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

35 Biofuels derived from lignocellulosic biomass hold great
36 potential for aiding in the world’s energy needs yet are
37 confronted by several key hurdles. Biomass recalcitrance in
38 particular impedes the economical production of cellulosic
39 biofuels due to the inherent challenges to efficiently depoly-
40 merize both plant polysaccharides and aromatic-rich lignin
41 polymers.1,2 Each present unique challenges to decomposition,
42 given that billions of years of plant evolution have optimized
43 these polymers to present strong resistance to chemical and
44 enzymatic degradation. Nevertheless, great strides in the cost-
45 reduction of polysaccharides’ depolymerization have been made
46 through the optimization of a thermochemical pretreatment
47 process3−6 and recently dramatically improved enzyme cock-
48 tails.7,8 In contrast, there remains significant room for improve-
49 ment in developing economical processes for decomposing and
50 sequestering high-value products from lignin.2,9,10 As designed

51by nature, the heterogeneous composition and branching of this
52polymer create a complex chemical environment and in turn,
53greater difficulty in degrading in a controlled and predictable
54manner. However, tackling the challenge of lignin depolymeriza-
55tion or valorization of lignin in its polymeric form could
56dramatically alter the economic landscape of biofuel produc-
57tion.9−12 The aromatic compounds extractable from this
58polymer may be upgraded to a vast array of high-value chemical
59or material products2,9,13 and in turn are capable of
60revolutionizing the economics of cellulosic biofuels and fine
61chemical production from biomass.
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62 Lignin has long been studied as an organic polymer material,
63 with appealing capabilities for tuning its properties, for example,
64 via the available C3 and C5 ortho positions on the phenyl rings
65 available to chemical modifications. However, the heterogene-
66 ities of the molecule have complicated its widespread
67 application.14 In spite of its complex composition and linkages,
68 lignin has been increasingly gaining attention as a carbon fiber
69 precursor, due to the high carbon content of the raw material, at
70 much lower cost than that of the current polyacrylonitrile
71 source.14 To date, the use of lignin as a carbon fiber precursor has
72 generated impressively high specific surface areas, compared to
73 that of traditional carbon activation techniques.14−16 Lignin-
74 based carbon fibers could be broadly applied to aerospace,
75 sporting goods, and automotive applications if the process were
76 made more tractable industrially and economically.17 Similarly,
77 in numerous other materials science areas, the interest in lignin-
78 based materials is amassing,14,18,19 for example, in polymer blend
79 applications given that it has been demonstrated to improve
80 rigidity,9 reduce water sensitivity,20 and stabilize against UV
81 degradation due to the phenol groups acting as free radical
82 scavengers.21−23

83 In most species and tissues, natural lignins are formed via the
84 polymerization of several phenylpropanoid monomers, coniferyl
85 alcohol (abbreviated G, for the guaiacyl lignin unit), sinapyl
86 alcohol (S, or syringyl lignin unit), and p-coumaryl (H, for the

f1 87 hydroxyphenyl unit) (Figure 1). These monomers are

88polymerized through radical recombination coupling chemistry
89(Figure 1), which generates a diverse array of interunit linkages,
90including the highly prevalent β-O-4linkage, as well as β-β, 5-O-4,
91and β-5.24,25 Hydroxycinnamates, including p-coumarate and
92ferulate, may also serve as monomers in grass lignins, which has
93importantly revealed the compatibility of natural lignification
94with ferulate conjugates.26

95Engineered and novel lignins are increasingly gaining interest
96as a tactic to develop lignin polymers, which reduce
97heterogeneity and chemical complexity, while preserving the
98role in pathogen resistance and phenotype. Among these efforts
99for simplifying lignin chemistry has been the development of
100easily cleavable interunit bonds, such as ZIP-Lignins.27,28 This
101engineering strategy introduces a feruloyl-CoA monolignol
102transferase gene into the tissue, which during lignin biosynthesis
103incorporates monolignol ferulate conjugates into the growing
104polymer network. These bonds are easily cleavable by mild
105alkaline conditions, effectively “unzipping” the polymer.27,29

106Further approaches to enhance degradability include reducing
107heterogeneity via knockouts of key enzymes in monolignol
108synthesis or other genetic modification (GM) techniques, such as
109shortening polymer lengths by introducing monomers lacking a
110β-carbon or 4-hydroxyl groups required for chain length-
111ening.28−30 These engineering strategies hold great potential
112for reducing recalcitrance and simultaneously improving the
113value of chemical products harvested from depolymerization,
114through tuning the substituents of the engineered monolignol
115building blocks.
116Additionally, an appealing alternative to GM-lignin was
117recently discovered: a natural lignin homopolymer of caffeoyl
118alcohol, C-lignin, initially discovered in the seed coat tissues of
119vanilla orchids and several cacti species.31,32 C-lignin has since
120been found to be biosynthesized in an increasing number of
121natural plant tissues coexisting but independent of traditional
122lignin biosynthesis in over 130 species of cacti.33 Putatively, the
123high concentration of C-lignin in seed coats confers the structural
124functions of high strength and impermeability on this tissue.31,33

125Experimental works to understand the structure and function of
126this polymer have identified the benzodioxane linkages as the
127nearly exclusive connectivity between caffeoyl monolignols. This
128greatly simplifies the polymer chemistry to a predictable
129connectivity of homogeneous monomers, therefore affording
130the potential for predictable, controlled decomposition, or
131various uses as a naturally linear biopolymer. The key properties
132and energetics describing these unique linkages present in C-
133lignin have not yet been characterized. As such, the present work
134addresses the need for a characterization of key C-lignin
135molecular properties and their impact on chemical (de)-
136polymerization reactions.
137Prior theoretical works have contributed a wealth of
138information regarding the strengths of cleavable bonds in natural
139lignin model systems34−39 via the predictions of relative
140energetics and bond dissociation enthalpies (BDEs).35,39,40

141The mechanisms by which a broad variety of linkages in lignins
142are formed have also been well-established through both
143theoretical and experimental works as the recombination of the
144radical monolignol species.25,41 Whether ultimately forming the
145common β-O-4 linkage or this novel benzodioxane linkage seen
146in C-lignin, these radicals initially recombine to a quinone
147methide (QM) intermediate prior to a rearomatization, shown in
148reactions 3 and 4 of Figure 1.
149While the β-O-4 linkage is formed through a hydration
150reaction that completes the rearomatization, the benzodioxane

Figure 1. Coupling of caffeoyl alcohol homodimers or heterodimers
with G-, H-, or S-lignin monolignols to β-O-4- or benzodioxane-linked
dimers.
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151 link formation proceeds as an entirely intramolecular process,
152 given the availability of the 5-OH group to act as the nucleophile.
153 The efficient intramolecular reaction mechanism helps explain
154 why the benzodioxane linkage is the nearly exclusive connectivity
155 found in C-lignin. It is therefore highly intriguing to study the
156 energetics of this benzodioxane linkage with quantum
157 mechanical theory, to elucidate the thermodynamics and BDEs
158 of linkages with caffeoyl alcohol. We therefore have applied
159 density functional theory (DFT) models to evaluate the relative
160 strengths of the dimerization products of C−C homodimers and
161 C-X lignin species (for X = guaiacyl (G), p-hydroxyphenyl (H),
162 and syringyl (S) lignin subunits) in conjunction with C-lignin, as
163 hypothetical cross-coupling products as well-characterized for
164 the G, H, and S monolignols.42 While cross-coupling is not
165 observed for caffeoyl alcohol with G or S monolignols, we
166 compare the cross-coupling to these alternative products to
167 explore the extent to which the individual monolignol properties
168 impact the bond strengths and thermodynamics of the dimer
169 systems. Future GM efforts may be extended to enable this
170 potentially advantageous nonstandard biosynthesis. Our analyses
171 highlight the differences between C-lignin radical polymerization
172 chemistry to its preferred benzodioxane linkage, relative to the β-
173 O-4 linkage and other natural lignins. In this comparison, we
174 address the issue of potential stereochemical effects, by
175 individually assessing all four possible stereochemical outcomes
176 of each dimerization.
177 Further of interest is an improved understanding of the
178 macromolecular structures formed from this natural lignin
179 polymer. Among many possible influences of structure, changes
180 to the solvent and ion accessibility within lignin polymers would
181 play a crucial role in the capability to either chemically or
182 biologically degrade it into smaller high-value products. More-
183 over, the ability of subtle modulations inmolecular level structure
184 to impart significant material property alterations is well-known
185 to be of great importance, despite themystery that still enshrouds
186 the precise interrelation of these principles.43,44 To this effect,
187 works of Langer and Lundquist have predicted substantial effects
188 of lignin stereochemistry on structure.45 We therefore extend the
189 optimized, minimum-energy dimer structures in this study out to
190 longer polymers holding the same internal bond angles,
191 evaluating the extent to which the C-lignin polymer structure
192 can differ on account of stereochemistry.
193 In the following sections, we present the first characterization
194 of C-lignin bond strengths, reaction enthalpies, and structural
195 comparisons and discuss the potential implications for the future
196 of targeting this polymer for degradation.

197 ■ METHODS
198 Initial geometries of all monomers, intermediates, and dimers were
199 prepared and optimized in the computational chemistry software
200 GAMESS,46 with B3LYP/6-31+G(d,p). After confirming each to be a
201 minimum energy structure with vibrational analyses, these provided the
202 starting structures for conformational searches. A conformer library for
203 each system was generated using the software TINKER,47 which
204 employs a hopping algorithm to search and perturb the highest
205 vibrational modes of each conformation into new local minima along the
206 potential energy surface for a thorough sampling of conformational
207 space. The MMFF force fields in TINKER were applied for energetic
208 estimates of the new conformers found in the sampling process.
209 Structures were saved if their energies satisfied a 15 kcal/mol cutoff from
210 the lowest-energy structure found, generating a pool of several thousand
211 conformers for each system. As routinely performed in previous
212 studies,34,37,39 the 20 lowest energies of these conformers were selected
213 for higher-level DFT optimization, using the unrestricted M06-2X/

214Def2-TZVPP with an ultrafine grid in Gaussian 09,48 followed by
215frequency analyses to confirm that the structures had no imaginary
216vibrational modes. The M06-2X functional has been shown in
217benchmarking works to predict the thermochemical properties of
218similar organic systems,49,50 as well as effective for BDE prediction in
219previous lignin works.37−39 The triple-ζ Def2-TZVPP basis set
220intrinsically includes sufficient polarization and has been demonstrated
221to perform well for cases of unpaired electrons,51 as is important for the
222enthalpy evaluations of the radical decomposition products in this study.
223The lowest-energy conformer of each system was selected from these
224refined optimizations as the approximate global minimum, and
225vibrational and thermal corrections at 298.15 K were calculated and
226included to determine the dimerization reaction enthalpies and BDEs.
227The radical products resulting from hydrogen abstraction or specific
228bond cleavages were optimized within the same uM06-2X/Def2-
229TZVPP level of theory. Following the theoretical approach applied by
230Sangha et al.,35,36 these structures were generated from the lowest-
231energy reactant (monolignol or dimer) conformation, by cleavage of the
232C−O or O−H bond in question, and subsequently relaxing these radical
233products. As such, the structural features of the reactant system are as
234closely preserved as possible, i.e., with no substantial alterations of
235noncovalent intramolecular interactions, which could misrepresent the
236actual strength of the bond cleaved. Thus, the most representative
237predictions of BDEs are found, especially relevant for modeling the case
238of low-temperature reactions. All vibrational analyses again confirmed
239that no imaginary modes existed for the unpaired-electron products, and
240thermal corrections were included.
241The ring-opened benzodioxane systems created by the individual α-
242or β-bond dissociations result in an intramolecular diradical or triplet
243state. Low singlet−triplet gaps were found in the studies by Younker et
244al.,38,39 such that treating only the triplet was found sufficient in accuracy
245without necessitating spin contamination corrections. These geometries
246were formed from decoupling either the α−C-O or β−C-O bond,
247opening to a torsion increased by 120°, analogous to Elder’s approach of
248initiating a minimum 2.5 Å separation of diradicals in dibenzodioxocin
249ring-opened systems.40 In this way, the nearest low-energy well in this
250dihedral is approximated, while separating the two radicals sufficiently to
251avoid recombination in the subsequent structural relaxation.
252Predictions of macromolecular structures were made by propagating
253the internal coordinates associated with the benzodioxane-linked dimer
254out to 24-mer chains for each stereoisomer. As such, the optimized,
255lowest-energy intermonolignol linkage is modeled within a longer
256polymer, under the assumption that a similar intermonomer linkage
257would also be a preferred low-energy conformation in the polymeric
258form. In the linear polymer, there are no significant new interactions due
259to electrostatic or dispersion interactions between monomers beyond
260what is already present in the dimer, such that the structure is most likely
261to be determined by the lowest energy linkage geometries from the
262dimer. This zero-order approximation of the polymer geometry
263therefore provides a perspective of how the dimer-scale geometric
264preferences may manifest into larger macromolecular characteristics.
265These models depict the structural implications stemming from the
266different stereoisomers and contribute to the discussion regarding the
267importance of stereochemistry in lignin.

268■ RESULTS AND DISCUSSION

269C-Lignin Bond Strengths. Comparing initially the radical
270dissociation of the caffeoyl, p-coumaryl, coniferyl, and sinapyl
271 f2monolignols, shown in Figure 2, the caffeoyl alcohol monomer
272dissociation enthalpy lies in a similar range as other natural
273monolignols. At −86.7 kcal/mol, caffeoyl alcohol compares
274closely to the O-4 hydroxyl BDE’s of coniferyl, p-coumaryl, and
275sinapyl monomers, of 86.1, 86.4, and 82.0 kcal/mol, respectively.
276As shown in the singly occupiedmolecular orbital (SOMO) plots
277in Figure 2, each portrays a similar pattern of unpaired electron
278density onto each of the phenyl’s oxygen species, ortho-, and
279para-positions. In turn, sinapyl alcohol has comparatively greater
280ability to delocalize to both the 3-OMe and 5-OMe groups.
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281 Presumably, this delocalization on the sinapyl alcohol enables the
282 4 kcal/mol stabilization with respect to the other monolignol
283 radical abstractions.
284 The BDEs associated with the radical decomposition of all C-
285 lignin homodimers and heterodimer species are presented in

t1 286 Table 1. For the caffeoyl alcohol homodimer, the BDEs of the
287 benzodioxane-coupling are found to average 56.5 kcal/mol for
288 the α-bond and 65.4 kcal/mol for the β-bond. Therefore, relative
289 to the β-O-4 coupling mode of the C-lignin dimer, averaging at
290 63.6 kcal/mol, the α bond of the benzodioxane linkage is
291 predicted to be weaker, while the β-bond is marginally stronger.
292 These C−O bond strengths within the benzodioxane
293 coupling, in conjunction with the predictable, linear coupling
294 mode, make C-lignin a highly attractive target to the growing
295 field of lignin-based carbon fibers. The melt spinning step in
296 carbon fiber processing requires heating to a softening
297 temperature but mandating staying below a degradation
298 temperature, and additives are often required for this process.52

299 Hardwood lignins, tending to be more linear and have lower
300 molecular weights than softwood, have been demonstrated
301 advantageous in this process.14 The further improved linearity,
302 low molecular weight, and strong, unique coupling modality
303 highlight C-lignin’s potential to become a far superior carbon
304 source.
305 Diverse biomaterial applications are similarly anticipated to
306 benefit from these high-strength and linearity properties.
307 Functionalization of lignin-based material, whether to alter
308 surface chemistry properties (important for lignin-based energy
309 storage applications),53 or offer structural enhancements in
310 copolymers,54 would be greatly facilitated by the unique
311 properties of C-lignin. For these diverse applications, the

312consistent monolignol chemistry and linkage type of the C-
313lignin polymer greatly simplifies the ability to make predictable
314chemical modifications to the polymer and fine-tune desired
315properties via substituent effects.
316Breaking the α-bond yields the thermodynamically favored
317product due to the stabilizing delocalization of the radical
318electron onto the neighboring aromatic ring, as shown in the
319 f3SOMO density plots in Figure 3. While the sp2 hybridized radical
320α-carbon adjoins the π orbitals of the aromatic ring, the β-carbon
321radical (Figure 3b), is isolated from either of the phenyl ring
322systems by the sp3 hybridized α-carbon. Thus, the access to the
323stabilizing resonance structures is inhibited, imparting a greater
324BDE for the β-bond.
325Throughout all the caffeoyl homodimers and heterodimer
326systems with benzodioxane linkages, the weakness of the α-bond
327with respect to the β-bond is maintained, indicating that the
328presence of substituents on the phenyl group attached to the α-
329carbon do not strongly impact these BDEs. Further inves-
330tigations are in progress regarding the reaction enthalpies of this
331benzodioxane linkage for engineered monolignols with a 5-
332hydroxyl group present on the phenyl to enable this coupling
333modality.55 Furthermore, it remains fairly consistent that the β-
334bonds of the benzodioxane linkage are comparable in magnitude
335to the β-O-4 bond strengths, among the heterodimer species.
336Comparing the BDEs of the β-O-4 heterodimers, a particular
337trend emerges with respect to the relative stability and the
338orientation of the dimer. The BDEs of the X-C heterodimers (see
339legend in Figure 1 for substituent positioning) correspond
340closely to the C−CBDEs, whereas the BDEs of the heterodimers
341in the C-X orientation lie on the order of ∼2−5 kcal/mol higher
342in energy. This is indicative that the bond strength is more
343strongly governed by the identity of the monolignol donating its
344O-4 to the β-O-4 bond than the substituents present on the O-
345terminal phenyl ring.
346Stereoisomer enthalpy differences are found to be quite small,
347with only a consistent trend emerging for slightly greater
348stabilized of the threo form of the benzodioxane dimer products.
349Between the two erythro (R,S) and (S,R), and two threo (R,R)
350and (S,S) forms, the BDE’s vary by ∼4 kcal/mol for the
351dissociated α-bond products and a lesser ∼1 kcal/mol for the
352dissociated β-bond products. The impact of stereochemistry on
353the bond strengths is therefore taken to be considerably small.
354However, the very slight thermodynamic stability of the threo
355isomers may be indicative of kinetic control of the dimerization
356process, given the higher natural abundance of erythro isomers
357observed in some experimental studies of lignins.56,57 Chen et al.
358also found a mixture of stereoisomers, i.e., no optical activity, in
359their inaugural characterization of C-lignin, drawing the same
360conclusion regarding the kinetic control of the rearomatization
361process.31,32 Subtle noncovalent interactions that change in these
362dimers on account of the different stereocenter configurations
363could easily manifest these slight differences in isomer enthalpies.
364We further discus this observation within the context of the
365thermodynamic profiles of the decomposition reactions in the
366following section.
367 t2Relative Homo- and Heterodimer Stability. Table 2
368shows the spectrum of thermodynamic stability of the different
369stereochemical arrangements of each dimer. The reaction
370enthalpies indicate that the benzodioxane coupling between
371caffeoyl alcohol and the C, G, H, or S monolignols is in the same
372range of stability as the corresponding β-O-4 products. The ΔH
373from the radical monomer reactants to the final product ranges
37461.2−67.2 kcal/mol for the benzodioxane cases and a slightly

Figure 2. BDEs of monolignols to the O-4 radical precursor to
polymerization, showing the SOMO of the radical products.
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375 wider 65.7−71.4 kcal/mol range for the β-O-4 linkage. Similarly,
376 the range of enthalpy stabilization moving from the QM
377 intermediate to the benzodioxane or β-O-4 products is 20.5−
378 28.7 kcal/mol and a slightly wider 19.8−33.2 kcal/mol range,
379 respectively.

380As noted with the bond dissociation to the radical
381monolignols, one also observes a slight difference in the
382thermodynamic stability of the benzodioxane-linked stereo-
383isomers. Again, the trend shows that the R,R or S,S stereocenters
384on the α- and β-carbons, respectively, constitute the more
385thermodynamically stable products by about 2 kcal/mol relative
386to their erythro counterparts.
387The series of reaction enthalpy changes along the dimerization
388reaction, starting from the radical monomer reactants, through
389the QM intermediates, and onto the benzodioxane-linked
390intramolecular rearomatization, or the β-O-4 hydration reac-
391 f4tions, are depicted in Figure 4. Here, the average enthalpies for all
392stereochemical arrangements are considered. In order to place
393the reaction enthalpies on the same relative scale for each dimer
394species, the enthalpies are normalized with respect to the radical
395monolignol reactants.
396Progressing from the radical monolignols to the QM
397intermediates, the C-X orientation of the heterodimers (i.e.,
398caffeoyl alcohol lending the β-carbon to the newly formed bond)
399is generally more stabilized by the presence of substituents
400alongside the O-4.
401Following coupling to the intermediate, the quinone methide
402may be rearomatized to either the benzodioxane-linked product
403or the β-O-4 product with the introduction of water. Given that
404no thermodynamic preference for the benzodioxane linkage was
405found, the C-lignin polymerization process is presumably under
406kinetic control creating the nearly unanimous benzodioxane-
407linked polymer observed experimentally.31 The intramolecular
408nature of the ring closure to the benzodioxane product likely
409affords a highly efficient reaction. Aside from potential influences

Table 1. Bond Dissociation Enthalpies for the Decomposition of β-O-4 Linked (Scheme 1) or Benzodioxane-Linked (Scheme 2)
Caffeoyl Alcohol Homo- and Heterodimers with Coniferyl, Sinapyl, and p-Coumaryl Alcohols

Figure 3. Highest SOMO of the benzodioxane-linked caffeoyl alcohol
dimer after either cleavage of the α-CO bond (top) or the β-C−O
bond (bottom).
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410 from the reaction barriers, a faster intramolecular rearomatiza-
411 tion step is anticipated to generate a kinetic advantage, governing
412 the observed product preference.
413 Formation of the benzodioxane heterodimers is only possible
414 with the presence of the 5-OH group on caffeoyl alcohol, such
415 that only the X-C heterodimer orientation may be considered.
416 Among these, the caffeoyl homodimer is the most thermody-
417 namically stable product, closely followed by the coniferyl-
418 caffeoyl and p-coumaryl-caffeoyl heterodimers. The sinapyl-
419 coniferyl dimer is found to be somewhat less stable than the
420 dimers possessing fewer substituents.
421 Polymer Geometric Analyses. Radical recombination of
422 the monolignols into a growing lignin chain allows for great
423 variety of stereochemistry to be found within lignin polymers.
424 While Chen et al. found no optical activity in their experimental
425 characterization of C-lignin, the different ratios of all four
426 stereoisomers are nevertheless open to speculation.31 Previous
427 experimental works characterizing structural features of lignin
428 have discussed the potentially important impact of different
429 stereochemical products on the overall lignin properties and
430 reactivity.45,58−61 Langer and Lundquist have suggested that the
431 stereochemical diversity of lignin may be among the primary
432 factors that result in complicated NMR signals, beyond the
433 obvious heterogeneity of linkages.45,58,62 This corresponds to the

434intrinsic challenge to control the chemical decomposition
435reactions required for efficient and economical lignin processing.
436Therefore, to investigate the sensitivity of the novel
437benzodioxane-linked C-lignin macrostructures to interunit
438stereochemistry, we generated projected linear 24-mers
439stemming from the lowest-energy conformations resulting
440from the dimer optimizations at the M06-2X/Def2-TZVPP
441 f5theory level, as shown in Figure 5. The exact internal coordinates
442defining the intercaffeoyl-alcohol linkages were replicated
443between each caffeoyl unit, such that the 24-mers preserve the
444most stable conformations from the optimized dimers. Distinct
445differences in polymer curvature and length were found between
446the stereoisomer−pure polymers. The extent of helical-type
447twists of the polymer varied, with the (R,R) isomer yielding the
448greatest number of full rotations along the 24-mer chain. Most
449notably, the more compact intermonolignol configuration of the
450(S,S) isomer yielded a substantially compressed 24-mer polymer
451length of 98 Å, compared to the other configurations, each with a
452length of 142 Å, as measured from the terminal phenyl O4 and
453vinyl alcohol oxygen. This effect is further observed in the
454comparison of each strand’s diameter, as measured by calculating
455the minimum radius of a cylinder to enclose the strand, where the
456central axis is defined by the line connecting the midpoints of the
457α- and β-carbons on one terminus and the O4 and O5 of the
458opposite terminus. This metric determines the diameter of the
459(S,S) stereoisomer coil to be nearly double that of the other
460isomers at 19.3 Å. Interestingly, these findings correlate with the
461predictions from combined force-field calculations and crystallo-
462graphic data from Faulon et al. on the preferred conformations of
463β-O-4 linked stereoisomers.63 They determine a preference of
464threo conformers to adopt a highly folded form with an
465intermonomer angle of 28° between the phenyl groups, opposed
466to the roughly 120° angles of the erythro isomers.63 The present
467findings further support the prediction of Lundquist and Langer
468that the structural properties of different stereoisomers may
469significantly change, if sterics or environmental influences favor a
470more compacted arrangement.
471While the difference in thermochemical stability and bond
472strengths in the dimers was minimal, we demonstrate here that
473stereochemistry can have a geometric impact on polymer
474structural features. These differences may, in fact, play a larger
475role in the efficacy of lignin degradation, given that the
476accessibility of catalysts and enzymes may be impacted by steric
477constraints in cases where the polymer exhibits a more compact
478geometry. Structural features such as compactness are
479furthermore anticipated to impact the mechanical properties of
480lignin-based materials, such that subtle influence of stereo-
481chemistry on polymer structure may play an important role in the
482fine-tuning of properties or functionalization.
483Further computational and experimental analyses of lignin
484polymer structures may assist in better understanding the
485structure−reactivity relationships imparted by stereochemistry.
486Such information could yield valuable suggestions for improved
487control of polymerization as well as efficient depolymerization
488processes with stereospecific enzymes or catalysts. Several
489experimental works have demonstrated stereochemical prefer-
490ences of enzymes for the synthesis and decomposition of lignin.60

491Recent works uncovered a strong stereochemical preference of β-
492etherases,64,65 which could be employed for the selection of
493desirable stereochemistry of lignin products. Beyond its enticing
494structural implications, stereochemistry is therefore an attractive
495theme to further investigate for enhanced depolymerization
496potential.

Table 2. Enthalpies of the Different Stereoisomers of QM
Intermediates, β-O-4-Linked, and Benzodioxane-Linked
Dimers, Showing ΔH (kcal/mol) Values Relative to the
Lowest Energy Stereoisomer

quinone methides β-O-4 dimers, X-C

QMcc (R) 0.00 HC (R,R) 0.05
QMcc (S) 0.04 HC (R,S) 0.06
QMcg (R) 0.00 HC (S,R) 0.00
QMcg (S) 0.00 HC (S,S) 0.00
QMgc (R) 0.00 SC (R,R) 1.18
QMgc (S) 0.00 SC (R,S) 0.00
QMch (R) 0.00 SC (S,R) 0.11
QMch (S) 0.67 SC (S,S) 0.06
QMhc (R) 0.00 GC (R,R) 0.05
QMhc (S) 0.00 GC (R,S) 0.05
QMcs R) 0.00 GC (S,R) 0.00
QMcs (S) 0.00 GC (S,S) 0.00
QMsc (R) 0.02
QMsc (S) 0.00

β-O-4 dimers C-X benzodioxane X-C dimers

CC (R,R) 0.00 CC (R,R) 0.00
CC (R,S) 0.00 CC (R,S) 2.31
CC (S,R) 1.20 CC (S,R) 2.41
CC (S,S) 0.42 CC (S,S) 0.26
CG (R,R) 0.10 GC (R,R) 0.00
CG (R,S) 0.00 GC (R,S) 2.03
CG (S,R) 0.00 GC (S,R) 2.15
CG (S,S) 0.47 GC (S,S) 0.03
CH (R,R) 0.09 HC (R,R) 0.04
CH (R,S) 0.53 HC (R,S) 2.07
CH (S,R) 0.12 HC (S,R) 2.05
CH (S,S) 0.00 HC (S,S) 0.00
CS (R,R) 0.02 SC (R,R) 0.06
CS (R,S) 0.00 SC (R,S) 1.96
CS (S,R) 0.00 SC (S,R) 1.90
CS (S,S) 0.06 SC (S,S) 0.00
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497 ■ CONCLUSIONS

498 In this work, we present the first characterization of the bond
499 strengths of the benzodioxane linkage found in C-lignin,
500 determining that the α-bond is marginally weaker than the β-
501 bond, similar in strength to that of the traditional β-O-4 linkage.
502 Analyses of the reaction enthalpies reveal similar thermodynamic
503 stabilities of the different homodimers and heterodimers of
504 caffeoyl alcohol. Little to no differences in bond strengths and

505thermodynamic stabilities are observed between the different
506stereoisomers of each dimer. However, structural analyses reveal
507great potential for the lowest-energy conformations of each
508stereoisomer to adopt radically different morphologies and in
509turn may influence polymer properties.
510Despite the higher energetic cost to fully cleave the C-lignin
511benzodioxane linkage, which may be a hindrance to applications
512necessitating decomposition, C-lignin nevertheless holds a

Figure 4. Relative thermodynamics of polymerization to (a) benzodioxane-linked and (b) β-O-4-linked hetero- and homodimers of caffeoyl alcohol.
Enthalpy changes are normalized to the monomer radical pair reactants.
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513 wealth of intrigue on account of its homogeneity and linearity.
514 The benzodioxane coupling strength in fact could offer a great
515 advantage in addition to its intrinsic linearity for diverse lignin-
516 based biomaterials. Stereochemical effects on structure and fine-
517 tuning with chemical modifications may both play a great role in
518 enabling this polymer to suit the needs of many materials
519 applications. Given its unique properties, C-lignin has the
520 potential to become a key contender in the next generation of
521 bioenergy solutions and in the development of high-value
522 biomaterials.
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