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DOI: 10.1039/x0xx00000x Lignin-carbohydrate complexes, in which lignin and polysaccharides are directly connected have been identified and
extensively analyzed. To date, however, the origin of these structures has not been unequivocally established. That
notwithstanding, it has been found that delignification, whether by conventional pulping and bleaching processes or in the
biorefinery context is effected by the presence of lignin-carbohydrate complexes. Using density functional theory
calculations, the current work has evaluated the thermodynamics of bond dissociation as a function of structure and
chemical composition. Among the lignin-carbohydrate complexes that have been identified, the homolytic bond dissociation
energy is highest for the a-benzyl ethers and y-ester, with phenyl glycosides being markedly less endothermic. This is
consistent with observations on recalcitrance of these compounds. Heterolytic cleavage reactions of the a-benzyl ethers
are less endothermic, due to water solvation of the ions. The latter observation may provide support for the proposed
homolytic cleavage reaction, since if heterolysis were operative, the a-benzyl ethers would not exhibit the level of
recalcitrance that is observed experimentally.

Introduction

Despite extensive work, questions still remain about the presence of covalent connections between lignin and polysaccharides, in lignin-
carbohydrate complexes. While these moieties have been identified, and mechanisms for their formation proposed, it is still unclear if they
occur naturally or are artifacts of processing or the isolation methods-3. This has been addressed experimentally by examinations of
extracellular lignin and dehydrogenation polymers modified with galacturonic acid or water soluble xylans, resulting in the detection of
lignin-carbohydrate bonds by NMR analysis, indicating that their formation may occur in the cell wall independent of the isolation method?.
Isolation methods have been extensively described and include ball-milling, enrichment of lignin-carbohydrate complexes by enzymatic
and acid/base hydrolysis and sequential fractionation!. Among these, the sequential extraction method has the advantage that the
structure of the carbohydrates is preserved, due to the absence of hydrolysis as affected by the other methods. This notwithstanding,
sequential extraction typically involves multiple steps and a variety of solvents and conditions, such that it is not a trivial process.

Structures that have been proposed for lignin-carbohydrate complexes are, phenyl glucosides, alpha-ethers and gamma-esters (Figure 1),
in which the carbohydrates in question are the hemicelluloses’3. The main secondary cell wall hemicelluloses, are galactoglucomannans in
conifers, glucuronoxylans in angiosperms and glucuronoarabinoxylans in grasses®.
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Figure 1. Lignin-carbohydrate complex

Uncertainties regarding the origin of lignin-carbohydrate complexes notwithstanding, such linkages have been implicated in the processing
of lignocellulosics.

The kraft pulping process removes a large proportion of the lignin present in the original wood, but to achieve acceptable levels of
brightness, subsequent bleaching steps are required to degrade the residual lignin. Lignin-carbohydrate complexes, their presence and
structure have been investigated to account for this residual lignin. In some of the initial work on this, the presence of ether bonds
between carbohydrates was reported that were stable in alkali>. Subsequently, in the oxygen delignification of softwood, results showed
that lignin complexed to xylan was resistant to delignification, whereas galactan complexes could be removed®. Residual lignin in softwood
that had been subjected to kraft pulping and oxygen delignification was found to be rich in lignin-carbohydrate complexes. At high kappa
numbers, lignin was connected to xylan, while with higher levels of delignifcation, glucomannan linkages were predominant’. Using an
enzymatic fractionation method, on spruce, eucalyptus and birch, lignin-carbohydrate complexes were completely recovered but less so
for the hardwoods probably due to higher content of B-0O-4 linkages. Furthermore, differences between the lignin-carbohydrate complexes
of the hardwoods were detected®. In work on a number of commercially important hardwood species, higher syringyl-guaicyl ratios
increased the delignification rate while the presence of lignin-carbohydrate complexes was proposed to account lower levels of
delignification®. In contrast to results from softwoods, the lignin-carbohydrate complexes identified after kraft pulping of birch were mainly
xylan linked, while the glucomannan-lignin complexes were decreased®.

Lignin-carbohydrate complexes have also been reported in sulfite pulps. Spruce sulfite pulp was found to have three lignin-carbohydrate
complexes, one of which has a low lignin content and is attached to glucans, while two others with higher lignin content involved
glucomannan and a xylan-lignin-glucomannan network. Benzyl ether linkages are proposed for these, and the preponderance of xylan-
lignin complexes is thought to be due to the lower reactivity of xylan towards acid hydrolysis, for which a mechanism has been
proposed!12, In pine heartwood, lignin complexes were also found with xylan and glucomannans, with y-esters and a-ethers detected, the
latter of which are not present in resultant sulfite pulp. The presence of such lignin-carbohydrate complexes may impede sulfite pulping?3.
The production of dissolving pulp from pine heartwood occurs in a sequence of reactions, in one of which, y-ester, a-ether and phenyl
glycoside lignin-carbohydrate complexes are degraded leading to greater solution of lignin2.

The effect of lignin-carbohydrate complexes within the context of the biorefinery has been reviewed by Zhao and co-workers!4. It is
discussed that lignin-carbohydrate complexes can inhibit ethanol production from biomass, impact the economics of the biorefinery and
that analyses on both composition and molecular geometry are needed. Furthermore, the clean isolation of lignin and hemicelluloses is
generally impeded, requiring secondary extraction steps. In contrast, an alternative to the “conventional” biorefinery has been proposed in
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which lignin-carbohydrate complexes are specifically retained and isolated for use in value-added products such as emulsifiers for lignin
nanoparticles and pharmaceutical applications'®. The process involves an initial hydrothermal treatment, followed by acetone extraction to
generate a lignin-carbohydrate fraction. The properties of the lignin-carbohydrate complexes, including the carbohydrate percentage
which is thought to influence their properties, is varied by varying the liquid/solid ratio and the severity of the process.

Given that the economically feasible operation of a biorefinery depends on the full utilization of all components of biomass for high-value
products, a “consolidated biorefinery” has been proposed in which the structure of hemicelluloses and lignin are relatively unchanged?®.
The process involves an initial hydrothermal treatment with subcritical water at 160°C followed by extraction with ethanol-water. The
hemicelluloses and lignin are separated in the first step, while the second step protects the isolated lignin from condensation?’. It has been
found that the hydrothermal treatment has little effect on the quantity of lignin-carbohydrate complexes, which are mostly represented by
benzyl ethers and y-esters, while phenyl glycosides are removed, such that the former are thought to control hemicellulose retention. It is
concluded that the reactivity, or lack thereof, of the lignin-carbohydrate complexes are important factors in hemicellulose recalcitrance?s.
Among these, it has been concluded that benzyl ethers exhibit the highest levels of recalcitrance followed by y-esters and
phenylglycosides®®. Furthermore, at 160°C under neutral to slightly acid conditions, lignin models undergo homolytic cleavage
reactions?%21, Finally, under mild conditions of temperature and pH, the extraction of spruce yielded lignin-carbohydrate complexes
composed of arabinoglucuronoxylans and galactoglucomannans, with the presence of benzyl ethers and phenylglycosides detected?2.

In addition to the documented effects on delignification, the biological activity of lignin-carbohydrate complexes, including antioxidant,
antitumor and antiviral properties, along with ultraviolet and immune system activity have been reviewed recently?3. In work on lignin-
carbohydrate complexes isolated from bamboo, all extracts exhibited antioxidant properties, with lignin-rich fractions performing better
than carbohydrate-rich fractions?4. Extracts from spruce, exhibited performance consistent with those from bamboo, albeit with lower
activity?®. Reports on lignin-carbohydrate complexes from wheat straw have found that extracts from sheath tissue was more active than
material from leaves or stalks and that extraction with LiCl/DMSO improves radical scavenging performance?®?’. It would be of interest to
explore structure-activity relationships of lignin-carbohydrate complexes with respect to biological activity.

From the foregoing it is evident that lignin-carbohydrate complexes are factors in the processing of lignocellulose, which can be predicated
on the separation of the components. It will also be observed that the nature of the lignin-carbohydrate complex is dependent on the
substrate from which it is isolated and the method by which it is isolated. Given the effect of these lignin-carbohydrate complexes on
industrial applications, the objective of the current paper is concerned with the thermodynamics associated with the homolytic cleavage of
bonds between lignin models and carbohydrates as a function of linkage type (phenyl glycoside, benzyl ether or ester), the sugar involved
and the position on the sugar through which the bond occurs. This will be accomplished by the performance of density functional theory
calculations on lignin-carbohydrate models and the products of the cleavage reactions. Density functional theory calculations have been
successfully and extensively applied to lignin model compounds to determine the energetics of reactions associated with degradation and
formation of lignin-based structures?8-34,

Results and Discussion
a-benzyl ethers

Examples of the structure of the a-benzyl ethers are shown in Figure 2. These are variable and do not seem to correlate with carbohydrate
substituent, stereochemistry of the lignin model dimer or methoxyl content. Most of the complexes exhibit an extended conformation as
shown in Figure 2a. There are, however instances in which stacked conformations are found as in Figures 2b and 2c. In the former, the
stacking is between the aromatic rings, while the latter is between the carbohydrate and one of the aromatic rings. These conformations
are indicative of -t and n-o interactions.

Figure 2. Example of a-benzyl ethers in a) extended, b) stacked (aromatic-aromatic), c)
stacked (aromatic-carbohydrate conformations

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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The reactions of the a-benzyl ethers under consideration are shown in Figure 3.
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Figure 3. Reactions of a-benzyl ethers

Calculations were performed for both RS/SR (erythro) and RR/SS (threo) stereoisomers of the lignin fragment, but as in Berstis et al. there
were no discernible patterns or consistent differences due to stereochemistry, such that for the purposes of these results, the energies of
reaction reported here are an average of the two stereoisomers3>. The bond dissociation energies reported are from enthalpy calculations
at 1 atmosphere and 298.15 K, with water solvation.

a-0 homolysis

The bond dissociation energies for the homolytic cleavage of the a-O bond for the guaiacyl and syringyl models are shown in Figure 4. The
average bond dissociation energies were very similar at 80.1 and 80.6 kcal mol%, for the guaiacyl and syringyl models, respectively. It will
be noticed that for these and the subsequent ethers, cleavage could potentially occur on either side of C-O-C bond. The reaction energies
reported throughout are the lower of these, which are generally ~30 kcal mol less endothermic and therefore much more likely to occur.
These results are consistent with another recent study on the energetics of lignin-carbohydrate complexes 3. The values ranged from 77.9-
81.9 and 78.3-83.3 kcal mol?, for guaiacyl and syringyl, respectively. These values are somewhat more endothermic than reported for
bonds between flavonoids and monolignols33. Sorting by substitution position and sugar results in the plots in Figure 5. From these it can
be seen that the bond dissociation energies of the syringyls are generally higher as are the complexes formed through C-2 and C-3. Among
the sugars, mannose substitution exhibits the highest bond dissociation energy, xylose and galactose are similar and intermediate, while
glucose is lower. Arabinose substitution results in variable bond dissociation energy. These observations, notwithstanding, it should be
borne in mind that the differences in bond dissociation energies for these reactions are, other than at the extremes, relatively small. From
a kinetic standpoint, homolytic reactions are barrierless, such that the bond dissociation energy is taken as the activation energy, to which
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rate constants have an exponential relationship3’. As a consequence, small differences in bond dissociation energy can translate into much
larger differences in reaction rate.
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Figure 4. Homolytic bond dissociation energies of a-benzyl ethers
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Figure 5. Homolytic bond dissociation energies of a-benzyl ethers sorted by position and sugar

a-heterolysis

The bond dissociation energies for the heterolytic cleavage of the a-benzyl ethers are shown in Figure 6. The average values are 64.4 and
66.1 kcal mol, with ranges of 49.4-71.0 and 62.0-69.6 for the guaiacyl and syringyl complexes, respectively, substantially less endothermic
than the homolytic reactions. The average values are, as expected, lower than the corresponding homolytic cleavage, since these
calculations were done with water solvation which stabilizes ions. Furthermore, the ranges are larger than for the homolytic cleavage
reactions. Sorting by the position through which the substitution occurs (Figure 7) shows that C-6 has the highest bond dissociation energy,
differing by about 3 kcal mol with C-2 and C-3. Substitution through C-5, which only occurs with arabinose is consistently the lowest.
Sorting by sugar (Figure 7), the guaicyl complexes exhibit a monotonic decrease in bond dissociation energy with
mannose>glucose>galactose>xylose>arabinose, while there is variation with the mannose substituted syringyl model. It is interesting to
note that, as in the homolytic cleavage reactions, the highest bond dissociation energy continues to involve mannose substitution. For both
lignin models, the least endothermic values are dominated by the pentose-based complexes.
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Figure 6. Heterolytic bond dissociation energies of a-benzyl ethers
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Figure 7. Heterolytic bond dissociation energies of a-benzyl ethers sorted by position and sugar

B-O homolysis

Although this reaction does not directly involve the reactivity of the lignin-carbohydrate complex that is the objective of the current
work, it was evaluated for the sake of completeness and shows that these homolytic reactions are markedly less endothermic than
the a-O cleavage. This is due to the stability of the lignin-based products, in which extensive delocalization of the unpaired electron
occurs. The bond dissociation energies for the homolytic cleavage of the B-O bonds are as shown in Figure 8. These average 65.1
and 63.9 kcal mol! with ranges of 64.0-68.4 and 61.5-67.2 kcal mol! for the guaiacyl and syringyl complexes, respectively. As seen
previously, the highest value is associated with mannose substitution. Sorting by position (Figure 9) again reveals that substitution
through C-6 has the highest bond dissociation energy and the C-5 is variable. The results from sorting by sugar (Figure 9) vary
between guaiacyl and syringyl. The trend of the former is similar to the a-O homolytic cleavage, with mannose substitution being
the most endothermic and arabinose substitution the lowest. These values are consistent with those reported for dimeric lignin

models38,
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Figure 9. Bond dissociation energies of B-homolysis reactions of a-
benzyl ethers, sorted by position and sugar

a-0 acidolysis

The acidolysis reactions are considerably less endothermic than those discussed thus far, averaging 16.6 and 17.8 kcal mol! with
ranges of 13.6-19.1 and 15.6-19.9 kcal mol! for the guaiacyl and syringyl complexes, respectively (Figure 10). This is due to the fact
that bonds are both broken and formed in this reaction, rather than a single cleavage as in the previous results. Sorting by position

and sugar yields mixed results, but among the sugars, mannose substitution of the guaiacyl complexes continues to give the most
endothermic reaction energies (Figure 11).
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Figure 11. Bond dissociation energies of a-O acidolysis reactions
of a-benzyl ethers sorted by position and sugar

Phenylglycosides

Example structures for the phenylglycosides are shown in Figure 12. The conformations for Figure 12a and 12b have stacked and
t-shaped conformations, respectively, both of which involve m-rt interactions. Figure 12c is a more extended conformation.

Figure 12. Examples of phenyglycoside structure exhibiting a) aromatic
stacked, b) aromatic t-shaped and c) extended conformations
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The reactions of the phenylglycosides are as shown in Figure 13 and the bond dissociation energies are shown in Figure 14. Among
these the syringyl complexes generally have a lower bond dissociation energy with an average value of 62.3 kcal mol! in contrast
to 64.6 kcal mol! for the guaiacyl compounds, both of which are much less endothermic than the homolytic cleavage reactions of
the a-O benzyl ethers. With the exception of the arabinose-based complex, sugar substitution seems to have an opposite effect,
depending on the lignin substituent. As previously observed for the B-O homolysis reactions, the lower endothermicity of these
reactions can be attributed to the stability of the lignin-based product and the electron delocalization therein.
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Figure 13. Reactions of phenylglycosides Figure 14. Bond dissociation energies of
homolysis of phenylglycosides
y-esters

The structures for the y-glucuronoesters are shown in Figure 15. The y-ester of the syringyl erythro stereoisomer is in an extended
conformation, while for the others, the glucuronate group is perpendicular for the aromatic ring, and may therefore be involved
in -0 interactions.

a) b) c)

Figure 15. Structures of a) guaiacyl-threo,
b) guaiacyl-erythro, c) syringyl-threo, d)
syringyl-erythro, y-glucuronate esters

The homolytic cleavage reaction the of y-glucuronates is shown in Figure 16. The bond dissociation energies are 79.1 and 78.8 kcal
mol for guaiacyl threo and erytho, respectively and 78.6 and 80.7 kcal mol for syringyl, threo and erytho, respectively. Albeit for
limited data, the erytho stereoisomers have slightly higher bond dissociation energies.
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Figure 16. Homolytic cleavage reactions of y-esters

Carbohydrates

As previously, for comparison purposes, the reaction energies of the carbohydrates have also been determined. The reactions
evaluated are as in Figure 17. All structures were disaccharides in which D-pyranose glucose, galactose, mannose and xylose dimers
were B-1-4 linked. The arabinose-xylose dimer consisted of L-arabinofuranose with an a-1-3 linkage to D-xylopyranose. The
galactose-mannose dimer was D-galactopyranose connected to D-mannopyranose through a 3-1-6 linkage. The homolytic cleavage
reactions were reasonably constant with high bond dissociation energies between 85 and 95 kcal mol?! (Figure 18). As has been
seen previously, due to stabilization of the ions in solution, the heterolytic reactions (Figure 18) have consistently lower bond
dissociation energies. Heterolytic 2 exhibits relatively little variability with the carbohydrate composition, while heterolytic
reaction 2 changes markedly depending on the sugar moiety. With respect to the latter, the hexose disaccharides (glucose-glucose
and mannose-mannose) have similar energies of reaction as do the pentoses (xylose-xylose and arabinose-xylose). The presence
of galactose (galactose-mannose and galactose-galactose) results in quite different energies of reaction, possibly due to the axial
configuration at C-4. The homolytic cleavage reactions between the carbohydrates are somewhat higher than those a-benzyl
ethers and y-esters, but the heterolytic reaction energies are generally similar.
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Figure 17. Reactions of dimeric carbohydrates

==@==heterolytic 2 ==@=homolytic 2

Figure 18. Bond dissociation energies of
dimeric carbohydrates

Per the introductory comments, lignin-carbohydrate complexes are found in the residual lignin from various processing methods,
even at high-levels of delignification. From the calculations performed in the current work, the homolytic bond dissociation
energies of a-benzyl ethers and the y-esters of glucuronic acid are both ~80 kcal mol. In contrast, the bond dissociation energy
of the B-O bond in these complexes is ~65 kcal moll. Based on this, the bond between lignin and carbohydrate is considerably
less reactive than the bond to a subsequent lignin unit and may account for the presence of lignin-carbohydrate complexes even
with extensive lignin removal. In addition, as discussed in kraft pulping studies with subsequent oxygen delignification,
glucomannan linked lignin-carbohydrate complexes were prevalent’. In agreement with this, the current work has found that, in
many cases, the least reactive complexes were linked to mannose.
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In work on biorefinery applications, benzyl ethers and y-esters have been reported to be the prevalent lignin-carbohydrate
complexes, with a concomitant reduction on phenylglycosides.1”8 These results are consistent with the bond dissociation energies
found in this work. Per the previous comments, the enthalpies for the homolytic cleavage reactions of ethers and esters are ~80
kcal mol?, while the reactions of the phenylglycosides are considerably less endothermic at ~60 kcal mol?l. As such these
thermodynamic differences may explain the experimental observations.

It has been proposed that homolytic cleavage reactions occur at 160°C under neutral to slightly acid conditions 2022, It will be noted,
however, that results from this work show that, among the a-benzyl ethers, heterolytic cleavage at ~65 kcal mol?, is less
endothermic than homolysis. This value is comparable with that found for the phenylglycosides, such that if a heterolytic cleavage
mechanism were operative, it would be expected that the a-benzyl ethers would be similarly degraded and not be present in the
proportions observed experimentally. As such, this conclusion supports the hypothesis that degradation is due to homolytic
cleavage.

In the isolation of lignin-carbohydrate complexes from sulfite pulps, it has been found that after pulping, a-ethers are not detected
and it is proposed that under acidic conditions a-benzyl ether bonds may be broken, leading to sulfonation!?. The enthalpies of
reaction found in the current work, indicate that this reaction is considerably less endothermic than either homolytic or heterolytic
cleavage, such that under specific conditions, it could readily occur.

Experimental

Computational details

The work flow for the calculations is as shown in Figure 19..

ORIGINAL STRUCURE

Conformational Search-Spartan 24
Monte Carlo
Corrected MMFF

HF/3-21G(d) optimization-Spartan 24
SMD solvent model
10 low energy conformers

MO06-2X/6-31+G(d) optimization-Gaussian 16
SMD solvent model

Lowest energy conformer selected

MO06-2X/6-311++G(d,p) optimization with frequency-Gaussian 16
SMD solvent model

Figure 19. Work flow for calculations

Due to the presence of numerous single bonds within the linkages of the reactants a large number of conformers may result. In order to
address this a Monte Carlo conformational search was performed with minimization using the corrected MMFF force-field as implemented
in Spartan ‘24. Based on the unique conformations identified an intermediate optimization was done using Hartree-Fock calculations with
water solvation with the SMD solvation model, also within Spartan ’243°. The 10 lowest energy conformations from the ab initio
calculations were further refined with the M06-2X density functional theory method, the 6-31+G(d) basis set, the GD3 empirical dispersion
correction and SMD solvation with water. Lastly, the lowest energy conformation from the previous step was optimized with the M06-2X
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density functional theory method, the 6-311++G(d,p) basis set, the GD3 empirical dispersion correction, SMD solvation with water, and a
frequency calculation to insure the identification of an energetic minimum and for determination of thermal corrections. The density
functional theory calculations were done using Gaussian 16%°. The homolytic and heterolytic reaction products were generated by deleting
the appropriate bond, and optimization of the resulting doublets or anion/cation pair with the M06-2X density functional theory method,
the 6-311++G(d,p) basis set, the GD3 empirical dispersion correction, the SMD solvation with water, and a frequency calculation to insure
the identification of an energetic minimum and for determination of thermal corrections. This approach has been used in previous work
with lignin adducts33. It allows for relaxation with bond cleavage to the closest local minimum. The values reported in this work are
enthalpies in kcal mol™ calculated at 1 atmosphere pressure and 289.15 K. Similarly, beginning from the optimized reactant geometry, the
acidolysis products were separately optimized without additional conformational searching.

Conclusions

The current results help to account for the reactivity, or lack thereof, that is observed experimentally for lignin-carbohydrate complexes.
The relative stability of a-benzyl ethers and y-esters is consistent with experimental observations such as would be encountered under
neutral conditions in the proposed “consolidated biorefinery”. The calculations are also in agreement with work on pulping processes. The
corresponding homolysis reaction of the B-O bond is markedly less endothermic, showing that lignin could be removed to a large extent,
leaving the less reactive intact. There are not large differences or discernible patterns between the individual sugar substituents or the
position through which they are connected to the lignin groups. The exception to this generalization is that lignin-carbohydrate complexes
formed through mannose substitution are fairly consistent in being the least reactive. As such, no definitive differences with substitution
can be reported at this point. With respect to methoxy content, the a-benzyl ether syringyl models are generally more stable for both
homolytic and heterolytic cleavage, while reactions involving the B-O group and the phenylglycosides the syringyl models are less stable.
The latter may be interpreted as being consistent with the generally higher reactivity of hardwoods over softwoods. The separation
between syringyl and guaiacyl based models, however, are small.

Based on this work, further investigations on larger lignin-carbohydrate models, even at the density functional level of theory, could be
undertaken to further elucidate relationships between structure and reactivity, and explore the reduction of endothermicity of the a-
benzyl ether bond, perhaps through structural modification, alternative reactants or process changes.
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