels-Alder reactions produced in lignification that
involves catechyl monomers?

Plants’ utilization of catechyl monomers in lignification has
been noted in mutants or transgenics deficient in
O-methyltransferases,”®** as we've reported in a number of
reviews > 11217183556 1 two  independent  studies,
Arabidopsis was engineered to derive its lignin from 5-hydroxy-
coniferyl alcohol.””*® Whereas the levels of 5-hydroxyguaiacyl

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 H-'3C correlation spectra of compound 15 (700 MHz, in acetone-dg). HSQC (red contours, and with assignments) and HMBC spectra
(black) showing (with green highlighting) correlations of protons 6 and Ba to carbon 2’ that are useful for defining the stereochemistry. Bicyclo
[2.2.2]octanes (including 15 here) from Diels—Alder reactions have HMBC correlations between a proton and carbons 2- or 3-bonds separated that
initially seem to be too numerous to be physically possible, but are in fact a beautiful signature of such structures. For example, as shown by the
green shading, proton Ba correlates with nine carbons: 6', BB, By, 3', B2, B6, B1, 2, and 4’ (in chemical shift order); the correlation to 4’ is too distant
to be shown in this plot region but is clearly seen in the data. Similarly, proton B correlates with six carbons: 6', Ba, By (weak, and below the level
drawn in the figure), 3', 5, and B1; the 2' proton correlates with 5 carbons: 6', 5' (weak, and below the level drawn in the figure), 1', 7', and 4'; and
proton 6’ correlates with 7 carbons Bp, Ba, 5, 1', 2', 7', and 4'. Contours colored light gray are from residual 1-bond correlations (split by the 1-bond
IH-13C coupling constant) from some peaks due to deviation from the set average value (145 Hz); darker gray contours are from minor impurities.
The structure below shows the complex color-coded HMBC correlations from protons in the oxatricyclo ring to carbons within 3-bonds, also confirming
its regiochemical assignment of compound 15.
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Fig. 8 H-*C correlation spectra of the benzodioxane 12 from the Diels—Alder reaction between (A) 4-O-methylconiferyl alcohol 6 and the
quinone 9 from methyl 5-hydroxyvanillate 11, and (B) of the benzodioxane 12’ from the radical coupling reaction between coniferyl alcohol 1 and
methyl 5-hydroxyvanillate 11 followed by simple phenolic methylation to produce the compound analogous to 12 and allow the determination that
these are isomers and are not the same products. HSQC (red contours and assignments) spectra are overlaid (from separate spectrum/experiments).
HMBC spectra (black correlations) show (with green highlighting) (A) correlations of proton p to carbon 5" and proton « to carbon 4’ that define the
regiochemistry, and (B) correlations of proton « to carbon 5" and proton f to carbon 4’ that define its different regiochemistry. Some correlations
required vertical expansion (by the factor indicated beside the box) to be seen on the current plot. Other correlations aid in assignments. Of major
significance are the following points. (A) This benzodioxane 12 is the product of apparent $-O-5-coupling, but the mechanism is in fact [4+2]-
cycloaddition. As shown by the green shading, proton o correlates with six carbons: y, B, 2, 6, 1, and, importantly, 4’ (in chemical shift order).
Similarly, proton f correlates with three carbons: o, 1, and, importantly, 5'. (B) The radical coupling benzodioxane 12’ is the product of 3-O-4-coup-
ling, as is usual for coupling of a monolignol with a phenolic. As shown by the green shading, proton « correlates with six carbons: vy, B, 2, 6, 1, and,
importantly, 5' (in chemical shift order). Similarly, proton p correlates with four carbons: v, «, 1, and, importantly, 4, establishing the p-O-4-coupling.
Note that the cis-isomer in the benzodioxane ring system, cis-12’, is readily seen, in the 1D proton and carbon projections, and as highlighted for the
proton a and p correlations by the dark blue contours; the cis-ring isomer is typically seen at about the 5% level in such radical coupling products.
For both A and B, contours colored light gray are from residual 1-bond correlations (split by the 1-bond **C—~'H coupling constant) from some peaks
due to deviation from the set average value (145 Hz) or are from minor impurities.
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(5H) units in the lignin of wild-type Arabidopsis plants
remained below the detection limit, lignin of engineered lines
contained up to ~70% 5H units. More recently, specialized
C-lignins derived from 100% caffeyl alcohol,>*” or 5H-lignins
from 100% 5-hydroxyconiferyl alcohol,** have been discovered.
These lignins are the most likely to involve the production of
quinones by oxidation/dehydrogenation and therefore have the
most chance of being produced via Diels-Alder reactions. We
don’t have the exact models to provide comparative data for
the products that would be expected in these lignins and pre-
dicting shifts from our model to the C- or 5H-lignin does not
seem to be particularly reliable. The most diagnostic way for
the oxatricyclo products (as in compounds 13 and 15) is to
look for the diagnostic set of nine HMBC correlations from
proton « (as in Fig. 5 and 7) along with the five correlations
from proton f, but HMBC experiments, even on clean lignins,
usually have only weak correlations at best for minor struc-
tures. The more sensitive way is to attempt to find the set of
HSQC correlations consistent with these Diels-Alder structures
(from the best predicted shifts). In searching through all of
the NMR data from our publications on C- and 5H-lignins
noted above, we could not find any convincing evidence for
the presence of Diels-Alder products in any of them.

Can we leverage the observation that the benzodioxane
regiochemistry is different to provide further evidence for
radical coupling vs Diels-Alder mechanisms in lignification?
Again, the HMBC approach is not very sensitive, and the -
and B-H/C correlations are not so different that they would be
expected to be well-separated in HSQC spectra, particularly
when considering that the peaks in lignin spectra are signifi-
cantly broader than in the models. Clearly, better spectra, and
HMBCs are going to be necessary to seek benzodioxane regio-
isomers and the other diagnostic Diels-Alder products, or we
need to look for such products by more sensitive methods,
such as by HPLC-MS (although it is not obvious how to release
them efficiently from the polymer; we suspect that hydro-
genolysis may be the best way as it fully cleaves benzodioxane
structures®®), but so far we simply do not see any evidence for
either. What is clearly evident is the presence of the cis-benzo-
dioxane rings for C- and 5H-lignins,>* >’ as well as in piceatan-
nol lignins,”® an observation again consistent with radical
coupling but not Diels-Alder reactions.

We therefore have to accommodate the current lack of evi-
dence for Diels-Alder coupling products produced between a
hydroxycinnamyl alcohol, whether etherified or not, and an
o-benzoquinone that might logically be produced from the
catechyl units in such systems. This was particularly sobering
after identifying Diels-Alder products in our model reactions,
and the tantalizing prospect that it could reveal a new mecha-
nism in lignification - a mechanism that would allow chain-
extension at the phenolic and even at the non-phenolic ends
of the lignin polymer chain. However, this absence of verifi-
able structures derived via Diels-Alder coupling in lignins has
particularly important ramifications regarding lignification.
First, lignification, the process of growing lignin polymer
chains from hydroxycinnamyl alcohol (or other) monomers,
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needs to be recognized even more strongly now as being con-
strained to, rather strictly, radical coupling reactions. Second,
coupling is exclusively via the radical produced from oxidative
‘radicalization’ of the 4-OH (even if that may be in simple equi-
librium with other phenolic radicals); only products from the
4-0 radical are observed from the 3,4-dihydroxyphenyl mono-
mers such as caffeyl alcohol and 5-hydroxyconiferyl alcohol.
Third, after radical coupling, rearomatization can occur via
internal trapping by the 3-OH for catechyl units and the 5-OH
for 5-hydroxyguaiacyl units, whereby the benzodioxane rings
are primarily t¢rans (E) with minor cis (Z) ring-isomers.
Additionally, although catechyl units might be expected to
produce quinones under the oxidative (dehydrogenative) con-
ditions present in the cell wall during lignification, all lignin
units identified to date comport with single-electron oxidation
processes and radical coupling and not from these two-elec-
tron-oxidized species and their possible [4+2]-cycloaddition
(Diels-Alder) reactions.

The latter point, that quinones don’t appear to be involved
to any significant extent in lignification, is important because
the conversion of catechols to quinones has at times been
strongly advocated in the literature.>*** The notion that cate-
chols are problematic for lignification has been mitigated by
the repeated observations of lignins from such catechols in a
range of viable natural, mutant, and transgenic plants, in
which the monomers clearly incorporate into the polymer by
the canonical radical coupling processes, as we have
reviewed.>""*?> Here we find that quinones can form, at least
from strongly conjugated species like methyl 5-hydroxyvanil-
late 11, in simulated lignification processes (Fig. 3), from
which they may react to produce dimers and higher oligomers.
The lack of evidence for Diels-Alder and other quinone reac-
tions complicating the polymer structure from a variety of
lignins from plants utilizing high levels of catechyl monomers,
however, suggests that processes other than radical coupling
are at the very least minor. We remain open to the possibility
that trace quantities of such Diels-Alder products may be
detected in lignins at some point, but there is currently no evi-
dence that cycloaddition reactions represent a significant
pathway; small unassigned NMR 'H-"C correlation peaks in
some lignins certainly remain to be elucidated. Additional evi-
dence has come recently from the manner in which piceatan-
nol, a catechyl stilbene from outside the monolignol biosyn-
thetic pathway, incorporates into lignins; again, the product
array noted is entirely compatible with radical-coupling
arguments.*$31°%6% A credible explanation for an absence of
Diels-Alder products and mechanisms is likely premature, but
it may be because of the exact nature of the substrates them-
selves, the caffeyl alcohol and the 5-hydroxyconiferyl alcohol
that, even as quinones, are not as electron deficient as the
methyl 5-hydroxyvanillate 11 examined here, or perhaps
simply that radical coupling reactions simply out-compete the
disproportionation reaction required to generate the quinone
(for which two catechyl radicals need to encounter each other)
in the cell wall. Regardless, and as evidence has already shown
(above), catechols do undergo (one-electron oxidation and)
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Fig. 9 Summary of radical coupling vs in vitro Diels—Alder pathways
and products. (A) Radical coupling of a monolignol with a general cate-
chyl lignin end-unit; (B) Diels—Alder reaction of a general cinnamyl
alcohol unit (usually on the starting end of a polymer chain) with a
quinone. Note that the radical coupling pathway produces benzodiox-
anes 12" from p-O-4 coupling, whereas the Diels—Alder coupling pro-
duces benzodioxanes 12 that would be described as p-O-5-coupled
were they derived from radical coupling.

efficient radical coupling to produce either copolymeric or
homopolymeric lignins.

Conclusions

Two sets of reactions are shown here to operate if catechyl
structures can be oxidized to their o-benzoquinones, (Fig. 3,
and as summarized in Fig. 9). First, the quinone can oxidize a
cinnamyl alcohol to a cinnamaldehyde, itself being reduced
(back) to the catechol (Fig. 3). More importantly in the context
of this paper, the quinone can function with either the 1,2-di-
ketone or the conjugated diene as the diene component of a
Diels-Alder reaction, with any cinnamyl alcohol unit, includ-
ing those that are not free-phenolic, functioning as the dieno-
phile (Fig. 9). At least with the components used here (Fig. 3),
quinone 9 and dienophile 6, the major Diels-Alder products
were single isomers (although certainly as enantiomeric pairs)
of the benzodioxane 12 and the oxatricyclo product 13 (Fig. 3).
The key implication is that catechols such as caffeyl alcohol
and 5-hydroxyconiferyl alcohol can first oxidize to o-quinones
and subsequently may undergo either/both of two Diels-Alder
reactions with general cinnamyl alcohols, including the mono-
lignols, to potentially produce benzodioxane and oxatricyclo
products. Importantly, a free-phenolic cinnamyl alcohol unit is
not required, so the Diels-Alder mechanism would provide a
way of extending the lignin polymer from the non-phenolic
‘starting end’ of a lignin chain, a pathway that is not typically
possible via the usual radical-coupling pathways of lignifica-
tion. As we can find no evidence of Diels-Alder products in
natural lignins, even in lignins derived solely from catechyl
monomers, we are forced to contend that they are not signifi-
cant in the lignification of plants examined to date. As it
stands, all product units seen in lignins of diverse types there-
fore comport with their being derived solely from radical coup-
ling in single-electron oxidation processes. No further modifi-
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cation is therefore required at this point to the existing theory
of lignification as a process of combinatorial radical coupling
of phenols, with lignins deriving from a variety of phenolic

monomers including the many examples now of non-canoni-
cal monomers.3'6’8’11_14’17’28_31’49’56’58_81

Experimental
Materials

ortho-Chloranil, methyl gallate, sodium borohydride were pur-
chased from Acros Organics. Acetone, acetone-dg, chloroform-
d, 3,4-dimethoxycinnamic acid, ethyl chloroformate, toluene,
and THF were purchased from Sigma-Aldrich (St Louis, MO,
USA).

Methods

QTOF-MS analysis. Samples of the purified model com-
pounds were dissolved in methanol (0.5 mg mL™"). Aliquots
(1 pL) from the sample solutions were subjected to chromato-
graphy on a Shimadzu Nexera X2 system (Kyoto, Japan) using
Kinetex XB-C18 column (1.7 pm, 50 x 2.1 mm, 100A)
(Phenomenex, Torrance, CA, USA) at 50 °C. The mobile phase
consisted of 0.1% formic acid in H,O (A) and MeOH (B) at a
flow rate of 0.6 mL min™", in which the run was 5% B isocrati-
cally for 1 min, followed by linear gradient to 95% B at 4 min,
isocratic with 95% B for 1 min; the column was returned to its
initial conditions by using a linear gradient to 5% B at 6 min,
and isocratic with 5% B for 2 min.

The mass spectra were acquired in the range of 50-1000 m/z
units on a Bruker Daltonics quadrupole time-of-flight (QTOF)
Impact II instrument (Bruker, Billerica, MA, USA), operating in
negative-ion mode [ESI”]. The nebulizing gas pressure was set
at 4 bar, the drying gas flow at 8 L min~", the drying gas temp-
erature was at 210 °C, and the capillary voltage was set at 3.50
kv. Sodium formate was used as a calibration standard.

Nuclear magnetic resonance (NMR). The products were dis-
solved in 0.6 mL of deuterated solvents (CDCls, acetone-dg).
NMR spectra were acquired on a Bruker Biospin AVANCE III
500 MHz spectrometer (Bruker Biospin, Bruker, Billerica, MA,
USA) equipped with a cryogenically cooled 5 mm 'H/**C-opti-
mized triple resonance (*H/"*C/'°N) TCI gradient probe with
inverse geometry (proton coils closest to the sample), or on a
Bruker Neo 700 MHz spectrometer similarly equipped with a
5 mm QCI 'H/*'P/*C/"N cryoprobe. Bruker’s Topspin 4.1.3
software (MacOS) was used to process spectra; linear predic-
tion was not used. Spectra were exported as pdf files and color-
ized in Adobe Illustrator; all spectra are resolution-indepen-
dent vector figures that can be expanded without resolution-
loss on screen to examine details. The central solvent peaks
were used as internal reference (6c/8;; CDCl; 77.0/7.26 ppm,
acetone-dg 29.8/2.04 ppm). Standard Bruker pulse sequences
were used for all spectra. The following parameters were used
for the various 2D spectra in figures plotted here and in the
ESL¥
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COSY (homonuclear correlation spectroscopy) at 500 MHz:
cosygpmfqf pulse program, acquired from 10 to 0 ppm in F2
(*H) with 2k data points (acquisition time, 205 ms) and 10 to
0 ppm in F1 (*H) with 512 increments (F1 acquisition time,
102 ms) of 2 scans with a 1.5 s interscan delay, 30.5 min total
acquisition time, processed to 2k x 1k using sine-squared apo-
dization in each dimension.

NOESY (nuclear Overhauser effect spectroscopy) at
500 MHz: noesyph pulse program, acquired from 10 to 0 ppm
in F2 ("H) with 2k data points (acquisition time, 205 ms) and
10 to 0 ppm in F1 (*H) with 256 increments (F1 acquisition
time, 25.6 ms) of 8 scans with a NOESY mixing time of
300 ms, and a 2 s interscan delay, 1 h 26 min total acquisition
time, processed to 2k x 1k using Gaussian apodization (GB =
0.001, LB = —0.1) in F2 and cosine-squared F1.

HSQC (Heteronuclear single-quantum coherence) for
compounds 12 and 13 at 500 MHz: hsqcetgpsi2.2 pulse
program, acquisition from 10 to 0 ppm in F2 (*H) with 2k data
points (acquisition time, 200 ms) and 200 to 0 ppm in F1 (**C)
with 400 increments (F1 acquisition time, 8 ms) of 2 scans
with a 1 s interscan delay; the d,, delay was set to 0.89 ms
(1/8], J = 140 Hz) optimized for all multiplicities, 17 min
total acquisition time, processed to 2k x 1k using Gaussian
apodization (GB = 0.001, LB = —0.1) in F2 and cosine-squared
in F1.

HSQC for compounds 12’ and 15 at 700 MHz: hsqcetgpsi2.2
pulse program, acquisition from 11.65 to —0.65 ppm in F2 (*H)
with 3448 data points (acquisition time, 200 ms) and 215 to
-5 ppm in F1 (**C) with 618 increments (F1 acquisition time,
8 ms) of 4 scans with a 1 s interscan delay, the d,, delay was
set to 0.89 ms (1/8], J = 140 Hz) optimized for all multiplicities,
51 min total acquisition time, processed to 4k x 1k using
Gaussian apodization (GB = 0.001, LB = —0.1) in F2 and
cosine-squared in F1.

HMBC (heteronuclear multiple-bond correlation) for com-
pounds 12 and 13 at 500 MHz: hmbcegplpndqf pulse program,
acquisition from 10 to 0 ppm in F2 (*H) with 4k data points
(acquisition time, 410 ms) and 200 to 0 ppm in F1 (**C) with
400 increments (F1 acquisition time, 16 ms) of 4 scans with a
1 s interscan delay, long-range J-coupling evolution time de¢ of
80 ms (Jir = 6.25 Hz), 40.5 min total acquisition time, pro-
cessed to 4k x 1k using Gaussian apodization [GB = 0.195
(=de/AQ), LB = —20)] in F2 and sine in F1.

HMBC for compounds 12' and 15 at 700 MHz:
hmbegplpndgf pulse program, 11.65 to —0.65 ppm in F2 (‘H)
with 4096 data points (acquisition time, 238 ms) and 215 to
-5 ppm in F1 (**C) using non-linear sampling (NUS, 25%)
with 1160 increments (F1 acquisition time, 30 ms) of 64 scans
with a 1 s interscan delay, long-range J-coupling evolution time
de of 80 ms (/g = 6.25 Hz), 5 h total acquisition time, NUS pro-
cessed to 4k x 2k using Gaussian apodization [GB = 0.337
(=de/AQ), LB = —10)] in F2 and sine in F1.

Reaction of coniferyl alcohol with 4-O-methylconiferyl
alcohol. Coniferyl alcohol 1 (CA, 50 mg, 0.28 mmol), 4-O-
methylconiferyl alcohol 6 (31 mg) and 3,4-dimethoxybenzalde-
hyde (as an internal standard (I.S.), 14 mg) were dissolved in
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15 mL acetone (Fig. 1B and 2). To the mixture was added
85 mL sodium phosphate buffer (pH 5.0). A 10 mL aliquot of
this mixture was removed for analysis of the starting mixture
and extracted with EtOAc (10 mL, 2x). The combined EtOAc
fractions were washed with saturated NH,CI solution, separ-
ated, dried over anhydrous MgSO,, filtered, and the solvent
evaporated under vacuum. Aliquots of this mixture were sily-
lated and subjected to GC-MS.

The rest (90 mL) of the starting mixture was used for the
typical peroxidase-mediated free-radical coupling reaction.
Thus, 13 mg of urea-H,0, was added while stirring, followed
by adding 0.5 mg (dissolved in 1 mL water) of horseradish per-
oxidase (EC 1.11.1.7, 181 purpurogallin units per mg solid,
type II, Sigma-Aldrich). The mixture was stirred for 20 min,
and then was extracted with an equal volume of EtOAc (90 mL,
2x), the combined EtOAc solution was washed with saturated
NH,CI solution and processed as above. About 6 mL of the
EtOAc were evaporated using rotary evaporation under reduced
pressure. The resulting product mixture was silylated using N,
O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and subjected
to GC-MS analysis.

GC conditions: injector temperature 250 °C; initial tempera-
ture 100 °C, hold for 1 min; ramp at 5 °C min™" to 180 °C,
hold for 1 min; then ramp at 10 °C to 300 °C, and hold for
8 min. MS detector: ion source temperature 300 °C; EI mode.
GC column: ZB-5HT, length 15 m; thickness 0.25 pum; diameter
0.25 mm.

Preparation of dienophile 6. The required non-phenolic cin-
namyl alcohol 6 (4-O-methylconiferyl alcohol = 3,4-dimethoxy-
cinnamyl alcohol) was prepared from its cinnamic acid analog
via  reduction of its carbonate derivative.  3,4-
Dimethoxycinnamic acid (2.08 g, 10.0 mmol) was dissolved in
THF (20 mL). Triethylamine (1.46 mL, 10.5 mmol) was added
to the solution. The mixture was stirred at 0 °C for 10 min.
Ethyl chloroformate (1.00 mL, 10.5 mmol) was slowly added
over 10 min. After the reaction mixture was stirred for 15 min,
the reaction mixture was filtered to remove the precipitated
salt. The obtained filtrate was added into a cold NaBH,
(3.234 g, 85.5 mmol) suspension in THF/H,O (v/v, 1/1). Then,
the mixture was stirred at r.t. for 15 min. Aqueous NH,CI solu-
tion was added to the mixture to quench the borohydride and
render the solution slightly acidic. The mixture was extracted
with EtOAc, the obtained organic layer was washed with brine,
dried with sodium sulfate, filtered, and the solvent evaporated
in vacuo to obtain a crude oil. The crude oil was purified on a
silica column (EtOAc:hexane = 1:2) to obtain 4-O-methyl-
coniferyl alcohol 6 (1.639 g, 8.44 mmol). NMR (500 MHz,
CDCly) 6yy: 3.88 (s, 3H, 3-OMe), 3.90 (s, 3H, 4-OMe), 4.31 (d, J =
5.86 Hz, 2H, y), 6.25 (dt, J = 5.98, 15.79 Hz, 1H, f), 6.55 (d, ] =
15.86 Hz, 1H, ), 6.82 (d, J = 8.17 Hz, 1H, 5), 6.92 (dd, J = 1.90,
8.17 Hz, 1H, 6), 6.94 (d, J = 1.90 Hz, 1H, 2); 5c: 55.8 (OMe),
55.9 (OMe), 63.8 (y), 108.7 (2), 111.0 (5), 119.7 (6), 126.4 (),
129.6 (1), 131.1 (o), 148.8 (3), 148.9 (4).

Preparation of diene/diketone 9. Methyl 5-hydroxyvanillate
11 (methyl 3-O-methylgallate), prepared from methyl gallate as
previously described,* was oxidized with ortho-chloranil to
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obtain methyl 3-methoxy-1,2-dioxocyclohexa-3,5-diene-5-car-
boxylate 9, the desired o-benzoquinone (Fig. 3).°

Diels-Alder reaction of dimethoxycinnamyl alcohol 6 and
o-benzoquinone 9. 4-O-Methylconiferyl alcohol 6 (19.6 mg,
0.101 mmol) was dissolved in acetone/toluene (v/v, 1/1), and
the o-benzoquinone 9 (19.5 mg, 0.0994 mmol) was added. The
reaction mixture was stirred at room temperature for 24 h,
then concentrated in vacuo to obtain a crude oil. The obtained
crude oil was separated via TLC to obtain the five main com-
pounds: 4-O-methylconiferaldehyde 10 (7.27 mg, 0.0378 mmol,
32%), 4-O-methylconiferyl alcohol 6 (1.92 mg, 0.00989 mmol),
methyl 5-hydroxyvanillate 11 (6.54 mg, 0.0330 mmol, 28%), a
benzodioxane 12 (3.71 mg, 0.00950 mmol, 8%), and an oxatri-
cyclo product 13 (14.77 mg, 0.0378 mmol, 32%), in which the
approximate % conversion is noted in Fig. 3.

Diels-Alder benzodioxane product trans-12. NMR (500 MHz,
CDCl;) 6y 3.55 (bm, Hz, 1H, y1), 3.81 (m, 1H, y2), 3.897 (s,
3H, OMe), 3.899 (s, 3H, OMe), 3.902 (s, 3H, OMe), 3.904 (s, 3H,
OMe), 4.07 (ddd, J = 8.15, 3.9, 2.8 Hz, 1H, §), 5.01 (dd, J = 8.15
Hz, 1H, o), 6.90 (d, J = 8.25 Hz, 1H, 5), 6.94 (d, J = 2.0 Hz, 1H,
2), 7.01 (dd, J = 2.0, 8.25 Hz, 1H, 6), 7.24 (d, J = 1.9 Hz, 1H, 2'),
7.38 (d, J = 1.9 Hz, 1H, 6'); c: 52.2 (7-OMe), 55.9 (3'-OMe),
56.0 (3/4-OMe), 56.2 (4/3-OMe), 61.6 (y), 76.7 (), 77.9 (B), 105.5
(29, 110.2 (2), 111.2 (5), 111.8 (6), 120.4 (6), 122.3 (1'), 127.9
(1), 137.7 (4'), 143.2 (5"), 148.8 (3"), 149.3 (4*), 149.8 (3%), 166.7
(C=0); * implies assignments may be reversed. LC-QTOF-MS:
m/z [M — H]|  calculated for C,,H,;Og: 389.1236; found:
389.1180.

Diels-Alder product 13. NMR (500 MHz, CDCl;) &y: 7.06
(dd, j = 1.13, 2.15 Hz, 1H, 2), 6.77 (d, J = 8.20 Hz, 1H, 5), 6.58
(dd, J = 2.20, 8.20 Hz, 1H, 6), 6.56 (d, J = 2.20 Hz, 1H, 2), 4.38
(dd, J = 3.25, 8.30 Hz, 1H, y2), 4.05 (dd, J = 2.15, 4.45 Hz, 1H,
6'), 4.02 (d, J = 8.30 Hz, 1H, y1), 3.85 (s, 6H, 7-OMe + 4-OMe),
3.81 (s, 3H, 3-OMe), 3.57 (s, 3H, 3'-OMe), 3.43 (t, J = 1.50 Hz,
1H, a), 2.85 (m, J = 1.6 Hz, 1H, f); 5c: 200.47 (4'), 163.89 (7'),
148.44 (3), 148.41 (4), 138.45 (2'], 132.25 (1'), 131.44 (1), 121.17
(6), 112.42 (2), 110.74 (5), 95.65 (5"), 86.78 (3'), 74.39 (y), 55.81
(4-OMe), 55.70 (3-OMe), 54.30 (3'-OMe), 52.56 (7'-OMe), 49.67
(o), 47.21 (), 44.90 (6'). LC-QTOF-MS: m/z [M — H]|™ calculated
for CpoH,105: 389.1236; found: 389.1233.

Benzodioxane 12’ from radical coupling followed by phenol-
methylation. Compound 12'a was synthesized from the radical
coupling of coniferyl alcohol 1 and methyl 5-hydroxyvanillate
11, as detailed previously.””> Methylation of 12'a with iodo-
methane and K,CO; in acetone at room temperature for 16 h
produced 12" in almost quantitative yield; no purification was
required.

Benzodioxane product trans-12'. NMR (500 MHz, CDCl;) &y:
3.56 (bm, 1H, y1), 3.87 (s, 3H, 7-OMe), 3.89 (s, 6H, 3,4-OMe),
3.91 (bm, 1H, y2), 3.93 (s, 3H, 3’-OMe), 4.06 (ddd, 1H, J = 2.6,
3.6, 8.2 Hz, f), 4.99 (d, J = 8.2 Hz, 1H, «), 6.89 (d, J = 8.3 Hz,
1H, 5), 6.93 (d, J = 2.0 Hz, 1H, 2), 7.00 (dd, J = 2.0, 8.3 Hz, 1H,
6), 7.23 (d, J = 1.9 Hz, 1H, 2'), 7.37 (d, J = 1.9 Hz, 1H, 6'); 5
52.1 (7-OMe), 55.90 (3/4-OMe), 55.92 (4/3-OMe), 56.2 (3'-OMe),
61.3 (y), 75.9 (), 78.8 (B), 105.3 (2), 109.9 (2), 111.1 (5), 112.2
(6"), 120.0 (6), 122.3 (1), 128.1 (1), 137.1 (4'), 143.9 (5'), 148.4
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(3"), 149.3 (3), 149.6 (4), 166.6 (7'). LC-QTOF-MS: m/z [M + Na]"
calculated for C,oH,,0gNa": 413.1207; found: 413.1168.

Diels-Alder product 15 from a reaction between coniferyl
alcohol 6 and methyl 5-hydroxyvanillate 11. Compound 15 was
obtained following preparative-TLC separation from the same
reaction that produced compound 12'a above.

Diels-Alder product 15. [There are two isomers (see Results
and Discussion), so most peaks have two entries; for the **C
NMR data, the two shifts are separated by a comma before the
assignment; note that we use 3 significant figures only to show
that the two peaks were resolved, and the difference between
them]. NMR (700 MHz, acetone-de) 85: 7.59 (s, 0.5H, A4-OH),
7.58 (s, 0.5H, A4-OH), 7.03 (d, J = 2.20 Hz, 0.5H, A2), 7.02 (d, J
=2.20 Hz, 0.5H, A2), 6.95 (m, 0.5H, 2'), 6.94 (m, 0.5H, 2'), 6.87
(d, J = 8.10 Hz, 1H, A6), 6.80 (d, J = 8.10 Hz, 1H, A5), 6.72 (m,
0.5H, B6), 6.66 (m, 0.5H, B6), 6.62 (bd, J = 1.6 Hz, 1H, B2), 6.23
(s, 0.5H, 5'-OH), 6.22 (s, 0.5H, 5-OH), 5.52 (d, J = 6.9 Hz, 0.5H,
Aq), 5.51 (d, J = 6.9 Hz, 0.5H, Aa), 4.33 (dd, J = 3.5, 8.1 Hz,
0.5H, By2), 4.31 (dd, J = 3.5, 8.1 Hz, 0.5H, By2), 4.03 (d, J = 8.10
Hz, 0.5H, By1), 4.02 (d, J = 8.10 Hz, 0.5H, By1), 3.87 (m, 1H,
6'), 3.83 (m, 1H, Ay2), 3.815 (s, 1.5H, A3-OMe), 3.811 (s, 1.5H,
A3-OMe), 3.809 (s, 1.5H, 7'-OMe), 3.788 (s, 1.5H, 7'-OMe), 3.785
(s, 3H, B3-OMe), 3.77 (m, 1H, Ay1), 3.549 (s, 1.5H, 3'-OMe)
3.547 (s, 1.5H, 3'-OMe), 3.546 (m, 0.5H, Ba), 3.538 (m, 0.5H,
Ba), 3.489 (dd, J = 6.3, 6.5 Hz, 0.5H, Af), 3.486 (dd, J = 6.3, 6.5
Hz, 0.5H, AB), 2.87 (m, 1H, BB); 6c: 201.20, 201.08 (4'), 164.72,
164.65 (7'), 148.35, 148.34 (A3), 148.29, 148.28 (B4), 147.27,
147.25 (A4), 144.43, 144.36 (B3), 139.49, 139.48 (2’), 134.36,
134.27 (A1), 134.07, 133.93 (B1), 133.51, 133.47 (1'); 129.86,
129.74 (B5), 119.53 (A6), 118.89, 118.81 (B6), 115.63 (A5),
114.95, 114.81 (B2), 110.45, 110.43 (A2), 97.43, 97.37 (5'),
88.49, 88.45 (Ax), 88.20, 88.10 (3'), 74.67, 74.59 (By), 64.77,
64.60 (Ay), 56.272, 56.265 (B3-OMe), 56.259, 56.251 (A3-OMe),
54.88, 54.80 (Ap), 54.01, 53.92 (3'-OMe), 52.50, 52.49 (7'-OMe),
50.12, 50.11 (Ba), 48.45, 48.27 (Bp), 47.01 (6'). LC/Q-TOF MS:
m/z [M + Na]' calculated for C,oH300,;Na": 577.1680; found:
577.1609.

Computational details

All calculations have been performed using Gaussian 16,
Revision C.01. Optimizations were completed using the default
criteria, with the M06-2X density functional method and the 6-
311++G(d,p) basis set with the GD3 empirical dispersion cor-
rection. Frequency calculations were also performed to verify
the identification of a minimum, as evidenced by the absence
of imaginary frequencies and for the determination of thermal
corrections for thermodynamic quantities.
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