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Abstract: The excited-state photophysics of the light induced antiviral agent, hypericin, are compared with those of
its methylated analog, hexamethoxyhypericin. This comparison is instructive in understanding both the ground- and
the excited-state properties of hypericin. That the hexamethoxy analog has no labile protons that can be transferred,
that it cannot protonate its own carbonyl groups, that it has a reduced fluorescence quantum yield and lifetime with
respect to hypericin, and that it exhibits no stimulated emission or, more specifically, rise time in stimulated emission
completely support our emerging model of the hypericin photophysics. The results are consistent with the presence
of intramolecular excited-state proton transfer in hypericin but not in its methylated analog.

Introduction

Interest in the polycyclic quinone, hypericin (Figure 1a) was
spawned by the discovery that it possesses extremely high
toxicity toward certain viruses, including HIV and that this
toxicity absolutely requires light:3 Hypericin is also very
similar in structure to the stentorin chromophore that confers
phototactic and photophobic responses to protozoan ciliates.
The interaction of light with hypericin and hypericin-like
chromophores is clearly of fundamental biological importance.
In order to understand and eventually to exploit these properties
of hypericin, it is essential to elucidate its nonradiative excited-
state processes. We have undertaken this task using the tools
of ultrafast time-resolved absorption spectroscopy and have
presented our results in a series of arti¢es.

The argument for the presence of intramolecular excited-state
proton transfer in hypericin is as follows. The hypericin analog
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like fluorescence and the rise time of fluorescence in hypericin

J. Am. Chem. Soc., Vol. 119, No. 13, 2981

was added dropwise amid&(2.37 g, 10 mmol) in 15 mL of THF.

was taken as evidence for intramolecular excited-state protonThe mixture was stirred at-78 °C for 1 h, whereupon aldehyd#

transfer in hypericid? (In this article, we use the term “proton

(1.66 g, 10 mmol) in 15 mL of THF was added dropwise over 5 min.

transfer” very loosely. Our current knowledge of the excited The resulting mixture was stirred at78 °C for 1 h. Saturated

state transfer process is not detailed enough to specify whethe

the process is a proton or an atom trandfr.
This conclusion initially met with some resistance, despite

rammonium chloride solution (20 mL) was added. The solution was

diluted with 100 mL of ether and partitioned. The organic layer was
separated, washed with water and brine, and dried over Mg3@er
concentration in vacuo, the residue was purified by sgc using 4:1 H:EA

the precedent set by the large number of organic moleculesg provide 3.90 g (97% yield) of as a light yellow oil.

where the proximity of the enol and keto groups provides an
environment that is propitious for excited-state intramolecular
proton transfer or hydrogen atom transfer (in this article, we

use the two terms interchangeably): for example, malonalde-

hyde!* salicylic acid!® 3-hydroxyflavonée'® benzothiazolé? and
tropoloné® are but a few of the examples of a litany of species
that execute intramolecular excited-state proton transfer.

One argument proferred against intramolecular excited-state

proton transfer in hypericin is the observation of near mirror-

4: NMR (CDCl;) d 6.61 (d,J = 3 Hz, 1 H), 6.53 (dJ = 3 Hz, 2
H), 6.50 (d,J = 3 Hz, 2 H), 6.38-6.30 (m, 4 H), 6.26 (tJ = 3 Hz,
1H),5.71(s,1H),5.53(d]=6Hz 1H),5.35(dJ=9Hz, 1H),
3.83 (s, 3 H), 3.76 (s, 6 H), 3.74 (s, 3 H), 3.72 (s, 6 H), 3.68 (s, 3 H),
3.68-2.40 (m, 8 H), 1.3-0.75 (m, 12 H); IR (KBr) 3367, 2938, 1602,
1459, 1154, 840 cnt; MS (El) m/e 403, 330 (100), 315, 299, 271,
193; HRMS GzH2¢0s calcd 403.19949; measured 403.199109.

ii. 5,7-Dimethoxy-3-(3,5-dimethoxyphenyl)isobenzofuran-1-one,
5. A solution of4 (4.00 g, 10 mmol) and pTSA (100 mg) in 200 mL
of toluene was heated to reflux for 2 h. The organic solution was

image symmetry between its absorption and emission spectra,yashed with 2% sodium bicarbonate, water, and brine and dried.

Such symmetry is typically taken as a signature of negligible

Removal of the solvent by concentration in vacuo yielded 3.27 g (99%

structural changes between the absorbing and the emittingyield) of 5 as white crystals (mp 182184 °C).

species. Intramolecular excited-state proton transfer usually 5: H NMR (CDCL) d 6.39 (m, 4 H), 6.28 (m, 1 H), 6.09 (brs, 1
generates a broad structureless emission spectrum that bears little), 3.94 (s, 3 H), 3.79 (s, 3 H), 3.73 (s, 6 H); IR (KBr) 2843, 1771,
resemblance to the absorbance spectrum. 3-Hydroxyflavonel600, 1113, 1007, 833 cth *3C NMR (CDCk) d 55.52, 56.03, 56.15,

provides a good example.

81.34, 98.38, 99.20, 100.91, 104.70, 106.16, 139.18, 154.68, 159.57,

There are at least two ways to respond to this objection. It 161.25, 167.02, 168.45; MS (Eije 330 (100), 300, 271, 257, 193,

is possible that the structural changes induced by proton transfe

do not significantly effect the electronic structure of the
tautomeric species (Figure %a) in such a way as to destroy

the mirror-image symmetry. High-level quantum chemical
calculations will have much to offer in understanding this
problem. It is also possible, as we have argued elsevffere,
that the ground-state of hypericin is already partially tautomer-

I,165; HRMS GgH;505 calcd 330.11034, measured 330.10952.

iii. 2,4-Dimethoxy-6-(3,5-dimethoxyphenylmethyl)benzoic acid,
6. A mixture of 5 (300 g, 90 mmol) and 10% Pd/C (500 mg) in 100
mL of ethyl acetate was stirred under a hydrogen atmosphere for 48 h
The suspension was carefully filtered, and the solvent was removed in
vacuo The resulting product was purified by recrystallization from
H:EA to provide 278 g (93% yield) & as colorless crystals (mp 163
164°C).

ized and that this ground-state heterogeneity yields the observed 6: *H NMR (CDCl;) d 6.39 (d,J = 3 Hz, 1 H), 6.36 (dJ = 2 Hz,
mirror-image symmetry between absorption and emission 1 H), 6.33 (dJ =2 Hz, 1 H), 6.28 (dJ = 3 Hz, 1 H), 4.23 (br s, 2

spectra.

H), 3.92 (s, 3 H), 3.75 (s, 3 H), 3.72 (s, 6 H); IR (KBr) 2930, 1694,

Here we revisit the questions of ground-state heterogeneity 1606, 1153, 1081, 844%C NMR (CDCk) d 170.32, 162.29, 160.79,

and nonradiative processes. We compare the excited-stat

transients of hypericin obtained previously using an excitation
wavelength of 588 nfiv with results obtained from a regen-
eratively amplified and frequency-doubled Ti:sapphire laser

59.24, 144.30, 142.60, 144.30, 142.60, 113.57, 108.31, 107.32, 98.30,
6.82, 56.41, 55.47, 55.31, 40.07; MS (Etje 332, 314, 299, 241,
213, 139; HRMS @H,005 calcd 332.12599, measured 332.12572.
iv. 1,3,6,8-Tetramethoxyanthracen-9-one, 7.To a solution of6
(1.66 g, 5.0 mmol) in 100 mL of methylene chloride &t@was added

providing an excitation wavelength of 415 nm. Changes in the trifluroacetic anhydride (1.05 g, 5.0 mmol) dropwise over 10 min. The
kinetics using different excitation wavelengths is suggestive of solution was stirred at 6C for 2 h. Twenty milliliters of methanol
ground-state heterogeneity in hypericin. We also present thewas added, followed by 150 mL of 5% sodium bicarbonate. The
synthesis of the hypericin analog with no labile protons, aqueous layer was extracted with 30 mL of methylene chloride. The
hexamethoxyhypericin (Figure 1e, compout)dand compare combined organic layers were washed with water and brine and dried.
its excited-state transients with those of hypericin. This analog After concentration in vacuo, the residue was purified by sgc using

displaysno rise time for stimulated emissiowhich we have

taken as the signature of intramolecular excited-state proton
transfer, and it displays no excited-state transients that can beHZ

interpreted in terms of proton transfer.

Experimental Section

A. Synthesis. i. N,N-Diethyl 2,4-Dimethoxy-6-(hydroxy-3,5'-
dimethoxyphenylmethyl)benzamide, 4. To a solution of TMEDA
(1.28 g, 11 mmol) and s-BuLi (11 mmol) in 50 mL of THF a8 °C

(14) Carrington, T., Jr.; Miller, W. HJ. Phys. Chem1986 84, 4364.

(15) Barbara, P. F.; Walsh, P. K.; Brus, L. E.Phys. Cheml989 93,
29-34.

(16) (a) Brucker, G. A.; Swinney, T. C.; Kelley, D. B. Phys. Chem.
1991, 95, 3190-3195. (b) Strandjord, A. J. G.; Barbara, PJFPhys. Chem.
1985 89, 2355-2361. (c) McMorrow, D.; Kasha, Ml. Phys. Chen1984
88, 2235-2243. (d) Brucker, G. A.; Kelley, D. RJ. Phys. Chem1987,
91, 2856-2861. (e) Schwartz, B. J.; Peteanu, L. A.; Harris, CJBPhys.
Chem.1992 96, 3591-3598.

(17) (a) Frey, W.; Laermer, F.; Elsaesser,JT Phys. Chem1991 95,
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1988 148 119-124.
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Phys.1993 99, 8341-8344.

5:1 H:EA to provide 1.41 g o7 (90% yield) as light yellow crystals
(mp 207208 °C).

7: 1H NMR (CDCl;) d 10.65 (s, 1 H), 7.43 (s, 1 H), 6.60 (@= 3

2 H), 6.29 (dJ = 3 Hz, 2 H), 4.01 (s, 6 H), 3.89 (s, 6 H); IR
(KBr) 3319, 2996, 1630, 1578, 1562, 1370, 808; MS (EE 314
(100), 285, 271, 213, 185, 157; HRMS#H:505 314.11542, measured
314.11554.

v. 1,3,4,6,8,10,11,13-Octamethoxy phenanthro[1,10, 9p8qrd-
perylene, 1. To a solution of anthron@ (1.30 g, 4.0 mmol) in 20 mL
of boiling EtOH was added a solution of ferric chloride hexahydrate
(1.48 g, 5.5 mmol) in 40 mL of EtOH over 10 min. The mixture was
heated at reflux for 30 min, cooled, and poured into 600 mL of 5%
HCI. The aqueous mixture was extracted three times with 100 mL of
EtOAc. The combined organic layers were washed with water and
brine and dried over magnesium sulfate.

After the solvent was concentrated in vacuo, the residue was mixed
with 5 g of KOH and 100 mL oEtOH and heated to reflux for 5 min.
The mixture was cooled to fC, and KkS;0g (1.35 g, 15.0 mmol) in
20 mL of water was added dropwise over 5 min &30 The mixture
was stirred at ambient temperature for 2 h. The reaction mixture was
then poured into 500 mL of 1% HCI and extracted three times with
100 mL of ethyl acetate. The combined organic layers were washed
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with water and brine and dried. After removing the MgSBy
filtration, the filtrate was irradiated in a Pyrex flask with a 500 W
tungsten lamp for 1 h. The solvent was concentrated in vacuo, and
the residue was purified by sgc using 30:1 methylene chloride:methanol
to afford 0.78 g (61% yield) ofl as a red solid (mp 267C dec).

; ~

1: H NMR (CDCl;) d 6.98 (s, 4 H), 4.19 (s, 12 H), 4.13 (s, 12 H). 0.0 ‘ ,

IR (KBr) 2930, 1637, 1540, 1239, 1141, 993 tm MS (ESI) m/e 300 400 500 600 700 800
620 (100), 574, 412, 301. wavelength (nm)

B. Time-Resolved MeasurementsHypericin was used as received
from Carl Roth GmbH (distributed by Atomergic Chemetals Corp).
DMSO was dried over 4-A molecular sieves. Care was taken to prevent
sieve dust contamination. All experiments were performed at ambient
temperature (22C) The time-correlated single-photon counting experi-
ments were performed with an apparatus described elsewhdree

Figure 2. Normalized steady-state absorptien) @nd emission{ —)
spectra of hypericin (a) and hexamethoxyhypericin (b) in DMSO. The
excitation wavelength for (a) is 550 nm and for (b) 410 nm.

bandwidth. The output of the amplifier is incident on a beam splitter

instrument response function is typically about 70 ps. Hexamethoxy Which sends 56% of the light down a variable delay line and is
analog samples and hypericin samples were prepared for pump-probdréduency doubled using a 1-mm BBO crystal. The remaining light
experiments with an optical density of 6:.7 at the pump wavelength: traverses_ a sta_tlc delay line and_ls used to creat_e a white _Ilght contlr_luum
for time-correlated single-photon counting, samples were diluted by PY focusing with a 20-cm lens into a 3-mm thick sapphire flat which
10-fold or more. The time-resolved fluorescence data provide a IS translated_to prevent damgge. The Whl_te_llght is then passed through
powerful assay of the purity of the hexamethoxy analog. In addition the appropriate bandpass filters and split into a probe and reference
to a 480-ps decay component, there is a small amount of 2ms beam. The pump beam is chopped at 1/_2 th_e repetltlon rate by a F_’alo
component whose contribution, possibly a result of oxidation, could Alto Research Super Chopper 300, which is triggered by the third
be diminished by column chromatography (Figure 7a). Purification, Poxcar averager in the signal processing discussed below. The beams
however, did not affect the transient absorption data. are focused with a 12.5-cm focal length lens and crossed ‘ain3s
Steady-state fluorescent measurements were made using a SpefPinning sample hold&that rotates at 3400 rpm ensuring a new sample
Fluoromax with a 4-nm band-pass, and corrections were made for réa for every shot. The reference and probe beams are directed into
detector response and excitation lamp spectrum. Steady state absor@n ISA HR-320 monochromator with a 1200 g/mm grating. The probe
bance measurements were made using a Perkin Elmer Lambda 1g2nd reference beams are detected with Hamamatsu S1336-5BQ
double beam UV:vis spectrophotometer with 1-nm bandpass. The Photodiodes, which are amplified using Analog Devices op467 precision
measurement of the fluorescence quantum yield of the hexamethoxyhigh-speed OP amps. The outputs are then sent to two Stanford
analog was made relative to hypericin by exciting solutions of each Research SRS250 gated boxcar averagers and subsequently to a
compound at several wavelengths where they had equal optical densities>tanford Research SR235 analog processor where the probe signal is
and integrating the emission spectrum over the entire band on adivided by the reference to provide a shot-to-shot normalization. The

wavenumber scale. natural log of the quotient is taken and sent to a third boxcar averager,
The pump probe experiments were carried autao2 kHz system which is_ operated in_ toggle mode to provide an active baseline
based on a Ti:sapphire chirped-pulse regenerative amgfigypical subtraction. Coumarin 500 was probed at 500 nm and used as a

pulse widths were 150 to 200 fs fwhm at 830 nm from autocorrelation Standard. Betaine was also used as a standard and compared to previous
measurements. The regenerative amp”ﬁer seed pu|se train is Supp”edjata collected in a similar fashida. The lower limit of the sensitivity

by a homemade Ti:sapphire oscillator of a Murnane-Kapetyn d&ign. of the detection system was estimateith one scan and without shot-

The rod is 4.75-mm, and typical pulse widths are sub 20 fs as to-shot normalizatioras a change of 0.016 V in an initial signal of
determined by measurement of the pulse autocorrelation and the spectraP-750 V, which corresponds to a worst case limit of 2:8.40~3 change

(19) of ial rel he role of labil for light-induced In optical density.
special relevance to the role of labile protons for light-induce PR . . . .
antiviral activity is the observation that hypericin retains its toxicity in the An “artifact” appears frequently in the data and is most evident in

absence of oxygen and that it acidifies its surroundings upon light the kinetic traces displayed in Figure 3. The “spike” that appears at
absorptior?21112The retention of toxicity in the absence of oxygen excludes zero time with either positive or negative sign is a result of the more
unique assignment of antiviral activity to the trivial generation of singlet intense pump pulse modulating the phase of the less intense probe pulse.

oxygen—even though hypericin does generate triplets in high yfelé This phenomenon of cross-phase modulation occurs with pulses of
73é20) Gai, F.; Rich, R. L.; Petrich, J. W. Am. Chem. S0d994 118 different wavelength and does not require the pulses to be resonant
(21) Salin, F.; Squier, J.; Vallincourt, G.; Mourou, Gptics Lett.1991, with an absorbing sampfé.
16, 1964.
(22) Asaki, M. T.; Huang, C.-P.; Garvey, D.; Zhou, J.; Kapteyn, H. C.; (23) Johnson, A. E.; Levinger, N. E.; Jarzeba, W.; Schlief, Ralph E.;

Murnane, M. M.Optics Lett.1993 18, 977. Kliner, D. A. V.; Barbara, PChem. Phys1993 176, 555-574.
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Table 1. Global Fitting Parametets

O — « .
550 nm 650 nm hypericin (nm) aa 11(ps) a 12(ps) as  73(ps)
55(¢ 0 116 1.0
0 - 600 0.30 116 -1.0

T T T T
0 0
[ 0
e L e 630 025 118 075 = 0
0 10 20 30 . . . o
. °_ o2 64C° 010 116 090 w 0
0 4 650 —0.61 11.6 —0.39 o 0
0 660 nm 660 -1.0 116 0.27 o 0
600 nm 670° 074 116 026 o 0
680 030 116 070 « 0
700 032 116 0.68 « 0
! L ! ! ! . . : hexamethoxy hypericina, 71 (pS) a2 72(ps) as  73(PS)
o 10 20 30 o 1020 30 500 0 25 0.68 480 0.32
510 010 25 072 480 0.18»

A AY)

' ' ' ' 515 017 25 —0.91 480 0.83

670 nm 5200 010 25 —12 480 0.90 o

530" 0 25 —30 480 1.0 o

620 nm 5400 011 25 —12 480 0.89 »

0 1 oot 3 545 0 25 039 480 0.6l
580" 2.5

0.15 0.35 480 0.5000
0 10 20 30 0 10 20 30 630 0 2.5 0.30 480 0.70 0

aThe functional form used to fit the data is indicated by a superscript
in the leftmost column, which gives the probe wavelength. AAjt)

680 nm = g exp(—t/ty) + a exp(—t/to) + az exp(t/zs). (b) AA(t) = ai[l —
exp(t/ty)] + ax exp(t/tz) + ag exp(—t/ts). (C) AA(t) = a1 [1 — exp(—
630 nm t/71)] + a1l — exp(—t/ro)] + as exp(—t/zrs). (d) AA(t) = ay exp(t/zy)
0 _ + a1l — exp(-t/t)] + as exp(—t/rs). The pre-exponential factors

1 | ! ! 0+ , , ] are all normalized and should not be interpreted in terms of absolute
0 10 20 30 0 10 20 30 optical density changes owing to changes in pump intensities and gain
settings on data acquisition hardware.
T T T 1 T T T T
700 nm our case were time constants, and local parameters were amplitudes or
pre-exponential factors. The time constants are specified, and each
640 nm curve is fit iteratively varying only the local parameters, that is the
o ] amplitudes. A locay?is calculated for each local fit. After all curves
) . . i 0 ' ] . ] are fit, a global? is calculated as shown below. The global parameters
0 10 20 30 0 10 20 30 are varied, and the whole process is repeated to calculate a new global
time(ps) x2. This process is repeated until a minimum is reachegfowhich
is defined as:

Figure 3. Absorption transients of hypericin in DMS@pymp = 415

nm; probe wavelengths are indicated in the panels. The “spike” at zero 2
time that is most apparent in the data in this figure is a result of cross- " Xlocalj
phase modulation of the pump pulse with the probe pilisgee Z 2
Experimental Section. =1 Xbesti

2 _
The instrument response of the 30-Hz and 2-kHz systems are * n

determined, respectively, by means of the ground-state bleach of nile

blue and the stimulated emission of coumarin 500 on a daily basis. On where;gﬁesti is obtained for each curve letting all parameters local and

a picosecond time scale, nile blue has an instantaneous K5léa0h. global (that is amplitudes and time constants) vary, @igthe number

a 100 femtosecond time scale, coumarin 500 in a 1:1 mixture of of curves. The quality of the fit was determined by visual inspection

methanol and water yields stimulated emission at 500 nm with no of the fit and its residuals. The time-resolved absorption/stimulated

detectable rise time. These traces are used to approximate theemission data are displayed in Figures& The results of the global

instrument response (the convolution of the laser pulses in the medium)fits, and the functional forms used to obtain them, are summarized in

by performing an iterative nonlinear least-squares fit in which a trial Table 1.

instrument response is convoluted with the instantaneous molecular

response of the nile blue or the coumarin. Several trial instrument Results and Discussion

response functions are tested until one is found that best fits the rising . . . . . . .

edge of the data. This function is then used in subsequent analyses _A' Hypericin. i. Rise Time |r_1 Stlmula_tted Em|SS|0n_. -

until the experiment is either restarted or is known to have changed. Figures 3 and 4a present absorption transients of hypericin in

The trial functions used are either double-sided exponentials or PMSO using excitation wavelengths of 415 and 588 nm,

guassians, which have been convoluted with themselves in order torespectively. The changes in signs of the traces in Figure 3

simulate the temporal overlap of two similar pulses in the sample.  indicate the presence of isosbests for hypericin in the regions
Sample preparation for the pump-probe experiments required bub- 550-600, 606-620, 646-650, and 666670 nm. The decay

bling argon through the hexamethoxy analog samples and filling the times of the absorption transients at probe wavelengths of 620

spinning sample holder in a glove bag of argon to reduce oxygen g40 and at 676700 nm and the rise time of the stimulated

_content. This was done after observmg_rapld d_e_gradatlon of sampleemission transients at probe wavelengths of 600 and-660

in the presence of oxygen. Deoxygenation sufficiently preserved the nm are all adequately represented, using a global fitting analysis,

sample to withstand pump incidence for several hours; without . . . .
deoxygenation the sample degrades in minutes. Hypericin is stable by the same time constant of 11.2 ps. This result is consistent

for hours without deoxygenation and gives the same experimental resultsWith that of 9.2 ps obtained previously usingl-ps pulses at
in either case. 588 nm at 30 H#”

Kinetic traces acquired at various wavelengths were fit using a global ~ ii. Ground-State Heterogeneity: Excitation Wavelength
fitting procedure found in Spectra Solve. The global parameters in Dependence. We call attention to the traces obtained using
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Figure 4. Stimulated emission transients of hypericigum, = 588
nm; probe wavelengths are indicated in the panéiy:DMSO,AA(t)
= —0.30[1 — exp(-1/9.2 ps)]— 0.13 exp(-t/1.9 ps); and (b) ethylene : : : 5 10 20 30
glycol, AA(t) = —0.45[1 — exp(~t/6.4 ps)]— 0.53 exp{-t/2.4 ps). 0 10 20 30

probe wavelengths of 65860 nm for excitation wavelengths 0 7
of 415 and 588 nm, respectively (Figures 3 and Figure 4). When 530 nm
hypericin is excited at 588 nm, there is a component of

stimulated emission that appeanstantaneously This com-

ponent is absent for excitation at 415 nm. Changes in the ! L L L
kinetics with excitation wavelength is taken to be suggestive 0 10 2030 time(ps)

of ground-state heterogeneity of the hypericin population. The Figure 5. Absorption transients of hexamethoxy hypericin in DMSO,
origin of this apparent heterogeneity may be attributed to various 1,,,, = 415 nm; probe wavelengths are indicated in the panels. The
tautomers as well as to different twisted conformations of the full scale is 40 ps.

aromatic skeleton. See below. (We refer to the heterogeneity

as apparent because different laser systems were used to obtaitfansients observed at other probe wavelengths in Figures 5 and
the two results.) 6 clearly resolve a species with this time constant.

B. Hexamethoxy Hypericin. i. Absence of Stimulated We donot attribute the 2.5-ps decays observed at 580 and
Emission. Figures 5 and 6 present absorption transients of 610 nm to the presence of weak stimulated emission, because
hexamethoxyhypericin in DMSO using an excitation wavelength & 9enuine decay of absorbance on this time scale is already
of 415 nm. Isosbests are apparent&L5 nm and between consistent with the apparent rise time for the bleach at 540 nm,
540 and 545 nm. The kinetics of hexamethoxyhypericin are as discussed above. Furthermore, Figure 5 indicates that in this
simplified with respect to those of hypericilfNo stimulated region there IS a component Of. transient absorption appearing
emission is detected for hexamethoxyhypericin in the region with a480-ps time constant. Th'S.'S. |d.ent|cal to th? fluorescence
550-710 nm This is not particularly surprising given that we decay time of hexamethoxyhypericin in DMSO (Figure 7a) and

measure its fluorescence quantum yield in DMSO to be only can be m;erpreted as the forma_ltlon_of triplet species. If the
5 = - . fast transient at 580 and 610 in Figure 5 were due to the
1992 that of hypericin. Any weak contribution from stimulated " . . . .
emission is eclipsed by the absorption of excited-state species superposition of a stimulated emission signal on a long-lived
. I y P - pe ‘absorption signal, it is reasonable to expect that we would also
What is especially noteworthy, however, is that the transient

b iionin th iral reciorm | ission is obsed observe simulated emission from the long-lived fluorescence
absorption in the Spectral regiarere only émission is o species as well, that is an apparent decay of absorbance of 480
in the steady state>610 nm, occurs instantaneously and does

. . ps. That we do not provides us with additional confidence to
not decay on the time scale of the experiment. If there were a oo de that our data provide no evidence of detectable
component of stimulated emission that appeasitth a finite stimulated emission.
rise t!me it would_ man_lfest itself as ampparent decayn the i. Origin of the 2.5-ps Component in Hexamethoxy
transient absorption signal. hypericin. A possible explanation for the presence of the
Examination of the steady-state spectra in Figure 2 indicates component of transient absorption that decays in 2.5 ps is the
that the transient at 540 nm arises frorbleach of the ground-  combination of internal conversion and dynamic solvation of
state absorptiorand not to a rise time in stimulated emission. an excited state of the analog. As the solvent dynamically
The apparent rise time in the bleach, whose time constant isreadjusts itself to the change in the dipole of the solute upon
2.5 ps, must correspond to an excited-state species absorbingptical excitation, the solute is lowered in energy. This is
at 540 nm and decaying with the same time constant. The rapidmanifested by the decay of transient absorbance. The dynamic
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photon counting at 22C. Residuals are displayed at the top of the
figure. The topmost set of residuals corresponds to hypericin. (a)
Figure 6. Absorption transients of hexamethoxy hypericin in DMSO, Hexamethoxyhypericin in DMSOlex = 300 nm,Aem > 530 nm;F(t)

Aoump = 415 nm; probe wavelengths are indicated in the panels. The = 0.97 exp¢-t/490 ps)+ 0.03 exp{-t/2.1 ns),y> = 1.15. The full

full scale is 320 ps. The slowly rising transient apparent in each panel scale is 3 ns. (b) Hypericin in DMSOlex = 305 nm,Aem > 555 nm;

has a time constant of 480 ps, which matches the fluorescence decay~(t) = 1.00 expt-t/5.3 ns),x? = 1.18. The full scale is 15 ns. To our

of the analog in DMSO. This transient is attributed to the formation of knowledge, the fluorescence decay of hypericin and its analogs does

time(ps)

a triplet species. not depend on excitation wavelength, visible and ultraviolet excitation
yielding similar result$:3* This result should not be confused with the
solvation time of DMSO is known to be 3 B&. It may, of excitation wavelength dependence of the picosecond transients in

course, be fortuitous that the transient is characterized by anMYPericin indicated in Figures 3 and 4. These transients report on

~3-Ds aeca - and ideallv. a correlation of decay time in various primary processes that are not resolvable in the measurement of the
P ay, ! Y . lon € cay i in variou longer lived fluorescence decay.

solvents with the known dynamic solvation times would enable

us to make this assignment unambiguously. Unfortunately,

DMSO is the only solvent in which we are able to dissolve the

analog in sufficient quantities to perform these experiments and

at the same tlm_e. gv0|d samp!e_ degra_dauon. i transient in hypericin represent prompt intersystem crossing. (By
Another possibility for the origin of this component is prompt “orompt” intersystem crossing we mean merely to distinguish

intersystem crossing to form triplets. We have already noted g process from the slower process occurring with a 480-ps
that the fluorescence quantum yield of hexamethoxy hypericin ime constant. Presumably these two intersystem crossing rates
in DMSO is 1997 that of hypericin and that hexamethoxyhy-  4ise from two different conformational or tautomeric species.)
pericin degrades rapidly when optically excited in the presence ¢ i s correct, the kinetic scheme postulated for hypericin in
of oxygen. These results suggest that the reduced ﬂuorescenc«;:igureS 12 and 3 of refs 6 and 7, respectively, needs to be
quantum vyield of this analog may be the result of enhanced ,qgified. There we proposed that the-ps decay of stimu-
intersystem crossing and that the high yield of triplet states |5iaq emission in hypericin represents the production of a
effectively generates singlet oxygen, which subsequently de- onotautomer (Figure 1b) from the untautomerized species

stroys it. _ S (Figure 1a). The presence of a similar rapid transient in
In a recent study of the perylene quinone, hypocrellin (Figure hexamethoxyhypericin, which cannot tautomerize, considered
1f), we observe absorption that is produced on the time scalejy the context of the above results, suggests that this fast

of the faste_st kinetic e_vent and have argued that it arises from component in hypericin may correspond to ultrafast intersystem
“prompt” triplet formation?3 crossing.

iii. Rapid Transients in Hypericin and Its Analogs. The
stimulated emission kinetics of hypericin in ethylene glycol Conclusions
(Figure 4b) indicate @omponent that appears instantaneously . .
and decays in-2 psin addition to the characteristic rise time A procedure has been presented for the synthesis of a crucial
analog in the investigation of the hypericin, hexamethoxyhy-
(24) Barbara, P. F.; Jarzeba, Wdv. Photochem199Q 15, 1. pericin (Figure 1e). Hexamethoxyhypericin has a fluorescence

for stimulated emission that we have attributed to intramolecular
proton transfer. One is led to conjecture that the 2.5-ps transient
observed at 5806610 nm in hexamethoxyhypericin and the 2-ps
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quantum yield that is only 19% that of hypericin in DMSO and chains protruding from the aromatic skeletons repel each other
that exhibits no stimulated emission in DMSO. Based on our and prevent the molecules from acquiring a planar conformation.
previous work on hypericin, these results are consistent with This raises the possibility that there are ground-state conforma-
the inability of the hexamethoxy analog to execute an intramo- tions of hypericin that cannot tautomerize and that, upon optical
lecular excited-state proton transfer. excitation, undergo ultrafast deactivation by other processes such
Hexamethoxyhypericin possesses a rapid component in theas internal conversion or intersystem crossing. One can
decay of its transient absorptiof2.5 ps). We suggest that a  speculate on how distortion of the skeleton in the hexamethoxy
likely explanation for this component is a combination of derivative affects its spectroscopy: the absorption spectra of
dynamic solvation and internal conversion of an excited singlet the analog and hypericin are qualitatively very similar except

state higher than S (Prompt intersystem crossing may also  for the strong absorption at 400 nm in the analog (Figure 2).
be possible.) We further note that an assignment to intersystem

crossing implies that the rapid componer®(ps) of stimulated
emission, which is clearly evident in hypericin experiments
obtained with excitation wavelengths of 588 hh(Figure 5
part a and especially part b), may also have a similar origin.
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