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We wish to report how the recent developments in time-
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We find that photoexcitatiorhfct) according to eq 1 of the
colored pyridinium salts of benzilic acid leads to the loss of
carbon dioxide from the intermediate acyloxy radical within a
picosecond. These ultrafast decarboxylations thus approach
barrier-free unimolecular rates to approximate the transition state
of C—C bond scissio! For example, upon the photoexcitation
of the yellow methylviologen sdft of benzilic acid atlict =
375 nm, the UV absorption band of the reduced methylviologen
(A*) at Amax= 395 nni2is observed immediately (Figure 1). In

resolved spectroscopy make it possible to observe the directaddition, the transient spectrum shows another visible absorption

scission of a carboncarbon bond in real time, a process of
fundamental importance in organic chemistfy.We initially

focus on the facile €C bond cleavage in the decarboxylation
of labile acyloxy radicals (RCO,") since they generally have
lifetimes of r < 107° s3 In order to generate this reactive

precursor, we employ the novel method based on electron-

transfer oxidation of carboxylate safts.e.
hv,

R-CO,, AT—-A", R-CO; Ry co, (1)
which circumvents the difficulties encountered in the usual
methodology based on bond homolysighus the instantaneous
production of the acyloxy radical by oxidation of carboxylate
is achieved by charge-transfer excitatidwdr)’ in eq 1 with
the aid of a new pumpprobe spectrometer based on a 230-fs
high-power Ti:sapphire las€rwhich allows the simultaneous

spectral detection of the reactive transients over a continuous

(350—900 nm) wavelength range.
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centered at 600 nm, and the digital deconvolution of the
experimental spectrum yields the resolved absorption bands of
MV 13 and PRC*OH,* as illustrated in Figure 32 On the basis

of the observation of both transients withir2 ps of the laser
excitation, we conclude that the photoinduced electron transfer
in eq 1 is closely accompanied by decarboxylation, i.e.

PhC(OH)CO,, MV* —-MV", PhC(OH)CO;

e PhC'OH + CO, (2)

where MV and MV* represent methylviologen and reduced
methylviologent® respectively. The absorption spectrum of
Ph,C*OH can also be generated without admixture from thet MV
spectrum by the charge-transfer photostimulation ofNheeth-
yl-4-cyanopyridinium salt, as shown in the inset of Figuré 1.
Simultaneous monitoring of the growth of both transients,
as illustrated in Figure 2, demonstrates that the formation of
PhC'OH is significantly slower (by about 1 ps) than the
formation of M\*. Reduced methylviologen is thus generated
with the same time constant € 700 fs, fwhm) as the instru-
mental response of the laser system, in accordance with its
instantaneous generation in e§ Dn the other hand, the slower
rise of the ketyl radical absorption indicates that it is formed
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quantitative analysis of the fractional residual absorbance, allows
the separation of the rate constakig andke; for the systems
listed in Table 118

The ultrafast G-CO, bond scission in acyloxy radicals that
are derived from benzilates, with first-order rate constasts
in the range of 18—10'2s71, stands in marked contrast to the
much slower rates measured for alkyl- and aryl-substituted
acetyloxy radicals, witlkcc ~ 10°—10°s713 (Rate constants
for the decarboxylation of these acyloxy radicals determined
by our method agree well with those reported eaffferThese
rapid rates reflect the very low energies of the transition state
(relative to the acyloxy reactant), which in turn are a conse-
guence of the high degree of stabilization of the ketyl radical,

0.12 ¢ 0.06 PhléOH MV*
0.90

630 720

Absorbance

Wk
N

. NN YD Ar,C*OH, as the product of decarboxylatién.

370 440 510 580 650 720 The trend in the rates of carbewarbon bond cleavage show

a consistent decrease as more methyl and methoxy substituents
) ] ] ] _ are added to the benzilate anidAsAs a result, the decarboxy-
Figure 1. Transient absorption spectrum obtained at 1.0 ps following |ation is most rapid for the benziloxy radical (@{OH)CQ),

the 375-nm charge-transfer excitation of the [M\benzilate] salt in for which the electron-deficiency (hole) of the photooxidized

0.00

Wavelength  (nm)

water at 25°C. Inset: (left) Authentic spectrum of the ketyl radical P . :
(Ph,C'OH) in ref 16 and (right) the spectrum of reduced methylviologen 2NION IS less effectively ameliorated by the electron-poor phenyl

(MV*) in ref 13c. Digital deconvolution of the broad absorption band Moiety relative to the tolyl and anisyl analogues. Furthermore,
(440-740 nm) in the experimental spectrum is shown as the composite the opposite substituent effect is expected for the stabilization
of the spectra of PI"OH (— — —) and MV* (--+), as described in  of the electron-rich product (A€°OH) radical®! Conse-
footnote 15. quently, electron-donating substituents can stabilize the acyloxy
reactant as well as destabilize the ketyl product, and thus the
Me- and MeO-substituted benziloxy radicals suffer decreased
rates of decarboxylation. On the other hand, the rates for back
electron transferlge) in Table 1 increase as the aromatic
systems become more electron-rich. This trend is in accord
with Marcus theory? which predicts such an increase kg
as the exergonicity of the electron transfer decreéses.

We believe that the ultrafast bond cleavages exemplified by
decarboxylation of the acyloxy radicals derived from benzilates
do not represent limiting cases with respect to the ultimate

Normalized Absorbance

- o " : 10 stability of the product radical. Since increased stabilization
) o im0 ) of R*in eq 2 leads to more rapid rates ofRO," scission, we
Figure 2. Kinetic (fs/ps) traces of the formation of M®) and hope to design carboxylate anions that lose an electron and

PhC"OH (O) monitored at 605 and 530 nm, respectively. The smooth cjazye the €C bond in a single step. Real-time monitoring
curves represent (a) the rise of Msimulated by taking into account 4Of these concerted reactions will thus constitute the direct obser-

the instrumental response time of 700 fs (fwhm, see footnote 17a) an . " )
(b) the rise of PEC'OH simulated by the convolution of the instrumental  Vation of the transition statéfor the breaking of a €C bond.
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Table 1. Rate Constants for Decarboxylation and Back Electron

Transfer in Methylviologen/Benzilate Radiedbn Pair$ JA960112]

benzilate donor (RCO) koet (10Ms71) kec® (10Ms™) (18) (a) The quantitative analysis of the rate constants of the two
unsubstituted 2 B competing processes for the benzilates in Table 1 excej(P)CQ~
4.4 -dimethyl 5 5 is based on the following®my = ked/(Kee + Koe) = Kectmy. The lifetime

' Yy of reduced MV ¢my) is obtained from the fs/ps kinetics, and the transient

4-n’”|et_hoxy 3 1 quantum vyield @uy) of residual MV is obtained by nanosecond laser
4,4-dimethoxy 8 2 photolysis using benzophenone triplet as actinometer. See: Hurley, J. K,;
2,2 ,5,5-tetramethoxy 8 0.4 Sinai, N.; Linshitz, H.Photochem. Photobioll983 38, 9. The escape of

- - - — the radicals out of the solvent cage is not included in the femtosecond
aBenziloxy radicals generated by charge-transfer irradiation of kinetics, since it occurs on much slower time scales. See: Scott, T. W.;

[MV*, RCG,] with the 230-fs (fwhm) laser pulse @ty = 375 or Liu, S. N. J. Phys. Chem1989 93, 1393. (b) For PYC(OH)CG, the

400 nm in aqueous solution at 2. ® Rate constant¥5%) for back value ofkcc was directly obtained from the rise of the ketyl radical (see

electron transfer in eq 3 Rate constant :&5% unless indicated Figure 2), since back el_ectron transfer is negllglble as descrlbed in ref 17.

otherwise) for decarboxylation of the acyloxy radical derived from the _(19) Earlier observations were mostly obtained by indirect metifods

: P : calibrated by a single direct measureniéon the picosecond time scale.
benzilate anion in eq 3.Rate constant£10%) for benziloxy only. (20) The éffects of electron-withdrawing substituents such as chloro could

f h hort-lived b i imulati d not be examined, since the charge-transfer absorption band of thé,[MV
rom the short-lived benziloxy precursor. Simulation and 4 4 gichiorobenzilate] ion pair was blue-shiftediier < 360 nm and thus
comparison of the kinetic traces in Figure 2 allow the extraction could not be excited with the Ti:sapphire laser system (see footnote 10).
of the first-order rate constant for the formation of the ketyl (21) Ketyl radicals are electron-rich by virtue of their very low oxidation
radical, and thucc in eq 2 is 8x 1011 57117 potential8!® and ease of oxidation in solution. See: (a) Baumann, H.;

; Merckel, C.; Timpe, H.-J.; Graness, A.; Kleinschmidt, J.; Gould, I. R.; Turro,
Polar (substituent) effects on the-C bond cleavage are  \“j chem. Phys. Let1984 103 497, (b) Kemp, T. J.. Martins, L. J. A.

examined in the series of methylviologen salts of methyl- and ;3 chem. Soc. Perkin Trans.1®8Q 1708. (c) Engel, P. S.; Wu, W. X.
methoxy-substituted benzilates. The kinetic traces show partial Am. Chem. Soc989 111, 1830.
decay of the spectral transients to a nonzero residual absorbance, (22) () Marcus, R. AAnnu. Re. Phys. Chenl964 15, 155. (b) Marcus,

i ; i ; i i . A.J. Chem. Physl965 43, 679. (c) Marcus, R. AFaraday Discuss.
i valie of ich vaies i pariciar benzlale anion. €0 o 415 Maus £ A5 Cri, s ot 6
mnp y (23) (a) This trend inkpe is termed “inverted” to contrast with the
competition between €C bond cleavage (eq 2) and back “normal’ behavior of increasing reaction rate with increasing thermodynamic
electron transferlq,y) to restore the original viologen salt, i.e.  driving force. Inverted driving-force dependencekgf has been observed
Koot Kee \évith methylviologen cr)mgéebﬁ;s‘?’d anhql with ?1 kve;]ri%ty of other electron
R—CO,” A+ P Al R—COZ' — R+ CO2 (3) onor—acceptor complexes: Asahi, T.; Ohkohchi, M.; Mataga, N.
. . ’ . ’ - . Phys. Chem1993 97, 13132 and references therein.
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