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Abstract: A detailed study of the competition between-C, C—H, and C-Si bond fragmentation in a series

of 4-methoxyei-substituted toluene radical catioris(), involving both product studies and kinetic analysis,

is presented. €C bond fragmentation occurs with several radical cations in acetonitrile. The rate constants
for such processes, determined by laser flash photolysis, varied from 208(1¢+) to 1.53x 10° (1f+) s71.

The activation parameters for«€C bond fragmentation are characterized by low activation enthalpies on the
order of 30 kJ mol! and negative activation entropies in the rang# to —55 J mot't K-1, Deprotonation

of the radical cations is always a second-order process induced by nucleophiles [cerium(IV) ammonium nitrate
(CAN) or nitrate anion], with second-order rate constants fromx7 707 (1h**) to 8.8 x 10° (Li*f) M~1s71

in neat acetonitrile (CAN assisted) and from 64108 (1j*") to 7.1 x 108 (1i**) M~1 s71in the presence of

nitrate anion. The rate constant for nitrate-induced decarboxylation was higherx 1286M~1 s71 (1d*").

In a few cases €C (le™, 1f") and C-Si (1g™*) fragmentations occurred, also as second-order processes
induced by nitrate, with rate constants from 44108 (1f*) to 8.2 x 10° (1g*) M~1s1. AH* andAS had
opposing influences on-€H and C-C fragmentation, and in the casel#™ a temperature-dependent product
distribution was obtained. The activation parameters for the observéti C—C, and C-Si fragmentations

have been compared, and suggest a rationale for the mechanisms and selectivity of such processes in radical
cations.

Introduction Scheme 1
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lon radicals play a key role in redox reactions involving Df(‘:wx—-o—c\- + X
organic substrateé’sand interest in their reactivity continues to

grow. Removal of an electron from a neutral molecule often i dicab-deprotonation desilviation5 and decarb
results in bond weakening within the resulting radical cation. C&ton radicab-deprotonatior;”desilylation, = and decarbox-

This process increases the rate of heterolytic fragmentation and Iatlc_)nﬁ are tl_1e most common fragmentations of this type. Most
has been proven to be a useful method for the generation ofstudles in this area have been devoted to deprotonation and are
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reaction of cation radical intermediatesdsheterolytic frag- P

) ) . strengtf=® or to steric and electronic effect§:11 Recent
mentation with loss, or transfer to the solvent or to a nucleophile, ; S ) ) ) ) : :
. investigations ofx-trialkylsilyl-substituted cation radical desi-
of an electrofugal group (X), as shown in Scheme 1. Arene

lylations have shown that these processes are dependent on the
nature of the silicon substituénand on the medium charac-
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Kinetic Evaluation of C-H, C—C, and C-Si Bond Actiation

teristics?12and that they can compete with or be dominant over
cation radicalo-deprotonatiof. Cleavage of GC bonds in

radical cations has attracted considerable attention in the past

decadé3~15 With only a few exception$16-19 kinetic data for
evaluation of the extent of €H and C-C bond activation in
radical cations have been unavailable.

Mechanisms have frequently been inferred from product

studies. Fragmentation reaction selectivities have been generally

rationalized through a thermochemical approach by comparing
the bond dissociation energieAH) obtained from thermo-
chemical cycled9:"1315 This approach has been successful
only within a homogeneous series of compounds involving
fragmentation of a particular bond typ&°but failed systemati-
cally for different competing fragmentation processes. This was
particularly true when direct comparison of€l and C-C bond
fragmentations in cation radicals was attempg&itk°

We therefore deemed it worthwhile to carry out an extensive
kinetic investigation of the fragmentation of different& bond
types (X= H, C, Si) in arene cation radicals and to determine

the activation parameters for these processes. A series of}

4-methoxybenzyl derivatives, for which thermochemical evalu-
atior?! predicted competitive fragmentation processes involving
the cation radical, was chosen. In preliminary attempts, the
cation radicals were produced by PET (photoinduced electron
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Preparative Irradiations in Neat Acetonitrile. Acetonitrile

transfer) to an organic molecule. However, it became apparentsolutions of the 4-methoxg-substituted toluenega—g (10
at an early stage that a more efficient way to generate suchmMm) (Scheme 2, Table 1) were irradiated in the presence of

species is by SET (single electron transfer) to the nitrate radical.
Our results have identified and rationalized the mode of
fragmentation of each cation radical, providing a mechanistic

CAN (20 mM), with a 400 W medium-pressure mercury vapor
lamp through a Pyrex filter at room temperature. In every case,
4-methoxybenzyl nitrate?j was obtained as the main product,

picture of the fragmentation based on the activation parametersyith 4-methoxybenzaldehyd&)(as the minor one (Scheme 2,

of the different processes involved, and offering new insights
into the utility of these species.

Product Distribution Analysis

Steady-state photochemical studies were carried out to
confirm that irradiation of solutions containing cerium(lV)
ammonium nitrate (N&)2Ce(NG)s (CAN) and benzylic donors
(1) gave products consistent with SET and subsequefitiC
C—C, or C-Si bond fragmentations within the radical cations.
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path a). In the case of etherkb and 1c, acetone and
benzophenone, respectively, were formed concurrently with the
above compounds. Likewise, 2-hydroxyethyl formate and
2-hydroxyethyl acetate were formed frobe and 1f, respec-
tively. Separate experiments showed that the aldeBydas
formed from further irradiation of CAN in the presence of
compound2.

Similar irradiation of the 4-methoxg-substituted toluenes
1handliin the presence of CAN led to clean formation of the
o-substituted nitrategth and 4i, respectively, as the major
products. Due to its instability, the nitraéid was hydrolyzed
and characterized as the alcobbl A minor photoproduct from
1i was5i (9% yield; Scheme 2, path b). On the other hand,
irradiation of 1j under the same conditions did not lead to
significant substrate decomposition. Acetamitievas formed
in significant yield as an additional product on irradiation in
more dilute solution in acetonitrile (CAN, 1 mMh, 0.5 mM).

On the other hand when substratds, 1c, 1f, and 1g were
irradiated at similar dilutions, no amide products were detected.
Table 1 gathers the results from the preparative experiments.

Preparative Irradiations with Nitrate Anion as Nucleo-
phile. Irradiation of a deaerated acetonitrile solutionlofl
mM) and CAN (2 mM) in the presence of tetrabutylammonium
nitrate (5 mM), under the same conditions as above, again gave
nitrate2, accompanied by small amounts of 4-methoxybenzal-
dehyde 8), from substrateda, 1d, 1f, and1g. Investigations
with the last two substrates showed that this reaction course
did not change in the presence of 10 mM nitrate. Compounds
1h and1li again gave the corresponding nitratdsand4i.

In contrast, ethetb now gave a different reaction, yielding
substituted nitratdb as the main product, with a small amount
of 3and a trace 02. Etherlcbehaved similarly, yielding nitrate
4c and 2-(4-methoxyphenyl)-1,2-diphenylethanone as the main
products, accompanied by minor amounts of ketboas well
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Table 1. Products from Preparative Irradiation of CAN in the Presence of 4-Methoxytoldergsand Nitrate2

irradiation recovered
time starting material products
4-methoxytoluenes (min) (%) (yield, %)y
la8 30 29 2(65),3(5)
1b? 30 38 2(55),3(7),
MeCOMe ¢50¥f
1 30 26 2(62),3(11),
PhCOPh (72)
1d? 20 2(79),3(20)
1let 20 10 2(70),3(15)
HCO,CH,CH,OH (85)
1fa 20 2(95),3(3)
MeCQO,CH,CH,OH (95)
1 15 2(97), 3 (trace)
1h? 75 30 3(2),4h (65)
1he 20 27 3(7), 4h (40),6h (8), 7h (15)
12 35 40 4i (50),5i (9)
1j2 75 90 3(4)
2f 30 60 3(34)

a|rradiation of an acetonitrile solution of CAN (20 mM) and the 4-methoxytoluene (10 rMield relative to the starting 4-methoxytoluene,
measured byH NMR after workup.® Acetone measured 44 NMR following photolysis in CRCN. ¢ Determined as the corresponding alcohol
(GC, and'H NMR after addition of internal standard) after hydrolysis (see the Experimental Seétioajliation of a much more dilute acetonitrile
solution of CAN (1 mM) andLh (0.5 mM). Product yields were measured by G@radiation of an acetonitrile solution of CAN (20 mM) and
4-methoxybenzylnitrate (10 mM).

Table 2. Products from Preparative Irradiation of CAN and 4-Methoxytolueleesj in the Presence of BNNOz?

irradiation recovered
time starting material products
4-methoxytoluenes (min) (%)° (yield, %Y
la 30 10 2(75), 3(10)
1b 30 50 4b (30)£3(5),2(1)
1c 60 50 4c¢ (20)£5c¢(5),3(3)
2 (1), 4-AnCHPhCOPh (15), PhCOPh (1)
1d 20 2(90),3(5)
le 2¢ 43 4e(30)2(18),3(5)
HCO,CH,CH,OH (20)
le 1 30 4e(28)£2(30),3(11)
HCO,CH,CH,OH (38)
le 10 30 4e(20)£2(34),3(14)
HCO,CH,CH,0OH (42)
1f 5 19 2 (78)9 3 (tracey
1g 5 10 2(85)2 3 (tracey
1h 30 20 4h (77)85 (trace)
1i 30 20 4i (65),5 (15)
1 120 55 4j (45)

2|rradiation of an acetonitrile solution of CAN (2 mM) and the 4-methoxytoluene (1 mM) containinti¥BD; (5 mM). b Relative to the
starting material® After hydrolysis, the nitrate esters were determined by GC as the corresponding alé@tidis°C. ¢ At 25 °C. f At 45 °C.
9 Similar results were obtained on increasing the nitrate concentration to 10" iigld measured byH NMR.

as by compoundg, 3, and benzophenone. The chemistry of nm) was used for the measurements, and the transient absorp-
acetallewas more involved, since the outcome was temperature tions were measured between 440 and 750 nm. At the low laser
dependent. Thus, nitratee was the the main low-temperature pulse powers used it may be assumed that only single quantum
product T < 5 °C), but became the minor one at higher processes are involved and that the product distributions are
temperaturesi{> 25 °C), where2 predominated. The ratio of the same as in the preparative experiments.
the yield of4eto the combined yields df and3 dropped from Efficiency of the SET Process Evaluated by Kinetic Data
1.3 to 0.4 with increasing temperature from 5 to*45(Table  for Oxidation of the Substrates 1. Initially the cation radicals
2). In parallel with this the yield of 2-hydroxyethyl formate  \vere produced by a PET process using the well-established 9,10-
also increased over the same temperature range. Irradiation ijicyanoanthracene (DCA)/biphenyl (BPY&ystent However,
compoundlj, which in the absence of added nitrate did not sjgnal intensities (especially for the substrates with higher
react appreciably, yieldedj as the only product under these oxjdation potentials) were too weak for accurate kinetic evalu-
conditions. Nitratedlb, 4c, 4eand4h were hydrolyzed tothe  ation. As an alternative, SET fromto the nitrate radical was
corresponding alcoholéb, 6c, 6e,and 6h, respectively, for  explored. This method produced transient absorption intensities
easier characterization. at least 10 times greater. Nitrate radicals were generated by
photolysis of CAN (0.15 mM in acetonitrile) at 355 nm, and a
kinetic study of the oxidation of the-methoxybenzyl derivatives
Laser flash photolysis measurements were used to investigatg1) under these conditions was carried out. The rate of
the involvement of cation radical intermediates in the previously disappearance of nitrate radicals at’5was monitored at 635
described reactions and to determine their properties. A Nd: nm in the presence of a measured excess of the aromatic
YAG laser (power 210 mJ, pulse duration 10 n&g. = 355 compounds. Plots of the first-order rate constants vs donor

Laser Flash Photolysis Measurements
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Scheme 3 Spectroscopic Characterization of the 4-Methoxybenzyl
. Cation Radicals I*. After laser excitation of CAN solutions
1 + NO3 . . .
in the presence of compounda—j (5 mM), a rapid decay of
kBE/ nitrate radical absorbance at 635 nm took plae&d0 ns) with
e the concomitant rise of new transients with absorption maxima
1 + NO3 — » NO3 + 1 Products (Amax in the 406-650 nm region, similar to the anisole case.
N These were attributed to the corresponding cation radidaf} (
k2 [N&

Kk
—

and accorded with previous studies where absorption spectra
had been reported fata* 824 and 1g+.525 In addition, the
Products 1g+ spectra obtained both in the present work and in the
- 12 e . .
Table 3. Thermochemical and Kinetic Data Relevant to the literature usmg.the DCA./BP systgm ar'1d that obtained via
Oxidative Step (Eq 1) in the Reaction of the Benzylic Donbrs photoproduced n|tr§lte radical were identical, although for the
with Nitrate Radical latter method the signal was much more intense.
Tl The radical cation absorption spectra had features which were
4-AnCHX  En (V) (VS SCE} —AG (eV) kg (10°°M-1gYe .
o (V) } (eV) ( ) dependent on the nature of thesubstituent X (eq 1). In

1‘3 igg 8:22 iig particular, those containing g-oxygenated function showed

1c 150 0.5 1.03 either a tail in the spectrum extending to 700 nm (ethers; Figure
1d 1.68 0.32 1.10 1b,c,h), or a second broader band centered close to 540 nm
le 1.59 0.41 1.14 (acetals; Figure 1le,f). Assuming identical efficiencies of
1f 1.54 0.46 135 formation for the different cation radicals, the molar extinction
1% igg 8-25 iég coefficient for each was determined, the laser power being
1i 163 0.37 111 maintained constant throughout the series of experiments. The
1] 1.50 05 1.35 results are reported in Table 4, and the corresponding spectra

are shown in Figure 1. In all cases the spectra have been

@ Oxidation potentials have been estimated from the frequencies of corrected between 400 and 440 nm for the depletion of the

the CT bands in the spectra of mixtures of the benzylic dofiasd

tetracyanoethylene, using the correlatiy(V vs SCE)= 1068.84, 1 ground state of CAN. All the transients underwent first-order
(nm™Y — 0.371, developed for a series of alkylbenzenes by Ké&chi, decay (insets in Figure 1), except fij*, for which it was
and used by BacioccHi.? Calculated using°(NOz/NO;™) = 2.0 V mainly a second-order proceskps =1.5 x 10° M1 st

vs SCE¥ cRate constants for reaction of nitrate radical with (compare this with the lack of reactivity of this substrate in
4-methoxytolueneda—j, according to the reaction in eq 1. . . . - .

preparative experiments without nitrate; Table 1). The observed
concentration were linear, and the second-order rate constantlecay rate constant&.fg are reported in Table 4.

for the SET from the benzylic donor to the oxidant radidl ( Radical Cation Fragmentation. To investigate the cation
eq 1 and Scheme 3) was calculated from the slope. All the radical fragmentation mechanisms, the study was extended to
values were diffusion controlled (Table 3). include an evaluation of the influence of CAN concentration

and of an added nucleophile, the nitrate anion. Rate constants
p-ANCH,X + NO;’ = p-ANCH X" +NO, (1) measured for the decay of radical catidfst, 1c*, 1et, 1,
and1g** were independent of the laser excitation power (2
Evaluation of Nitrate Radical Efficiency in Producing 10 mJ) and CAN concentration (0.68.3 mM) used. For the

Cation Radicals *. The concentration of nitrate radicals benzylic donorslb, 1c, 1e 1f, and 1g the kinetics gave an
formed from CAN (0.15 mM) by a single pulse (laser power excellent fit in the 426-550 nm range using a first-order decay
10 mJ) was determined to be [ND= 1.30 x 105 M (+0.1 model. Activation parametersAd* and AS") for the bond
x 1075 M) by measuring the end-of-pulse absorbance at 635 fragmentations oflb*, 1c*, 1le*, 1f*, and 1g* were
nm and using the reported value for the molar absorptivity of determined from Eyring analysis & (first-order decay rate
this species in acetonitrileyo; (635 nm)= 1300+ 100 M1 constant) over the temperature ranged0 °C. The excellent
cm~1.22 When an identical solution containing 10 mM anisole linear correlations between ky(T) and 11 can be seen from
(An) was flashed (using identical laser power), the anisole the plots in Figure 2. The activation parameters are presented
radical cation was formed and its concentration calculated to in Table 5a, along with the corresponding radical cation
be [Arr'] = 1.26 x 1075 M (£0.04 x 10~ M) by measuring fragmentation process, as deduced from preparative studies
the absorbance at 430 nm and using the knewyr (430 nm) (Table 1).
= 3800 £ 10023 The efficiency of formation of the free In contrast, the rate constants for decay of radical cations
aromatic cation radicals was 0.9%@.03), calculated fromthe  la*, 1d", 1h*, andli** were a function of CAN concentration.
ratio of the anisole cation radical and nitrate radical concentra- Air-equilibrated acetonitrile solutions of dondts, 1d, 1h, and
tions. An identical experiment in the presence of 0.8 mM 1i (5 mM) were photolyzed using a laser power of 2 mJ at 355
anisole permitted both measurement of the nitrate radical nm in the presence of CAN at concentrations in the range 0.1
concentration immediately after the pulse and monitoring of the 0.3 mM. Under these conditions the radical cation decay rates
subsequent growth of the anisole cation radical concentration.were pseudo-first-order. Clean first-order decays were found
This reached a maximum value (very similar to that observed only with laser powers below 10 mJ. At higher intensities the
in the previous experiment) after 200 ns. Preliminary measure- local concentrations of nitrate anion produced during the flash
ments had shown that oxygen did not affect the kinetics of these were sufficiently high to compete with CAN (see below). Plots
species, and subsequent measurements were carried out in aief the pseudo-first-order rate constants vs CAN concentration

equilibrated solutions. yielded linear correlations. The second-order rate constiants (
(22) Katsumura, Y.; Jiang, P. Y.; Nagaishi, R.; Oishi, T.; Ishigure, K.; (24) Del Giacco, E.; Baciocchi, E.; Steenken, JSPhys. Chem1993
Yoshida, Y.J. Phys. Cheml1991, 95, 4435. 97, 5451.
(23) O'Neill, P.; Steenken, S.; Schulte-Frohlinde JDPhys. Chenl975 (25) Cermenati, L.; Freccero, M.; Venturello, P.; Albini, A.Am. Chem.

79, 2773. Soc.1995 117, 7869.
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Table 4. Spectroscopic Characterization of Transients from 4-Methoxytoluéaeg

radical absorption
cations Kobs range Amax €(Amay)®
1+ X (10t s)2 A (nm) (nm) (M~tcm™)
la H 1.0 400-480 430 3808
1b CMe,OMe 3.6 406-600 450 3580
1c CPhOMe 2.8 406-690 450 3250
1d COOH 28.3 406-540 460 3510
le 1,3-dioxolan-2-yl 8.5 408700 first, 440 2200
second, 530 10060
1f 2-methyl-1,3-dioxolan-2-yl 152.8 460700 first, 440 2200
second, 550 2500
1g SiMe; 215.0 406-650 510 5360
1h CH,OMe 1.15 406-640 440 3660
1i COOMe 13.2 406540 460 3530
1j CMe; d 410-530 460 5350

a Observed rate constants in acetonitrile (first-order analysis), obtained by flashing the solutions in the presence of CAN (0.15 mM) at 298 K.
b Extinction coefficients measured at the wavelength of maximum absorptideasured at 283 K. The molar absorptivity of this part of the
spectrum is temperature dependénn this case a second-order deckysr = 1.5 x 10° M~ s7, was observed.

for the cation radical fragmentations induced by CAN were
obtained from the slopes of these plots. For cation radicafs
1d*, 1h*, andli*t activation parameters were evaluated from
rate constant measurements at several temperatur@gp@nts)
in the range 6-40 °C (Table 5b).

Salt Effect on Cation Radical Lifetimes. As part of an
examination of the effect of an anionic nucleophile (nitrate
anion) on the cation radical lifetimes, the effect of ionic strength

substrateq. This metho&2¢has been successfully used, mainly
by Baciocchi and co-workers, to produce the cation radicals of
aromatic substraté€:?® Thermochemical and kinetic data
(Table 3) suggest that SET according to eq 1 is strongly
exergonic and diffusion controlled.

The spectra shown in Figure 1 can be unambiguously
attributed to the radical catiors™. In the case oflg™, its
absorption spectrum, decay rate, and mode of fragmentation (C

Si bond cleavage) are identical whether the cation radical is
formed by either the DCA/BP/oxygen method or the CAN
method, confirming that in both cases the same solvated species
is produced and monitored. In the caselaf”, the absorption
spectrum is also independent of the method used for its
generation. Howeverla™ decays much more rapidly when
generated by the DCA/BP/oxygen method, perhaps because of
the possible presence 0$0, a stronger base than nitrate anion.
The comparative stabilities of similar cation radicals produced
o " . e o o by the two methods have already been reported by Bacidcchi.
for 10" and1c™ , but it was significant forld™" (10%) and  jg\ever, the nitrate radical efficiency in producing the cation
reached a maximum foia™ (30%; see Figure 3). Thus, (agicals of these precursors is 0.97, much higher than when SET
although the salt effect was moderate in every case, it did requirets the Bp+ is involved (especially with substrates more difficult
that the effect qf nucleqphﬂes be examined at constant ionic 15 oxidize thanla, such asld, 1i, 1e and1f), and it is this
strength to obtain meaningful results. which has facilitated a detailed investigation of their reactivity.
Cation Radical Fragmentations Induced by an Added This difference in efficiency between the present method and
Nucleophile. The effect of added nitrate anion on the cation other systems, such as DCA/BP/oxygen, is a consequence of
radical lifetimes was studied at constant ionic strength. Ac- the rate of the back-electron-transfer process. For the nitrate
etonitrile solutions of CAN (0.15 mM) antla—i (10 mM) were radical Eox = 2.0 V vs SCE) and the 4-methoxybenzyl
photolyzed at 355 nm (laser power 10 mJ) in the presence of substrates consideret < 1.70 V vs SCE), back electron
various concentrations ofBu;NNO3 (1—8 mM), with the ionic transfer between nitrate anion and the benzyl radical cations is
strength of the solutions being maintained constant at 8 mM, endergonic by at least 0.3 eV (Table 3). This suggests a back-
by appropriate addition of-BusNCIOs. The decays of the  electron-transfer rate constant of ca’@0° M~*s7%, too slow
cation radicals followed first-order kinetics under these condi- t0 be competitive with unimolecular reactions of the radical
tions, and the lifetimes were reduced. A linear correlation was cations. Irjdeed,lj'.*, for which no favorable unimolecular
established between the pseudo-first-order rate constants andragmentation path is available, decays with a second-order rate
nitrate anion concentration, and the second-order rate constant§onstant of this magnitude. It undergoes little irreversible
(k) for nitrate-induced fragmentation were calculated. The decomposition in preparative experiments, consistent with the
activation parameters (for the second-order fragmentation suggestion that back electron transfer is the only significant path

processes) were determined from rate constants measured che_me 3)- ) . .
several temperatures (over-8 points) in the range-630 °C Cation Radical Fragmentation. In contrast, the other cation

and the calculatedH* andAS' values are reported in Table 6. radicals undgrgo fragmentation processes (involvingHC

(26) (a) Martin, T. W.; Glass, R. WI. Am. Chem. Sod97Q 92, 5075.
(b) Martin, T. W.; Glass, R. WJ. Am. Chem. Sod97Q 92, 5084. (c)
Neta, P.; Huie, R. EJ. Phys. Cheml986 90, 4644. (d) Baciocchi E.; Rol,
C.; Sebastiani, G. V.; Serena, Betrahedron Lett1984 1945 (e) Baciocchi,
E.; Del Giacco, E.; Rol, C.; Sebastiani, Getrahedron Lett1985 541.

(27) Baciocchi, E.; Del Giacco, E.; Murgia, M.; SebastianiJGChem.
Soc., Chem. Commuth987, 1246.

(28) Ito, O.; Akiho, S.; lino, M.J. Org. Chem1989 54, 2436.

on cation radical lifetimes was first investigated by monitoring
the lifetime of cation radical** as a function of the concentra-
tion of a nonnucleophilic saltn(BusNCIO,4). Acetonitrile
solutions ofla—j (5 mM) were flashed in the presence of CAN
and of perchlorate anion in the concentration rang&@d mM.

An effect was noticeable for all cation radicals studied, with
the exception off*t and1g™, the decay of which did not show
any salt effect. An increase in cation radical lifetime was
observed witllat—1et, 1het, andli*t. The effect was small

Discussion

Generation of Cation Radicals. The results presented in
Table 3 show that nitrate radical (NQ produced by CAN
photolysis is an excellent oxidant of the 4-methoxybenzylic
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Figure 1. (a) Transient absorption spectra following 355 nm excitation of 5 f@&nd 0.5 mM CAN in acetonitrile recorded 1, 5, 20, and.40

after the laser pulse. Inset: decay curve for the cation radical recorded at 430 nm. (b) Transient absorption spectra following 355 nm excitation of
5 mM 1b and 0.5 mM CAN in acetonitrile recorded 1, 2, 10, andu®0after the laser pulse. Inset: decay curve for the cation radical recorded at

450 nm. (c) Transient absorption spectra following 355 nm excitation of 5Jalind 0.5 mM CAN in acetonitrile recorded 1, 5, 10, and:20

after the laser pulse. Inset: decay curve for the cation radical recorded at 450 nm. (d) Transient absorption spectra following 355 nm excitation of
5 mM 1d and 0.5 mM CAN in acetonitrile recorded 0.2, 0.5, 1, ands2after the laser pulse. Inset: decay curve for the cation radical recorded

at 460 nm. (e) Transient absorption spectra following 355 nm excitation of 5lelhd 0.5 mM CAN in acetonitrile recorded 1, 5, 10, and 20

us after the laser pulse. Inset: decay curve for the cation radical recorded at 440 nm. (f) Transient absorption spectra following 355 nm excitation
of 5 mM 1f and 0.5 mM CAN in acetonitrile recorded 0.2, 0.4, 0.6, andZs8&fter the laser pulse. Inset: decay curve for the cation radical
recorded at 440 nm. (g) Transient absorption spectra following 355 nm excitation of gwkd 0.5 mM CAN in acetonitrile recorded 0.2, 0.4,

0.8, and 1.6us after the laser pulse. Inset: decay curve for the cation radical recorded at 510 nm. (h) Transient absorption spectra following 355
nm excitation of 5 mMLh and 0.5 mM CAN in acetonitrile recorded 1, 5, andafter the laser pulse. Inset: decay curve for the cation radical
recorded at 450 nm. (i) Transient absorption spectra following 355 nm excitation of Airaktd 0.5 mM CAN in acetonitrile recorded 0.2, 1, 2,

and 4us after the laser pulse. Inset: decay curve for the cation radical recorded at 440 nm. (j) Transient absorption spectra following 355 nm
excitation of 5 mM1j and 0.5 mM CAN in acetonitrile recorded 1, 20, 50, and AS@fter the laser pulse. Inset: decay curve for the cation radical
recorded at 460 nm.

C—C, or C-Si bonds) to produce a benzylic radical and a

cationic fragment (Scheme 1). The cations evolve either by 90 &+ . X
deprotonation or by nucleophile addition to give identified e TRy
products (acetone and benzophenone fiidmand 1c, respec- 7 On
tively; 2-hydroxyethyl formate and 2-hydroxyethyl acetate from - 70

leandl1f, respectively; Table 1). The benzylic radical in turn 'f;

is oxidized to the corresponding cation by excess CAN (a ratio E 5o

of CAN: benzylic donor= 2:1 was used), and this cation is
trapped by nitrate anion, formed by nitrate radical reduction
(Scheme 3), to give the observed benzyl nitré&2eend 4, or
products3 and5 resulting from their further oxidation (Scheme 3.0
2 and Table 1). If the CAN solution is more dilute (at least by 3.15
a factor of 10), acetonitrile competes effectively with nitrate

anion for capture of the benzylic cation and acetanitleis Figure 2. Eyring plot for first-order fragmentation processes in neat
formed as an additional product. The CAN-induced conversion acetonitrile, for the following cation radicalslb™ (triangles),1c*

of alkyl aromatics to aralkyl nitrates has been considered in (squares)le* (black squares)if* (circles), andig* (stars).

3.55
T'M03K?

3.35 3.75
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Table 5. Kinetic and Activation Data for the Fragmentation Processed.&r, 1b't, 1ct, 1d't, 1et, 1f*, 1g*, 1h**, and1i*"

(a) Unimolecular Fragmentation ProcessTort, 1ct, 1e*, 1, and1gt in Acetonitrile

radical fragmentation ki (10¢s™Y) AG*P
cationsl+ X procesd at 298 K AH¥be ASFed (298 K)
b CMe,OMe c-C 3.6 +31 —55 +47
[ CPhOMe c-C 2.8 +32 —52 +48
e 1,3-dioxolan-2-yl GCC 8.5 +29 —40 +45
f 2-methyl-1,3-dioxolan-2-yl ecC 152.8 +28 —-34 +38
g SiMe; C-Si 215.0 +23 —46 +37
(b) Bimolecular Fragmentation Process fa*, 1d'*, 1h*t, andli** Induced by CAN in Acetonitrile
radical fragmentation k2 (1P M1sh AG*P
cations1-* X procesd at298 K AH*bf AS df (298 K)
a H C—H 0.67 +25 -11 +28
d COOH c-C 19.0 +28 +27 +20
h CH,OMe C-H 0.77 +19 -31 +28
i COOMe C-H 8.8 +20 -7 +22
(c) Bimolecular Fragmentation Process far* Induced by Acetonitrile
Kobs ky' ¢
radical fragmentation (1Ps™y 1PM-1sY AG*P
cation X procesd (298 K) (298 K) AHFbh ASFdh (298 K)
1g™* SiMe; C-Si 2.18 5.9 +22 —60 +40

2 Deduced from product distribution analysis, Table kJ mol-t. ¢ From Eyring plots ok; measured over the-%0 °C range.¢J mol* K1,
e Second-order rate constant obtained from a linear plétgf/s CAN concentrationt From Eyring plots ok, measured over the-240 °C range.
9 Second-order rate constant with acetonitrile as nucleophile, from réfAr@m Eyring plots ok, measured over the-®5 °C range. In good
agreement with the value obtained for the same cation radical produced as a free species with the DGA&BE(hoth in the present investigation

and by Dinnocenzo, ref 5.
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Figure 3. Bottom: Observed rate constant as a function of salt
concentration for the decay @ér*. Top: Transient absorbance bd*
in the absence and in the presence of salt (0.6 mM, darker line).

detail by Baciocchi and co-worke?d?26de27and does not
require further discussion here.

Product distribution analysis from steady-state photochemical
oxidation (Tables 1 and 2) identifies three processes for the

cation radicals produced by nitrate radical oxidation. These are

(in neat acetonitrile (Table 1)) (a)-€H fragmentation for the
radical cationda™, 1h**, andli**, (b) C—C fragmentation for
1bt, 1ct, 1dt, 1le*, and1f*, and (c) C-Si fragmentation
for 1g™ and (in acetonitrile with added nitrate anion (5 mM)
as nucleophile (Table 2)) (a)-€H fragmentation for the radical
cationsla™, 1b*, 1ct, 1let, 1ht, 1i*t, and1j**, (b) C-C
fragmentation fodd'*, 1et, and1f*, and (c) C-Si fragmenta-
tion for 1g™. In every case the material balance was good.

The additional product, 2-(4-methoxyphenyl)-1,2-diphenyletha-
none, obtained from irradiation 4t, arose from 1,2-migration

of a phenyl group within the cation resulting from the depro-
tonation oflc™ and oxidation of the resulting radical, a process
previously observed with similar substrat@sThere was no
significant competitive deprotonation when aC or a C-Si
benzylic fragmentation occurred, except in the case of cation
radicalle™ in the presence of added nitrate, when deprotonation
and C-C bond fragmentation were both observed. This
facilitated interpretation of the fragmentation processes involved
in decay of the transients. It is worthwhile to note that the
limited salt effect observed on the fragmentation rate is in
accordance with the process occurring from the free cation
radical. A much larger effect would be expected were an in-
cage process involved, due to the strong dependence of the rate
of radical ion pair separation on ionic strength.

Decay Kinetics. All cation radicals undergoing €C or
C-Si bond fragmentation underwent first-order decay in
acetonitrile, with no dependence on the CAN concentratign (
Table 5a). Desilylation oflg™, when produced by the CAN
method, occurs at the same rate as when using the DCABP/O
method, as shown both here and in the literadtui®ince there
is literature evidence that this is a solvent-assisted process in
acetonitrile® the corresponding,” is reported in Table 5c. In
the case of the cation radicals undergoing deprotonation, on the
other hand, a CAN-assisted process is involved, and the
corresponding rate constatis reported in Table 5b. Radical
cation1d'*t, for which the end result is €C bond fragmenta-
tion, is included in this group, but the primary process is in all
likelihood O—H deprotonation (eq 2). In neat acetonitrile the

ANCH,COOH" — AnCH,COO — AnCH," + CO, (2)

rate constants for the radical cation decays spanned more than

(29) MccCall, M. J.; Townsend, J. M.; Bonner, W. &.Am. Chem. Soc.
1975 97, 2743.
(30) Mattay, J.; Vondenhof, MTop. Curr. Chem1991, 159, 219.
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Table 6. Kinetic and Activation Data for Fragmentation Processes Induced by Nitrate Anion in Acetonitrile

radical fragmentation ko' 2 AG*P

cationl1-t X processes (1M~tsh AH¥be ASFed (298 K)
a H C—H 4.0 +16 —26 +24
h CH,OMe C-H 4.8 +14 —-31 +23
b CMe,OMe C-H 2.6 +20 —18 +25
c CPhOMe C-H 3.2 +19 -21 +25
i COOMe C-H 7.1 +14 —27 +22
e 1,3-dioxolan-2-yl CGC-Hand C-C 4.9 e e e
f 2-methyl-1,3-dioxolan-2-yl e€C 4.4 +20 -12 +24
d COOH c-C 13.6 +22 +3 +21
g SiMe; C-Si 8.2 +6 —55 +23
i CMe; C-H 0.4

2 Second-order rate constant obtained from the pldtgfvs nitrate concentration at 2C. ® kJ molL. ¢ From Eyring plots ok,’ measured over
the 0-30 °C rangedJ mol* K=, ¢ Curved Eyring plot in the 830 °C temperature range, consistent with competitive deprotonation ar@ C
fragmentation forle™ and with the observed product distribution changes; see Table 2.

Table 7. Electrofugacity Scale publications in the area of radical cation fragmentation and there
radical cations electrofugacity have been several attempts to find a simple and general approach
4-AnCHX**+ electrofugal group X scalé to the prediction and rationalization of such processes, in

1a H+ 1.0 (0.3 particular by intramolecular selectivity involving competition

1c [CPhOMe]* .8 between deprotonation and a different cleavage, as in the present
1b [CMe:0OMe]* 3.6 case (Scheme 2). As mentioned earlier, these rationalizations
ig %é‘f!?“f'a”'z'y'f zg'g were generally based on comparison of bond dissociation
1f [2-methyl-1,3-dioxolan-2-yl] 1528 energies AH) in the cation radicals, obtained from thermo-

1g [SiMes]* 215.0 chemical cycled®1%15 This approach suffers from the limita-

- - - tion that the entropic contribution cannot be taken into account.
aFrom the ratios of the (pseudo)-first-order fragmentation rate

constants (Table 4) measured in acetonitrile in the presence of CAN The_ match betvveer_1 thermochemical predigtion gnd ex_peri-
(0.15 mM).> Value statistically corrected for the numbercahydrogen ment is not always satisfactory. For example, in the intensively
atoms. studied case of the bibenzyl radical cation in acetonitrile,

2 orders of magnitude (Table 4), whereas all transients decayedd€protonation was calculated to be exothermiel (= ca. —60
at a similar rate in the presence of 5 mM nitrate anion (Table kJ mof™) and C-C fragmentation endothermiat = ca.+40
6). Since the rate was much higher than in neat acetonitrile, kJ mol™?), and indeed only the former process is obsef¢é#>
the second-order rate constant for nitrate-assisted deprotonationAs might be anticipated, €C bond cleavage competes more
k2, was directly calculated (Table 6) from,s and nitrate effectively with C-H bond fragmentation when it leads to a
concentration. In the case &f and1g the process remained Mmore stable species, and Arnold et al. have shown that in the
C—C and C-Si bond fragmentation, respectively, but the decay Photooxidation of 1,1,2,2-tetraphenylethane and related systems
involved two components (eq 3), sinkewas not negligible in it is C—C cleavage which occuf$:1*> However, the lack of
deprotonation (in the absence of an added nucleophile) is at
Kops= K; T k'[NO; ] (3 first sight surprising, since in these cases also thermochemical
: , . calculations indicate that this process is still favored thermo-
this case; thé&,' values are_reported in Table 6. In the case of dynamically AHc_n significantly negative), even though
1e both C-C fragmentation (to give2 + 3) and C-H AHc_c is close to zero or only slightly positive. Detailed
fragmentat!on (to givele) ocgurred compet|t|\£e|y (Table 2). A studies, by the same authors, of the cleavage of bibenzyl
curved Eyrlng pI(_)t was obtained over the 80°C temperature derivatives as a function of temperature, have shown tha€ C
range, and kinetic parameters could not be obtained. bond fragmentation is the process observed, provided the

Elgctrofugacny Spale. Alarge frgc.uon of Fhe radical cations .o culatedAH is below a threshold of 4660 kJ mot .15
considered cleave in neat acetonitrile to give the same radical, h . | ionalization for the fail £ th
viz., the 4-methoxybenzyl radical. The measured rate constants_ | Ner€ IS no clear-cut rationalization for the failure of the
therefore permit direct comparison between different cationic thermochemical approach in predicting intramolecular selectiv-

fragments X as electrofugal groups, and establishment of the Ity-_Different factors may operate against@ bond cleavage

electrofugacity scale presented in Table 7. This scale confirms While favoring competitive €C or C—Si fragmentations. The

the deductions by Mariano et & from product distribution ~ MOSt common is the stereoelectronic effect proposed by

analysis in the photolysis géxylene derivatives in the presence  Baciocchf® for a-substituted p-xylene radical cations, by

of 1,4-dicyanonaphthalene, thaksiyiaton > 10Kdecarboxylation™ Tolb.ertll for 9,10-dialkylanthracene radical cations and by

10kgeprotonation Table 7 shows that stabilizexoxy-substituted Le\_/ws2 for deprotonation rates in tertiary amine cation radl_cals.

carbocations are reasonable electrofugal groups from cationThis suggests that the cleavifigoond should be collinear with

radicals. In particular, the 2-methyl-1,3-dioxolan-2-yl cation them-systen??though this is generally not the case for thel€

is an excellent electrofugal group, its formation being ca. 10 bonds in the most stable conformation(spesubstituted benzyl

times faster than decarboxylation, where the first step-i¢f0  derivatives. However, some objections have been raised to this

deprotonation. Its electrofugacity is similar to that of the well- proposal, mainly by Wagnét,and Bacioccl# has recently

known electrofugal trimethylsilyl cation (pseudo-first-order shown that no stereoelectronic effect operates in the cleavage

fragmentation rate constant in acetonitrile at 298 K, 1x5B0F

and 2.15_><_ 106 571, respectively;_ Tgble 5a). . Chgnlw). \é\/gglr;%ré Fl’bg.;7'l7'r2u7rT1an, R. J.; Puchalsky, A. E.; Ware).FAm.
Selectivity of the Fragmentation: Thermochemical Pre- (32) Baciocchi, E.; Bernini, R.; Lanzalunga, @. Chem. Soc., Chem.

dictions. During the past decade, there have been many Commun.1993 1691.
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Table 8. Thermochemical Cycle Data for Unimolecular Fragmentation Processes of Cation Radicals

'[' fragmentation processes
**ArCH—X (C—Y bond cleavage, AH(C-Y) AH(C-Y**)?2
1% X Y = a-H or X) (kJ mol?) (kJ mol?)
a H C—H 364 23
h CH,OMe C-H 353 8
i COOMe C-H 339 —12
b CMe,OMe c-C 272 116
c CPhOMe c-C 239 70
e 1,3-dioxolan-2-yl GC 284 45
f 2-methyl-1,3-dioxolan-2-yl ecC 272 14
d COOH Cc-C 283 60"
g SiMe; C-Si 314 140

a Estimated on the basis of thermochemical cycles using the equtiofC—Y*" ) = AH(C-Y) + 96.53[E°(Y*/Y ') — E°(ArCH2X)], where
AH(C—Y"") is the enthalpy (kJ mol) for cleavage of the €Y (Y = a-H or X) bond in the cation radicalh\H(C—Y) is the enthalpy (kJ mof)
for cleavage of the same bond in the neutral moledatéArCH.X) is the oxidation potential in V vs SCE of the neutral benzylic donor (from
Table 3), andE°(Y*/Y*) is the reduction potential of the electrofugal group. For=YH, E°(H/H') = —2.01V vs SCE £ —1.77V vs NHE, ref
54) has been used. For other Y substituents, values from refs 55 and 56 werd Datdfrom ref 8°Assuming the same value as for
4-MeOGH,CHMe—H, ref 8.9 Assuming the same value as for 4-MeQCH(CN)—H, ref 8.¢From ref 57.f The oxidation potential of the
radical MeC*—OMe was assumed to be the same as that ogf0M®CHMe,, —0.10 V, ref 56.9 Estimated fromAH for PhCH,—CHPh, ref 15.

h Estimating an oxidation potential for E&r—OMe of —0.23 V from that for PhCH-OMe (—0.33V) in ref 55.' Estimated values from ref 57.
I Using an oxidation potential for the 1,3-dioxolan-2-yl radical€3.88 V (—0.90 V vs Ag/AgCl) from ref 58k Using an oxidation potential for
the 2-methyl-1,3-dioxolan-2-yl radical 6f1.13 V (—1.15 vs Ag/AgCl) from ref 58! Assuming the samaAH as for PICH,—COOH from ref 57.
™ Using an oxidation potential for the couple HO@TO, + H* of —0.65 V from ref 59." From gas-phase data in ref 5.

of a benzylic carbonsilicon bond in a conformationally fixed  bicumylsi® Very recently Schanz&and co-workers measured
aromatic cation radical. energies of activation for bond fragmentations in the radical
These considerations show the limited value of the thermo- cations of amino alcohols, a system extensively studied by
chemical approach in predicting and rationalizing the reactivity WhittenP1%put in these cases only-<C fragmentation was
of radical cations, especially when deprotonation competes with observed. Our study is the first attempt to apply a single
other bond fragmentation processes. Part of the problem mayexperimental approach to comparison efid, C—C, and C-Si
arise from the exclusion of the entropic factor. A more severe bond fragmentation processes in radical cations.
limitation, however, arises from a lack of some of the redox  For the radical cations undergoing deprotonation in neat
data required when applying thermochemical cycles. In par- acetonitrile {a*, 1h*, 1i*"), the fragmentation occurs via a
ticular, these are available only for a few carbocations, and are second-order process involving assistance by the cerium com-
not available for silyl cations. In those cases, estimates or plex through an as yet unspecified mechanism. At any rate,
approximations have to be made when applying gas phasethe present finding, together with previous literature evidénge,
parameters to reactions in solution, and obviously such predic-supports a general rule, viz., that radical cations obtained from
tions are subject to large errors. easily oxidizable substrates [and thus having a positive, if small,
Application of the thermochemical approach to the presently AH(C—H**)] undergo deprotonation at a carbon center only in
considered 4-methoxybenzyl radical catidh leads to the the presence of an added base. The activation parameters listed
values listed in Table 8, using the approximation previously in Table 5a refer to this bimolecular fragmentation process.
adopted by Arnold?i.e., thatAS4-MeOGH4CHyX) = AS(4- Deprotonations involving the cation radicaks™, 1h**, andli**
MeOGsH4CH,X**). These fail to correctly rationalize both the have negative\S® values, similar to the situation found for the
intramolecular selectivity and the relative reactivity of different activation entropies measured by Dinnocenzo for tertiary amine
substrates. Thus, while theH(C—H**) values are quite low, radical cation bimolecular deprotonation induced by quinucli-
the AH(C—C*) values are in general higher (Table 8), and in dine’ Likewise, Parker reported even more negath& values
some cases above the previously mentioned limit proposed byin the deprotonation di,N-dimethylanilines using pyridine as
Arnold. TheAH(C—Si*) value is still higher, though the value  base!® The corresponding\H* values for the CAN-assisted
thus calculated is not directly comparable since it refers to gas- process are positive (328 kJ mof?) and in the same range
phase fragmentation (Table 8). Nevertheless, as seen abovereported by Parker and Dinnocenzo for deprotonation of tertiary
C—C and C-Si bond fragmentations do occur in the cases amine cation radicals. However, closer direct comparison of

indicated in Table 5, although with all substrateld(C—H**) the data is inappropriate in view of the differences in the systems
is estimated to be lower thatH(C—X**), due toE°(H*/H) used in the two cases. As might be anticipated, there is a general
being so much more negative thBA(X*/X*) (see footnotes to  trend for the activation enthalpy values (Table 5b) to fall in
Table 8). line with the BDEs of the neutral molecule (Table 8) while the
Fragmentation Selectivity: Activation Parameters. The activation entropy values (Table 5b) are strongly affected by

present study of the decay kinetics of cation radicals as aboth steric (comparda™ with 1h**) and electronic factors
function of temperature allows the activation parameters to be (comparelh** with 1i*).

calculated and provides the appropriate base for discussing these Cation radicalld*" should be considered separately. Here
fragmentation processes in solution. This approach has beerthe overall process involves-€C fragmentation, but the process
used before by Dinnocenzand Parkéf independently to observed by flash photolysis is deprotonation from the oxygen
describe the bimolecular deprotonation process induced by basestom followed by, or more likely concerted with, <@
(pyridines, quinuclidines, and acetate) in tertiary amine cation fragmentation. Thus, it is not surprising that its activation
radicals using stopped flow and electrochemical techniques, parameters largely differ from those of the other cation radicals
respectively. Maslak applied the same approach teCC (Table 5b) that are acidic at carbon. The positive valuASf
unimolecular fragmentation processes in the cation radicals offor 1d*" is consistent with the fact that it fragments with
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production of a third fragment (CQ These different values
for the activation parameters ftd** fragmentation, with higher
AH* and more positiveS, are also observed in the bimolecular
process induced by nitrate anion (Table 6).

For the radical cations undergoing-C (1b**, 1c*, le™,
1f*) or C—Si (1g*) bond fragmentation a first-order process

J. Am. Chem. Soc., Vol. 120, No. 2, 19283

occurs (Table 5a). The temperature-dependent kinetic data

reveal that this fragmentation is characterized by very low

activation enthalpies [lower than expected from the calculated

AH(C—C'") values (Table 8), though these suffer from a
significant error] and negative activation entropies (Table 5a),
a trend similar to that found by Mask&<and Schanzé2for
bicumyl and amino alcohol radical cations, respectively.

In their studies of a series of bibenzyl derivatives with similar
electrofugal groups, Arnold et &. had previously found a
threshold value foAH of 35—42 kJ mot™ for the C-C bond

fragmentation process on the basis of a thermochemical ap-. ; e p ”
. . . o Figure 4. (a) Conformations populated Hj**. (b) “Folded
proach which considered the entropic terms to be negligible. J (@) Pop - ()
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mation, populated bylf* and, to a much lesser extent, g™*. (c)

In the present case, activation parameters rather than thermo«gyretched” conformation, populated dy*, 1c*, and 1h++.

chemical values are directly measured and a range of electrofu-
gal groups is considered. The results demonstrate that the

activation entropic term plays a key role in controlling the value
of AG*. Comparison of the activation parameters (Table 5a)
for 1b* (electrofugal group: CM®Me') and1ft (electrofugal
group: the 2-methyl-1,3-dioxolan-2-yl cation) shows that the
AH* term is very similar for both (ca. 10% difference), whereas
the AS' term for 1b* is more negative by ca. 40% than that
for 1f*. Itis therefore more the entropic term which determines
the larger value oAG* at 25°C for 1b** than for 1f**, and
which results in G-C bond fragmentation being more favored
for the latter radical cation. Indeed, in the caseldf first-
order C-C bond fragmentation remains competitive with
second-order €C fragmentation in the presence of 5 mM
nitrate, whereas witiLb** second-order deprotonation com-
pletely dominates. Similar conclusions may be drawn from a
comparison of the activation parametersXor” and1f** (Table
5a).

In the case oflg* desilylation is the only process which

1ct, let; Table 5a) change their fragmentation process from
C—C bond cleavage to deprotonation, suggesting that this is
the limit for competition between-€C and C-H fragmentation.

For the nitrate-induced process, all the radical cations studied
fragment via a second-order process, although in the case of
1gt and1f** a significant first-order component remains. The
k)’ values and the related activation parameters are listed in
Table 6. The data permit a homogeneous comparison of the
C—H, C—-C, and C-Si fragmentation processes on the basis of
these activation parameters, the first such comparison in the
literature to date. All the cation radicals are associated with
very similar free energy changes during fragmentation-22
kJ molY). The AH* contributions for deprotonation are all
slightly below 20 kJ mot!, while those for C-C bond
fragmentation are marginally above that value, though the
differences are small. On the other hand, the scattexSf
contributions is more marked, with somewhat more negative
values observed for deprotonationi8 to —31 J moi't K1)
than for C-C fragmentation£12 J mot'? K~ for 1f**). This

occurs. Since Dinnocenzo and co-workers have shown that thispytcome suggests that competition betweenHCand G-C
process is assisted by acetonitrile, activation parameters wereragmentation is temperature dependent, as verified in the case

calculated in this case for bimolecular fragmentation involving
the solvent, and the resulting values are in excellent agreéthent
with theirs (in their casdg™ was produced by PET to DCA).
The AH* for the C-Si fragmentation process is the lowest of
the series, much lower than theH value calculated for the
gas phase (125 kJ md) by Dinnocenzo and showing that

of 1e* which indeed shows a temperature-dependent product
distribution. Nucleophile-assisted fragmentatioriLdf*, with
O—H deprotonation as the key step (eq 2), again shows a
positive AS', although smaller than in neat acetonitrile. Desi-
lylation is characterized by a very lowH*.

Deprotonation. Different rates for-deprotonation in ben-

correct application of the thermochemical approach requires zyjic radical cations have previously been explained on the basis

appropriate input data; indeed, the limitations of applying gas-

of the steric influence of then-substituent. A preferred

phase data to solution-phase evaluation are apparent from the:onformation involving effective overlap of the-& bond with

above comparison. Th&Sf value is strongly negative{60 J
K~1 mol~1, Table 5c).
Fragmentation Selectivity: Effect of the Nucleophile. In

the aromaticr-system would be most suitable for cleavage, and
it has been suggested that substituents which hinder the
achievement of this conformation result in decreased rates of

the presence of a more effective nucleophile than the solventdeprotonation (stereoelectronic effettf°

acetonitrile, all the radical cations undergo second-order decay,

nitrate anion being used because of its compatibility with CAN.
Deprotonation is observed for radical catidres®, 1bt, 1c™,
let, 1ht, 1i**, andlj*t while C—C fragmentation occurs for
let and 1", and C-Si fragmentation forlg*. These

Among the present substrates, such a classical steric effect
is apparent in the slower (by a factor of 10) deprotonation rate
of 1j*" as compared tda". AM1 calculations, using the half
electron approximatioff, show two significant conformers
(Figure 4a). Conformer A, more stable than conformer B by

observations again support the suggestion that deprotonationl0 kJ moi?, has thetert-butyl group oriented so as to minimize
requires, at least with these substrates, a better base thamnfavorable steric interactions with the aromatic ring. As a

acetonitrile, e.g., CAN or nitrate anion. More importantly, they
show that when the nucleophilicity of the system is slightly

consequence the orientation of the benzylie-KC bonds
precludes favorable overlap with the aromatisystem, and a

increased by the addition of nitrate, radical cations which have much slower rate of deprotonation is observed relativiatd,

AGF higher thart45 kJ mof ! in the absence of nitrate.lp"+,

for which favorable overlap can occur.
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On the other hand the deprotonation rateslfor, 1c¢+, and C—H bond was increased from 3@ close to 90. This may
1h* are very similar despite the different steric demands of explain the preference for attackarbonin 1+ and atsilicon
their a-substituents. This suggests the operation of a different in 1g'*, for which the charge density at tifiecenter in both is
conformational effect, for which we have some supporting greater than at the benzylic hydrogens, and at the benzylic
evidence. Thus, some of the cation radicals show (Figure 1) ahydrogendor 1b**, 1c*, 1h**, and1j*, for which the benzylic
long wavelength absorption taillif*", 1c*, and 1h*") or a hydrogens have the higher charge. Hatt both processes
separate maximurmlé™ and1f*). This suggests an intramo- compete and the appropriate charge densities were found to be
lecular interaction with charge-transfer (CT) character which practically identical.

might, in combination with the steric effect, be influential in Mechanism of Nitrate-Assisted Fragmentation Processes.
determining the preferred conformational outcome. Preliminary The present processes are fast, though by no means diffusion-
AM1 calculations support the existence of two groups of controlled!’ With the exception of carboxylic acidd*t ,
conformational minima. In the “folded” conformation (Figure where O-H deprotonation occurs, andj**, where G-H

4b), thef-substituent is partially superimposed on theloud, deprotonation is 10 times slower than fiar*, the second-order
with a distance of 272.9 A between the oxygen of the rate constants span a remarkably narrow raig2.6 x 10° to
B-substituent and the closer?sparbon atom, and a less-than- 8.2 x 108 M1 s71). This is despite the fact that the various
favorable torsion angle between the benzylielCbond and  processes observed involve nitrate interaction with such different
the aromatic ring of approximately 4®0°. In the “stretched”  H, C, and Si electrophilic centers in the different radical cations
conformation (Figure 4c) thg-substituent is much further from  1-+. Thus, the rates for benzylic carbsehydrogen bond

the aromatic ring and results in a much more favorable torsion cleavage 1at), carborn-carbon bond cleavagelft*), and
angle between the benzylic-& bond and the aromatic ring  carbon-silicon bond cleavagel(™) are remarkably similar

of 70—80°. (Table 6). Transfer of an electrofugal group to nitrate anion, a
The stretched conformations are more stable, by more thanhard nucleophile, is therefore only slightly influenced by the

8.5 kJ motl, than the folded ones fatb'™, 1c*, and 1h*, structure of the group being transferr&t.

thereby also facilitating benzylic-€H bond cleavage. lItis this The remarkable similarities in the rates of bond cleavage for

favorable alignment of the benzylic-€H bond with the aromatic lact, 1f*, and 1g* are suggestive of a process whose rate-
m-system forlat, 1b*, 1c*, and1h™" which may account for  determining step is essentially independent of the nature of the
the similarities in their nitrate-induced deprotonation rates. bond which is subsequently broken. They are consistent with
The importance of the stabilizing intramolecular CT effect an early transition staté in which formation of the activated

in influencing the conformational equilibrium is even greater complex occurs largely without involvement of the fragmenting
for B,B-dioxy-substituted radical cations, for which the folded bond and any differences between these bonds become kineti-
conformation becomes more important. In the casesenf cally insignificant as cleavage occurs later along the reaction
and1f+, the energy difference between the more stable stretchedcoordinate. The observation that the transient absorption spectra
conformation and the less stable folded conformation reducesof the radical cations remain unchanged in the presence of nitrate

to 5.0 and 0.8 kJ mol, respectively. eliminates the possibility that the rate similarities might be due
Carbon—Carbon and Carbon—Silicon Bond Fragmenta- to the rate-determining formation of a nitrate/radical cation

tions vs Deprotonation. There has been no previously reported  intermediate. _ _ _

evidence for related bimolecular carberarbon bond fragmen- A more detailed analysis shows that the entropic te@)

tations. In particular, Maslak has extensively studied such contributes more in the carbewarbon bond fragmentations
fragmentations in tetrasubstituted bibenzy! cation radicals, andthan in the deprotonations, while the enthalpic terHf)

has consistently foundnimolecularprocesses occurring with ~ contributes more to the deprotonations than to the carbon
relatively low rates® The fastest reaction in his case is for carbon cleavages. This suggests a model for the transition-
1,1,2,2-tetrabutyl-1-(4(dimethylamino)phenyl)-2-phenyle-  state complex in these processes. When the nucleophile acts
thane radical cationk{ = 5.4 x 10° s71) in which a highly as a base, the interaction (with the proton) is stronget*(is
sterically hindered weak bond is cleaved to give a stabilized lower) and requires a higher degree of organization in the
cation and a stabilized radical. In contrast, the present radicaltransition state; i.e., the activation complex is “tighteXS is
cations are much more energetic (by ca. 0.9 eV) and undergomore negative). On the other hand, when the nucleophile
cleavage of a much stronger bond. It is therefore not surprising interacts with a different electrofugal group, such as a carbo-

that in this case a fask{ = 4.4 x 108 M1 s71 for 1ft) cation, the interaction is weakeAl* is higher) and the
bimolecularreaction with a nucleophile occurs, considering also transition state is looseA§' is less negative), resembling more
that a less hindered center is involved. the cation radical precursors. Importantly, in this sense the silyl

In attempting to rationalize the factors which determine which cation resembles more the proton than a carbocation.
of the possible fragmentation pathways is followed, calculations
of the charge density at thfecarbon were undertaken. It might Conclusions
be anticipated that the nitrate anion would be sensitive to its

magnitude at the reacting center, and indeed an interesting trend The Investigation dgscnbed above has demonstrated that laser
spectroscopic techniques can be used for the generation and

was observed. Computational analysis shows that the charge™> ™" J . L - .
density was low forj~+ (—0.04) and forlb+, 1c+, and1h* ﬁ(lnetlc characterization of ion radical intermediates. Detailed

(about—0.02) but higher forle* (+0.16) and1f* (+0.22), study of competing fragmentation processes in 4-methoxybenzyl

; ; +
and reaching a maXImum fdrg (+12) On the Othe_r hand (33) (a) Deprotonation rates of the same magnitude have been reéported
the charge density on the benzylic hydrogens remains almosthy Baciocchi et al. for related substrates. (b) This is not the case for softer
constant for all these radical cations, with no dependence onnucleophiles. For example, in the desilylatiorilgf*, the rate increases by

; i ; over 3 orders of magnitude (from 56 1P to 8.2 x 10° M~1s71) as the
the substituent and only a limited dependence on the dlh(_:‘dralnucleophile is changed from acetonittieto nitrate anion (Table 6). (c)

angle, remaining in the range0.12 to+0.16 as the dihedral  gaciocchi et al. have also reportédhe involvement of early transition
angle between the plane of the aromatic ring and the benzylic states with related substrates.
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derivatives has provided detailed mechanistic information about (1¢), and 1-methoxy-2-(4-methoxyphenyl)ethad&)g® were prepared
cation radical fragmentation. by the Williamson reaction from the corresponding alcohols (Aldrich),

(1) An electrofugacity scale (in acetonitrile) based on direct USing @ previously reported procedGFe.2-(4-Methoxyl_oenzyl)-1,63-
fragmentation rate measurements has been established, confirmf3ioxolane (&) and 2-methyl-2-(4-methoxybenzyl)-1,3-dioxolaré)t

. . oo - : . were prepared from ethylene glycol and (4-methoxyphenyl)acetalde-
ing the preylously indirect predllctlon that Gi gnd C-C bond hyde¥”:38 (using the procedure of ref 36) or (4-methoxyphenyl)acetone
fragmentation can compete with deprotonation.

o . (Aldrich) by azeotropic distillation according to a standard proceéfure.
(2) Activation parameters for €H, C—C, and C-Si bond (4-Methoxybenzyltrimethylsilane 1¢) was prepared and purified
fragmentations have been measured. The observed tréxtdfof  according to a published proceddfe2,2-Dimethyl-1-(4-methoxyphe-
values roughly parallels those obtained from thermochemical nyl)propane 1j)*° was prepared following a procedure used for the
cycles (at least when the latter are based upon reliable redoxsynthesis of neopentylbenzerfés.
data) and suggests that enthalpic factors contribute more to Preparation of 1,1-Diphenyl-1-methoxy-2-(4-methoxyphenyl)-
deprotonation than to €C bond fragmentation in radical ethane (1c). 1,1-Diphenyl-2-(4-methoxyphenyl)ethanol was obtained
cations. On the other hand, the trend of the obsen@d/alues following the procedure of ref 41. Using the procedure described in
and the differences between such values for th€€@nd G-H ref 34 for the alkylation of 2-methoxy-1-(4-methoxyphenyl)ethaktg) (
fragmentation processes points to the importance of the entropicth® 1.1-diphenyl-2-(4-methoxyphenyl)ethafigd.0 g, 30 mmol) was

PP . : _ methylated with dimethyl sulfate (7.56 g, 60 mmol) to give, after
ggggét;uitrllogalt?ogertaedrir(r;];;gl;ng the course of fragmentation pro recrystallization from MeOH, 1,1-diphenyl-1-methoxy-2-(4-methox-

. . . henyl)ethanel(c) (7.50 g, 79%) as white crystals: mp-985 °C;
(3) Evidence for direct transfer of both silicon and carbon m NMyR) 316 (S],(%,_ﬁ, OCIZ), 3_5;)(3’ 2H. C,ﬂ)’ry&n s, 3le oCH),

electrofugal groups to a weak nucleophile such as nitrate aniong 61 and 6.64 (AMBB' system, = 9.0 Hz, 4H, aromatic), 7.197.26
has been obtained. (m, 10H, aromatic)*3C NMR 40.5 (CH), 50.8 (OCH), 55.0 (OCH),

(4) The operation of both electronic and steric effects in 83.4 (quaternary), 112.8, 126.7, 127.5, 127.7 and 131.3 (CH, aromatic),
determining the conformation of the radical cation (and thus 128.7, 144.8 and 157.7 (aromatic, ipso). Anal. Calcd feiHg:0s:
its reactivity) has been evidenced and supported by calculation.C: 82.99; H, 6.96. Found: C, 82.90; H, 6.91.

Previous direct measurements have been carried out with 2-(4-Methoxybenzyl)-1,3-dioxolang1€): colorless liquid (bp 102
more stabilized cation radicals, such as the aromatic amines C: 0:02 mmHg);!H NMR 2.90 (d,J = 4.9 Hz, 2H, benzylic Ch),
studied by SaveaHt and the aminobicumyls studied by 3:77 (S, 3H, OCH), 3.80-3.87 (m, 2H, OCH), 3.89-3.95 (m, 2H,

- - OCH,), 5.00 (t, 1H,J = 4.9 Hz, CH), 6.83 and 7.17 (ABB' system,
16
Maslak!® In the present study, more energetic species haveJ — 8.4 Hz, 4H, aromatic)"C NMR 39.8 (CH), 5.1 (OCH), 64.9

bgen c_hosen and their fragmentation mode:\s_have been deter(OCHZ)’ 104.7 (OCHO), 113.7 and 130.5 (aromatic, CH), 128.1 and
mined in the presence both of weak (acetonitrile) and of strong 15g 7 (aromatic, ipso); IR 3410, 2960, 1605, 1510, 1270, 1080. Anal.
(nitrate anion) nucleophiles. Further extension of the conclu- calcd for GiH..0s: C, 68.02; H, 7.27. Found: C, 67.93; H, 7.24.
sions to yet more energetic species such as the cation radicals  ;_pjethyl-2-(4-methoxybenzyl)-1,3-dioxolangf):* colorless liquid
formed from poorer donors exemplified by benzyl derivatives (pp 110°C, 0.02 mmHg);H NMR 1.28 (s, 3H, CH), 2.85 (s, 2H,
lacking the methoxy substituent, where thermochemically benzylic CH), 3.71-3.74 (m, 2H, OCH), 3.77 (s, 3H, OCH), 3.86-
calculatedAH values are often strongly negative, may require 3.90 (m, 2H, OCH), 6.80 and 7.16 (AMB' system,J = 8.4 Hz, 4H,
some care. However, it is unlikely that similar direct measure- aromatic);*C NMR 24.2 (CH), 44.4 (CH), 55.2 (OCH), 64.8 (OCH),
ments can be made for such species, and some extrapolation 0£09.8 (quaternary), 113.3 and 1313 (aromatic, CH), 129.0 and 158.2
the presently observed trends is reasonable. Important predic{aromatic, ipso); IR 3405, 2958, 1610, 1500, 1255, 1066.

tions include the conditions under which—-Si and G-C Photochemical Reactions. General ProcedureAn acetonitrile
fragmentation paths are competitive with deprotonation, and the Solution (20 mL) of CAN (219 mg, 0.4 mmol) and 4-methoxytoluene
medium effect on the selectivity. Coupled with the possibility (1@ (24.4 mg, 0.2 mmol) in a Pyrex tube (25 mL capacity) was
of generating cation radicals even from poor donors under mild deaerated by flushing with nitrogen and then irradiated through a Pyrex

o - . filter using a 400 W medium-pressure mercury vapor lamp for 30 min
conditions, particularly through photoinduced SET, such knowl- at room temperature. After irradiation the solvent was removed under

edge should increase interest in these fragmentations as an,.,um at 10C. Water (15 mL) and CkCl, (15 mL) were added to
unconventional method for generating radicals and ions for the solid, and the mixture was shaken thoroughly. The organic layer

synthetic purposes. was washed once with water and then dried over MgSThe solvent
was removed under vacuum at°C. The resulting mixture was
Experimental Section dissolved in CDG, adding 1,4-dibromobenzene or 1,4-dinitrobenzene

| d ded i | as an internal standard. THEl and*C NMR spectra of the crude
Ingera Proce Il("es' NMR spectra were recoL ed ml Cth‘tC photoproduct mixture were recorded and the product yields obtained.
solutions on a Bruker AC400 spectrometer, and chemical shifts are 1o oroquct, 4-methoxybenzyl nitrat®) (was identified by comparison
reported in parts per million relative to M@ as internal standard. IR with an authentic sample

spectra were recorded using a Perkin-Elmer System 2000 FT-IR . _ . :

spectrometer and are reported in wavenumbers{cfor liquids as T_he othe_r_ reactions were similarly carried out. ProdStivas

films on NaCl plates or for solids as dispersions in KBr. Product pu”f'?d by_ §|I|ca gel chromgtography (cyclohexane:ethy_l acm)

distribution in the presence of added nitrate was determined by GC, and identified by comparison of its physical properties with those

using a HP 5890 instrument, column HP-5 (5% phenyl methyl silicone) - -

10 m x 0.53 mmx 2.65um film thickness. Elemental analyses were ggg Eﬁtrjﬁpcr:{r:;//'s’ Egmﬁm'LQW$éT1iga26d&°hlnl9e8v?aﬁl’c46§5'phnnpps G

determined using a Carlo Erba Model 1106 instrument. H.: Wall, P, A.J. Chem. éoc., Perkin Transi].B?S 24, ' '
Materials. Cerium(IV) ammonium nitrate (Carlo Erba 99.9%) was (37) Crotti, P.; Ferretti, M.; Macchia, F.; Stoppioni, A. Org. Chem.

dried under vacuum (0.01 mmHg) at 4CQ for 1 day. 4-Methoxy- 1986 51, 2759.

toluene (a; Aldrich), (4-methoxyphenyl)acetic acidld; Aldrich), (38) Lambert, J. B.; Mark, H. W.; Magyar, E. 3. Am. Chem. Soc.

PO i . 1977, 99, 3059.
methyl (4-methoxyphenyl)acetat&iAldrich), tetran-butylammonium (39) Coughlin, D. J.; Salomon, R. @. Org. Chem1979 44, 3784.

nitrate (Aldrich), and tetra-butylammonium perchlorate (Fluka) were (40) Jaxa-Chamiec, A.: Shah, V. P.; Kruse, LJ1.Chem. Soc., Perkin
obtained commercially. 2-Methoxy-2-methyl-1-(4-methoxyphenyl)- Trans. 11989 1705. = ' ' ' '
propane {b),** 1,1-diphenyl-1-methoxy-2-(4-methoxyphenyl)ethane (41) Bassindale, A. R.; Eaborn, C.; Walton, D. R. 84.Chem. Soc. C
1969 2505.

(34) Bunnett, J. F.; Sridharan, $. Org. Chem1979 44, 1458. (42) Norman, R. O. C.; Watson, R. A. Chem. Soc. B968 692.
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reported in the literatur®. The nitratedi was identified by comparison
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(C=0); IR 2956, 2839, 1754, 1611, 1513, 1304, 1255, 1163. Anal.

with an authentic sample synthesized via an alternative pathway, asCalcd for GoH1:ClOs: C, 55.96; H, 5.17. Found: C, 55.85; H, 5.15.

reported below.

Due to its instability, the nitratdh was not characterized as such
but was hydrolyzed to the alcoh6h* by shaking a solution of the
crude photolyzate in ether for a few minutes (at room temperature)
with a 5% solution of NaHC®in water. 2-Hydroxyethyl formate and
2-hydroxyethyl acetate were identified in the crude photolyzate by
comparison of theitH NMR and'3C NMR spectral data with literature
values?®

4-Methoxybenzaldehyde3) was identified by comparison with an
authentic sample (Aldrich).

The acetamide’h was purified by chromatography of the crude
photolyzate on silica gel (ethyl acetate:MeGH?20:1), after eluting
the unreacted starting material and the alcdto(cyclohexane:ethyl
acetate= 1:1).

N-[2-Methoxy-1-(4-methoxyphenyl)ethyl]acetamide (7h):yellow
solid (mp 116-112 °C, from MeOH);*H NMR 1.95 (s, 3H, CH),
3.25(s, 3H, OCh), 3.57 (d, 2HJ = 4 Hz, OCH), 3.69 (s, 3H, OCHh),

5.0 (dt, 1H,J = 4 Hz,J = 3 Hz), 6.12 (d, 1HJ = 3 Hz, NH), 6.85
and 7.12 (AABB' system,J = 9.0 Hz, 4H, aromatic)’C NMR 23.3
(CHg), 51.8 (NCH), 55.1 (OCH), 58.9 (OCH), 74.8 (OCH), 113.8,
127.8 (aromatic, CH), 131.9, 158.8 (aromatic, ipso), 169.4 (CO); IR

Following the procedure described above f3r methyl 2-(4-
methoxyphenyl)-2-chloroacetate was converted quantitativedydar-
bomethoxy-(4-methoxybenzyl)nitratdif by reaction with AQNQ in
acetonitrile:*H NMR 3.76 (s, 3H, OCH), 3.79 (s, 3H, OCh), 5.99 (s,
1H, CH), 6.90 and 7.33 (ABB' system,J = 8.9 Hz, 4H, aromatic);
3C NMR 52.9 (OCH), 55.3 (OCH), 81.3 (CH), 114.5 and 130.0
(aromatic, CH), 121.2 and 161.2 (aromatic, ipso), 167.8&Q0; IR
2960, 2843, 2560, 1755, 1642, 1611, 1516, 1293, 1257, 1178. Anal.
Calcd for GoH11NOs: C, 49.80; H, 4.59; N, 5.81. Found: C, 49.70;
H, 4.50; N, 5.82.

Photochemical Reactions in the Presence of Tetrabutylammo-
nium Nitrate. General Procedure. An acetonitrile solution (300 mL)
of CAN (329 mg, 2 mM),1b (60 mg, 1 mM), anch-Bu;NNOs (460
mg, 5 mM) was deaerated by flushing with nitrogen and then irradiated
for 30 min at room temperature in a water-cooled immersion well using
a 125 W medium-pressure mercury vapor lamp fitted with a Pyrex
filter. After the irradiation, water (50 mL) was added and the solution
was stirred for 1 h. Removal of the solvent under vacuum at room
temperature yielded a solid. Diethyl ether (50 mL) was added, the
mixture was shaken thoroughly, and the organic layer was washed twice
with water and dried over MgSQO Nitrate4b contained in the mixture

3339 (sharp), 3050, 1642, 1515, 1251, 1181, 1125, 1085, 1027, 825.was hydrolyzed by shaking a solution in ether with a 5% solution of

Anal. Calcd for G:H17/NOs: C, 64.55; H, 7.67; N, 6.27. Found: C,
64.44; H, 7.60; N, 6.32.

4-Methoxybenzyl Nitrate (2). This material was obtained in
guantitative yield following a published proceddfeA stoichiometric
amount of 4methoxybenzyl chloride was added to a solution of AgNO
in acetonitrile. The mixture was stirred for 10 min, AgCI was filtered

NaHCG; in water. The producb was purified by silica gel column
chromatography using cyclohexanethyl acetate (4:1) as eluent.
The other reactions were similarly carried out, and the prodimts
6e%0 6h,* and 1-(4-methoxyphenyl)-1,2-diphenylethandnevere
similarly isolated.
Reaction in the case dfj was slow, and only part conversion was

off, and the solvent was removed. The residue was a colorless oil which 4chieved. Nitratdj was identified in the crude reaction mixture, after

decomposed & > 90 °C: H NMR 3.80 (s, 3H, OCH), 5.35 (s, 2H,
CH,ONQO,), 6.89 and 7.31 (AMBB' system,J = 9.0 Hz, 4H, aromatic);
13C NMR 55.3 (OCH), 74.9 (CH), 114.2 and 131.1 (aromatic, CH),

124.0 and 160.6 (aromatic, ipso); IR 2962, 2840, 2553, 1628, 1516,

1280, 1253, 860. Anal. Calcd forgByNOs: C, 52.46; H, 4.95; N,
7.65. Found: C, 52.35; H, 4.91; N, 7.59.

a-Carbomethoxy-4-methoxybenzyl Nitrate (4i). Methyl 4-meth-
oxymandelaté! prepared from 4-methoxymandelic acid following a
standard esterification procedufeyas obtained in quantitative yield
as a colorless liquid: bp 160102 °C, 0.05 mmHg [lit¥” mp 32-34
°C, lit.48 bp(8 mmHg) 162°C]; *H NMR 3.39 (s, 1H, OH), 3.74 (s,
3H, OCH), 3.79 (s, 3H, OCHh), 5.11 (s, 1H, CH), 6.87 and 7.30
(AA'BB’ system,J = 8.9 Hz, 4H, aromatic)*C NMR 52.9 (OCH),
55.2 (OCH), 72.4 (CH), 114.0 and 127.8 (aromatic, CH), 130.4 and
159.7 (aromatic, ipso), 174.3 £€D); IR 3443 (br), 2967, 2841, 1728,
1611, 1512, 1215, 1180.

On the basis of a published synthesis of ethyl 2-(chlorophenyl)-
acetate?? methyl 2-(4-methoxyphenyl)-2-chloroacetate was synthesized
from methyl 4-methoxymandelate. To a stirred £Oh solution (25
mL) of methyl 4-methoxymandelate (1.7 g, 8.67 mmol) was added
dropwise a CHCI, solution (25 mL) of SOCGI(0.7 mL, 9 mmol) over
10 min. The solution was heated under refluk 2ch and then cooled

to room temperature, and water (10 mL) was added. After the solution
was stirred for 20 min, the organic layer was washed three times with
water and dried. Removal of the solvent under vacuum gave methyl
2-(4-methoxyphenyl)-2-chloroacetate (1.45 g, 78%) as a colorless

liquid: bp 85-89°C, 0.05 mmHg*H NMR 3.75 (s, 3H, OCH), 3.79
(s, 3H, OCH), 5.32 (s, 1H, CH), 6.87 and 7.39 (ABB' systemJ =
8.9 Hz, 4H, aromatic}*C NMR 53.2 (OCH), 55.3 (OCH), 58.7 (CH),

114.2 and 129.3 (aromatic, CH), 127.7 and 160.3 (aromatic, ipso), 169.0
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workup as described above, By NMR: 1.05 (s, 9H, tBu), 3.84 (s,
3H, OCH), 5.40 (s, 1H), 6.90 and 7.26 (ABB' systemJ = 9.0 Hz,
4H, aromatic).

2-Methoxy-1-(4-methoxyphenyl)-2-methylpropan-1-ol (6b):col-
orless oil;'H NMR 1.03 (s, 3H, CH), 1.10 (s, 3H, CH), 3.05 (br s,
1H, OH), 3.3 (s, 3H, OCEHj, 3.80 (s, 3H, OCH), 4.55 (s, 1H, CH
benzylic), 6.85 and 7.30 (ABB' system,J = 9.0 Hz, 4H, aromatic);
3C NMR 18.1 (CH), 20.9 (CH), 49.4 (OCH), 55.1 (OCH), 78.1
(C—OMe), 78.7 (benzylic CH), 112.9 and 128.7 (aromatic, CH), 132.0
and 158.9 (aromatic, ipso); IR 3500, 2977, 2837, 1612, 1585, 1248,
1069, 817. Anal. Calcd for gH150s: C, 68.54; H, 8.63. Found: C,
68.42; H, 8.51.

2-Methoxy-1-(4-methoxyphenyl)-2,2-diphenylethanol (6c¢)color-
less oil;'H NMR 2.65 (br s, 1H, OH), 3.05 (s, 3H, OG} 3.75 (s,
3H, OCH;), 5.60 (s,1H, benzylic H), 6.60 and 6.70 (A8’ system,
J = 9.0 Hz, 4H, aromatic), 7.157.35 (m, 10H, aromatic)}:*C NMR
50.5 (OCH), 54.8 (OCH), 76.9 (benzylic CH), 83.2 (C quaternary),
113.0, 126.6, 127.3, 127.6 and 130.3 (aromatic, CH), 130.7, 144.8 and
158.7 (aromatic, ipso). Anal. Calcd forfl,.0s: C, 79.02; H, 6.63.
Found: C, 78.89; H, 6.60.

2-Methoxy-1-(4-methoxyphenyl)ethanol (6h) colorless liquidH
NMR 2.70 (br s, 1H, OH), 3.40 (dd,= 3 Hz,J = 8 Hz, 1H), 3.45 (s,
3H, OCH;), 3.52 (dd,Jd = 3 Hz,J = 8 Hz, 1H), 3.79 (s, 3H, OCH),
4.82 (dd,J = 8 Hz, 1H), 6.85 and 7.27 (ABB’ system,J = 9.0 Hz,
4H, aromatic) (in agreement with thel NMR spectrum reported in
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ref 44); 13C NMR 55.2 (OCH), 58.9 (OCH), 72.1 (CHO), 78.1 the third harmonic of its fundamental wavelength. It delivered a
(benzylic CH), 113.7, 127.3 (aromatic, CH), 132.2 and 159.2 (aromatic, maximum power of 30 mJ at 355 nm with 10 ns pulse duration. The
ipso); IR 3440 (br), 3050, 1618, 1515, 1250, 1110, 835. monitor system, arranged in a cross-beam configuration, consisted of
2-(4-Methoxyphenyl)-1,2-diphenylethanoné’ pale yellow solid, a 275 W Xe arc lamp, an F/3.4 monochromator, and a five-stage
recrystallized from methanol; mp 889 °C (lit.> mp 89-90°C); 1"’ photomultiplier supplied by Applied Photophysics. The signals were
NMR 3.77 (s, 3H, OCH), 5.95 (s, 1H, CH), 6.83 and 7.45 (ABB captured by a Hewlett-Packard 54510A digitizing oscilloscope, and the

system,J = 9.0 Hz, 4H, aromatic), 7.157.55 (m, 8H, aromatic), 7.95 dat d 286-based N ; . ﬁ
8.05 (m, 2H, aromatic}3C NMR 55.1 (OCH), 58.4 (CH), 114.0, 126.9, ata were processed on a -based computer system using software

128.4, 128.5, 128.8, 128.9, 130.0, 130.9, 132.8, 136.7, 139.3, 158.5deve|oped in-house. Solutions for analysis were placed in a fluores-

(aromatics), 198.3 (CO); IR 1684. Anal. Calcd fon8160,: C, 83.42; cence cuvetted = 10 mm). The absorbance of each solution was
H, 6.00. Found: C, 83.34; H, 6.10. adjusted to 1.4 with the exception of the measurements of decay rates
2-Methoxy-1-(4-methoxyphenyl)-2,2-diphenylethanone (5c)pale as a function of CAN concentration, for which the absorbance was

yellow oil; *H NMR 3.05 (s, 3H, OCH), 3.80 (s, 3H, OCh), 6.83 between 0.8 and 1.8.

and 8.05 (AABB' systemJ = 9.5 Hz, 4H, aromatic), 7.207.50 (m,

10H, aromatic)3C NMR 53.1 (OCH), 54.9 (OCH), 90.8 (quaternary

C), 113.2, 127.8, 128.0, 128.8, 132.1, 140.8, 144.5, 158.6 (aromatics), Acknowledgment. Support of this research by the European
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