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a b s t r a c t

The photochemical hydrogen abstraction reaction of pyrene-4,5-dione (3) has been investigated by laser
flash photolysis. Excitation (� = 355 nm) of a degassed solution of 3 in acetonitrile resulted in the formation
of a detectable transient with absorption maxima at 380 and 470 nm. This transient decays with a lifetime
of around 4.8 �s and is quenched by oxygen. This transient is most probably a triplet state of 3. Addition of
hydrogen donors, such as 2-propanol; 1,4-cyclohexadiene or 4-methoxyphenol led to the formation of a
new transient with �max at 380, 500 nm and a broad absorption at 640 nm. This new transient slowly decays
with second order kinetics and was assigned to the semiquinone radical obtained from the hydrogen
rtho-quinone
riplet excited state

abstraction reaction. Using DFT and AIM calculations the reactivity of 3 and 9,10-phenanthrenequinone
(1) is best interpreted as a proton coupled electron transfer like mechanism for the hydrogen abstraction
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from 2-propanol.

. Introduction

It is known that ortho-quinones play important roles in photo-
iology [1–5]. The photochemistry of �-diketones (and the closely
elated ortho-quinones) has been a subject of interest for a long
ime and this field of investigation has continued to be very active
6]. Several ortho-quinones have been found to be photoreactive in
he presence of hydrogen and electron donors [7–24].

The reactivity of aromatic ketones is dependent on the nature
f their lowest triplet excited state, with the n,�* triplet being
he reactive state [25]. Where the ketones have a lowest �,�*
riplet state it has been accepted that they react predomi-
antly via the higher energy n,�* state, populated thermally

rom the lower energy state [20,26,27]. The photoreactivity of
,10-phenanthrenequinone (1) and other triplets [17,20] has been
bserved to be dependent upon the solvent polarity and is related
o a small energy separation between the n,�* and �,�* triplet lev-
ls, thus leading to an inversion of the configuration. On the other

and, quinone 2 does not show an inversion of the triplet state, and

s found to be �,�* in all solvents. As a result, 2 is less reactive than
towards hydrogen abstraction [17,19].
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The irradiation of ortho-quinones in the presence of olefins leads
o the formation of dihydrodioxins (DHDs) [6–8,12,28–30]. These
dducts have been used as a photoactivated masking group for
NA cleavage [31]. Recently, Wilson and coworkers showed that

or pyrene-4,5-dione dihydrodioxins the reaction is reversible with
V light, releasing pyrene-4,5-dione (3) [32].

This study reports the first results of the photochemical hydro-
en abstraction reaction of 3 as investigated by laser flash photolysis
rradiation. In addition, DFT and AIM calculations of the reactions
f the triplet excited states of 1 and 3 with 2-propanol were per-
ormed.

. Materials and methods
.1. Materials

Solvents were UV grade. Pyrene-4,5-dione (3) was prepared
ccording to a literature procedure and spectroscopic data were in

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:nancicl@iq.ufrj.br
dx.doi.org/10.1016/j.jphotochem.2008.08.014
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absorption spectra recorded in neat 2-propanol. These spectra also
show a strong bleaching signal centered at 415 nm, which is coin-
cident with the maximum absorption for 3 in the ground-state.
It is important to note that the triplet absorption spectrum for
3 in acetonitrile also shows a valley in the same region. Similar
N.C. de Lucas et al. / Journal of Photochemist

ccord with the reported results [33]. The quinone was recrystal-
ized from acetonitrile from which crystals suitable for single crystal
-ray diffraction were obtained. Initial diffraction studies revealed
n identical crystal system, space group and unit cell dimensions
imilar to those reported by Müellen [34]. 4-Methoxyphenol, 1,4-
yclohexadiene and �-carotene (Aldrich), were used as received.

.2. Laser flash photolysis

The laser flash photolysis experiments were carried out on a
uzChem Instrument model mLFP122 either at the University of
ttawa, Canada, or at the Universidade Federal da Bahia, Brazil.
amples were contained in a 10 mm × 10 mm cell made from
uprasil tubing and were deaerated by bubbling with oxygen-
ree nitrogen for about 30 min. The samples were irradiated with

Nd/YAG Surelite laser, using the third harmonic (� = 355 nm,
4–6 ns, ≥40 mJ/pulse), with the signal being detected by a Tek-

ronix TDS2012 oscilloscope. The concentration of 3 (∼1 mM) was
hosen in order to give an absorption at the wavelength of excitation
355 nm) of ∼0.5.

.3. Low temperature phosphoresce

The phosphorescence spectra in methylcyclohexane glass of 3
ere recorded on a Time Resolved fluorometer from Edinburgh
nalytical Instrument F900 in the phosphorescence mode which
sed a Xe pulsed lamp and a multichanel scaler.

.4. Computational methods

The geometries were optimized using standard techniques [35],
nd after geometry optimization, vibrational analysis was per-
ormed and the resulting geometries were confirmed as true

inima on the potential energy surface, as shown by the absence
f imaginary frequencies. Geometrical, energetic and AIM calcula-
ions were performed at UB3LYP/6-311++G**//UB3LYP/6-31G* for
ll structures. Energy differences correspond to enthalpy differ-
nces at 298 K and 1 atm. All calculations were performed with the
aussian 98 package of programs [36]. AIM (atoms in molecules)

37,38] calculations were performed on AIM 2000, v2.0. The AIM
heory was used to investigate the interactions involved in the
ydrogen abstraction reaction from the triplet state of 1 and 3.

. Results and discussion

.1. Laser flash photolysis

Laser irradiation of a deoxygenated solution of 3 in acetoni-
rile resulted in the formation of a signal with maximum at 380
nd 470 nm (Fig. 1). This transient decays by first order kinetics
ith a lifetime of around 4.8 �s and was quenched by oxygen (see

nsert Fig. 1). This decay is concentration dependent, reflecting self-
uenching of the triplet. For acetonitrile we were able to measure
self-quenching rate constant of 3.1 × 108 L mol−1 s−1. A similar

alue (2.0 × 108 L mol−1 s−1) was found for the triplet of 9,10-
henanthrenequinone (1) in the same solvent [20]. The transient
rom irradiation of 3 is quenched by �-carotene (ET = 21 kcal mol−1)
39] with a diffusion controlled rate constant, leading to the forma-
ion of a 520 nm band characteristic of the �-carotene triplet.
Addition of 2-propanol, 1,4-cyclohexadiene or 4-
ethoxyphenol led to a shortening of the triplet lifetime of

. The triplet decay of this ketone followed pseudo-first-order
inetics in the presence of these quenchers, with the experimen-
ally observed kinetic rate constant, kobs, being related to the

F
�

ig. 1. Transient absorption spectra recorded after 355 nm laser excitation of 3 in
cetonitrile solution. Insert: decay at 470 nm.

uenching rate constant, kq, according to Eq. (1):

obs = k0 + kq[Q ] (1)

here k0 is the decay rate constant of the triplet in the absence of
he quencher, and [Q] is the quencher concentration. Plots based
n this equation for the triplet of 3 being quenched by 2-propanol,
,4-cyclohexadiene or 4-methoxyphenol were found to be linear,
rom which the value of kq can be determined. Fig. 2 shows a rep-
esentative quenching plot for 2-propanol and Table 1 details the
ate constants.

The addition of 2-propanol to an acetonitrile solution of 3 leads
o the formation of a new transient with �max around 380 and
00 nm and a broad absorption at 640 nm. Fig. 3 shows the transient
ig. 2. Quenching plot for the triplet of 3 by 2-propanol in acetonitrile solution.
exc = 355 nm; �mon = 470 nm.
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Table 1
Second-order rate constants for the quenching of the triplet excited state of 3 in
acetonitrile

Quencher kq (L mol−1 s−1)a

2-Propanol 3.3 × 106

2-Propanol 5.8 × 108b

1,4-Cyclohexadiene 3.7 × 107

4-Methoxyphenol 3.4 × 109

a Estimated to be accurate to ± 10%; �mon = 470 nm.
b In chlorobenzene.
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ig. 3. Transient absorption spectra recorded after 355 nm laser excitation of 3 in
-propanol solution. Insert: decay at 470 nm.

ransient spectra were also observed in neat methanol and with
,4-cyclohexadiene (8 × 10−3 mol L−1) in acetonitrile solution. This
ew transient slowly decays with second order kinetics and could
e assigned to the semiquinone radical obtained from the hydrogen
bstraction reaction for the triplet of 3 with H-donors (Fig. 3, insert).
imilarly, triplet phenanthrenequinone (1) reacts with 2-propanol
enerating its corresponding semiquinone radical with maximum
bsorption at 380 nm [8,21].

Table 1 also shows the reactivity of the triplet of 3 with 2-
ropanol in chlorobenzene (CB) as solvent. The reactivity of 3 in
his solvent is two orders of magnitude greater than in acetonitrile.
n the case of 1, reaction in these solvents was found to result in a
ifference of one order of magnitude in the reaction rate constants
kACN

q = 2.5 × 107 and kCB
q = 1.2 × 108 L mol−1 s−1) [20]. Here, 3 is

ound to be approximately five times as reactive as 1 in chloroben-

ene but 1 is eight times more reactive than 3 in acetonitrile. The
ffect of increasing the photoreactivity with a decrease in solvent
olarity is not unprecedent [17,18,40,41], and has been interpreted
s being due to a small energy separation between the n,�* and
,�* triplet levels. Indeed, the change in solvent polarity can lead

p
q
r
s

able 2
eometric parameters for the computed reaction structures

uinone Interatomic distances (Å)a

Reactant S0 complexes Triplet TS

r1a r1b r1c r2 r3

2.566 2.102 2.661 2.206 1.244
2.564 2.104 2.818 2.211 1.242

a r1–r6 are depicted in Fig. 4.
Photobiology A: Chemistry 201 (2009) 1–7 3

o an inversion of the triplet levels for the quinone triplet 1 [17,18].
imilar behavior is observed for 3, where the larger difference
etween kq in acetonitrile and chlorobenzene, in comparison with
, is probably due to a larger energy difference between n,�* and
,�* excited states for 3 in the non-polar medium.

.2. Theoretical calculations

Recently we employed DFT calculations to probe the reaction
echanism of different ortho-quinone triplets with phenol [23].
FT calculations have also been used to understand an analogous
echanism, the photoreduction of 2-benzoylthiophene by phe-

ol [42,43], as well as the macrocyclization of ketoprofen through
n intramolecular hydrogen abstraction reaction [44]. In addition,
an et al. have used DFT calculations to investigate the pho-
oreduction of ortho-naphthoquinones where they found that the
onization/electron affinity and redox potentials of the quinones
esulted in a good correlation with experimental Hammett values
22].

In the present study the reaction mechanism for the triplets 1
nd 3 with 2-propanol was theoretically studied using DFT meth-
ds. The calculations were performed to evaluate the degree of
lectron transfer in the hydrogen abstraction reaction from 2-
ropanol. All the computed geometries were performed without
olvent effects. Hydrogen abstraction from 2-propanol (2-PrOH) by
he triplet ketone, yielding the triplet radical pair, was rational-
zed in a three step mechanism. Firstly, ground state S0 complexes
ketone/2-propanol) involving a carbonyl oxygen interaction with
he hydrogen–oxygen bond (S0 C O–H–O) and a complex involving
carbonyl oxygen interaction with the secondary hydrogen–carbon
ond (S0 C O–H–C) of the hydrogen donor were located. The
ree energy difference (��G298) between the two S0 complexes
C O–H–C and C O–H–O) was 3.5 and 2.9 kcal/mol for 1 and 3,
espectively. Secondly, the S0 C O–H–C complexes were used as
tarting points to try to locate a triplet quinone/2-PrOH complex
nvolving the secondary C–H–O C interaction. The reasons for this
hoice were: (a) due to the fact that hydrogen abstraction occurs
xclusively from the secondary C–H bond and (b) that despite the S0

O–H–O complex being lower in energy, a triplet complex involv-
ng a C O–H–O interaction should be chemically unfavourable
ue to the electrophilic nature of the quinone T1 state. However,
e were unable to optimize a triplet C O–H–C complex and all

ttempts to localize such a complex resulted in the formation of the
riplet radical pair. On the other hand, the subsequent steps, i.e. the
riplet transition state for hydrogen abstraction and the triplet rad-
cal pair product were fully optimized. Fig. 4 depicts the structures
omputed for the S0 C O–H–O and C O–H–C complexes, the triplet
ransition state, and the triplet radical pair for quinone 3, figures of
elative energies are included in the supporting information.
Table 2 shows computed geometric parameters for the S0 com-
lexes, the triplet transition states and triplet radical pairs for
uinones 1 and 3. The calculated structures for the computed
eaction path between the quinones and 2-PrOH reveal that the
tructures for all steps for both aromatic ketones are very similar.

Transition state C O–H (◦)

Triplet radical pair

r4 r5 r6

1.442 1.875 2.103 111.6
1.443 1.875 2.103 111.7
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Fig. 4. Calculated structures for hyd

or the S0 C O–H–O complex a hydrogen bond is formed to one
f the carbonyl groups as revealed by the two interatomic distance

alues r1a and r1b (Table 2). In the case of the S0 C O–H–C com-
lex, no hydrogen bond is formed between the substrates, however
he C–H bond is closer to one of the C O groups than the other
Fig. 4). Further, it is also relevant to note that the triplet transi-

able 3
B3LYP/6-311+G**//UB3LYP/6-31G* energies for the reactions of the ortho-quinones
and 3 with 2-propanol

nergetic parameters Quinone

1 3

1 (kcal/mol) 52.9 (49)a 42.7 (46)b

G /= (kcal/mol)c 41.6 42.4
Greaction (kcal/mol)d 25.8 25.2

a Experimental value from Ref. [18].
b Experimental value from this work.
c Activation energy for the transition state in relation to the S0 C O–H–O complex.
d The energy of the triplet radical pair relative to the S0 C O–H–O complex.
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abstraction from 2-propanol by 3.

ion states for both 1 and 3 show a preferential hydrogen transfer
etween the secondary alkoxy C–H and one of the carbonyl groups.

n other words, the hydrogen abstraction is asymmetric in relation
o the two carbonyl groups, r2 (2.206 Å) > r4 (1.442 Å) (where r2
nd r4 are the respective interatomic distances between an oxy-
en atom of the two carbonyl groups and the hydrogen atom being
ransferred, Table 2). This indicates a localized hydrogen abstrac-
ion with minimal vicinal carbonyl participation. These results are
n good agreement with the similarities for quenching rates found
or both ketones (Table 1). Minor differences in kq are therefore due
o subtle differences in the electronic nature of 1 and 3.

In a previous study [23] we noted very different geometries in
he reaction paths for ortho-quinones with excited states of n,�* or
,�* character. Longer bond lengths between the ketone and phe-
ol for the �,�* state were observed in comparison with the n,�*

xcited state ketones. The geometric values found in the present
tudy are in good agreement with those found for the previous
,�* quinones [23]. Therefore, by analogy between the present and
revious computational results, the lowest excited state for both 1
nd 3 would be n,�* in nature. This conclusion is further supported
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Table 4
Chelpg electron population of the ground state singlet complexes, triplet transition
state and triplet radical pair for 1 and 3 reacting with 2-propanol in the gas phase

Mechanism step Chelpg electron population

1 3

Pure reactant 102.0 120.0
Ground state C O–H–O complexa 101.9 119.9
Ground state C O–H–C complexa 101.9 119.9
Triplet transition state 102.4 120.4
Triplet radical pair 103.1 121.1
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a Chelpg charges for 1 and 3 without regarding the charge of 2-propanol. The
helpg values which are less than those of the pure reactants are a consequence of
he hydrogen bond between the reagents.

y analysis of the DFT frontier molecular orbitals where for both
and 3 the HOMO is n character and the SOMO of the triplet is
character and essentially equivalent to the LUMO of the S0 state

see supporting information).
Tables 3 and 4 detail the relative energies and charge data for

he computed reaction paths. The theoretical value for the triplet
nergy of 1 is in good agreement with the experimental result
18]. Low temperature phosphorescence of 3 in methylcyclohexane
evealed a band centered at 611 nm that was quenched by oxy-
en and was attributed to the triplet of 3. This would correspond
o an energy of 46 kcal/mol. The calculated value for 3 is in good
greement with the experimental value. Small differences in the
olvation of the quinones may be important and could therefore
esult in the difference between calculated and experimental triplet
xcited state energies.

The computed energies for the triplet transition state and triplet
adical pair are relative to the respective S0 C O–H–O complexes.
s can be seen (Table 3 and supporting information), the activation
nergy for hydrogen abstraction by 1 (41.6 kcal/mol) is 0.8 kcal/mol
ess than 3 (42.4 kcal/mol). These results reveal that the first triplet-
xcited states for 1 and 3 have excess energy in relation to that
equired for the respective transition states. Therefore, it would be
xpected that hydrogen abstraction by the first triplet-excited state
f 1 or 3 from 2-propanol be a barrierless process. In fact, Nicodem
t al. in a previous study found no activation barrier for hydro-
en abstraction from 2-propanol with the triplet 1 in CCl4 [20]. In
his sense, the computed energy values are in agreement with the
xperimental results.

Table 4 shows the charge (Chelpg) flux in the computed reaction
aths. As expected, there is no charge transfer in the S0 com-
lexes. But, in the triplet transition states one can see a large degree
f charge transfer between 2-propanol and the ketones (almost
.4e). However, as seen from the geometric parameters detailed in

able 2 the transition states are early, the C–H bond has been only
arginally stretched. Therefore, the charge transfer, due to the elec-

rophilicity of the excited state, and the triplet energies in excess of
he energy required for the transition states are most likely the rea-
ons for a barrierless hydrogen abstraction for the triplets 1 and 3.

s
[

s
t

able 5
harge density in some bond critical points for the carbonyl groups in the S0 complex, tra

ompound Mechanism step Charge density in critical point

1 2 3

Ground state C O–H–C complex 0.269 0.247 0.26
Transition state 0.280 0.276 0.27
Triplet radical pair 0.293 0.291 0.27

Ground state C O–H–C complex 0.269 0.244 0.26
Transition state 0.280 0.273 0.27
Triplet radical pair 0.293 0.288 0.27

a Critical points are depicted in Fig. 5.
ig. 5. AIM molecular graph of the triplet transition state for hydrogen abstraction
rom 2-propanol by 3.

A complementary study using AIM theory was performed in
rder to investigate the intermolecular interactions between the
rtho-quinones and 2-propanol. In AIM theory, the interaction
etween two atoms is revealed by the presence of a charge den-
ity in the interconnecting space and this charge density is related
o a bond critical point (BCP). Therefore, AIM can be used to infer the
xistence, or not, of a molecular interaction. The results in Table 5
nd Fig. 5 reveal that the charge densities for the bond critical points
BCP) found are similar for both quinones in all structures of the
omputed reaction path. This behavior can be related to the simi-
ar magnitude of the transferred charge for the two ketones and is
ompatible with the experimental observation of similar reactivity
ith 2-propanol.

The BCP’s 7, 8 and 9 can be used to infer the strength of the inter-
ctions between both reactants. The two quinones have almost no
nteraction with 2-propanol in the S0 C O–H–C complex (BCP’s 7, 8
nd 9 ca. 0). In the triplet transition state, for both ketones, it can be
een that the most prominent intermolecular interaction is BCP 7,
hich is 10 and 5 times greater than BCP’s 8 and 9, respectively. The
CP 9 is related to the participation of the vicinal carbonyl group.
s can be seen, the value for BCP 9 is very small and the interatomic
istance CO–H is greater than 2 Å. These results indicate that this
econdary CO–H interaction is very weak and is only found in the
alculations as a result of the intense charge transfer at the tran-
ition state as no such interaction is observed in the S0 complexes

45].

Hydrogen abstraction from a substrate by triplet carbonyl
pecies is observed to occur by a variety of mechanisms. The reac-
ivity of a n,�* character triplet carbonyl has been compared to

nsition state and triplet radical pair for 1 and 3 reacting with 2-propanol

(a.u.)a

4 5 6 7 8 9

9 0.400 0.400 0.284 0.006 0.004 0.005
2 0.336 0.372 0.186 0.099 0.010 0.020
5 0.306 0.367 0.023 0.326 0.028 –

9 0.401 0.401 0.284 0.004 0.004 0.004
2 0.335 0.373 0.186 0.098 0.010 0.019
4 0.305 0.367 0.023 0.327 0.028 –
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Table 6
Htranferring atomic properties in transition state for different reactionsa

Reactive species Volume (�) Moment (�) Charge (�)

1 20.1 0.041 0.274
3 20.2 0.046 0.274
t-Butoxyl radical 19.9 0.037 0.272
Methyl radical 29.1 0.0048 0.117
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[
photoredox reaction—electron-transfer photoreduction of �-lapachone by tri-
ethylamine, J. Am. Chem. Soc. 110 (1988) 8548–8550.
a Atomic properties are obtained by integrating over the atomic basin (�), which
s the space the atom occupies and is dimensionless in the AIM theory.

hat of t-butoxyl radical for years [46]. However, in the case of phe-
olic hydrogen abstraction, reaction does not occur by a simple
bstraction of a hydrogen atom. Leigh et al. [47] have shown for a
eries of aromatic ketone triplets that phenolic hydrogen abstrac-
ion reactions are consistent with a continuum of two different

echanisms: (1) a simple electron transfer which applies to the
,�* triplet ketones and those �,�* triplets with low reduction
otential and (2) a proton-coupled electron transfer (PCET) mech-
nism involving the intermediacy of a hydrogen-bonded exciplex
or �,�* triplets that are less easily reduced. Further, de Lucas et
l. [23] showed that n,�* triplet ketones may also react via a PCET
echanism. In a recent paper, Singh et al. [48] studied the mech-

nistic aspects of hydrogen abstraction for phenolic antioxidants
sing AIM theory. The reaction mechanism was evaluated for sub-
tituted phenols reacting with hydroperoxyl radical in terms of two
xtremes as proposed by Mayer et al. [49] a pure hydrogen atom
ransfer (HAT) or a PCET. The analysis of the transferring H atom
howed that hydrogen abstraction by the hydroperoxyl radical fol-
ows a PCET mechanism for reactions with phenols. Our previous
esults indicated that the reaction of the triplet state of aromatic
etones with phenol could occur either by an electron transfer or a
CET like mechanism [23].

Therefore, in order to further evaluate the nature of the quinone
eactivity, the transferring H atom (Htransferring) was evaluated by
omparing its atomic properties with two typical radical reactions:
he electrophilic t-butoxyl radical reacting with 2-propanol and

ethyl radical reacting with the same alcohol. Table 6 shows the
transferring atomic properties in the respective transition states.
he Htransferring atom volume is very similar for species 1, 3 and the
-butoxyl radical, with values of around 20 a.u. When the reaction
as a classical HAT mechanism such as in the case of the methyl
adical/2-propanol pair, the Htransferring atom volume is 50% larger.
he Htransferring charges also show distinct character. The charge of
he Htransferring atom for the methyl radical/2-propanol pair is only
0% of that found for the reactions of 1, 3 and t-butoxyl radical.
inally, as the atomic moment Ml is sensitive to the electron
ensity far from the nucleus, one can see that for a HAT mechanism
he Htransferring has a more spherical charge distribution (lower
alue) when compared to the values for the reactions of 1, 3 and
-butoxyl radical. These results, along with those for transferred
harge in Table 4 indicate that hydrogen abstraction reactions for
and 3 follow a PCET like mechanism, and not a HAT mechanism.

his is consistent with the highly accentuated electrophilic nature
or the excited state triplets of 1 and 3. Further, the quenching rate
onstants for the triplet excited states of 1 and 3 are one or two
rders of magnitude larger than for other n,�* mono and diketones
1,2-napthoquinone[21] = 7.6 × 106; benzophenone[46] = 1.6 × 106;
iacetyl[46] = 1.0 × 104; 1,1,4,4-tetramethyl-1,4-dihydro-2,3-
apthalendione[50] = 2.6 × 107, 1-acenaphthenone[16] = 1.3 × 105

nd acenapthenequinone[16] = 6.2 × 105 L mol−1 s−1). In fact, the

xcited triplet states of 1 and 3 have, to the best of our knowledge,
he largest rate constants for hydrogen abstraction from 2-PrOH
hat can be found in the literature.

[
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. Conclusion

The triplet state of 3 was detected by laser flash photolysis exper-
ments. The hydrogen abstraction from 2-propanol as hydrogen
onor in chlorobenzene, revealed 3 to be more reactive than 1,
ut their reactivities are comparable and dependent upon the sol-
ent polarity. The results from the DFT and AIM calculations: (a)
uinone triplet excited state energies greater than the respective
nergies for the hydrogen abstraction transition states, (b) early
ransition state geometries, (c) atomic charges that reveal sub-
tantial charge transfer in the transition states, (d) a small atomic
olume, and (e) a less spherical charge distribution of the atomic
oment for the hydrogen abstraction by 1 and 3 from 2-propanol

re best interpreted as a PCET like mechanism. The excited state
riplets of quinones 1 and 3 have the largest rate constant values for
ydrogen abstraction from 2-PrOH in comparison with data from
he literature.
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