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Abstract: Protocatechuic aldehyde (PCAL) and protocatechuic acid (PCAC) are catechol derivatives
and have broad therapeutic effects associated with their antiradical activity. Their pharmacological
and physicochemical properties have been improved via the cyclodextrin (CD) encapsulation. Be-
cause the characteristics of 3-CD inclusion complexes with PCAL (1) and PCAC (2) are still equivocal,
we get to the bottom of the inclusion complexation by an integrated study of single-crystal X-ray
diffraction and DFT full-geometry optimization. X-ray analysis unveiled that PCAL and PCAC are
nearly totally shielded in the 3-CD wall. Their aromatic rings are vertically aligned in the 3-CD cavity
such that the functional groups on the opposite side of the ring (3,4-di(OH) and 1-CHO/1-COOH
groups) are placed nearby the O6-H and O2-H/O3-H rims, respectively. The preferred inclusion
modes in 1 and 2 help to establish crystal contacts of OH---O H-bonds with the adjacent 3-CD OH
groups and water molecules. By contrast, the DFT-optimized structures of both complexes in the
gas phase are thermodynamically stable via the four newly formed host-guest OH- - - O H-bonds.
The intermolecular OH:--O H-bonds between PCAL/PCAC 3,4-di(OH) and 3-CD O6-H groups, and
the shielding of OH groups in the 3-CD wall help to stabilize these antioxidants in the 3-CD cavity,
as observed in our earlier studies. Moreover, PCAL and PCAC in distinct lattice environments are
compared for insights into their structural flexibility.

Keywords: 3-cyclodextrin; inclusion complex; protocatechuic aldehyde; protocatechuic acid; X-ray
analysis; density functional theory; hydrogen bond; catechol; antioxidant

1. Introduction

Protocatechuic acid (3,4-dihydroxybenzoic acid; PCAC, Scheme 1) is a phenolic acid
present in various edible and medicinal plants, for example, green tea [1], acai fruit oil [2],
roselle [3], and mushrooms [4]. PCAC is the primary human metabolite of anthocyanins,
which are complex polyphenols [5]. Protocatechuic aldehyde (3,4-dihydroxybenzaldehyde;
PCAL, Scheme 1) is a phenolic aldehyde found in the mushroom Phellinus linteus [6],
the herb S. miltiorrhiza [7], and barley tea [8]. PCAC is a main metabolite of PCAL in
rat plasma [9]. PCAC, PCAL, and other polyphenols like gallic, vanillic, caffeic, and
ferulic acids are also found in cork [10]. Both catechol-containing compounds exhibit a
wide range of pharmacological activities, for example, antioxidant, anti-inflammatory,
and anticancer activities for PCAC [11-16] and for PCAL [17,18]. Moreover, PCAC and
PCAL are most abundant in Salvia miltiorrhiza, a traditional Chinese herbal drug for the
treatment of heart diseases [12,13,19,20]. Particular attention is paid for the free radical
scavenging activity. Comparing the antioxidant capacity among different phenolic acids,
the DPPH-derived percentage of antioxidant activity increases with increasing number of
carrying free OH groups: PCAC, 41%, 2 OH’s =~ caffeic acid (CFA), 44%, 2 OHs < gallic
acid, 75%, 3 OHs < chlorogenic acid (CGA), 93%, 5 OHs [21]. The antioxidant activity
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in vitro of PCAC is ~3 times more potent than that of Trolox, based on the DPPH assay [22]
because PCAC (as well as other o-diphenols) promptly converts to the corresponding stable
o-quinones [23].
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Scheme 1. Chemical structures and atom labeling schemes of PCAL, PCAC, and 3-CD molecules; OH groups are in red.

-, 3- and y-Cyclodextrins (CDs) are macrocyclic carbohydrates consisting of 6, 7,
and 8 D-glucose units, respectively [24,25], Scheme 1. They resemble a hollow, truncated
cone and are powerful encapsulating agents for improvement of stabilities, activities, and
solubilities of various bioactive compounds [26]. A number of studies have been carried out
on the equimolar inclusion complexes of 3-CD with PCAC and PCAL. Olive polyphenols
including tyrosol, hydroxytyrosol (HTY), and PCAC form 1:1 inclusion complexes with
3-CD with binding constants (K,’s) of 497, 355, and 661 M1, respectively, based on NMR
data [27]. A combined study of molecular dynamics and semiempirical PM3 calculation
has predicted that the most stable inclusion structure of 3-CD-PCAC has the phenyl ring
included in the 3-CD cavity and the COOH group protruded from the O2/03 end; the
opposite inclusion mode is less stable by 9.44 kcal mol~! [27]. The relatively stable complex
of B-CD with apple PCAC has K, =264 429 M1, as derived from a UV-binding study [28].
Based on NMR data, PCAL, CFA, ferulic acid and vanillin form 1:1 inclusion complexes
with 3-CD and have a common inclusion geometry with the aromatic ring embedded in
the 3-CD cavity and the CHO and COOH moieties protruded from the O2/03 end [29].
Among the complexes with substituted phenols, the 3-CD-PCAL complex has the highest
Ka = 6700 + 777 M1, as deduced from UV-visible spectroscopy [29]. Moreover, through
the encapsulation process, 3-CD has been used as modifier in capillary zone electrophoresis
to improve separation of seven phenolic acids (for example, PCAL, PCAC, rosmarinic
acid, etc.) in three Salvia species [30]. The physicochemical properties of polyphenols
(epicatechin, quercetin, CGA, PCAC, CFA, etc.) in plant extracts have been improved
via CD inclusion complexation, for example, the thermal stability of H. sabdariffa L.
anthocyanin extract by 3-CD [31], the water solubility of propolis extract by 3-CD [32], the
thermal stability and antioxidant of St. John’s wort extract by 3-CD [33], and the oxidative
stability of apple pomace extract by hydroxypropyl-3-CD (HP-3-CD) [34].

The literature review above together with our recently reported crystal structures of
-CD complexes with catechol-containing antioxidants in olive [35] raise several questions,
leading to a twofold hypothesis of this work. (i) Because PCAC and PCAL are highly
structurally related and have an optimum size for the 3-CD nanocavity, they probably
form an equimolar complex with 3-CD with a common inclusion of the aromatic moiety
and the protrusion of 3,4-di(OH) group from the O6 side. (ii) Both complexes are thermo-
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dynamically stable due to the optimal host-guest interactions and the molecular stabilities
of PCAC and PCAL are improved upon inclusion in the 3-CD cavity. To validate the
hypothesis statements and gain an atomic-level understanding on inclusion complexation,
we investigate the 3-CD encapsulation of PCAL (1) and PCAC (2) by a combined study
of single-crystal X-ray diffraction and density functional theory (DFT) full-geometry op-
timization. Plus, PCAL and PCAC seem to be rather rigid. We further explore to what
extent the two antioxidants adapt their rotatable CHO and COOH groups to distinct lattice
circumstances (in the free form, encapsulated in 3-CD, and in complex with protein).

2. Results and Discussion

Here, we adopt the atom numbering scheme as used in our previous works [36-39].
-CD is conventionally numbered as carbohydrates, viz., atoms C63-O63 denote the
methylene C6—H; connected to hydroxyl O6—H groups of glucose unit 3 (G3) in the
complex 3-CD—PCAL (1), Figure 1. PCAL and PCAC are numbered according to the
corresponding IUPAC names and are additionally labeled with arbitrary letters L and D in
the respective complexes 1 and 2, Figure 1.

G3 and G4 Protocatechuic aldehyde  Protocatechuic acid
of B-CDin 1 (PCAL) in 1 (PCAC) in 2

Figure 1. Atom numbering of 3-CD, PCAL and PCAC molecules; ORTEP plot at 30% probability level. The intramolecular,
interglucose O3(n)---O2(n + 1) hydrogen bonds stabilizing the annular conformation of 3-CD macrocycle are shown for
glucose units G3 and G4 (blue connecting line); for a complete molecule, see Figure 4. PCAL and PCAC are stabilized by
intramolecular O2L-H---O1L and O1D-H---O2D hydrogen bonds, respectively (magenta dotted lines).

2.1. B-CD Macrocycles Are Affected to Some Extent by Inclusion of PCAL and PCAC

The molecular structures of CD hydrates are usually round. The uncomplexed «-,
-, and y-CDs have respective pseudo-6-, 7- and 8-fold rotational axes passing through
the molecular centroid and perpendicular to the molecular plane (O4 plane). This is due
to the small differences of the composing glucose units, particularly the rotatable O6-H
(freely) and O2-H/O3-H (restricted due to the interglucose H-bonds) groups lining the
narrower and wider perimeters, respectively. From one to another inclusion complex, CD
macrocycles adapt to some extent to optimally fit to various aromatic guest molecules.
Therefore, the host—guest structural changes induced each other upon inclusion com-
plexation deserve a detailed discussion. The inclusion geometries of various polyphenols
containing 3,4-dihydroxybenzene in the 3-CD cavity are compared in Table 1 and discussed
in Section 2.2.
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Table 1. Inclusion Structures of PCAL (1), PCAC (2) Encapsulated in the 3-CD Cavity, in Comparison to Other 1:1
[3-CD-3,4-Dihydroxybenzene Complexes 2.

PCAL(1)  PCAC(2) HTY? OLEP? CFA © CGA €
AR vs. B-CD-O4 interplanar angle [°] 4 74.9(1) 71.5(1) 85.0(1) 59.2 87.9(7) 89.3(1)
Moiety nearby /Opg_(;’;fiueded from -CD OH OH OH OH COOH ONA
Moiety enclosed in 3-CD cavity AR AR AR AR C=C-COOH C=C-COO
No. of free OH €
In each polyphenol 2 3 3 6 3 6
Shielded in 3-CD [dimeric] cavity 2 3 0 0 [3] [6]
Distance from guest to 3-CD [A]

AR centroid to O4 centroid (diagonal) £ 0.837 —0.779 0.990 1.016 —3.987 —4.450
AR centroid to O4 plane (vertical) 0.787 —0.739 0.986 0.871 —3.453 —4.182

2 Polyphenols with catechol (ortho-dihydroxybenzene) scaffold including hydroxytyrosol (HTY), oleuropein (OLE) in olive, and chlorogenic
acid (CGA), a conjugate of caffeic acid (CFA) and quinic acid (QNA), CFA in coffee. b One HTY and one OLE molecule in the 3-CD cavity
[35]. © One CFA and two CGA molecules in the 3-CD dimeric cavity [36]. ¢ Interplanar angle between polyphenol aromatic ring (AR)
and CD molecular plane (common O4 mean plane). ¢ Free OH including OH of COOH that are available for intermolecular H-bonding.
f When the CD O6-side pointing upwards, the positive(negative) values indicate that the AR centroid of guest is above(beneath) the host

molecular plane.

G7

G6 -

G5

(@

The CD roundness is generally described by (i) the glucose puckering parame-
ters Q, 6 [40] of 0.63 A, 0° for a perfect 4Cy chair conformation; (ii) the glucose incli-
nation angles < 20° for most glucose units; (iii) the distances related to glycosidic O4,
O4(n)---O4(n — 1) and O4(n)---centroid, describing the well-defined polygon, of which
the average of distance ratios is 0.868 for an ideal heptagon; (iv) the endocyclic torsion
angles ¢,  around O4, of which the sum of averages of ¢, ¥ is close to null [41]; and (v) the
03(n)---O2(n + 1) distances in the short span of 2.770-2.957 A for the uncomplexed (3-CD hy-
drate [42], see Supplementary Materials, Table S2. The corresponding structural parameters
of B-CDs in 1 and 2 are as follows: (i) 0.543(6)-0.592(6) A, 0.0(4)-9.7(6)°; (ii) 3.3(2)-24.5(2)°,
except for G4 (2) that has a larger tilt angle, 30.3(2)°; (iii) the average of distance ra-
tios, 0.874-0.876; (iv) the sum of averages, —1.7° and —4.7°; and (v) 2.729(4)-2.992(6) A,
except for G5 (1 and 2) that have two outliers of 3.133(6) and 3.056(4) A (Table S2 and
Figure 2). The geometrical parameters of both complexes are comparable to those of 3-CD
hydrate [42], Table S2. By contrast, 3-CD is significantly affected by the encapsulation
of bulkier polyphenol, tea (-)-epicatechin (EC) [43], as indicated by the most different
structural parameters, two tilt angles of 30.6(1)°, 33.7(1)° and two O3---O2 distances of
3.246(3), 3.346(3) A, Figure 2 and Table S2.

Tilt angle | 3 ((331 03(n)...02(n + 1) distance ||
G2 ——B-CD-PCAL (1) G7 G2 ——pB-CD-PCAL (1)
B-CD-PCAC (2) 3-CD-PCAC (2)
——B-CD-HTY ——B-CD-HTY
——B-CD-EC ——pB-CD-EC
— — p-CD.12H,0 - = B-CD.12H,0
G3 G6 - G3
G4 (b) G5 G4

Figure 2. Radar plots comparing (a) tilt angles and (b) O3(n)---O2(n + 1) distances of the 3-CD glucose units (G1-G7)
influenced by the inclusion of PCAL (1), PCAC (2) and HTY [35]. For comparison, data of the inclusion complexes of
-CD—(-)-epicatechin(EC) [43] and the uncomplexed 3-CD-12H,O [42] are incorporated; see also Table S2. Angles and

distances are in © and A.
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(a)

Overall, the similarity of a CD structure pair is evaluated by the root-mean-square
(rms) deviation of superposition as depicted in Figure 3. The 3-CD C1-C6 and O2-O5
atoms are included in the rms fit calculation, disregarded O6. The embedded PCAL
(1), PCAC (2) and HTY (labeled i; [35]) affect 3-CDs to some extent as indicated by the
respective rms fits of 0.277, 0.708 and 0.444 A, compared to uncomplexed 3-CD hydrate
(ii; [42]). Among the three complexes, the rms fits are 0.507-0.769 A, indicating that the
complexed 3-CDs in the solid state are quite different. This is also reflected in the distinct
DFT-derived 3-CD molecular energies listed in Table S6.

RMS fit of -CD (A)
1,2, i

1,2,i [0507-0.769 0.277-0.708

i [for non-H, excl. O6]

PCAL (1)

"l | \ 7
02-H/O3-H
side A

(b)

Figure 3. Structure overlays of four 3-CDs (blue, cyan, black, and red wireframes, respectively) in complex with PCAL (1),
PCAC (2), HTY (i; [35]), and in the uncomplexed -CD-12H,O (ii; [42]), viewed from (a) the top and (b) the side. The rms
fits are computed for the host 3-CDs, disregarding O6, H atoms and guests; see also Table S2.

The H-bonding functionality of the 3-CD OH groups affecting its structure should be
further noted. Whereas O6—H groups are freely rotatable to make H-bonding to the sur-
rounding water molecules and (3-CD OH groups, O2-H/O3-H groups are more restricted
due to their engagement in the interglucose flip-flop O3---O2 H-bonds [44]. The systematic
intramolecular O3---O2 H-bonds act like a belt to secure the annular 3-CD conformation,
thus these OH groups are less available for interaction intermolecularly. The glucose tilt
angle and the interglucose O3(n)---O2(n + 1) distances are closely related parameters, as
indicated by the similar peak positions of the radar plots (Figure 2a,b). This is notable in the
-CD-EC inclusion complex [43], of which (3-CD is more distorted from a round conforma-
tion. The large tilt angles of G1 and G4 (33.7(1)° and 30.6(1)°) result in longer O31---022 and
033.--024 distances (3.346(3) and 3.246(3) A), Table S2 and Figure 2a,b. Interestingly, out
of seven fully occupied O6-H groups, six (1) and four (2) groups point outward the 3-CD
cavity with the exocyclic torsion angles x, w of 45.9(7)-61.9(6)°, —59.4(6)° to —73.7(6)°, Ta-
ble S2. The remaining four O6-H groups direct inward the 3-CD cavity; the corresponding
torsion angles are —168.0(3)° to —177.2(3)°, 177.8(3)° and 60.4(4)-70.5(4)°, Table S2. O6-H
groups contribute significantly to the lattice stability through making OH- - - O hydrogen
bond networks, particularly for the complex 3-CD-PCAC (2) (Section 2.3, Figure 5, and
Tables S3 and 54).

2.2. Common Inclusion Geometry of Catechol-Containing Antioxidants

The polyphenolic plant extracts containing an ortho-dihydroxybenzene (catechol) are
powerful antioxidant [45] due to the greater molecular stability of intramolecular O-H. - - O
H-bond [46] (Figure 1 and Table 2). Principally, on the basis of host-guest space-fit, the
opposed 3,4-di(OH) and 1-COOH /1-CHO groups on the aromatic ring of PCAL/PCAC
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could be placed nearby both 3-CD perimeters, giving two equally plausible inclusion
modes. However, the belt of O2- - - O3 H-bonds make O2-H, O3-H groups less available
and O6-H groups are more ready for H-bonding. Moreover, our previous investigations
on the 3-CD encapsulation of olive HTY, OLE [35] and coffee CFA, CGA [36] showed that
all the guest polyphenols prefer pointing their 3,4-di(OH) groups to the 3-CD O6-H side
for the energetically stable inclusion complexation. The thermodynamic stabilities of 3-CD
inclusion complexes with PCAL and PCAC relative to other relevant complexes as inferred
from DFT full-geometry optimization are given in Section 2.4. All together, we envisage
that both structurally related antioxidants, PCAL and PCAC, are similarly entrapped in
the 3-CD cavity. The details of inclusion structures in 1 and 2 revealed by X-ray analysis
are described below.

Table 2. O—H---O Hydrogen Bonds Involving PCAL and PCAC from X-ray Analysis and DFT Calculation [A, °]. &

Interaction O-H 0---0 Z/(OHO) Interaction O-H 0---0 Z(OHO)
X-ray DFT ¢
B-CD-PCAL (1) B-CD-PCAL ¢
02L—H---O1L 0.82 2.700(6) 114.1 O2L—H---0O1L 0.98 2.69 114.4
OlL—H---O1W 0.82 2.658(6) 177.7 061—H---02L 0.97 2.95 164.7
O2L—H.--034 ib 0.82 2.874(6) 166.0 033—H---03L 0.98 2.93 164.7
031—H---O3L 0.82 2.842(6) 134.4 067—H---O1L 0.97 3.02 169.3
O1L—H---065 0.99 2.74 177.8
3-CD-PCAC (2) p-CD-PCAC 4
0O1D-H---02D 0.82 2.703(5) 108.7 O1D—H---O2D 0.99 2.69 108.7
O1D—H---O1W 0.82 2.705(5) 168.9 065—H---0O1D 0.97 3.02 177.5
02D—H---O2W 0.82 2.670(6) 167.3 O1D—H---067 0.99 3.01 145.1
064—H---03D i 0.82 2.937(6) 167.4 02D—H---061 0.99 2.78 161.9
067—H---03D ¥ 0.82 2.767(5) 154.3 032—H---03D 0.98 2.90 169.4
O4D—H---O3W ¥ 0.82 2.631(5) 1715

2 Complete lists of O—H---O H-bond interactions are given in Tables S3 and S4 (X-ray) and S5 (DFT). b Equivalent positions: (i) x,y — 1, z;
(ii) —x+1,y — 05, —z+2; (iii) —x+2,y — 0.5, —z+ 1; (iv) x — 1,y, z; (v) x + 1, y, z. © DFT calculation in vacuum at B3LYP/6-31+G*/4-31G
level, see also Figure S1 and Table S6. ¢ X-ray-derived structures were used as starting models.

In the limited space of the 3-CD nanocavity, the aromatic guest molecule with para-
substituted groups does not rotate freely but prefers aligning the aromatic ring (AR)
about a right angle against the 3-CD molecular plane (O4 plane). This is the case for
PCAL (1) and PCAC (2), as indicated by the respective interplanar angle of 74.9(1)° and
71.5(1)°, Table 1. Their AR centroids are 0.787 A above and 0.739 A beneath the p-CD
O4 plane, facilitating 3,4-di(OH) group nearby the O6-side to H-bond with the adjacent
water molecules and O3-H group, and CHO, COOH groups around the O2/0O3-side to
interact with the surrounding O3-H, O6-H and water molecule (Figure 4 and Table 2).
This results in O-H- - - O H-bonding network stabilizing the solid structures of 1 and 2
(Figure 5 and Table 2, Tables S3 and S4). The atomic-level inclusion structures of 1 and
2 from single-crystal X-ray diffraction go beyond the overall solution structures derived
spectroscopically [27,29].

Moreover, a question rises how 1 and 2 are compared to other polyphenolic complexes
and their meanings. Similar inclusion geometries of olive HTY, OLE in the 3-CD cavity are
observed for the equimolar complexes [35]. However, coffee CFA and CGA with additional
CH,=CH-C(=0)O and quinic acid (QNA) moieties are bulkier than PCAL and PCAC.
This requires an extended space of the 3-CD dimeric cavity to optimally anchor CFA and
CGA [36]. Certainly, the distinct inclusion structures are observed as only the QNA portion
of CGA is outside the wall while CFA is totally embedded in the dimeric cavity, Table 1 [36].
The AR moieties of CFA and CGA are oriented mostly vertically in a larger space of the
-CD dimer interface, Table 1 [36]. Note that the intermolecular OH- - - O H-bonds between
0-di(OH) of catechol antioxidants and 3-CD OH groups and the shielding of OH groups in
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the 3-CD wall help to improve molecular stability and antioxidant activity in the 3-CD
cavity [35,36,43]; see Section 2.4.

Actual Schematic

02-H/O3-H
side

02-H/0O3-H
side

(b) B-CD-PCAC-6H,0 (2)

W5 0200

Figure 4. Actual and schematic diagrams depicting inclusion geometries and hydrogen bonding of the complexes (a)
-CD-PCAL (1) and (b) 3-CD-PCAC (2) in the solid state at 296 K; ORTEP plot at 30% probability level. In actual diagram
presenting the asymmetric unit, O-H- - - O hydrogen bonds within 3-CD and between other molecules are shown with blue
and magenta connecting lines; respectively. In schematic diagram, O-H- - - O hydrogen bonds are shown with dotted lines;
names in italics indicate molecules/groups of the adjacent asymmetric units; see also Figure 5 and Table 2.

2.3. COOH Group of PCAC Makes the Distinction in Hydrogen Bonding Network

Figure 5 provides a main part of the picture for the solid-state stabilization of 1 and
2. The monoclinic asymmetric units comprising (C¢H19O5)7-CsH3(OH)2(CHO)-6H,0O (1)
and (C¢H1¢Os5)7-CcH3(OH),(COOH)- 6H,0 (2) with a minute difference of H and OH on
C7 make a greater distinction in the H-bonding network of both complexes. In 1, PCAL
without OH group on C7, its O3L atom accepts H-bond from (3-CD O31-H group and
O1L-H, O2L-H groups together with water molecules O1W, O4W, O5W help to secure
the intramolecular O34-H- - - O25 H-bond of the 3-CD macrocycle (Figure 5a and Table 2,
Table S3). In 2, the extensive complex H-bond network of the adjacent entrapped PCAC
molecules as a result from the presence of COOH group is notable. The two H-bond chains
linking one PCAC to others are built from bridging water molecules and 3-CD O6-H
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groups: (i) O1D-H. - - O1W-H. - - O67-H- - - O3D; and (ii) O4D-H. - - O3W-H. - - O63- - - H-
O2W- - - H-O2D (Figure 5b and Table 2, Table S4).

025

(a) p-CD-PCAL-6H,0 (1) ?W1 L4

024
(c) B-CD-HTY-6H,0

o209 - \4?’@\,

v

w2
01D

w1

03D

04D
wm
v

(b) B-CD-PCAC-6H,0 (2)

Figure 5. Intermolecular O-H- - - O hydrogen bonds (magenta lines) in the 3-CD encapsulation of
(a) PCAL, 1 and (b) PCAC, 2. (c) The inclusion complex of 3-CD-HTY -6H,O is shown for comparison
(adapted from [35]). Names in italics indicate molecules/groups of the adjacent asymmetric units;
see also Figure 4 and Table 2. In 1, the intramolecular O34-H---O25 H-bond stabilizing the round
-CD structure (blue line) is supported by the water network. In 2, PCAC molecules embedded in
the neighboring 3-CD cavities are linked via bridging water molecules and 3-CD O6-H groups. The
3-CD cavities accommodating the PCAL and PCAC molecules are omitted for clarity. The ORTEP
diagrams are drawn with 30% probability level.
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The well-ordered six water molecules of hydration distributed outside the 3-CD cavity,
in the intermolecular interstices make H-bonds to the surrounding OH groups of both
3-CD rims and to each other. They play a key role as H-bonding mediators in stabilizing
the crystal lattice (Table 2, Tables S3 and S4). Note that the PCAL and PCAC 3,4-di(OH)
groups (the key moiety contributing to the antioxidant capacity of flavonoids) in 1, 2 and
the B-CD-olive HTY are stabilized through H-bonding to the adjacent 3-CD OH groups
and water molecules (Figure 5c; [35]). What would happen if the crystal contacts were
absent, i.e., the sole host—guest interactions were considered? (see Section 2.4).

2.4. Thermodynamic Stabilities of B-CD-PCAL and B-CD-PCAC

A structural chemistry study including DFT complete-geometry optimization and
single-crystal X-ray diffraction share several important complementary results. Whereas
X-ray analysis provides accurately determined space-and-time average crystal and molec-
ular structures of the crystallizable compounds, computational chemistry (particularly
the popular DFT method) gives relevant thermodynamic quantities of molecules and
complexes. For the somewhat flexible, large-ring CDs, the available X-ray-derived atomic
coordinates were usually used as a starting structure for a better convergence of the DFT
energy minimization. The DFT full-geometry optimization in vacuum was adequate to
provide meaningful thermodynamic quantities of CD supramolecular complexes in rea-
sonable computing time (especially the stabilization energies). The DFT calculation in
implicit solvent took much longer computing time but did not improve the host-guest
complexation energies as pointed out in our previous works on the 3-CD-tea catechin [43]
and 3-CD-tricyclic antidepressant [37].

Here, the DFT full-geometry optimization in the gas phase converged smoothly. The
host 3-CD structures in both complexes are changed to some extent after DFT energy
minimization but are still superimposable on the original X-ray structures, as indicated by
the rms fits of 0.508 A (3-CD-PCAL) and 0.478 A (3-CD-PCAC), Figure 6 and Figure S1; the
calculations considered only the non-H atoms of 3-CD backbone, excluding O6. Moreover,
the O2- - - O3 distances of neighboring glucoses in the DFT-derived (3-CD structures tend
to be lengthened, compared to the original X-ray structure (Tables S3-S5). This is to
facilitate the large tilting of glucose units G3 (30.6°) and G2 (27.8°) to better space-fit the
rising guest molecules, PCAL and PCAC, respectively (see the cyan arrows in Figure 6).
Clearly, this is a paradigm of the well-known induced-fit mechanism [47] necessary for CD
inclusion complexes and other biological molecules [48]. In both DFT- and X-ray-derived
structures, the comparatively round 3-CDs are maintained by systematic interglucose
O3: - - O2 H-bonds (Tables S3-55).

Whereas the complex energies (Ecpxs) of 3-CD-PCAL and 3-CD-PCAC cannot be
directly compared due to the slight chemical composition differences of the guest molecules,
their stabilization and interaction energies (AEyy, and AE;,) are applicable. For both
complexes, the values of AEgy, and AEjn, —6.66 to —23.88 and —12.55 to —30.53 kcal mol ™
are comparable to those of 3-CD complexes with other polyphenols, olive HTY, OLE [35]
and coffee CFA, CGA [36], and fall in a regular energy range for weak non-covalent
interactions (Table S6). Note that although both 3-CD-PCAL and 3-CD-PCAC complexes
have the same type and number of host-guest OH: - - O H-bond interactions (4), 3-CD-
PCAC is 17.22 and 17.98 kcal mol~! more stable than p-CD-PCAL, based on AAEy, and
AAE;y: (Tables S5 and S6). This is due mainly to 3-CD of -CD-PCAC is less stable
(more deformed) than that of 3-CD-PCAL by 13.72 and 13.28 kcal mol™!, based on their
energy differences, AAEg.cp_opt and AAEg_cp_sp (Table S6). Moreover, the DFT-optimized
structures of both complexes in the gas phase have ascending shifts of PCAL and PCAC to
the 3-CD O6-H-side for energetically stable inclusion geometries, which are maintained by
four intermolecular OH- - - O H-bonds on both 3-CD rims. These four newly formed host-
guest OH- - - O H-bonds are present in the gas phase to compensate the thermodynamic
stability lose due to the extinction of crystal contacts (Figure 7, Figure S1 and Table 2,
Tables S5 and 56). However, the contrary is observed in solution. 3-CD-PCAL is at least
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one order of magnitude more stable than 3-CD-PCAC, as indicated by the respective
binding constants of 6700 + 777 M~ (UV-vis) [29] and 264 429 M~ (UV-vis) [28], 661 M ™!
(NMR) [27].

RMS fit for 8-CD

(excl. 06 and H-atoms) DFT-derived structures:
X-ray vs. DFT [A] PCAL and PCAC moved
B-CD-PCAL 0.508 ﬂ up, establishing the

B-CD—PCAC 0.478 01/02“'0600 H-bonds

Figure 6. Structural comparison of the inclusion complexes (a) 3-CD-PCAL and (b) 3-CD-PCAC from X-ray analysis (blue
lines) and DFT calculation in the gas phase (red lines); see also Figure 7, Figure S1 and Tables S5 and S6. The rms fits are
calculated for the non-H atoms using the X-ray-derived 3-CD skeleton as a reference structure (excluding O6 atoms). Note
that after DFT full-geometry optimization, PCAL and PCAC molecules are shifted up to form O1/02---O6 H-bonds with
-CD O6-H perimeter (Table 2).

E,, =-4768.64596 H E. =-4843.89747 H
AEg, = —6.66.kcal mol™ AE, = —23.88 kcal mol™
(a) p-CD-PCAL (b) B-CD—-PCAC

Figure 7. Inclusion complexes of (a) 3-CD—PCAL and (b) 3-CD—PCAC derived from DFT full-geometry optimization in
the gas phase. For comparison, the energy of complex (Ecpx) and stabilization energy (AEgy,) are given; see also Figure S1
and Tables S5 and S6. The intramolecular O3(n)---O2(n + 1) H-bonds of 3-CD and host-guest O-H---O H-bonds are indicated

by blue and magenta connecting lines, respectively.
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Among various 3-CD-polyphenol complexes (Table S6), the complex with olive OLE
is most stable due to the greater number of host-guest OH. - - O H-bonds (6). By contrast,
the 3-CD-tricyclic antidepressant (TCA) complexes with the aromatic moiety entrapped
and primarily kept in position by CH. - - m interactions [37,38]. The corresponding AEgy,
and AE;y,; about —4 to —8 kcal mol™! of the TCA complexes indicate that they are ~2—4 times
less stable than the H-bond-stabilized complexes of polyphenols.

2.5. Bioactive PCAL and PCAC Are Rather Rigid in Distinct Lattice Circumstances

Theoretically, the induced-fit mechanism [47] of the CD inclusion complexation works
such that both host and guest molecules adapt their structures to some extent to attain a
thermodynamically stable adduct. We point out in Section 2.1 that the complexed 3-CDs
in 1 and 2 are distorted to an extent from a round conformation of the uncomplexed (3-
CD-12H,0 [42], as indicated by the respective rms fits of 0.277 and 0.708 A (Section 2.1).
However, a reverse situation is observed for the guest PCAL and PCAC molecules as
clearly depicted in Figure 8a,b.

4(PCAC-H,0)

(BIJDONOS)
; RCAC @) 0.045-0.069 A
@ PCAL 03D .\ o
(MASBUD) A Pl 1
0.040 A PCAC in 1N8Q

0.062 A
- N

N ‘ PN

O1L 01D

OZD\

@& LAR @& ||AR @& LAR @ ||AR

(a) PCAL

Figure 8. Structure overlays of (a) PCAL and (b) PCAC in uncomplexed form, in 3-CD cavity and in complex with protein (if
available), viewed perpendicular and parallel to the aromatic ring (AR). Reference structures are shown in blue wireframes
of which their names are marked in gray areas and only non-H atoms of the rigid parts of polyphenols (excluding O3 and
O4) are used for calculating the rms fits. The corresponding rms fit for each structure pair is indicated by nearby distance.
Note that the orientation of C7=03 group with respect to O1 is emphasized by ball model.

(b) PCAC

To gain further insight into structural changes of the bioactive PCAL and PCAC, we
made a survey through two crystal data banks of small molecules at the Cambridge Crys-
tallographic Data Center (CCDC; www.ccdc.cam.ac.uk; [49]) and of biological molecules
at the RCSB Protein Data Bank (RCSB PDB; www.rcsb.org; [50]). The CCDC database
search revealed that there is one structure of free PCAL anhydrate (code MASBUD; [51]
and two polymorphs of PCAC-H;O in the triclinic system (code BIJDONO3; [52]; code
BIJDONOS5; [53]) and monoclinic system (code BIJDONO04; [54]). Surprisingly, there is just
one published data set available in the PDB for PCAC in complex with lipoxygenase (Lox)
(code IN8Q; [55]). Loxs are nonheme iron-containing enzymes for catalysis of lipid deoxy-
genation, producing the unsaturated fatty acid metabolites, which influence inflammatory
diseases and cancer progression. PCAC is a degradation product found nearby the iron site
in the soy Lox—quercetin complex [55]. Quercetin in alkaline solution is degraded to PCAC,
which is significantly decreased when the catechol moiety of quercetin is embedded in
various [3-CD cavities [56].

Figure 8a displays the perfect overlay of PCAL in the 3-CD cavity and uncomplexed
PCAL [51], as indicated by the small rms fit of 0.040 A, excluded the rotatable O3L (flipped
to other side, see balls). CHO groups are in the same plane of the aromatic ring with the
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small rms deviations of least squares plane of 0.013 and 0.024 A for the embedded and
free PCAL, respectively. PCAC-H,O in the triclinic and monoclinic modifications [52-54]
are isostructural and their COOH groups are coplanar with the aromatic ring because
these COOH groups are engaged in the intermolecular OH- - - O H-bonds of the planar
PCAC dimer. The planarities of four PCAC molecules in the triclinic asymmetric unit are
indicated by the small rms deviations of least squares plane of 0.016-0.035 A. By contrast,
PCAC in complex with 3-CD and with Lox [55] allow their COOH groups to deviate from
the aromatic plane although their 3,4-dihydroxybenze structures are mostly identical; rms
fit = 0.062 A (Figure 8b). The twisting of the COOH group from the PCAC molecular plane
facilitates the H-bonding network in the lattice of the 3-CD-PCAC complex (Figure 5b)
and the better binding of PCAC in the protein active site [55]. The corresponding rms
deviations of least squares plane are 0.051 and 0.221 A.

3. Materials and Methods
3.1. Materials

-CD (>95%) as white solid powder was obtained from Cyclolab, Budapest, Hungary
(code CY-2001). PCAL (97%) as tan solid powder was supplied by Sigma-Aldrich, St. Louis,
MO, USA, (code D108405). PCAC (97%) as brown crystalline powder was purchased from
Acros Organics (code A11489). All chemicals were used as received. The ultrapure water
was provided by a Milli-Q Water System.

3.2. Single Crystal X-ray Diffraction Analysis
3.2.1. Crystallization

In each separate 1.5-mL vial, the 1:2 solid mixtures of 3-CD-PCAL (1) and 3-CD-
PCAC (2) prepared from 3-CD 50 mg (0.044 mmol), PCAL 12 mg (0.088 mmol) and PCAC
14 mg (0.088 mmol) were dissolved in pure water 1 mL. After heating at 323 K for three
hours in an ultrasonic bath, light yellow concentrated solutions of 1 and 2 were obtained.
Then the two vials containing solutions were left undisturbed in an air-conditioned room
(298 K). Slow solvent evaporation took place for two weeks, single crystals were harvested.

3.2.2. Diffraction Data Collection

Colorless platelet single crystals with dimensions of 0.02 x 0.14 x 0.40 mm (1) and
0.02 x 0.24 x 0.32 mm (2) each was mounted on the tip of a MiTeGen microloop. X-
ray diffraction experiment was conducted at 296(2) K on a Bruker APEXII Kappa CCD
diffractometer operated at 50 kV, 30 mA, producing monochromatic MoK radiation
(A =0.71073 A). With the help of the APEX2 software suite [57], diffraction image of
600 and 680 frames were collected in w—¢ mode to 0.70 A atomic resolution with exposure
times and scan angles of 8 sec, 1.2° and 10 sec, 1.2° for respective complexes 1 and 2.
Data processing was carried out with standard programs implemented in the APEX2
software suite [57]. The procedures began from data image integration with SAINT [58],
followed by data reduction and scaling together with multiscan absorption corrections
using SADABS [57] and completed with data merging using XPREP [58], yielding relatively
good room-temperature diffraction data with mostly 100% completeness; see the summary
below. Details of data statistics are given in Supplementary Materials, Table S1.

3.2.3. Structure Solution and Refinement

The crystal structures of 1 and 2 were solved by intrinsic phasing method with
SHELXTL XT [57], providing all non-H atoms of host 3-CD, guest PCAL, PCAC, and
water molecules. The structures were refined anisotropically by full matrix least squares on
F? with SHELXTL XLMP [57]. All H-atom positions (excluding those of flexible OH groups
and water molecules) were calculated geometrically and treated with a riding model:
C-H=0.95A, Uis, = 1.2Ueq(C)(aromatic); C—H = 1.00 A, Ujso = 1.2Ueq(C)(methine); and
C—H =099 A, Uiso = 1.2Ueq(C)(methylene). The H atoms of 3-CD OH groups and six
water molecules were initially located from difference Fourier electron density maps. Then
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the OH H-atoms were refined using ‘AFIX 147’ or ‘AFIX 83’ with restraints O—H = 0.84 A,
Uiso = 1.5Ueq(O). The two H-atoms of a water molecule were refined with DFIX restraints
to idealized geometry (O—H 0.96 Aand H---H1.52 A) and with ‘AFIX 3’ constraint Ui,
= 1.5Ucq(water). In the refinement course, BUMP antibumping restraints were applied to
prevent short intermolecular H---H distances. The refinement converged nicely to final
R-factors ~6%; see the summary below and Table S1 for more details.

Note that no disordered atom was found in both p-CD-PCAL-6H,O (1) and f3-
CD-PCAC-6H,0 (2), i.e., all seven O6-H groups of 3-CD, PCAL/PCAC and six water
molecules for each complex were fully occupied. The well-ordered structures of 1 and 2
were not frequently observed for the room-temperature diffraction data of CD inclusion
complexes [49]. Here, the well-established H-bonding networks facilitate the full order of
both complexes, see Section 2.3.

Crystal data for 1 [(C¢H;005)7-C7HgO3-6H,O, M =1381.19 g mol™]: monoclinic, space
group P2; (no. 4), a = 15.4213(11) A, b = 10.0440(7) A, ¢ = 21.2795(15) A, p = 110.281(2)°,
V =3091.7(4) A3, Z =2, T = 296(2) K, u(MoKy) = 0.133 mm™, Dy = 1484 g cm™>,
60310 reflections measured (1.41° < © < 30.67°), 18989 unique (Rint = 0.0809, Rsigma = 0.1641)
which were used in all calculations. The final R; was 0.0620 (I > 2¢0(I)) and wR, was
0.1527 (all data).

Crystal data for 2 [(CgH;9O5)7-C7HgO4-6H,O,M =1397.19 g mol™]: monoclinic, space group
P2; (no. 4),a=125165(7) A, b =19.0287(12) A, c = 14.0626(8) A, B = 109.656(2)°, V = 3154.2(3) A3,
Z =2,T=29(2) K, u(MoK) = 0.132 mm™, Dy = 1.471 g cm™>, 55384 reflections measured
(154° <O < 30.61°), 19,288 unique (Rint = 0.0990, Rsigma = 0.1339), which were used in all
calculations. The final Ry was 0.0602 (I > 20(I)) and wR, was 0.1134 (all data).

3.3. DFT Full-Geometry Optimization

Meaningful, reliable structures and thermodynamic data of CD inclusion complexes
can be deduced from complete-geometry optimization by the DFT method. This has been
successfully demonstrated in our previous works on the 3-CD encapsulation of polyphe-
nolic plants extracts, including tea epicatechins [59], olive oil [35], coffee chlorogenic and
caffeic acids [36] and of tricyclic antidepressant drugs [37-39], which are inspired by the
DFT calculation of large carbohydrate CA-26 [60].

Starting atomic coordinates of the 1:1 3-CD-PCAL and 3-CD-PCAC inclusion com-
plexes were taken from the converged crystal structure refinements of 1 and 2, exclud-
ing the hydration water molecules. Before the calculation, all the underestimated X-
ray-derived C-H and O-H distances were normalized to neutron hydrogen distances,
1.083 and 0.983 A [61]. The two corrected structures were optimized by semiempirical PM3
method and then fully re-optimized by DFT calculation in the gas phase using the B3LYP
functional with mixed basis sets 6-31+G* for H, O and 4-31G for C. All calculations were
carried out using program GAUSSIANO9 [62] on a DELL PowerEdge T430 server.

Regarding the protonated form of PCAC that was used in the DFT full-geometry
optimization of the 3-CD-PCAC inclusion complex, PCAC with pKa ~4.5 in a neutral pH
solution containing 3-CD was expected to exist in an anionic form. However, it turned out
that PCAC and 3-CD co-crystallized to yield a thermodynamically stable adduct in the
single-crystalline state. Similarly, benzoic acid with pKa = 4.2 complexed with 3-CD in
solution [63] and the 3-CD-benzoic acid complex existed in two crystal forms [64,65]. In
the crystal structure of the 3-CD-PCAC complex, the bond distances C7D=03D, 1.226(6) A
and C7D-04D, 1.307(6) A indicated the structure of benzoic group for net charge balance
of the stable complex. Therefore, to mimic the 3-CD-PCAC complex in the solid state
and to evaluate the inherent thermodynamic stabilization, we selectively adopted the
X-ray-derived molecular complex with PCAC in a neutral benzoic acid not in a benzoate
form for energy minimization in vacuum by DFT method. After DFT calculation, PCAC
was stabilized in the 3-CD cavity and its original neutral form retained with corresponding
bond distances of 1.235 and 1.359 A; see Section 2.3.
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The stabilization energy and interaction energy of the complex (AEgy, and AEj,) were
calculated straightforwardly. For example, AEgy, was obtained by subtracting the molecular
energies of 3-CD and PCAL/PCAC from the energy of the 3-CD-PCAL/PCAC complex
from the full-geometry optimization. Similarly, AE;,; considered the corresponding single-
point energies in the complexed states. The DFT-derived inclusion structures of the two
complexes together with their O—H: - - O hydrogen bonds, AEgy, and AEj,; are given in
Supplementary Materials, Figure S1 and Tables S5 and S6.

Note that no basis set superposition error (BSSE) correction is applied to the DFT-
derived energies of the 3-CD-catechol antioxidant complexes listed in Table S6. This is
because the estimated energy differences (AAEyy, and AAE;y;) are sufficient to interpret
the relative thermodynamic stabilities in relation to host-guest interactions and antioxi-
dant properties.

4. Conclusions

Protocatechuic aldehyde (PCAL) and protocatechuic acid (PCAC) are polyphenol
extracts from plants. They contain a catechol moiety and thus having wide therapeutic
effects including antioxidant, anti-inflammatory, and anticancer activities. Their physic-
ochemical and pharmacological properties have been improved via cyclodextrin (CD)
inclusion complexation, of which their characteristics are still controversial. To address at
the atomic-level of the inclusion complexation, we investigate the 3-CD encapsulation of
PCAL (1) and PCAC (2) by a combined study of single-crystal X-ray diffraction and density
functional theory (DFT) full-geometry optimization.

X-ray analysis disclosed that PCAL and PCAC are nearly totally shielded in the 3-CD
wall. Their aromatic rings are vertically aligned in the 3-CD cavity such that the functional
groups on the opposite side of the ring (3,4-di(OH) and 1-CHO/1-COOH groups) are
placed nearby the O6-H and O2-H/O3-H rims, respectively. The preferred inclusion
modes in 1 and 2 help to establish crystal contacts of OH:--O H-bonds with the adjacent
3-CD OH groups and water molecules, which are similar to our previous works on f3-
CD inclusion complexes with olive HTY and OLE [35]. By contrast, the DFT-optimized
structures in the gas phase of both complexes are thermodynamically stable via the four
newly formed host-guest OH---O H-bonds. The intermolecular OH---O H-bonds between
PCAL/PCAC 3,4-di(OH) and 3-CD OH groups and the shielding of OH groups in the
3-CD wall help to stabilize these antioxidants in the 3-CD cavity, as observed in our
earlier studies. Moreover, PCAL and PCAC bearing CHO and COOH groups in distinct
lattice environments (uncomplexed form, confined in 3-CD cavity, and in complex with
protein) are compared, revealing their structural rigidity. An atomistic perspective of the
3-CD encapsulation of catechol antioxidants PCAL and PCAC through the lens of X-ray
crystallography and DFT calculation goes beyond the spectroscopically derived inclusion
structures in solution.

Supplementary Materials: The following are available online. Figure S1: Inclusion complexes of
(a) B-CD—PCAL and (b) p-CD—PCAC, derived from DFT complete-geometry optimization in the
gas phase, Table S1: X-ray single crystal data collection and refinement statistics of 1 and 2, Table S2:
Comparison of 3-CD geometrical parameters in 1, 2, 3-CD-12H20 and 3-CD-(-)-epicatechin-4.2H20,
Table 53: OH- - - O hydrogen bonds in 3-CD-PCAL-6H20 (1), Table S4: OH: - - O hydrogen bonds in f3-
CD-PCAC-6H20 (2), Table S5: OH- - - O hydrogen bonds in 3-CD-PCAL and B-CD-PCAC inclusion
complexes from DFT full-geometry optimization, Table S6: Stabilization and interaction energies of 3-
CD-PCAL and 3-CD-PCAC complexes compared to other 3-CD-3,4-dihydroxybenzene complexes
from DFT full-geometry optimization. Crystallographic data of 1 and 2 have been deposited at the
Cambridge Crystallographic Data Centre (CCDC) under respective reference numbers 2075723 and
2075722. Author have read and agreed to the published version of the manuscript.
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