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Flavothione and a number of synthesized hydroxy- (mono- and di-) substituted flavothiones have been
thoroughly examined, particularly regarding their absorption, emission, photophysical (triplet yields and
lifetimes), and oxygen-photosensitizing characteristics. These were all studied as a function of the nature of
the solvent (four), which was particularly critical in terms of aiding in determining the energy and
configurational nature of the lowest triplet state as well as the mechanism of intersystem crossing. Theoretical
calculations were also performed. Both the location and number of hydroxyl groups have a substantial impact
on the nature of the lowest excited triplet state as well as on the relative location of the two lowest excited
singlet and triplet states. These in turn affect the magnitude and even the existence of triplet-state occupation
as well as the ability to sensitize oxygen (to singlet oxygen). Three groups of compounds exist as characterized
by the configurational nature of the triplet and the mechanism of intersystem crossing, or the essential absence
of intersystem crossing altogether. The quantum yield of singlet oxygen formation is high for one group
where the Tf, 7*) state is lowest and generally high in another group where time %) state is lowest,

except in ethanol where competitive H-atom abstraction occurs. The potential of all hydroxy compounds as
photosensitizers is evaluated.

Introduction In addition, it was important that the 5-methoxy-substituted
compound was studied regarding the nature of its lowest singlet
and triplet excited states and triplet quantum yield to help
glucidate the cause of some important changes in photophysical
properties of two of the hydroxy-substituted derivatives com-
pared with all others.

Detailed studies of the solution spectroscopy of the parent
moiety chromothiongas well as FT itseffhave been reported.

We have a continuing interest in the development of
photosensitizers that will be effective in a wide variety of
systems and circumstances; for example, see refs 1 and 2. Her
we report on hydroxy-substituted flavothiones:

Experimental Section

Substituted flavothiones were synthesized from reaction of
the parent hydroxyflavones with either Lawesson’s Redgent
This paper presents a comprehensive study of the conse-or diphosphorus pentasulfiié (Table 1). Flavones were
quences of mono-nfOHFT with n = 3, 5, 6, and 7) and purchased from Merck and Extrasynthesis. Flavothiones were

bihydroxyl (n,n'-diOHFT with n,n"' = 3,6 and 5,7) substitution  purified by column chromatography or PTECand then

of flavothione (FT) on the photophysical properties of the recrystallized from methanelhexane (1:1). Mass spectroscopy
resulting flavothiones. The primary aims are to rationdlihe (KRATOS MS 25 RE)!H NMR (BRUCKER AMX300), FTIR

effect of the location and number of hydroxyl groups on the (MATTSON 7000), and UV-vis absorption spectroscopy (OLIS
energy and orbital origin of the first and the second excited 15) were used to identify the synthesized flavothiones. The
singlet and triplet statesthe consequence of the latter on the crystals were stored in the dark to avoid photodegradation.
photophysical properties including the presence of fluorescence,Melting points were measured with a BUCHI 530 apparatus
the triplet yields and lifetimes, and the singlet oxygen yields, (Table 1).

anc® how the foregoing depend on the nature of the solvent.  Fluorescence and phosphorescence spectra were run in Spex
Our final goal is to evaluate which compounds and conditions Fluorolog 2021 and were corrected for the instrumental response.

are best suited to produce good photosensitizers. Fluorescence decays were measured with a picosecond-time-
resolved fluorimeter earlier described: frequency-doubled emis-
IUniyersit‘adi Perugia. _ o sion, Aexe = 400 nm, from a mode-locked Fisaphire laser
. :Rlsot'{;‘/f\o de Technologia Qmica e Biol@ica. (Spectra-Physics), pumped by an argon lon (Spectra-Physics)
O Instituto Superior Tenico. laser, repetition rate 800 kHz, pulse width after electronic

' University of Arkansas. distortion 28 p$.
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TABLE 1: Flavothiones: Synthesis Method, Reaction Yield,
and Melting Point 10
: FT
temp irr. time yield mp g
compound reagent solvent  (°C) (min) (%) (°C) S
o
FT RL. DME 25 10 76 8385 5 05
P,Ss  MeCN 25 10 80 <
3-OHFT RSs MeCN/Dx 80 15 62 6468
(5:2) 00356 %00 500 600
5-OHFT R.L. benzene 40 30 6 130232 Wavelength / nm
6-OHFT R.L. benzene 80 60 30 20808 v N
P,Ss  MeCN/THF 25 10 21 10 3-OHFT 10
(1:4)
7-OHFT R.L. THF 65 10 14 191194 8 8
3,6-diOHFT R.L. THF 80 40 23 185187 s i 8
5,7-diOHFT R.L. benzene 40 20 17 24818 5 05 5 03
PSs  MeCN 70 20 35 g |
3,7-diOHFT R.L. benzene/Tol(1:1) 80 15 17 19802 !
P,Ss  MeCN 40 10 16 0.0 - 0.0 -
. 00 400 500 600 300 400 500 600
7,8-diOHFT R.L  Tol 40 30 77 243246 3 Wavelength / nm Wavelength / nm
PS5 MeCN 25 25 6
) . ) . ’ 1.0
Triplet-formation quantum yields and lifetimes were measured 6-OHFT 7-OHFT
with a flash photolysis setup previously described (Nd:YAG & g ;
Continuum, Surelite Il, third harmonic8ex. = 355 nm, pulse § § 05k~
width ca. 7 ns and energy 1 mJ pulse?).”8 First-order kinetics 2 3

was observed for the decay of the lowest triplet state [T

annihilation was prevented by the low excitation energy). The 0.0 e 0.0 z
triplet lifetimes were measured at absorbance ca. 0.2; the 300 W‘;S‘e’[eng":ﬁ‘? anOO 800 Wa‘t/%?enggwolo nm
concentration effect on triplet lifetime was not investigated. The "
transient spectra were obtained by monitoring the optical density 1.0,
change at intervals of-510 nm over the 306800 nm range i
and averaging at least 10 decays at each wavelength.

The produckr¢r (Wwhereer andgr are the triplet extinction
coefficient and quantum yield, respectively) was measured at
the triplet-triplet absorption maxima. The calibration of the
experimental setup was made with an optically matched solution 00350
of benzophenone in acetonitrilerr = 6500 M~tcm1).°

The ¢7 values in benzene were generally measured by Figde_e 1 tAbSOt'ptL?:” ige(%”a r?fdﬂ?_VOt)hi%'I‘S iigc?j;:g”;réso'id line)

; P and In water a asned line). — a*
comparing the change of absorbance /btarotene triplet absorption obtain%d in a 10 cm path cell for FT, 6-OHFT, and 7-OHFT.
sensitized by energy transfer from a substratdg, and from
benzophenonedAg(B), used as standard{(B) = 1,*° under
the same experimental conditions (absorbance at 355 nm an
concentration of-carotene)l! The efficiency of energy transfer ,
from the substratePe;, and from benzophenon®g(B), was (D)oo = (@adeon | Tr Tl 3)
also taken into account by measuring the triplet lifetime of the TEOH (S ) ey \T con\ T Jbens
donor in the absence+) and in the presence-() of s-carotene:

600

5,7-diOHFT

.\ 3,6-diOHFT 1.0

0.5},

Absorbance
(=)
[$,]
Absorbance

400 500 600 00350 400 500 600
Wavelength / nm Wavelength / nm

Gequilibrated solutions)

_'
T Tr

AA, P.(B) where Ga)venz = (Pa/dT)benz ~ 0.6 was me_aSL_Jred in benzene
¢r = ¢:(B) B et/ 1) and 7t and 1’ correspond to the triplet lifetimes measured,
AA4B) Py respectively, in Ar-saturated and air-equilibrated solutions.
The er values in benzene were obtained from ther/¢r
p ZTT_TT' @ ratio (the first two terms from the OD change and the
et Tt denominator fronfs-carotene sensitization). Furthermore pf

FT in acetonitrile was measured by energy transfer from

Only for 5-OHFT and 5,7-diOHFT (and 5-OGHT) were we benzophenone dty. = 355 nm;et of 6500 Mt cm™* (at 520
unable to measure thgr by energy transfer (see later discus- nm)® was used for the donor (benzophenone).
sion). All measurements were carried out at-22 °C; the solutions

The smaller solubility ofs-carotene in other solvents, the were saturated by bubbling with argon. The experimental errors
reactivity of benzophenone in ethanol (EtOH), and the generally on 71 were estimated to be abot#tl 0% while those ort and
short-lived triplet of flavothiones in EtOH prevented the use of ¢t were+15%.
the same method to obtaity in EtOH, acetonitrile (MeCN), The singlet oxygen yieldsy) were determined by measuring
and the hydrogen-bonding trifluoroethanol (TFE), which is able the phosphorescence intensity of(¥\g) with a germanium
to destabilize thae, 7* states. For these reasouis,in the more diode detector in air-equilibrated solutiolsThe amplified
polar solvents was obtained from the singlet-oxygen quantum signal extrapolated at zero time was plotted as a function of
yields in air-equilibrated solutions by assuming that the fraction laser dose. Linear relationships were obtained for all substrates
of triplet quenched by molecular oxygen leading to singlet and for phenalenone (in each solvent) used as stangare (
oxygen was independent of the solvent (and taking into account0.97 4 0.03)12 The¢, values were then obtained from the ratio
the fraction of triplet quenched by the molecular oxygen in air- of the slopes of each compound to that of phenalenone
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TABLE 2: Experimental Absorption Maxima ( Aexp) and Extinction Coefficients () of Flavothiones in Benzene and Electronic
Transitions Calculated by the INDO/1-Cl Semiempirical Method after Geometrical Optimization with INDO/1

Cl
compound transition Aexp (NM) € (10*M~cm™?) Acal (NM) f % orbitals
FT S—S 569 0.005 582 0.000 04 78 Nu—1— m.*
S—S 392 1.85 381 0.52 91 Ty m*
S— S 319 320 0.089 66 T — TTL+1*
S—S 305 0.000 90 81 g = *
S—S 316 1.89 298 0.45 53 -2 m.*
22 T~ T+1*
3-OHFT S—S 574 0.000 01 86 Nu—1— .*
S—S 435 2.38 404 0.62 93 Ty — .*
S— S 354 1.52 338 0.20 56 -2 ¥
35 T~ TL+1*
S—S 302 0.42 57 Ty TTL+1*
5-OHFT I—S 608 625 0.000 002 7 W *
S—S 398 1.36 372 0.53 88 -1 ¥
S— S 326 1.54 340 0.13 74 -2~ ¥
S—S 329 0.000 38 83 Ny — TL+1*
S—S 316 0.018 42 -1 TL+1*
6-OHFT S—S 562 0.005 577 0.000 01 79 Nu—1— m.*
S—S 409 1.80 391 0.48 90 Ty ¥
S— S 345 1.42 337 0.16 43 TTy—2— m.*
34 JH— JTL+1*
S—S 311 1.18 313 0.24 35 TTy—2— m.*
49 JH— JTL+1*
7-OHFT S—S 548 0.006 569 0.000 04 7 why— o *
S—S 393 1.51 383 0.42 90 Ty — ¥
S— S 338 1.93 328 0.43 60 TTy—2— m.*
29 Ty TL+1*
So i S4 303 0.0013 77 NH—1— 7T +1*
S— S 300(s) 1.00 302 0.39 26 -2 ¥
56 T~ TL+1*
3,6-diOHFT 2—S 569 0.000 08 86 Nu—1— m.*
S—S 446 1.84 412 0.55 92 T — ¥
S— S 371 1.49 356 0.27 67 TTy—2— m.*
So_’ S4 310 0.24 59 JTH_’JTL+1*
5,7-diOHFT 22— S 651 0.000 08 77 ny— m.*
S—S 381 1.90 378 0.44 88 -1 m.*
S— S 332 1.77 332 0.13 52 Ny — 7TL+1*
S—S 330 0.26 44 TTH—2— m.*

aValue obtained with 5-methoxyflavothione.

multiplied by the knownp, of the standard. At least 50 kinetic 6000
measurements were averaged for each solution.

Quantum mechanical calculations were performed using the
Ceriug software. Transition energies and oscillator strengths
were obtained by INDO/1-ClI calculations, after geometrical
optimization with the INDO/1 modé¥ In all cases, electron
excitations (singly excited) from the 20 highest occupied to the
20 lowest virtual molecular orbitals were used.

4000 -

Intensity (a.u.)

g

Results

Singlet=Singlet Absorption. Figure 1 shows the absorption
spectra of a series of hydroxy-substituted flavothiones in benzene
and water (pH= 14). The spectra in benzene are strongly red-
shifted with respect to those of the parent flavones, the largest e mr =m0 200 =0 PR
bathochromic shift being observed with 3,6-dihydroxyflavo-
thione. In polar solvents such as methanol, the spectra (not )
shown) are blue-shifted by-24 nm with respect to benzene Figure 2. FIuo_rescencg and phosphorescence spectra in 3-methylpen-
and an additional absorption band was observed at Iongertane at 298 K: (a) FT; (b) 6-OHFT; (c) 7-OHFT.
wavelengths. Addition of a drop of concentrated HCI or the the compounds. TheS> Si(n, #*) transition is clearly observed
use of carefully dried methanol removes this band, while for the following compounds: FT, 6-OHFT and 7-OHFT, and
addition of concentrated NaOH increases its intensity at the 5-OCHFT. In Table 2, experimental (in benzene) and calculated
expenses of the remaining absorption bands. The spectratransition wavelengths are given for the hydroxy compounds.

Wawelength / nrm

obtained in water at pH= 14 show this same band, which is Fluorescence and Phosphorescencéhe same three com-
assigned to the anionic forms of the compounds. Acidification pounds in the series (FT, 6-OHFT, and 7-OHFT) show
of the aqueous solutions with HCI induces precipitation. fluorescence emission fromp, $Figure 2).

Figure 1 also shows the red edge of the absorption spectrain The fluorescence quantum yieldg:) are low, and the
benzene, measured in 10 cm optical length cells, for some of fluorescence decays are single exponential with lifetimgs (
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TABLE 3: Fluorescence Maxima @r), Quantum Yields (¢x), LI B A L R
and Lifetimes (z;) in 3-Methylpentane (3MeP), Benzene, and A 1
Methanol (MeOH) at 293 K, Triplet Energies (Et) from

Phosphorescence Maxima, and Phosphorescence Lifetimes

o
2

(z5) in 3MeP and MeOH at 77 K j
/1f (i)f Tf Er Tp (/lS), :E 0.0
compound solvent (nm) (104 (ps) (cm) 77K =]
FT 3-MeP 490 54 11 15900 59 % 05
benzene 499 3.8 8.0
MeOH 479 1.8 7.3 16200 49 I
6-OHFT  3-MeP 484 47 16000 82 1.0
benzene 486 3.7 <3 '
MeOH 470 0.8 3.9 16 400 90 300 400 500 600 700 800
7-OHFT  3-MeP 496 4.4 15700 58 A (nm)
benzene 490 2.5 3.6 Figure 4. Triplet—triplet spectra of FTQ), 3-OHFT (1), and 6-OHFT
MeOH 480 06 34 16750 62 (©) in benzene Ae = 355 nm). Inset: Decay and recovery kinetics
of FT recorded at 360 (a) and 400 (b) nm.
300000 T T T T T T T T
TABLE 4: Triplet —triplet Absorption Wavelengths (Amax),
250000 |- a8 . Triplet Lifetimes (zr), and Quantum Yields of Triplet
9 Formation (¢r) of Hydroxyflavothiones, in Benzene, Ethanol
A (EtOH), Acetonitrile (MeCN), and Trifluoroethanol (TFE) at
__ 200000 o § 295 K
3 Eo
s er?
= 150000 |- :' l'. B . B T (M—l
§ ; AN compound  solvent Amax(nm) (us) cm™) ¢r  or°
£ 10000 iy LN T FT benzene 360, 480 0.93 7600 1.0
R 1 EtOH 355,480 0.04 7458 0.90 1.0
50000 |- MeCN 350, 490 0.31 7300 0.93 1.0
TFE 355, 480 0.70 7450 0.95 0.86
N ) o 3-OHFT  benzene 320,380,520 7.1 1700 1.0
0= o0 =0 =0 =0 P S—— EtOH 370,480 59 2350 0.95
Wanelength / nm MeCN 370, 480 3.6 3500 0.89
TFE 370,510 6.3 3400 1.0
Figure 3. Phosphorecence spectra in 3-methylpentane at 77 K: (a) 6-OHFT benzene 370, 480, 750 1.6 4400 0.96
FT; (b) 6-OHFT; (c) 7-OHFT. EtOH 350, 465, 670 0.10 4800 0.85
MeCN 365, 470 0.63 4700 0.87
in the picosecond region (Table 3). Bathandzs are markedly -L'Z'r:-lzene"'ggo 505, 710 10-191 3%%5&0 0.08 0.83
decreased in polar solvents. In methanol, the lifetimes of EOH & 0.08 o091
6-OHFT and 7-OHFT are shorter than the time resolution of MeCN 370, 505 0.38 3900 0.73
our equipment 3 ps). . TFE 515 0.45 1400 0.70
The emission spectra of FT, 6-OHFT, and 7-OHFT show a 3,6-diOHFT benzene 325, 395, 480, 572.0 1250 0.96
second emission band, phosphorescence, at longer wavelengths EtOH ~ 300, 480, 580 9.1 750 0.93
- MeCN 470, 570 7.1 1540 1.0
at room temperature (Figure 2). The phosphorescence spectra TEE 290. 560 81 2500 0.95

in 3-methylpentane (3MeP) at 77 K, Figure 3, show maxima at o o ) ) )
about the same wavelengths25 nm blue-shifted at 77 K). a E_xtlnctlon coefficient of the _underllned max[muﬁObtalned from
. . the singlet-oxygen quantum yields by assuming thenf&asured in
Data on the phosphorescence maxima (also considered 0 bgenzene (see textyAverage of the measured values in benzene and
the 0-0 band) and the lifetimes) in 3-methylpentane (3MeP)  MeCN. ¢ Values obtained from the ratiesgr/¢r). © The triplet-triplet
and methanol (MeOH), at 77 K, are also shown in Table 3. absorption spectrum is strongly hidden by the absorption of a
Triplet Properties. Upon laser excitation, {F-T, transitions ~ Photoproduct and by the recovering of the ground state.
of FT and its hydroxy derivatives were detected, mainly in the he triplet decay only for FT and for 5-OHFT in benzene; see
300-550 nm region, just after the laser pulse. The lowest triplet fyrther analysis in the Discussion section. Triplaiplet
state decayed by first-order kinetics and was quenched efficiently ghsorption maxima, triplet lifetimes-), extinction coefficients
by molecular oxygenkox = 2.5-5 x 10° M~* s™) and by for T—T absorptions &), and quantum yields of triplet
p-carotene (low-energy triplet acceptor) to produce singlet formation 1) in benzene, MeCN, EtOH, and TFE are given
oxygen and the Jof -carotene, respectively. Furthermore, the i, Taple 4.
lowest triplet states of FT and hydroxyflavothiones were  quenching experiments of the lowest triplet state of FT and
sensitized by benzophenone, a well-known high-energy triplet 3.OHFT by i-ButOH were performed by recording the triplet
donor. lifetime in TFE. The linear plots reported in Figure 5 show the
The spectra of three representative hydroxy cases (FT,different behavior of the two triplets. In fact,;Tof FT is
3-OHFT, and 6-OHFT) are shown in Figure 4. Since the quenched by i-ButOH with a quenching rate constant of2.4
absorptions of the triplet and of the ground state are in the same10® M~ s71, while 71 of 3-OHFT is practically uneffected by
spectral region, the triplet transient spectra are strongly affectedi- ButOH in a wide range of concentrations.
by the overlap between the, ¥ T,, and $ — S, absorption The ¢ values reported in the sixth column of Table 4 are
bands. generally obtained from energy-transfer experiments-tar-
Generally, the lowest triplet state was detected by direct otene, while those of the seventh column are obtained via the
irradiation. Small absorptions due to nontriplet transients singlet oxygen quantum yields measured in four solvents. With
(practically unaffected by molecular oxygen) were detected after few exceptionsgr is close to unity.
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T not greatly changed by hydroxyl substitution. The calculated
values of energy of these molecular orbitals (before CI) are
plotted in Figure 7.
~ 1.0 7 . .
" Discussion
ik Singlet Excited States.As can be seen from Table 2, for
05 T FT, the energy of §n, #*) with a maximum at 569 nm in
benzenedmax = 52 M~ cm™1), and observed by othérwith
a maximum in the vicinity of 588 nm in 3-methylpentane, is
004 ] well predicted by INDO/1 at 582 nm. The parent, chromothione,
) exhibitg a lowest $(n, #*) with a maximum at 561 nm in
[-ButOH] (M) toluene €max ~20 M~1 cm™1). In any case, for FT the lowest
Figure 5. Linear plots for the quenching of triplet lifetimes @) FT singlet state is r, 7*). The increase of solvent polarity,
and @) 3-OHFT by iso-butanol in TFE. polarizability, or hydrogen-donating ability strongly blue-shifts
TABLE 5: Quantum Yield of Singlet-Oxygen the transition, from 588 nm in 3-MP to 569 nm in benzene and
Photosensitization ) by Flavothiones in Benzene, to 508 nm in methanol.
Acetonitrile (MeCN), Trifluoroethanol (TFE), and Ethanol Hydroxyl substitution has a marked influence on the energy
(EtOH) in Air-Equilibrated Solutions ( Aexc = 355 nm) of the first three singlet excited states of flavothiones. Generally,
ba it is expected that conjugative-type substitution as OH will blue-
compound benzene MeCN TFE EtOH shift S@, 7*) transitions and red-shift ${ 7*) transitions!®
and this trend is in fact theoretically predicted for all but the
kT 0.64 0.44 0.44 0.14 5-hydroxy- and the 5,7-dihydroxy-substituted flavothiones
3-OHFT 0.59 0.62 0.62 0.56 . .
5.OHFT 0.04 <0.01 <0.01 <0.01 (Table 2). For both compounds, the(8, 7*) state is theoreti-
6-OHFT 0.61 0.48 0.48 0.15 cally predicted to be slightly blue-shifted and thgri*) state
7-OHFT 0.59 0.30 0.30 0.11 is theoretically predicted to be strongly red-shifted with respect
3,6-diOHFT 0.61 0.57 0.57 0.56 to the unsubstituted flavothione (Table 2). Note the quite
5,7-diOHFT 0.05 <0.01 <0.01 <0.01

acceptable agreement of theory with experiment with respect
] ) to these differences (Table 2), namely, th€:S *) state is

Thegr values of FT in EtOH, MeCN, and TFE (inthe 0:90  eyperimentally red-shifted with respect to FT, for all compounds,
0.95 range) were obtained from the prodegpr and from the  except for 5,7-diOHFT where it is blue-shifted. The reason for
er's measured by energy transfer from benzophenone (in thehe exceptional behavior of 5-OHFT and 5,7-diOHFT clearly
case of MeCN) or estimated as the mean values otitsein emerges from observation of Figure 7, where the theoretical
benzene and MeCN (in the cases of EtOH and TFE). energies of the molecular orbitals are plotted: thaolecular

The triplet yields of the hydroxy derivatives are generally orbital (basically a linear combination of the nonbonding orbitals
high and close to unity in benzene, except for 5-OHFT and 5,7- of sulfur) is raised in energy (becomes the HOM®), and
diOHFT. There appears to be a very small sensitization of the 7 is lowered (becomes HOMG 1, 74_4) in the cases of
j-carotene and oxygen by the latter compounds, but no oxygenthe 5-hydroxy-substituted compounds. Since thst&te is 88%
quenchable signal could be clearly seen. Therefore, we estimatehe z;_;— 7 * configuration and $is 77% theny — 7.*, the
the amount of any triplet produced wa$%. The 5-OCHFT Si(n, *) is lowered in energy (red-shifted) and the(8, 7*)
gave a parallel result. is raised (blue-shifted).

Singlet-Oxygen Quantum Yields.The singlet oxygen yields The influence of the position of substitution on the extent of
are given in Table 5 for four different solvents. Note that for energy lowering of the £z, 7*) and (i, n*) states for the
all of the hydroxy derivatives, except 5-OHFT and 5,7-diOHFT, remaining compounds is also understood after observation of
the ¢a’s in Bz are similar,~0.6, and less thagr. As noted the contour orbitals in Figure 6. The(g, 7*) state in FT is a
just above, essentially no singlet oxygen was produced eitherslightly perturbedry — 7. * configuration (Table 2), and the
from 5-OHFT and 5,7-diOHFT or from 5-OGHT. Also these 74 molecular orbital has its largest electron density on carbon
values are about the same in acetonitrile and TFE as well, but3 (Figure 6). Consequently, the largest bathochromic shifts of
all except 3-OHFT and 3,6-diOHFT decrease markedly in the S state are induced by 3-hydroxy substitution.

ETOH. We will consider the reasons for this in the Discussion  Then — z* transitions are observable as the lowest energy
section. transition in three thiones (FT, 6-OHFT, and 7-OHFT) as well

IH NMR Spectra. Proton NMR spectra of 5-OHFT and 5,7-  as in 5-OCHFT, as noted earlier. In the cases of 3-OHFT and
diOHFT in dimethyl sulfoxide show a sharp signal at 13.6 ppm. 3,6-diOHFT, even though their oscillator strengths are as high
This shift at very low field is typical of a hydrogen-bonded as any of the other four, thegS> S, transition is more red-
hydroxyl proton. The hydroxyl proton for 3-OHFT and 3,6- shifted than any of the others and it is very likely that the weak
diOHFT shows a signal at higher field (9.0 ppm), and for n— z* transition is lost in the tail of the much stronges S
6-OHFT and 7-OHFT no signal is observed. S, transition.

Theoretical Calculations. The theoretical values of wave- Also recall that fluorescence was observed only for the same
lengths and oscillator strengths of the relevant electronic three thiones (FT, 6-OHFT, and 7-OHFT). The-SS; energy
transitions (the lowest five singlet states) for FT and the gap for these is in the 7086@200 cnt?! region, while for
hydroxyflavothiones are given in Table 3. The contours of the 3-hydroxy and 3,6-dihydroxy it is in the 456100 cnT?! range.
molecular orbitals involved in the electronic transitions of FT It is likely in the latter two cases that vibrational relaxation is
are represented in Figure 6; the subscript H stands for thetotally or largely competitive with fluorescence from n- >
HOMO, H — 1 for next occupied orbital, etc., and L means 1 x 10" s71). In the cases of the 5-hydroxy-substituted
LUMO, L + 1, the next unoccupied, etc. These contours are flavothiones, the 8— S; energy gap is as great as for the
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T 4+1"
2 —
o el ...
5
E (eV)

-4 [
5 L

S H-1
PP s L,
oo | __.‘-:TH-2

Figure 6. Frontier molecular orbitals of FT calculated by INDO/1.

compounds that fluoresce, but we believe that these may showin EtOH is assigned as essentially the reciprocal rate constant
intramolecular proton transfer (see later discussion), which is for hydrogen-atom abstraction from EtOH by the FT triplet to
known to be fast and dominant over any fluorescence emissionproduce the FFH- radical. All the foregoing is further verified

process from the original molecule. by the fact that the decay time of FT in TFE is strongly
Triplet States. On the basis of the triplet lifetimes, the quenched by i-ButOH (see Figure 5). The OJ&ldecay time
hydroxy compounds can be divided into three grougoup 1 is unaffected by the presence of oxygen, while the other

(FT, 6-OHFT, and 7-OHFT), having & shorter than s in component at 350 nm (decay time of 46) is shortened to 6
benzene, which is further markedly reduced to less than 100 nsus. Additional information to be published elsewhere utilizing
in EtOH, group 2 (3-OHFT and 3,6-diOHFT), witht longer steady-state photochemical data obtained in several solfents
than 6 us even in EtOH, and group 3 (5-OHFT and 5,7- clearly indicate that the foregoing result is a consequence of
diOHFT), showing essentially no triplet-state occupation. the fact that the FFH* radical reacts with oxygen to form the
Group 1.First, in the case of FT the spectra in benzene, EtOH, flavone. The longer 200s decay time, seen as a component in
MeCN, and TFE all look similar (Figure 4). In benzene, there the recover (at 400 nm), could then be the result of reforming
is one first-order decay of &s, which is similar to those in  the ground state via radicatadical reactions outside the solvent
MeCN and TFE. However, in EtOH, while the decay at 480 cage. On the basis of all of the foregoing, the lowest triplet
nm is single exponential with a decay time equal to Q.84 state is assigned as 7*.
the 350 nm (decay) and 400 nm (recovery) regions are double In the case of 6-OHFT and 7-OHFT, the decay and recovery
exponential: a common decay time of 0.04 and a longer decay times in benzene are the samé.p us) and essentially
one (40us at 350 nm and 20@s at 400 nm). On the basis of the same as FT. In EtOH, the foregoing are shortenedtd
the well-known H-atom abstraction capability of thiones in us, quite similar to that of FT in EtOH. On the basis of the
alcohols, but not in benzene, MeCN, or TFE, the single lifetime parallel behaviorand lifetimes of 6-OHFT and 7-OHFT
in the latter three solvents is assigned as that of the nonreactingcompared to FT in the same solvents, we assign the lowest triplet
triplet (not including ground-state quenching). The decay time state of these two compounds to bex". An appropriate
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E/ev A However, as is the case for 5-OHFT, essentially no triplet was
0.000 | Tt — ——— observed and no phosphorescence was observed. Thus, the two
situations look similar but, of course, no proton transfer can
0.020 occur in the 5-OCHFT case. Therefore, there must be another
I reason for the results concerning theof the 5-OCHFT (very
0.040| ZE—. ——— small or absent), and that must originate from the relative
relationship of the energy locations of the lowest two excited
g singlet and triplet states; see below.

fr

An appropriate energy level diagram based on parallel
information obtained for group 3 is given in Figure 8. Note

-0.250
that intersystem crossing from eithey(i$ 7*) to T1(n, 7*) or
0270 |~ Sy(7r, *) to To(m, 7*) is configurationally forbidder” More-
Dh1 over, the energy separation of&d S is large (10 000 cntY),
-0.290 and any second-order contribution via vibronic coupling would
be negligible. A parallel energy level diagram would also be
0310/ appropriate for the 5-hydroxy- and 5,7-dihydroxy compounds.
-;;”—3- Finally, recall that fluorescence is observed from 5-QCH
0330 —E—- FT but not from either of the two hydroxy derivatives. We

FT  3-OH 6-OH 3,6-diOH 5-OH 57-diOH 7-OH believe that this could originate from a fast proton transfer from
Figure 7. Energies before configuration interaction of the fronter —OH to the S atom in the hydroxy-substituted cases, which
molecular orbitals in the series of hydroxy-substituted flavothione.  could quench any potential fluorescence.
Mechanisms of Intersystem CrossingFor group 1 com-
_Simnt) pounds (FT, 6-OHFT, and 7-OHFT), the lowest excited singlet

Sa(mm%) ; : .
EEE— Sum) and triplet states are, #*. The mechanism of intersystem
E— crossing is then proposed to be
SO vib
E To(n, ) *) 25 *) — *
Sin) T (n, %) — Ty, w*) — Ty(n, )
Silam) To(m,7*) — TAnm¥) Siert) Sl z !
e T(m,n*) _Ninms)

where SO signifies occurrence via the sporbital coupling

operator and vib signifies occurrence via the vibronic operator.
GROUP 1 | GROUP2 ' {GROU“ For group 2 compounds (3-OHFT and 3,6-diOHFT), clear

Figure 8. Schematic energy level diagram for the ordering of the two observation of am — * trar_lsmon was not ppSSIbIe. Nonethe-
lowest excited singlet and triplet states for group 1, 2, and 3 type |€Ss, theory (Table 2) predicts the lowest singlehas*. We,
compounds (see text for components of each group). perhaps, can have more faith than usual in the calculation since
the predicted and experimental values for FT and 6-OHFT (and

schematic energy level diagram for group 1 compounds, basedpossibly 7-OHFT) are in very good agreement. Thus, we assign
on calculations, absorption, flash, and phosphorescence datathe lowest energy singlet asz*, and the lowest energy triplet
as well as the $( 7*) — T(n, 7*) [~1000 cnTl] and Sfr, 7*) is &, m*, vide infra. Thus, the mechanism proposed for
— T(m, *) [ ~8200 cnl] energy separations determined from  intersystem crossing is
FT and 3-methoxyflavothione respectively, appears in Figure
8. xS9O *

Group 2.In these cases (the 3-OH substituted cases), the Sy, ) Talew, 7
lifetimes of decay and recovery in benzene are 7 andig,2
very much longer (#12-fold) than for the compounds in group
1. Furthermore, in EtOH, the lifetimes are essentially the same

(6 and 9us). Thus, no quenching process is present; that is, it o .
is clear that H-abstraction does not occur. Therefore, we assignacetonitrile, and trifluoroethanol show about the sain€0.6)
the transient as a triplet and the lowest triplet stateras* except for 5-OHFT and 5,7-diOHFT. In ETOH, however, the

based on the longer lifetimes and lack of H-atom abstraction in 970UP 1 compounds undergo a marked decreagg.iive have

EtOH. Since recovery is not quite to the baseline, some small 35Signed the lowest triplet state in these compounds as.
amount of net photochemistry does occur. An appropriate ' the 3-substituted compounds (group 2) rist*. Therefore,

schematic energy level diagram based on parallel information € reason for the foregoing changes ¢ in ETOH for
as obtained for group 1 is given in Figure 8. compounds in group 1 is that a competitiveatbm abstraction

Group 3. For the compounds in this group, essentially no "€action occurs from T =*), simultaneously with energy
triplet transients were detected upon laser excitation in any ansfer to oxygen, thus lowering tiig (Table 5) and shortening
solvent. At first we believed that the reason for this result for th_e” (Table_ 4). F*or 3'O_HFT _an(_i 3’.6.'d'OHFT’ since the onvest
the two hydroxy compounds was an intramolecular proton _tnplet state ist, 7%, relatively insignificant H-atqm abstractlon
transfer in the singlet manifold competing with triplet formation. IS expected in general, and therefore, gheremains high even
process would compete withsc and very significantly lower tr is not shortened (Table 4).
¢, as is observed. Recall that ground-state H-bonding occurs,
as determined by NMR, and fluorescence is absent. Also no
phosphorescence is observed for the 5-OH-substituted cases. The addition of OH groups to FT generally causes varying
To attempt to verify this idea, we synthesized the 5-QEH degrees of red-shift of the first strong absorption band, the S

For group 3 recall that essentially no intersystem crossing
occurs.
Singlet-Oxygen Yields.All of the flavothiones in benzene,

Conclusions
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— S, transition, with 3,6-diOH substitution causing the largest photosensitizers via a H-atom extraction mechanism or act via
red-shift. The exception is 5,7-diOHFT. formation of singlet oxygen in an environment where H-atom
The position of OH substitution and the number of OH groups abstraction was relatively noncompetitive (as in a benzene-like,
added can cause some dramatic differences in photophysicakcetonitrile-like, or perhaps a water environment).
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