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ABSTRACT

Hyperforin is a constituent of St. John’s wort and coexists
with the singlet oxygen sensitizer hypericin. Density functional
theory, molecular mechanics and Connolly surface calcula-
tions show that accessibility in the singlet oxygen ‘“‘ene” reac-
tion favors the hyperforin ‘“southwest” and ‘southeast”
prenyl (2-methyl-2-butenyl) groups over the northern prenyl
groups. While the southern part of hyperforin is initially more
susceptible to oxidation, up to 4 ‘“‘ene’ reactions of singlet oxy-
gen can take place. Computational results assist in predicting
the fate of adjacent hydroperoxides in hyperforin, where the
loss of hydrogen atoms may lead to the formation of a
hydrotrioxide and a carbonyl instead of a Russell reaction.

INTRODUCTION

Prenylated compounds such as hyperforin are constituents of St.
John’s wort (1-10) (Fig. 1). The natural photosensitizer hyper-
icin is also present in St. John’s wort and upon irradiation gener-
ates singlet oxygen ('O,, refers to the 'A state) and so can be
phototoxic (11-15). It has been shown that prenyl (2-methyl-2-
butenyl) groups react with 'O, by “ene” reactions (16-21) to
give secondary and tertiary allylic hydroperoxides (3:4) often in
a ~I1:1 ratio (20-28) (Fig. 2) as in the reaction of 10, with
prenylphenols [0-(2-hydroxy-3-methylbut-3-enyl) phenols] (17—
19) and prenyllipids (20). We have previously reported that
prenylsurfactants [(CH3),C = CH(CH,),SO; Na* (n = 4, 6, 8)]
react with 'O, by the “ene” at the air—water interface (29). In
that study, we observed a regioselectivity for a secondary rather
than tertiary hydroperoxide argued for an orthogonally oriented
alkene relative to the water surface (29).

In spite of interest in phototoxic properties and synthesis of
constituents of St. John’s wort (30-35) and natural plant
defense compounds (36,37), no evidence yet exists for the reac-
tion of hyperforin with 'O, and polyhydroperoxide products that
may arise. Furthermore, the total rate constant for removal of
singlet oxygen (k) by hyperforin has not been reported. Thus,
there is a need for mechanistic studies in the singlet oxygena-
tion of hyperforin. We have used here density functional theory
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(DFT) and molecular mechanics to generate insights into regios-
electivity of “ene” reactions between 'O, and this natural pro-
duct.

Specifically, this study describes computations of (1) hyper-
forin keto—enol tautomerizations, (2) hyperforin uptake of 'O,
and polyhydroperoxide formation, (3) Connolly surface accessi-
bility to anticipate regioselectivity effects of the ene reaction of
102 and the sequence of addition of 102 molecules from “south-
west” and “southeast” sites of hyperforin, and (4) pairing reac-
tions of adjacent hydroperoxyl radicals, in which two 'O,
molecules initially bind and a hydrotrioxide and carbonyl are
produced.

METHODS

Density functional theory (DFT) calculations were performed with the
Gaussian 09 program package (38). The B3LYP functional was used
along with the D95** basis set (39). Frequency calculations established
the type of stationary point obtained. Intrinsic reaction coordinate
calculations demonstrated that saddle points connected minima. Monte
Carlo conformational searches of hyperforin 1 were conducted with the
MM+ force field using HyperChem 8.0 program (40). The range for
acyclic torsion variation was set from £60° to 180° and the range for
ring torsion flexing from =430° to 120° with the number of
simultaneous variations ranging from 1 to 8. Usage-directed Metropolis
criterion (DMC) search method employed a temperature of 300 K,
switching to 2000 K after 15 repeated or 30 rejected conformations.
Pre-optimization checks included skipping the optimization if atoms
were closer than 0.5 A and if torsions were within 15° of previous
conformations. The structures were considered to be duplicates if the
energy was within 0.05 kcal molf'. Optimization terminations were set
with RMS gradient 0.01 kcal/(A-mol) and with maximum cycles of
1000. The search termination limits were set to 100 000 iterations or
1000 optimizations with the limit for conformations kept set to 1000
conformations.

Connolly molecular surface areas (41,42) were generated by the tip of
the solvent probe rolling around the van der Waals volume of the mole-
cule using ChemBio3D Ultra 13.0 (43) and GaussView 5 (44). These cal-
culatjons are related to solvent-accessible areas, which have an error of
1.6 A% to 3.0 A% (45). Previous CCSD(T)/cc-pVTZ/B3LYP/6-311++G
(2df,2p) or CCSD(T)/cc-pVTZ//B3LYP/6-311G(2d,2p) studies were suc-
cessful in computing reactions of methyl (46) and ethyl peroxy radicals
(47), respectively. Here, we have used B3LYP/D95** calculations which
have performed well in predicting reaction enthalpies of peroxy radicals
(46,47). The closed-shell method of calculation was adopted because
unrestricted calculations for transition states of Russell reaction could
result in high spin contamination as found often in diradicals (46). Sin-
glet oxygen energy was calculated by adding to the energy of ground-
state oxygen 22.5 kcal mol~!, which is the experimentally determined
triplet—singlet gap.
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Figure 1. Natural products hyperforin 1 and hypericin 2.
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Figure 2. Ene reactions of 'O, with prenyl groups leading to a secondary hydroperoxide (3) and a tertiary hydroperoxide (4).

RESULTS AND DISCUSSION

Hyperforin keto—enol tautomerization

Mixtures of hyperforin tautomers have been implied due to broad
'"H NMR peaks and low resolution of '*C NMR peaks (9), but
little information is available on their stability. To provide addi-
tional evidence for the formation of tautomers, we have com-
puted their relative energetics. First, we carried out a Monte
Carlo conformational search of the keto form with the MM+
force field followed by B3LYP/D95** calculations of the result-
ing 10 lowest conformations. The lowest free energy conformer
was calculated in the gas phase to determine the relative energet-
ics between the three conformers given in Fig. 3. Enol 5 and
keto 7 forms are nearly degenerate in energy and represent the
global minima, where they are 1.2—1.4 kcal mol™" more stable
than enol 6. While enol 6 can form a hydrogen bond, this does
not lead to a more stable tautomer. Hyperforin tautomerizations

are reminiscent of the monocyclic cyclohexane-1,3-dione. In the
gas phase, the diketo form has been calculated to be more stable
than its enol(s). The reverse stability order is found in the con-
densed phase because of the presence of extensive intermolecular
hydrogen bonding (48,49). Because tautomers 5-7 are fairly
close in energy, the rearrangement should be facile between
them. The Cartesian coordinates for compounds 5-7 can be
found in the Supporting Information section.

Singlet oxygen uptake and hydroperoxide formation

Here, we postulate on tandem reactions of hyperforin with singlet
oxygen to reach polyhydroperoxides. In addition to the predicted
formation of a secondary 3 or tertiary monohydroperoxide 4 at
each of the four prenyl sites, di-, tri- and tetrahydroperoxides may
also form in reaction mixtures. Each tautomer of hyperforin (5-7)
provides a set of eight possible oxidation sites. Subsets can be
formed solely of mono-, di-, tri- or tetrahydroperoxides. For the
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Figure 3. Calculated keto—enol tautomers of hyperforin.

second singlet oxidation, six possible sites are left after eliminat-
ing the site on the peroxidized chain. Furthermore, there are many
possible products of polyhydroperoxides for each tautomeric form
of hyperforin (5-7). We believe there is value in computations of
hyperforin—'0, reactions due to the four prenyl reactive groups
and the various mixtures of allylic hydroperoxides that could
form. Thus, we now turn to the topic of computed regioselectivity
of the reaction of hyperforin with '0,.

Regioselectivity of the ene reaction of singlet oxygen with
hyperforin

Connolly computations (41,42) provide a tool to predict the
'0, regioselectivity in this natural product and consist of a van
der Waals surface where solvent sphere makes contact. The calcu-
lations were performed with the lowest energy conformation
before and after prenyl groups are replaced by a hydrogen atom.
Figure 4 shows the computed surfaces where deletion of the
southwest prenyl or the southeast prenyl caused the greatest
decrease in area. Thus, the greatest accessible area decrease is by
deletion of southwest prenyl (10.8%), followed by deletion of
southeast prenyl (10.6%), and the deletion of northwest (10.1%)
and northeast (9.2%) prenyls. The deletion of the southeast prenyl
is pronounced, compared to the northwest and northeast prenyls,
although the southwest prenyl may be competitive as it is only
reduced in area by 0.2%. This suggests that the alkene groups in

southeast

Figure 4. Connolly molecular surface calculations of the individual
prenyl groups in hyperforin.

the southeast and southwest are the most accessible to 'O, fol-
lowed by the northwest, and lastly northeast. Computations have
also been carried out for a comparison to a butyl substituent ser-
ies. Calculations have been used to analyze the accessible area,
which differs by 3.4% as the substituent is changed from n-butyl
to 7-butyl in n-butylmethane and #-butylmethane, that is n-pentane
and neopentane. This percent difference gives insight to surface
area calculations as a method to quantitate steric effects.

To sum up, the formation of hydroperoxides in ene reactions
of '0, is sensitive to steric effects, where singlet oxygen avoids
approach from more hindered directions (22,23). Restricted
access in northeast hyperforin prenyl is modeled where formation
of the tetrahydroperoxide becomes less likely.

Mechanism of hydroperoxide decomposition

The addition of two 'O, molecules to the southern prenyls of
hyperforin is an example where dihydroperoxide structure
becomes possible as computed by DFT (Fig. 5; Cartesian coordi-
nates for hyperforin dihydroperoxide are available in the
Supporting  Information section). Two secondary allylic
hydroperoxides were computed, although the hyperforin core
may act as a bulky group so that 4 rather than 3 would be the
major product, but we did not study this computationally, that is
the regioselective preference of the prenyl groups for secondary
vs tertiary hydroperoxides. We conjecture that adjacent hydroper-
oxide groups will interact via loss of hydrogen atoms producing
adjacent peroxyl radicals. Hydroperoxides can lose a hydrogen
atom where autoxidation reactions or carbon-centered radicals or
alkoxy radicals can lead to the abstraction. Russell reactions can
subsequently take place by dimerization of peroxyl radicals (50—
54). Here, the computations focused on methyl peroxyl radicals
as a model of hyperforin peroxyl radicals to provide insight into
their reactivity. Due to the excessive computer time, CPU and
memory needed for a study of the U-shaped peroxy diradical,
our model system has focused on methyl peroxyl radicals
(Fig. 6). There are a number of transition states that may be
reached in the reaction of two methyl peroxyl radicals according
to B3LYP/D95** calculations of reaction enthalpies.

Five pathways were calculated. As we will see, based on
computed energetics, dimerization of peroxy radicals proceeds
by pathway A to form hydrotrioxide and is preferred to pathways
B-D. A 12.3 kcal mol ! transition structure (TS1) involved 2
CH;30,* to form CH3;00O0H and formaldehyde (path A, Fig. 7).
A 19.0 kcal mol™' saddle point (TS2) connects 2 CH;0,¢
with CH30- + formaldehyde + HO,°, which represents a
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Figure 5. DFT-computed hyperforin dihydroperoxide (A) and postulated formation of adjacent peroxyl radicals (B).
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Figure 6. Calculated model systems of U-shaped region of hyperforin
peroxy radicals. Possible intra- and intermolecular reactions between per-
oxy radical pairs.

H-abstraction by one of the methyl peroxy radicals (reaction B,
Fig. 7). The results imply that there is a preference for pathway
A. The enthalpy for reaction pathway A was found to be
—41.1 kecal mol ™!, while the enthalpy for reaction pathway B to
be —19.1 kcal mol~'. Other minima and transition structures
were found. A 22.0 kcal mol™! saddle point (TS3) connects 2
CH;0,+ with CH300H + «CH,00- (path C, Fig. 7). Compared
to the Russell reaction (path D), the barriers in pathways A-C
are lower in energy. A 38.8 kcal mol ™' saddle point (TS4) con-
nects 2 CH;0,* with CH;0H + formaldehyde + 10, with a cor-
rection used of 0, + 22.5 kcal mol ™! (path D, Fig. 7), which is
in reasonably good agreement with the CCSD(T)/cc-pVTZ//
B3LYP/6-311++G(2df,2p) calculated barrier of 33.3 kcal mol ™!
(46). Pathway E is also high in energy due to the formation of
singlet oxygen, where a 63.4 kcal mol ! saddle point (TS5) con-
nects 2 CH;0,+ with CH;00CH; and 'O, (path E, Fig. 7). In
all cases except path C, the methyl peroxyl radical reagents are
high-energy species compared to the products.

In closing, a question may be posed: Why does the natural
product hyperforin coexist with the 'O, sensitizer hypericin in
the plant? The answer may relate to the predicted chemical

quenching of 'O, by hyperforin. A plausible similarity is the car-
otenoid 'O, quenching protection seen in photosynthetic centers,
although this comparison of 'O, quenching by hyperforin and
carotenoids is beyond the scope of the current study as it would
require a calculational study of carotenoids (55-58). It is tempt-
ing to speculate that natural polyenes (hyperforin and carote-
noids) quench 'O, as a protection mechanism in plants, in which
hyperforin may deactivate 'O, by a combination of chemical and
physical quenching to remove 'O, from the vicinity of hypericin.
Future kr measurements for the total 'O, quenching rate con-
stants could be examined for model hyperforin compounds with
variable numbers of prenyl groups to estimate the ability of poly-
prenyl compounds to remove 'O,.

CONCLUSION

A computational study has focused on hyperforin reactions with
'0,. Our Connolly surface analysis provided evidence that 'O,
accessibility is likely to determine which prenyl site is oxidized.
It reveals a preference for “ene” reactions with the southeast and
southwest prenyls over the northeast and northwest prenyls. This
is explained by the southern prenyls branching further away
from the hyperforin core so that 'O, is accessible. Our theoreti-
cal data also provide evidence for the fate of the hydroperox-
ides. The formation of a hydrotrioxide and carbonyl compound
arises from the loss of two hydrogen atoms, shown by the reac-
tion of two methyl peroxyl radicals to model of a hyperforin
dihydroperoxide.
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Figure 7. B3LYP/D95**-computed reactions of methyl peroxy radicals.
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