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Abstract In the present work, conformational analysis of
lignin models was accomplished by considering four cross-
link types (3-5', 3-5', «-O-4 and 3-O-4) and three monomer
units [guaiacyl (G), p-hydroxyphenyl (H) and syringyl (S)].
Analysis involving the 3—5' and 3-5" dimers was conducted
following the standard procedure, i.e., rotating the monomers
around the single bond. On the other hand, analysis of «x-O-4
and [3-O-4 dimers followed a distinct protocol with the aid of
an interesting chemometric tool called Box-Behnken (BB)
design. This methodology was applied with the aim of screen-
ing the most relevant dihedral angles. The results show that
the conformational space for large systems with several dihe-
dral angles can be mapped satisfactorily through the BB
approach, reducing the number of dimensions to be treated
at the quantum mechanical level. Furthermore, the quantum
mechanics-chemometry-quantum mechanics (QM/BB/QM)
method proposed here allows us to determine calculated tor-
sional angles for lignin models in good agreement with crys-
tallographic data for some model compounds.

Keywords Lignin - Box-Behnken design - Conformational
analysis - Quantum mechanical calculation
Introduction

Plant cells have a special feature different from animal cells in
that they exhibit great structural rigidity generated by a cell
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wall composed mainly of lignin—the second most abundant
polymeric material on Earth [1-14]. All vegetal materials
have a large amount of this polymer (about 25 % in mass
on vegetal biomass [12]) occurring together with cellulose
and hemicellulose—the main macromolecules in plant-based
biomass. Unlike cellulose, which has only one monomeric
unit in its polymeric structure, lignin has no well-defined
structure. Its structure comprises distinct phenolic units, main-
ly coniferyl [Guiacyl (G)], para-cumaryl [p-hydroxyphenyl
(H)] and synapyl [syringyl (S)] alcohols. In addition, the
structural complexity of this material is increased by the
several link possibilities allowed between monomer units,
namely inter-monomer cross-links, which are verified in dif-
ferent proportions depending on each vegetal species (Fig. 1).

The experimental literature reports the massive presence
of four main kinds of cross-links between the phenolic units
(B-0-4, x-O-4, (3-5' e 3-5') that comprise about 80 % of
native lignin (Table 1) [12, 14, 15]. Within this scenario we
note that lignin has a notably complex structure and, there-
fore, the proposal of a representative molecular model for
lignin structure is a difficult and challenging task involving
several variables. This fact is reflected in the number of
molecular modeling papers appearing in the literature that
seek a representative model for natural polymers [2, 5, 7, 13,
16-26]. Among them, we highlight those focusing on the
theoretical study of possible cross-links between the mono-
meric units of lignin [2, 5, 22, 23, 25]. The use of lower
molecular weight models constitutes an interesting approach
to clarify the subtle differences between cross-links involv-
ing similar structures of the phenolic units (G, S or H) [16].
Furthermore, the study of small models can also help eval-
uate, at a molecular level, the potential applicability of
lignin in recovery processes, due to its abundant availability
as a by-product [12]. Moreover, the use of template mole-
cules is partially justified by experimentalists, who have
demonstrated that, after a pre-treatment process, lignin
chains are found in a fragmented form. This outcome was
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Fig. 1a—d General structure of a lignin monomer and the main cross-links found between monomers. a 3-5', b 3-5', ¢ =04, d f—0—4. In the
general structure R; = R, = H (p-hydroxyphenyl, H); R; = OCH; and R, = H (guaiacyl, G); R; = R, = OCHj; (syringyl, S)
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Table 1 The main
cross-links between
phenolic monomers

Cross-link® Relative abundance (%)

found in native lignin B-O-4 48
B-5' 9-12
a-O-4 6-8

*The basic structures are 3.5
represented in Fig. 1

9.5-11

explored recently by Kim and coworkers [14], who obtained
dissociation energy values for different cross-links found in
lignin using small molecular models. The aim of that study
was, according to the authors, to elucidate the mechanistic
possibilities for lignin degradation by thermal or catalytic
action.

In the present work, lignin dimers were submitted to a
conformational analysis using a chemometric tool previous-
ly used by us [27] called Box-Behnken (BB) design. This
statistical tool enables a concomitant conformational analy-
sis of several dihedrals angles in lignin systems, accounting
for individual and coupled effects of the set of angles.
Figure 2 clearly shows the four main experimentally verified
cross-links that are studied in this work.

Methods

The 24 dimers illustrated in Table 2 were studied in the
present work. They were built considering the three mono-
meric units (G, H and S) cross-linked in pairs (considering
the four main cross-link types—Table 1). Some previous
studies in the literature have described some conformational
analysis methods applied to small lignin models. The torsion
angles that were selected for conformational analysis are
dependent on the cross-link type. For structures containing
3—5" and 3-5' cross-links, only one important torsional
angle was selected; whereas for those structures containing
o—0—4 and 3—O—4 cross-links type, four dihedral angles are
relevant to map the conformational space (see Fig. 3). All 24
geometries were optimized in gas phase at the HF/6-31G
level and the final structures were used as initial guesses for
conformational analysis.

For the models 3—5' and 3-5’, the conformational search
for 12 dimers (f—5-GG, GH, GS, HH, HS, SS and 3-5—
GG, GH, GS, HH, HS, SS) was performed directly through
rotation around the inter-monomers bond, using 36 steps of
10° using the SCAN keyword in Gaussian 03 package at
HF/6-31G level and keeping the geometry frozen (rigid-
rotor approach) [28]. As a statistical-based method was
used, no topological parameters other than the selected
dihedral angles should vary. Therefore, the rigid SCAN
excludes the influence of other variables on the description
of conformational energy.

For the other two models («—O—4-GG, GH, GS, HH, HS,
SS and 3—0—4-GG, GH, GS, HH, HS, SS) a different proto-
col for the conformational search, based on chemometry with
the aid of BB design, was used [29]. This strategy was applied
to systems with four relevant dihedrals, taking into consider-
ation the weight of the interaction between them (see [18] for
details). In this first analysis, we considered only the torsional
angles directly involved in the cross-linking moiety, which
were based on those used by Besombes and coworkers [23]. In
other words, the BB design allows us to screen through the
four main dihedral angles and find out the two most relevant,
which are used further for potential energy surface (PES)
calculation using a quantum mechanical (QM) method. As
the first step in the BB analysis, the three levels of the variables
(dihedral angles) were defined, namely low (—1), medium (0)
and high (+1), which will define the response’s matrix (total
energies). This was done by taking the optimized geometry as
low level (—1) and the geometries twisted by 45° and 90° as
medium (0) and high (+1) levels, respectively. The dihedral
angles used as input for BB analysis are given in Table 3.

Based on the energy values obtained for the sampling of 81
conformers (3* that means four dihedral angles at three levels)
only 25 conformers were selected according to BB methodol-
ogy. The number of conformers considered (V) is defined
according to Equation 1, where k& is the number of variables
to be evaluated and Cj is the number of central points (i.e.,
attempts considering the level O for all variables) [29]. As BB
design is an incomplete factorial design, screening over vari-
ables is made by considering several 22 factorial analysis (two
variables at two levels) maintaining the other two variables at
the medium level (0). This process is performed six times,
covering all possible combinations among the variables. Us-
ing the information provided by BB design we can set up the
equation for the predictive model (Equation 2) where the [3;
parameters are obtained from Equation 3.

N =2k(k—1)+ C (1)
j}\:ﬂ0+2ﬁiwi+2ﬂiiw3+ZZﬁijwiwj+ri (2)
i=1 i=1 i

p= (" X)) ®)

In Equation 2, each ; corresponds to the adjusted coef-
ficient related to the w; parameter (torsional angle). The 5;
terms refer to the square combination of the w; angle re-
sponsible for the curvature associated to the quadratic mod-
el, and the 3;; terms are the crossed terms associated directly
to interaction effects among the w; variables. The calculation
of these parameters (Equation 3) takes into consideration the
planning matrix (X—considering the codified variables) and

@ Springer



2152

J Mol Model (2013) 19:2149-2163

CH,0H

Ry

R

Rs

Fig. 2 Lignin model highlighting the four main cross-links between phenolic units

the response matrix (Y—total energy values for 25 conform-
ers). To validate the predictive model, two important statistical
parameters were evaluated: the Shapiro-Wilk (SW), to verify
the normal distribution of residues (the difference between the
observed and calculated energies for each conformer); and the
graphs for normal distribution of effects that allows under-
standing of the weight of each effect to the responses. Fol-
lowing analysis of the predictive models, the two main

@ Springer

dihedral angles were selected and used for construction of
QM PES at the HF/6-31G level. This was done in a similar
way as for the simpler dimers, using 10 steps of 36° for each
dihedral. From the PES, those structures that were energeti-
cally more stable were selected and analyzed at different levels
of theory, namely HF/6-31 + G(2d), B3LYP/6-31G and
B3LYP/6-31 + G(2d), in order to assess the role of level of
theory to the conformational distribution.
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Table 2 Optimized geometries (HF/6-31G) of lignin dimers studied here
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*See Fig. 1

Results and discussion

3-5" and —5' dimers

The 3-5'" e (3-5' lignin models have only one important
dihedral angle for conformational analysis (Fig. 3a,b). The

stepwise potential energy curve (PEC) is represented in
Fig. 4a,b (3-5" and 3-5'). From Fig. 4, it is clear that the
PEC profiles depend only on the type of cross-link. How-
ever, small differences could be verified for different mono-

mer combinations mainly at the barriers. These are related to
the different R radicals on each monomer type. For the 3-5'
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Fig. 3a—d General structures of lignin dimers showing the evaluated
dihedral angles in the conformational analysis procedure. a 3-5": W(3_s
(C2,C3,C5°,Co"); b 5" wyp-51(C6,C1,Cx,0); € t—0—4: Wi[x-0-4]
(C2,Cl,Coc,C[.’>), (UZ[O(_Q_4](CY,C E),C(X,O), CU3[O(_0_4](C(5,COC,O,C4/)

dimers, two minima were found. The first, at around 65°, is
separated from the second minimum (global minimum at w=
126-129°; Table 4) by a small barrier around 90°. These values
are in agreement with X-ray data for a similar lignin model
involving the 3—5’ cross-link between aromatic rings (~65° and
~121° [30]). The rotation barrier is much lower than that found
close to 180°, which is in accordance to some theoretical data
obtained at the same theory level for a similar model [31].
These barriers noted on PEC are due to planar structures that
favor 7t-conjugation between aromatic rings, besides increase
the steric repulsion between the groups linked in the ortho-
position. The planar structures correspond to transition state
(TS) structures higher in energy by 0.5-1.0 kcalmol ' (90°)
and 10—14 kcalmol ' (180°) than the minimum points. The TS
structures were not further optimized.

For the (3-5'-type dimers (Fig. 4b) two distinct minima
points were noted around 0° (360°) and 180°. The very small
energy differences found here are related to the asymmetry of
monomers because of different R groups linked in aromatic
units. Between both regions we observe two potential energy
barriers at 60° and 240° where repulsion between phenolic
hydrogens at C2 and C6 and the hydrogen linked at Cf3 in the
same monomeric unit is pronounced. Furthermore, the two
inflections around 115° and 305° can be explained by the
repulsion verified between the phenolic hydrogen at C2 and
C6 and the hydrogen linked at Cx (slightly further away from
C2/C6 hydrogen than C3 hydrogen). The dihedral angle for
the global minimum after geometry optimization was in the
range of 175-179° (Table 4). This value is larger than the
experimental data (144°) [32], due mainly to the lack of
intermolecular interactions in the calculations.

«-0-4 and (3-O-4 models

The PES for the previously lignin dimers (3—-5" and (3-5') are
notably simple. However, for the «—O—4 and —O—4-type
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and (,U4[LX_0_4](COC,O,C4',C5'), d [370742 LU][B_()_4](C2,C1,COC,C‘3),
wz[fs-o-4](C1,COC,C|3,CY), w3[(5-o-4](CY,Cf3,O,C4') and w4[f5-o-4](C[5,
0,C4',C3’). The x-O-4 (erythro «S, (3S), p-O-4 (erythro &S, 3S) and
trans 3-5' model compounds were considered in the present work

dimers four important torsional angles must be included in
the conformational searching. For flexible molecules, random
methods such as Monte Carlo are usually preferable over
systematic approaches. Here, we propose a distinct protocol
based on a sequential approach including quantum mechanics-
chemometry-quantum mechanics (QM/BB/QM). First the QM
method is used to generate the input data, which are treated by
chemometric tools, reducing the number of variable (dihedral
angles) to be further included in the QM analysis. The torsional
angles shown in Fig. 3c,d were considered. Their initial values
were obtained from the optimized structures at the HF/6-31G
level of theory and labeled as low level (~1) in the BB 3*
protocol. The other two levels were determined by adding 45°
to the initial value to obtain the medium level (0) and further
45° to achieve the high level (+1). A total of 25 different
protocols were implemented for each dimer.

Following our sequential protocol, the first step was imple-
mented to calculate the energy of all 81 forms possible
(3x3x3x3) at the HF/6-31G level of theory. From these struc-
tures, 25 conformers were evaluated according to the BB 3*
planning matrix (X matrix) and their respective total energies
used as response (Y matrix). In principle, the analysis of these 25
attempts allows us to establish an equation that accounts for
effects of the four dihedral angles on the total energy. In the
present work, a complete quadratic model was fitted as generi-
cally presented by Equation 2. The adjusted equations that
describe the molecular energy as a function of w; are shown in
Table 5. For the SW test, a calculated value larger than the
reference (SWeae > SWieqos:s o) = 0.918) answers the expect-
ations for a normal distribution of residues. It allows some
statistical inferences, which evidence the suitability of the pre-
dictive models. All 12 models evaluated have presented statisti-
cal signs of normal distribution of residues (i.e., SW,1c > SWiep).

The next step in the sequential protocol was to determine
the two main dihedral angles playing a major role in con-
formational stability. This was done based on analysis of the
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Table 3 Values of dihedral

angles according to the Box- Dihedral Cross-link Dimer Level
Behnken (BB) design levels
-1 0 +1
®; a-0-4 (C2,C1,Co,CP) GG 102.5 147.5 192.5
GH 91.8 136.8 181.8
GS 143.5 188.5 233.5
HH 93.4% 133.4% 173.4%
HS 99.6 144.6 189.6
SS 141.3% 176.3% 211.3%
B-0-4 (C2,C1,Ca,CP) GG —81.2 -36.2 8.9
GH —85.3 —40.3 4.7
GS —81.8 -36.8 8.2
HH -79.4 -34.4 10.6
HS -76.4 -31.4 13.6
SS -77.8 -32.8 12.2
> a-0-4 (Cy,CB,Ca,0) GG 474 92.4 137.4
GH 54.0 99.0 144.0
GS 70.6 115.6 160.6
HH 52.9% 92.9% 132.9*
HS 46.5 91.5 136.5
SS 70.8% 105.8% 140.8*
B-0-4 (C1,Ca,CB,Cy) GG 179.6 224.6 269.6
GH 168.9 213.9 258.9
GS 167.6 212.6 257.6
HH 178.3 2233 268.3
HS 177.8 222.8 267.8
SS -179.9 —134.9 -89.9
W3 a-0-4 (CB,Ca,0,C4") GG -162.6 -117.6 -72.6
GH —-146.5 -101.5 -56.5
GS 148.8 193.8 238.8
HH —-146.7* -106.7* -66.7%
HS —163.1 —118.1 -73.1
SS 148.4° 183.4% 218.4%
B-0-4 (Cy,CB,0,C4") GG 93.7 138.7 183.7
GH 111.8 156.8 201.8
GS 84.0 129.0 174.0
HH 99.2 144.2 189.2
HS 81.1 126.1 171.1
SS 81.1 126.1 171.1
Wy a-0-4 (Co,0,C4',C5") GG —-108.6 —63.6 —-18.6
GH —-123.0 -78.0 -33.0
GS -106.5 -61.5 -16.5
HH —123.6* —83.6" —43.6"
HS —-115.5 =70.5 -25.5
SS —-104.2% -69.2% —34.2%
B-0-4 (CB,0,C4',C3") GG —-100.7 -55.7 -10.7
GH -133.7 —88.7 —43.7
GS -108.9 -63.9 -18.9
HH -127.7 —82.7 -37.7
*Dimers twisted by different HS -110.4 —65.4 -20.4
values (not 45° per level) due to SS ~109.9 —64.9 ~19.9

steric hindrance
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Fig. 4 HF/6-31G potential energy curve (PEC) obtained from confor-
mational analysis of a 3-5" and b (3-5'-type dimers considering the
different phenolic units G, H and S

graph of the normal distribution of effects (NDE), which is a
plot of the normal standard distribution z = N(0,1) (vertical
axis) against the effects (horizontal axis). These effect values
are obtained as twice the estimated values (the coefficients of
the fitted model—@—presented in Eqs. 2 and 3). It can be
understood from the algorithm used to calculate the estimators’
model that the true values of factors levels were substituted by
0,— 1 and +1 due to the codifications of the original variables.

This codification, i.e., the statistical model, consists mathemat-
ically of setting the axis origin at an intermediate value. In the
present case the origin axis is the half the amplitude of the
corresponding factor variation. For this reason, to cover whole
sampling area, the effects are in fact double the estimators’
model. The NDE graphs for the «-O-4 and 3-O-4 dimer are
plotted in Fig. 5. Those points that are correlated linearly
correspond to random effects, and are not representative of
the adjusted model. On the other hand, points that do not
follow the linear behavior are significant to the energy descrip-
tion, the significance becoming higher the more distant from
the linear region the point is. As verified, of the six x-O-4-type
dimers studied, five have w[«.04(Cy, CB, Cx, O) and w;4.
041(CB, Cx, O, C4) as the main dihedral angles, highlighting
the importance of such dihedral angles for structural stability.
These angles define the conformation of the side chain linked
to the aromatic rings and the connection between the aromatic
units, respectively. A similar analysis was carried out for 3-O-
4 dimers. Of the six molecules studied, five showed the w30
4(Cy, CB, O, C4') as the most significant torsional angle, and
four also showed w;[p.04(C2, C1, Ca, Cf3) as an important
torsional angle for conformational analysis. The reason to
Ws[p-0-4] appears as a relevant dihedral angle is based on the
proximity of the Cy hydroxyl and R groups linked at the
neighboring phenolic unit. This proximity might facilitate the
hydrogen bond between these two groups, influencing greatly
the calculated energy. The relevance of the wg.o.4) dihedral is
related to the proximity of the phenolic hydrogen at C2 and C6
and the Co hydroxyl, leading to the same situation as in the
previous case. Furthermore, it is worth noting that some inter-
action effects between dihedral angles have great significance.
For example, the w;.w; interaction in the x-O-4 SS dimer
(Fig. 5f) shows a particular significance in the total energy.
These dihedrals angles—w [.0.4(C2, C1, Cet, CP3) and w34
04)(CB, Cax, O, C4')—are consecutive on the molecule; there-
fore they interact and can influence the conformational energy
directly if one of them presents a high effect. This is a particular
feature of the BB design that provides important information
about crossed-effects between variables. Thus, in short, from
the BB analysis, two dihedral angles were selected for each
type of dimer. These outcomes make feasible the systematic
conformational analysis through QM methods as described in
the next paragraphs as the final part of our protocol.

The selected pairs of torsional angles for each dimer were
rotated ten times in steps of 36°, generating 121 conformers.

Table 4 Dihedral angle values

for the lowest energy conformers Dimers
obtained from the PEC for 3—5'
and -5’ at HF/6-31G level of GG GH GS HH HS SS
theory
Cross-link 3-5 127.8° 127.8° 129.2° 126.0° 127.4° 129.2°
B-5' 177.4° 177.4° 178.7° 176.4° 176.4° 175.8°
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Table 5 BB-adjusted equations representing the total energy as a function of the dihedral angles

Adjusted model equation according to BB model* SW Main dihedrals
a-0-4 GG —1294 + 0.07®; + 1.160, + 0.08w; — 0.0504 — 0.15w;.; — 0.42m;.03 — 0.090;.m4¢  0.966 o, (Cy,CB,Ca,0)
—0.170;.03 + 0.11003.004 — 0.02003.004 + 0.1600;> 4 0910, + 0.373% — 0.12004> o3 (CB,C0,0,C4")
GH —1180 4+ 0.26; + 1.30mw; — 0.08w; — 0.0704 — 0.31w;.00; — 0.08w;.003 — 0.10w;.004  0.977 ®, (Cy,CB,Ca,0)
+0.050;.003 + 0.12005.004 — 0.01003.004 + 0.080;% + 1.1000, + 0.23032 — 0.054> o (C2,C1,Co,CP)
GS —1393 + 6.36m; + 3.560, — 7.0lw; — 0.66w4 + 0.82m;.0 — 15.40;.03 — 1.400;.004  0.918 o (C2,C1,Co,CP)
—0.83;.003 + 0.07m;.004 — 1.8003.004 + 0.6300;2 — 6.25m,% — 1.763% — 9.75004> w3 (CB,Ca,0,C4")
HH —1066 — 0.06®; + 0.64w; + 0.17w3 — 0.06004 — 0.22w; ., — 0.02m;.w3 — 0.08w;.m4  0.954 »; (Cy,CB,Coa,0)
—0.010.003 + 0.0902.04 — 0.01033.004 + 0.0500;> + 0.50,2 + 0.11e3% — 0.01 4> 3 (CP,Ca,0,C4")
HS —1294 4+ 0.560; + 1.36mw; — 0.63w; — 0.0304 — 0.0201.000 — 1.71w;.003 — 0.10.0.004  0.941 > (Cy,CB,Ca,0)
—0.77.05.03 + 0.08005.004 — 0.12003.004 + 0.550;% + 0.87,2 + 1.06a3% — 0.42004> 3 (CB,Ca,0,C4")
SS —1514 + 0.33w; + 3.39m; — 1.1703 + 0.76004 + 0.85w;.0; + 2.690;.03 + 0.39m;.004  0.948 ®, (Cy,CB,Ca,0)
+0.11p.003 — 1.91n.004 — 1.3703.004 — 2.060;% — 0.85m,2 — 2.99m3% — 3.61004> 3 (CB,Ca,0,C4")
B-O-4 GG —1294 + 1.38w; — 0.29m; + 1.11w;3 + 0.2404 — 0.020;.0; + 0.070;.003 — 0.06m;.04  0.969 ; (C2,C1,Ca,CP)
—0.81my.m3 + 0.670.004 + 1.4603.004 + 0.49m,2 + 0.220,% + 0.85m32 + 0.60w42 o3 (Cy,CB,0,C4")
GH —1180 4+ 0.24w®; — 1.30m; + 0.54w3 + 0.8604 — 0.62w; .0 — 0.01m;.003 + 0.10m;.04  0.943 , (CB,0,C4',C3")
—1.350,.m3 — 2.450,.004 + 0.25m3.004 — 0.64m,2 + 1.73w,2 — 0.0903% + 0.86w4> o4 (C1,Ca,CB,Cy)
GS —1408 + 0.02m; — 0.290; + 0.76w3 — 0.86.004 + 0.41w;.002 + 0.01w; .03 — 0.18w;.04  0.918 w3 (Cy,Cp,0,C4")
+1.090,.03 + 0.95m;.004 — 1.82m3.04 — 0.510;2 — 0.42m,% + 0.9132 + 1.1004> o4 (C1,Ca,CB,Cy)
HH —1066 + 1.40m; — 0.100; + 0.45w3 — 0.2904 4 0.01w; .02 + 0.07w;.03 — 0.050;.04  0.947 o (C2,C1,Co,CP)
—0.19w,.03 + 0.660;.004 — 0.0203.004 + 0.86(;2 + 0.25w, + 0.16032 + 0.26004> o3 (Cy,CP,0,C4")
HS —1294 + 1.27w; — 0.440; + 0.55w3 — 0.18w4 + 0.01®; . + 0.05m;.03 + 0.050;.m4  0.932 o (C2,C1,Co,CP)
—0.1207.03 + 0.6103.004 + 0.3503.004 + 0.760;> + 0.13w,2 + 0.30@3% + 0.4504> o3 (Cy,CP,0,C4")
SS —1522 + 1.27w; — 0.07w, + 0.61w; — 0.1504 + 0.01lw;.00, + 0.05m;.003 + 0.02m;.004  0.944 ; (C2,C1,Ca,CP)

—0.17w,.m3 + 0.60w,.04 + 0.38w3.004 + 0.700)12 + 0.14(022 + 0.37(1)32 + 0.47(1)42

3 (Cy,CP,0,C4")

#Values for wy, ws, w3 and wy can range between {w; €R |w; € [-1,1]}

Among the four dihedrals considered, the two least significant
were kept fixed at their optimized values during this procedure.
The PES created for all 12 structures examined are depicted in
Fig. 6. From the analysis of individual PES, the five lowest
energy minima points (S1, S2, S3, S4 and S5) were selected for
each dimer. These selected structures were then optimized at
the HF/6-31G theory level to guarantee full convergence of
geometry. Table 6 shows the two main dihedral angles opti-
mized for the five conformers (S1, S2, S3, S4 and S5) studied.
The initial geometries, which correspond to the level (—1,—1,
—1,—1), are labeled as S1. As noted in Table 6, most of the
selected minima (S2-S5) differ from the initial point, and
generally lead to conformers with lower energies than those
originally proposed. This fact validates the sequential protocol
used here as a conformational search approach able to find out
the most stable structures, regardless of the reference set used.
The relative energy for the distinct conformers, within the same
class of dimer, was not higher than 10 kcalmol ', with the
average being around 4 kcalmol ' (Table 7).

Aiming to assess the role of level of theory on our confor-
mational analysis, the lowest energy structures (noted in
Tables 6 and 7) were optimized at the HF/6-31 + G(2d),

B3LYP/6-31G and B3LYP/6-31 + G(2d) levels of theory—
labeled as L2, L3 and L4 levels, respectively (see Table 6).
The levels of theory used here usually do not change the
conformations significantly. Some deviations noted for -O-
4 GH dimer are due to free rotation of the aromatic ring
around the single bond allowing two stable points found about
180° apart from each other. As observed in Table 6, the basis
set plays a major role in determining the geometry. The L2 and
L4 levels [both considering 6-31 + G(2d)] show dihedral
values generally closer to the predicted BB value for a mini-
mum energy structures (BB values were obtained from Eq. 4
and Table 5). Comparison between some torsional angles
from (3-O-4 HH and (3-O-4 SS models with experimental
and theoretical data from the literature also reveals the primary
role of the basis set for geometry as seen in Table 8. Further-
more, analysis of torsional angles allows us to validate the BB
methodology used in this study once the topological parame-
ters converge to crystallographic structure and theoretical
values using well-established methodologies.

OE OE OE OE

e == 4
0(01 aa)z 8(03 8604 ()
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Fig. 5a-1 Normal distribution of effects (NDE) for the studied dimers.
The points outside the correlation line represent the most relevant
dihedrals to be studied. a x-O-4 GG; b x-O-4 GH; ¢ x-O-4 GS; d

According to (4) we can obtain the values of each dihe-
dral angle that lead to a minimum total energy for each

@ Springer

«-0-4 HH; e x-O-4 HS; f x-O-4_SS; g 3-0O-4 GG; h 3-0O-4 GH; i
3-0-4_GS; j -O-4_HH; k -O-4_HS; 1 3-0-4_SS

dimer system. It is also important to note that only 3 of the
12 dimers studied presented the initial conformer (S1) as the



J Mol Model (2013) 19:2149-2163 2159

CB,Ca,0,c4’ Cy,CB,Ca,0 CB,Ca,0,C4’

1435
107.5
715

355

3595
3235
287.%
2515
2155

€2,C1,Ca,CB
€2,C1,Ca,CB

Cy,CB,Ca,0

179.5
1435

a-0-4/GH

CB,Ca,0,C4’ CB,Ca,0,C4’ CB,Ca,0,C4’
528 708
168
3408 3588
3048
2688 2868
2328
1968 2148
1608
1248 1428
B88
528 708

r
Cy,CB,0,Ca C1,Ca,CB,Cy
2789 -840
2429 480
ooy 2069 ‘8 120
9 1709 o 3360
8 1349 d 3000
-
- 989 9] 640
A - 2280
629
~ o]
(8] 269 1920
92 1560
452 1200
812 : 840
&
2806 2822
2446 2462
o 2086 =% 2102
(‘B{ 1726 Lé. 1742
U 1366 U 1382
- -~
- 1006 - 1022
q" 6456 q‘ 66.2
o 86 302
74 58
-43.4 -41.8
794 778

B -0-4/HS

Fig. 6 Potential energy surface (PES) contour maps generated for the lignin «-O-4 and (3-O-4 dimers. The labeled points correspond to the five
lowest energy minima. Blue Low energy values, bordeaux medium energy values, green high energy values
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Table 6 Main dihedral angle values for x-O-4 and 3-O-4 dimers

Dihedral Dihedral angles values/®
s1® S2 S3 S4 S5 L2° L3° L4° BB°
0-0-4 GG @»(Cy,CB,Ca,0) 47 4¢ 76.0 474 47.4 47.4 50.5 483 493 47.4
05(CB,Ca,0,C4)  —163¢ -140 -163 -163 -163 -164 -162 -163 -163
GH  ©,(C2,C1,Co,CP) 91.8 -85.6¢ 117 91.9 91.9 -86.4 -85.2 -92.9 91.8
©5(Cy,CB,Co,0) 53.9 5249 167 53.9 53.9 55.7 54.1 57.1 64.4
GS  ®(C2,C1,Co,CP) 144 -40.3¢ -40.3 -58.2 -40.3 -49.9 -37.9 -53.9 164
©5(CB,Ca,0,C4") 149 1514 151 -98.6 151 -170 142 162 149
HH  »(Cy,CB,Ca,0) 52.8 52.8 73.3¢ 56.3 52.8 58.8 75.2 58.3 52.8
©3(CB,Ca,0,C4) -147 -147 -157¢ -154 -147 -154 -158 -158 -147
HS  s(Cy,CB,Ca,0) 46.5¢ 46.5 77.5 77.5 46.5 48.8 47.7 49.1 78.9
©05(CB,Ca,0,C4)  —163¢ -163 —58.0 -580 163 -165 -162 -163 -73.1
SS  @(Cy,CP,Ca,0) 70.8 86.1 78.3 70.8 61.1¢ -71.1 62.5 —62.1 141
©3(CB,Ca,0,C4") 148 -105.3 -57.5 148 -166¢ -141 -167 176 -150
B-0-4 GG  ©(C2,C1,Cu,CP) -81.1 -81.1 -92.8  —108 -108.2¢ -83.0 -75.3 -79.3 -81.2
©5(Cy,CB,0,C4") 93.7 93.7 122 97.4 97.4¢ 88.0 -51.0 87.3 127
GH  (C1,Ca,CB,Cy) 169 169 169 -164 —164¢ 178 -162 173 -127
©4(CB,0,C4,C3)  —134 -134 ~134 -123 -1234 -123 -147 -152 -82.7
GS  ®(C1,Ca,CP,Cy) 168 168 168 168 -170¢ 178 170 174 -130
©5(Cy,CB,0,C4") 84.0 84.0 84.0 84.0 1284 77.7 58.2 80.5 128
HH  ©,(C2,C1,Co,CP) -79.4¢ -79.4 -76.9 -76.7 -76.9 -82.5 -80.1 -80.1 -71.2
©5(Cy,CB,0,C4") 99.24 99.2 -16.9 -17.9 -16.9 91.4 118 108.0 113
HS  ©(C2,C1,Co,CP) ~76.4 ~76.4 68.5¢  —111 -76.4 97.2 179 100 —68.6
©5(Cy,CB,0,C4") 81.1 81.1 7599 115 81.1 75.9 58.1 76.0 112
SS  ®(C2,C1,Cu,CP) -77.8 -77.8 -108 -77.8 1114 —84.3 2.54 -80.0 -73.2
©5(Cy,CP,0,C4) 81.1 81.1 -102 81.1 31.2¢ 76.5 15.4 77.8 115

#Values to the initial optimized structures at HF/6-31G theory level. The geometries S2—S5 were also optimized at HF/6-31G level.
® L2 HF/6-31 + G(2d), L3 B3LYP/6-31G e L4 B3LYP/6-31 + G(2d) theory levels. Only the lowest energy structure was considered at higher level of theory
¢ Best dihedral angle values from the adjusted model according to Equation 4

9 More stable conformers

Table 7 Relative energies (HF/6-31G) for «-O-4 and (3-O-4 dimers

Dimers AEg,s/kcal mol™!
s1® S2 S3 S4 S5

0-0-4 GG 0.00° 227  3.14x10*  6.28x107°  0.00°
GH 047  0.00° 1.41 0.47 0.47
GS 088  0.00° 0.00° 1.78 0.00°
HH 227 227 0.00° 1.93 227
HS  0.00° 0.00° 1.25 1.25 0.00°
SS 129 339 3.33 1.29 0.00°

B-0-4 GG 390  3.90 2.52 0.00° 0.00°
GH 299 299 2.99 0.00° 0.00°
GS 375 375 3.75 3.75 0.00°
HH  0.00° 0.00° 2.17 2.39 217
HS 390  3.90 0.00° 10.5 3.90
SS 367  3.67 8.79 3.67 0.00°

#Values corresponding to the initial optimized structures at HF/6-31G
theory level. The geometries S2—-S5 were also optimized at HF/6-31G level

®More stable conformers

@ Springer

most stable, showing the applicability of our protocol to
search the conformational space. Some deviations observed
are due to “lack of adjustment” of the models and also to the
structural peculiarities that may allow structurally equivalent
conformers for different angular descriptors (degenerate con-
formers). Dimers containing equal monomeric units bound by
different cross-links have the same number of atoms and,
therefore, are position isomers. Figure 7 shows that, in gener-
al, the dimers are more stable when linked by «-O-4 than [3-
0-4 cross-link type. However, the level of theory also plays a
role in the stability order as noted for GH and SS dimers,
although the energy difference is within 5 kcalmol .

Finally, using the conformational data obtained for individ-
ual dimers, a larger oligomer was built according to the lignin
native composition given in Table 1 and based on an oligomeric
structure from the literature [15]. The HF/6-31G optimized
structure is shown in Fig. 8. The dihedral angles found were
168° and —135° (w, and wy, respectively, for the 3-0O-4 GH
unit), 178° (w, for 3-5' GG unit), 131° (w; for 3-5’_HS unit)
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Table 8 Comparison of some ]
dihedral angles between com- Dihedral angle p-O-4_HH
puted lower energy conformers Exp.? S1 S1 (L2) S1 (L3) S1 (L4) scs®
and the crystal structure (Exp.) — ¢.CB.0-C4' -173 -138 145 120 129 173
and theoretical stochastic con-
formational searching (SCS) for C1-Ca-Cp-Cy 178 178 -175 177 -177 h
HH and SS (-O-4 models. The C1-Ca-CB-O 57 59 64 59 64 52
values shown are in degrees Cp-0-C4'-C3' -159 -128 -122 -152 -148 -170
Dihedral angle B-O-4_SS
Exp.° S5 S5 (L2) S5 (L3) S5 (L4) scs®
C6-C1-Ca-CB 114 70 96 -177 100 77
ara3 C1-Ca-CB-O 71 73 65 66 64 =74
b[ ] C6-C1-Ca-Oa -123 —166 -142 127 -137 -
ES] Ca-CB-O-C4' 151 152 —-161 138 -159 -138
°[34]

and —81.8° and 100° (w; and w3, respectively for 3-0-4 GG
unit) in close agreement to those found for the corresponding

dimers. Therefore, a larger structure can be predicted, which is
relevant for modeling lignin surface and its chemical processes.

a 20 b 20
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Fig. 7a-d Total gas phase energy variation for x-O-4 and 3-O-4 dimers, considering four different levels of theory. The zero value corresponds to
the more stable structure for each level of theory. a HF/6-31G, b HF/6-31 + G(2d), ¢ B3LYP/6-31G, d B3LYP/6-31 + G(2d)
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Fig. 8 Optimized structure
(HF/6-31G) of a lignin
oligomer containing eight units
obtained from the small dimers
studied here

B-0-4
GH

_ p-04
GG

Conclusions

Conformational analysis of four small lignin models was
accomplished using QM methods with the aid of chemo-
metric tools. For the simpler models (3—-5" and (3-5') only
one relevant structure was predicted with the inter-
monomers dihedral angles found around 126-129° for 3—
5" and 175-179° for (3-5'. For these dimers the kind of
monomer unit (G, H or S) does not play an important role
in the stability, which is driven by cross-link type.

For the larger models (x-O-4 and (3-O-4), conformational
analysis was carried out using a sequential methodology
including QM/BB/QM approaches, where BB analysis was
used to screen throughout the four dihedral angles and to
select the two most relevant. BB analysis identified the
dihedrals (Uz[o‘_o_4](C'Y, Cﬁ, C(X, O) and (1)3[06_0_4]((:[3, CO(,
0O, C4') as the most important for «-O-4 dimers. For 3-O-4
structures, the (.U3[[3_O,4](C'Y, CB, O, C4’) and wl[B—O—4](C2’
Cl, Ca, Cp) angles were predicted as most important for
conformational analysis. These selected dihedrals angles
were used to construct the QM PES and the five lowest
energy conformers were selected for further analysis. On
average, the relative energy is within 5 kcalmol ', which is
in line with the proposal of finding the lowest energy struc-
tures. Furthermore, some model compounds studied have
shown torsional angles close to crystallographic and theo-
retical stochastic methodology, which validates the QM/BB/
QM conformational method proposed. In this way, the anal-
ysis of conformers at higher levels of theory has shown
good agreement with crystallographic geometrical parame-
ters, which evidences the importance of the level of theory
in the conformational analysis of lignin models. Therefore,

@ Springer

from a chemical point of view, the structure found here
might be useful to build larger oligomers of lignin in order
to explore its potential as a catalyst.
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