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Abstract

Hypericin (hyp) displays photodynamic activity under the influence of visible light, which has opened up new possibilities of utilizing
hypericin derivatives as potential photodynamic therapy agents. In the current work, the effects of halogen substitution were considered
through a detailed computational study of bromine, chlorine, and fluorine substitution on the geometrical structure, and electronic and
phototoxic properties of the hypericin molecule by the use of density functional theory, integral equation formalism polarized continuum
models, and a time-dependent formalism (TD-DFT) to the study of singlet and triplet excited states. It is concluded that the effect of halogen
substitution is primarily an increase of the electron affinities and thereby increased quantum efficiency of superoxide formation of importance
in photodynamic therapy.
© 2005 Published by Elsevier B.V.
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1. Introduction state to the first excited singlet state, from which it can be
converted to the first triplet state by intersystem crossing.

Hypericin (hyp), a polycyclic aromatic molecule belong- The photosensitizer triplet state is subsequently reduced by
ing to the phenantroperylene quinone family, is a natural an electron donor, followed by electron transfer to molecular
photoactive pigment identified in both plant and animal oxygen which generates reactive superoxide anion radicals.
kingdoms. It is unequivocal that the photodynamic activity In oxygen-dependent type Il processes, on the other hand,
displayed by hypericin under the influence of light could be the excitation energy is transferred from the triplet state of
used for therapyl]. The photodynamic action of hypericin  the photosensitizer to molecular oxygen, generating singlet
has been attributed either to the sensitized formation of oxygen and regenerating the sensitizer in its ground state
singlet oxygen/superoxide anion, or to an acidification of [3,4].
the molecule by light-induced deprotonation. During the last ~ Hypericin has properties that makes it very promising
decade, an increasing interest in hypericin has emerged fromfor photodynamic therapy (PDT), such as strong absorption
the discovery that the molecule has potential phototoxic at long wavelengths, minimal dark toxicity, much higher
antiviral and anticancer activif,3]. clearance rate from the host body than hematoporphyrins

The mechanisms of excited-state photosensitization (presently employed in PDT), and potent phototoxicity on
by a given molecule can be classified into two types of tumours[2,5]. It has been shown that hypericin, in certain
processes, types | and IFig. 1). In oxygen-dependent regimes of lightand drug dosage, caninduce apoptosis and/or
type | processes, the molecule is excited from the ground necrosig6,7].

The efficiency of hypericin for use in photodynamic ther-

mpondmg author. apy might be_ improve_d in two main directio{&]_. l_:irst, it
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Fig. 1. Scheme of the photosensitization processes.
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singlet oxygen/superoxide radical formation, and secondly,
shift the main absorption band of hypericin to even longer
wavelengths in order to avoid the absorptions being obscured
by heme proteins. It is thought that, as a prerequisite, deriva- X X
2 3

tives of this kind should retain the main functional groups of
hypericin, and that the synthetic efforts could be limited to
substitution outside the aromatic core. The first goal could be H-O o] O-H
reached by heavy-atom substitution of the aromatic protons of
hypericin as itis known that these would enhance intersystemFig. 2. Scheme of hypericin substitutions with X =Br, Cl, and F. The dihedral
crossing and concomitantly also enhance, to a certain degree?nglele _amdDz are dgfined as the torsional angles of the bay and methyl
singlet oxygen sensitization. The second could be attained bygroulo regions, respectively.
either substituting the aromatic protons by extended conju-
gated substituents or by enlarging conjugation via the methyl ~ Theoretical-chemical methodology has emerged as an
groups[8]. important complement to experimental techniques, in order
Experimentally, hypericin can be stepwise bromated by t0 unveil properties of biochemical systems. However, to
adding appropriate amounts of a bromine solution in pyri- the best of our knowledge, no previous theoretical inves-
dine to a solution of hypericin in pyridine, followed by tigation has been made to explore the photochemical and
conventional work-uj9]. Previous work has shown that bro-  photophysical properties of substituted hypericin, with the
mohypericins are potent photoactive antiviral aggay, aim to optimise their use in photodynamic therapy.
particularly against herpes simplex and influenza viruses.  Inthe present study, the geometrical structures, stabilities,
Delaey et al. have compared, in vivo, the PDT efficacy, the and electronic and phototoxic properties of 12 halogenated
singlet oxygen yield, and plasma binding profile of hyper- hypericins (se€ig. 2), some of which have already proven to
icin and tetrabromohypericii1]. As expected, the quantum  display potential phototoxic activitji0,11] were explored
yield of the bromo-derivative was enhanced, compared with using quantum chemical methods. Throughout, the results
hypericin, as a result of the enhanced in’[ersystem Crossingare compared with similar experimental and theoretical data
between hypericin singlet and triplet states, facilitated by the for the hypericin molecul4].
heavy-atom substitution.
Wills et al. measured the cytotoxicity, the capacity to asso-
ciate with tumour cells, and the singlet oxygen yield of seven 2. Theoretical approach
substituted hypericins, but could not correlate the changes
in structure with biological activity. They suggest that more All structures were optimised without symmetry con-
work is needed to better understand the mechanisms of hyperstraints using Becke'’s three-parameter hybrid functional
icin analogue cytotoxicitf12]. It has also been suggested, method[16] (B3LYP) in conjunction with the 3-21G(d}17]
in previous work, that minor changes in substituents would and 6-31G(d)18] basis sets. The large size of the studied
result in dramatic differences in hypericin antiviral activity molecules (54 atoms and more than 260 electrons) imposes
[3,13]. constrains as to how large basis sets that are manageable
Other studies on the substitution of hypericin have been in the quantum chemical computations, and thus the har-
realised with the aim of optimising properties suitable for monic vibrational frequency analyses were performed at the
photodynamic therapy. Obeiitter et al. conducted elec- lower level of theory only. All geometries were found to
trophiliciodations and extended the conjugation of the hyper- be minima on the respective potential energy surfaces. Data
icin molecule by attaching styryl moieties to its methyl groups used for estimation of ionisation potentials (IPs), electron
[8], English et al. studied the excited-state photophysics affinities (EAs), and excitation energies were calculated at
of methylated analogues (hexamethoxyhyperifld)], and the B3LYP/6-31G+(d,p)//B3LYP/6-31G(d) level of theory.
Rahimipour et al. studied the electron transfer properties of In the calculation of the adiabatic EA and IP, the geometries
the dibromo-, hexaacetyl-, hexamethyl-, and desmethylhy- of the neutral and the charged molecules were fully opti-
pericin[15]. mised, whereas for the vertical EA and IP, only the neutral
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molecules were optimised and the energies of the chargednegligible in excitation energy calculations, and were thus

species calculated on these geometries. neglected in order to reduce computational time. All calcula-
Vertical excitation energies, transition intensities, and tionswere performed using the Gaussian 03 prograf@sije

oscillator strengths were computed employing time-

dependenfl19] density functional theory (TD-DFT[R0,21]

at the B3LYP/6-31+G(d,p) level and using the optimised 3. Results and discussion

ground-state geometries. The use of diffuse functions has pre-

viously been shown to be critical for accurate determination 3.1. Structure and energetics

of the energetics, particularly for anionic and excited states

[22]. It should be emphasized, however, that the suitabil- Geometry optimisations of 2-bromohypericin (1Br),

ity of the commonly employed functionals such as B3LYP 2,5-dibromohypericin (2Br), 2,5,9-tribromohypericin (3Br),

has been debated in cases of CT excitations. Dreuw and2,5,9,12-tetrabromohypericin (4B#)th andwithout (1Br*,

Head-Gordon attributed the possible errors of the standard2Br*, 3Br*, and 4Br*) a bay region H-bond, as well

exchange-correlation functionals to the so-called self interac- as 2-chlorohypericin (1Cl), 2,5-dichlorohypericin (2Cl), 2-

tion correctior{23], and Gritsenko and Baerends showed that fluorohypericin (1F), and 2,5-difluorohypericin (2F), clearly

in the case of CT excitations, the properties of the LUMO are demonstrate that the hypericin core structure is notinfluenced

best described in terms of the electron affinity of the accep- by the substituents (s@able 1. Due to a lack of sufficiently

tor region[24]. In cases where the CT component is small, accurate basis sets for iodine, no iodo compounds were con-

TD-DFT in combination with the B3LYP hybrid functional  sidered in the current work (albeit available experimentally),

and the 6-31+G(d,p) basis set has previously been shown tdn order to maintain consistency.

provide excitation energies to within0.2 eV (5 kcal/mol) For the bromo-substituted hypericimsthout a bay H-
for normal excitationf25], whereas for CT excitations, the bond, we see that the peri-® distances (¢O—-H and
error is about twice this size (up to ca. 0.4 eV). C130—H) remain unchanged compared with non-substituted

Solvent effects were in the current study included through hypericin[4]. The remaining distances are in general reduced
single-point calculations using the integral equation formal- by 0.01-0.02, with the exception of the bay-€H bond dis-
ism of the polarised continuum model (IEF-PCJ2%,27] of tances that are marginally increasecs@H =0.98A and
Tomasi and co-workers. Two different values were used for C40—H =0.97-0.98}, comparing with 0.9Ain hypericin
the dielectric constant,=4.34 and 78.39, corresponding to  [4]). The G-Br bond distances, 1.94, are unaffected by
a hydrophobic environment and to bulk water, respectively. the number of substituents. The torsional deformation of
Previous work has shown that in the current implementa- the hypericin skeleton increases with increasing number of
tion of the theoretical formalism bulk solvation effects are brominesp1=29.9",30.1°,and 30.1andD, =32.6",32.7,

Table 1
Structural parameters of substituted hypericins
Bromo Chloro Fluoro
Without bay H-bond With bay H-bond 1ClI 2Cl 1F 2F
1Br* 2Br* 3Br* 4Br* 1Br 2Br 3Br 4Br
Distances
C,0---0Cy4 2.53 2.54 2.54 2.54 2.52 2.52 2.53 2.52 2.52 2.52 2.54 2.54
C,0—H 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C10H--.0Cy4 1.62 1.62 1.63 1.63 1.61 1.61 1.62 1.62 1.61 1.61 1.63 1.63
C140: - -HOCy3 1.66 1.66 1.64 1.64 1.66 1.67 1.63 1.64 1.66 1.67 1.66 1.66
C130—H 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C140:--0OCy3 2.56 2.56 2.54 2.54 2.56 2.56 2.54 2.54 2.56 2.56 2.56 2.56
C3—0 1.34 1.34 1.34 1.34 1.36 1.37 1.34 1.36 1.37 1.37 1.37 1.37
C30—H 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
C4—0 1.35 1.34 1.34 1.34 1.35 1.34 1.36 1.34 1.35 1.34 1.35 1.35
C4O0—H 0.97 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
H...O (bay) - - - - 1.66 1.65 1.64 1.65 1.67 1.65 1.66 1.65
Co—X1 1.91 1.91 1.91 1.91 1.91 1.91 1.90 1.90 1.75 1.75 1.36 1.36
Cs—X2 - 1.91 1.91 1.91 - 1.90 1.89 1.89 - 1.74 - 1.34
Co—X3 - 1.91 1.90 - 1.90 1.90 - - -
C12—X4 - 1.90 - - 1.90 - - -
Dihedral angles
Dy 29.9 30.1 30.1 28.2 25.9 26.6 26.6 26.6 26.2 27.1 24.5 24.3
D> 32.6 32.7 32.8 31.0 32.9 33.0 33.1 335 32.9 33.0 32.9 33.0

Distances in angstroms and dihedrals in degrees.
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and 32.8); only the compound with four bromines shows the spectral lines. These are in general neglected in TD-DFT
a somewhat smaller distortio{=28.2 and D, =31.0°) calculations. In an earlier study on the similar but smaller bro-
compared to the hypericin molecule without bay H-bond mobenzene, Rasmusson and co-workers showed that despite
(D1=29.8 and D, =32.8) [4]. We conclude that the sub- the presence of spin coupling between the lowest excited state
stitution with bromine leads to insignificant changes in the and a repulsivea — o* triplet state, the molecule only pos-
structure of the hypericin skeleton. sessed a moderate spin—orbit coup[@@-31] In hypericin,

In bromo-substituted hypericingith a bay H-bond, with its considerably large aromatic ring-system, ther*
the peri G-H distances (@O—H and G30O—H) again region will be more dominant, and hence the influence of

remain unchanged compared to hyperigth The remain- spin—orbit interactions strongly reduced.

ing distances are slightly changed. Distance®C-0Cyy4, Interms of CT excitations, the error introduced could be in
C10H- - -OCy4, and G—O decrease between 0.01 and 0304  the 0.3-0.4eV (7-10 kcal/mol) range. Comparing the theo-
and the G-H distance GO—H increases by 0.04. The dis- retical and experimental numbers listediable 2 it appears

tances @4O---HOC;3, C140..-0Cy3, and G—O show a that there is either a blue-shift in the computed data of at most
more irregular behaviour due to the bromo-substitution, albeit 60 nm, or that the lowest-lying peak (593 nm) is simply not
the changes are also here very small. The distances betweenbserved theoretically. At wavelengths around 5-600 nm, a
carbonand bromine vary between 1.89 and iigiepending A of 30 nm (the lowest transition) corresponds to a differ-
on the number of bromines added. The torsional deformationence in excitation energy of ca. 0.1 eV, or 2.5 kcal/mol, and
of the hypericin skeleton increases with increasing number of AX =60 nm (the second transition) corresponds to a differ-

brominesD; =25.9°,26.6',26.6°,and 26.6 andD, =32.9, ence of ca. 7 kcal/mol. Considering these energetic aspects,
33.0°, 33.7, and 33.5). Compared to the bay H-bond con- we believe that the computational data can provide valuable
former of the hypericin moleculé( = 25.8 andD» = 33.0°) insight into the fundamental properties of these compounds.
[4], the substitution in general leads to a slightly increased  In Tables 2 and 3we report the calculated TD-B3LYP/6-
distortion. 31+G(d,p)//B3LYP/6-31G(d) singlet and triplet excitation

In chloro-substituted hypericins, the differences in the energies and oscillator strengths for the substituted hyper-
structure between the mono- and di-substituted species ardcins. The calculated data are compared with experimen-
negligible. Only the bay H-bond distance decreases, fromtal data[9], when available. Since thegS> T, transitions
1.67 to 1.65A. The distorsion of the skeleto() increases  are spin-forbidden, the probabilities (oscillator strengths) for
with the increasing chlorine substitution, although the dihe- these transitions are all zero.
dral D, remains almost unaltered.

The fluoro-substituted hypericin structures are also 3> ;. Singlet excited states

very similar. They show a smaller torsional deformation, The first singlet excited state corresponds tothe m*
D1=24.5 and 24.3, due to a stronger H-bond formed in  {ansition (HOMO-LUMO). The hypericin singlet excitation
the bay region between the free bay-hydrogen and the halo-gnergiesTable 3 generally decrease slightly due to the halo-
gen. In conclusion, the geometrical features of the substitutedgen sypstitution (sefeig. 3.

hypericins are all very similar to hypericin, with only small Falk and Schmitzberger observed this red-shift experi-

vari'ations. No experimental parameters were found for com- mentally for bromated hypericf8]. In their work, they found
parison.

. . —
3.2. Formation of excited states —

The photosensitizer reactions are initiated by excitation to |
the first excited singlet state {sand intersystem crossing to
the first excited triplet state () of the molecule. Our ab initio 075 -
calculations showed that the lowest excited staters-a m*
state, although the value is not in a very good agreement
with the experimental result available for 2Br, 3Br, and 4Br.
For example, for 2Br, the calculations give the lowest-lying
excitations at 561, 482, and 435 nm, whereas the experimen-
tal data are 593, 549, and 485r8]. This difference in
excitation energy can be caused by two different effects: (i)
spin—orbit coupling or (ii) charge transfer influence on the
excitation.

Spin—orbit coupling arises from an interaction between 0.00 == - :

. . . 350 400 450 500 550 600
the electron spin magnetic moment and the orbital angular 2/nm

momentum of the electron, and results in a mixture of dif-

ferent spin multiplets that gives rise to a small splitting of Fig. 3. Calculated absorption spectra of bromo-substituted hypericin.
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Table 2

Singlet excitations energies (eV), wavelengths (nm), and oscillator strengths of the bay H-bonded substituted hypericins computed at the/6FD-B3LYP
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31+G(d,p)//B3LYP/6-31G(d) level

45

Singlet excited states

Hyp?
Eo_o 2.23 2.76 2.86 3.08 3.19 3.35
2 556 450 433 402 388 370
f 0.24 0.17 0.05 0.02 0.02 0.01
Eo-0exp 2.48-2.07° 2.92-2.56°
hexp 500-600° 425-485P
1Br
Eo_o 2.21 (2.24) 2.71 (2.78) 2.85 (2.87) 3.05 (3.11) 3.18 (3.17) 3.30 (3.22)
2 560 (553) 457 (446) 435 (432) 406 (398) 390 (391) 376 (385)
f 0.25 (0.27) 0.18 (0.22) 0.04 (0.00) 0.02 (0.01) 0.02 (0.02) 0.01 (0.00)
2Br°
Eoo 2.21(2.24) 2.57(2.72) 2.85 (2.87) 2.98 (3.09) 3.16 (3.13) 3.26 (3.16)
2 561 (554) 482 (455) 435 (432) 417 (401) 393 (396) 380 (393)
f 0.27 (0.28) 0.19 (0.23) 0.01 (0.00) 0.07 (0.02) 0.01 (0.00) 0.01 (0.01)
Eo-0exp 2.094 2.26% 2.56% 3.17° 3.734 4.28°
hexp 5934 5499 4854 3919 3324 290¢
3Br
Eo-o 2.21(2.23) 2.56 (2.67) 2.81 (2.86) 2.90 (3.03) 3.13(3.10) 3.24 (3.13)
2 561 (556) 485 (464) 441 (433) 427 (409) 396 (400) 382 (396)
f 0.29 (0.30) 0.22 (0.25) 0.03 (0.00) 0.03 (0.00) 0.01 (0.00) 0.01 (0.02)
Eo-oexp 2.094 2.259 2.56% 3.17° 3.734 4.28°
Lexp 5944 550° 4854 3919 3324 2909
4Br
Eo_o 2.19 (2.23) 2.51(2.62) 2.79 (2.85) 2.87 (2.97) 3.10 (3.07) 3.16 (3.11)
2 565 (557) 494 (472) 445 (435) 433 (417) 400 (404) 392 (399)
f 0.30 (0.31) 0.24 (0.27) 0.04 (0.00) 0.01 (0.00) 0.02 (0.00) 0.00 (0.02)
Eo-oexp 2.084 2.259 2.564 3.16° 3.734 4.28¢
hexp 5959 5509 4844 3924 332d 290¢
iCl
Eo_o 2.22 2.72 2.85 3.06 3.18 3.31
2 560 456 435 405 390 374
f 0.25 0.18 0.04 0.02 0.02 0.01
2cl
Eoo 2.22 2.61 2.86 3.00 3.16 3.28
2 559 475 434 413 392 378
f 0.26 0.20 0.01 0.05 0.01 0.01
1F
Eoo 2.23 2.72 2.86 3.07 3.19 3.33
2 557 455 433 403 389 372
f 0.24 0.18 0.04 0.01 0.02 0.02
2F
Eoo 2.25 2.66 2.89 3.04 3.17 3.32
2 551 467 429 407 392 374
f 0.24 0.20 0.01 0.04 0.01 0.01

Data for non-H-bonded hypericins are given in parenthesis.

2 Ref.[4].

b Ref.[37]—the first UV transition band contains three vibronic levels, at 591, 547, and 510 nm.

¢ For 2Br, we have calculated 10 more singlet excited states (359, 350, 344, 334, 332, 323, 320, 316, 314, and 369, see
d Ref.[9].

that the absorption spectra of 2Br, 3Br, and 4Br were shifted 3Br, and 4Br, our spectra are shifted to slightly shorter wave-
by 4, 5, and 6 nm, respectively, compared to those of hyper- lengths, corresponding to overestimated excitation energies
icin. Very similar shifts were found in the current study: 4,5, by ca. 0.2 eV (5 kcal/mol; sd&g. 4). We cannot exclude the

5, and 9 nm for 1Br, 2Br, 3Br, and 4Br, respectively. The shift possibility that a better estimate could be obtained with a
relative to hypericin increases slightly with each consecutive larger basis set or, as mentioned above, a more sophisticated
substitution. Compared with the experimental data for 2Br, (and computationally more costly) exchange-correlation
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Triplet excitations energies (eV) and wavelengths (nm) of the bay H-bonded substituted hypericins computed at the TD-B3LYP/6-31+G(d,p)8BSI()P/6

level

Triplet excited states

Hyp?
Eo-o
A
Aexp

1Br
Eoo
A

2Br
Eo-o
A

3Br
Eoo
A

4Br

1.62 2.03 2.26 2.53 2.76 2.97

765 611 548 491 449 418

755°, 752¢

1.61 (1.63) 2.00 (2.04) 2.26 (2.28) 2.52 (2.51) 2.74 (2.81) 2.91(2.87)
769 (762) 619 (607) 549 (543) 492 (495) 453 (442) 426 (432)
1.62 (1.63) 1.94 (2.01) 2.27 (2.28) 2.49 (2.50) 2.59 (2.76) 2.90 (2.80)
767 (760) 640 (616) 546 (543) 498 (496) 478 (448) 428 (443)
1.62 (1.63) 1.91 (1.98) 2.27 (2.28) 2.45 (2.48) 2.55 (2.70) 2.88 (2.76)
763 (760) 650 (627) 546 (543) 505 (500) 487 (459) 430 (449)
1.62 (1.63) 1.87 (1.94) 2.27 (2.28) 2.43 (2.46) 2.52 (2.68) 2.75 (2.69)
765 (759) 663 (639) 547 (543) 510 (504) 491 (463) 451 (461)
1.61 2.00 2.26 2.52 2.74 2.92

768 619 549 492 452 425

1.62 1.94 2.27 2.50 2.62 2.91

764 628 544 496 473 427

1.63 2.00 2.27 2.53 2.75 2.93

762 620 547 491 451 424

1.65 1.95 2.30 2.52 2.66 2.92

752 637 538 492 466 424

Data for the non-H-bonded hypericins are given in parenthesis.

2 Ref.[4].
b Ref.[38].
¢ Ref.[39].

1,00

0,75

0,50
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Fig. 4. Comparison of calculated and experimeff#hlabsorption spectra ! - i
of 2Br. Note that both spectra have been normalized individually such that the second triplet state is always shifted to longer wavelengths
the strongest peak of each has oscillator strefigth

functional. With respect to the first of these issues, basis set
requirements for DFT methods are in general less significant
than for high-level ab initio method82].

Concerning substitutions with different types of atoms,
the excitation energies generally decrease in the sequence
F > Cl > Br. Between the mono- and di-chloro or mono- and
di-fluoro substituents, the excitation energies and absorption
wavelengths usually follow the same behaviour as for the
bromine substitutions. Overall, the effects are largest for the
systems with two or more substituents. For all systems, the
shift with increasing substituents is particularly strong for the
S, state.

3.2.2. Triplet excited states

The triplet excitation energies generally follow the same
behaviour as the singlet states in that they decrease with
increasing substitution, albeit with more irregularities than
the former case (cfTable 3. For bromine substitutions, the
first excited triplet state is essentially unalterated. However,

and depends strongly on number of substituents. On average,
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the spectral shifts due to bromation are very similar to the the reactive superoxide radical anion and regeneration of the
ones reported for the singlet states. substituted hypericinsin the ground state, provided the oxida-
For chlorinated hypericin, the shift in the absorption spec- tion potential of the reduced drug is smaller than the reduction
tra is not as pronounced as in the case of bromine, whereagotential of molecular oxygen.
for the fluoro-substituted species, the wavelengths of the The vertical electron affinities of the substituted hyper-
first excited triplet states decrease by 3 and 13 nm (1F andicins are in the range between 2.27 eV (1F) and 2.63 eV (4Br)
2F) while the second excited triplet states increase 9 andin vacuum, 3.18 eV (1F) and 3.43 eV (4Br) in hydrophobic
26 nm (1F and 2F, respectively) compared to hypericin. The medium, and 3.43 eV (1F) and 3.63 eV (4Br) in aqueous solu-
triplet absorption wavelength shifts on average increase intion. The adiabatic electron affinities are shifted-.15 eV

the sequence F<CI<Br. higher energies. This small difference reflects the extent of
radical anion relaxation, which in the case of hypericin is
3.3. Oxygen-dependent type I reactions negligible. The &X bonds increase slightly (between 0.01

and 0.023) upon reduction.

Hypericin and its derivatives are considered potential pho- ~ Comparing the computed adiabatic electron affinities of
tosensitizers for use in photodynamic therapy. The photo- substituted hypericins to the ones of molecular oxygen,
toxicity of these sensitizers most probably occurs through 0.59 eV in vacuuni33] (experimental value, 0.45 e\{34]
oxygen-dependent reactions. Oxygen-dependent type | reacand 3.91 eV in aqueous solutif@8], we conclude that once
tions involve a direct reaction of the excited triplet state of the reduced drug is generated, the oxidizing power pf O
the photosensitizer with an electron donor, to generate a senin vacuum is not sufficient to extract an electron from the
sitizer radical anion. Subsequent electron transfer from the drug, whereas in bulk water electron transfer from the drug
sensitizer to molecular oxygen leads to the generation of to molecular oxygen is accompanied with an energy gain of
superoxide from which hydrogen peroxide and/or hydroxyl between 0.15 and 0.32eV. The data for the first triplet states
radicals can be produced, and the sensitizer is regenerate®f substituted hypericins indicate that these in turn in most
in the ground state. Ifiable 4 we list the computed ground- ~ cases will be able to quench superoxide anions (VEA(T
state vertical and adiabatic electron affinities (VEAand AEA) between 3.89 and 5.25 eV) to generate reduced hypericin and
of hypericin in different solvents, as well as the energy gain molecular oxygen.
when reducing the lowest excited triplet state (VEA\T

The VEA(T1) hence represents a measure of the ability 3.4. Oxygen-dependent type II reactions
of the photoexcited drug to extract an electron from the sur-
roundings. When substituted hypericins are excited to the In type Il reactions, the excitation energy is directly
first triplet state, the vertical electron affinities (VEA(T transferred from the triplet state of the drug to the molecular
increase by more than 1.5eV and always lie higher than oxygen, generating the very reactive singlet oxygen and
the corresponding values for the parent compound. The val-regenerating the drug in the ground state. When we compare
ues increase with increasing polarity of the medium, due to the de-excitation energy of the substituted hypericins
the increased stabilization of the reduced species. Analysing(1.61-1.65 eViTable 3, with the energy needed to convert
Table 4 we can see that the increase of VEA(IE also corre- molecular oxygen to singlet oxygen (0.98 95]), we
lated to the increasing number of substitutions (for example, conclude that the i excitation energy can readily be
1Br<2Br<3Br<4Br). After reduction of the drug, electron transferred from the substituted hypericins to molecular
transfer to molecular oxygen will lead to the formation of oxygen and generate singlet molecular oxygen. This process

Table 4
Vertical and adiabatic electron affinities, VEA and AEA (eV), of the ground state of the substituted hypericins and of the lowest excited triplgiffeent
media at the IEF-PCM//B3LYP/6-31+G(d,p) level of theory

Medium VEA(T1) VEA AEA

£=0 £=4.34 £=78.38 £=0 £=4.34 £=78.38 £=0 £=4.34 £=78.38
Hyp 3.78 471 4.99 2.16 3.09 3.37 2.31 3.24 3.52
1Br 3.90 4.80 5.06 2.29 3.19 3.45 2.43 3.34 3.59
2Br 4.02 4.88 5.12 2.40 3.27 3.51 2.54 3.41 3.64
3Br 4.14 4.97 5.19 2.51 3.35 3.57 2.65 3.70 3.49
4Br 4.25 5.05 5.25 2.63 3.43 3.63 2.76 3.56 3.76
1cl 3.90 481 5.06 2.28 3.19 3.45 2.43 3.34 3.59
2cCl 4.01 4.89 5.12 2.39 3.26 3.50 2.54 3.41 3.64
1F 3.89 481 5.06 2.27 3.18 3.43 2.41 3.32 3.57
2F 4.00 4.88 5.12 2.35 3.24 3.47 2.50 3.38 3.61

VEA(T1) = VEA(So) +3Eo 0.
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Table 5

Vertical and adiabatic ionisation potential, VIP and AIP (eV), of the ground state of the substituted hypericins and of the lowest excitederiipleiffetaent
media at the B3LYP/6-31+G(d,p) level of theory

Medium VIP(Ty) VIP AIP

e=0 £=4.34 £=78.38 e=0 e=4.34 £=78.38 e=0 e=4.34 £=78.38
Hyp 5.45 4.34 3.98 7.07 5.96 5.60 6.95 5.86 5.50
1Br 5.52 4.42 4.05 7.14 6.04 5.66 7.02 5.94 5.56
2Br 5.59 4.49 4.09 7.20 6.10 5.71 7.09 6.00 5.62
3Br 5.65 4,55 4.14 7.27 6.17 5.77 7.16 6.07 5.67
4Br 5.71 4.61 4.20 7.33 6.23 5.82 7.22 6.13 5.73
1Cl 5.54 4.43 4.04 7.15 6.04 5.66 7.04 5.94 5.57
2Cl 5.61 4.49 4.09 7.23 6.11 5.72 7.12 6.02 5.62
1F 5.55 4.43 4.04 7.18 6.05 5.67 7.06 5.94 5.56
2F 5.64 4.49 4.08 7.29 6.13 5.73 7.17 6.02 5.63

VIP(T1) = VIP(S) — 3Eo_o.

will of course be in competition with the above-described that in bulk water, but not in vacuum, two molecules in the
reduction of the drugs. triplet state can transfer an electron and disproportionate/auto

ionise, once excited.
3.5. Direct electron transfer to Oz

Another reaction that can take place upon absorbing radi-4. Conclusions
ation is the direct electron transfer to molecular oxygen,
oxidizing the drug. The viability of this reaction, i.e., the Inthe present computational study of the effects of halogen
extent of drug ionisation, can be measured by comparing thesubstitution on the hypericin molecule, we have explored the
ionisation potentials of the drugs with the electron affinities geometrical structures and electronic and phototoxic proper-
of O,. Table 5reports the calculated data for the vertical and ties by the use of density functional theory, integral equation
adiabatic ionisation potentials from the ground state, and theformalism polarized continuum model (to include solvent
vertical IP from the lowest-lying triplet state of substituted effects), and atime-dependentformalismto determine singlet
hypericins in different media. and triplet excited states.

Once again, the structural relaxation of the radical cations ~ The results are throughout compared with a similar study
is very small (the difference between the VIP and AIP is ©f the hypericin moleculg4] and with experimental daf]
~0.10 eV), in ana|ogy with the behaviour observed for the when available. We found that halogen substitutions have
hypericin moleculd4]. Due to the high electronegativities of ~ very small effects on the structure of hypericin. The carbon
the halogens, the hypericin molecule is more easily ionised skeletons of the bromo- and chloro-substituted hypericins are
than any of the substituted species. The ionisation potentialsslightly more twisted than in hypericin, and increase with
increase with increasing number of heavy-atom substitutionsincreasing number of substituents, which may lead to some-
of the aromatic protons in hypericin. In addition, the larger What altered interactions with the surroundings, whereas
the dielectric constant of the medium, the easier it ionises on the other hand, fluoro-substituted hypericins have a less
the drug due to solvent stabilization of the charged species.twisted skeleton as a result of the stronger H-bond formed in
Our results suggest thab@s not able to oxidize any of the  the bay region between the free bay-hydrogen and the halo-
substituted hypericins in the ground (or triplet) states and 9€n.
consequently cannot generate superoxide anion radicals by The excitation energies generally decrease with increasing
this process. These resu|t3, increased EA and IP upon ha|0geﬁalogen substitution. In the case of bromo-substitution, the
substitution, are in accordance with previous studies on, e.g.,shift in the absorption spectra is very similar to available

halouracilg36]. experimental datff]. The shifts are in all cases very small.
The de-excitation energy of all the substituted hypericins is
3.6. Auto ionisation such that these will provide a good source of singlet oxygen,

albeit there will not be any observable difference in quantum
Once a drug is irradiated and excited to the first excited yield of 1O, directly.

triplet state, another molecule in the ground or triplet state  The inclusion of solvent effects leads to an increase of the
may be able to reduce it. Comparing the VEA(&nd VIP EAs and to a reduction of the IPs of the halogen-substituted
of the substituted hypericin, we conclude that it is improb- hypericins. The EAs calculated in both the gas phase and solu-
able that a molecule in the triplet state could be reduced tion increase according to hy F < Cl< Br. We propose that
by neighbouring molecule in the ground state. However, all the substituted hypericins are more easily reduced than the
when comparing VEA(T) with VIP(T1), our results indicate ~ hypericin molecule. The triplet reduction potentials increase
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with increasing polarity of the medium and with increasing [13] G.A. Kraus, W. Zhang, S. Carpenter, Y. Wannemuehler, Bioorg. Med.
number of substituents (for example, 1Br < 2Br < 3Br <4Br). Chem. Lett. 5 (1995) 2633-2636. _
We propose that, once the reduced drug is generated, thél4l D-S. English, W. Zhang, G.A. Kraus, J.W. Petrich, J. Am. Chem.
idizing power of Q in vacuum is not strong enough to Soc. 119 (1997) 2980-2986.
oxi gp 9 g_ [15] S. Rahimipour, C. Palivan, D. Freeman, F. Barbosa, M. Fridkin, L.
extract an electron there from, but probably there will be =~ weiner, Y. Mazur, G. Gescheidt, Photochem. Photobiol. 74 (2001)
electron transfer from the drug to molecular oxygen in bulk 149-156.
water; hence, halogen substitution will provide an increased [16] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.
quantum yield of superoxide anions. The final nature of the [17] M-S. Gordon, J.S. Binkley, J.A. Pople, W.J. Pietro, W.J. Hehre, J.
ted ti . illh d d th Am. Chem. Soc. 104 (1982) 2797.
generated reaclive oxygen species will hence depend on %.8] R. Ditchfield, W.J. Hehre, J.A. Pople, J. Chem. Phys. 54 (1971) 724.
presence/a_\l_)sence of a nearby electron donor to the excitegyg] E. casida, in: D.P. Chong (Ed.), Recent Advances in Density Func-
photosensitizer. tional Methods, Part 1, World Scientific, Singapore, 1995.
The calculated IPs increase according to hyp <B&H [20] R.E. Stratmann, G.E. Scuseria, M.J. Frisch, J. Chem. Phys. 109
<F. Our results suggest thab@ not able to oxidize any of (1998) 8218-8224. . .
th bstituted h icins in th d triolet) stat d[21] M.E. Casida, C. Jamorski, K.C. Casida, D.R. Salahub, J. Chem.
e substituted hypericins in the ground (or riple ) state an Phys. 108 (1998) 4439-4449.
Cf)nsequenﬂy canno_t ge_nerate superomdg anion radlc_a_ls b_y ®2] S.D. Wetmore, L.A. Eriksson, R.J. Boyd, in: L.A. Eriks-
direct process. Auto ionisation of the substituted hypericins is son (Ed.), Theoretical and Computational Chemistry, Theoretical
only possible in bulk water, between two neighbouring drugs Biochemistry—Processes and Properties of Biological Systems, vol.
in the triplet state. 9, Elsevier, Amsterdam, 2001.

We thus conclude that the halogen substitution has thel® ﬁéogiigvlvélM' Head-Gordon, J. Am. Chem. Soc. 126 (2004)
potential to improve the hypericin efficacy for use in PDT, [24] 0. Gritsenko, E.J. Baerends, J. Chem. Phys. 121 (2004) 655-660.
primarily by increasing the quantum efficiency of superoxide [25] J. Llano, L.A. Eriksson, Phys. Chem. Chem. Phys. 6 (2004) 2426.
radical anion formation in bulk water by way of its altered EA. [26] B. Menucci, R. Cammi, J. Tomasi, J. Phys. Chem. 109 (1998)
The effects on the geometrical structures and on the excitation___ 2798-2807.

. inalet ield d by hal bstit [27] D.M. Chipman, J. Chem. Phys. 112 (2000) 5558-5565;
energies (singlet oxygen yield) caused by halogen substitu-""" £" . las B Mennucci, J. Chem. Phys. 114 (2001) 47444745,
tion are on the other hand very small.
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