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ABSTRACT: The pinoresinol unit is one of the principal interunit linkages in lignin. As such, its chemistry and properties are of
major importance in understanding the behavior or the polymer. This work examines the homolytic cleavage of the pinoresinol
system, representing the initial step in thermal degradation. The bond dissociation enthalpy of this reaction has been evaluated
using M06-2X density functional calculations. Products that allow for extensive electron delocalization are energetically favored.
Calculations on subsequent reactions reveal a preference of intermediates with two unpaired electrons over a proposed four

unpaired electron structure.

B INTRODUCTION

Lignin accounts for approximately 25% by weight of terrestrial
plants and results from the polymerization of radicals generated
by the enzymatic dehydrogenation of the cinnamyl alcohols."
Because of the number of resonance forms that the radicals can
assume, a variety of interunit linkages occur (Figure 1), such
that the polymer is amorphous, without a specific repeat unit.
With renewed interest in alternative sources of energy and
chemicals from sustainable sources has come a concomitant
increase in work on the utilization of lignin in such
applications.” Among the processes that have been proposed
for the conversion of lignin are the thermal methods, such as
pyrolysis and oxidative thermostabilization. The chemical
mechanisms associated with the thermal degradation of lignin
have been the topic of both experimental and computational
studies.

The former includes work on phenethyl phenyl ether and
derivatives thereof, representing the ubiquitous f—0—4
1inkage.3_6 From this work, it was proposed that the initial
steps in thermal degradation involved homolytic cleavage of
carbon—carbon and ether bonds, with subsequent radical-
mediated reactions. Methoxylated models have been extensively
examined by Kawamoto and Saka and their co-workers,
addressing the effect of structure and substitution on primary
reaction products,’ "' secondary reactions,”>"** and more
recently char formation.">~"*

Computational work on the pyrolysis of lignin models has
been dominated in the recent past by the work of Beste and co-
workers, with contributions related to reaction selectivity'®™>'
and kinetics.>>~>* Bond dissociation enthalpy calculations, as
related to thermal degradation mechanisms, have been the
subject of comprehensive reports®®*” and devoted to more
specific models, including f—O—4 linkages,”® " a phenyl-
coumaran structure,>> and dibenzodioxocin.**>* It is in the
spirit of the latter papers that the current work was undertaken.
As indicated, there has been considerable computational work
reported on reactions of the various open-chain structures of
lignin.** ' In contrast, there have been relatively few papers
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concerned with cyclic lignols.*>~** As such, the objective of this

paper is to evaluate the bond dissociation enthalpies of
homolytic ring-opening reactions of a pinoresinol model that
may occur at elevated temperatures. Specific literature related
to the behavior of this structure at elevated temperatures is
limited, but a recent paper on the pyrolysis of kraft lignin®®
proposed the formation of a quintet (four unpaired electrons)
by homolysis of the two a—O linkages, followed by cleavage of
the remaining f—p’ bond, resulting in two coniferyl alcohol
radicals. The only computational work that has been reported
for pinoresinol is concerned with its antioxidant activity and,
therefore, the cleavage of the phenolic group36 rather than the
interunit linkage.

B EXPERIMENTAL SECTION

The structures for the reactant and initial products are as shown in
Figure 2, along with the labels for the rings in the systems and
designations that are consistent with lignin chemistry nomenclature. In
accordance with the previous experimental and computational
literature,”>'™3* homolytic cleavage reactions resulting in neutral
products are examined. A crystal structure has been reported for the
pinoresinol reactant®” and was used as the starting point for the
calculations, all of which were performed with Gaussian09, revision
€01, executing on a SGI Ultraviolet 2000 or Dense Memory Cluster
(DMC) administered by the Alabama Supercomputer Authority. The
initial calculation was performed using the M06-2X density functional
method with the 6-31+G(d) basis set and the ultrafine grid, consisting
of 99 radial shells and 590 angular points per shell, with geometry
optimization. On the basis of the geometry from this step, a second
optimization with a frequency calculation was performed with the
MO06-2X method, the 6-311++G(d,p) basis set, and the ultrafine grid.
Furthermore, to verify the quality of the crystal structure geometry, it
was used as the starting point for a 500 step Monte Carlo search, with
optimization using the PM3 semi-empirical method, as implemented
in Spartan.® The lowest 10 conformers identified were optimized
using M06-2X/6-31+G(d) with the ultrafine grid. The lowest energy
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Figure 1. Principal interunit linkages in lignin.
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Figure 2. Reactant and products under study in the current work.
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conformation was used as the input for an optimization and frequency
calculation using M06-2X/6-311++G(d,p) with the ultrafine grid.

The products from the ring-opening reaction were first examined by
deleting the appropriate bond and increasing the interatomic distance
to 2.5 A. The structures were optimized as triplets with M06-2X/6-
31+G(d) with the ultrafine grid, followed by an optimization and
frequency calculation with M06-2X/6-311++G(d,p) and the ultrafine
grid. The structures were treated as triplets in accordance with the
results from Younker et al,,** who found small singlet—triplet gaps for
a phenylcoumaran model. The initial interatomic distance was set to
2.5 A to prevent the structure from reverting back to the original
geometry.

As was performed for the reactant, a second set of calculations was
executed by subjecting the ring-opened products to a Monte Carlo
search and the same sequence of density functional calculations
previously described. The two sets of calculations can be thought of as
representing the structure at various points during the thermal
degradation process, with the initial bond rupture corresponding to an
early stage, which could, at elevated temperatures, be followed by bond
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rotations, as illustrated by the conformational analyses, and
identification of alternative geometries.

After complementation of the bond dissociation enthalpy
calculations, the geometries of the reactant and all products were
evaluated by determining the interatomic distances associated with
ring-opening, plane angles formed between the rings within the
pinoresinol structure and distances between the centers of the rings.
The electronic structure of each reactant was examined by plots of the
spin densities and unpaired molecular orbitals, with isovalues of 0.005
and 0.0, respectively.

Furthermore, as was mentioned in the Introduction, Hu and co-
workers®® have proposed the degradation mechanism for pinoresinol
shown in Figure 3A by invoking an intermediate with four unpaired
electrons. While this will account for the observed products, the
mechanism shown in Figure 3B could represent an alternative with
two unpaired electrons. In addition, the presence of vanillin is reported
in the reaction mixture,> and although this could arise from numerous
points in the lignin polymer, it could specifically come from
pinoresinol, as shown in mechanisms C and D of Figure 3. The
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Figure 3. Proposed reaction mechanisms of structures 2 (a—f) and 3 (a—0).
former mechanism, with a four unpaired electron intermediate, would B RESULTS

be consistent with Figure 3A, while the latter is an alternative with a
triplet intermediate. It is recognized that with four unpaired electrons,
quintet, triplet, and singlet configurations may be assumed. A
comprehensive examination of this, analogous to the singlet
biradical/triplet comparisons reported for phenylcoumeu'an,32 using
multiconfiguration self-consistent field theory would represent a highly
involved and computationally intense separate study. As a con-
sequence and for the sake of the current work, a quintet (all spins
parallel) was assumed and the reactions were evaluated using the same
computational methods as described for the initial products.
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The sum of the electronic energy and thermal enthalpy at 298
K for the pinoresinol reactant and each of the products, the
bond dissociation enthalpies, calculated as the difference in
enthalpy between the reactants, and the final interatomic
distances are shown in Table 1. In general, the structures
identified by conformational searching are slightly more stable
(ranging from 0.03 to 3.25 kcal mol™"), with the exception of
compound 6, the f—f’ structure. The bond dissociation
enthalpies are also very similar for a given product, whether on
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Table 1. Enthalpy, Bond Dissociation Enthalpy, and Interatomic Distances for Each of the Ring-Opened Products

optimized conformational search optimized conformational search
sum of electronic and thermal sum of electronic and thermal bond dissociation distance bond dissociation distance

product enthalpies (hartrees) enthalpies (hartrees) enthalpy (kcal mol™") (A) enthalpy (kcal mol™") (A)
1 (reactant) —1226.114600 —1226.116232
2 (a—p) —1226.007947 —1226.012079 66.93 4.04 6536 451
3 (a=0) —1226.006385 —1226.007286 6791 3.01 68.36 4.32
4 (y-0) —1225.989357 —1225.989402 78.95 2.94 79.59 326
s (B—y) —1225.985173 —1225.990357 81.22 4.11 78.99 4.03
6 (b—p) —1225.985361 —1225.985140 81.10 312 82.62 318

optimized conformational search

1 (reactant)

a

2 (a-B)

3 (a-0)

4(v'-0)

o, P

6 (B-B")

Figure 4. Geometries of reactants and products.
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the basis of the ring-opened optimized structures or the
geometries identified through conformational searching, with
the largest differences being associated with the a—f and S—p’
ring openings, at 1.57 and 1.52 kcal mol ™', respectively. Among
the products, the 2 (a—f) and 3 (@—O) structures exhibit the
lowest bond dissociation enthalpies of about 65—68 kcal mol™,
which are somewhat higher than the related bond cleavages in
phenylcoumaran,® with structures 4 (y'—0), 5 (8'—y’), and 6
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(f—p') in the range of ~79—82 kcal mol™". On the basis of
these values and the assumption that bond dissociation
enthalpy is proportional to activation energy, structures 2
(a—p) and 3 (@—0) would be the dominant products of the
reaction. This assumption is based on reports from work on
other lignin model compounds, in which transition states were
not identified on the potential energy surface and, as such, the
bond dissociation enthalpies are used to approximate activation
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Figure S. Results from measurements of ring plane angles and inter-ring distances for optimized and conformational search geometries.

eneL‘gies.6’32’34 It should also be noted that, on the basis of a test
set of 177 main group compounds, the mean unsigned accuracy
of M06-2X thermochemical calculations*® was 1.3 kcal mol ™.
Given this accuracy, structures differing by less than this value
cannot be energetically differentiated. In addition, while the
interatomic distances because of the ring openings are, as might
be expected, generally greater after conformational searching,
they do not differ markedly between two sets of structures.
Figure 4 shows the final geometry for the reactant and each
product.

It should be noted that the current results are based on the
harmonic oscillator rather than the hindered rotor approx-
imation. While the latter method could be invoked to address
low-frequency vibrations, a comparison of enthalpies and free
energies of structures 1—6 indicates a very high correlation (R?
= 0.9995). On the basis of this result, while the entropy term
would affect the absolute values for the cleavage reaction, the
relative values would be consistent.

Figure S shows the inter-ring plane angles and distances for
both the ring-opened optimized structures and the low-energy
conformers from the conformational search. Among the
optimized structures, the plane angles exhibit similar trends,
not differing markedly from the reactant, with the exception of
structure 2 (@—f), in which the aromatic rings (A—C) are
more aligned. The results from the conformational search
procedure generally show less variability between the aromatic
rings, which are oriented more perpendicular to each other, the
exception to which is the 4 (y’—O) product. Similarly, after
conformational searching, the B—C plane angles for all
products are quite tightly clustered in the range of about 65—
80°. The inter-ring distances are very similar for the A—B and
B—C separations, with values of ~S and 4 A, respectively, for
both the optimized and conformational search results. There is,
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not unsurprisingly, more variability for the A—C inter-ring
distance ranging from just below 6 to over 9 A. In all cases, this
distance has decreased with the ring-opening reaction, with
structure 2 (@—p) exhibiting the smallest separation.

Figures 6 and 7 show the plots of spin density and the two
singly occupied molecular orbitals for the optimized products
and the low-energy structures identified by conformational
searching, respectively. It can be seen from the spin density
plots that structures 2 (a—f) and 3 (a—O) exhibit extensive
delocalization of the unpaired electrons, which is in accordance
with the bond dissociation enthalpy calculations, showing that
these products are the most stable. Conversely, structures 4
(y'=0), 5 (f'—y'), and 6 (f—p’) with higher bond dissociation
enthalpies show highly localized spin density. While the
concentration of spin density at the salient positions is
qualitatively similar among these products, with conformational
searching, structure 6 (f—f') is found to have a somewhat
higher bond dissociation enthalpy. Although the eight-
membered ring is probably quite flexible, the ring-opening
reactions associated with products 2 (a—f), 3 (a—0), 4 (y'—
0), and 5 (f'—y’) may have rotational degrees of freedom that
would not be accessible to structure 6 (f—f’) and may account
for the slightly higher bond dissociation enthalpy upon
conformational searching. With respect to the orbital plots,
there are individual products, such as the optimized structures 2
(a=p), 6 (B—p'), and 5§ (f'—y') from conformational
searching, in which there is close correspondence with the
spin densities, while in general, the orbitals display typical
aromatic character.

Turning to the mechanisms proposed in Figure 3, the results
from the calculations are shown in Table 2. It can be seen that,
as expected, the quintets are on the order of 40—60 kcal mol™*
less stable than the triplets. Although all of the reactions are
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Figure 6. Spin density and orbital plots for optimized structures.
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endothermic, those that proceed through the quintets
(mechanisms A and C of Figure 3) have enthalpies of reaction
in the range of ca. 68—77 kcal mol™!, while those associated
with the triplets range from ca. 16 to 26 kcal mol™', with the
reaction responsible for vanillin formation (Figure 3D)
representing the lower range of the latter. Parenthetically, as
an alternative to the assumed quintet state, preliminary
calculations were subsequently performed on structures 7 and
10 with the singlet configuration, in which the electrons have
opposite spins, resulting in markedly lower enthalpy values.
While beyond the scope of the current paper, these results
indicate that a more detailed examination of the electronic
nature of these structures is warranted.

The model compound addressed in this work and those from
the literature are consistent with known interunit linkages of
lignin. Although such studies are necessitated by the complex
and indefinite structure of lignin, the limitations should also be
kept in mind. Among these is the conformational flexibility of
smaller models that may differ from the native polymer, thus
impacting electron delocalization and, therefore, energetics and
chemistry. A study on the main lignin linkages using layered
calculations would be an interesting problem.
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B CONCLUSION

The work reported in this paper is concerned with the
calculation of homolytic bond dissociation enthalpies for a
pinoresinol lignin model compound, by the application of the
density functional theory. The reactions under consideration
are consistent with those proposed for the initial steps in the
thermal degradation of lignin, which represents an integral part
of the biorefinery concept for the conversion of biomass to
chemicals and fuels. The model compound examined extends
previous work on both acyclic and cyclic dilignols from this and
other laboratories. The current results show that, while the
linkage may be broken at several points during the initial steps
of thermal degradation, marked energetic differences exist. The
cleavage of the a—O and a—p bonds exhibits considerably
lower bond dissociation enthalpies, which are consistent with
the extensive delocalization of the unpaired electrons, as
observed in spin density plots. Furthermore, the bond
dissociation enthalpies of the @—O and a—f bonds are in the
lower range of such values for acyclic dilignols.”” Interestingly,
the a—O results are higher than those reported for ether
linkages in phenylcoumaran®* and dibenzodioxocin.>* The
bond dissociation enthalpy of the @—f bond is higher than that
reported for phenylcoumaran®* and lower than that in
dibenzodioxocin.>* In subsequent reactions of these initial
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Table 2. Enthalpy and Enthalpy of Reaction for Mechanisms Proposed in Figure 3

conformational search

optimized

conformational search

optimized
sum of electronic and thermal
product enthalpies (hartrees)
2 (a=p) —1226.007947
10 (quintet product) —1225.896644
11 + 13 (triplet product) —1225.981075
3 (a—0) —1226.006385
7 (quintet product) —1225.897242
9 (triplet product) —1225.965415

sum of electronic and thermal
enthalpies (hartrees)

—1226.012079
—1225.889514
—1225.982391
—1226.007286
—1225.899666
—1225.969552

enthalpy of reaction
(kcal mol™!)

69.84
15.88

68.49
25.71

enthalpy of reaction
(kcal mol™)

76.91
18.63

67.53
23.68

products, a structure with four unpaired electrons was proposed
in the previous literature.>® Calculations were performed on
this mechanism and an alternative invoking an intermediate
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with two unpaired electrons. The latter was found to be much
more energetically favorable and, as such, may represent a more
feasible route to the experimentally observed products.
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