Phytochemistry 197 (2022) 113122

e 4

ELSEVIER

Contents lists available at ScienceDirect
Phytochemistry

journal homepage: www.elsevier.com/locate/phytochem

=
Phytochemistry

Density functional theory study on the coupling and reactions of

diferuloylputrescine as a lignin monomer

Check for

updates

Thomas Elder ™, José C. del Rio ", John Ralph “, Jorge Rencoret”, Hoon Kim °

2 USDA-Forest Service, Southern Research Station, 521 Devall Drive, Auburn, AL, 36849, USA

b Instituto de Recursos Naturales y Agrobiologia de Sevilla (IRNAS), CSIC, Av. Reina Mercedes, 10, 41012, Seville, Spain
¢ Department of Energy Great Lakes Bioenergy Research Center, Wisconsin Energy Institute, University of Wisconsin, 1552 University Ave, Madison, WI, 53726, USA
d Department of Biochemistry, University of Wisconsin, 433 Babcock Drive, Madison, WI, 53706, USA

ARTICLE INFO ABSTRACT

Keywords:

Diferuloylputrescine

Homo-couple

Cross-couple

Density functional theory

Coniferyl alcohol

Lignin

Lignification

Feruloyl amide

Radical coupling
monomers.

Diferuloylputrescine has been found in a variety of plant species, and recent work has provided evidence of its
covalent bonding into lignin. Results from nuclear magnetic resonance spectroscopy revealed the presence of
bonding patterns consistent with homo-coupling of diferuloylputrescine and the possibility of cross-coupling
with lignin. In the present work, density functional theory calculations have been applied to assess the ener-
getics associated with radical coupling, rearomatization, and dehydrogenation for possible homo-coupled dimers
of diferuloylputrescine and cross-coupled dimers of diferuloylputrescine and coniferyl alcohol. The values ob-
tained for these reaction energetics are consistent with those reported for monolignols and other novel lignin
monomers. As such, this study shows that there would be no thermodynamic impediment to the incorporation of
diferuloylputrescine into the lignin polymer and its addition to the growing list of non-canonical lignin

1. Introduction

The plasticity of lignification towards the incorporation of monomers
from beyond the canonical hydroxycinnamyl alcohols (the monolignols
coniferyl, sinapyl, and p-coumaryl alcohol) has been repeatedly
demonstrated and recently reviewed (del Rio et al., 2021, 2020; Ralph
et al., 2021). At last report there were 35 monomers that may occur
naturally or are produced due to genetic modifications (either natural or
induced) that have been found in natural lignins (Ralph et al., 2019;
Vanholme et al., 2019). Included are monolignol ester conjugates (with
ferulates, acetates, p-hydroxybenzoates, p-coumarates, vanillates, or
benzoates) (del Rio et al., 2008, 2007; Karlen et al., 2017, 2016; Kim
etal., 2020; Lu et al., 2015), the catechyl alcohols (caffeyl and 5-hydrox-
yconiferyl alcohol) (Chen et al., 2012; Ralph et al., 2001), and dihy-
droconiferyl alcohol and hydroxycinnamaldehydes (Ralph et al., 1997),
all of which are derived from the general phenylpropanoid pathway.
Subsequently, lignin monomers arising from other metabolic pathways
(i.e., a hybrid of the phenylpropanoid and acetate/malonate polyketide
pathway or the amino acid pathway) have been identified (del Rio et al.,
2021, 2020). These include the hydroxystilbenes and their glucosylated
derivatives (del Rio et al., 2017; Rencoret et al., 2019, 2018), the flavone
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tricin (del Rio et al., 2012; Lan et al., 2016b, 2016a, 2015), the
nitrogen-containing feruloyltyramine, and the subject of the current
paper diferuloylputrescine (del Rio et al., 2018; Kudanga et al., 2009;
Negrel et al., 1996; Ralph et al., 1998).

Diferuloylputrescine (Fig. 1) has been found in extracts from corn
(Zea mays) and corn oil (Moreau et al., 2001; Moreau and Hicks, 2005),
as well as in bamboo (Phyllostachys heterocycla) (Yoshimura et al., 2017).
Beyond botanical interest, diferuloylputrescine has been found to be
quite active biologically. In a study of antiprotozoal activity, difer-
uloylputrescine was found in the chloroform extracts of Haplophyllum
tuberculatum roots; among the compounds isolated it was found to be the
most effective against Trypanosoma brucei rhodesiense, which causes
sleeping sickness (Mahmoud et al., 2020). Other work on extracts from
corn has found that diferuloylputrescine has high antioxidant activity
(Bauer et al., 2012, 2013), anti-inflammatory and anti-melanogenic
properties (Kim et al., 2010, 2012), inhibits aflatoxin production (Mel-
lon and Moreau, 2004), and is inhibitory to a-glucosidase, a property
that can have applications in diabetes treatments (Niwa et al., 2003).

In a study on the milled wood lignin (MWL) and dioxane lignin (DL)
preparations isolated from corn grain fibers, the presence of difer-
uloylputrescine was detected by the application of 2D HSQC NMR (del
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Rio et al., 2018). The detailed assignments demonstrating the occur-
rence of diferuloylputrescine were determined by 2D HSQC-TOCSY and
HMBC NMR experiments. The latter are consistent with literature
spectra and have been confirmed with a synthetically prepared
authentic standard. As discussed previously, free diferuloylputrescine
can be extracted with organic solvents, and the corn fiber in the refer-
enced paper had been subjected to exhaustive extraction with acetone,
methanol and water. This demonstrated that the diferuloylputrescine
detected in the isolated lignins was covalently bonded to the cell wall
and was not a residual free compound. The NMR experiments also
provided evidence of 8-5' phenylcoumaran linkages involving difer-
uloylputrescine, showing that homo-coupled dimers or higher oligomers
may occur along with the possibility of cross-coupling to ferulates or
lignin. Feruloyl amides, which include diferuloylputrescine, are sub-
strates for peroxidase enzymes in vitro such that the resultant phenoxy
radicals (Fig. 1) could couple through the 5-, 8- and 4-O- positions by
radical addition to another diferuloylputrescine, ferulates, or mono-
lignols, followed by rearomatization, becoming integrated into the cell
wall. Based on these possible reactive sites, diferuloylputrescine could
act as a branch point within the lignin polymer, resulting in a
cross-linked network and, as two phenolic groups are present, lignifi-
cation could occur at both phenolic ends.

To date, the 8-5' linkage has been unambiguously identified, whereas
other potential coupling products, such as 8-O-4' or 5-5', have only been
tentatively identified by NMR and await confirmation. The objective of
the current work is therefore to determine if the reactions required for
the formation of the homo-coupled and cross-coupled products are
energetically feasible. This question will be addressed by the application
of contemporary methods in computational chemistry to the proposed
reactants and products associated with homo-coupling of diferuloylpu-
trescine and its cross-coupling with monolignols. In addition, given the
documented medicinal value of diferuloylputrescine, its release from
plant tissues may provide a new source of this compound. As such, the
bond dissociation energies of the homo-coupled and cross-coupled di-
mers will be determined to assess the potential for liberation of difer-
uloylputrescine. Furthermore, as the dimers have at least two phenolic
groups, and could potentially react through all of them, the energy
associated with dehydrogenation at these points will be determined. The
computational work flow described in the current submission involving
a force-field-based conformational search followed by refinement with
one or more electronic structure methods is consistent with previously
published papers (by ourselves and others) concerned with the confor-
mation and reactivity of isolated lignin structures. This process has
undergone extensive peer review and has also been successfully applied
to the non-canonical lignin monomers piceatannol, tricin, and the cat-
echyl alcohols. (Berstis et al., 2016, 2020; Elder et al., 2016, 2019, 2020;
Kim et al., 2011; Sangha et al., 2012, 2014).
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2. Results and discussion
2.1. Dehydrogenation of diferuloylputrescine

The energy of diferuloylputrescine dehydrogenation (Fig. 1) at 76.6
keal mol ™! is comparable to that of the canonical monolignols (coniferyl
alcohol, 77.1 keal mol™%; sinapyl alcohol, 72.8 keal mol™L; p-coumaryl
alcohol, 76.4 kcal mol™), as well as other non-conventional lignin
monomers such as piceatannol (76.4 kcal mol~1) (Elder et al., 2019) and
the hydroxystilbene glucosides (75.8-76.8 kcal mol™ 1) (Elder et al.,
2021). The optimized structures of diferuloylputrescine and its dehy-
drogenation product are shown in Fig. 2. The most striking observation
of the monomer and radical structures is the markedly folded confor-
mations in which the aromatic rings are at distances of 3.60 and 3.58 A,
respectively. The rings are also essentially parallel with an inter-plane
angle of 6.72° for the diferuloylputrescine and 4.87° for the radical.
These conformations and inter-ring distances are consistent with the
sandwich geometry of aromatic dimers in which n-stacking is proposed
to occur (Sinnokrot and Sherrill, 2004). Fig. 2 also shows that the lo-
cations of unpaired spin density of the diferuloylputrescine radical are
consistent with the predicted resonance structures in Fig. 1 and with
those of the monolignols.

It should also be noted that these observed geometries are the result
of gas phase calculations. The conformations were further investigated
with implicit solvation with water, resulting in the structures shown in
Fig. 2. It can be seen that the folded geometry is retained upon solvation
for both the closed-shell and radical forms of diferuloylputrescine.

2.2. Radical coupling and rearomatization

2.2.1. Homo-coupled diferuloylputrescine

The free energies of radical coupling and rearomatization for the
several homo-coupled dimers are as shown in Fig. 3. Among the in-
termediates resulting from the radical coupling step, the 8-O-4' quinone
methide is the most stable and therefore its formation is the most
exergonic. The radical coupling step in this case generates a single new
chiral center. Among the 8-5' quinone methide and the 5-5' di-
cyclohexadienone intermediates, both of which involve carbon-carbon
bond formation, the latter intermediates that involve two aromatic
centers, are less stable by ~6-12 kcal mol 1. These lowered stabilities
can be attributed to larger reductions in aromaticity upon coupling.
Radical coupling through the 8-5' and 5-5' positions generates two chiral
centers each, for which there is some degree of stereochemical prefer-
ence at 4.2 and 2.2 kcal mol !, respectively.

The rearomatization reactions follow a predictable pattern with the
5-5' dimer, which involves carbon-carbon bond formation, as the most
exergonic, and the carbon-oxygen bonded 8-O-4', as the least. The 8-5'
product in which both carbon-carbon and carbon-oxygen bonds are
formed along with ring closure varies with stereochemistry, wherein the

Fig. 1. Diferuloylputrescine and resonance structures from dehydrogenation.
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diferuloylputrescine diferuloylputrescine diferuloylputrescine
radical radical spin density radical solvated

8-5' (SS/RR)

8-5' (RS/SR)

Fig. 2. Optimized geometries for diferuloylputrescine, the diferuloylputrescine radical (with spin densities) and homo-coupled diferuloylputrescine dimers.

RS/SR stereoisomer, is the most stable of the dimeric products, although
the difference with 5-5' (0.6 kcal mol’l) is within the accuracy of the
density functional theory method used in this work (0.4-1.3 kcal mol 1)
(Zhao and Truhlar, 2008), such that they cannot be differentiated based
on energy. Furthermore, the low energy RS/SR stereoisomer of the 8-5'
dimer corresponds to the cis conformation, rather than the trans
configuration routinely found in lignin structures (Li et al., 1997; Ralph
et al., 2009).

The optimized geometries of the dimers (Fig. 2) are predictably more
complex than the monomer, but also exhibit folded conformations. The
8-0-4' and 8-5'-SS/RR are twisted and irregular, whereas the aromatic

rings of the 5-5' and 8-5'-SR/RS dimers are in close proximity and fairly
parallel. Within the 5-5' dimer, the torsional angle between rings A and B
is 35.21°, the inter-ring distances for rings B-D and A-C are 3.50 and
3.87 A, with plane angles of 6.62 and 15.97°, respectively. The C-D ring
combination of the 8-5'-SR is separated by 3.50 A, with a plane angle of
13.48°. Based on these observations and the differences in energies,
stacking of the aromatic rings appears to be contributing to the higher
stability of the 5-5' and 8-5'-SR/RS dimers.
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Fig. 3. Gibbs free energies of reaction for radical coupling to form quinone methides and rearomatization for homo-coupled diferuloylputrescine dimers.

2.3. Cross-coupled diferuloylputrescine and coniferyl alcohol

The radical coupling reactions of diferuloylputrescine and coniferyl
alcohol are as shown in Fig. 4. The most exergonic of these involve C-O
bonds formed through the p'-O-4 and 8-0-4' linkages. Intermediate are
the 8-5' and f'-5 linkages that entail bonding between an sp3 carbon and
an aromatic carbon. The least exergonic of the cross-coupling reactions
is through the 5-5' position, in which both carbons are aromatic. In
addition to differences in connectivity, the more exergonic of these
retain more aromatic character, resulting in increased stability. In cases
for which chiral centers are generated there are small differences (0.6
keal mol ™!, or less) with stereochemistry.

The trend of energetics for the rearomatization reactions, as seen
before, is the reverse of that for the radical coupling, with the 5-5'
product the most exergonic. Intermediate are the 8-5' and §'-5 products
in which a new ether bond is formed along with ring closure. The least
exergonic are the acyclic p'-O-4 and 8-O-4' products. Among the 8-5'and
f'-5 dimers, which contain phenylcoumaran rings, the low-energy ste-
reoisomers correspond to the trans configuration that, as previously
noted, is typical in the lignin polymer as well as in analogous neolignans.

The optimized geometries for the cross-coupled dimers are shown in
Fig. 5. Due to the smaller size of coniferyl alcohol, these are less folded
than the homo-coupled diferuloylputrescine dimers, but there are
several instances in which aromatic ring stacking can be observed.
Perhaps the most prominent of these occur in the RR/SS stereoisomer of

the 8-5' dimer. The A-C rings are in a parallel displaced arrangement
with a plane angle of 9.76°, but the separation at 4.86 Ais greater than
seen in the benzene dimer (Sinnokrot and Sherrill, 2004). The 5-5' dimer
also exhibits a parallel displaced conformation, with rings A and C
forming a plane angle of 9.53° at a separation of 3.50 A. Although
somewhat organized, the 8-5' RS/SR stereoisomer, p'-O-4 RR/SS ste-
reoisomer, and f'-5 RS/SR have larger plane angles of 10.23, 15.89 and
10.35°, respectively. The RS/SR stereoisomer of the f'-O-4 dimer ex-
hibits a T-conformation between the A and B rings, with a plane angle of
88.36° and inter-ring distance of 4.84 A, which are consistent with the
benzene dimer (Sinnokrot and Sherrill, 2004). The 8-0-4' and p'-5 RR/SS
dimers are irregular. The parallel conformation of the 8-5' RR/SS and
T-conformation of the p'-O-4 RS/SR no doubt contributes to the relative
stability over their stereoisomers.

2.4. Energies of hydrogen abstraction and bond dissociation

The energies of hydrogen abstraction and bond cleavage for the
homo-coupled dimers of diferuloylputrescine are shown in Fig. 6. The
energy of dehydrogenation ranges from 73.9 to 79.5 kcal mol ™!, among
which the 8-5' dimers are somewhat more endergonic, averaging 78.2
keal mol ! as opposed to 76.3 kcal mol ! for the 8-0-4' and 5-5' dimers.
The bond dissociation energies are much more variable, ranging from
47.1 to 144.1 kcal mol 1. The lowest of these is the triplet formed by
cleavage of the 7-O-4' ether bond, whereas the highest, as might be



T. Elder et al. Phytochemistry 197 (2022) 113122

OH HsCO
HsCO. 20

RS/SR=-39.1 kcal mol!

RR/SS=-39.9 kcal mol!

RS/SR=-39.7 kcal mol!

HO
RR/SS=-40.4 kcal mol™!

RR/SS=-14.7 kcal mol! OH
RS/SR=-15.3 kcal mol’! 2l _OCH;, 2 ocH,
7 =
[e] R
p-0-4
s O
OH 7
i J0x
R= HN\/\/\NH 0" 4 H H

OCH3

OH
20 _OCHj 5 RR/SS=-12.9 kcal mol!
- OCH3 RS/SR=-18.8 kcal mol'!
-28.3 kecal mol o
»Z
o OH OH
HsCO 20 HyCO 2
804" | N

OCH3

—
-25.7 keal mol™!
5

074

RS/SR=-18.3 kcal mol!
OCH

/ RS/SR=-36.1 kcal mol!

0 RS/SR

RR/SS=-33.1 kcal mol™!
N
/ RS/SR=-37.1 kcal mol!
RR/SS
OCH 2] OCHs
3
o RR/SS=-34.8 kcal mol™ OH
RR/SS=-9.6 kcal mol”!
RS/SR=-9.8 kcal mol”! 0;) OH
OCHs 2 _0oCH;
—_—

RR/SS=-43.6 kcal mol!
RS/SR=-43.2 kcal mol™

OCHj OCHs
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Fig. 5. Optimized geometries for cross-coupled diferuloylputrescine-coniferyl alcohol dimers.
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predicted, is the 5-5' biphenyl bond. Intermediate is the cleavage of the
8-O-4' bond forming two doublets, but at higher energy (79.0 kcal
mol™!) due to the sp2 carbon atom at position C-8.

The hydrogen abstraction and bond cleavage reactions for the cross-
coupled dimers of diferuloylputrescine and coniferyl alcohol are shown
in Fig. 7. The hydrogen abstraction energies range from 73.4 to 80.0
keal mol ™!, among which 5-5' dimers have the lowest average values
and the p'-O-4 dimers the highest. The analogous 8-5' and p'-5 cross-
coupled dimers are quite similar to each other. The energies of the
hydrogen abstraction reactions from the cross-coupled dimers are
somewhat lower than both the corresponding homo-coupled dimers in
the current work, the cross-coupled dimers of piceatannol and coniferyl
alcohol, and the coniferyl alcohol dimer (Elder et al., 2019). The
ring-opening reactions of the 8-5' and f'-5 cross-coupled dimers differ
with stereochemistry, but do not differ markedly from the 8-5'
homo-coupled dimer. Among the bond cleavage reactions generating
two doublets, the highest value is, as before, associated with the 5-5'
dimer, but is much lower than the corresponding reaction of the
homo-coupled dimer. Similarly, the energy of reaction for the cleavage
of the 8-0-4' cross-coupled dimer of diferuloylputrescine and coniferyl
alcohol at 70.2 kcal mol™! is substantially lower than that of the
homo-coupled dimer (79.0 kcal mol’l).

3. Discussion

Comparing the corresponding radical coupling and rearomatization
reactions between homo-coupled and cross-coupled dimers of difer-
uloylputrescine and coniferyl alcohol, the energetics are generally
similar. Among the quinone methide formation reactions, the homo-
coupled 8-5' products are more exergonic, with larger differences be-
tween the stereoisomers. The 8-O-4' reaction energies are quite similar,
whereas the 5-5' di-cyclohexadienone are somewhat mixed, with the

homo-coupling resulting in larger differences with stereochemistry.
Rearomatization of the homo-coupled 8-5' dimers is less exergonic, with
differences between the stereoisomers. The rearomatization reaction of
the 8-0-4' homo-coupled dimer is less exergonic, whereas the 5-5' is
somewhat more exergonic.

In comparison to similar reactions with other non-conventional
lignin monomers (Elder et al., 2019), the quinone methides formed by
8-0-4' homo-coupling of two piceatannol units and $-O-4' cross-coupling
of piceatannol with coniferyl alcohol have reaction energies of —24.7
and —24.5 kcal mol ™}, respectively, such that the latter reaction of
diferuloylputrescine and coniferyl alcohol is somewhat more exergonic.
In work on hydroxystilbene glucosides (Elder et al., 2021), 8-O-4'
coupling of two hydroxystilbene glucosides was considerably less exer-
gonic ranging from —18.4 to —20.5 kcal mol ™. The energies of reaction
of hydroxystilbene glucosides cross-coupled with coniferyl alcohol are
consistent with the current work, whereas the rearomatization energies
are somewhat more exergonic. Rearomatization energies of other com-
binations are more exergonic than those in which diferuloylputrescine is
the lignin monomer, but the former can result in the formation of
six-membered ring benzodioxanes rather than the acyclic 8-O-4' and
p'-O-4 linkages in the current work.

The energies of reaction for quinone methide formation through the
8-5'/5'-f linkage among the hydroxystilbene glucosides vary from —14.6
to —26.7 keal mol ™, such that those involving diferuloylputrescine are
intermediate. Rearomatization energies are similar in the —30 to —40
keal mol ™! range.

As mentioned in the Results section, the cis configuration of the
phenylcoumaran ring resulting from 8 to 5 homo-coupling of difer-
uloylputrescine is found to be the more stable stereoisomer. In contrast,
for the 8-5" and p-5' cross-coupled dimers the trans stereoisomer is more
stable. Experimental results, however, have routinely found that phe-
nylcoumaran rings in lignin are in the trans configuration (Li et al., 1997;
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Fig. 7. Gibbs free energy of reaction for dehydrogenation and bond dissociation of cross-coupled diferuloylputrescine-coniferyl alcohol dimers.

Ralph et al., 2009).

Although it might be fortuitous if the calculated results were in
agreement with experiment, it must be borne in mind that the formation
of dimers is a multi-step process involving radical formation, coupling,
and rearomatization. Based on a review of quinone methides in lignifi-
cation, there are still questions about which of these is the rate-
determining step and if dimer formation is under thermodynamic or
kinetic control (Ralph et al., 2009). Furthermore, the preponderance of
trans stereochemistry in lignin notwithstanding, direct evidence for the

configuration of dimers involving diferuloylputrescine is not available.
If for the sake of argument, however, it is assumed that the rear-
omatization is the rate-determining step, results for which the cis
configuration is more stable would provide circumstantial evidence for
kinetic control.

With respect to interunit linkages, previous experimental work on
the cross-coupling of coniferyl alcohol with ethyl ferulate (Zhang et al.,
2009) has reported on the occurrence of $-O-4’, p-5' and 8-5' combina-
tions, but 8-O-4’ and 5-5 were not detected. For the sake of
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completeness, the current work includes the latter documenting their
thermodynamic feasibility to show that they could occur with coniferyl
alcohol-diferuloylputrescine cross-couples while awaiting experimental
results.

The energies of reactions that have been reported throughout the
current paper have exclusively involved neutral products and reactants.
Furthermore, all results are from gas-phase calculations. The latter is
justified by the former as the energetics of neutral species are less sen-
sitive to solvation than for ionic reactions. That notwithstanding, it is
acknowledged that solvation could have an effect on conformation and,
in turn, the energetics. It was found, however, that with solvation the
diferuloylputrescine monomer and its radical retained the folded and
highly parallel conformation observed in the gas phase. Optimally, any
differences between computational and experimental results, such as
seen in the configuration of 8-5 homo-coupled diferuloylputrescine,
could be obviated by the use of even higher-level calculations with
solvation. Computational studies, such as the current one, are always a
compromise between the ideal calculations and the practical issues of
computer time and memory requirements, especially for structures of
the size examined in this work. It is anticipated that as technology and
computational methods advance such work can be revisited and the
results reassessed, ideally with additional experimental data.

4. Conclusions

As discussed in the Introduction, additional evidence of cross-
coupling, and the nature thereof, between diferuloylputrescine and
lignin awaits further experimental confirmation. This notwithstanding,
the current work demonstrates the thermodynamic feasibility of such
reactions, finding values for radical coupling and rearomatization that
are similar to those found for other non-conventional lignin monomers
and the canonical monolignols. Furthermore, the energies of the dehy-
drogenation reactions, essential for incorporation into the lignin poly-
mer are generally consistent with previously reported values for both
monolignols and alternative lignin monomers. These results show that
there is no thermodynamic impediment to the formation of bonds be-
tween diferuloylputrescine and monolignols and that, once formed, such
coupling products could feasibly undergo the subsequent dehydroge-
nation step needed for true polymerization. With respect to conforma-
tion, particularly for the highly folded diferuloylputrescine, it must be
borne in mind that the current calculations have been carried out on
isolated molecules in which pi-stacking and other non-bonded in-
teractions may be dominant. It is acknowledged that within the complex
cell wall environment, interactions could occur with other, particularly
aromatic, moieties potentially altering the conformation. At the present
time, however, information describing the composition and orientation
of the constituents of the cell wall at the atomistic level is not available.
Future advances in detailed cell wall structure are anticipated that will
allow for such interactions to be taken into account in ongoing
computational efforts.

5. Experimental

The reactions of diferuloylputrescine examined in the current study
are as shown in Figs. 3 and 4. The initial step (Fig. 1) is concerned with
the oxidation of diferuloylputrescine, whereas quinone methide forma-
tion through radical coupling and rearomatization of the homo-coupled
and diferuloylputrescine cross-coupled with coniferyl alcohol dimers are
shown in Figs. 3 and 4, respectively. As enantiomers have identical
physical properties, other than the rotation of plane polarized light,
calculations were performed on one set of enantiomers, in structures
with chiral carbons.

Due to the number of rotatable bonds, these structures can exhibit
considerable flexibility, such that a conformational search is essential
for identifying stable conformations. This was accomplished using a
5000-step Monte Carlo search and optimization with the Merck force

Phytochemistry 197 (2022) 113122

field (MMFF) after which conformations within 50 kJ mol~! of the
minimum were optimized with the PM6 semi-empirical method as
implemented in Spartan’18 (2018). The 20 low-energy conformations
were further refined using the M06-2X density functional method with
the 6-314+G(d) basis set and the GD3 empirical dispersion correction.
The lowest energy conformation from this step was finally optimized
with M06-2X/6-311++G(d,p), the GD3 empirical dispersion and a
frequency calculation at 298.15 K to verify the identification of a local
minimum and for thermal corrections to the electronic energy. The
density functional theory calculations were all performed with Gaussian
16 (Frisch et al., 2019), using default optimization criteria and the ul-
trafine integration grid. The values reported throughout are Gibbs free
energy at 298.15 K. For the coupling reactions shown in Figs. 3 and 4,
the radical reactants were modeled as neutral doublets and all other
closed-shell products as neutral singlets. The optimized geometries of
the dimers were used as the starting structures for the dehydrogenation
reactions and bond dissociation energy calculations. Appropriate hy-
drogens and bonds were removed followed by geometry optimization of
the open-shell products, such that the nearest local minimum is identi-
fied. For ring-opening reactions the interatomic distance was started at
2.5 A to prevent reformation of the salient bond. The dehydrogenation
products and ring opened products, shown in Figs. 6 and 7, were
modeled as neutral doublets and neutral triplets, respectively. Solvation
effects of water on the geometry of diferuloylputrescine were evaluated
at the M062X/6-311++G(d,p) level of theory using the SMD method.
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