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To study the nature of quenching, we used stable nitroxide radicals (most of which contain piperidine or
pyrrolidine rings) as quenchers of triplet hematoporphyrin as well as of singlet molecular oxygen. A
characteristic feature of quenching triplet porphyrin is a near-diffusion-limited rate constant, whereas the rate
constant for quenching singlet oxygen is about three orders of magnitude lower. Accessibility of the nitroxide
moiety in radicals was characterized quantitatively based on semi-empirical calculations (at AM1 level), with
the use of van der Waals radii of the species. While variation in the rate constant values for quenching triplet
porphyrin can be fully explained by the steric hindrance of the neighbouring groups of the nitroxide radical, no
such effect can be observed in quenching singlet oxygen.

Introduction. — Investigations aimed at the study of quenching triplet states by
doublets were initiated by the seminal paper of Hoytink [1]. Three alternatives for the
mechanism of quenching were invoked in related publications, namely enhanced
intersystem crossing due to electron-exchange interaction (EISC; Egn. 1) [2-4],
charge-transfer quenching ( Egn. 2) [3][5][6], and energy-transfer quenching ( Egn. 3)
[4]1[7]. In Egns. 1 -3, * denotes excited species, *M* is the excited molecule, and ?R" is
the quencher.

M 4 2R" - [M*...R*| — M 4 2R" (1)
M 4+ 2R" — [M?*.. . R¥ "] — M + ?R* )
M 4 2R" — M + (PR or “R"*) (3)

Consensus has been reached in the observation that below a certain level of
excitation energy (roughly 180 kJ/mol for aromatic hydrocarbons, 140 kJ/mol for
polyenes [8]), an electron-exchange interaction is the only realistic possibility. The
probability of participation of other quenching channels greatly depends on the nature
of the excited state in case of higher excitation energies. However, even in the case of
EISC due to electron-exchange interaction, the rate constant of quenching may vary
considerably (from 10° m~!s7! for singlet oxygen [9] to 10°M~!s™! for aromatic
hydrocarbons [10]), and hardly any explanation has been offered in the literature for
the variability of this value.

In the nineties, the focus of interest shifted to the observation of chemically induced
dynamic electron polarization during such quenching interactions [11]. Recently, the
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radicals have been covalently attached to the chromophore to exclude diffusion
phenomena [12].

While a great variety of excited-state molecules were included in these studies, very
few papers have been published where the structure of the quenching radical was
changed systematically. The greatest number of stable free radicals were examined in
[9], albeit only for the quenching of singlet molecular oxygen. Therefore, it seemed
expedient to test the quenching ability of various nitroxide radicals towards a chosen
triplet (we used hematoporphyrin). One of the experimental techniques used (vide
infra) enabled us to measure simultaneously the quenching ability of the radicals
towards singlet oxygen. The structure and name of the free radicals 1-13 examined in
this study are summarized in Table 1.

Results. — The bulk of the rate constant values used here have been published
earlier [21-23]. Since [23], where most values have been published, is not widely
available, some explanation regarding the measurement method seems to be
appropriate. The rate constants of the quenching of triplet hematoporphyrin by stable
free radicals were measured by at least one of the following two methods.

The direct method requires deoxygenated samples — in this case the quenching
competes with the natural decay of the triplet only, according to Egns. 4 and 5, where
3P* denotes triplet porphyrin. Since the latter process can be characterized by a rate
constant of roughly 10* s™' for porphyrins, low concentration of the free radicals
(ranging between 10-300 um) was sufficient to significantly reduce the lifetime of the
triplet. A typical plot of the apparent decay rate constant of triplet hematoporphyrin
against radical concentration is shown in Fig. 1.

3P 4 2R" — P 4 2R" (4)
3Pk 1p (5)

The indirect method suggested earlier [21] is based on the measurement of singlet
oxygen production in air-saturated samples, by means of a time-resolved apparatus. In
this case, quenching of the triplet by free radicals competes with quenching by ground-
state oxygen (Egn. 6); therefore, a free-radical concentration of up to a few mm was
required to achieve a significant reduction in singlet-oxygen production.

3P>l< +302—>1P+102* (6)

A typical Stern-Volmer-type plot (initial intensity of singlet-oxygen emission in the
absence of the quencher divided by the initial intensity at various quencher
concentrations against quencher concentration) is shown in Fig. 2. As can be seen,
accuracy of the determination of the slope is not much lower than attained by the direct
method, while the time-consuming process of deoxygenation can be avoided. Such
plots yield k,/(ks[ O,]), i.e. the ratio of the rate constant of quenching by the free radical
over the rate constant of quenching by ground-state oxygen multiplied by the
concentration of oxygen. Therefore, we measured the lifetime of triplet hematopor-
phyrin in air-saturated MeCN. Since, under such conditions, triplet decay is governed
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Table 1. Stable Free Radicals Employed in this Study

Name Formula Chemical Abstracts  Related
registry number ref.
1 2,5-Dihydro-3-(hydroxymethyl)-2,2,5,5- OH 55738-75-5 [13]
tetramethyl-1H-pyrrol-1-yloxy @
Q-
2 4-Azido-2,2,6,6-tetramethylpiperidin-1-yloxy Ns [14]
I
[o])
3 Bis[4-(tert-butyl)phenyl nitroxide - 3454900-3 [15]
oy
4  cis-3-Benzoyl-2,2,5,5-tetramethyl-4- O Q 119580-56-2 [16]
phenylpyrrolidin-1-yloxy O
N
|
O
5 4-lodo-2,2,6,6-tetramethylpiperidin-1-yloxy ! [14]
ﬁi}
o
6 4-Bromo-2,2,6,6-tetramethylpiperidin-1-yloxy Br 3225-25-0 [17]
753(
O
7 4-(2,5-Dihydro-2,5-dioxo-1H-pyrrol-1-yl)- o 15178-63-9 [18]
2,2,6,6-tetramethylpiperidin-1-yloxy ~N o
N
o}
8 2-(4-Fluoro-3-nitrophenyl)-2,5,5- o 124189-86-2 [19]
trimethylpyrrolidin-1-yloxy \L
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Table 1 (cont.) Stable Free Radicals Employed in this Study

Name Formula Chemical Abstracts Related
registry number ref.

[14]

9 (2R,6S)-2,6-Dimethyl-2,6-diphenylpiperidin-1-yloxy

10 (2R,6R)-2,6-Dimethyl-2,6-diphenylpiperidin-1-yloxy

9 :

11 cis-2,5-Bis(4-hydroxy-3-nitrophenyl)-2,5- " Q [14]
dimethylpyrrolidin-1-yloxy P ‘\ o

|
< 7
d

12 trans-2,5-Bis(4-hydroxy-3-nitrophenyl)- 124190-06-3 [19]
2,5-dimethylpyrrolidin-1-yloxy deH
i
O// -

Ho.
o==N

AY
o

13 2,2,6,6-Tetramethyl-piperidin-1-yloxy (TEMPO) 2564-83-2

exclusively by Egn. 6, this measurement yields k¢ O,] directly: we obtained 2.23- 109
s7!, in good agreement with literature values for similar triplets [24][25]. With this
value, the results of direct and indirect measurements can be compared. The agreement
between the two methods is quite good in most cases; only in case of radical 3, the two
values are somewhat different. The result of this comparison justifies the application of
the indirect method as well.

The phosphorescence quantum yield of singlet oxygen is enhanced by a high
concentration of stable nitroxide radicals [26]. However, such an effect cannot be
observed at the concentration level of the radicals employed in our study.

Quenching rate constant values are summarized in 7Table 2. The indirect method
furnished also the rate constant of the quenching of singlet oxygen by these radicals.
The measurement of the initial intensity of singlet-oxygen emission necessitates the
determination of the rate constant value for the process of Egn. 7, since the initial
intensity can be determined only by extrapolating the decreasing singlet oxygen
emission intensity to the time of the laser pulse. The quenching rate constant values
measured are summarized in Table 3.

10,% +2R* — O, + R (7)

The screening effect of the neighbouring groups of nitroxide radicals was quantified
in the following way. The optimal geometry of the compounds was approximated by
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Fig. 1. Typical plot of hematoporphyrin triplet decay rate constant against quencher concentration. Solvent,
MeCN ; hematoporphyrin concentration, 2-10-° M; quencher, radical 13 (TEMPO).

3.0+

1.0 - . - . : . .
0 1 2 3

[Radical 3]/mM

Fig. 2. Typical plot of initial intensity 1, of singlet-oxygen emission in the absence of the quencher divided by the
intensity 1 at various quencher concentrations against quencher concentration. Solvent, MeCN ; hematoporphyrin
concentration, 1.6 - 10~* M; quencher, radical 3.
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Table 2. Rate Constants of Quenching of Triplet Hematoporphyrin by the Stable Nitroxide Radicals 1-13

1 2 3 4 5 6 7 8 9 0 1 12 13
k/10°M~'s7! Direct 132 %) 125 2) 1.44 ) — - - 0.78 %) - - - - - 124 9)
method
Indirect 124 #) 1.18 ©) 1.16 ) 1.02 #) 0.94 ©) 0.91 *) 0.88 *) 0.75 €) 0.57 ®) 0.45 ®) 0.204 ©) 0.142 ?) —
method

2)[23]. ®) [22]. ©) [21]. ) This work.

Table 3. Rate Constants of Quenching of Singlet Molecular Oxygen by Stable Nitroxide Radicals 1-12

1 2 3 4 5 6 7 8 9 10 11 12
k/106M's7! 3.0%) 83°) 75 038%) 037%) 0.142) 0262 0.17°) 104?) 572 031°) 042%?)

Y [23]. ) [21].

semi-empirical calculations on the AM1 level. Accuracy of the geometry optimization
was checked by density functional theory (DFT) approximation using 6-31G(d,p) basis
set [27] for radical 13. The free radicals used in this study may exist in several
conformers. Theoretically, those in 5-membered rings can attain two conformers (axial
or equatorial orientation of O* of the nitroxide moiety), those in 6-membered rings can
attain up to 8 conformers (chair or twisted configuration of the skeleton, axial or
equatorial position of O of the nitroxide group as well as of the substituent at position
4). The relative weight of the various conformers was estimated by means of the heat of
formation supplied by the AMI1 calculation. The equilibrium constant K between the
conformer with the lowest heat of formation and any other conformer was calculated
by Egn. 8, where R is the gas constant, T the absolute temperature, H the heat of
formation of the conformer in question, and H,;, the heat of formation of the
conformer with the lowest H value. Solvent molecules were not included in these
calculations, since their effect on the relative heat of formation is not expected to be
significant at the accuracy of the AM1 approximation. As an example, the heats of
formation and the relative concentrations of various conformers of radical 6 are given
in Table 4.

—RTInK=AG~H-H,,, (8)

Table 4. Heats of Formation and Equilibrium Concentration of the Various Conformers of Radical 6

Skeleton Orientation Orientation Heat of Equilibrium concentration
conformation of O° of Br formation [kJ/mol] [relative units]

chair axial axial —-422 0.00027

chair axial equatorial —-575 0.136

chair equatorial axial —46.6 0.0016

chair equatorial equatorial —61.8 0.800

twisted axial axial —50.6 0.0083

twisted axial equatorial —514 0.0115

twisted equatorial axial —42.6 0.00033

twisted equatorial equatorial —54.6 0.042
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The accessibility of the nitroxide moiety of each conformer was calculated by means of
the hard-sphere model (see Exper. Part). The excited-state molecules (porphyrin and
oxygen) were approximated by a sphere. Even though this is a rough approximation, it
should reflect the differences in accessibility correctly, since rotational movements are
much faster than diffusion. As an example, accessibility of the nitroxide moiety in
various conformers of radical 6 is shown in Table 5.

Table 5. Relative Accessibility of the Nitroxide Moiety in the Various Conformers of Radical 6

Skeleton Orientation Orientation  Accessibility of the Accessibility of the Accessibility of the
conformation of O° of Br N-atom O-atom nitroxide moiety
weighted by the
concentration
of the conformer
by by free vdW?) by by free vdW ®) by by
oxygen porphyrin surface oxygen porphyrin surface oxygen porphyrin
chair axial axial 0 0 0.1209 0.1640  0.0775 0.5619 0.0000  0.0000
chair axial equatorial 0 0 0.1218 0.1715  0.0849 0.5753 0.0117  0.0058
chair equatorial  axial 0 0 0.0928 0.1476  0.0658 0.8604 0.0001  0.0001
chair equatorial  equatorial 0 0 0.1153 0.1693  0.0837 0.5981 0.0678  0.0335
twisted axial axial 0 0 0.1181 0.1701  0.0850 0.5799 0.0007  0.0004
twisted axial equatorial 0 0 0.1165 0.1769  0.0841 0.5733 0.0010  0.0005
twisted equatorial  axial 0 0 0.1161 0.1704  0.0853 0.5867 0.0000  0.0000
twisted equatorial  equatorial 0 0 0.1138 0.1703  0.0829 0.5965 0.0035  0.0017
Total accessibility of the nitroxide moiety weighted by the equilibrium concentration of the conformers 0.0849  0.0419

*) vdW = Van der Waals.

Not surprisingly, the large porphyrin molecule cannot get in touch with the N-atom
of the nitroxide group, and, in some cases, it can approach its O-atom from only very
few directions. Accessibility by oxygen is much greater, but still negligible for the N-
atom. It should be stated that the accuracy of the accessibility of the nitroxide moiety
decreases together with this value (this is characteristic of the Monte Carlo technique).
Accessibility of the nitroxide moiety of the various free radicals are summarized in
Table 6, where the relative weight of the various conformers has been already taken
into consideration.

Table 6. Relative Accessibility of the Nitroxide Moiety of the Stable Free Radicals 1-13

1 2 3 4 5 6 7 8 9 10 11 12 13

Accessibility  0.1056  0.0844 0.0291 0.0950 0.0815 0.0848 0.0833 0.0825 0.0573 0.0539 0.0627 0.0389 0.0830
by oxygen
Accessibility  0.0553  0.0417 0.0290 0.0479 0.0397 0.0419 0.0430 0.0280 0.0230 0.0130 0.0175 0.0012 0.0404
by porphyrin

Discussion. — Quenching of triplet hematoporphyrin by the stable free radicals 1—
13 should proceed by EISC due to electron-exchange interaction, according to the
process of Egn. 1, since the other two alternatives, the processes of Egns. 2 and 3, are
unlikely to occur. The absorption spectrum of these radicals reveals a band in the blue,
and a near-UV part of the spectrum [28], much higher in energy than available to triplet
hematoporphyrin [29]; thus, direct energy transfer can be ruled out. An estimate of the
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free-energy change in a charge-transfer interaction can be given by the Weller equation
(Eqn. 9),with AE,,~ 150 kJ/mol for hematoporphyrin [29], E®~ 0.6 V for this type of
radicals [5], and E*~—0.9 to — 1.2 V for various porphyrins [30]. Thus, AG ~—5 to
+ 24 kJ/mol, which is insufficient to justify such high quenching rate constant values;
consequently, the process of Egn. 2 can be disregarded too.

AG=965-(E™— E*) — E,, 9)

Equilibrium Concentration of Various Conformers of the Free Radicals. Radical 1 is
planar. Therefore, the two possible conformers are practically identical. Many of the
radicals containing a pyrrolidine ring do not show a great difference in the heat of
formation of the two conformers. However, the presence of Ph substituent(s) near the
nitroxide group can change this situation considerably, the ratio of the conformers for
radical 11 equals 10:1 in favor of the axial orientation of O*. Normally, the equatorial
position is favored to a lesser extent, but, in this case, O in the axial position can avoid
static repulsion from the Ph groups. The trans-stereoisomer 12, where the Ph
substituents are oriented to different sides of the molecular plane, the equatorially
oriented O is strongly favored (with a ratio of 2.5:1).

For most radicals containing a piperidine ring, the heat of formation of various
conformers are quite different, resulting in a single dominant conformer in the
equilibrium - the data in Table 4 are typical from this point of view. Generally, the chair
configuration with equatorially oriented substituent(s) is favored; however, in case of
radical 2, the interaction between the azido group and the rest of the molecule favors
the twisted geometry. Repulsion of the Ph substituents is visible in this series of radicals
too. In case of radical 9, the twisted geometry is favored, and the chair ring skeleton
with axial orientation of O° is not stable at all according to the semi-empirical
calculations (optimization of its geometry changes the geometry, resulting in equatorial
orientation of O*).

Variation of Nitroxide Accessibility Depending on the Conformation of Radicals.
Radicals 1 and 3 have the most open structures. In case of radical 1, the free Van der
Waals surface of the N-atom of the nitroxide moiety is ca. 13% of its total surface, but
an oxygen molecule can hardly touch it (less than 0.05% of the surface provides
acceptable geometry for touching). The N-atom of the nitroxide group cannot be
approached by oxygen let alone by porphyrin in all other radicals. Thus, nitroxide
accessibility means practically accessibility of the O-atom of the nitroxide moiety.

The accessibility of the O-atom does not change considerably for different
conformations in case of radicals containing a piperidine ring. However, the screening
effect of the Ph groups on the adjacent C-atoms is readily noticeable. Accessibility is
roughly 8% without such Ph groups, and drops to 3—-4% in case of radicals 9 and 10.

In case of the radicals containing a pyrrolidine group, similar screening effect of
neighbouring Ph groups can be observed; however, in these radicals, conformation
plays a decisive role too. In case of equatorially oriented O in radical 12, the nitroxide
group is completely shielded against approach by a porphyrin, whereas the axial
orientation allows for a meagre 0.9% accessibility.

A general trend can be observed: the nitroxide moiety of the thermodynamically
less favorable conformers can be accessed more readily than that of the more stable
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conformers. This can be rationalized in the following way. In thermodynamically less
favorable conformers, it is usually the nitroxide group that experiences stronger
repulsion due to nearby atoms. The closer the nearby atoms are on one side, the more
room remains on the other side, so the large porphyrin molecule can approach more
readily. Naturally, such subtle differences can be observed only for the different
conformers of the same radical.

Effect of Steric Factors on the Quenching Rate Constant. Plotting the quenching rate
constant values towards triplet hematoporphyrin against the accessibility of the
nitroxide group yields a readily recognizable trend, which can be approximated by a
straight line (see Fig. 3; the coefficient of regression, calculated without the values for
3, is 0.90). Thus, the screening effect of the neighboring groups may give both a
qualitative and quantitative explanation for the difference in these rate-constant values.
The only radical lying considerably off the straight line is radical 3 for which, due to
conjugation effects, the free-radical character is observable on the aromatic rings as
well, effectively enhancing its quenching ability [9].

9_
1.5:10 ] m3
1
13002
] o3 O2 ©1
1.0-10° e ©4
1 Q7
:'m 08 ®7
z 9
«q’ 5010 - 010
-012 O11
0.0 |

0.00 001 002 003 004 005 0.6
Accessibility of the nitroxide group

Fig. 3. Rate constant of quenching hematoporphyrin by the stable free radicals 1-13 against accessibility of the

nitroxide group by hematoporphyrin. Empty symbols (O, [J) denote results of the indirect method, filled

symbols (@, l) those of the direct method. Radical 3 is shown with square symbols ([J, l), all other radicals
with circles (O, @).

Extrapolation of the straight line to unit accessibility (theoretical case of no
screening effect by the neighboring groups) would yield a quenching rate constant
value of 2.4-10!° m~!s7!, reasonably close to the diffusion-controlled limit of the
encounter between reactants in MeCN (1.9 - 10 m~1s71) [31].
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The situation in the case of quenching singlet oxygen is totally different. Some of
the rate constants are considerably higher than others (without any correlation with the
accessibility of the nitroxide group), and the plot of rate constant values against
accessibility of the nitroxide group does not show the trend observed for triplet
porphyrin (see Fig. 4). Thus, the suggestion put forward by Darmanyan and Tatikolov
[9], namely that this quenching being governed by the steric hindrance in the radical,
cannot be supported by these results. It must be remembered, however, that these free
radicals contain an N-atom. Amines are generally good quenchers of singlet oxygen,
the quenching efficiency being influenced by both the ionization potential and steric
effects [32]. Since no data are available for the ionization potential of the free radicals
1-13, we are unable to separate the influences of these factors. The situation is further
complicated by substituents like the azido group, which may quench singlet oxygen in
their own right.

& ®3 o @2
®10
: ™
log k, 1
6_
012 o1 0.57 o1
8 0g;
5_

002 004 006 008  0.10
Accessibility of the nitroxide group

Fig. 4. Logarithm of the rate constant of quenching singlet oxygen by the stable free radicals 1-12 against
accessibility of the nitroxide group by oxygen.

The relative magnitude of the quenching rate constant values for quenching of the
porphyrin triplet as compared to that of singlet oxygen can be rationalized along the
line of the theoretical reasoning by Hoytink [1], established later experimentally by
Schwerzel and Caldwell [2]. Symmetry considerations require, in the case of EISC due
to electron-exchange interactions, that the excitation energy be converted to the
vibrational energy of the previously excited molecule. Porphyrins can easily accom-
modate such vibrational energy, but oxygen lacks the required number of vibrational
modes to facilitate quick quenching (most probably encounter complexes with the
solvent provide the necessary coupling).
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Experimental Part

1. Chemicals. We used hematoporphyrin dihydrochloride produced by SIGMA. Radical 13 (TEMPO) was
purchased from Aldrich (98%). Radical 3 was synthesized by Dr. L. Siimegi (Chemical Research Center,
Budapest). All other radicals were synthesised by Prof. K. Hideg (University of Pécs, Pécs, Hungary). MeCN
and MeOH, used as solvents, were HPLC-grade (Chemolab, Budapest, Hungary).

2. Rate-Constant Measurements. 2.1. Direct Method. The MeCN soln. of hematoporphyrin (2-10°to2-107*
M) containing 0-3-10~° M of the quencher was deoxygenated either by the freeze-pump-thaw method (5
cycles), or by bubbling with high-purity (99.996%) N, (minimum 15 min), and the lifetime of triplet
hematoporphyrin was measured with a conventional laser flash photolysis apparatus. The excitation source was
either a Phase-R flashlamp-pumped dye laser, or a Continuum frequency doubled Nd : YAG laser. A 150W Xe
arc served as analysing light source. Data were stored on a Datalab 904 transient recorder or directly in the
computer by means of an STR832 A/D converter card. The time resolution of the setup was ca. 1 ps (flashlamp-
pumped dye laser) or better (Nd: YAG laser).

2.2. Indirect Method. The signal of singlet-oxygen phosphorescence was measured with the same laser flash
photolysis apparatus and a fast Ge photodiode (North Coast EO-817P) as detector, as described in detail [33]
earlier. Air-equilibrated MeCN solns. of hematoporphyrin (2-107° to 2-10~* M) containing 0—3-10-% M of the
quencher were used.

3. Semi-Empirical Calculations. For this purpose, the HYPERCHEM program was used. The AM1 method
was employed for optimization of the geometry of free radicals, with the unrestricted Hartree-Fock
approximation. Accuracy of this approximation was checked by DFT calculation (Gaussian 98 program with
the 6-31G(d,p) basis set [27], performed for radical 13. Optimal geometry obtained by the two approximations
was practically identical. Only a single appreciable difference (5% longer N—O bond) was found in the DFT
approximation. However, the difference in the crucial bond angles (those associated with the nitroxide group as
well as its neighbouring groups) was lower than 1°, thus the semi-empirical approximation was sufficient for our
purposes.

Accessibility of the nitroxide group was approximated by the following method. The excited molecule
(porphyrin or oxygen) was placed in close contact with either the N-atom or the O-atom of the nitroxide group.
‘Close contact’ means touching spheres, with the Van der Waals radii [34] of the species involved. Possible
overlap between the excited molecule and all the other atoms of the free radical was checked, and if no such
overlap occurred, then this particular direction was accepted as possible. Testing several (at least 15000)
randomly generated directions, we calculated the proportion of acceptable directions. The Monte Carlo
approach with randomly generated directions seemed to be easier to program as compared to systematic
scanning of all possible directions covering the surface of a sphere evenly. Random direction was generated by
choosing independently the two polar-coordinate angles ¢ € [0, 2x) and 9 = arc cos (1-2a), wherea € [0,1).In
case of very low accessibility values, the number of random directions generated was increased to 45000.

Accessibility of the N- and O-atoms of the nitroxide group in each conformer was converted to nitroxide
accessibility of a given radical by weighting the values corresponding to different conformers with the
equilibrium concentration of the conformer in question. Since the unpaired electron is practically evenly
distributed between the N- and O-atoms of the nitroxide group [35], accessibility values of both the N- and O-
atoms were multiplied by 0.5. Since the N-atom is inaccessible in most cases, this practically resulted in halving
the accessibility of the O-atom.

Stable free radicals were synthesized and kindly donated by Prof. K. Hideg (Pécs University, Pécs,
Hungary), with the exception of radical 3, which was synthesized by Dr. L. Siimegi (E6tvos University,
Budapest, Hungary). Calculations with the Gaussian 98 program were performed by Dr. I. Papai (Chemical
Research Center, Budapest, Hungary). All the above contributions as well as helpful discussion with Dr. A.
Rockenbauer and Dr. L. Korecz (both at the Chemical Research Center, Budapest, Hungary) are gratefully
acknowledged. Financial support was covered partly by the National Science Foundation (OTKA T015836).

REFERENCES

[1] G.J. Hoytink, Acc. Chem. Res. 1968, 2, 114.

[2] R. E. Schwerzel, R. A. Caldwell, J. Am. Chem. Soc. 1973, 95, 1382.

[3] O.L.J. Gijzeman, F. Kaufman, G. Porter, J. Chem. Soc., Faraday Trans. 2 1973, 69, 727.
[4] V. A. Kuzmin, A. S. Tatikolov, Chem. Phys. Lett. 1978, 53, 606.



HELVETICA CHIMICA AcTA — Vol. 84 (2001) 2651

[5] A. Samanta, P. V. Kamat, Chem. Phys. Lett. 1992, 199, 635.

[6] V. A. Kuzmin, A. S. Tatikolov, Yu E. Borisevich, Chem. Phys. Lett. 1978, 53, 52.

[7] H. Hiratsuka, S. Rajadurai, P. K. Das, G. L. Hug, R. W. Fessenden, Chem. Phys. Lett. 1978, 137, 255.
[8] S. K. Chattopadhyay, P. K. Das, G. L. Hug, J. Am. Chem. Soc. 1983, 105, 6205.

[9] A.P. Darmanyan, A. S. Tatikolov, J. Photochem. 1986, 32, 157.

[10] J. C. Scaiano, Chem. Phys. Lett. 1981, 79, 441.

[11] A.Kawai, K. Obi, J. Phys. Chem. 1992, 96, 52; A. Kawai, K. Obi, J. Phys. Chem. 1992, 96, 5701; M. Mitsu, K.
Ztakeda, Y. Kobori, A. Kawai, K. Obi, Chem. Phys. Lett. 1996, 262, 125; X. Y. Zhang, X. S. Xu, Z. F. Cui,
T. X. Lu, Chinese J. Chem. 2000, 18, 683.

[12] K. Ishii, Y. Hirose, H. Fujitsuka, O. Ito, N. Kobayashi, J. Am. Chem. Soc. 2001, 123, 702; C. Corvaja, E.
Sartori, A. Toffoletti, F. Formaggio, M. Crisma, C. Toniolo, J. P. Mazaleyrat, M. Wakselman, Chem. Eur. J.
2000, 6, 2775.

[13] K. Hideg, H. O. Hankovszky, L. Lex, Gy. Kulcsar, Synthesis 1980, 11, 911.

[14] K. Hideg (University of Pécs, Pécs, Hungary), personal communication.

[15] S.S. Shashin, O. N. Emanuel, L. P. Skibida, Russ. Chem. Bull. 1994, 43, 1651; Bull. Acad. Sci. USSR, Div.
Chem. Sci. (Engl. Transl.) 1994, 10, 1746.

[16] A. Rockenbauer, L. Korecz, K. Hideg, J. Chem. Soc., Perkin Trans. 2. 1993, 11, 2149.

[17] E. G. Rozancev, V. A. Golubev, M. B. Neiman, Izv. Akad. Nauk. USSR, Ser. Khim. 1965, 391; Bull. Acad.
Sci. USSR, Div. Chem. Sci. (Engl. Transl.) 1965, 379.

[18] K. Hideg, J. Cseked, H. O. Hankovszky, P. Sohar, Can. J. Chem. 1986, 64, 1482.

[19] H. O. Hankovszky, K. Hideg, M. J. Lovas, Gy. Jerkovich, A. Rockenbauer, M. Gy0r, P. Sohar, Can. J. Chem.
1989, 67, 1392.

[20] J. Einhorn, C. Einhorn, F. Ratajczak, A. Durif, M.-T. Averbuch, J.-L. Pierre, Tetrahedron Lett. 1998, 39,
2565.

[21] T. Vidoczy, S. Elzemzam, D. Gal, Biochem. Biophys. Res. Commun. 1992, 189, 1548.

[22] T. Vidéczy, S. Elzemzam, A. Havas-Gedra, D. Gdl, in ‘Photodynamic Therapy and Biomedical Lasers,
Proceedings of the International Conference on Photodynamic Therapy and Medical Laser Applications’,
Milan, 2427 June, 1992, Eds. P. Spinelli, M. Dal Fante, and R. Marchesini, Elsevier, Excerpta Medica,
Amsterdam, 1992, p. 675.

[23] S. A. El-Zemzam, Ph.D. Thesis, Budapest, Hungary, 1993.

[24] J. Lafferty, T. G. Truscott, J. Chem. Soc., Chem. Commun. 1978, 51; Z. Katona, A. Grofcsik, P. Baranyai, 1.
Bitter, G. Grabner, M. Kubinyi, T. Vidoczy, J. Mol. Struct. 1998, 450, 41.

[25] Handbook of Photochemistry’, 2nd edn., revised and expanded edn. by S. L. Murov, 1. Carmichael, and
G. L. Hug, Marcel Dekker, New York, 1993, p. 289.

[26] R. E.Belford, G. Seely, D. Gust, T. A. Moore, A. Moore, N. J. Cherepy, S. Ekbundit, J. E. Lewis, S. H. Lin, J.
Photochem. Photobiol., A: Chem. 1993, 70, 125.

[27] Gaussian 98, Revision A.6', M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, V. G. Zakrzewski, J. A. Montgomery Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B.
Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith,
M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle, J. A. Pople, Gaussian,
Inc., Pittsburgh PA, 1998.

[28] E.F Ulmar, L. Call, S. S. Tseng, J. Am. Chem. Soc. 1973, 95,1677; N. N. Quan, A. V. Guzzo, J. Phys. Chem.
1981, 85, 140.

[29] ‘Handbook of Photochemistry’, 2nd edn., revised and expanded edn. by S. L. Murov, I. Carmichael, and
G. L. Hug, Marcel Dekker, New York, 1993, p. 42.

[30] R.H. Felton, H. Linschitz, J. Am. Chem. Soc. 1966, 88, 1113; R. A. Ransdell, C. C. Wamser, J. Phys. Chem.
1992, 96, 10572; H. N. Fonda, J. V. Gilbert, R. A. Cormier, J. R. Sprague, K. Kamioka, J. S. Connolly, J.
Phys. Chem. 1993, 97, 7024.

[31] ‘Handbook of Photochemistry’, 2nd edn., revised and expanded edn. by S. L. Murov, 1. Carmichael, and
G. L. Hug, Marcel Dekker, New York, 1993, p. 208.

[32] A. A. Gorman, ‘Advances in Photochemistry’, Eds. D. Volman, G. Hammond, and D. Neckers, John Wiley
& Sons, New York, 1992, Vol. 17, p. 217.



2652 HEeLVETICA CHIMICA ACTA — Vol. 84 (2001)

[33] P. Baranyai, T. Vidéczy, J. Photochem. Photobiol., B.: Biol. 2000, 58, 143.
[34] A. Bondi, J. Phys. Chem. 1964, 68, 441.
[35] A.Rockenbauer, M. Gyor, H. O. Hankovszky, K. Hideg, ‘Electron Spin Resonance’, Ed. M. C. R. Simons,

Royal Society of Chemistry, Cambridge, 1988, Vol. 11A, p. 145; A. Rockenbauer, L. Korecz, K. Hideg, J.
Chem. Soc., Perkin Trans. 2. 1993, 2151.

Received May 31, 2001



