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All possible combinations of stable dihedral values have been considered in vacuo at the B3LYP/6-31G*
level for 3,9-dihydroxy-4,8-diprenylpterocarpan (erybraedin C), whose hydroxy out-out conformation had
been examined earlier together with the conformational preferences of 3,9-dimethoxy-4-prenylpterocarpan
(bitucarpin A) at the same level (Phys. Chem. Chem. Phys.2004, 6, 2849). The structure with O5 trans with
respect to H6a (Ot) is about 2 kcal/mol less stable in vacuo than that with one of the H6 trans to it (Ht); in
aqueous solution its energy gap is nearly conserved. The in-in arrangement of the hydroxyl groups of erybraedin
turns out to be preferred in vacuo (even considering zero point and thermal effects), where pseudo H-bonds
are formed between hydroxy hydrogens andπ electron distributions of prenyl groups. The continuum solvent
effect (water) at the IEF-PCM/B3LYP/6-31G* level on the relative stability of the various rotamers is very
limited both on bitucarpin and erybraedin. Considering the dihydrated derivatives, significant differences in
the solvation energy are found between the distinct hydration sites, increasing in the order: methoxy O, ring
O, hydroxy O, and hydroxy H. In hydroxy-water interactions, in fact, water prefers to behave as an H-bond
acceptor unless nearby bulky groups prevent its approach. Interestingly enough, a bridging water molecule
between the hydroxy H of erybraedin and the prenyl group can be found. The inclusion of BSSE corrections
in hydroxy-water interactions decidedly favors out-out hydrated arrangements, followed by out-in and in-
out ones. Bulk solvent effects with IEF-PCM about the dihydrated systems almost invert the stability order
found in vacuo. When a four-water cluster is considered using QM methods, waters gather in H-bonded
pairs around the solute OH groups. MD simulations, carried out on a pterocarpan solute (J. Phys. Chem. B
2005, 109, 16918), supply water adducts consistent with a liquid state that have also been embedded in the
continuum solvent.

I. Introduction

Pterocarpans are ubiquitous in higher plants1 and play an
important role in plant defense (phytoalexins).2 They are stress-
induced low molecular weight antibiotics, protecting plants
against fungal infections and pests. Because of their long-
renowned antimicrobial, insecticidal, and oestrogenic activities
they have been widely used in traditional medicine.3 Either
natural or synthetic products have been shown to possess high
antifungal,4 antibacterial,5 cytotoxic,6 and/or anti-HIV7 activities.
Several are potent antidotes against snake and spider venoms.8

Recently, bitucarpin A (3,9-dimethoxy-4-prenylpterocarpan) and
erybraedin C (3,9-dihydroxy-4,8-diprenylpterocarpan) received
attention because they exhibit a considerable anticlastogenic
activity toward mitomycin C (MMC) and the radio-mimetic
bleomycin (BL), used as reference clastogens, whereas when
assayed alone they do not affect either the mitotic index or the
cell-proliferation index of human lymphocytes.9 In addition,
erybraedin C was found to induce necrosis in leukaemia Jurkat
T cells10 and showed a moderate activity against all cell lines
used in that study.10 They are extracted from plants of the genus
Psoralea(shown in Figure S1 of the Supporting Information)
widely spread in several regions of our planet.

The main structural feature of pterocarpans is the simulta-
neous presence in their skeleton of two fused chromophores,
producing two chiral centers (6a and 11a), shown in Chart 1.
Since the distinct peculiar properties of these compounds
originate from substitution patterns to the common backbone,
a systematic investigation has been initiated considering bitu-
carpin A and erybraedin C as test cases. All the possible scaffold
and side-chain arrangements of bitucarpin A had been examined
in vacuo at the B3LYP/6-31G* level.11 Reference is made to
that study as far as configurations, helicity, stabilities and
conformer names are concerned. For erybraedin C, only the OH
group arrangements consistent with the methoxy ones of
bitucarpin A had been considered in ref 11. To complete the
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CHART 1: Schematic Structures of Erybraedin C and
Bitucarpin A with Their Constituting Chromophores
(Chromane and 2,3-Dihydrobenzo[b]furan), Where
Rotatable Bond Names and Atom Numbering Are Also
Indicated
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examination of the erybraedin C conformational preferences,
in the present study all stable conformations of its hydroxy
groups in vacuo have been examined at the same level.
Moreover, the solvent effect on internal geometries and relative
stabilities has been considered using the polarizable continuum
model (PCM)12 in the IEF framework.13 The interconversion
pathways Ht to Ot (atoms trans to H6a in turn, thus producing
inversion in the ring system helicities), studied in vacuo on a
model system in ref 11, have been now considered for bitucarpin
A and erybraedin C in vacuo and in solution.

Small water clusters14 have been in addition taken into
account to evaluate the capabilities as H-bond acceptors of the
different ethereal oxygens in bitucarpin and to assess the
preferential H-bonding pattern of the hydroxy groups of
erybraedin, in comparison to the ring ethereal groups as well,
in the gas phase and in the presence of the continuum solvent.
This hybrid approach should allow reliable estimates of specific
H-bonding interactions (absent from a pure continuum calcula-
tion with a protic solvent) and bulk solvent effects on the solute’s
structure and stability, especially in the case less acidic HX
subunits are considered.16

II. Computational Details

Beside the backbone arrangement and the (6a, 11a) chirality,
the structures of the two pterocarpans under investigation are
characterized by the side chain orientations, determined by the
æ1 (C10C9OX) andæ2 (C2C3OX) with X ) methyl (Me) or H,
æ3 (C3C4CC), æ4 (C4CCC), andæ5 (C9C8CC), æ6 (C8CCC)
where applicable, dihedral angles, as shown in Chart 1. In the
present study, the cis(6aR, 11aR) configuration is considered,
taking into account also the Ht and Ot conformations of the
backbone (Ht and Ot indicate which atom is trans to H6a). When
not otherwise specified, the Ht arrangement is considered.

A. In Vacuo Geometry Optimizations. The minimum
energy OH arrangements for erybraedin have been determined
fully relaxing the structures at the DFT level by applying the
B3LYP functional17 and the 6-31G* basis set18 in the gas phase
with the Gaussian 03 system of programs,19 using the 1998
constants.æ1 (C10C9OH) andæ2 (C2C3OH) values in the vicinity
of the minima determined for 3,9-dihydroxypterocarpan in ref
11 were adopted for initial geometries, with prenyl side chains
in 16 possible different arrangements, i.e.,æ3 andæ5 in the(90°
regions, andæ4 andæ6 in the(120° regions, corresponding to
the most stable positions in vacuo of a prenyl side chain in
pterocarpans. All Hessian matrix eigenvalues were positive for
local minima (only one eigenvalue was negative for TS) in
converged GDIIS20 geometry optimizations. However, a number
of frequency calculations at the B3LYP/6-31G* level were
carried out for control, confirming all stationary points found.
Zero point and thermal corrections, computed atT ) 298 K
andp ) 1 atm in the rigid rotor-harmonic oscillator approxima-
tion21 to obtain free energies, are reported relative to a reference
conformer:

where∆Eg is the relative gas-phase energy at 0 K and∆ZPE
(unscaled since its B3LYP/6-31G* proposed scaling factor is
very close to unity) is the relative vibrational energy at 0 K,
while ∆H(T) and ∆S(T) are the relative changes in enthalpy
and entropy going from 0 toT K.

The æ1,æ2 potential energy surface (PES) was computed,
starting from the lowest energy structure of erybraedin, employ-
ing the flexible surface scan algorithm in Gaussian (all degrees

of freedom are allowed to relax butæ1 and æ2). Problems
encountered are discussed in the suitable location.

A few B3LYP/6-311++G** 18 single point calculations (834
contracted basis functions) have been carried out on the B3LYP/
6-31G* optimized geometries in order to evaluate the basis set
effect. [The 6-31G* erybraedin description already consists of
491 contracted basis functions.]

B. Geometry Optimizations in the Continuum Solvent.The
integral-equation-formalism (IEF)-PCM method,13 as imple-
mented in Gaussian 03, has been employed still at the B3LYP/
6-31G* level, using gas-phase optimized geometries as starting
structures, where appropriate. The advantage of the IEF-PCM
approach with respect to standard PCM, beside computational
efficiency, is that errors, such as those ascribable to the partition
of the continuous apparent surface charge into discrete elements
and to the electronic charge escaped outside the cavity, are
reduced at least by an order of magnitude, because of the use
of operators related to the electric potential instead of the electric
field.22 The cavity of interlocking spheres around the solute was
built using a united atom description for the CH (R) 1.9 Å)
and CH2/CH3 (R ) 2.0 Å) groups. Bondi radii23 have been
employed for oxygen, acidic H, and the remaining carbon atoms.
All radii (united or not) were scaled by a factor of 1.2. For the
sake of clarity, the quantities reported in the tables are
summarized hereafter.

The IEF-PCM free energies were calculated as

where the first two terms, i.e., the internal energy of the fully
polarized solute in solution and the solute-solvent (susv)
interaction, correspond to the electrostatic contributions (es) to
the free energy of the solute in solution, whileGdrc, namely
dispersion-repulsion-cavitation, corresponds to the nonelec-
trostatic ones.

The relative values are calculated with respect to the reference
conformer ones, reported at their first occurrence:

The electrostatic and total solvent effects, Ges(sol) and
Gtot(sol), are computed for each conformer with respect to its
optimized geometry in the gas phase (Eg):

with x standing in both equations for es or tot.
C. Supermolecule Calculations.Supermolecules with from

2 up to 4 water molecules added in the vicinity of specific
H-bonding sites around the solute have been considered as well
either in vacuo or in the presence of a continuum solvent. A
random selection has been made of local minima, although
preference was given with few exceptions to the most stable
conformers of each kind among those considered.

A few brief definitions of the energetic terms follow to help
in understanding the table content. The hydration energy of the
i solute is defined as

whereE(i,hydr) is the internal energy of the system, made up
of the i solute andn water molecules nearby;Eg indicates the
gas-phase internal energy of the isolated species; thus,Ehydr(i)
is the interaction energy of i withn water molecules, including
geometry deformation effects and water mutual interactions.

∆Gg ) ∆Eg + ∆ZPE+ ∆H(T) - T∆S(T) (1)

Gtot ) Eint
s + 1/2Esusv+ Gdrc ) Ges+ Gdrc (2)

∆Gx(i) ) Gx(i) - Gx(ref) (3)

Gx(sol)(i) ) Gx(i) - Eg(i) (4)

Ehydr(i) ) E(i,hydr) - Eg (i) - n Eg (H2O) (5)
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The differential solvent effect is measured with respect to
the reference system, taken as zero:

while the relative energy of hydration,∆Ehydr(i), includes the
stability in the gas phase of the i system:

Counterpoise (CP) corrections have been considered using
the Boys-Bernardi method,24 with the basis set superposition
errors (BSSE) directly defined as∆E - ∆ECP, according to
Sokalski et al.25 The uncorrected reference energy does not refer,
however, to the isolated systems, as in eq 5, but to the
3-component system in the adduct geometry, as the corrected
one.26 Therefore:

III. Results and Discussion

A. Erybraedin C Local Minima in the Gas Phase Depend-
ing on OH Group Arrangements. The conformational proper-
ties of each hydroxy group, thoroughly examined at the B3LYP/
6-31G* level in vacuo for a fixed starting orientation of the
other OH group in the case of 3,9-dihydroxypterocarpan (named
Ptero for short), produced four rotamers with relative stabilities
within 0.3 kcal/mol of the most stable one (either for the Ht or
Ot backbone arrangement) corresponding toæ1 ≈ 0° andæ2 ≈
180°, thus indicated as 0°,180°.11 The 180°,180° conformer was
almost as stable as the 0°,180° one. Analogously the 0°,0° and
180°,0° couple turned out to be very close in energy, but∼0.2
kcal/mol higher than the previous one. In contrast, in erybraedin
C, the structure and stability of the OH group rotamers, named
hereafter for short oo [0°,0°], ii [180°,180°], oi [0°,180°], and
io [180°,0°], are possibly affected by the presence of vicinal
prenyl groups. Because the conformational flexibility of a prenyl
side chain gives rise to four local minima withæ3 ≈ (90° and
æ4 ≈ (120°,11 a similar behavior could be expected for the
second prenyl side chain as well, although located at C8 (C10

actually should be more consistent with C4). Therefore, 16
minima might be located for each OH group rotamer, unless
steric hindrance or unfavorable electrostatic interactions prevent
peculiar structures from existing. Nonetheless, particular atten-

tion must be paid to starting geometries not to miss several
conformers, especially in the case of the ii family.27

The 16 structures, numbered from 1 to 16, have been gathered
in four sets, each corresponding to analogous ranges of values
for theæ3 andæ4 dihedral angles (namely, 1-4, æ3 > 0°, æ4 <
0°; 5-8, æ3 < 0°, æ4 > 0°; 9-12, æ3 < 0°, æ4 < 0°; 13-16,
æ3 > 0°, æ4 > 0°), while within each set they are ordered
depending on the ranges of theæ5 and æ6 dihedral angles
(I, æ5 > 0°, æ6 < 0°; II, æ5 < 0°, æ6 > 0°; III, æ5 > 0°, æ6 >
0°; IV, æ5 < 0°, æ6 < 0°). This ordering allows a quick
recollection of prenyl group orientations. Reference is made to
the structures using a type-order code, as shown in Figure 1,
where the lowest energy structures for each distinct arrangement
of the OH groups are displayed (Cartesian coordinates are at
the end of the Supporting Information).

From the relative energies of stable conformers (reported in
Table 1), determined for each prenyl group position with respect
to the lowest energy rotamer (ii-1), a wide variability in the
hydroxy group conformer stabilities depending on the prenyl
side chain arrangements can be observed (torsional parameters
in Tables S1-S4 of the Supporting Information for ii, oi, io,
and oo, respectively).

Figure 1. B3LYP/6-31G* lowest energy structures for each orientation (æ1,æ2) of the hydroxy groups in erybraedin C: ii [180°,180°], io [0°,180°],
oi [180°,0°], and oo [0°,0°]. The ii-1 structure, with both hydroxy hydrogens pointing toward theπ density of the prenyl double bonds, is the lowest
energy one in vacuo.

∆(solv eff)(i) ) Ehydr(i) - Ehydr(ref) (6)

∆Ehydr(i) ) E(i,hydr) - E(ref,hydr)) ∆(solv eff)(i) +
∆Eg(i) (7)

BSSE(i)) ∆E(i) - ∆ECP(i) ) Ehydr(i) - Ehydr
CP (i) (8)

TABLE 1: B3LYP/6-31G* Relative Stabilities (∆Eg, in
kcal/mol) of the Optimized Local Minima of Erybraedin C,
with Respect to ii-1a

ii oi io oo

1 0b (0c) 2.23 (1.60) 2.10 (1.74) 4.39 (3.51)
2 0.02 (0.01) 2.21 (1.66) 2.13 (1.78) 4.39 (3.36)
3 2.95 5.15 2.16 4.40
4 2.98 5.15 2.18 4.42
5 0.07 2.04 2.16 4.22
6 0.10 2.04 2.19 4.24
7 2.99 4.99 2.20 4.25
8 2.99 5.01 2.19 4.26
9 2.64 2.14 4.76 4.29

10 2.63 2.14 4.80 4.33
11 5.57 5.05 4.78 4.34
12 5.58 5.08 4.81 4.31
13 2.72 2.25 4.85 4.38
14 2.73 2.21 4.84 4.38
15 5.66 5.17 4.88 4.41
16 5.68 5.17 4.90 4.44

a In parentheses, single point B3LYP/6-311++G**//B3LYP/
6-31G* relative stabilities.b The B3LYP/6-31G* reference energy is
-1270.389431Eh. c The B3LYP/6-311++G**//B3LYP/6-31G* refer-
ence energy is-1270.738544Eh.
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The relative stabilities range from 0 to 5.7 kcal/mol, with
rotamers ii-2, -5, and -6 within 0.1 kcal/mol of ii-1 at most,
while rotamers ii-9, -10, -13, -14, -3, -4, -7, and -8 in that order
are 2.6-3 kcal/mol higher in energy. The least stable rotamers
(11, 12, 15, 16) belong to the ii group because of electrostatic
repulsion and steric hindrance. In the oi family the most stable
rotamers (around 2.0-2.2 kcal/mol) are oi-1, -2, -5, -6, -9, -10,
-13, and -14, while the remaining ones range from 5.0 to 5.2
kcal/mol. In the io family as well there are just two different
and narrow ranges of stability: 2.1-2.2 and 4.8-4.9 kcal/mol
for rotamers 1-8 and 9-16, respectively. Finally, in the oo
family the stability of all the rotamers is very similar and
confined in the interval 4.2-4.4 kcal/mol. The basis set effect
(the values in parentheses in Table 1 have been computed with
the B3LYP/6-311++G** basis set on the B3LYP/6-31G*
optimized geometries) does not modify the situation: high-
energy conformers are just somewhat stabilized with respect to
the most stable ones.

Considering zero point and thermal corrections for selected
conformers leaves the overall picture unaltered as well (see
Table 2) although remarkable changes are found in the relative
free energies especially for the oo rotamers. The inversion in
the stabilities of ii-1 and ii-2 refers to total gaps by less than
0.1 kcal/mol. Zero point effects slightly reduce the energy gaps
with respect to ii-1, whereas thermal corrections to the enthalpy
tend to counterbalance them. The main contribution is due to
the entropy term that stabilizes the higher energy rotamer with
respect to ii-1. However, all low-frequency modes have been
taken as vibrations whereas some of them could be considered
as hindered rotations.

To appreciate the erybraedin flexibility in vacuo, the full
æ1,æ2 PES, displayed in Figure 2, has been computed from
different starting points (æ1 ) æ2 ) -180° and æ1 ) æ2 )
180°) in (30° increments using as initial values of the other
torsions those corresponding to ii-1.

Interestingly enough, starting fromæ1 ) æ2 ) -180°, the
prenyl side chains move somewhat away from their initial
position and are unable to return to the best orientation when
æ2 reaches 30° (regardless of theæ1value). In contrast, starting
from æ1 ) æ2 ) 180°, the prenyl side chains keep an
arrangement close to the initial one, allowing the structure to
resume the lowest energy conformation. The map has been
drawn starting fromæ1 ) æ2 ) 0° because the low energy basins

are cut in an almost symmetric way, due to the lack of steric
hindrance whenæ1 and/oræ2 are close to 0°. Conversely, when
in the 180° region, stable arrangements showæ1 or æ2 values
about 160°. As expected from the results obtained considering
all the possible combinations of theæ1, æ2, æ3, æ4, æ5, andæ6

dihedral angles, four types of minima (named A, B, C, D),
roughly corresponding to ii, oi, io, and oo, respectively, have
been located on the PES. Four rotational transition states can
be found in the inner part of the map along the lines joining A
either to B (TSBA, TSAB) or C (TSCA, TSAC),28 and also along
the borders joining D either to B (TSDB, TSBD) or C (TSDC,
TSCD).29 TS geometry optimizations, starting from the closest
points on the map, produced the structures reported in Table 3.

Of course, this picture is related to a particular arrangement
of the prenyl side chains, but it is likely that analogous results
are obtained for other arrangements, although shifted according
to the relative stabilities of the peculiar structures.

B. Bitucarpin A. Four local minima had been found for
(R,R)-bitucarpin A, depending on the prenyl side chain orienta-
tions, as already recalled. In what follows, they are named
Bitu 1, Bitu 2, Bitu 3, and Bitu 4 and correspond respectively
to (æ3,æ4)/∆E (kcal/mol) values of (-81.4°,-114.1°)/0;
(-98.9°,+114.3°)/0.02; (82.1°,115.9°)/0.11; (+94.9°,-155.0°)/
0.21, all with theæ1 andæ2 torsions close to 0°.11

C. Ht and Ot Backbone Structures in Vacuo and in
Solution for Erybraedin and Bitucarpin. 1. In Vacuo.The Ht

to Ot interconversion PES computed on (R,R)-3,9-dihydroxy-

TABLE 2: B3LYP/6-31G* Relative Stabilities for Some
Local Minima of Erybraedin C in the Gas Phase Corrected
with the Addition of the Individual Terms of Eq 1, Including
Zero Point Energies, Thermal Corrections to the Enthalpy,
and Finally Entropic Terms To Obtain Relative Free
Energies (kcal/mol)a

∆Eg +∆ZPE +∆Hth ∆Gg

ii-1 0 0b 0c 0d

ii-2 0.024 -0.019 -0.015 -0.073
io-1 2.235 2.078 2.187 1.827
io-2 2.208 2.061 2.160 1.782
oi-1 2.103 1.980 2.072 1.775
oi-2 2.129 1.953 2.064 1.628
oo-1 4.387 4.064 4.296 3.045
oo-2 4.392 4.084 4.298 3.487
oo-5 4.216 3.840 4.088 2.904
oo-6 4.241 3.916 4.136 3.277
oo-7 4.250 3.930 4.158 3.018
oo-8 4.263 3.933 4.153 3.098

a Each term includes all the previous ones according to eq 1; this
allows an immediate comparison between the various corrected stabili-
ties. Reference values (inEh) for ii-1 are: b Up to ZPE) -1269.910655.
c Up to enthalpy) -1269.882067.d Gg ) -1269.970147.

Figure 2. B3LYP/6-31G* æ1,æ2 potential energy surface for (R,R)-
erybraedin C in vacuo. The low energy structures are indicated on the
map, drawn with respect to ii-1, taken as zero.

TABLE 3: B3LYP/6-31G* Relative Stability with Respect to
ii-1 (kcal/mol) and Geometric Parameters (deg) of the
Optimized Transition States of (R,R)-Erybraedin C

∆Eg æ1 æ2 æ3 æ4 æ5 æ6

TSBA 5.56 161.4 81.9 85.4 -116.6 56.9 -132.8
TSAB 6.51 161.3 266.5 105.2 -105.8 57.2 -132.7
TSCA 6.70 262.9 164.2 52.8 -132.0 96.4 -112.1
TSAC 5.15 78.3 164.7 52.1 -132.5 75.9 -118.8
TSDB 8.90 264.2 0.8 95.2 -114.5 84.1 -116.9
TSBD 7.46 78.0 0.9 97.4 -113.4 74.6 -119.4
TSDC 7.71 -0.02 81.2 84.1 -117.3 81.7 -118.9
TSCD 8.63 -0.3 266.6 105.0 -106.3 82.5 -118.5
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pterocarpan [withæ1,æ2 ) 0°,180°] as a model system, displayed
in ref 11 usingâ (C11aC6aC6O5) andR (C1C1aC11aO11) as leading
parameters, is only slightly affected by prenyl side chains at C4

and C8 or when two methoxy groups replace the hydroxy ones
in the presence of a vicinal (at C4) prenyl side chain. The trend
of the forward (â varying from -60° to +60° in variable
intervals) and backward energy profiles for the Ht/Ot intercon-
version, shown in Figure 3 for Bitu 1, is almost indistinguishable
from the Eryc one and compares well with Figure 4 of ref 11.

The computation of energy profiles, carried out at fixed values
of â, produces the drift from one path to the other because of
the shape of theR,â PES: when hops are present, theR values
of adjacent points refer to different regions of the PES, as
already stressed.11 Thus, the energy profiles do not coincide
with either interconversion pathway. By imposition of a pair
of dihedral values, like in a potential energy grid, this drift is
prevented, but many more points, if not the whole surface,
should be computed. Despite the significant differences in the
pterocarpans here considered, not only the shape of the profiles
but also the mutual values of the stationary points on the relevant
PES are conserved. The relative stabilities of Ht, Ot, TS1, and
TS2 are reported in Table 4 together with the correspondingâ
value.

Interestingly enough, the mutual stabilities of the stationary
points in Eryc oo are closer to those of Bitu 1 than to those of
Eryc ii, probably because of the similar orientation of the OX
groups.

2. In Aqueous Solution.The solvation properties of the Ht

and Ot forms of bitucarpin A and erybraedin C have been
investigated carrying out geometry optimizations in water (ε )
78.39) at the B3LYP/IEF-PCM/6-31G* level starting from
the structures optimized in vacuo. From the values reported in
Table 5 for selected conformers, it is evident that the continuum

solvent effect on the relative stability of the various forms is
very limited.

Only the electrostatic terms show some change, although
almost completely counterbalanced by cavitation, dispersion,
and repulsion contributions, leaving the relative free energy
ordering practically unaltered. As a common feature, the
electrostatic solvent effect is somewhat weaker in bitucarpin
than in erybraedin, thus producing a slightly unfavorable total
solvent effect. In contrast, in erybraedin, it turns out to be
generally favorable, even though vanishingly small.

To understand the reason the electrostatic part of the
continuum solvent effect is so feeble in these systems, dipole
moments of the main families have been computed, because
the solvent reaction field, closely related to the solute molecular
electrostatic potential (MEP), displayed in Figure S2 of the
Supporting Information, is stronger when dominated by a dipolar
component than by a quadrupolar one.30 Rather than the value
of the moment itself, its orientation is important. In the case of
Bitu 1-4 the magnitude ofµ ranges from 2.15 to 2.55 D, with
a nearly constant orientation, and the solute MEP has a
remarkable quadrupolar component (Figure S2a). Therefore, in
this system, no large differential solvation effect can be
expected. In contrast, in erybraedin the dipole moment orienta-
tion varies depending on the OH group arrangements. When
both hydroxy hydrogens point inward (Eryc ii),µ is directed
along the C11a-C6a axis with a value of 5.8 D, and the solute
MEP is dominated by the dipolar component (Figure S2b).
Conversely, in Eryc oo,µ is directed in the opposite direction,
with a magnitude of 2.6 D, and the solute MEP presents a
complex pattern (Figure S2c), hard to decipher. The magnitude
of µ is analogous in Eryc oi (2.6 D) and in Eryc io (2.9 D) with
orientation nearly parallel to the inward OH group in both cases.
Nevertheless, the solvent electrostatic effect is just somewhat
larger (by 2-3 kcal/mol) than in bitucarpin.

D. Addition of Explicit Water Molecules. Discrete-
continuum approaches successfully reproduce spectroscopic
properties31 as well as hydration free energies.32 Considering

Figure 3. B3LYP/6-31G* potential energy profile for the Ht/Ot

interconversion of Bitu 1 in the gas phase, computed in both forward
(-60° to +60°, dashed line) and backward (solid line) directions.

TABLE 4: B3LYP/6-31G* Relative Stability (kcal/mol) of H t
and Ot Minima and Transition States Joining Them for
Bitucarpin A and Two Minima of Erybraedin C as
Compared to 3,9-Dihydroxypterocarpan (Ptero)a

Ht Ot TS1 TS2

Ptero
0°,180°

0b (-56.8) 1.97 (53.4) 6.27 (-9.1) 6.80 (12.0)

Bitu 1 0c (-56.8) 1.95 (53.4) 6.35 (-11.1) 6.85 (13.4)
Eryc ii 0 (-57.4) 1.99 (53.8) 6.45 (-10.8) 7.03 (14.1)
Eryc oo 4.22 (-57.0) 6.16 (53.1) 10.56 (-10.4) 11.11 (12.9)

a The value ofâ (C11aC6aC6O5) in degrees is indicated in parentheses.
b The Ptero Ht reference energy is-879.696408Eh. c The Bitu 1 Ht

reference energy is-1153.651967Eh.

TABLE 5: B3LYP/IEF -PCM/6-31G* Free Energy of
Solvation and Solvent Effects (kcal/mol) on the Ht and Ot
Minima of Selected Stable Conformers and TS (from
Table 4) of Bitucarpin A and Erybraedin C a

∆Eg
1/2Esusv Ges(sol) Gtot(sol) ∆Ges ∆Gtot

Bitu 1 Ht 0 -8.23 -7.20 1.05 0b 0c

Bitu 2 Ht 0.02 -8.31 -7.28 0.89 -0.06 -0.13
Bitu 3 Ht 0.11 -8.29 -7.25 1.11 0.06 0.17
Bitu 4 Ht 0.21 -8.33 -7.30 0.99 0.11 0.15
Eryc ii Ht 0 -10.39 -9.02 -0.40 0d 0e

Eryc oi Ht 2.04 -11.44 -9.95 -0.47 1.11 1.97
Eryc io Ht 2.10 -10.65 -9.48 -0.18 1.64 2.32
Eryc oo Ht 4.22 -11.82 -10.51 -0.38 2.73 4.24
Eryc ii Ot 1.99 -11.49 -9.74 -0.55 1.27 1.85
Eryc oo Ot 6.16 -12.71 -11.08 -0.09 4.10 6.47
Bitu 1 Ot 1.95 -9.16 -7.84 1.22 1.31 2.12
Bitu 2 Ot 1.95 -9.22 -7.90 0.99 1.25 1.89
Bitu 3 Ot 2.00 -9.06 -7.73 1.63 1.47 2.58
Bitu 4 Ot 2.12 -9.38 -8.01 0.75 1.31 1.82
Bitu 1 TS1 6.35 -8.99 -7.70 0.63 5.85 5.93
Bitu 1 TS2 6.85 -8.47 -7.36 1.36 6.69 7.16
Eryc ii TS1 6.45 -11.12 -9.46 -0.72 6.01 6.13
Eryc ii TS2 7.03 -10.82 -9.27 -0.03 6.79 7.40
Eryc oo TS1 10.56 -12.51 -10.91 -0.62 8.66 10.34
Eryc oo TS2 11.11 -11.92 -10.55 0.06 9.59 11.58

a Gdrc can be derived for each conformer from the difference be-
tween the relevantGtot(sol) andGes(sol) values.b The reference electro-
static free energy is-1153.663438Eh. c The reference total free energy
is -1153.650290Eh. d The reference electrostatic free energy is
-1270.403806Eh. e The reference total free energy is-1270.390074Eh.
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that explicit water molecules should play a prominent role in
the solvation of these compounds, their capability to form
H-bonding complexes at various interaction sites has been
analyzed at the B3LYP/6-31G* level, allowing the geometry
of the whole system to relax. H-bond donor and acceptor groups
were considered separately.

(1) Addition of Two Water Molecules to Bitucarpin A: a.
One Water Molecule per Methoxy Group.To explain the
hydration positions without showing a large amount of figures
(some are displayed in the Supporting Information), reference
is made to the Chart 1 views. Since there are two O lone pairs
per methoxy group (named u/d according to their upward/
downward position with respect to the observer), either the u
or d point of attack for water has been considered concerning
the methoxy group at C3. Conversely, due to lack of bulky
substituents nearby, the water molecule near the methoxy group
at C9 invariably roughly aligns one of its OH groups along the
bisector of the O9 lone pairs with its free H pointing upward,
regardless its starting arrangement. The hydration energies,
reported in Table 6 together with the differential solvent effects
and the relative energies of hydration, have been computed for
the most stable conformers of bitucarpin. For the sake of
comparison, the relative stabilities in the gas phase are also
reported.

As stated above, distance (1.99 Å) and orientation of the water
molecule bound to the methoxy O at C9 are well conserved.
The largest changes are found for the water molecule in the
vicinity of the methoxy O at C3 due to the presence of the prenyl
side chain. In two cases (Bitu 2d and 4u) actually, because of
the prenyl side chain leaning toward the methoxy group either
below or above the backbone plane, the water molecule moves
away from the methoxy O lone pair and toward theπ density
(with Hw‚‚‚CH and Hw‚‚‚C(Me)2 ) 2.7 and 2.6 Å, respectively,
CH and C(Me)2 standing for the double bond C atoms). The
Hw‚‚‚O3 separation and the OwHwO3 angle (same Hw as above)
become 2.4 Å and 124° in both Bitu 2d and Bitu 4u, indicating
a preference for the prenyl group; the other water H points
upward in Bitu 2d and downward in Bitu 4u. On the other hand,
in the most favorably hydrated structure (Bitu 2u) for instance,
the O3‚‚‚Hw separation is 1.93 Å with respect to an O9‚‚‚Hw

value of 1.99 Å. The orientation of water, even when H-bonded
to O3, is remarkably different from that at O9.

b. One Water Molecule per Ring O.The results related to
the hydration on the ethereal O belonging to the rings can be
found in Table 7.

In the b series, both water molecules are bound to the O lone
pairs pointing below the scaffold plane, i.e., on the same side
as the hydrogens bound to the chiral carbon atoms (see structures
in Figure S4 of the Supporting Information). The most favorable
results, listed in the first group, are obtained when the free H

of the water molecule at O5 points downward and that at O11

points upward. Both free water hydrogens point upward in the
bu series (downward in the bd one). In 1a, the water molecule
at O11 is bound to the O lone pair above the scaffold plane
(almost perpendicular to it, with its free H toward the right (r)
or left (l) hand side, i.e., toward the 2,3-dihydrobenzo[b]furan
or chromane moiety), while the water molecule at O5 is still
below the scaffold plane.

Ring O‚‚‚water interactions are in general more favorable than
the methoxy O‚‚‚water ones. Nonetheless their stabilizing effect
is consistent with the gas-phase stability and enhances the energy
differences. Structures with the free H of water pointing
downward (3bd and 4bd) show Hw‚‚‚O11 separations slightly
longer and are less stable by about 0.6 kcal/mol than 3b and
4b. Distance (about 1.93 Å) and orientation of the water
molecule H-bonded to O11 are well conserved in all the other b
series.33

As expected, the largest changes are related to the water
molecule bound to O5, because of the presence of the prenyl
side chainπ density. In the case of the most favorably hydrated
structure (Bitu 1b), the O11‚‚‚Hw separation is 1.93 Å with
respect to an O5‚‚‚Hw distance of 2.11 Å, while the O5HwOw

angle is farther from 180° than O11HwOw.
(2) Addition of Two Water Molecules to Erybraedin C. In

the case of erybraedin as well, the most stable structures out of
the 16 ones per each type of OH arrangements have been
examined.

a. One Water Molecule per Ring O.The hydration energies
in erybraedin (ranging from-13.3 to-15.7 kcal/mol), displayed
with other quantities in Table 8, are fairly comparable to those
in bitucarpin (-14.0 to -16.5 kcal/mol). Ring O‚‚‚water
interactions are thus nearly as favorable as those occurring in
bitucarpin. During the optimizations the water molecules move
to the lone pair below the scaffold plane, even starting H-bonded
to the O lone pairs above the plane. As a general feature, the
OnHwOw arrangements (withn ) 5 or 11) are almost linear
(structures displayed in Figure S5 of the Supporting Informa-
tion). The hydration stabilizing effect is significant when the
hydroxy group at C3 points outward (oi and oo). Because of
the high internal energy of these structures in the gas phase,
however, the oi complexes turn out to be 0.7 to 0.9 kcal/mol
less stable than ii, while the oo ones remain the least favorable
among the structures here considered.

Despite the common type (bu) with both free hydrogens
pointing upward, those complexes correspond to similar ar-
rangements only in couples. In the ii bu and io bu adducts, for
instance, O5‚‚‚Hw ≈ O11‚‚‚Hw ≈ 1.95 Å with C4O5HwOw )
-133° and C10aO11HwOw ) 160°. Conversely, in the oi bu and
oo bu adducts, the H-bonding hydroxy group of water is almost

TABLE 6: B3LYP/6-31G* Hydration Energy, Differential
Solvent Effect and Relative Energy of Hydration (kcal/mol)
for a Water Molecule per Each Methoxy O of Bitucarpin Aa

∆Eg Ehydr ∆(solv eff) ∆Ehydr

Bitu 1u 0 -12.14 0.56 0.56
Bitu 1d 0 -12.70 0 0b

Bitu 2u 0.02 -13.11 -0.41 -0.39
Bitu 2dc 0.02 -13.10 -0.40 -0.38
Bitu 3u 0.11 -12.82 -0.12 -0.01
Bitu 3d 0.11 -12.76 -0.06 0.05
Bitu 4uc 0.21 -13.20 -0.50 -0.29
Bitu 4d 0.21 -12.49 0.21 0.42

a Structures displayed in Figure S3 of SI.b Reference energies
Ehydr ) -1306.490564Eh; Eg(H2O) ) -76.408954Eh. c The water
molecule at O3 moves toward the prenylπ density (see text).

TABLE 7: B3LYP/6-31G* Hydration Energy, Differential
Solvent Effect and Relative Energy of Hydration (kcal/mol)
for a Water Molecule per Each Ring O of Bitucarpin Aa

∆Eg Ehydr ∆(solv eff) ∆Ehydr

Bitu 1b 0 -16.54 0 0b

Bitu 2b 0.02 -15.56 1.00 0.97
Bitu 3b 0.11 -14.63 2.02 1.91
Bitu 4b 0.21 -14.62 2.13 1.92
Bitu 1bu 0 -15.38 1.15 1.15
Bitu 2bu 0.02 -15.21 1.35 1.33
Bitu 3bd 0.11 -13.99 2.66 2.55
Bitu 4bd 0.21 -13.99 2.76 2.55
Bitu 1a(r) 0 -15.73 0.81 0.81
Bitu 1a(l) 0 -16.09 0.44 0.44

a Structures displayed in Figure S4 of SI.b ReferenceEhydr )
-1306.496226Eh.
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perpendicular to the six-membered ring, and the free H points
away from the chiral H6a, while the water molecule at O11 is
fairly well conserved as in Eryc oi b, with the free hydrogens
pointing downward for the water molecule at O5 and upward
for that at O11 (as in Bitu 1b).

In the ii b-/io b- complexes, the O5‚‚‚Hw and O11‚‚‚Hw

separations are fairly similar, with the free H of the water
molecule at O5 and O11 pointing upward and downward,
respectively, opposite to plain b. In the oi bd/oo bd complexes,
the arrangement of the water molecule at O5 is analogous to
that assumed in oi bu and oo bu, whereas the O11‚‚‚Hw

separation is almost exactly as in ii b-/io b- above. The free
H of the water molecule at O11 points downward in both cases.
Seemingly the variability in the water positions is very limited.

Interestingly, the stabilization due to hydration is almost
independent of the solute conformation, as can be inferred by
comparing theEhydr values in each couple of similar water
arrangements: ii bu and io bu, ii b- and io b-, oi bd and oo
bd, and finally oi bu and oo bu. The 3-component counterpoise
corrected hydration energies, reported in the last but one column
of Table 8, show appreciable changes with respect to the
uncorrected ones only when a water molecule is in close
proximity to a prenyl group (an arrangement corresponding to
large BSSE, see last column of Table 8), or far away from it.
When water is bound to the ring oxygens, hydroxy group
positions do not affect the CP-corrected results.

b. One Water Molecule per Hydroxy Group.In this case, it
is necessary to distinguish whether the hydroxy group acts as a
proton donor (acid) or as a proton acceptor (base). A simple
graphical expedient is to add two letters to the label, indicating
H or O, i.e., the binding site of the solute hydroxy group at C3

and C9 in this order for water.
The OH group hydration energies (ranging from-13.8 to

-19.6 kcal/mol), reported with other quantities in Table 9, are
more favorable on the average than those related to the ring O,
although when behaving as a base on both OH groupsEhydr

becomes-14.75 kcal/mol at most. In addition, in hydroxy‚‚‚
water interactions, water prefers to behave as an H-bond
acceptor, unless a nearby bulky group prevents its approach. In
the last columns of Table 9, the 3-component counterpoise
corrected hydration energies and BSSE are reported. BSSE
corrections, discussed later on, show a significant variability in
the systems considered according to OH group positions and
water binding modes.

In the most favorably hydrated ii complex (HH), displayed
in Figure 4a, the water molecules are located with their O along

the solute hydroxy groups and one of their hydrogens pointing
toward the prenyl groupπ density. The Ow‚‚‚H separation is
1.78 Å whenever water behaves as a proton acceptor. When
water acts as a proton donor (HO, shown in Figure 4b, OH,
and OO) the Hw‚‚‚O separation is longer (up to 2.02 Å). The
water orientation relative to the OH group is conserved
regardless which OH group is bound to and this occurs at each
i OH group also in the other conformers.

The oi complexes (only three of them are reported in Table
9) show a wide variety of hydrated structures, due to the steric
hindrance lower than in ii. The Ow‚‚‚H separation is 1.82 Å
(just slightly longer than in ii), whenever water behaves as a
proton acceptor. Water can bind with either lone pair to the o
OH group, because the energy gap is very low (<0.2 kcal/mol).
Water orientations and separations are conserved, in general,
as before.

The most favorably dihydrated structure among those here
considered is oo (HH). The water molecules are located with
their O along the solute hydroxy groups and both their
hydrogens point outward (Figure 4d). An analogous arrangement
is maintained by each individual water in the oo (OH, HO)
adducts. The same occurs for the water molecules behaving as
proton donors, that keep their distance and orientation in the
oo (OO, OH, HO) adducts. The Ow‚‚‚H separations are
invariably 1.82 Å (as for oi) whenever water behaves as a proton
acceptor and the Hw‚‚‚O ones range from 1.95 to 1.97 Å, when
water acts as a proton donor (HO, OH, OO).

It is worth noting that there is a remarkable water stabilizing
effect when one or both hydroxy group points outward (oi, io,
and oo). In this way, io (HH), displayed in Figure 4c, turns out
to be just 0.3 kcal/mol less stable than ii, despite its high internal
energy in the gas phase. oi (HO) and oo (HH) are less stable
than ii by about 1 kcal/mol. It is therefore likely that considering
structures with low stability in vacuo or including other
corrections, more favorable hydration energies can be obtained.

The relative stabilities of the four main conformers considered
for erybraedin are reported in Figure 5.

The trend of total solvation free energies from IEF-PCM
calculations in water almost coincides with the gas phase relative

TABLE 8: B3LYP/6-31G* Hydration Energy, Differential
Solvent Effect, and Relative Energy of Hydration (kcal/mol)
for a Water Molecule per Each Ring O for the Most Stable
Conformers in Vacuo of Erybraedin C Where BSSE and
Counterpoise Corrected Relative Energies of Hydration Are
Also Reporteda

∆Eg Ehydr ∆(solv eff) ∆Ehydr ∆Ehydr
CP -BSSE

Eryc ii bu 0 -13.91 0 0b 0c 7.58
Eryc oi bu 2.04 -15.24 -1.33 0.71 0.89 7.77
Eryc io bu 2.10 -13.66 0.25 2.35 2.36 7.59
Eryc oo bu 4.22 -15.08 -1.17 3.05 3.29 7.83
Eryc ii b 0 -13.90 0.01 0.01 -0.67 6.91
Eryc ii b- 0 -13.43 0.48 0.48 0.43 7.53
Eryc oi b 2.04 -15.72 -1.81 0.23 1.03 8.39
Eryc oi bd 2.04 -15.07 -1.16 0.88 1.05 7.76
Eryc io b- 2.10 -13.26 0.65 2.75 2.74 7.58
Eryc oo bd 4.22 -14.94 -1.03 3.19 3.46 7.86

a Structures in Figure S5 of SI.b ReferenceEhydr ) -1423.229504Eh.
c ReferenceEhydr

CP ) -1423.217421Eh.

TABLE 9: B3LYP/6-31G* Hydration Energies, Differential
Solvent Effects, and Relative Energies of Hydration for a
Water Molecule per Each Hydroxy Group of Erybraedin C
(kcal/mol), Where Binding Sites for Water Are Also
Indicated and Where BSSE and Counterpoise Corrected
Relative Energies of Hydration Are Also Reporteda

∆Eg Ehydr ∆(solv eff) ∆Ehydr ∆Ehydr
CP -BSSE

Eryc ii (HH)b 0 -16.61 0 0c 0d 8.27
Eryc ii (HO) 0 -16.07 0.54 0.54 0.50 8.23
Eryc ii (OH) 0 -15.26 1.35 1.35 1.08 8.00
Eryc ii (OO) 0 -14.75 1.87 1.87 1.62 8.03
Eryc oi (HH) 2.04 -17.36 -0.75 1.29 -0.21 6.78
Eryc oi (HO)b 2.04 -17.53 -0.92 1.12 -1.57 5.58
Eryc oi (OH) 2.04 -14.13 2.48 4.52 4.81 8.57
Eryc io (HH)b 2.10 -18.38 -1.77 0.33 -1.52 6.42
Eryc io (OH) 2.10 -17.16 -0.54 1.56 -0.48 6.23
Eryc io (HO) 2.10 -15.65 0.96 3.06 2.95 8.15
Eryc io (OO) 2.10 -14.25 2.36 4.46 4.21 8.01
Eryc oo (HH)b 4.22 -19.61 -3.00 1.22 -2.59 4.46
Eryc oo (HO) 4.22 -17.16 -0.55 3.67 1.65 6.25
Eryc oo (OH) 4.22 -16.82 -0.21 4.01 2.03 6.29
Eryc oo (OO) 4.22 -13.76 2.85 7.07 6.88 8.08

a In parentheses, the first atom refers to the binding site for water
onto the OH group at C3, the second at C9. b Structures (shown in Figure
4) subsequently embedded in the IEF-PCM continuum solvent (see
section D.4).c Reference Ehydr ) -1423.233812Eh. d Reference
Ehydr

CP ) -1423.220631Eh.
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energies, although the electrostatic solvent effect is more
favorable for the solvent exposed solute structures than the total
solvent effect. In those cases, however, larger cavitation terms
counterbalance electrostatic contributions, as already mentioned.
In contrast to the continuum solvent, two explicit waters (long
dashes, squares) may affect the relative stability of particular
adducts at least.

(3) Counterpoise Corrections to a Number of Erybraedin
Dihydrated Adducts.The inclusion of CP corrections to the
hydration energies when water is bound to the ring O does not
produce considerable changes to the relative hydration energies
(see Table 8), because BSSE are almost constant, although large,
regardless which solute/solvent arrangement is considered. Some
differential effects can be found if the partner mutual position
allows or not a significant overlap between the prenyl group
and water charge distributions. In contrast, CP corrections
remarkably affect the relative stabilities of specific adducts to

the solute hydroxy groups (see Table 9), because for this kind
of interaction BSSE vary depending on the complex arrange-
ment. For the ii family adducts, BSSE are large and decidedly
constant, ranging from-8.27 to-8.00 kcal/mol for HH and
OH, respectively. For some adducts to the outward groups,
conversely, they decrease significantly, because the water
molecules are further apart from the solute, as is the case for
the oo family. Even there, however, BSSE depend on the water
positions as can be inferred examining Figure 4, where structures
with a different amount of BSSE are shown. Therefore, CP-
corrections allow a noticeable stability to be recovered for
particular adducts, such as oo (HH), with respect to ii. To a
minor extent, some adducts in the oi and io families as well
turn out to be more favored than ii. The CP-corrected plot for
the systems of Figure 5 is displayed in Figure 6.

(4) Dihydrated Structures of Erybraedin C Flexibly Embedded
in a Continuum SolVent. As anticipated in Table 9, four
dihydrated structures of erybraedin have been embedded in the
IEF-PCM continuum solvent allowing the structures to relax.
The structures, however, remain in arrangements similar to the
starting ones, although they can change by several degrees. The
results obtained are reported in Table 10.

As already put forward in the case of continuum solvation
of the solute alone, the electrostatic solvent effect, when not
completely counterbalanced by nonelectrostatic terms as in Eryc
io and oo (HH), produces a significant stabilization of the
dihydrated structures, as shown in Figure 6. In the case of Eryc
oi (HO), on the contrary, nonelectrostatic terms prevail, thus
destabilizing that peculiar adduct in water. However, it turns
out evident from Figure 6 that both bulk solvent effects and
counterpoise corrections favor solvent exposed arrangements
of polar groups, thus indicating, as expected, that extended
structures should be present in solution or in receptor sites.

(5) Four Water Molecules around Erybraedin.When four
water molecules are added to erybraedin C, during the optimiza-
tion they gather in pairs H-bonded to each other around the
OH group regardless their initial positions. Reference is made
to the water molecule H-bonded to the erybraedin hydroxy H
as w1 (proton acceptor), while the water molecule donating its
proton to the erybraedin hydroxy O is named w2. In this case,
besides the energetic quantities displayed for previous adducts,
the water-water interaction energy is reported to evaluate how
much that contribution varies from an arrangement to the other.

In the Eryc ii adduct (Figure S6a in the Supporting Informa-
tion), w1 at C3 (H‚‚‚Ow1 ) 1.74 Å) is located between the OH
group and the prenyl side chain. As a proton acceptor, however,
instead of theπ density, prefers w2 (Hw1‚‚‚Ow2 ) 1.85 Å) which
is donating its proton to the hydroxy O (Hw2‚‚‚O ) 1.95 Å).
The water arrangement is similar for the hydroxy group at C9.

Figure 4. B3LYP/6-31G* optimized adducts of erybraedin C with
one water molecule per hydroxy group (distances in Å): (a) Eryc ii
(HH); (b) Eryc oi (HO); (c) Eryc io (HH); (d) Eryc oo (HH).

TABLE 10: B3LYP/IEF -PCM/6-31G* Free Energy of
Solvation and Solvent Effects (kcal/mol) on Dihydrated
Structures of Erybraedin C Where Erybraedin Relative
Energy in the Presence of Two Water Molecules Is Reported
for Comparison and the Binding Sites for Water Are Also
Indicateda

∆Ehydr
1/2Esusv Ges(sol) Gtot(sol) ∆Ges ∆Gtot

Eryc ii (HH) 0 -18.48 -15.98 -3.19 0b 0c

Eryc oi (HO) 1.12 -19.43 -16.77 -2.62 0.33 1.69
Eryc io (HH) 0.33 -19.87 -17.48 -3.88 -1.17 -0.36
Eryc oo (HH) 1.22 -22.27 -19.69 -5.53 -2.19 -1.12

a The first atom in parentheses refers to the binding site for water
onto the OH group at C3, the second at C9 (the starting arrangements
for B3LYP/IEF-PCM/6-31G* geometry optimizations in solution are
displayed in Figure 4).b The reference free energy isGes )
-1423.259275Eh. c The reference free energy isGtot ) -1423.238895Eh.
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This arrangement is roughly maintained in Eryc oi (Figure S6b),
whereas at C3 the outward orientation of the OH group
significantly stabilizes the system, that becomes nearly as stable
as the aforementioned Eryc ii adduct, as can be derived from
the results reported in Table 11. Interestingly enough, when the
starting orientation of the vicinal prenyl side chain is taken as
in Eryc oo, the hydrated compound (Eryc oi (m), Figure S6c)

becomes even somewhat more stable than the Eryc ii adduct
described above.

In the Eryc io adduct (Figure S6d), the water arrangement at
C3 is similar as that found in Eryc ii, while the w2 arrangement
at C9 features a mutual position with respect to the vicinal prenyl
side chain consistent with that found in Eryc oi (m), thus
affecting accordingly the orientation of w1. In the Eryc oo
adduct (Figure S6e), the remarkable exposition to the solvent
of both hydroxy groups favors a prominent solvent stabilization
of the oo erybraedin structure, as expected from our earlier
study.11 In the case presented, w1 at C3 points its free H to the
left-hand side and donates its proton to w2 located toward the
observer. w2 in turn is H-bonded to the hydroxy O, with its
free H pointing to the right-hand side. The situation is similar
for the hydroxy group at C9 with the water molecules placed in
a roughly mirror arrangement with respect to those at C3.

It should be noted, however, that we do not claim to have
considered all the possible solvated structures of erybraedin,
because the presence of at least 16 minima per each OH group

Figure 5. B3LYP/6-31G* relative stabilities of the four main conformers of erybraedin in vacuo (circles), in the (HH) dihydrated adducts (squares)
and in aqueous solution (IEF-PCM: electrostatic and total components are marked with diamonds and triangles, respectively).

Figure 6. B3LYP/6-31G* relative stabilities of the four main conformers of erybraedin C in the (HH) dihydrated adducts (squares), with the
inclusion of counterpoise corrections (down triangles), or when embedded in aqueous solution (IEF-PCM: electrostatic and total components are
marked with diamonds and triangles, respectively). The in vacuo relative stabilities are also reported for comparison (circles).

TABLE 11: B3LYP/6-31G* Hydration Energy,
Water-Water Interaction Energy, Differential Solvent
Effect, and Relative Energy of Hydration (kcal/mol) for
Erybraedin C Plus Four Water Moleculesa

∆Eg Ehydr

w-w inter
energ ∆(solv eff) ∆Ehydr

Eryc ii 0 -43.58 -13.72 0 0b

Eryc oi 2.04 -45.56 -13.77 -1.98 0.06
Eryc oi (m) 2.24 -45.93 -13.66 -2.35 -0.11
Eryc io 2.10 -47.46 -14.56 -3.88 -1.77
Eryc oo 4.22 -49.93 -14.51 -6.35 -2.13

a Structures in Figure S6 of SI.b ReferenceEhydr ) -1576.094698Eh.
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arrangement (not to mention possible other orientations of the
side chains)34 actually prevents this achievement. Furthermore,
the H-bonding of water molecules in the first hydration shell
between themselves is likely an artifact with respect to a real
solution. For both these issues, we have taken into account a
number of structures from snapshots along trajectories of
molecular dynamics simulations in water15 of this compound.

E. Explicit Water Molecules from MD Simulations. a. To
examine the hydration pattern of explicit water molecules about
erybraedin in aqueous solution and the relevant stabilization
energy, three different structures, displayed in Figure 7, have
been considered.35 As can be inferred from Figure 7, only the
water molecules close to the polar groups in the solute (ring O
and OH groups) have been included in the calculations
(altogether or four/two at a time).

The strategy employed is as follows: B3LYP/6-31G* single
point calculations in vacuo have been carried out on (1) the
system as a whole; (2) the solute plus two water molecules,

one per each ring oxygens; (3) the solute plus two water
molecules, one per each hydroxy groups; (4) the solute plus
four water molecules, two per each hydroxy groups (when
possible); (5) the individual molecules according to the need
(solute, all the water molecules as in point 1, two/four water
molecules as in points 2-4. The aforementioned calculations
in points 1-4 have been carried out also at the B3LYP/
IEF-PCM/6-31G* level with each system embedded in the
solvent as a continuum to account for bulk solvent effects.

Of course, belonging to a snapshot along a molecular
dynamics simulation, the structures are not local minima.
Especially the solute can be remarkably distorted with respect
to its equilibrium geometry at the B3LYP/6-31G* level. The
OH groups, in particular, are rather solvent exposed although a
limited number of H-bonding water molecules are found around
them. Purpose of these calculations, however, is not to obtain
values comparable with the purely quantum mechanical ones,
as when simulated annealing is subsequently carried out on each
snapshot.36 Conversely, we wish to include the hydration
contribution of weakly H-bonded water molecules (because not
perfectly aligned or slightly further apart) about flexible
structures to avoid known problems with continuum solvent
models,37 tending to privilege the structures more stable in
vacuo,38 as shown also above. Other authors prefer using
dynamics to mainly sample intermolecular interactions about
small solutes.39

Pterocarpans indeed, despite the rigid aspect of their scaffold,
are flexible not only due to their substituents but because of
the presence of a CH2 group in the six-membered ring.
Interestingly, in the 1 ns frame erybraedin belongs to the Ot

type, significantly bent (see Figure S7a of the Supporting
Information) with respect to the Ht ones, preventing water
molecules from entering inside the blades formed by the fused
ring system.

Relative internal energies of the solute structures and interac-
tion energies among all solvent molecules considered (∆Esu and
∆Esv, respectively) are reported in Table 12, together with total
(all the water molecules taken into account are included in the
calculation) and partial hydration energies.40

Despite the energy gaps of the solute arrangements considered
with respect to its local minima and the far-from-perfect H-bond
alignments of water molecules, the hydration energy is favorable
enough. The hydration energy due to four water molecules about
the OH groups (amounting to about-30 kcal/mol from Table
10) turns out to be about-23 kcal/mol, with a very limited
contribution from water-water interactions. In the 500 ps frame
the 4H2O interaction energy is only-0.35 kcal/mol, taking into
account that there is a repulsive interaction by 0.34 kcal/mol
between the proton acceptors alone (constant in the three
situations). Conversely, the terms related to the water molecules
bound to the ring O are somewhat different in the 100, 500,

Figure 7. Snapshots along the trajectory of a molecular dynamics
simulation in water (displaying water molecules within∼3 Å only
of any polar atom of erybraedin) after (a) 100 ps, (b) 500 ps, and
(c) 1 ns. (Data from ref 15.)

TABLE 12: B3LYP/6-31G* Hydration Energies (kcal/mol)
from Single Point Calculations of Erybraedin-Water
Adducts from Snapshots along an MD Trajectory.a Relative
Internal Energies for Erybraedin and Interaction Energies
among Solvent Molecules Are Also Reported

Ehydr

Eryc ∆Esu ∆Esv (n) nH2O
4H2O
at OH

2H2O
(HO)

2H2O
(ring O)

100 ps 53.69 -0.02 (5)-19.85 -13.89 -3.75
500 ps 51.64 -0.49 (6)-30.24 -22.25 -13.09 -7.67
1 ns 70.00 -1.57 (6)-29.40 -22.99 -15.73 -6.57

a The values in Hartrees (Eh) used to computeEhydr are reported below
(Table 12).
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and 1000 ps frames, ranging from 0.09 to 0.38 and 0.44 kcal/
mol, respectively. The Ot scaffold arrangement in the 1 ns frame
keeps the solvent molecules closer to each other than in the Ht

structures. The interaction energy among the four water
molecules, therefore, turns out to be-2.34 kcal/mol, considering
the aforementioned repulsive interaction between the proton
acceptors alone.

b. Bulk SolVent Effects.A continuum solvent (ε ) 78.39)
has been used to solvate the hydrated clusters of erybraedin
considered thus far. The systems considered, named according
to the headers of Table 12, are reported in Table 13, together
with their B3LYP/6-31G* energy in vacuo, used to compute
Ehydr in Table 12.

The presence of water molecules around the solute signifi-
cantly enhances the solvent effect, as might be expected. What
is interesting here, is that the total solvent effect is remarkably
different despite close values in the electrostatic contributions,
such as those found when dihydrated adducts are considered.
In that case, for water molecules H-bonded to ring oxygens and
OH groups, respectively, total values in the-6.2 to-5.2 and
-2.7 to -1.6 kcal/mol ranges correspond to analogous elec-
trostatic contributions (-19/-20 kcal/mol). Total values in the
upper range are obtained when more than two water molecules
are considered, although the 1 ns frame represents a partial
exception.

F. Structures Optimized Starting from a Frame along the
MD Simulation . A number of additional calculations have been
carried out for erybraedin using the 500 ps frame as a test case.
B3LYP/6-31G* geometry optimizations starting from the struc-
tures assumed in the 500 ps frame have been performed in vacuo
for the isolated solute and the dihydrated solute. For both initial
systems geometry optimizations in the presence of the con-
tinuum solvent have been carried out as well (B3LYP/ IEF-
PCM/6-31G* level).

It is noteworthy first of all that the local minimum reached
in the isolated solute optimization is of the oo type (see Figure
S7b in the Supporting Information) with a value ofæ5 (160°,
starting from 118°) different from those obtained thus far for
oo ((90°). The relative energy of this structure is 4.10 kcal/
mol, slightly better than that (4.22 kcal/mol) obtained for the
oo structure by coupling all the stable dihedral values. It is
however well-known that minimization at fixed intervals along
a segment of dynamics is a powerful conformational sampling
technique.41

The optimized dihydrated cluster features a solute structure
analogous to the aforementioned one, withæ5 ) 156°. Both
water molecules are located with one of the O lone pairs directed
toward the hydroxy H at an Ow‚‚‚H separation of 1.82 Å with
the Ow‚‚‚HO angle of 172° although starting from different
positions.

The continuum solvent does not prevent the solute or water
molecules from assuming the structure described above. The
variations are very limited (æ5 ) 160° vs 156° for the solute
alone or its dihydrated form embedded in the continuum), while
both water molecules end at 1.75 Å with the Ow‚‚‚HO angle of
177°. The continuum solvent effect is more favorable by 0.39
kcal/mol on the structure optimized starting from the MD
simulation than using Eryc oo. For the dihydrated adduct an
even better result (-1.85 vs-1.12 kcal/mol) is obtained.

IV. Conclusions

A systematic study has been carried out on the solvation
properties of (R,R)-bitucarpin A and erybraedin C. To this end,
the local minimum structures in vacuo for each OH arrangement
of erybraedin have been located exploiting the minimum energy
values for the prenyl side chain dihedrals of bitucarpin (æ3 ≈
(90, æ4 ≈ (120°). The situation however can be somewhat
different for a prenyl side chain at C8, as can be inferred from
the structure obtained via minimization of a solute geometry
along an MD trajectory. The inclusion of zero point, thermal
and entropy effects leaves mutual stabilities practically unaltered.

The continuum solvent effect at the B3LYP/IEF-PCM/
6-31G* level on the relaxed solute in aqueous solution is almost
insensitive in bitucarpin and very limited in erybraedin, either
considering the Ht/Ot backbone arrangements or their intercon-
version transition states.

Clusters obtained adding explicit water molecules in the
supermolecule framework allow determination of preferential
hydration sites. The affinity of water for the methoxy oxygens
of bitucarpin is slightly feebler than that for the ring oxygens.
The interaction energy with water, however, does not ap-
preciably modify the mutual stabilities of the various adducts
when water molecules are H-bonded to methoxy oxygens,
whereas a particular adduct to the ring oxygens of the minimum
energy conformer is favored. In the case of erybraedin, some
oi and oo rotamers are remarkably stabilized because of water
molecules bound to ring oxygens, although without affecting
the stability order. When water molecules act as proton donors
toward hydroxy oxygens, the hydration energy is constantly
somewhat more favorable than toward ring oxygens. The best
hydration site is however the hydroxy hydrogen, because the
hydroxy group prefers acting as a proton donor, unless steric
hindrance prevents water from approaching. This kind of adducts
(HH) significantly stabilizes the erybraedin io and oo rotamers
rendering them about as stable as the ii and oi ones, respectively.
Embedding the dihydrated structures in the continuum solvent,
thus taking into account bulk solvent effects, further stabilizes
the io and oo rotamers of erybraedin, that become the most
stable ones. This effect should also be enhanced, because
counterpoise corrections sharply favor some water adducts to
the OH groups belonging to the oo family, followed by the oi
and io ones. Thus, solvent exposed structures become the most
stable ones, as we hypothesized earlier.11

When two water molecules per each erybraedin OH group
are included in the calculations, they H-bond to each other and
to the solute OH group. To avoid this artifact, structures derived
from previous MD simulations have been used. Starting from
an MD derived arrangement, geometry optimization in vacuo
produced a rotamer not found during the systematic combination
of stable dihedral values. The dihydrated form of this structure,
corresponding to an oo erybraedin rotamer as well, is remarkably
stabilized in the continuum solvent.

The results presented confirm the importance of taking into
account specific H-bonding interactions in protic solvents,

TABLE 13: B3LYP/IEF -PCM/6-31G* Electrostatic and
Total Free Energies of Solvation (kcal/mol) on the Hydrated
Structures of Erybraedin C Taken from the MD Snapshots
of Table 12

Eryc Eg (Eh) Ges(sol) Gtot(sol)

100 5H2O -1652.380305 -30.49 -5.86
100 2H2O (HO) -1423.143367 -19.96 -4.70
100 2H2O (ring O) -1423.127608 -18.76 -1.93
500 6H2O -1728.809825 -33.00 -6.05
500 4H2O at OH -1575.978958 -26.80 -7.03
500 2H2O (HO) -1423.145350 -19.46 -6.20
500 2H2O (ring O) -1423.136666 -18.76 -2.68
1 ns 6H2O -1728.780950 -32.90 -3.73
1 ns 4H2O at OH -1575.954061 -26.05 -4.30
1 ns 2H2O (HO) -1423.120324 -19.82 -5.15
1 ns 2H2O (ring O) -1423.105555 -18.63 -1.58
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supplemented by bulk solvent effects computed in the polariz-
able continuum solvent framework. Counterpoise corrections
play a prominent role, because they depend on peculiar
arrangements of solute-water adducts.
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a-h); B3LYP/6-31G* adducts of bitucarpin A with one water
molecule per ring O (Figures S4 a-j), B3LYP/6-31G* adducts
of erybraedin C with one water molecule per ring O (Figures
S5 a-j), B3LYP/6-31G* adducts of erybraedin C with two water
molecules per hydroxy group (Figures S6 a-e), a different view
of the 1 ns snapshot, shown in Figure 6c (Figure S7a), B3LYP/
6-31G* optimized structure starting from the solute geometry
in the 500 ps frame (Figure S7b), B3LYP/6-31G* relative
stabilities, a few geometric parameters of the ii, oi, io and oo
local minima of erybraedin C (Tables S1-S4) and a table of
Cartesian coordinates of the structures displayed in Figure 1.
This material is available free of charge via the Internet at
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