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In this paper the bi-molecular interactions of some heteroaromatic (thienyl phenyl, dithienyl, and thienyl
pyridyl) ketones with isobutanol were studied by using nanosecond laser flash photolysis in trifluoroethanol
at room temperature. The absorption spectra of the triplets and ketyl radicals and their decay dynamics were
investigated. Depending on the thienyl ring position (2 or 3), two types of photobehavior were found: (1) the
2-thienyl ketones, which have lowest tripletsmofr* character, abstract hydrogen at a slow rdde € 2 x

10* dm? mol~* s™1) and (2) the 3-thienyl ketones, which have lowest triplets,@f character, abstract hydrogen

at a faster ratek; ~ 3 x 10° dm® mol~* s71). For most of the latter compounds, battx* and zz,7* triplets

are spectrally and kinetically observed. While in 2-thienyl ketones the upper reagtivigiplet is thermally
populated by the lowest,7* one, in 3-thienyl ketones the two states are independent populated from the
singlet state and vibronic mixing between them is not efficient.

Introduction of the carbonyl group and, in particular, to explain radical-like
and CT interactions in H abstractidn.
In this study we are concerned with intermolecular hydrogen-
abstraction by the nine thienyl ketones (thienyl phenyl ketones,
-TPhKs; dithienyl ketonesp,n'-DTKs; and thienyl pyridyl

Hydrogen abstraction from a suitable donor is a typical
photoreaction of carbonyl compounds and was one of the first
photoreactions to be studiéd.The wide interest in this process
is demonstrated by the many papers published on this subjec ’ .
which deal with several classes of ketones and different types etonesn,n -TPK) shown in Chart 1. Some of the”_‘ are newly
of hydrogen donors. The interaction of the triplet state ketone synthesized molecules. The photochemical behavior of the nine

with the ground state hydrogen donor produces a hydroxy radical molequles is compared with benzophenone a_nd With some
which may dimerize to give pinacols or further abstract substituted bepzophenqnes bearing electron-withdrawing and
hydrogen from the donor, forming adducts. The diphenylhy- electron-do_nlatlng substituents. .
droxymethyl radical (ketyl) from benzophenone was first ~ The position of sulfur affects the charge density to the
detected in the early 1960s by Porter using flash photofysis. carbonylin thienyl ketones, thus determining the characteristics
Ketones are often used as photosensitizers and photoinitiators©f the lowest triplet state and therefore the efficiency in the
In the first case, hydrogen abstraction is undesirable, becausdlydrogen-abstraction process. The attractive interaction of
it competes with the energy transfer, while in the second case,charge-transfer character from the sulfur to the oxygen should
it should be highly efficient. cause a reduced activity toward hydrogen abstraction compared
The rate constant of the reaction depends on théi®ond to the parent aryl ketone benzophenone. Up to now, sparse and
energy of the donor, as well as on the energy and configuration limited information is reported in the literature for TPhKs and

of the excited state of the carbonyl compound. Ketones having DTKS, while no investigation concerning hydrogen-abstraction
the lowest triplet states af,7* configuration easily abstract  has ever been carried out on TPKs. Traynard and Bléictvie

hydrogen, due to their similarity to alkoxy radicals; ketones s_hown, by PP calculations, that the decrea_\sed photoreduction
having low lying sr,7* triplets are less reactive and their _yleld of TPhK_S by propan-2-o|_ (compared with benzophenpne)
reactivity decreases as the energy gap betwesh and n,z* is due to the increased negative cha_rge on the oxygen. Pinacol
triplets increase$S For many aromatic ketones, the two triplet formation through photoreaction with an alkene has been
states are very close in energy and substituent or solvent effectgeported for 2,2DTK,® while 2-TPhK was found to react at
can lead to an inversion of states. By investigating the effect of the ring position with olefins to give an unstable photoaddict.
substituents on a large number of valerophenones, Wagner and Recently, we investigated the photophysical behavior of the
collaboratorg have shown that when the two lowest* and six n,n'-TPK isomers;t122,2-DTK and 2-TPhK!3 The lowest

m,* states lie very close together, being therefore quite So— S transitions of all these molecules were assigned:td
substituent and solvent sensitive, the reaction may take placeexcitation, based on several pieces of evidence (spectral region,
from the equilibrium populations of both states; the reactivity vibronic structure, a low molar absorption coefficient, and
of ketones withzr,7* lowest triplets decreases as the energy solvent effect). Intersystem crossing yields are close to unity.
gap between ther,7* and nt* upper triplets increases. A The orbital character of the triplet was shown by the lifetime
charge-transfer contribution to the photoreduction of aryl ketones and vibronic structure of the phosphorescence spectra in a rigid
was also demonstratédn the 1980s, Formoshino developed a matrix at 77 K12 The triplet configurationn,z* or m,7*, is
theory, based on the tunnel effect, to model the photochemistrydictated by the position (2 or 3) of the thienyl sulfur atom
relative to the carbonyl. Generally, when the thienyl group is

* Corresponding author. in the 3 position, the lowest triplet state is ofr* character
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CHART 1 (biexponential decay), decay rate determinations at different
3 3 3 3 4 wavelengths were in agreement within 10%. A somewhat larger
®\ Dz 2@ /Qz' 2@ @3' error (=20%) was found in the rise-time measurements.
c S s c S s 2 Rate constants for the quenching of transients by oxygen
l S it were determined using oxygen-free, air-saturated, and oxygen-
saturated solutions. To determine the hydrogen-abstraction rate
2-TPhK 2,2-DTK 2,3-TPK 3,3-TPK constantsy, the donor concentrations ranged front 3o 7
mol dm~3, which depended on both the triplet lifetime of the
ketone and its efficiency in abstracting hydrogen. In both
3,3-DTK determinations kyx and ky), the linear correlations, based on
Stern-Volmer type equations, were very good (correlation
and exhibits benzophenone-like behavior, while when it is in coefficient,p = 0.9).
the 2 position, the lowest triplet state isafr* configuration. All measurements were carried out at room temperature (20
Laser flash photolysis experiments gave further information on + 2 °C).
the triplet properties and triplet dynamic behavior in mono- and
bi-molecular interaction®13A matter of great significance from  Results
our earlier studies is the dependence of the photophysics of these
molecules on the close proximity of states of different config-
uration. Even though the energy difference between the lowest
triplets is small enough to allow thermal equilibration at room
temperature, we proposed that, in some cases, the lowest triplet
are independently populated by singlet stafes.

In this work, we carried out a laser flash photolysis study
(nanosecond time resolution) aimed at determining the effect
of structure on hydrogen-abstraction photoreactivity. Photore-
activity depends on the properties of both the ketone and the

hyt?]rog;en don(?rtr?s Wellclf a? o?hthe solver|1t pr:)pt)gfrlnes. -I;ﬁ de?l followed in TFE at room temperature by measuring the triplet
with only oné of these efiects, the same solvent, rfiuoroethanol, \itatime of the T, — T, absorption band in the absence of

where the carbonyl compounds are thermally and photocheml-i_ButOH (r) and in the presence of varyindButOH concentra-

Call)é St.?: leli :u:d the _?gme h{fm%f“. d(()jr!og_ 'S(t)b;ﬁapg]l’ Werettions @). The rate constant for the hydrogen-abstraction process
used with all ketones. The results obtained indicate that the mosty .2 <" oiiained from the equation:

important factor in determining photoreactivity is the thienyl
ring position (2 or 3) since it determines the natumgr* or
m,r*, of the lowest triplet state.

=}

3-TPhK 2,3'-DTK 2,4'-TPK 3,4'-TPK

The thienyl ketones investigated were'2,2,4-, 3,3-, and
3,4-TPKs; 2,2-, 2,3-, and 3,3DTKs; 2- and 3-TPhKs (see
Chart 1). For the purpose of comparison, some aryl ketones,

avingn,t* (benzophenone, B; 4-F-benzophenone, 4-FB; and

-COOH-benzophenone, 4-COOHB) amgr* (4-phenyl-ben-
zophenone, 4-PhB) lowest triplet states were also investigated
under the same conditions.

The triplets of all molecules were characterized by their
absorption spectra, lifetimes and quenching by oxygen in TFE.
The hydrogen-abstraction process freButOH was kinetically

1k = 1t + k[i-ButOH] 1)

Experimental Section . The hydroxy radical produ_ced .(ketyl)_ was characterized with
its doublet-doublet absorption in neatButOH and, when
Materials. The thienyl ketones were synthesized according experimentally feasible (the radicals are often too long-lived
to a literature methdd and carefully purified! with the for the laser setup used), by its recombination kinetics and
exception of 2-thienyl phenyl ketone (2-TPhK) and di-2-thienyl quenching by oxygen.
ketone (2,2DTK) which were synthesized at the University of Aryl Ketones. 4-Phenyl Benzophenone (4-PhBor this
Groningen and kindly supplied to us for a previous wétkhe molecule, which is characterized byrar* lowest triplet staté
2-TPhK was used without further purification, while 22TK and does not exhibit room temperature phosphorescence emis-
was purified by sublimation in vacudryl ketones, benzophe-  sjon, hydrogen abstraction was undetectable. Upon laser excita-
none (B), Carlo Erba, 4-fluoro-benzophenone (4-FB), 4-COOH- tion in TFE, it showed a quite long-lived triplet & 21 us),
benzophenone (4-COOHB), and 4-phenyl-benzophenone (4-which was efficiently quenched by oxygeko{ = 8.4 x 1C?
PhB), Aldrich products, were carefully crystallized before using. dm3 mol~! s7). Addition of i-ButOH to the TFE solution did
The solvent, trifluoroethanol (TFE), Fluka product, and the not affect the absorption spectrusin = 490 nm) or lifetime
hydrogen donor, isobutanatButOH), Carlo Erba product, were  of the triplet transient. Excitation in neaButOH produced a
used without further purification. substantially identical triplet absorption and lengthened the
Equipment and Experimental Conditions. For laser flash lifetime (zr = 41 us). In the literature, 4-PhB has been reported
photolysis measurements, the 347 nm line from a ruby laser (J.to abstract-hydrogen from propan-2-ol, which is a more efficient
K. Lasers) or the third harmonic (355 nm) from a Continuum donor thani-ButOH, at a rate of 1x 10° dm® mol~ s~1.16
Surelite Nd:YAG laser were used. The laser energy was less Benzophenone (B), 4-F-benzophenone (4-FB), and 4-COOH-
than 10 mJ per pulse; the time resolution was about 20 ns. Thebenzophenone (4-COOHB)ese molecules exhibit a claarr™*
expected accuracy in lifetime was within 10%. Neutral filters triplet behavior and also show quite intense room-temperature
were employed to reduce the laser intensity and to avoid phosphorescence emissions. The—~ T, absorption spectra are

contributions to lifetime from triplettriplet annihilation. Tran- very similar, showing two maxima at 35@55 nm and 526
sient absorption spectra were recorded in point-by-point fashion. 565 nm and triplet lifetimes of 10s (B), 3us (4-FB), and 16
Ketone concentrations were on the order of 5,072 mol us (4-COOHB). Interaction witlir ButOH was followed by the

dm3, corresponding to an absorbance of ca—@® at the guenching of theT; — T, absorption. Linear least-squares
exciting wavelength. Computerized graphical software programs, analysis (correlation coefficiert 0.99) of a plot of the triplet
FIG.P or ORIGIN, were used to calculate mono- and biexpo- decay rate K = 1/r) as a function ofi-ButOH concentration
nential decay and rise-time rate constants. Even when there wagyielded the rate constaky; as slope, according to eq 1. The
significant overlap of absorption spectra of different transients values determinedk = (4.4—5.3) x 10° dm® mol~! s™1) were
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TABLE 1: Spectral Characteristics (Amax) and Triplet TABLE 2: Spectral Characteristics (Amax) Of the Ketyl
Lifetimes (z) of Thienyl Ketones in TFE?2 Radicals, Obtained by Flashing Thienyl Ketones in-ButOH
kol ke at Room Temperature; Dynamic Parameters ¢) for the
compound  Ama/nm tlus dmemolts?! dnmémolls? Radical Formation (rise time) a.nd Trlplet Decay |.n i-ButOH
24TPK 400 97 90 1P 2 2% 10 compound  Ama/nm tlus (rise time)  t/us (triplet decay)
640 2,4-TPK 390 2.0 2.2
2,3-TPK 370 10.6 9.2 10 9.9x 10° 580
620 2,3-TPK 350 4.2
2-TPhK 375 5.2 11x 108 ~10° 600
600 2-TPhK 355 45
2,3-DTK 370 3.9 8.5x 10 <1¢® 580
590 2,3-DTK 350 4.0
2,2-DTK 395 7.2 7.9x 10 <10° 2,2-DTK 370 6.7
650 3,4-TPK 350 0.10 0.09
3,4-TPK 530 0.35 2.0x 10°(Ty) 3.0x 105(T. 530
210 ((B M) X (Tw) X (Ty) 3,3-TPK 330
400(T,) 6.5(T) 14x10°(T) notlinear 1) 3‘18 0.14 0.16
640 (T2)
3,3-TPK 350, 0.35 2.2% 10° 3.0x 10° 3-TPhK 435’8 0.10 0.22
500 (T2) 520
720 (Ty)
3-TPhK 460 T) 3,3-DTK 400 0.11 0.12
690y 0.28()  23x10(T)  ~5>x10°(Ty) Phenyl Ketone, 2-TPhK)These molecules are structurally
370 () 7.1(T2) 3.3x 10°(T2) . i ) .
520 (Tp) characterized by having at least one thienyl group in the 2
3,3-DTK 480 (Ty) position. At low temperature (77 K), the phosphorescence
730(T) 0.08(r) 22x 10°(Ty) unmeasurable spectra did not exhibit the typical five-fingered carbonylic
370(T)  16(T2)  6.9x 10°(Ty) emission and their lifetimes were rather long (about 100 ms).

575 () Thus, the transitions were assignedrta* lowest triplets!? In

aBimolecular rate constants for oxygen quenchirg @nd hydrogen- TFE solution, all these molecules exhibited triptétiplet
abstraction K4) from i-ButOH obtained by laser flash photolysis absorptions characterized by two bands with maxima in the

measurements. 370-400 nm region and in the visible region (59650 nm),

L . . Figures 1la (2,/4TPK) and 2a (2,2DPK). Triplet lifetimes were
similar for the three compounds. From earlier works, in the case 4" the microsecond time scale~40 us, Table 1). Efficient

of B, the kinetic constant for hydrogen-abstraction ranged from oxygen quenching was found; the rate constdggswere in
4.3 10dnf mol ! s % (from neat acetonitrié] to 1.4 10 e range (8:10) x 10° dn¥ mol * s *, Table 1. Hydrogen-

mol~ts* (from N-methyl-2-butylamine in benzen&)The  apqiraction rate constants were obtained (eq 1) from linear plots
ky value, determined for B under the experimental conditions ¢ yhe triplet decay rate as a functionieButOH concentration

used here, is of the order of magnitude of that reported for ¢, only 2,4-TPK (Figure 1la, inset) and 2;3PK. The rate
hydrogen abstraction from ethanol (56L0° dm® mol % s74)1° constantsy were on the order of ¥ain? mol-1 s (Table 1).
and is slightly Sma'.'er.‘haf‘ that_of prqpan-z-ol (39106 dm® Due to the lower hydrogen-abstraction efficiency of the other
mol~! s71).20 This finding is in line with expectations, based ihree molecules in this group, 2RTK, 2,3-DTK, and 2-TPhK

on the characteristics _of the donors. For all thre_e molec_ules_ iNit was impossible to use eq 1 to obtain which was only qual-
i-ButOH, the ketyl radicals showed two absorption maxima in itatively estimated to be equal to or less thar? tien® mol-*

the UV (330-335 nm) and visible (556590 nm) regions; their o1y hich was the sensitivity limit under the experimental con-
rates of formation (rise time, 0.68.09us) matched those of  itions ysed. In fact, the triplet lifetimes of 2RTK, 2,3-DTK,

triplet consumption (lifetime, 0.060.12 us). and 2-TPhK in neai-ButOH (Table 2) were as long as those

Thienyl Ketones. From earlier works we have found that i, TEE, within the experimental error. However, even for these
features of phosphorescence emission in a rigid matrix at 77 K molecules, hydrogen abstraction in the donor solvent was
andT, — T, absorption in acetonitrile solution of thienyl ketones  gemonstrated by radical formation which followed triplet appear-
were strongly dependent on structural factors (mainly the ance (Figures 1b and 2b). [FBUtOH, the absorption spectra
position of the thienyl group), while room-temperature phos- of the ketyl radicals are characterized by maxima located in
phorescence emissions, detected in oxygen-free solutions, werghe 350-390 nm (more intense) and 58600 nm regions
similar for all thienyl derivative$!™ The characteristics of  (Taple 2); for some compounds the latter absorption was hardly
the transients observed upon nanosecond laser excitation argetectable (2/2DTK and 2,3-TPK). Matching of triplet decay
critically dependent on the position of the heteroatom sulfur. (2.2 us at 680 nm) to rise time of ketyl formation (2.3 at

To describe the results obtained, the nine thienyl ketones 410 nm) was observed only for 2,3PK (Figure 1b, inset),
investigated have been divided into two groups: (1) molecules while for the other molecules it could not be detected due to
which have the lowest triplet with,7* characteristics and (2) the intensity and overlap of the triplet and ketyl absorptions
molecules which give spectral and kinetic evidence for two (see, e. g., Figure 2b for 2;DTK). The radicals formed were
nearby triplet statesn(z* and m,7*), the lowest of which is rather stablet(,, ~ 500us), except for that of 2;4TPK which
the n,7* one. Spectral features of the transients obtained upon decayed at a faster rate 4 ~ 80 us) due to formation of a
flashing TFE andi-ButOH solutions of thienyl ketones are photoproduct or a longer lived transient (Figure 1b, spectrum
reported in Tables 1 and 2, respectively, along with monomo- after 160us).
lecular and bimolecular kinetic parameters. (2) 3-Thienyl Ketones (3-Thienyl-gyridyl Ketone, 3,4TPK;

(1) 2-Thienyl Ketones (2-Thienyl-gyridyl Ketone, 2,4TPK; 3-Thienyl-3-pyridyl Ketone, 3,3TPK; Di-3,3-thienyl Ketone,
2-Thienyl-3-pyridyl Ketone, 2,3TPK; Di-2,2-thienyl Ketone, 3,3-DTK; and 3-Thienyl Phenyl Ketone, 3-TPhKAll these
2,2-DTK; Di-2,3-thienyl Ketone, 2,3DTK and 2-Thienyl molecules have a thienyl group in the 3 position with respect
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Figure 1. (a) Time-resolved spectra of triplet 2,8PK in TFE: @)
1 us, @) 6.5us, (*) 80us. Inset: triplet quenching biyButOH (eq
1). (b) Time-resolved spectra obtained upon flashingi-&@utOH

A/ nm

Figure 2. (a) Time-resolved spectra of triplet 2RTK in TFE: (®)

1 us, @) 5.8us, (*) 81us. (b) Time-resolved spectra obtained upon
solution of 2,4-TPK: (@) 0.8us, prevalent triplet absorptiorf 5.6 flashing ani-ButOH solution of 2,2-TPK: @) 0.5us, prevalent triplet
us, prevalent ketyl absorption; (¥) 1665, photoproduct absorptior-( absorption; 1) 8.0 us; (*) 40 us, doublet-doublet radical absorption.
ketyl). Inset: kinetics of triplet decay (680 nm) and radical formation Inset: kinetics of triplet decay (400 and 660 nm), at 370 nm triplet
(390 nm). decay overlaps to radical formation.

to the carbonyl. Some of them exhibit a benzophenone-like (at 500 and 740 nm fof; and at 600 nm fofl,, see Figure 4a)
behavior from phosphorescence measurements in EPA at 77 Kand 3,3-DTK (at 740 nm forT,, Figure 5a, inset), or from
(well-developed vibronic carbonyl progression and a lifetime biexponential decay at a wavelength where both triplets absorb,
of a few milliseconds}??! Under laser excitation in TFE, all  as shown in Figures 5a (at 370 nm for'3[BIK) and 6a, inset
the molecules, except 3;3PK, exhibited the peculiar behavior  (at 370 nm for the 3-TPhK). Since one of the triplétsis
of showing absorptions from two triplet states. For' 3 BK, shorter-lived ¢; = 0.35, 0.08 and 0.2as for 3,4-TPK, 3,3-
the triplet transient in TFE shows bands at 350, 500, and 720 DTK and 3-TPhK, respectively) than the othep & 6.5, 1.6,
nm (Figure 3a) and monoexponential decay over all the absorp-and 7.1us for 3,4-TPK, 3,3-DTK, and 3-TPhK), the spectra
tion spectrumf = 0.35us). The triplet is efficiently quenched  recorded a few microseconds after the laser pulse substantially
by oxygen Kkox = 2.2 x 10° dm® mol~ s71). The triplet lifetime represent the neat absorptions of the longer-lived triplEts,
decreased wherButOH was added to the TFE solution of 3,3 (Figures 4a-6a). For 3,4TPK (Figure 4a), the spectrum @
TPK. The hydrogen-abstraction rate constdat= 3 x 10° is characterized by maxima at 530 and 740 nm, that are no
dm?® mol~! s71, obtained from eq 1 (Figure 3a, inset), is close longer present after 2,4s, while the residual absorption due
to the values for B, 4-FB, and 4-COOHB. This confirms the to T, consists of two bands around 400 and 640 nm (similar to
n* nature of the lowest triplet state. In néaButOH, the ketyl the molecules of the first group). For the 3[3PK, Ty is even
radical formation could be followed from the triplet decay (0.16 shorter lived {; = 0.08 us) and its absorption spectrum is no
us at 740 nm) and ketyl rise time (0.24 at 410 nm), as shown  longer present after 0.28, as shown in Figure 5a; the spectrum
in Figure 3b, inset. The final doubletloublet absorption of  of T, is characterized by bands at 370 and 575 nm. In the same
the radical exhibits fairly intense peaks at 330 and 410 nm and figure (inset), fast monoexponential decay is shown at 740 nm,
a weaker, broader band in the visible (Figure 3Db). where onlyT; absorbs, while a biexponential curve is monitored
For the other molecules, the presence of two triplets was at 370 nm. The spectral features of the 3-TPhK (Figure 6a) are
revealed by different decay rates determined at wavelengthssimilar. BothT; (kox > 2.2 x 10° dm® mol~! s72 for all three
where either one or the other triplet absorbs, as fo-BRK compounds) and; (kox = 1.4 x 10° to 3.3 x 10° dm® mol™?!
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Figure 3. (a) Time-resolved spectra of triplet 3;BPK in TFE: @)
0.08us, @) 0.38us, (*) 4.0us. Inset: triplet quenching byButOH
(eq 1). (b) Time-resolved spectra obtained upon flashing ButOH
solution of 3,3TPK: (®) 0.08 us, prevalent triplet absorptiontJj
0.14us; (*) 0.8us, doublet-doublet radical absorption. Inset: kinetics
of triplet decay (740 nm) and radical formation (410 nm); 430 nm,
isobestic point.

Figure 4. (a) Time-resolved spectra of triplet 3;#PK in TFE: @)
0.08us, () 2.1us, spectrum of; (*) 16 us. Inset: triplet quenching

by i-ButOH (eq 1) determined at 750 nn#)(T,) and 600 nm, ©)

(T2). (b) Time-resolved spectra (long-time scale) obtained upon flashing
ani-ButOH solution of 3,4-TPK: @) 5 us, prevalent ketyl absorption;
(O) 173 us, (*) 400 us, photoproduct absorption. Inset: kinetics of
ketyl decay (350 and 530 nm) and photoproduct formation (380 nm).

s™1) were sensitive to oxygen (Table 1). Spectral features and
dynamic behaviorgandk.y) indicate thafl; hasn,* character,
while T, hasz,n* character.

(Figures 5b and 6b). For these three molecules, matching of
triplet (T;) decay (0.0%s for 3,4-TPK, 0.12us for 3,3-DTK

The effect of adding-ButOH was investigated in the spectral and 0-22us for 3-TPhK) and radical rise-time (0.16, 0.11
regions typical of one or the other triplet. For the '3T#K, HS, and 0.1Qus for 3’4'TP|_<’ 3.3-DTK, and 3-TPhK, respec-
where the spectral situation is more favorable, measurementstiVely) demonstrates thdt is the precursor of the ketyl radical
of triplet quenching by-ButOH at 500 and 750 nm (prominent  (S€€ Figures 4b, 5b, and 6b, insets, and Table 2). The second-
T, absorption) yielded the sankg value, 3.0+ 0.2 x 106 dn¥® ord_er dgcay kln.et.ICS of the ketyl, divided by its unknown molar
mol~! s~1, with a fairly good correlation (correlation coefficient extinction coefficiente, C(zlfldf?e evaluated for the 5APK
0.996, see Figure 4a, inset). Measurements at 600 nm for the(kz/ek = 2 x 10" dm® mol™* ™), due to fast radical recom-
same compound (prominefit absorption), treated according ~ ination which gives a detectable photoproduGha = 390
to eq 1, yielded a nonlinear plot showing an upward curvature "™ Figure 4b). Measurements leK,'n oxygen-free, air-sat-
(Figure 4a, inset). This trend fitted a quadratic function. Such Urated, and oxygen-saturated solutions allowed the rate con-
dependence of #/ on the alcohol concentration might be Stantfor radical qu_elnc_hllng by oxygen to be determirlgd=<t
justified by assuming thaf, reversibly interacts with isobutanol 9.1 x 10> dm® mol™* s°%). The ra@cgls of _the_other ISOmers
yielding an encounter complex which back-dissociates or further WEr¢ more stable and recomblnat]on klnet|cs.and Ooxygen
interacts with the alcohol giving a photoproduct. However, this duénching could not be measured with our experimental setup.
point deserves further investigation.

The absorption spectra of the ketyl radicals (Figures 4b, 5b,
and 6b), recorded in neaButOH a few microseconds after In this paper, hydrogen abstraction frofButOH by a number
the laser pulse, are characterized by an intense absorption abf thienyl ketones (and some aryl ketones for the purpose of
350—400 nm and a weaker absorption in the visible region comparison) was investigated under the same fixed experimental
which was almost undetectable for the'&8K and 3-TPhK conditions. The solvent used, TFE, was especially chosen

Discussion
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Figure 5. (a) Time-resolved spectra of triplet 3BTK in TFE: (®)
0.08us, @) 0.23us, spectrum ofly; (*) 4 us. Inset: decay kinetics of
T, at 740 nm and; + T, at 370 nm (biexponential). (b) Time-resolved
spectra obtained upon flashing eButOH solution of 3,3DTK: (@)
0.08us, prevalent triplet absorptiontIf 0.26 us, (*) 4 us, doublet
doublet absorption of ketyl radical. Inset: kinetics of triplet decay (720
nm) and ketyl formation (400 nm).

because of its inertness toward ground- and excited-state ke
tones. However, it is rather acidic and has a strong H-bonding
ability.2? Its E1(30)3 value E1(30) = 81), determined on a rela-
tive scale built with pyridyl ketone¥.is even greater than water
(Er(30)= 63), and here, it is greater than tBg30) of i-ButOH
(Er(30) = 51, based on the same scale). This implies that TFE,
compared with other, even polar, solvents, such-BstOH,
should stabilizer,7* states of ketones comparedrigr* ones.

Ortica et al.

even if with lower efficiency. We believe that this is due to the
reaction of the equilibrium population of the upper* triplet,

as proposed and widely accepted for aryl ketones bearing strong
electron-donor substituentsRecently, similar compounds,
tiaprofenic acid and 2-benzoyl-5-ethylthiophene, both with a
thienyl group in 2 position, were investigat&Even in these
cases, the lowest state of triplet manifdlgwas found to be of
stt* character, while calculations and photochemistry demon-
strated thafl> (n,7r*), which is the reactive state, is located at

a thermally accessible distance (about-30 kJ moi™). Our
earlier experimental findings (from phosphorescence excita-
tion spectra at 77 K) showed that the energy difference between
the lowest fr,7*) and the upper r{,7*) triplet states is ap-
proximately 13 kJ mol* for the 2,3- and 2,4 TPK.*? This
means that tha,7* state may well be responsible for hydrogen
abstraction. The reaction efficiency of the 2-thienyl ketones is
also affected by the other ring (phenyl, pyridyl or thienyl).
Considering the electron-withdrawing properties of pyridine and
electron-donating characteristics of the thienyl group, the energy
difference between the two triplets is expected to decrease in
the sequence:

2,2-DTK > 2,3-DTK > 2-TPhK> 2,3-TPK > 2,4-TPK

which corresponds well to the increasing magnitude ofkhe
value (Table 1). The process is favored in neButOH, where,

due to the solvent properties, the energy gap is smaller than in
TFE, and this effect, in addition to the effect of donor-solvent
cage, allows the photoproduced ketyls to be also detected for
the less reactive molecules (22TK, 2,3-DTK and 2-TPhK).

For thesr,r* triplet aryl ketone investigated, 4-PhB, the upper
nt* triplet state is too far from the lowest,z* triplet to be
thermally populated by it even in a hydrogen-donating solvent,
such ag-ButOH, which is less polar than TFE.

Considering that the ground-state constants for the sulfur
heteroatom are-0.79 and—0.52 for the 2 and 3 positions,
respectively?’ the electron-donating effect of the sulfur toward
the carbonyl is attenuated in 3-thienyl ketones and, therefore,
the lowest triplet is ofh,z* character. When a pyridyl ring is
present (3,ATPKS), its electron-attracting effect far outweighs
the opposite effect of the thienyl ring. However, even where
two thienyls are in 3 (and'Bposition (3,3-DTK), the n,z*
character of the lowest triplet is maintained. Therefore, con-
sidering the effect of the second ring, the energy difference
between the two lowest triplets,* and 7,77*) is expected to
increase in the sequence:

3,3-DTK < 3-TPhK < 3,3-TPK < 3,4-TPK

As the energy difference increases, the lowest triplet state
increases im,z* character and, therefore, thg should also

Consequently, by changing the solvent from neat TFE to neatincrease. This was what we observed (Table 1). The reactivity

i-ButOH, the energy difference betweemr* and n,z* triplets
should increase for compounds having the lowest tripletsof

toward hydrogen-abstraction exhibited Byof 3,3- and 3,4-
TPK is similar to that of aryl ketones having the lowest triplet

character, and vice versa, the energy difference should decreasef n,z* character (B, 4-FB, and 4-COOHB). The rate constant

(and a solvent induced inversion may possibly oc®ufdr
compounds having the lowest triplet afz* character.
The results indicate that the position of the sulfur atom with

kqy = 3 x 10° dm® mol~1 s~ is substantially independent of
structure, indicating that the solvent (TFE) stabilizationrpf*
states is not large enough to alter the* reactivity, which,

respect to the carbonyl determines whether the lowest triplet is therefore, is mostly determined by the-8 bond strength of

of z,t* or n,r* character. The effect of the heteroatom on the

the donor. Except for 3;3TPK, absorptions from,z* and 7, r*

triplet state can be considered to be like that of a substituent attriplets were observed for the 3-thienyl ketones; no spectral or
a ring position. Thus, the sulfur in 2 position has a stronger kinetic features indicated that one triplet was the precursor of
electron-donating power, compared with 3 position, and, the other. This implies that the two states are independently
therefore, causes an inversion of triplets such that the unreactivepopulated from thenz*) singlet state and vibronic mixing

mtt* state has the least energy in the 2-thienyl ketones. How- between them is not efficient, that is, internal conversion is low
ever, these compounds also abstract hydrogen fr8utOH, enough to allow both states to be excited and to decay inde-
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Figure 6. (a) Time-resolved spectra of triplet 3-TPhK in TFE®)(
0.1us, @) 0.7 us, spectrum ofT;, (*) 8.0 us. Inset: biexponential
decay kinetics Ty + T) at 370 nm. (b) Time-resolved spectra obtained
upon flashing an-ButOH solution of 3-TPhK: @) 0.04us, prevalent
triplet absorption; @) 0.18 us, (*) 0.8 us, doublet-doublet radical
absorption. Inset: kinetics of triplet decay (340 and 670 nm) and radical
formation (400 nm). 380: quasi-isobestic point.

pendently of each other, as well as to be independently quencheqba$

by oxygen. This does not happen in aryl ketones having the
lowest triplet ofn,z* character.

As expected, within the two categories of molecules, the ketyl
spectra are more similar to each other than the triplet absorption
spectra, where the 500 and 700 nm regions are typicadf
triplets, while the 400 and 600 nm regions characterizerth#
triplets. Ini-ButOH, theT, triplet of 3-thienyl ketones is no
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absorbing transients}:2°These species, which are air sensitive,
are derived from ortho or para coupling of a ketyl radical with
another radical. They form more easily when the para-position
(here the pyridyl nitrogen) is electron riéh.

Conclusions

The results described here show that all thienyl ketones ab-
stract hydrogen fromButOH; the rate constant for the process
strongly depends on the position of the thienyl ring which plays
a role analogous to that of an electron-donating substituent.
When the thienyl ring is in the 3 position and the other group
is a pyridyl (3,3-TPK and 3,4 TPK), the rate constant is fairly
high kq ~ 3 x 10° dm® mol~! s7%), close to that found for
n,t* triplet aryl ketones (B, 4-FB, 4-COOHB). When it is in
the 2 position, thus increasing the charge density to the carbo-
nyl, the reactivity is reduced§ < 10* dm® mol~t s™1), but not
as much as is found for 4-Ph-B, where hydrogen abstraction
was undetectable under our experimental conditions. This re-
duced reactivity of 2-thienyl ketones is due to the occurrence
of reaction in an uppen,* triplet state, thermally accessible
from the lowestr,z* one. In 3-thienyl ketones, the upper triplet
state ofz,7* character behaves independent of the lowest
one.
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