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Abstract

Lignin is an abundant polymer in plant secondary cell walls. Prototypical lignin derives from the
polymerization of monolignols (hydroxycinnamyl alcohols), primarily coniferyl and sinapyl alcohol, via
combinatorial radical coupling reactions, and primarily via the endwise coupling of a monomer with the
phenolic end of the growing polymer. Hydroxycinnamaldehyde units have long been recognized as minor
components of lignins. In plants deficient in Cinnamyl Alcohol Dehydrogenase, the last enzyme in the
monolignol biosynthetic pathway that reduces the hydroxycinnamaldehydes to the monolignols, the levels
of chain-incorporated aldehyde units are elevated. The nature and relative levels of aldehyde components
in lignins can be determined from their distinct and dispersed correlations in 2D *H-*3C correlated NMR
spectra. We recently became aware of aldehyde NMR peaks, well-resolved from others, that had been
overlooked. NMR of isolated low-molecular-weight oligomers from biomimetic radical coupling

reactions involving coniferaldehyde revealed that the new correlations belonged to
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hydroxycinnamaldehyde-derived benzofuran moieties. Coniferaldehyde 8-5-coupling initially produces
the expected phenylcoumaran structures but the derived phenolic radicals undergo preferential
disproportionation rather than radical coupling to extend the growing polymer. As a result,
hydroxycinnamaldehyde-derived phenylcoumaran units are difficult to detect in lignins, but the
benzofurans are now readily observed by their distinct and dispersed correlations in the aldehyde region
of NMR spectra from any lignin or monolignol dehydrogenation polymer. Hydroxycinnamaldehydes
coupled to coniferaldehyde can be distinguished from those derived from coupling with a generic
guaiacyl end-unit. These ‘new’ benzofuran peaks may now be annotated and reported, and their structural
ramifications further studied.

Keywords: lignification, CAD, monolignol, coniferaldehyde, sinapaldehyde, phenylcoumaran, NMR

Introduction
Lignins derive from the polymerization of monolignols (p-hydroxycinnamyl alcohols) via combinatorial
radical coupling reactions, and primarily via the endwise coupling of a monomer with the phenolic end of
the growing polymer (Freudenberg and Neish, 1968; Ralph et al., 2004b; VVanholme et al., 2012; Ralph et
al., 2019). In this lignification process, the two major monomers, coniferyl alcohol (G?) and sinapy!l
alcohol (S?), give rise to guaiacyl (G) and syringyl (S) units in the polymer (Figure 1). Dimeric units in
the polymer arise from the various possible radical-coupling modes. The coupling itself produces unstable
intermediates that re-aromatize to produce the final dimeric units that are conventionally identified by the
characteristic coupling reactions that produced them and the new inter-unit bonds that result. In normal
lignins derived from the monolignols the convention is to number the aromatic ring carbons in the usual
fashion from 1 to 6 and the sidechain carbons with Greek letters (a, B, and y) starting from the ring
(Figure 1). As monolignols favor coupling at their B-positions, B-aryl ether (usually simply termed f3-
ether, B-O-4), phenylcoumaran (B-5), resinol (B-B), and spirodienone (B-1) units are common; biphenyl
(5-5) and biaryl ether (4-O-5) units arise from the radical coupling of dimers or higher oligomers (Ralph
et al., 2004b; Vanholme et al., 2012; Ralph et al., 2019). Only two such units, the B-aryl ether (f-O-4) and
the phenylcoumaran (B-5), are shown in Figure 1 that also explains the lettering shorthand that has
become rather standard, A for B-ethers from B-O-4-coupling, B for phenylcoumarans from B-5-coupling,
etc.

Hydroxycinnamaldehyde moieties, as well as their derived hydroxybenzaldehydes, are typically
minor structures in polymeric lignins. The most famous lignin stain, the Wiesner reaction with
phloroglucinol, derives its characteristic color not from main-chain or “core-lignin” units but from

hydroxycinnamaldehyde endgroups (Adler et al., 1948). Originally thought to be created post-
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lignification by oxidation of hydroxycinnamyl alcohol endgroups, it is increasingly realized that the
hydroxycinnamaldehydes are authentic lignin monomers, especially in plants deficient in the last
monolignol biosynthetic pathway enzyme, coniferyl alcohol dehydrogenase (CAD), that converts the
penultimate hydroxycinnamaldehydes to their hydroxycinnamyl alcohols (Higuchi et al., 1994; Kim et al.,
2003; Anderson et al., 2015). Hydroxycinnamaldehydes originate either from the translocation to the
plant cell wall of the hydroxycinnamaldehyde monomers themselves resulting from truncated monolignol
biosynthesis or from minor oxidation of the monolignols under the oxidative lignification conditions and
the H2O present in the cell wall itself (Kim et al., 2003; Ralph et al., 2023a); hydroxycinnamaldehydes
and hydroxybenzaldehydes can both be noted in DHPs from pure monolignols, indicating that the
oxidation is occurring in the system, and coniferaldehyde can indeed be produced from coniferyl alcohol
in H202 solution.

In normal lignification in wild-type (WT) plants the main incorporation of hydroxycinnamaldehydes,
as with their hydroxybenzaldehydes, is as endgroups. Such endgroups result from the favorable cross-
coupling reactions with monolignols in which the monolignol dominantly couples at its -position,
relegating the hydroxycinnamaldehyde to coupling at its O-4- and 5- as well as perhaps its own 8-
position. They are therefore usually found as pendent starting-end units on the lignin, but incorporate at
low levels into the lignin backbone by cross-coupling with the phenolic end of the growing polymer. In
CAD-deficient plants the levels of chain-incorporated aldehyde units are elevated and, in extreme cases,
highly CAD-deficient plants may create their lignins almost entirely from hydroxycinnamaldehydes with
scarcely any contribution from the normal monolignols (Sibout et al., 2005; Zhao et al., 2013; Anderson
et al., 2015), a testament to the flexibility of the lignification system in allowing plants to survive even
drastic mutations or engineering (Ralph et al., 2008).

Coniferaldehyde (G, Figure 1) and sinapaldehyde (S') can undergo peroxidase-H.O. oxidation
forming dehydrodimers by combinatorial radical coupling reactions in a manner similar to the formation
of lignin dehydrodimers from coniferyl alcohol (G#) and/or sinapyl alcohol (S?), as has been long known
(Higuchi et al., 1994; Kim et al., 2003). The final products differ in that the intermediate quinone
methide, generated each time a hydroxycinnamaldehyde monomer G* or S' couples via its 8-position
(analogous to the B-position in a monolignol), has a lower-energy path to rearomatization because of the
ready elimination of the 8-proton that is particularly acidic due to its proximity to the aldehyde group
(e.g., for the 8-5-dimer 2 in Figure 2A). Many of these hydroxycinnamaldehyde coupling modes are
evident in the NMR spectra of lignins from CAD-deficient plants (Kim et al., 2003; Zhao et al., 2013;
Anderson et al., 2015; Van Acker et al., 2017; Yan et al., 2019; Yamamoto et al., 2020), as will be seen in
Figure 3.
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Hydroxycinnamaldehyde 8-O-4-coupled units (denoted as A" units here, Figure 1) were originally
identified in CAD-deficient plants (Ralph et al., 1997; Sederoff et al., 1999; Chabannes et al., 2001; Ralph
etal., 2001; Kim et al., 2002; Kim et al., 2003; Barriére et al., 2004; Lapierre et al., 2004; Anderson et al.,
2015; Yan et al., 2019; Liu et al., 2021) and can now be found at low levels in most lignins. The nature
and relative levels of aldehyde components in lignins is revealed by their distinct and dispersed
correlations in the aldehyde region of 2D *H-*3C correlation (HSQC, heteronuclear single-quantum
coherence) NMR spectra (Anderson et al., 2015; Yan et al., 2019; Yamamoto et al., 2020).

In recent studies on a CAD-deficient mulberry mutant (Yamamoto et al., 2020), we noted but did not
report on the presence of “new” well-dispersed aldehyde signals in 2D HSQC NMR spectra. This peak is
prominently shown with red contours in Figure 3D. We had observed these peaks previously from many
different lignins, including biomimetically-produced synthetic lignins (dehydrogenation polymers,
DHPs), but they appear to have gone without comment in the literature. It was therefore timely to identify
the product in the polymer and gain insight into the seemingly unusual structure and its ramifications.

Results and Discussion

Determining the nature of a new 2D NMR correlation peak via synthetic lignification

We had previously observed the HSQC NMR signature of this new component in synthetic lignins
(dehydrogenation polymers, DHPs) produced from monolignols by the peroxidase-H.O: single-electron
oxidation system, and in particular from DHPs in which coniferaldehyde was also a component, or from a
coniferaldehyde-only DHP. We therefore reasoned that we might be able to isolate one or more low-
molecular-mass components from truncated DHP synthesis, i.e., by a limited-duration one-electron-
oxidation of coniferaldehyde. Such products could then be purified and identified by the usual
combination of MS and NMR analytical methods.

Radical coupling of coniferaldehyde 1 (Figure 2A) using peroxidase-H.O- in buffer, pH 6.5, produced
a dimer in low yield that, after purification, had the characteristic *H-*C NMR correlation signature seen
in the lignin and DHP spectra, Figure 3. It was readily identified from its distinct NMR correlation peak,
and from full structural analysis by the usual array of NMR experiments, as compound 3 (Figure 2A,
Supplemental Figure S1).

The origin of structure 3 was not initially obvious. It was clear (Figure 2A) that it was a
dehydrodimerization product resulting from 8-5-coupling of radical 1* from coniferaldehyde 1 (also
denoted more generally as G', Figure 1). Following rearomatization of the intermediate quinone methide
QM1, the known phenylcoumaran dehydrodimer 2 is produced. But how did the 7-8 double-bond in 3
arise? The production of the (unsaturated) benzofuran ring required another dehydrogenation, i.e., the

production of the phenolic radical from compound 2. Radical 2° can, via interaction with another such
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radical, disproportionate such that one of the radicals becomes reduced to the original phenolic 2, and one
becomes oxidized (dehydrogenated) to a quinone methide QM2 (Figure 2A). The quinone methide
intermediate QM2 readily rearomatizes to product 3 by loss of the acidic 8-proton. In the coniferaldehyde
DHP, this interaction of two radicals 2° is the way to produce the dehydrogenated dimer 3, but it is also
reasonable to surmise that the coupling of one coniferaldehyde radical need not be with another such
monomer — it could equally be with any general guaiacyl radical 4°c (Figure 2B). An analogous product
from sinapaldehyde 1s (or just S*) is also possible. Additionally, and not diagramed in Figure 2,
disproportionation need not involve two radicals of exactly the same type.

After making this structural assignment for dimer 3 that was isolated from radical coupling of
coniferaldehyde, and the apparent discovery of a new radical coupling pathway, we learned that dimer 3
had already been reported and characterized via dichloro-dicyano-benzoquinone (DDQ) oxidation of the
B-5 dimer of coniferyl alcohol (Lahive et al., 2018). We therefore synthesized 3 in the same manner
(Figure 4). The data matched perfectly and it was undoubtedly the same benzofuran. That dimer 3 results
from dehydrogenation of coniferaldehyde (Figure 2) is also consistent with its synthesis from -5-
dehydroconferyl alcohol 7 by dehydrogenation/oxidation via DDQ (Figure 4) (Lahive et al., 2018). DDQ
is useful for oxidizing benzylic and allylic alcohols to aldehydes (Alsharif et al., 2021), and was therefore
expected to oxidize the phenylcoumaran 7 (Figure 4) to compound 2 (Figure 2). The direct production of
the required benzofuran 3 is now eminently understandable as a product of a further dehydrogenation of
phenylcoumaran 2 via radical disproportionation as noted for the peroxidase-H.O. dehydrogenation in
Figure 2.

DDQ-oxidation was further reported to produce the benzofuran moiety in lignin. However, this
component has not been previously noted in native lignins, i.e., non-chemically-oxidized lignins. As there
are important biosynthetic ramifications for these units, particularly in lignins from CAD-deficient plants,
and as these structures represent a new sub-pathway in lignification, it is particularly important to identify

and authenticate its presence in lignins.

Benzofurans in poplar xylem metabolites

Following the isolation and synthesis of benzofuran dimer 3, we searched for benzofuran-containing
oligomers in metabolic extracts. We routinely profile oligolignols from poplar xylem utilizing ultra-
performance liquid chromatography—mass spectrometry (UPLC-MS) (Morreel et al., 2010). In the extract
from a WT poplar from prior studies (Van Acker et al., 2017; De Meester et al., 2022), a minor peak with
low intensity emerged, sharing the same retention time and m/z value as dimeric compound 3
(Supplemental Figure S2A). Limited signal intensity hindered the generation of an MS/MS spectrum to

ascertain the veracity of this compound. Nonetheless, the analogous coupling product between
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sinapaldehyde and coniferyl alcohol, labeled as 3s-c: in Supplemental Figure S2B, and two distinct
isomers of the trimer derived from it following further extension by coupling with a coniferyl alcohol
radical, i.e. G(8-O-4)3s.c:, Were putatively identified in the xylem extract based on their accurate masses
and MS/MS fragmentation (Supplemental Figure S2C, D). All of these putative benzofuran-containing
components are slightly elevated in CAD-deficient transgenic poplars from earlier studies (Van Acker et
al., 2017; De Meester et al., 2022). Absolute structural confirmation awaits the synthesis of the authentic

reference compounds.

Aldehyde NMR profiles in the DHPs and lignins

The aldehyde region of HSQC NMR spectra is ideal for profiling the types of aldehydic components in
lignins (Figure 3). In addition to the hydroxybenzaldehyde (G"'/S"") and hydroxycinnamaldehyde (G'/S")
endgroups that are well-established in lignins, 8-8-dimerization results in structures C', and 8-O-4-cross-
coupling of hydroxycinnamaldehyde radicals with the radical from the phenolic end of the growing
polymer produces structures A' in the lignin. The latter have been increasingly noted in most lignins since
their discovery and structural elucidation from studies on CAD-deficient mutants and transgenics (Kim et
al., 2003). Analytical thioacidolysis-generated CAD-markers result from these ether structures A"
(Lapierre et al., 2004). Incidentally, the spectrum from the CAD-deficient mutant pine (Figure 3C)
features an A’ peak that, in other spectra, is labeled as A's/s-sis but there are no S units in pine lignins.
The analogous peak in the pine CAD spectrum (Figure 3C) arises from 8-O-4-coupling of a
hydroxycinnamaldehyde with a 5-linked G unit, i.e., in structures labeled A'c--linked-c1c). We have
previously noted how 5-linked G-units can mimic S units in their reactivity. A relevant example is the
discovery that 8-O-4-cross-coupling between coniferaldehyde and a guaiacyl unit does not readily occur,
in vivo or in vitro, explaining why coniferaldehyde incorporation into CAD-deficient pine lignins is low,
whereas the analogous cross-coupling of coniferaldehyde with an S unit is favored such that
coniferaldehyde readily incorporates into G/S lignins (Ralph et al., 2001; Kim et al., 2003; Anderson et
al., 2015).

In Figure 3A we show the region for the benzofuran dimer 3 isolated as described above (Figure 2)
but also independently synthesized (Figure 4), along with that from a coniferaldehyde DHP (Figure 3B),
and from a selection of lignins (Figures 3C-I) from various studies involving our labs over many years.
The NMR spectrum from the benzofuran dimer conforms with its lignin counterpart. Slight peak offsets
result from dimer 3’s free-phenolic nature vs the usually-etherified corresponding units in lignin. Small
NMR chemical shift variations are seen with DMSO-des/pyridine-ds as an NMR solvent due to the
deviations from exactly 4:1 v/v, from the matrix and differing solute concentrations, and from the

differing amounts of the water in the samples. The natural mulberry CAD-deficient mutant in which this
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component most recently came to our attention (Figure 3D) along with lignins from studies involving
various CAD-deficient mutants and transgenics are shown (Figures 3C-F). Then, to make it clear that
similar structures are evident in lignins from wild-type plants, the bottom row shows the same regions for
the control poplar (Figure 3G) from the studies that produced the CAD-deficient poplar in Figure 3E (Van
Acker et al., 2017; De Meester et al., 2022), and the rather interesting observations noted below from two
grasses, maize (Figure 3H) and ryegrass (Figure 3I).

Quantifying the degree of hydroxycinnamaldehyde incorporation into the lignin polymer backbone is
currently difficult because of the number of structures involved and the peak overlap in NMR spectra. A
useful measure is from the unique peak in the aromatics region arising from sinapaldehyde that has 8-O-
4-coupled into lignin (Supplemental Figure S3). These A's levels are reported on an S+G basis and are
shown in the yellow box at the bottom-right of each spectrum in Figure 3. A slightly different method was
required for the G-lignin from pine, as explained in the caption to Supplemental Figure S3.

As readily noted in the spectra in Figure 3, there may be two well-resolved correlation clusters for
structures B*. In principle, four major moieties should occur from the 8-5-coupling of either
coniferaldehyde or sinapaldehyde with either coniferaldehyde or a generic G unit, i.e., in our shorthand,
structures B*¢-¢,, B*c-¢, B*s-.¢, and B*s-¢ (Figure 2). Another distinction could be those units with a
coniferyl alcohol G? endgroup, structures B*c-c:, and B*s-g:, but those are also indistinguishable from
structures involving a generic G unit. Obviously, 8-5-coupling is not possible with an S unit of any kind
as the 5-position is occupied by a methoxy group. It is apparent from the distributions of the two resolved
B* contours in highly CAD-deficient plants, in which hydroxycinnamaldehydes predominate, vs those in
wild-type plants in which they are minor, that the upper peak is from coupling with an aldehyde G* (or
G" from vanillin) unit, whereas the lower one is from coupling with the generic G unit that has no
conjugation to an aldehyde. This is the main resolvable distinction resulting in the two correlation peaks.
Close examination of the data processed under resolution-enhancing conditions suggests that
coniferaldehyde-derived B*c-c' peaks may have slightly lower carbon and proton chemical shifts than
sinapaldehyde-derived B*s.c' ones, but the peaks are not resolved and the correlations are therefore
labeled as combined B*s/s-c, i.e., as resulting from either hydroxycinnamaldehyde having coupled with a
coniferaldehyde or vanillin unit for the dicots and monocots here (Figures 3D-1). Similarly, the lower
peak deriving from the 8-5-coupling of either hydroxycinnamaldehyde with a generic G unit cannot be
resolved into B*c.c and B*s.g, S0 this correlation cluster is labeled as the combined B*cys-, for the
dicots and monocots (Figures 3D-I).

A single new NMR correlation peak, even though it does have two simultaneous constraints in that
both the H and the *C chemical shifts have to match those in the component of interest, is insufficiently

diagnostic to confidently assign a new structure in a complex polymer such as lignin. The assignment
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would be more compelling if there were other correlation peaks for the proposed component that
simultaneously matched. This is one of the major advantages of NMR for structural assignments — if a
structure is suspected because of a single correlation peak, all of the other carbon-proton pairs in that
structure should also be apparent; should even one peak be missing, then it is almost certainly not the
conjectured structure. However, in the case of the new B* units there are no other protonated sidechain
carbons in the moiety that gives rise to the proton as to carbon as correlation peaks highlighted here in
Figure 3 and shown for the isolated and synthesized model compound 3 (Figure 3A, Supplemental Figure
S1). Correlation experiments using the proton coupling network such as COSY, TOCSY, and the usually
powerful 2D HSQC-TOCSY experiment, therefore provide no additional data for authentication of units
B*. Long-range correlations over 2-3 bonds from proton as (see Figure 2 and Supplemental Figure S1 for
the labeling of the two moieties) would be particularly diagnostic. Such correlations could be expected
from proton ag to carbons ag and a; and, crucially (to establish the radical coupling mode), carbon bs in
model 3. Observing the corresponding correlations for structures B*gss-c in a lignin would provide
compelling evidence for the veracity of structures B*. Such evidence for all three correlations is shown in
the heteronuclear multiple-bond correlation (HMBC) spectra from the model 3 and in a lignin from CAD-
deficient tobacco in Supplemental Figure S4. Again, unknown to us at the time, such structures B* were
authenticated via HMBC spectra on a DDQ-oxidized lignin (Lahive et al., 2018); we additionally note the
weak but also diagnostic proton ag to carbon ar correlation here (Supplemental Figure S4) that is not seen

in their Figure 3.

Implications of finding benzofuran moieties B* in lignins
Regardless of whether a hydroxycinnamaldehyde 8-5-couples with a coniferaldehyde (or a similarly
conjugated unit in the lignin) or a generic G unit, the product of that coupling is the usual
phenylcoumaran B' (Figure 2). The endgroup aldehyde correlation would be in the green G'/S' NMR
contour (Figure 3), but the correlation from the aldehyde in the phenylcoumaran moiety B itself, has a
much higher carbon shift (197.6 ppm in acetone-ds for the authentic coniferaldehyde dimer 2¢.¢) and is
extremely weak in actual lignins (Kim et al., 2003). Supplemental Figure S5 shows plots of the extended
aldehyde regions for all 9 samples used in Figure 3. A small B' peak is seen in spectra from the
coniferaldehyde DHP (Supplemental Figure S5B) and perhaps the CAD-deficient pine (Supplemental
Figure S5C), both of which are estimated to be ~4% of the total B'+B* level, but cannot be discerned
above the noise level in any of the other spectra. It is for this reason that this extended aldehyde region
was not plotted in the main Figure 3.

The formation of structures B* implies that phenolic B* phenylcoumaran end-units not only form

radicals but must have sufficient lifetimes to then encounter others radicals to undergo preferential
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disproportionation reactions before the product benzofurans B* themselves undergo radical coupling to
extend the polymer and bury the B* unit within the lignin chain, i.e., the phenylcoumaran units B* (or the
model 2) undergo radical disproportionation that competes with radical coupling. We have previously
evidenced this competition between radical coupling and radical transfer to a more stable unit to explain
how p-coumarate units remain free-phenolic (unetherified) in grass lignin polymers that derive, in part,
from monolignol p-coumarate conjugates. Although p-coumarates form radicals, they preferentially
undergo radical transfer over radical coupling and, in a radical-limited system, essentially all remain as
pendent free-phenolic units (Takahama and Oniki, 1997; Ralph et al., 2004a; Hatfield et al., 2008; Ralph,
2010; Ralph et al., 2023a). In synthetic lignification with an overabundance of radical-generating
capability, p-coumarate radicals will readily form radical-coupling products and become integrated more
fully into the polymer backbone. Ferulate units may also favor this radical-transfer pathway. Although
ferulates on arabinoxylan will dehydrodimerize (and form higher oligomers) by radical coupling, and will
similarly cross-couple with monolignols and oligolignols to incorporate into the polymer backbone
(Ralph, 2010), a substantial proportion of the ferulate on monolignol ferulate conjugates that are involved
in lignification also remain as pendent units (Fanelli et al., 2021; Smith et al., 2022).

Not all observations from the lignin spectra have a ready explanation. Normal maize has, as would be
expected because of the low level of hydroxycinnamaldehydes incorporated, most of its B* component as
the one arising initially from coupling of a hydroxycinnamaldehyde with a generic G unit, i.e. B*g/s-c.
Only a small amount of its B* component is derived from the analogous coupling with another
coniferaldehyde (or at least another conjugated, unsaturated unit), i.e., B*gss-c. It is not clear why
ryegrass had predominantly the B*gys.c' correlation peak (Figure 31, Supplemental Figure S5I), making its
profile appear more like those from CAD-deficient plants. The S/G is lower in ryegrass (0.78 vs 1.7 in the
maize, Supplemental Figure S3), maize has nearly 5-fold higher levels of lignin derived from sinapyl p-
coumarate conjugates, but ryegrass has over four-fold higher levels of tricin. None of these factors
rationalize the CAD-deficient profile, but we note (Figure 31, Supplemental Figure S5I), that the A" levels
are also higher, and the usually extremely weak or undetectable A'sys-s/s' is also higher in this material.
Whether this apparent CAD limitation is peculiar to the sampled line (Ralph et al., 1995), or ryegrass in

general, may be interesting for future enquiry.

Conclusions

Hydroxycinnamaldehyde-derived phenylcoumaran structures B* are difficult to detect in lignins (Kim et
al., 2003) (Supplemental Figure S5). The new benzofuran products B* here are, however, readily
evidenced in essentially any lignin NMR spectrum, Figure 3, from normal as well as at enhanced levels

from CAD-deficient plants. It can be concluded that the phenolic radicals from phenylcoumaran
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structures B* preferentially undergo disproportionation reactions rather than undergoing radical coupling
themselves (Figure 2). The products B* then apparently readily undergo radical coupling reactions,
incorporating such moieties into the backbone of the polymer. Products B*¢-¢: arising from the
homodimerization of coniferaldehyde, the presumed cross-coupling of sinapaldehyde with
coniferaldehyde (i.e., units B*s.c"), and the cross-coupling of either sinapaldehyde or coniferaldehyde
with a generic G unit (i.e., units B*gys.g), all appear to be viable pathways to produce the B* units in
lignins. A major implication from this work is that we can now rather reliably assign one more set of
correlation peaks in NMR spectra. Such hard-won assignments represent a significant challenge but
become valuable additions for lignin characterization and evaluation in future studies that may also

elucidate how these B* moieties will behave under various biomass processing conditions.

Materials and methods

General

Acetone-ds, dimethyl sulfoxide-ds, (DMSO-ds) pyridine-ds, 4-hydroxy-3-methoxycinnamaldehyde
(coniferaldehyde), horseradish peroxidase (Sigma Type VI, 250 units/mg), and all the solvents were
purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Ethyl ferulate was obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Analytical thin-layer chromatography (TLC) was performed
on Merck TLC silica gel 60 F2s4 aluminum sheets. Preparative TLC was conducted on Merck PLC silica
gel plates 60 Fzss (1 mm thickness) and UNIPLATE™ Analtech Silica gel GF (1 mm thickness). Silica
gel column chromatography was carried out on an Isolera One (Biotage, Charlottesville, VA) equipped
with Biotage silica gel cartridges (SNAP KP-Sil, SNAP Ultra or Sfar Silica D).

NMR

NMR spectra were obtained on a Bruker Biospin (Rheinstetten, Germany) NEO 700-MHz spectrometer
fitted with a cryogenically-cooled 5-mm quadruple-resonance (QCI) *H/3P/3C/*N gradient probe with
inverse geometry, or an AVANCE 500-MHz spectrometer fitted with a cryogenically-cooled 5-mm Triple
Resonance Inverse (TCI) *H/*3C/*N gradient probe with inverse geometry. *H-3C HSQC experiments
were carried out and processed as reported previously (Kim and Ralph, 2010; Mansfield et al., 2012).
Chemical shifts (8) are given in ppm relative to (residual) solvent peaks for acetone (S 2.04, 6¢c 29.8) or
DMSO (81 2.49, 5¢ 39.50).

High-resolution mass spectrometry
Mass spectra of isolated and synthetic compounds were acquired on a quadrupole time-of-flight mass

spectrometer, Impact Il (Bruker Daltonics, Bremen, Germany) equipped with Shimadzu Nexera X2
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system (Kyoto, Japan) using Kinetex XB-C18 column (50 x 2.1 mm, Particle diameter: 1.7 pm, 100 A)
(Phenomenex, Torrance, CA, U.S.A)).

UPL.C-MS analysis of benzofuran-containing metabolites in poplar xylem

The stem (~20 cm) from greenhouse-grown Populus tremula x alba, both the WT control and a CAD-
deficient line, was harvested, debarked and flash-frozen. Frozen milled wood (30 mg) was extracted with
1 mL methanol (15 min, ambient temperature). The extract was dried in a speed-vac, and resuspended in
100 pL water/methanol 90/10 (v/v) and then transferred to a solid-phase extraction (SPE) Extract Clean™
SPE C18 50 mg column (S*Pure). After the sample solvent was eluted from the cartridge, an additional 1
mL water/methanol 95/5 (v/v) was added. The combined eluates were collected and dried in a speed-vac.
The pellet was resuspended in 100 pL water/methanol 90/10 (v/v) and subjected to UPLC-MS at the VIB
Metabolomics Core Ghent (VIB-MCG). An aliquot (10 pL) was injected on a Waters Acquity UHPLC
device connected to a Vion HDMS Q-TOF mass spectrometer (Waters, Manchester, UK), with settings as
previously reported (Van Acker et al., 2017). Data recording and processing were performed using Unifi
Workstation v2.0 (Waters) and Progenesis QI v2.4 (Waters).

Preparation of coniferaldehyde dehydrogenation polymer (DHP) (Figure 3B)

Three different solutions A, B, and C were prepared for coniferaldehyde-DHP synthesis. Solution A:
Coniferaldehyde (178 mg) was dissolved in acetone (24 mL) and 0.1 M Na-phosphate buffer (216 mL,
pH = 6.5). Solution B: Thirty percent hydrogen peroxide aqueous solution (118 pL, 1.2 mmol) was
dissolved in Milli-Q water (240 mL). Solution C: Horseradish peroxidase (5 mg) in 0.1 M Na-phosphate
buffer (60 mL). Solutions A and B were co-added to solution C via an ISMATEC IPC peristaltic pump at
a flow rate of 0.2 mL/min over 20 h. The reaction mixture was stirred for an additional 4 h. The reaction
mixture was transferred into 50 mL Falcon tubes and centrifuged for 10 min at 8,000 g using a Thermo
Scientific Sorvall Primo centrifuge. Precipitates were collected and washed with water (100 mL x 3).
After the precipitates were lyophilized, the DHP was obtained as a red solid (150 mg, 85%). The DHP (15
mg) was dissolved in 0.75 mL of DMSO-de/pyridine-ds (4:1, v/v) for various NMR measurements.

Preparation of coniferaldehyde dehydrogenation products

Coniferaldehyde (2.5 g, 14 mmol) in acetone (10 mL) was added to distilled water (250 mL) ina 1 L
flask. After the addition of horseradish peroxidase (type I, 0.5 mg, 150-250 U/mg) in water (13 mL) into
the flask, the hydrogen peroxide solution (3%, 10 mL) was added into the mixture. The mixture was
stirred for an additional 3 h. The yellow solution changed to red-brown during the reaction. The reaction

mixture was extracted with EtOAc (150 mL x 4), and the combined organic layer was dried over
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anhydrous Na,SOa4 to give crude products (2.51 g). The crude products were dissolved in DMSO-dgs and

assayed for the compounds of interest by NMR.

Purification of the aldehyde dimer 3, a B*c.c model, from coniferaldehyde dehydrogenation
products

The crude products (2.51 g) were fractionated on an Isolera One flash column chromatography instrument
with hexane and EtOAc via gradient elution. Fractions obtained were dried in vacuo and assayed by NMR
to check for the peaks of interest at dc/on 186.7/10.24 ppm in the HSQC spectrum. Fraction 3 (670 mg),
Fraction 4 (438 mg), Fraction 5 (559 mg), Fraction 6 (204 mg) and Fraction 7 (85 mg) included the peak.
Fraction 5 (100 mg) was further purified using preparative TLC plates with EtOAc:hexane (2:1, v/v) and
EtOAc:hexane (3:1, v/v). The new aldehyde dimer (1.3 mg) was obtained, i.e., in 13% yield from
Fraction 5; we made no attempt to estimate the yield across all fractions and these certainly included
oligomers larger than this dimer.

The NMR data in four solvents, CDCls, acetone-ds, DMSO-ds, and 4:1 v/iv DMSO-ds:pyridine-ds (as
here, to match the solvent used for the lignins), are deposited in Record #3073 in the latest release of the
“NMR database of lignin and cell wall model compounds” (Ralph et al., 2023b). Benzofuran dimer 3,
(E)-2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-5-(3-oxoprop-1-en-1-yl)benzofuran-3-carbaldehyde,
NMR (700 MHz, 4:1 DMSO-ds/pyridine-ds): on 3.79 (3H, s, a3-OMe), 3.95 (3H, s, b-OMe), 6.90 (1H,
dd, J=15.8, 7.7 Hz, bs), 6.97 (1H, d, J = 8.2 Hz, as), 7.39 (1H, dd, J = 8.2, 2.1 Hz, a¢), 7.42 (1H, d, J =
1.4 Hz, by), 7.44 (1H, d, J = 2.1 Hz, ay), 7.78 (1H, d, J = 15.8 Hz, b7), 7.96 (1H, d, J = 1.3 Hz, bs), 9.63
(1H, d, J=7.7 Hz, bg), 10.20 (1H, s, a).; dc 55.8 (as-OMe), 56.2 (hs-OMe), 107.1 (b2), 112.4 (a2), 115.4
(bs), 116.0 (bs), 116.2 (as), 118.5 (a1), 122.9 (as), 127.4 (as), 128.4 (bs), 132.3 (b1), 143.8 (bs), 145.1 (b3),
148.2 (as), 150.5 (as), 153.6 (by), 165.8 (ar), 186.6 (ag), 194.2 (bg); HRMS: m/z [M-H]" calculated for
C20H1506: 351.0869, found: 351.0871.

Synthesis of the aldehyde dimer 3, a B*s.c: model
The authentic dimeric compound 3 (Figures 3A, 4, and Supplemental Figure S1) was also independently
synthesized (Figure 4, in which yields for the 3 steps are provided) for additional confirmation, for use as
a model, and to obtain NMR data. First, (3-5)-dehydrodiconiferyl alcohol 7 was synthesized from ethyl
ferulate 5 via its radical coupling product diethyl (8-5)-dehydrodiferulate 6, as it has been numerous times
in our group (Ralph et al., 1994; Ralph et al., 1998a), and most recently in a paper reassessing the claimed
cytokinin-substituting activity of dehydrodiconiferyl alcohol glucoside (Witvrouw et al., 2023).

The conversion of 7 to the required compound 3 was achieved in a single oxidative step as in a

published method (Lahive et al., 2018), producing both conjugated aldehyde moieties. 1,4-Dioxane (0.84
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mL) was added into (B-5)-dehydrodiconiferyl alcohol (7, 10 mg, 28 umol) and DDQ (19 mg, 84 umol) in
a 15 mL ace glass pressure tube (Ace glass, Inc., Vineland, NJ). The mixture was stirred for 24 h at 60 °C.
The reaction mixture was evaporated to yield the crude product. The residue was purified by preparative
TLC, yielding compound 3 (1.2 mg, 12%, Figure 4). No attempt was made to optimize yields as we only
needed the authentic compound for structural characterization and for its NMR data.

Benzofuran dimer 3: data were identical to those provided above (for the isolated compound).

Plant materials and extract-free (EF) wood preparations

All but one of the plant materials used here were from previous studies over many years: A pine CAD
mutant (Ralph et al., 1997); Sekizaisou, the mulberry CAD mutant (Yamamoto et al., 2020); a CAD-
deficient transgenic poplar and its wild-type control (Van Acker et al., 2017; De Meester et al., 2022); a
CAD-deficient tobacco transgenic grown in 10% *3CO; (Ralph et al., 1998b); ryegrass grown in 10%
13CO; (Ralph et al., 1995). The maize sample was from IsoLife, Wageningen, the Netherlands, P-60501
P-13C Maize stem (10 atom% 3C).

Enzyme lignin (EL) preparation

A fraction of the dried EF wood (750 mg) was ball-milled in 20 mL agate jars with 10 x 10 mm agate
ball-bearings using a Fritsche Pulverisette 7 planetary ball mill operating at 600 rpm for 35 cycles of 10-
min grinding, followed by 5-min breaks to avoid excessive heating. The ball-milled samples (650 mg)
were suspended in 25.5 mM acetate buffer pH 5.0 (45 mL), crude cellulases (Cellulysin, Calbiochem, 20
mg) were added, and the samples were shaken at 250 rpm for 3 days at 35 °C. They were then pelletized
(10 min at 1777 rcf on an Eppendorf 5810R). The acetate buffer was decanted, and the enzymatic
digestion was repeated. After two digestion cycles, the samples were washed three times by suspending
the solids in the water, pelleting, and decanting the wash water. Finally, the samples were lyophilized to

produce enzyme lignin (EL).

2D HSQC (*H-*C) and HMBC NMR spectroscopy of isolated enzyme lignins

The 2D HSQC NMR experiments (Kupce and Freeman, 2007) were performed on enzymatically isolated
lignins (EL) as previously described (Kim et al., 2008). The lignin (10-20 mg) was dissolved in 500 pL
of DMSO-de/pyridine-ds (4:1, v/v) for NMR. The peak assignments were performed manually based on
previously reported correlation peaks (Kim and Ralph, 2010; Kim et al., 2017). Correlation peaks are
color-coded for the structures shown. The HMBC spectrum of the tobacco lignin in DMSO-de/pyridine-ds
(4:1, viv) for Supplemental Figure S4 was used a long-range coupling delay of 65 ms (corresponding to a

long-range Jc_w of 7.7 Hz).
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Supplemental Materials
The following materials are available in the online version of this article.

Shorthand formalism. An expanded explanation of the shorthand formalism used for the various
structures.

Supplemental Figure S1 NMR spectra for the benzofuran dimer.

Supplemental Figure S2 Negative ionization mode MSMS spectra of 3 and three metabolites in
poplar xylem that are likely benzofuran-containing.

Supplemental Figure S3 Partial aromatics regions for all samples in Figure 3.

Supplemental Figure S4 HMBC data establishing the benzofuran structure in lignin.

Supplemental Figure S5 Extended aldehyde regions from the HSQC spectra in Figure 3.
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Shorthand formalism

In the shorthand formalism, G is used to designate guaiacyl units derived from lignification from the monolignol
coniferyl alcohol, S for syringyl units from sinapyl alcohol, and H (not used in this paper) for p-hydroxyphenyl
units derived from p-coumaryl alcohol.

For the monomers themselves, the guaiacyl monomer, coniferyl alcohol, is designated as G*, the syringyl
monomer, sinapyl alcohol, as S*. A prime is used for the hydroxycinnamaldehyde monomers coniferaldehyde
G' and sinapaldehyde S'. A double-prime is used for hydroxybenzaldehydes vanillin G" and syringaldehyde
S".

For the dimeric units with their characteristic interunit linkages, we use a bold A for B-ethers (B-O-4-linked =
8-0-4-linked; Greek letters are usually used for the monolignols and the units derived from them in lignins,
whereas Arabic numerals 7-9 have traditionally been used for hydroxycinnamate and hydroxycinnamaldehyde
sidechains), B for 3-5/8-5-linked units, C for -f/8-8-linked units and, not used in this paper, D for biphenyl
(5-5-linked) units, E for B-1-linked units, and F for biphenyl ether (5-O-4-linked) units.

For the main dimeric moieties, we use the same convention to indicate a structural variation...

* X': A prime is for units that derive from hydroxycinnamaldehydes.
- A' for B-ether derived from 8-O-4-coupling of a hydroxycinnamaldehyde. These units have an
unsaturated sidechain because rearomatization of the quinone methide intermediate produced by radical
coupling involves loss of the acidic 8-proton (as opposed to water addition in the analogous QM derived
from monolignol coupling).
- B' for the phenylcoumaran derived from 8-5-coupling of a hydroxycinnamaldehyde.
- C' designates the butadienes resulting from 8-8-coupling of hydroxycinnamaldehydes.

* X*: An asterisk is used to designate that something quite unusual has occurred to produce a structural
variant.
- B* here when the normal phenylcoumaran ring in structures B' has been dehydrogenated (contains a
double-bond) to a benzofuran. As the prime focus of this paper, the designation of 8-5-coupled units in
lignins, the asterisk in B* indicates that it is a variant of the normal phenylcoumaran units B derived from
the monolignols and the normal phenylcoumaran units B' derived from hydroxycinnamaldehydes.
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Indicating the nature of each of the units involved in these various structures is via non-bolded subscripts.
Examples using various B (8-5-coupled) units, also illustrated in Figure 1 in the main paper, illustrate this
formalism...

* BG.g denotes the G nature of the two units involved in a normal phenylcoumaran (8-5-coupled) dimeric unit
derived from cross-coupling coniferyl alcohol G* with a generic G unit (at the phenolic end of the growing
oligomer).

*Bs_g is from the analogous cross-coupling of sinapyl alcohol S* with a generic G unit.

*Bg.g: is from the analogous cross-coupling (dehydrodimerization) of coniferyl alcohol G* with another
coniferyl alcohol G*.

* Bs.g: is from the analogous cross-coupling of sinapyl alcohol S* with coniferyl alcohol G™.

*B'G.G is the 8-5-coupled unit derived from cross-coupling coniferaldehyde G' with a generic G unit;
this still creates a normal phenylcoumaran structure but is denoted as B'G.g, because it results from
hydroxycinnamaldehyde coupling.

*B's._G is from the analogous cross-coupling of sinapaldehyde with a generic G unit.

*B'G.c* is from the analogous cross-coupling of coniferaldehyde G' with coniferyl alcohol G*.

*B's.g* is from the analogous cross-coupling of sinapaldehyde S' with coniferyl alcohol G*.

*B'G.g' is from the analogous coupling of coniferaldehyde G' with another coniferaldehyde G' or a
coniferaldehyde-derived unit.

* B's.g'is from the analogous cross-coupling of sinapaldehyde S' with coniferaldehyde G' or a coniferaldehyde-
derived unit.

*B*G.g denotes the 8-5-coupled unit derived from cross-coupling coniferaldehyde G' with a generic G unit

in which the initial phenylcoumaran coupling product B'c.g has undergone a further dehydrogenation and
then disproportionation to produce the benzofuran B*.
As above, for the structures that are the main topic of this paper, the B unit is no longer that standard
8-5-coupled phenylcoumaran unit B, nor is it the hydroxycinnamaldehyde-derived phenylcoumaran B'
— it has undergone further transformation to a benzofuran such that it is labeled as a B* unit to clearly
differentiate it. Such units initially derive from cross-coupling of coniferaldehyde G' with a generic G unit,
followed by further dehydrogenation, would then be denoted as B*g.c.

*B*g.G is from the analogous process involving sinapaldehyde S' and a generic G unit.

*B*G.g is from the analogous process involving coniferaldehyde G' with another coniferaldehyde G' or a
coniferaldehyde-derived unit.

* B*s.g'1s fromthe analogous process involving sinapaldehyde S' with coniferaldehyde G' ora coniferaldehyde-
derived unit.

*B'G.s, B'ss, B'g.s:, B'g.s, B's.s, B¥G.s, B¥s.s B*g.s:, B*G.g, B¥s.g are all impossible — coupling to the
5-position of a syringyl unit is impossible because of the methoxy substitution at carbon-5.

For the pendant units acylating lignin polymers, we simply use pHB for the p-hydroxybenzoates on poplar and
PCA for the p-coumarates on the grasses. These features of some lignins are not discussed in this paper.
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Supplemental Figure S1 '"H-'3C correlation NMR spectra for the benzofuran dimer 3 (700 MHz, in DMSO-dg).
The HSQC spectrum (red and green contours and assignments) is overlaid (from a separate spectrum/experiment)
on HMBC spectra (black correlations) showing colored correlation lines (between protons and carbons within
3 bonds of each other) for the a and b units (in red and green, as for the structure and assignments). Of major
significance, as highlighted, is the correlation between proton ag and carbon bs establishing the 8-5-bonding
between the two units. Contours colored light gray are from minor impurities or 1-bond-coupled peaks. The
NMR data in four solvents, CDCls, acetone-d¢, DMSO-ds (as here), and 4:1 v/v DMSO-de:pyridine-ds, are
deposited in Record #3073 in the latest release of the “NMR database of lignin and cell wall model compounds”
(Ralph et al., 2023).

Next page

Supplemental Figure S2 Negative-ionization mode MSMS spectra of 3 (a B*G.g' model) and three metabolites
in poplar xylem that are likely benzofuran-containing. The red-font numbers represent the theoretical m/z values
for the provided fragmentations, whereas the black-font numbers correspond to the experimentally-derived m/z
values. For generating MS/MS spectra, electrospray ionization (ESI) was used under the following conditions:
capillary voltage, 3 kV; source temperature, 120 °C; desolvation gas temperature, 550 °C; desolvation gas flow,
800 L h'; and cone gas flow, 50 L h!. The collision energy was ramped from 20 to 70 eV. The mass range was set
from 50 to 1500 Da, and the scan time was 0.1 s. Nitrogen (greater than 99.5%) was employed as a desolvation
and cone gas. A, MSMS spectrum of the aldehyde dimer 3 reference compound. B, MS/MS spectrum of poplar
xylem metabolite annotated as 3s.g*. C, MS/MS spectrum of a poplar xylem metabolite of the putative -O-4-
coupling product of coniferyl alcohol with the compound in B, annotated as G(B-0O-4)3s.g:. The molecular ion
loses H,O and CH>0, which is a signature for 8-O-4-coupled oligolignols (Morreel et al., 2010). The additional
CH2O loss, is derived from the aliphatic alcohol of the 3s.G moiety. The six m/z signals with a red star are those
that are also seen in the spectrum B and refer to the 3s.g» moiety of the molecule. The four annotated signals

with m/z 195.066 and lower, are signatures of an 8-O-4-linked G unit (Morreel et al., 2010). D, Diastereomer
Page S3



A Reference compound 3c-¢ (dimer B*s-g): retention time 26.26 min, m/z 351.0869

[M-H*-*CHg]"
100+ -C0O, -27.995 Da 336.064
-CO,-27.995Da 1 _ 336.064
/"o [
H - ~ H
Z M-H*
2 M-H* g
2 -2°CHs e
E - -cor
50 -2C0]
0 293.045
2 265.051 M-H*
o : Ohe 265.051 293045 e el VLH T
e -*CH3,-15.023 Da ' [M-H* -2°CHa] [M-H']
T -*CHg, -15.023 Da X -*CH3z  321.040 351.087
-"CHy -COI"  321.039 351.083
-2C0] 308.069
280.074 308.069
280.071
0 T T T T T T T T + T T T T II T T T T T T T T
160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 m/z
B Metabolite in poplar xylem 3s-g= (dimer B*s-g): retention time 22.78 min, m/z 383.1132
[M-H*-2°CHa]"
1004 -CH,0, -30.011 Da 353,067
-C0,-27.995 Da OH 353.067
-*CHj3, -15.023 Da o '
-- (M- [M-H*-*CHaJ"
- [M-H* 2°CH3 368.090
2 . - 368.090
2 -2°CH3 -CH20T
2 -CH20 323.056
g 907 -COJ 323.057
2 . [M-H* 295.061 M-H* M-H*T
& oM 295.061 -
5 - 3°CHs : [M-H*  _eCH3 383.114
= -*CHs, -15.023 Da -*CHj, -15.023 Da -CH20 -2°CHs -CH,0] 383.113
-Cor -COI"  338.080
280.037 325.072 338.081
236.049 267.065 280.040 2|97'O72 3|25-°72
0 | | N I | | m N | | |
200 210 220 230 240 250 260 270 280 200 300 310 320 330 340 350 360 370 380 390 miz

Lorem ipsum

C Metabolite in poplar xylem G(B-0-4)3s-c= (trimer Ag—B*s.c?): retention time 23.17 min, m/z 579.1867

1004 * HO 13567, -384.121 Da
383.114 . OH
MeO HO | 0
[G-CH20] oo Y
165.056 /e
165.055 368*589 -
* oo o P
2 353.067 :
g Cf o -G, -196.074 Da .’ 0
Es0 -CH0 eF MeO OMe
> -*CHjs]
2 195.066 [M-H*-H20 [M-H*
3 150.032 195064 2 M-H*
® 150.033 ' -2CH0 -H0 T
€ ~*CH3]" -2CH0T C-HZO]’
*CHaJ ?’ 486.132 501.156 CH2 M-H*T
180.043 32 'Oe?gs.*o'% 454101 486,134 501.154 531166 5[79.18]7
180.|043 295.|062 | I \ 469.130% 531165 579.191
| l | l ! m 1 | 1 1
140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580  miz
D Metabolite in poplar xylem G(3-O-4)3s-g= (trimer Ag—B*s-c=): retention time 23.85 min, m/z 579.1867
100 383.114
HO 1-3g.0%, -384.121 Da
: OH
> 368.088 MeO HO, . b P
2 165.056 353.071 €0
£
i vSe®
% -G, -196.074 Da .’ o
- 150.042 195.067 MeO Onte
323.056
338.071
180|.042 295.058 | 579.186
i N | L It T | L L
140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580  miz

Supplemental Figure S2 ctd.

of the compound shown in panel C. For annotations of the detected m/z signals, see panel C.
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Supplemental Figure S3 Partial aromatics regions for all samples in Figure 3 in the main text, to indicate the
G:S nature of the samples and to provide an indication of the levels of hydroxycinnamaldehyde incorporation
into the lignin polymer chain. As noted in the main text, quantifying the degree of hydroxycinnamaldehyde
incorporation into the lignin polymer backbone is currently difficult because of the number of structures
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Supplemental Figure S3 ctd

involved and the peak overlap in NMR spectra. A useful measure is from the unique peak in the aromatics
region arising from sinapaldehyde that has 8-O-4-coupled into lignin, the dispersed diagnostic A's component
(magenta), a major cross-coupling product between the predominant sinapaldehyde (in dicots and monocots)
and S or G units in lignin. These A's' levels are reported on an S+G basis and are also shown in the yellow box
at the bottom-right of each spectrum in Figure 3. A slightly different method was required for the G-lignin from
pine; we simply ratio the shifted G'-derived peaks to the sum of those plus the peaks in the usual G; region. A
more expansive and serious study is required (and planned) for understanding and assigning all these peaks.
p-Coumarate (pCA) and tricin (T) on the grasses, and p-hydroxybenzoate (pHB) on the poplar, are labeled and/
or structures are shown, but these are not a focus here.
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Supplemental Figure S4 HMBC data establishing the benzofuran structure in lignin. A, Long-range 'H-'3C
correlation (HMBC) spectra (700 MHz, 4:1 DMSO-ds:pyridine-ds) of benzofuran dimer 3, a B*g.g moiety,
showing correlations over 2-3 bonds from proton ag to carbons ag, a7, and, crucially (to establish the radical
coupling mode), carbon bs. B, The analogous HMBC data for the CAD-deficient tobacco lignin used for
Figure 3F in the main paper, run in the same solvent but using the long-range coupling delay optimized
for a long-range Jc-n of 7.7 Hz (65 ms delay) instead of the 6.25 Hz (80 ms delay) used for model 3. The
corresponding correlations for structures B*gys.c' in the lignin provide compelling evidence for the veracity of
the benzodioxane structure B* assignment. Coloring of 1D spectral peaks in this figure is reserved for the ones
involved in the correlations. Again, unknown to us at the time, such structures were authenticated via HMBC
spectra on a DDQ-oxidized lignin (Lahive et al., 2018); we additionally note the weak but also diagnostic
proton ag to carbon a7 correlation here not seen in their Figure 3.
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Supplemental Figure SS Extended aldehyde regions from the HSQC spectra of benzofuran dimer 3, a DHP,
and various lignins — the same samples and from the same raw data as used in Figure 3. The data are plotted at
different levels, not necessarily with the same processing and, importantly, over an extended range to show the

particularly minor-to-undetectable levels of the traditionally-assumed phenylcoumaran unit B' from coupling
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of hydroxycinnamaldehyde monomers G'/S' with generic G units. A, The dimeric benzofuran model 3 isolated
from short-duration radical coupling of coniferaldehyde G' (Figure 2), or synthesized independently (Figure
4). B, A DHP produced from coniferaldehyde G'; the B'/(B'+B¥) level is ~3.9%. C, An enzyme lignin (EL)
from a CAD-deficient mutant pine (Ralph et al., 1997); the B'/(B'+B*) level is ~4.3%. D, EL from a CAD-
deficient mutant mulberry (Yamamoto et al., 2020). E, EL from a CAD-deficient transgenic poplar (De Meester
etal., 2022). F, EL from a CAD-deficient transgenic tobacco, grown in 10%-enriched '*CO; to improve NMR
sensitivity (Ralph et al., 1998). G, EL from a the wild-type control poplar for E (Van Acker et al., 2017; De
Meester et al., 2022). H, EL from maize (stems), grown in 10%-enriched '*CO; to improve NMR sensitivity
(IsoLife). I, EL from ryegrass (stems), grown in 10%-enriched '*CO; to improve NMR sensitivity (Ralph et
al., 1995). The B' level in lignins D-I is essentially zero. Structures illustrate the shorthand formalism, and are
colored to match the resolved and identified NMR correlation peaks.
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