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ABSTRACT: The recently discovered lignin composed of caffeoyl alcohol
monolignols or C-lignin is particularly intriguing given its homogeneous,
linear polymeric structure and exclusive benzodioxane linkage between
monomers. By virtue of this simplified chemistry, the potential emerges for
improved valorization strategies with C-lignin relative to other natural
heterogeneous lignins. To better understand caffeoyl alcohol polymers, we
characterize the thermodynamics of the radical recombination dimerization
reactions forming the benzodioxane linkage and the bond dissociation into
radical monolignol products. These properties are also predicted for the
cross-coupling of caffeoyl alcohol with the natural monolignols, coniferyl
alcohol, sinapyl alcohol, and p-coumaryl alcohol, in anticipation of polymers
potentially enabled by genetic modification. The average BDEs for the C-
lignin benzodioxane a- and f-bonds are 56.5 and 63.4 kcal/mol, respectively,
with similar enthalpies for heterodimers. The BDE of the a-bond within the
benzodioxane linkage is consistently greater than that of the f-bond in all dimers of each stereochemical arrangement, explained
by the ability the a-carbon radical generated to delocalize onto the adjacent phenyl ring. Relative thermodynamics of the
heterodimers demonstrates that the substituents on the phenyl ring directly neighboring the bond coupling the monolignols
more strongly impact the dimer bond strengths and product stability, compared to the substituents present on the terminal
phenyl ring. Enthalpy comparisons furthermore demonstrate that the erythro stereochemical configurations of the benzodioxane
bond are slightly less thermodynamically stable than the threo configurations. The overall differences in strength of bonds and
reaction enthalpies between stereoisomers are generally found to be insignificant, supporting that postcoupling rearomatization is
under kinetic control. Projecting the lowest-energy stereoisomer internal coordinates to longer polymer C-lignin strands
highlights how significantly the stereochemical outcomes in polymerization may impact the macromolecular structure and in turn
material and chemical properties. Through these comparisons of geometry, bond strengths, and reaction enthalpies, we shed light
on the distinctive properties of C-lignin’s radical recombination and decomposition chemistry, and its potential as a natural lignin
solution for biorefinery feedstocks and unique materials science applications.
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B INTRODUCTION

by nature, the heterogeneous composition and branching of this

Biofuels derived from lignocellulosic biomass hold great
potential for aiding in the world’s energy needs yet are
confronted by several key hurdles. Biomass recalcitrance in
particular impedes the economical production of cellulosic
biofuels due to the inherent challenges to efficiently depoly-
merize both plant polysaccharides and aromatic-rich lignin
polymers.”” Each present unique challenges to decomposition,
given that billions of years of plant evolution have optimized
these polymers to present strong resistance to chemical and
enzymatic degradation. Nevertheless, great strides in the cost-
reduction of polysaccharides’ depolymerization have been made
through the optimization of a thermochemical pretreatment
process’ ° and recently dramatically improved enzyme cock-
tails.”® In contrast, there remains significant room for improve-
ment in developing economical processes for decomposing and
sequestering high-value products from lignin.””'® As designed
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polymer create a complex chemical environment and in turn,
greater difficulty in degrading in a controlled and predictable
manner. However, tackling the challenge of lignin depolymeriza-
tion or valorization of lignin in its polymeric form could
dramatically alter the economic landscape of biofuel produc-
°~1? The aromatic compounds extractable from this
polymer may be upgraded to a vast array of high-value chemical
or material products®”'® and in turn are capable of
revolutionizing the economics of cellulosic biofuels and fine
chemical production from biomass.

tion.
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Lignin has long been studied as an organic polymer material,
with appealing capabilities for tuning its properties, for example,
via the available C3 and CS$ ortho positions on the phenyl rings
available to chemical modifications. However, the heterogene-
ities of the molecule have complicated its widespread
application.”” In spite of its complex composition and linkages,
lignin has been increasingly gaining attention as a carbon fiber
precursor, due to the high carbon content of the raw material, at
much lower cost than that of the current polyacrylonitrile
source."” To date, the use of lignin as a carbon fiber precursor has
generated impressively high specific surface areas, compared to
that of traditional carbon activation techniques."”™"* Lignin-
based carbon fibers could be broadly applied to aerospace,
sporting goods, and automotive applications if the process were
made more tractable industrially and economically.'® Similarly,
in numerous other materials science areas, the interest in lignin-
based materials is amassing,"'”""® for example, in polymer blend
applications given that it has been demonstrated to improve
rigidity,” reduce water sensitivity,~ and stabilize against UV
degradatior;odue to the phenol groups acting as free radical
scavengers.

In most species and tissues, natural lignins are formed via the
polymerization of several phenylpropanoid monomers, coniferyl
alcohol (abbreviated G, for the guaiacyl lignin unit), sinapyl
alcohol (S, or syringyl lignin unit), and p-coumaryl (H, for the
hydroxyphenyl unit) (Figure 1). These monomers are
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Figure 1. Coupling of caffeoyl alcohol homodimers or heterodimers
with G-, H-, or S-lignin monolignols to f-O-4- or benzodioxane-linked
dimers.

5328

polymerized through radical recombination coupling chemistry
(Figure 1), which generates a diverse array of interunit linkages,
including the highly prevalent -O-4linkage, as well as -5, 5-O-4,
and f-5.”>** Hydroxycinnamates, including p-coumarate and
ferulate, may also serve as monomers in grass lignins, which has
importantly revealed the compatibility of natural lignification
with ferulate conjugates.”

Engineered and novel lignins are increasingly gaining interest
as a tactic to develop lignin polymers, which reduce
heterogeneity and chemical complexity, while preserving the
role in pathogen resistance and phenotype. Among these efforts
for simplifying lignin chemistry has been the develogment of
easily cleavable interunit bonds, such as ZIP-Lignins.”*>” This
engineering strategy introduces a feruloyl-CoA monolignol
transferase gene into the tissue, which during lignin biosynthesis
incorporates monolignol ferulate conjugates into the growing
polymer network. These bonds are easily cleavable by mild
alkaline conditions, effectively “unzipping” the polymer.”®**
Further approaches to enhance degradability include reducing
heterogeneity via knockouts of key enzymes in monolignol
synthesis or other genetic modification (GM) techniques, such as
shortening polymer lengths by introducing monomers lacking a
P-carbon or 4-hydroxyl groups required for chain length-
ening.”’ "> These engineering strategies hold great potential
for reducing recalcitrance and simultaneously improving the
value of chemical products harvested from depolymerization,
through tuning the substituents of the engineered monolignol
building blocks.

Additionally, an appealing alternative to GM-lignin was
recently discovered: a natural lignin homopolymer of caffeoyl
alcohol, C-lignin, initially discovered in the seed coat tissues of
vanilla orchids and several cacti species.’””" C-lignin has since
been found to be biosynthesized in an increasing number of
natural plant tissues coexisting but independent of traditional
lignin biosynthesis in over 130 species of cacti.’” Putatively, the
high concentration of C-lignin in seed coats confers the structural
functions of high strength and impermeability on this tissue.””**
Experimental works to understand the structure and function of
this polymer have identified the benzodioxane linkages as the
nearly exclusive connectivity between caffeoyl monolignols. This
greatly simplifies the polymer chemistry to a predictable
connectivity of homogeneous monomers, therefore affording
the potential for predictable, controlled decomposition, or
various uses as a naturally linear biopolymer. The key properties
and energetics describing these unique linkages present in C-
lignin have not yet been characterized. As such, the present work
addresses the need for a characterization of key C-lignin
molecular properties and their impact on chemical (de)-
polymerization reactions.

Prior theoretical works have contributed a wealth of
information regarding the strengths of cleavable bonds in natural
lignin model systems *® via the predictions of relative
energetics and bond dissociation enthalpies (BDEs).”****
The mechanisms by which a broad variety of linkages in lignins
are formed have also been well-established through both
theoretical and experimental works as the recombination of the
radical monolignol species.”**” Whether ultimately forming the
common f-O-4 linkage or this novel benzodioxane linkage seen
in C-lignin, these radicals initially recombine to a quinone
methide (QM) intermediate prior to a rearomatization, shown in
reactions 3 and 4 of Figure 1.

While the p-O-4 linkage is formed through a hydration
reaction that completes the rearomatization, the benzodioxane
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link formation proceeds as an entirely intramolecular process,
given the availability of the 5-OH group to act as the nucleophile.
The efficient intramolecular reaction mechanism helps explain
why the benzodioxane linkage is the nearly exclusive connectivity
found in C-lignin. It is therefore highly intriguing to study the
energetics of this benzodioxane linkage with quantum
mechanical theory, to elucidate the thermodynamics and BDEs
of linkages with caffeoyl alcohol. We therefore have applied
density functional theory (DFT) models to evaluate the relative
strengths of the dimerization products of C—C homodimers and
C-X lignin species (for X = guaiacyl (G), p-hydroxyphenyl (H),
and syringyl (S) lignin subunits) in conjunction with C-lignin, as
hypothetical cross-coupling products as well-characterized for
the G, H, and S monolignols.41 While cross-coupling is not
observed for caffeoyl alcohol with G or S monolignols, we
compare the cross-coupling to these alternative products to
explore the extent to which the individual monolignol properties
impact the bond strengths and thermodynamics of the dimer
systems. Future GM efforts may be extended to enable this
potentially advantageous nonstandard biosynthesis. Our analyses
highlight the differences between C-lignin radical polymerization
chemistry to its preferred benzodioxane linkage, relative to the -
O-4 linkage and other natural lignins. In this comparison, we
address the issue of potential stereochemical effects, by
individually assessing all four possible stereochemical outcomes
of each dimerization.

Further of interest is an improved understanding of the
macromolecular structures formed from this natural lignin
polymer. Among many possible influences of structure, changes
to the solvent and ion accessibility within lignin polymers would
play a crucial role in the capability to either chemically or
biologically degrade it into smaller high-value products. More-
over, the ability of subtle modulations in molecular level structure
to impart significant material property alterations is well-known
to be of great importance, despite the mystery that still enshrouds
the precise interrelation of these principles.””** To this effect,
works of Langer and Lundquist have predicted substantial effects
of lignin stereochemistry on structure.** We therefore extend the
optimized, minimum-energy dimer structures in this study out to
longer polymers holding the same internal bond angles,
evaluating the extent to which the C-lignin polymer structure
can differ on account of stereochemistry.

In the following sections, we present the first characterization
of C-lignin bond strengths, reaction enthalpies, and structural
comparisons and discuss the potential implications for the future
of targeting this polymer for degradation.

B METHODS

Initial geometries of all monomers, intermediates, and dimers were
prepared and optimized in the computational chemistry software
GAMESS,* with B3LYP/6-31+G(d,p). After confirming each to be a
minimum energy structure with vibrational analyses, these provided the
starting structures for conformational searches. A conformer library for
each system was generated using the software TINKER,** which
employs a hopping algorithm to search and perturb the highest
vibrational modes of each conformation into new local minima along the
potential energy surface for a thorough sampling of conformational
space. The MMFF force fields in TINKER were applied for energetic
estimates of the new conformers found in the sampling process.
Structures were saved if their energies satisfied a 15 kcal/mol cutoff from
the lowest-energy structure found, generating a pool of several thousand
conformers for each system. As routinely performed in previous
studies,***® the 20 lowest energies of these conformers were selected
for higher-level DFT optimization, using the unrestricted M06-2X/
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Def2-TZVPP with an ultrafine grid in Gaussian 09, followed by
frequency analyses to confirm that the structures had no imaginary
vibrational modes. The M06-2X functional has been shown in
benchmarking works to predict the thermochemical properties of
similar organic systems,**” as well as effective for BDE prediction in
previous lignin works.**™** The triple-C Def2-TZVPP basis set
intrinsically includes sufficient polarization and has been demonstrated
to perform well for cases of unpaired electrons,*® as is important for the
enthalpy evaluations of the radical decomposition products in this study.
The lowest-energy conformer of each system was selected from these
refined optimizations as the approximate global minimum, and
vibrational and thermal corrections at 298.15 K were calculated and
included to determine the dimerization reaction enthalpies and BDEs.

The radical products resulting from hydrogen abstraction or specific
bond cleavages were optimized within the same uMO06-2X/Def2-
TZVPP level of theory. Following the theoretical approach applied by
Sangha et al,*™*° these structures were generated from the lowest-
energy reactant (monolignol or dimer) conformation, by cleavage of the
C—0 or O—H bond in question, and subsequently relaxing these radical
products. As such, the structural features of the reactant system are as
closely preserved as possible, ie., with no substantial alterations of
noncovalent intramolecular interactions, which could misrepresent the
actual strength of the bond cleaved. Thus, the most representative
predictions of BDEs are found, especially relevant for modeling the case
of low-temperature reactions. All vibrational analyses again confirmed
that no imaginary modes existed for the unpaired-electron products, and
thermal corrections were included.

The ring-opened benzodioxane systems created by the individual a-
or f-bond dissociations result in an intramolecular diradical or triplet
state. Low singlet—triplet gaps were found in the studies by Younker et
al,*”*% such that treating only the triplet was found sufficient in accuracy
without necessitating spin contamination corrections. These geometries
were formed from decoupling either the a—C-O or —C-O bond,
opening to a torsion increased by 120°, analogous to Elder’s approach of
initiating a minimum 2.5 A separation of diradicals in dibenzodioxocin
ring-opened systems.®” In this way, the nearest low-energy well in this
dihedral is approximated, while separating the two radicals sufficiently to
avoid recombination in the subsequent structural relaxation.

Predictions of macromolecular structures were made by propagating
the internal coordinates associated with the benzodioxane-linked dimer
out to 24-mer chains for each stereoisomer. As such, the optimized,
lowest-energy intermonolignol linkage is modeled within a longer
polymer, under the assumption that a similar intermonomer linkage
would also be a preferred low-energy conformation in the polymeric
form. In the linear polymer, there are no significant new interactions due
to electrostatic or dispersion interactions between monomers beyond
what is already present in the dimer, such that the structure is most likely
to be determined by the lowest energy linkage geometries from the
dimer. This zero-order approximation of the polymer geometry
therefore provides a perspective of how the dimer-scale geometric
preferences may manifest into larger macromolecular characteristics.
These models depict the structural implications stemming from the
different stereoisomers and contribute to the discussion regarding the
importance of stereochemistry in lignin.

B RESULTS AND DISCUSSION

C-Lignin Bond Strengths. Comparing initially the radical
dissociation of the caffeoyl, p-coumaryl, coniferyl, and sinapyl
monolignols, shown in Figure 2, the caffeoyl alcohol monomer
dissociation enthalpy lies in a similar range as other natural
monolignols. At —86.7 kcal/mol, caffeoyl alcohol compares
closely to the O-4 hydroxyl BDE'’s of coniferyl, p-coumaryl, and
sinapyl monomers, of 86.1, 86.4, and 82.0 kcal/mol, respectively.
As shown in the singly occupied molecular orbital (SOMO) plots
in Figure 2, each portrays a similar pattern of unpaired electron
density onto each of the phenyl’s oxygen species, ortho-, and
para-positions. In turn, sinapyl alcohol has comparatively greater
ability to delocalize to both the 3-OMe and 5-OMe groups.
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caffeoyl alcohol, M*
BDE: 86.7 kcal/mol

p-coumaryl alcohol, M,*
BDE: 86.4 kcal/mol

coniferyl alcohol, M*
BDE: 86.1 kcal/mol

HO OMe

sinapyl alcohol, M*
BDE: 82.0 kcal/mol

HO OMe

Figure 2. BDEs of monolignols to the O-4 radical precursor to
polymerization, showing the SOMO of the radical products.

Presumably, this delocalization on the sinapyl alcohol enables the
4 kcal/mol stabilization with respect to the other monolignol
radical abstractions.

The BDE:s associated with the radical decomposition of all C-
lignin homodimers and heterodimer species are presented in
Table 1. For the caffeoyl alcohol homodimer, the BDEs of the
benzodioxane-coupling are found to average 56.5 kcal/mol for
the a-bond and 65.4 kcal/mol for the f-bond. Therefore, relative
to the $-O-4 coupling mode of the C-lignin dimer, averaging at
63.6 kcal/mol, the a bond of the benzodioxane linkage is
predicted to be weaker, while the #-bond is marginally stronger.

These C—O bond strengths within the benzodioxane
coupling, in conjunction with the predictable, linear coupling
mode, make C-lignin a highly attractive target to the growing
field of lignin-based carbon fibers. The melt spinning step in
carbon fiber processing requires heating to a softening
temperature but mandating staying below a degradation
temperature, and additives are often required for this process.”"
Hardwood lignins, tending to be more linear and have lower
molecular weights than softwood, have been demonstrated
advantageous in this process.”” The further improved linearity,
low molecular weight, and strong, unique coupling modality
highlight C-lignin’s potential to become a far superior carbon
source.

Diverse biomaterial applications are similarly anticipated to
benefit from these high-strength and linearity properties.
Functionalization of lignin-based material, whether to alter
surface chemistry properties (important for lignin-based energy
storage applications),” or offer structural enhancements in
copolymers,” would be greatly facilitated by the unique
properties of C-lignin. For these diverse applications, the
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consistent monolignol chemistry and linkage type of the C-
lignin polymer greatly simplifies the ability to make predictable
chemical modifications to the polymer and fine-tune desired
properties via substituent effects.

Breaking the a-bond yields the thermodynamically favored
product due to the stabilizing delocalization of the radical
electron onto the neighboring aromatic ring, as shown in the
SOMO density plots in Figure 3. While the sp* hybridized radical
a-carbon adjoins the 7 orbitals of the aromatic ring, the f-carbon
radical (Figure 3b), is isolated from either of the phenyl ring
systems by the sp® hybridized a-carbon. Thus, the access to the
stabilizing resonance structures is inhibited, imparting a greater
BDE for the f-bond.

Throughout all the caffeoyl homodimers and heterodimer
systems with benzodioxane linkages, the weakness of the a-bond
with respect to the f-bond is maintained, indicating that the
presence of substituents on the phenyl group attached to the a-
carbon do not strongly impact these BDEs. Further inves-
tigations are in progress regarding the reaction enthalpies of this
benzodioxane linkage for engineered monolignols with a 5-
hydroxyl group present on the phenyl to enable this coupling
modality.”* Furthermore, it remains fairly consistent that the /-
bonds of the benzodioxane linkage are comparable in magnitude
to the $-O-4 bond strengths, among the heterodimer species.

Comparing the BDEs of the 3-O-4 heterodimers, a particular
trend emerges with respect to the relative stability and the
orientation of the dimer. The BDEs of the X-C heterodimers (see
legend in Figure 1 for substituent positioning) correspond
closely to the C—C BDEs, whereas the BDEs of the heterodimers
in the C-X orientation lie on the order of ~2—S§ kcal/mol higher
in energy. This is indicative that the bond strength is more
strongly governed by the identity of the monolignol donating its
O-4 to the -O-4 bond than the substituents present on the O-
terminal phenyl ring.

Stereoisomer enthalpy differences are found to be quite small,
with only a consistent trend emerging for slightly greater
stabilized of the threo form of the benzodioxane dimer products.
Between the two erythro (R,S) and (S,R), and two threo (R,R)
and (S,S) forms, the BDE’s vary by ~4 kcal/mol for the
dissociated a-bond products and a lesser ~1 kcal/mol for the
dissociated f-bond products. The impact of stereochemistry on
the bond strengths is therefore taken to be considerably small.
However, the very slight thermodynamic stability of the threo
isomers may be indicative of kinetic control of the dimerization
process, given the higher natural abundance of erythro isomers
observed in some experimental studies of lignins.”>*° Chen et al.
also found a mixture of stereoisomers, i.e., no optical activity, in
their inaugural characterization of C-lignin, drawing the same
conclusion regarding the kinetic control of the rearomatization
process.””*" Subtle noncovalent interactions that change in these
dimers on account of the different stereocenter configurations
could easily manifest these slight differences in isomer enthalpies.
We further discus this observation within the context of the
thermodynamic profiles of the decomposition reactions in the
following section.

Relative Homo- and Heterodimer Stability. Table 2
shows the spectrum of thermodynamic stability of the different
stereochemical arrangements of each dimer. The reaction
enthalpies indicate that the benzodioxane coupling between
caffeoyl alcohol and the C, G, H, or S monolignols is in the same
range of stability as the corresponding -O-4 products. The AH
from the radical monomer reactants to the final product ranges
61.2—67.2 kcal/mol for the benzodioxane cases and a slightly
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Table 1. Bond Dissociation Enthalpies for the Decomposition of #-O-4 Linked (Scheme 1) or Benzodioxane-Linked (Scheme 2)
Caffeoyl Alcohol Homo- and Heterodimers with Coniferyl, Sinapyl, and p-Coumaryl Alcohols

Caffeoyl dimer bond dissociation reactions

1, B-O-4 bond dissociation enthalpies, AH (kcal/mol)

Cc-C C-G C-H Cc-S
1 B-O-4 linkage dissociation a R=R;=H,  R,=H, R,=OMe, R,=R,=H, R,=R,=OMe,
R, ~ o t@/vOH R,=R,=OH R,=H, R,=OH R,=H, R,=OH R,=H, R,=OH
D/\A ‘0 (RR) 6358 (RR) 6934 (RR) 6985 (RR) 67.53
0 R, (RS) 6358 (RS) 6884 (RS) 7021 (R,S) 67.55
HO__ Rz HO. - (SR) 6421  (SR) 6978 (SR) 69.82  (SR) 67.55
OH —~ 4 N OH (SS) 6318  (SS) 6897 (SS) 6993  (SS) 6748

’//5\ G-C H-C S-C
Rs Rq R,=H,R,=OH,  R=H,R,=OH,  R,=H, R,=OH,
OH R 4 R4 R,;=H, R,=OMe R=R,=H R,=R,=OMe
beta-0-4 linked (R,R) 6367 (RR) 6384 (RR) 63.84
(R,S) 6367 (RS) 6388  (RS) 6539
(SSR) 6389 (SR) 63.89  (S.R) 6528
(S,S) 63.89 (S.S) 63.89  (S.8) 65.05

2, Benzodioxane bond dissociation enthalpies, AH (kcal/mol)

Cc-C G-C H-C S-C
R,=H,R,=OH  R,=H, R,=OMe R,=H, R,=H R,=R,=OMe
(R,R) 5825 (RR) 5885 (RR) 588l (R,R)  57.86
Co-bond (RS) 5524 (RS) 5422 (RS) 5457 (RS) 5337
cleaved (SRR) 5421 (S.R) 5470 (S,R)  54.29 (SR) 5274
(S,S) 5844 (S.9) 5880 (S.S) 5886  (S.8) 58.79
(R,R) 6527 (RR) 6584 (RR) 66.00 (RRR) 65.13
A R CBbond (R,S) 6550 (RS) 6480 (RS) 6524 (RS) 6554
! OH 2 cleaved (SR) 65.11 (S.R) 6530 (S,R)  65.19 (SR)  64.78
(S.S) 6555 (S.S) 6580 (S.S) 6605  (S.S) 6554

a. a-bond
cleaved |

b. B-bond
cleaved

sp? hybritiized B-carbon radical

Figure 3. Highest SOMO of the benzodioxane-linked caffeoyl alcohol
dimer after either cleavage of the a-C—O bond (top) or the f-C—O
bond (bottom).

wider 65.7—71.4 kcal/mol range for the 8-O-4 linkage. Similarly,
the range of enthalpy stabilization moving from the QM
intermediate to the benzodioxane or $-O-4 products is 20.5—
28.7 kcal/mol and a slightly wider 19.8—33.2 kcal/mol range,
respectively.
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As noted with the bond dissociation to the radical
monolignols, one also observes a slight difference in the
thermodynamic stability of the benzodioxane-linked stereo-
isomers. Again, the trend shows that the RR or S,S stereocenters
on the a- and p-carbons, respectively, constitute the more
thermodynamically stable products by about 2 kcal/mol relative
to their erythro counterparts.

The series of reaction enthalpy changes along the dimerization
reaction, starting from the radical monomer reactants, through
the QM intermediates, and onto the benzodioxane-linked
intramolecular rearomatization, or the B-O-4 hydration reac-
tions, are depicted in Figure 4. Here, the average enthalpies for all
stereochemical arrangements are considered. In order to place
the reaction enthalpies on the same relative scale for each dimer
species, the enthalpies are normalized with respect to the radical
monolignol reactants.

Progressing from the radical monolignols to the QM
intermediates, the C-X orientation of the heterodimers (i.e.,
caffeoyl alcohol lending the f-carbon to the newly formed bond)
is generally more stabilized by the presence of substituents
alongside the O-4.

Following coupling to the intermediate, the quinone methide
may be rearomatized to either the benzodioxane-linked product
or the 3-O-4 product with the introduction of water. Given that
no thermodynamic preference for the benzodioxane linkage was
found, the C-lignin polymerization process is presumably under
kinetic control creating the nearly unanimous benzodioxane-
linked polymer observed experimentally.*> The intramolecular
nature of the ring closure to the benzodioxane product likely
affords a highly efficient reaction. Aside from potential influences
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Table 2. Enthalpies of the Different Stereoisomers of QM
Intermediates, i-O-4-Linked, and Benzodioxane-Linked
Dimers, Showing AH (kcal/mol) Values Relative to the
Lowest Energy Stereoisomer

quinone methides p-O-4 dimers, X-C

QMce (R) 0.00 HC (RR) 0.05
QMcc (S) 0.04 HC (R,S) 0.06
QMcg (R) 0.00 HC (SR) 0.00
QMcg (S) 0.00 HC (S,8) 0.00
QMgc (R) 0.00 SC (RR) 1.18
QMgc (S) 0.00 SC (RS) 0.00
QMch (R) 0.00 SC (S,R) 0.11
QMch (S) 0.67 SC (S,9) 0.06
QMhe (R) 0.00 GC (RR) 0.05
QMhe (S) 0.00 GC (RS) 0.05
QMcs R) 0.00 GC (SR) 0.00
QMes (S) 0.00 GC (S,9) 0.00
QMsc (R) 0.02
QMsc (S) 0.00

/-O-4 dimers C-X benzodioxane X-C dimers
CC (RR) 0.00 CC (RR) 0.00
CC (RS) 0.00 CC (RS) 231
CC (SR) 1.20 CC (SR) 241
CC (S,9) 0.42 CC (S,5) 0.26
CG (RR) 0.10 GC (RR) 0.00
CG (R,S) 0.00 GC (RS) 2.03
CG (SR) 0.00 GC (SR) 215
CG (S,9) 0.47 GC (S,9) 0.03
CH (RR) 0.09 HC (RR) 0.04
CH (RS) 053 HC (RS) 2.07
CH (SR) 0.12 HC (SR) 2.05
CH (S,9) 0.00 HC (5,8) 0.00
CS (RR) 0.02 SC (RR) 0.06
CS (R,S) 0.00 SC (R,S) 1.96
CS (SR) 0.00 SC (S,R) 1.90
CS (S,9) 0.06 SC (S,9) 0.00

from the reaction barriers, a faster intramolecular rearomatiza-
tion step is anticipated to generate a kinetic advantage, governing
the observed product preference.

Formation of the benzodioxane heterodimers is only possible
with the presence of the 5-OH group on caffeoyl alcohol, such
that only the X-C heterodimer orientation may be considered.
Among these, the caffeoyl homodimer is the most thermody-
namically stable product, closely followed by the coniferyl-
caffeoyl and p-coumaryl-caffeoyl heterodimers. The sinapyl-
coniferyl dimer is found to be somewhat less stable than the
dimers possessing fewer substituents.

Polymer Geometric Analyses. Radical recombination of
the monolignols into a growing lignin chain allows for great
variety of stereochemistry to be found within lignin polymers.
While Chen et al. found no optical activity in their experimental
characterization of C-lignin, the different ratios of all four
stereoisomers are nevertheless open to speculation.30 Previous
experimental works characterizing structural features of lignin
have discussed the potentially important impact of different
stereochemical products on the overall lignin properties and
reactivity. ">’ ~* Langer and Lundquist have suggested that the
stereochemical diversity of lignin may be among the primary
factors that result in complicated NMR signals, beyond the
obvious heterogeneity of linkages.***”°" This corresponds to the
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intrinsic challenge to control the chemical decomposition
reactions required for efficient and economical lignin processing.

Therefore, to investigate the sensitivity of the novel
benzodioxane-linked C-lignin macrostructures to interunit
stereochemistry, we generated projected linear 24-mers
stemming from the lowest-energy conformations resulting
from the dimer optimizations at the M06-2X/Def2-TZVPP
theory level, as shown in Figure 5. The exact internal coordinates
defining the intercaffeoyl-alcohol linkages were replicated
between each caffeoyl unit, such that the 24-mers preserve the
most stable conformations from the optimized dimers. Distinct
differences in polymer curvature and length were found between
the stereoisomer—pure polymers. The extent of helical-type
twists of the polymer varied, with the (R,R) isomer yielding the
greatest number of full rotations along the 24-mer chain. Most
notably, the more compact intermonolignol configuration of the
(S,S) isomer yielded a substantially compressed 24-mer polymer
length of 98 A, compared to the other configurations, each with a
length of 142 A, as measured from the terminal phenyl O4 and
vinyl alcohol oxygen. This effect is further observed in the
comparison of each strand’s diameter, as measured by calculating
the minimum radius of a cylinder to enclose the strand, where the
central axis is defined by the line connecting the midpoints of the
a- and f-carbons on one terminus and the O4 and OS of the
opposite terminus. This metric determines the diameter of the
(S,S) stereoisomer coil to be nearly double that of the other
isomers at 19.3 A. Interestingly, these findings correlate with the
predictions from combined force-field calculations and crystallo-
graphic data from Faulon et al. on the preferred conformations of
p-O-4 linked stereoisomers.”” They determine a preference of
threo conformers to adopt a highly folded form with an
intermonomer angle of 28° between the phenyl groups, opposed
to the roughly 120° angles of the erythro isomers.”” The present
findings further support the prediction of Lundquist and Langer
that the structural properties of different stereoisomers may
significantly change, if sterics or environmental influences favor a
more compacted arrangement.

While the difference in thermochemical stability and bond
strengths in the dimers was minimal, we demonstrate here that
stereochemistry can have a geometric impact on polymer
structural features. These differences may, in fact, play a larger
role in the efficacy of lignin degradation, given that the
accessibility of catalysts and enzymes may be impacted by steric
constraints in cases where the polymer exhibits a more compact
geometry. Structural features such as compactness are
furthermore anticipated to impact the mechanical properties of
lignin-based materials, such that subtle influence of stereo-
chemistry on polymer structure may play an important role in the
fine-tuning of properties or functionalization.

Further computational and experimental analyses of lignin
polymer structures may assist in better understanding the
structure—reactivity relationships imparted by stereochemistry.
Such information could yield valuable suggestions for improved
control of polymerization as well as efficient depolymerization
processes with stereospecific enzymes or catalysts. Several
experimental works have demonstrated stereochemical prefer-
ences of enzymes for the synthesis and decomposition of lignin.>”
Recent works uncovered a strong stereochemical preference of -
etherases,®”®* which could be employed for the selection of
desirable stereochemistry of lignin products. Beyond its enticing
structural implications, stereochemistry is therefore an attractive
theme to further investigate for enhanced depolymerization
potential.
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Figure 4. Relative thermodynamics of polymerization to (a) benzodioxane-linked and (b) -O-4-linked hetero- and homodimers of caffeoyl alcohol.

Enthalpy changes are normalized to the monomer radical pair reactants.

B CONCLUSIONS

In this work, we present the first characterization of the bond
strengths of the benzodioxane linkage found in C-lignin,
determining that the a-bond is marginally weaker than the j-
bond, similar in strength to that of the traditional -O-4 linkage.
Analyses of the reaction enthalpies reveal similar thermodynamic
stabilities of the different homodimers and heterodimers of
caffeoyl alcohol. Little to no differences in bond strengths and
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thermodynamic stabilities are observed between the different
stereoisomers of each dimer. However, structural analyses reveal
great potential for the lowest-energy conformations of each
stereoisomer to adopt radically different morphologies and in
turn may influence polymer properties.

Despite the higher energetic cost to fully cleave the C-lignin
benzodioxane linkage, which may be a hindrance to applications
necessitating decomposition, C-lignin nevertheless holds a
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Figure S. Projected benzodioxane-linked C—C macromolecular
structures from optimized configurations of each dimer stereoisomers,
with length and maximum strand diameter.

wealth of intrigue on account of its homogeneity and linearity.
The benzodioxane coupling strength in fact could offer a great
advantage in addition to its intrinsic linearity for diverse lignin-
based biomaterials. Stereochemical effects on structure and fine-
tuning with chemical modifications may both play a great role in
enabling this polymer to suit the needs of many materials
applications. Given its unique properties, C-lignin has the
potential to become a key contender in the next generation of
bioenergy solutions and in the development of high-value
biomaterials.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssusche-
meng.6b00520.
Coordinates of optimized monomer, dimer, and 24-mer
polymer geometries (PDF)

5334

B AUTHOR INFORMATION

Corresponding Authors
*(M.C.) E-mail: Michael. Crowley@nrel.gov.
*(G.T.B.) E-mail Gregg.Beckham@nrel.gov.

Funding

This work was supported by the US Department of Energy
Bioenergy Technologies Office. We are grateful for super-
computer time on Stampede provided by the Texas Advanced
Computing Center (TACC) at the University of Texas at Austin
through MCB-09159 and the NREL Computational Sciences
Center, which is supported by the DOE Office of EERE under
Contract No. DE-AC36-08G028308.

Notes
The authors declare no competing financial interest.

Bl ABBREVIATIONS

BDE, bond dissociation enthalpy; DFT, density functional
theory; C, caffeoyl alcohol; CC, caffeoyl-caffeoyl alcohol
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