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A conformational study of the molecule of arbutin (4-hydroxyphenyl-B-b-glucopyranoside) has been
undertaken. The molecule is composed by a glucopyranoside moiety bound to a phenol ring. It has eight
conformationally relevant dihedral angles, five of them related with the orientation of the hydroxyl
groups and the remaining three taking part in the skeleton of the molecule. A systematic search on the
conformational space of arbutin was performed using molecular orbital methods, followed by the iden-
tification of structural similarities between the different conformers, using multivariate analyses. This
approach allowed the grouping of conformers according to their structural affinity and the establishment
of correlations between their structures and several properties. Intramolecular interactions involving OH
groups were also investigated and correlations between spectroscopic, structural and thermodynamic
properties established. The developed strategy might be useful to investigate the structure and struc-
ture/properties correlations in other conformationally flexible molecules.
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1. Introduction

Arbutin (IUPAC name: (2R,3S,4S,5R,6S)-2-hydroxymethyl-6-(4-
hydroxyphen oxy)oxane-3,4,5-triol, also known as hydroquinone-
B-p-glucopyranoside) is an abundant solute in the leaves of many
freezing- or desiccation-tolerant plants. It has been used pharma-
ceutically in humans for centuries, either as plant extracts or, in
more recent decades, in the purified form. Arbutin acts as an anti-
septic or antibacterial agent on the urinary mucous membranes
while converting into hydroquinone in the kidney [1]. It is also
used as a depigmenting agent (skin whitening agent) as it inhibits
melanin synthesis by inhibition of tyrosinase activity [2].

From a chemical point of view, the arbutin molecule has eight
conformationally relevant dihedral angles, five of them related
with the orientation of the hydroxyl groups and the remaining
three taking part in the skeleton of the molecule. The number of
hydroxyl groups and multitude of possible conformations and
intermolecular interactions for which they are relevant are respon-
sible for most of the arbutin relevant physico-chemical properties
and biological activity [3-6], but are also a source of complexity for
molecular structural studies.

In this study, a systematic search on the conformational space
of arbutin was performed, conformers were grouped according to
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structural similarities using multivariate analyses and correlations
between their structures and several properties established. The
strategy here used to analyze such a conformationally complex
system as arbutin (with 35 atoms and eight conformationally rel-
evant dihedral angles) might be useful to investigate the structure
and structure/properties correlations in other conformationally
flexible molecules, in particular carbohydrates and other biologi-
cally relevant substances.

Intramolecular interactions involving OH groups were also
investigated and correlations between spectroscopic, structural
and thermodynamic properties established.

2. Computational details

The semi-empirical PM3 method [7] was used to perform a sys-
tematic preliminary conformational search on the arbutin poten-
tial energy surface (PES). It provided a quick assessment of the
main features of the conformational space of the molecule, which
were later on taken into account in the subsequent, more reliable
analysis performed at higher level of theory. This preliminary con-
formational search was carried out using the HyperChem Confor-
mational Search module (CyberChem, Inc.© 2004) [8]. Taking
into account the high flexibility of the arbutin molecule, a random
search appeared as the most appropriate way to perform the con-
formational search [9-11]. In this approach, the generation of new
starting conformations for the energy minimization uses a random
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variation of the dihedral angles of previously found conformers
[9,10]. The method searches on until no new minima are
generated.

The eight dihedral angles defining the conformational isomers
of arbutin (Fig. 1) were considered in the random search:
C2C1023C24, C]023C24C25, 06C5C7011v C5C7011H]5, C3C4010Hl4v
C2C309H13, C]CzOngz and C25C27034H35. Conformations with ener-
gies lower than 50 k] mol~! were stored while higher-energy con-
formations or duplicate structures were discarded. The structures
obtained from this conformational search were used as start points
for the construction of the input files later used in the higher level
quantum chemical calculations. These latter were performed with
Gaussian 03 [12] at the DFT level of theory, using the 6-
311++G(d,p) basis set [13] and the three-parameter density hybrid

functional abbreviated as B3LYP, which includes Becke’s gradient
exchange correction [14] and the Lee, Yang and Parr [15] and Vos-
ko, Wilk and Nusair correlation functionals [16]. Conformations
were optimized using the Geometry Direct Inversion of the Invari-
ant Subspace (GDIIS) method [17]. The optimized structures of all
conformers were confirmed to correspond to true minimum en-
ergy conformations on the PES by inspection of the corresponding
Hessian matrix. Vibrational frequencies were calculated at the
same level of theory.

The multivariate studies were performed using The Unscram-
bler software (v9.8) [18].

3. Results and discussion

3.1. Geometries and energies

O, H
Hio / e Arbutin has eight conformationally relevant rotational axes.
h ,..2/27\H21 o After re-optimizing at the DFT(B3LYP)/6-311++G(d,p) level of the-
~ 6 ry the structur ined from the prelimin. mi-empirical
H, 00 \5//.417 s ory the structures .obta ed from the pre ary semi-empirica
Ho 3 o b9 random conformational search, 130 conformers were found, all of
H1309\3/ \\1/ 23 N \\ A, them belonging to the C; symmetry point group.
/ OgHyg| 24 28 Table 1 presents the calculated relative energies and dipole mo-
Ho, e ‘ | | ments of all the conformers calculated at the DFT(B3LYP)/6-
25 27 311G++(d,p) level of theory. The values corresponding to the dihe-
- PN . . :
H Y, \26/ o, H,, dral angles defining the conformers are provided in Table S1.
| To group the conformers according to their main structural sim-
Ho, ilarities, the following strategy was followed, which intends to be a
fast and general procedure to perform such operation in medium
Fig. 1. Arbutin molecule, with atom numbering scheme. size (30-60 atoms) conformationally flexible molecules:
Table 1
DFT(B3LYP)/6-311++G(d,p) relative energies, including zero point vibrational contributions (AE), and dipole moments (x) for the 130 most stable conformers of arbutin.?
Form® AE u Form® AE u FormP AE u FormP AE u
29 (B) 0° 1.90 110 (B) 14.88 4.00 221 (A) 20.64 4,03 113 (C) 27.40 3.14
60 (B) 0.54 429 115 (B) 14.98 3.70 1 (B) 21.09 2.48 133 (B) 28.34 2.69
57 (C) 0.93 2.80 141 (C) 1530 343 4(C) 21.20 3.97 107 (C) 28.52 2.95
88 (B) 1.18 412 26 (B) 15.58 2.71 204 (A) 21.40 3.06 123 (B) 28.57 3.10
53 (C) 1.82 277 36 (B) 15.62 222 16 (B) 22.17 3.52 104 (C) 28.98 294
47 (C) 218 391 76 (C) 15.63 3.39 100 (A) 22.17 418 253 (A) 29.15 267
52 (C) 2.68 2.96 211 (A) 16.15 3.38 130 (A) 22.27 1.65 237 (A) 29.17 2.64
56 (B) 2.88 2.04 143 (A) 16.67 5.00 153 (A) 22.32 3.51 157 (B) 29.27 3.72
200 (B) 3.29 448 22 (C) 16.69 1.71 39 (B) 22.42 2.01 99 (A) 29.32 499
112 (B) 3.88 2.36 51 (B) 16.87 2.36 44 (C) 22,51 2.78 222 (A) 29.75 2.56
274 (B) 4.43 415 83 (C) 16.89 2.95 168 (C) 22.71 3.37 137 (C) 29.82 421
134 (C) 8.97 1.70 280 (C) 16.90 423 164 (A) 22.73 3.96 289 (A) 29.83 3.80
33 (C) 9.64 0.93 24 (C) 16.95 1.31 262 (A) 22.94 343 284 (A) 30.00 232
136 (B) 9.75 2.88 59 (B) 17.01 3.84 161 (A) 23.03 1.91 145 (C) 30.01 473
75 (B) 10.04 3.46 40 (C) 17.37 1.47 119 (B) 23.78 2.62 261 (C) 30.11 5.34
120 (C) 10.73 1.14 303 (B) 17.50 432 175 (A) 23.92 1.65 270 (A) 30.27 3.57
185 (C) 10.84 2.48 9 (B) 17.53 235 139 (A) 24.02 428 69 (C) 30.43 3.24
173 (B) 11.10 3.07 202 (A) 17.56 2.08 250 (A) 24.66 1.75 298 (A) 30.60 3.69
103 (B) 11.28 232 7 (B) 17.61 3.72 263 (A) 24.68 2.75 246 (A) 31.08 3.42
178 (C) 11.32 2.92 58 (B) 17.62 2.60 180 (C) 24.96 361 306 (B) 31.16 458
150 (B) 11.36 3.66 45 (B) 17.94 3.91 95 (A) 24.97 3.00 114 (A) 31.42 261
41 (C) 11.53 272 209 (A) 17.96 3.30 73 (C) 24.97 0.68 232 (B) 32.71 5.65
288 (C) 12.40 3.05 10 (B) 18.07 1.36 142 (A) 24.97 3.00 215 (A) 32.72 1.30
109 (B) 12.59 2.07 98 (B) 18.12 4.12 195 (C) 25.13 232 307 (A) 34.23 3.47
154 (C) 13.25 4,68 6 (C) 18.21 3.00 151 (A) 25.20 232 282 (A) 35.46 452
63 (B) 13.36 3.15 304 (C) 18.81 5.25 79 (B) 25.30 2.78 297 (A) 35.75 405
74 (B) 13.77 423 158 (A) 18.98 2.06 177 (C) 25.72 5.28 301 (A) 36.94 3.67
85 (C) 13.82 221 3(C) 19.22 252 186 (B) 25.86 3.48 207 (A) 37.31 434
111 (B) 13.98 347 11 (C) 19.34 291 43 (A) 26.03 4.82 293 (A) 39.42 3.63
62 (C) 13.99 230 166 (A) 19.37 2.97 160 (A) 26.19 3.93 264 (A) 41.46 3.01
70 (B) 14.07 3.42 311 (A) 19.77 533 198 (A) 26.27 1.55 313 (A) 4568 6.40
121 (A) 14.16 3.45 225 (A) 20.25 1.93 105 (A) 26.37 2.98
156 (A) 14.50 4.96 71 (C) 20.29 1.94 116 (B) 27.01 3.49

 Energies in k] mol~', Dipole moments in Debyes (1 D =3.33564 x 1073° C m).

> The numbers designating the conformers correspond to the number of the structure submitted to optimization in the preliminary PM3 calculations; the group to whom

conformers belong is given in parenthesis.

¢ The calculated total energy (with zero point vibrational energy contribution) for the lowest energy conformer of arbutin (conformer 29) is —2608343.813 kJ mol ™.
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ig. 2. PCA-scores (PC2 vs. PC1; plot a) and the corresponding loadings (plots b, c), grouping arbutin conformers in terms of structural similarity (see text for detailed
description). Plot d: total average values and standard deviations of the eight conformationally relevant dihedral angles of arbutin in the three groups of conformers resulting
from the PCA analysis. Plot e was built as follows: values of each dihedral angle were grouped according to their similarity and the average value for each set marked in the

graph by means of a circle whose diameter is proportional to the cardinal of the set.
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(a) All conformers were oriented equally in the Cartesian refer-
ential, in such a way that the main structurally rigid frag-
ment of the molecular skeleton (in this case the
glucopyranoside ring) is placed as close as possible to the
axes origin: atoms C;, C; and C3 were located in the origin,
positive y axis and xy plane (first quadrant), respectively.

(b) All Cartesian coordinates of the 130 low energy conformers
of arbutin were then used to perform a principal component
analysis (PCA). The table of data (data matrix) was built as
follows: each line corresponds to a conformer and the col-
umns to the Cartesian coordinates, the first 35, to the x coor-
dinates of the 35 atoms of arbutin, the second 35 to the y
coordinates and the last 35 to the z coordinates. In practice,
this method is very fast to implement, once the desired ori-
entation of the molecule has been used as input geometry in
the Gaussian 03 DFT calculations; then, the optimized geom-

~

s

160° (B,C)

Fig. 3. Newman projection along the C;—0,3 bond of arbutin. The arrows represent
the orientation of the O,3—C,4 bond in conformers of Group A (ca. —50°) and B,C (ca.
160°). The orientation of the 0,3—C,4 bond according to the remaining staggered
position around the C;—0;3 bond (indicated by the dashed arrow) was not found in
any of the 130 lowest energy conformers of the molecule due to steric interactions
between the phenol ring and the Og—H;, group.

etries resulting from these calculations are already correctly
oriented in the Cartesian frame and in the proper format to
be provided as input to the PCA calculations.

Fig. 2 depicts the PCA-scores (PC2 vs. PC1; frame a) obtained
from this analysis and the corresponding loadings (frames b and
c). A good separation of arbutin conformers in three groups can
be observed. Group A appears well separated from Groups B and
C along the first principal component (PC1), which explained 77%
of total variance. Group B is separated from Group C along the
PC2. The loading values of PC1 and PC2 evidentiate the atoms’
coordinates contributing the most to structurally distinguish the
conformers of arbutin in the chosen reference system. According
to these values, the spatial orientation of the phenol ring (atoms
25-35) relatively to the reference glucopyranoside fragment is
the main factor allowing for the differentiation among conformers.
The relative spatial orientation of the phenol ring is determined by
the dihedrals interconnecting the glucopyranoside and phenol
rings, C3C10,3C,4 and C;0,3C24Cy5, which are then shown to be
of first importance in structural terms. This can be also noticed
very clearly in the additional graphs shown in Fig. 2, where the
eight conformationally relevant dihedral angles in the three groups
of conformers of arbutin are plotted in two ways:

In frame e, for each Group (A, B and C) the values of each dihe-
dral angle were grouped according to their similarity and the aver-
age value for each subset marked in the graph by means of a circle
whose diameter is proportional to the cardinal of the subset. It can
be noticed that only the C,C;0,3C24 and C;0,3C,4Cy5 dihedrals al-
low for a discrimination among groups: in Group A, C3C;0,3Cy4 is
ca. —50° and C;Cp30,4Cy5 ca. —70°, all conformers (#48) obeying
this general pattern; on the other hand, in both Groups B and C
the CC10,3C4 dihedral is around 160°, but the C1023C24Cy5 one
may exhibit two different ranges of values in each group: ca.
—150° (#28) and —90° (#14) in Group B and ca. 30° (#19) and
100° (#21) in Group C. All the other dihedrals show similar distri-
butions of values in all groups.

Relative energy (kJ/mol)

2957
60 T 53
88 T 47
56 T 52
200 T 134
112=1—33

274 T 120
136 T 185

75 T 178

173 T 41
103——288

150 T 154

Arbutin conformer

Fig. 4. Relative energies of the 130 lowest energy conformers of arbutin (the energy of the conformational ground state was taken as reference). The numbers designating the
conformers correspond to the numbers of the structures submitted to optimization in the preliminary PM3 calculations.
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In the alternative representation (frame d), the means and stan-
dard errors of the means (standard deviation of the sample divided
by the square root of the sample size) of the eight conformationally
relevant dihedral angles of arbutin in the three groups of conform-
ers are plotted (the angles were first converted to the 0-360°
range). In this representation, the individual ranges corresponding
to the characteristic values for each dihedral in the different groups
cannot in general be seen (this is possible only in cases where the
values gravitate around a single value, as for the C;C;0,3Cy4 dihe-
dral), but the plotted global average values are also good descrip-
tors of the distribution of values assumed for a given dihedral
angle in the different groups. From this graph, it is then also easily
noticed that, except for C;C;0,3Co4 and C;0,3C24Co5 dihedral an-
gles, the plots exhibit similar profiles for the three groups.

According to the values assumed by the C,C;0,3C24 and
C;10,3C,4Cy5 dihedral angles, in Group A the phenol ring is placed
above and nearly perpendicular to the glucopyranoside ring,
whereas in both Groups B and C the phenol ring is pointing out
of the glucopyranoside moiety, oriented to the side of the oxygen
atom from the glucopyranoside ring (Fig. 3); in each group, two dif-
ferent orientations of the phenol ring may exist (see Fig. 2e). Note-
worthy, there are no low energy conformers exhibiting the third
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possible staggered orientation of the C,C;0,3Cy4 dihedral (see
Fig. 3), which is a result of the destabilizing interactions between
the phenol ring and the OgH{, group (see Fig. 1).

The relative energies of the conformers in the three groups (ta-
ken as reference the energy of the conformational ground state) are
plotted in Fig. 4. From this point of view, Groups B and C are equiv-
alent. However, Group A is clearly different from the other two
groups, exhibiting an absence of conformers with relative energies
below 15 k] mol~! and integrating the highest energy forms among
the conformers investigated. This trend of the conformers belong-
ing to Group A to have higher energies than those belonging to
Groups B and C can be correlated with the different orientations
of the phenol ring relatively to the glucopyranoside ring in Group
A and both Groups B and C (see Figs. 2 and 3): as already men-
tioned, in Group A the phenol ring is placed above the glucopyran-
oside ring, thus in a considerably more crowded position compared
with that it occupies in the conformers belonging to Groups B and
C.

Once the influence of the relative position of the two rings in
arbutin on the relative energy of the conformers has been evalu-
ated, the preferred conformations assumed by the substituents of
the glucopyranoside ring and their influence on energies were
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Fig. 5. PCA-scores (PC2 vs. PC1; plot a) and the corresponding loadings (plots b, ¢), grouping arbutin conformers belonging to Group A in terms of structural similarity in the
conformations of the substituents of the glucopyranoside ring (see text for detailed description). Plot d: total average values and standard errors of the means of the five
conformationally relevant dihedral angles of the glucopyranoside ring arbutin in the four subgroups of conformers resulting from the PCA analysis.
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investigated in deeper detail. To this aim, we performed an addi-
tional PCA analysis on each of the previously determined groups
of conformers (A, B, and C), using only the coordinates of the first
22 atoms of the molecule (ie., excluding the phenol ring; see
Fig. 1). This strategy allowed for the elimination of information
that is not relevant for a conformational analysis within the gluco-
pyranoside ring. The results of this analysis are shown in Figs. 5-8.

When PC1 and PC2 are plotted together, the PCA-scores plot for
Group A (Fig. 5; frame a) shows four clear groupings, denominated
here as subgroups Al, A2.a, A2.b and A3. If all elements of these
four subgroups are projected over the PC1 axis, three groups can
be distinguished, with one of them constituted by subgroups Al
and A3, other formed by subgroup A2.a and the third one by sub-
group A2.b. On the other hand, projecting the elements over the
PC2 axis allows also to distinguish three groups, but this time cor-
responding to A1, (A2.a, A2.b) and A3. The observation of the load-
ings plots for PC1 and PC2 (Fig. 5; frames b and c) allows to
conclude that the positions of atoms Cy, Hay, Hap, O11 and Hys are
highly related with the formation of the four subgroups observed
in the PCA-scores plot, ie., the conformation exhibited by the
CH,OH substituent at Cs is the main discriminating factor among
subgroups. In consonance with this observation, when the mean
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values of the five conformationally relevant dihedral angles associ-
ated with the substituted glucopyranoside ring in each subgroup
are plotted (Fig. 5; frame d), it is possible to observe that the dihe-
dral angles associated with the CH,OH substituent
(0g—C5—C7—017 and Cs—C;—071—H;5) are those allowing the dis-
crimination among the four subgroups. The remaining three dihe-
dral angles show similar patterns of variation regarding means and
standard errors of the means. In the case of the Cs—C;—0;1—H;5
dihedral, one can promptly correlate the three groups correspond-
ing to the projection of the PCA subgroups over the PC1 axis with
the three dihedral mean values shown in the plot: ca. 60°, 160° and
275° (—85°), respectively for A2.b, A2.a and (A1, A3). These dihe-
dral angle values correspond roughly to the three expected stable
staggered positions of the O;;H;s group (gauche+, anti and
gauche-).

The PCA-scores plot for the conformers belonging to the Group
B (Fig. 6; frame a) shows only two clear groupings of conformers,
where PC2 is the component separating these two groups the best.
Both PC1 (not plotted) and PC3 have little influence in the clear
definition of the two clusters. The loadings plot of PC2 (Fig. 6;
frame b) shows that the clusters are, like in the case of Group A,
also determined by the positions of atoms C;, Hay, Ha,, O7; and
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conformationally relevant dihedral angles of the glucopyranoside ring arbutin in the three subgroups of conformers resulting from the PCA analysis.

Hys, i.e., by the conformation of the CH,OH fragment. As expected,
these observations are in agreement with the dihedral angles’
mean values plot (Fig. 6; frame d), which clearly reveals that, the
0g—C5—C;—0;; and Cs—C;—0,,—H;5 dihedral angles are the inter-
nal coordinates that mainly discriminate the conformers belonging
to subgroups Blor B2.

A similar analysis made for conformers belonging to Group C al-
lows concluding that three subgroups (C1, C2 and C3) can be de-
fined (Fig. 7; frame a), once again resulting mainly from different
conformations assumed by the CH,OH substituent (Fig. 7; frames
b-d).

Regarding the energies of the conformers, subgroups are not
strongly discriminative. However, subgroups A3, C2 and, in less ex-
tent B1, include conformers that show a trend to be less stable than
the remaining subgroups of each main group (Fig. 8). In typical
members of these subgroups, the specific destabilizing interactions
dare respectively His - -Hqo (A3), Hy:1---Hyo (C2) and His - -Hyo (Bl)

In summary, PCA analyses based on atomic Cartesian coordi-
nates of the properly oriented in the Cartesian system conformers
of arbutin allowed the grouping of these conformers by structural
analogies, which could be related with the conformationally rele-
vant dihedral angles. Among them, the dihedrals interconnecting

the glucopyranoside and phenol rings and those associated with
the CH,OH fragment were found to be the most relevant ones. In
spite of the fact that there is not a strong general correlation be-
tween the different groups of conformers and the relative confor-
mational energies, trends were found in energies that could be
correlated with structural details of the conformers characteristic
of a given group (or subgroup).

3.2. Intramolecular interactions involving the OH groups

The hydroxyl groups in arbutin can participate in different types
of intramolecular interactions either with other OH groups, the
glucopyranoside ring oxygen atom or the ring-bridging 0,3 atom.
The exception is the phenolic O34H35 group, which for the isolated
molecule does not interact with any other group in the molecule.
Table 2 shows the different intramolecular interactions in which
each OH group can participate.

Most of the interactions involving the OH groups in arbutin are
related with vicinal OH groups. The nature of the intramolecular
interactions involving vicinal hydroxyl groups has been the matter
of several discussions. In fact, referring them as hydrogen bonds is
controversial [19-22]. Indeed, though some studies described vic-
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Table 2
Role of the hydroxyl groups in intramolecular interactions in arbutin.?

Conformer 0;1H;s O10H14 OgH13 OgHy; O34H35 O¢ 033
011His A, D - = — A _
O10H14 A, D A, D - - _ _
OgH13 - A, D A D - - -
(075 P - - A D - -

O34H35 - - - - - -

2 D, electron donor; A, electron acceptor; -, no interaction.

inal intramolecular O-H---OH attractive interactions as corre-
sponding to weak hydrogen bonds on the basis of geometrical
parameters and spectroscopy data [20-22], others [19] consider
that the topological analysis of the electron density shows no evi-
dence for the existence of a hydrogen bond in such cases. Taking
into account these considerations, in this work we will refer to
the vicinal O-H---OH attractive interactions just as ‘O-H-...-OH
intramolecular interactions’, avoiding their classification as hydro-
gen bonds. Stabilizing interactions between non-vicinal OH groups
are no controversial regarding its nature and will be here treated as
representing H-bonds. As it will be shown below, in all cases, how-
ever, the existing attractive interactions between OH groups corre-
late with longer OH distances and lower OH stretching frequencies
of the electron acceptor group.

Table 3 shows the average OH bond lengths and OH stretching
frequencies associated to each OH group in arbutin. Data for the
groups and subgroups resulting from the PCA structural analysis
were also given in this table.

As it could be expected, the Os4H35 bond length is the shortest
OH bond length in the molecule (96.26 pm), since this group does
not interact with any other group in the molecule. Accordingly, the
034H35 stretching frequency is predicted to occur at the highest va-
lue among all OH stretching modes (3838 cm™'). The similar chem-
ical environment in all conformers is expressed in the fact that the
calculated frequency for vOs4Hs35 is practically constant in all
forms.

In the opposite extreme is the O;;H;5 group. The values corre-
sponding to the O;;H;5 bond lengths and vO;{H;5 vibrational mode
are within the 96.14-96.68 pm and 3765-3838 cm™! ranges,
respectively. These larger ranges of possible values demonstrate
that the O;,H;5 group can establish either relatively strong hydro-
gen bonds with O;gH4, interact weakly with Og or be free of any
kind of interaction with other groups. The longest bond lengths
and lowest frequency values occur in conformers where the
071H;5 group is H-bonded to O,¢H4, whereas the shortest bond
lengths and highest frequency values are characteristic of those
conformers where the O;;H;5 group is free of any H-bond like
interaction. Note that, compared to the remaining OH groups in
the molecule, the O;{H;5 group is particularly flexible conforma-
tionally, since rotation around two bonds (CsC; and C;041), instead
of around a sole bond like in all the other groups is allowed. This
fact lets the O;1H;s group easily adopt more adequate orientations
to minimize the energy of the molecule, in particular by establish-
ing more favorable H-bonds with O;gH14.

On the other hand, even though the 0,;H;s---0,0H;4 H-bond
existing in several conformers is certainly among the strongest
intramolecular interactions involving OH groups in arbutin, when
all conformers are taken into account the calculated average value
for vO,1H15 (3817 cm™!) is the second highest (just preceded by
v034H3s; see Table 3), exactly because in several conformers the
group O1,H;s is not interacting. Very interestingly, when the PCA
structural groups were considered, the highest average values for
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v011H;s occur for subgroups A3, B1 and C2 (see Table 3), i.e., those
subgroups that were found to be formed by conformers gradually
less stable than the remaining subgroups of each main group
(see Fig. 8). On the other hand, the lowest vO;;H5 average values
correspond to subgroups A2.a, B2 and C1, which integrate most of
the conformers where the O;{H;s---O;9H4 hydrogen bond is
present.

Among all the global average OH bond length and vOH stretch-
ing frequency values (Table 3), those associated with the O;oH14
group are maximum (96.47 pm) and minimum (3804 cm™),
respectively, i.e., they indicate that this group is in average taking
part in stronger interactions. In fact, the large majority of the con-
formers possess this group oriented to the O;,H;5 group, i.e., in-
volved in a relatively strong H-bond forming a six-membered
ring, whereas most of the remaining forms have this group point-
ing to the vicinal OgH;3 group. In turn, the OgH;3 group follows
011Hys in the series, because in all the studied arbutin conformers
this group is interacting either with O;oHq4 or OgHi,. Both these
interactions are however, of the vicinal type and thus, not as strong
as the Oq1H;s5:--0O10H14 hydrogen bond above discussed. Finally,
OgHi> was found to be the hydroxyl group of arbutin exhibiting
OH bond lengths and stretching frequencies compatible with an
involvement in weaker interactions. Indeed, among the possible
interactions of this group, the vicinal OgH;,---OgH3 can be ex-
pected to be the strongest, whereas the alternative one,
OgHj;- - -0y3, is certainly a considerably weak interaction.

C. Araujo-Andrade et al./Journal of Molecular Structure 975 (2010) 100-109

Hydrogen bond or hydrogen bond like interaction strengths can
be estimated from OH bond lengths or OH stretching frequencies.
logensen, Rozenberg and coworkers have developed a quite gen-
eral Eq. (1) where the redshift observed in the vOH vibrational
mode in the presence of the H-bond type interaction can be used
to estimate the interaction enthalpy [23-28]:

AH? =1.92 « [A(VOH) — 40] (1)

AH is the interaction enthalpy (in k] mol~!) and A(vOH)=-
Vo — vy is given in cm™!; v, and vy correspond to values of vOH
(in cm™!) for free and interacting OH groups, respectively.

For the estimation of AH, in the present study a value of
3855 cm™! (the highest calculated OH stretching frequency value
in the studied arbutin conformers) was considered for the fre-
quency of a free OH group (Vv,). In addition, since the DFT calculated
frequencies are known to be overestimated by ca. 4% relatively to
the experimental values [29,30], the v,—vy; values directly obtained
from the calculations were scaled down by 0.96, in order to obtain
redshift values correlatable to experiment. The AH average values
for the different types of OH. - -O interactions resulting from appli-
cation of Eq. (1) are presented in Table 4.

The results shown in this Table fully support the conclusions
made above on the basis of the structural (OH bond lengths) and
spectroscopic (OH stretching frequencies) data. In particular: (i)
the O]]H]S- . -O10H14 and O10H14- . -O11H15 H-bond type interactions

Table 3
Average OH distances (pm) and OH stretching frequencies (cm™') in arbutin conformers.?
All forms A B C Al A2.a A2.b A3 B1 B2 C1 c2 c3

Bond length
041H;5 96.39 96.39 96.42 96.36 96.41 96.42 96.41 96.26 96.38 96.44 96.39 96.28 96.36
O10H14 96.47 96.48 96.47 96.46 96.42 96.65 96.38 96.52 96.39 96.51 96.41 96.70 96.42
OgH13 96.47 96.47 96.47 96.47 96.48 96.47 96.45 96.49 96.48 96.47 96.48 96.47 96.46
OgH1> 96.43 96.42 96.44 96.44 96.43 96.41 96.44 96.40 96.44 96.44 96.45 96.43 96.43
0O34H35 96.26 96.27 96.26 96.26 96.27 96.27 96.27 96.26 96.26 96.26 96.26 96.26 96.26
Frequency
vO11H1s 3817 3815 3815 3822 3813 3810 3815 3830 3818 3807 3816 3835 3821
vO10H14 3804 3803 3805 3804 3814 3772 3821 3797 3819 3798 3815 3759 3815
vOgH13 3809 3809 3808 3809 3807 3809 3811 3805 3808 3808 3806 3810 3810
vOgH12 3813 3814 3813 3813 3814 3816 3810 3820 3814 3813 3811 3815 3814
vO34H35 3838 3838 3838 3838 3838 3838 3838 3838 3838 3838 3838 3838 3838

@ See Fig. 1 for atom numbering.

Table 4

Average energies (—AH/kJ mol~') for intramolecular interactions involving OH groups in arbutin as electron acceptor group, calculated from the A(vOH) frequencies according to

Eq. (1) (see text).?

Electron acceptor group Electron donor group All forms Al A2.a A2.b A3 B1 B2 C1 2 c3
0q1H1s (global) 4.13

O¢ 2.56 3.18 = 1.84 P 3.26 2.11 = 2.06 2.71

O10H14 8.58 = 8.65 = P = 8.80 7.38 = =
OqoH14 (global) 5.53

011Hi5 11.00 = 11.08 = = = 11.02 10.89 = =

OoH13 3.61 3.43 3.79 3.43 4.82 3.11 3.98 4.80 4.04 2.98
OgH3 (global) 439

O1oH14 2.88 3.60 1.87 P 3.15 2.88 2.96 2.07 2.29 3.53

OgH1 428 3.53 429 3.81 = 4.41 4,62 P 4.06 456
OgHi2 (global) 3.70

OoH;3 3.60 4.06 3.87 5.15 1.89 3.16 2.98 2.67 3.89 4,02

03 2.95 = =P 3.12 =B =P =P = 2.62 =P
034]_[35 _b _b _b _b _b _b _b _b _b _b

@ See Fig. 1 for atom numbering.

b No interaction where this OH substituent acts as electron acceptor has been observed among the conformers of this group.
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(in particular the latter) are the strongest stabilizing interactions in
the molecule, with enthalpies amounting to ca. —8.5 and
—11.0 k] mol~!, respectively; (ii) these interactions occur for sub-
groups A2.a, B2 and C1, which are composed by conformers bear-
ing these two types of interactions; (iii) the vicinal OH.--OH
interactions have associated enthalpies of —3.6+ 1.9 kj mol !,
whereas those involving Og and O,3 as electron donors have the
lowest enthalpies (average: —2.8 + 0.3 k] mol™!); (iv) globally, the
interactions involving the OgH;, group are the weakest among
those involving OH groups as electron acceptor groups.

The enthalpy values obtained for the strongest OH intramolec-
ular interactions in arbutin (H-bond interactions) are of compara-
ble strength of those found for other compounds bearing OH---O
intramolecular H-bonds, such as, for example, butanediol isomers
(—AH: 1,3-butanediol, 12-14 k] mol~! [31]; 1,4-butanediol, 19-
13 kJ mol~! [32]), glycolic (CH,OHCOOH), oxalic (HOOC=COOH)
and pyruvic (CH;COCOOH) acids (—AH: 8.8, 7.6 and 12 k] mol ™!
[33-35], respectively).

4. Conclusion

Quantum chemical calculations in large flexible molecules still
represent a challenge. The high number of combinations of con-
formationally relevant dihedral angles makes it an extremely com-
plicated task, unless a systematic approach is carried out. In this
work, a systematic conformational procedure has been developed
to be applied to the arbutin molecule. Such procedure is simple, re-
quires relatively modest computational facilities and may be used
also to investigate the structure and establish structure/properties
correlations in other conformationally flexible molecules.

According to calculations, 130 minima were found on the po-
tential energy surface of arbutin. These conformers were grouped
according to their structural similarities and correlations between
their structures and several properties, including relative energies
and spectroscopic properties, established. The grouping of the con-
formers was made using PCA analyses based on atomic Cartesian
coordinates of the properly oriented in the Cartesian system con-
formers of arbutin. The characteristic structural features of each
group of conformers could later on be related with the conforma-
tionally relevant dihedral angles of the molecule. Among them,
the dihedrals interconnecting the glucopyranoside and phenol
rings and those associated with the CH,OH fragment were found
to be the most relevant ones.

Intramolecular interactions involving OH groups were also
investigated and correlations between spectroscopic, structural
and thermodynamic properties established, in particular between
vOH vibrational frequencies and OH bond lengths and strengths
of the OH---OH (or OH- - -O) interactions.

Finally, this work represents a new simple/fast approach for the
structural analysis of complex molecules and its aim was also to
show the potential applications of the developed methodology.
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Appendix A. Supplementary data

Table S1, providing the calculated values of the conformational-
ly revelant dihedral angles of the 130 conformers of arbutin opti-
mized at the B3LYP/6-311++G(d,p) level of theory.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.molstruc.2010.04.002.
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