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benzocyclobutadiene. Indeed 11 has been suggested as an in-
termediate in the room temperature conversion of octa-3,5-di-
ene-1,7-diyne to benzocyclobutadiene and, ultimately, its dimers.!?
It seems very likely to us that 1, 11, and perhaps dicarbene 12
will all be accessible under our conditions.
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Reactions of radical ions or radical ion pairs formed by pho-
toinduced electron transfer are of considerable current interest.!”'
Among the possible fates of ions formed by heteroatom oxidations
is C—C bond fragmentation.'s2! Recently we reported that certain
tertiary amines suffer C-C bond cleavage when oxidized by ac-
ceptors excited by visible light.?2 For amino ketones this reaction
was indicated to proceed via homolytic cleavage of the bond
between the carbonyl and C,, of the amine to efficiently yield free
radicals. Herein we report studies with several 8-amino alcohols
(1-4) which demonstrate that photoredox-induced cleavage of the

(1) Mattes, S. L.; Farid, S. Org. Photochem. 1983, 6, 233.

(2) Davidson, R. S. Adv. Phys. Org. Chem. 1983, 19, 1.

(3) Arnold, D. R.; Borg, R. M.; Albini, A. J. Chem. Soc., Chem. Commun.
1981, 138.

(4) Lewis, F. D.; Petisce, J. R.; Oxman, J. D.; Nepras, M. J. J. 4m. Chem.
Soc. 1985, 107, 203.

(5) Lewis, F. D.; Correa, P. E. J. Am. Chem. Soc. 1984, 106, 194.

(6) Cohen, S. G.; Parola, A.; Parsons, G. H. Chem. Rev. 1973, 73, 141,

(7) Lewis, F. D.; Zebrowski, B. E.; Correa, P. E. J. Am. Chem. Soc. 1984,
106, 187.

(8) Bellas, M.; Bryce-Smith, D.; Clarke, M. T.; Gilbert, A.; Klunkin, G.;
Krestonosich, S.; Manning, C.; Wilson, S. J. Chem. Soc., Perkin Trans. 1
1977, 2571,

(9) Inbar, S.; Linschitz, H.; Cohen, S. G. J. Am. Chem. Soc. 1981, 103,
1048.

(10) Peters, K. S.; Freilich, S. C.; Schaeffer, C. G. J. Am. Chem. Soc.
1980, 102, 7566.

(11) Peters, K. S.; Schaeffer, C. G. J. Am. Chem. Soc. 1980, 102, 7566.

(12) Peters, K. S.; Simon, J. D.; J. Am. Chem. Soc. 1981, 103, 6403.

(13) Peters, K.; Parry, E.; Rudzki, J. J. Am. Chem. Soc. 1982, 104, 5535.

(14) Saito, I.; Ikehira, H.; Kasatani, R.; Watanabe, M.; Matsuura, T. J.
Am. Chem. Soc. 1986, 108, 3115.

(15) Givens, R. S.; Atwater, B. W. J. Am. Chem. Soc. 1986, 108, 5028.

(16) Arnold, D. R.; Maroulis, A. J. J. Am. Chem. Soc. 1976, 98, 5931,

(17) Roth, H. D.; Schilling, M. L. M.; Gassman, P. G.; Smith, J. L. J. Am.
Chem. Soc. 1984, 106, 2711.

(18) Roth, H. D.; Schilling, M. L. M.; Wamser, C. C. J. 4m. Chem. Soc.
1984, 106, 5023.

(19) Takahashi, Y.; Miyashi, T.; Mukai, T. J. Am. Chem. Soc. 1983, 105,
6511.

(20) Reichel, L. W.; Griffin, G. W.; Muller, A. J.; Das, P. K.; Ege, S. N.
Can. J. Chem. 1984, 62, 424,

(21) Davis, H. F,; Das, P. K.; Reichel, L. W.; Griffin, G. W. J. Am. Chem.
Soc. 1984, 106, 6968.

(22) Lee, L. Y. C; Ci, X.; Giannotti, C.; Whitten, D. G. J. Am. Chem.
Soc. 1986, 108, 175.

C,—C; bond can be a clean and efficient reaction having close
analogy to two-electron solvolytic fragmentations.*?* Noteworthy
features of the amino alcohol fragmentation are the high chemical
specificity of the cleavage, the connectivity between one- and
two-electron bond reorganization, and a remarkably large ste-
reochemical effect on reactivity.
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The amino alcohols used in this study were synthesized either
by reaction of a secondary amine with the appropriate epoxide
(threo- and erythro-1 and 4) or by a sequence of benzoin con-
densation and chlorination followed by amine substitution and
reduction?® to yield 2 and 3. The erythro ether 5 was prepared
by reaction of erythro-1 with sodium hydride and methyl iodide.
The visible light-absorbing electron acceptors, thioindigo (TT) and
Ru[5,5’-CO,Et(bpy)]3(PFg), (RuL;**), were prepared and purified
as reported elsewhere;2 photolyses were carried out with either
a 200-W mercury lamp or a tungsten lamp with filters to restrict
the exciting light to wavelengths (400—-500 nm) absorbed only by
the acceptors. Solutions containing the amino alcohol, electron
acceptor, and solvent (benzene, methylene chloride, acetonitrile,
or acetonitrile-water) were vacuum degassed by freeze—pump-
thaw cycles; product analyses of irradiated samples were by HPLC
(for amino alcohols and their photolysis products), UV-vis ab-
sorption spectroscopy (TI, RuL,?*, and their reduction products),
and gas chromatography. Infrared spectra were obtained on a
FT-IR Matson Series 100 spectrometer. NMR studies of pho-
toreacting solutions were carried out on vacuum degassed samples
in CD;CN or C¢Dg to which a small amount of D,O (3%) had
been added; spectra were measured on a GE-NMR QE-300
spectrometer.

A detailed study of the reaction of 1-3 with TT as the light-
absorbing electron acceptor shows an especially clear example of
a net two-electron redox fragmentation process occurring according
toeq |. When 1and TI are irradiated in a NMR tube new proton
signals due to the aldehyde hydrogen of benzaldehyde and ac_y
of morpholine (ratio 1:2) appear as the photolysis proceeds. When
TI is irradiated with 2 or 3, proton signals for benzaldehyde,
Ar'CHO, and the C-H of morpholine appear in the ratio 1:1:4;
in all cases no signals due to N-benzylmorpholine or other products
from the amine can be detected.?? Irradiation of either RuL,**
or TI with 2 and 3 in acetonitrile-water or benzene—water leads
to the two aldehydes (eq 1) in equal amounts as detected by
HPLC.3® The yields of benzaldehyde from 1 and conversion of
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Table I. Reactivity of Stereoisomers of 1 and 4 with Electron Acceptors
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reactvity after correction for differential

quenching®

tertiary s OH

amine overall reactivity k., ky(erythro)/ stretching erythro'/t.hreo
isomer dru+’ o’ M'? 57! kq(threo) p, cm’l¢ on ArCHO™ _ Teactvity
erythro-1 0.10 0.03 2.9 x 10° 2.1 3428.6 0.04 1.2 k' 4.0¢
threo-1 0.02 0.005 1.4 % 10° 3308.3 0.01 0.3
erythro-4 0.14 0.04 9.1 x 10° 1.7 3436.4 0.17 34 4 3.1¢
threo-4 0.03 0.006 5.3 %107 32449 0.04 1.1
5 0.006 2.5 x 10° 0.002 0

2Using same concentrations of different isomers (0.1 M). The concentrations of Ru(5,5-COOEt);(PF), and TI are 1 X 10~ M. All the samples
are vacuum degassed. For both cases, the reactions were monitored by measuring the Ru(5,5-COOELt);(PF¢), and TI absorbance with a HP-8451
spectrometer at the absorbance maximum, i.e., 502 and 544 nm, respectively. Plots of absorbance (An,;) vs. time provided straight lines for less than
10% conversion; the slopes of the plots are proportional to the quantum yields for the reaction after correction for incomplete light absorption.
Quantum yields were determined relative to a secondary actinometer which was irradiated in parallel with the solutions. ®¢g,2+: Quantum efficiency
for reductio nof RuL;** — RuL,* in purified CH,CN solvent. ¢y quantum efficiency for reduction of TI — TIH, in purified C¢H¢ solvent.
¢ Fluorescence quenching of TI by different quenchers in benzene solvent. ¢ O-H stretches were measured in purified CH,Cl, solvent with the same
amine concentration as that in photolysis experiment. ¢Quenching correction. Vary concentration of quenchers to obtain same percentage of TI
quenched in different stereoisomer system. /From thioindigo conversion. #From benzaldehyde production.

TI to TIH, (1.9:1) are consistent with the stoichiometry of eq ;3!
thus the oxidations of alcohol and amine functions to carbonyl
and iminium ions via C—C bond cleavage (two net one-electron
redox processes) is accompanied by the two-electron reduction
of the acceptor.?! A reasonable mechanism for the overall reaction
is given by eq 2-6.
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The diastereomers of 1 and 4 have been individually studied;
as summarized in Table I, there is a striking preference for reaction

(31) The yield of isolated benzaldehyde from TI-1 irradiation is 180% of
reacted 1; the addition of water (or D,O) drives the iminium ion to aldehyde
but does not affect the quantum yields for photoreduction at the levels used.

of erythro over threo isomers for reaction with both electron
acceptors. A portion of the difference in reactivity can be ascribed
to the quenching step; for both pairs the erythro diastereomer is
a more efficient quencher than the threo by ca. 2:1. These dif-
ferences appear to be controlled, at least in part, by intramolecular
hydrogen bonding as indicated by the O—H stretching frequencies
listed in the table. The threo isomer has a lower frequency O-H
stretch that can be attributed to facile intramolecular hydrogen
bonding which renders the amine a less effective electron donor.3
Such hydrogen bonding is stereochemically restricted for the
erythro isomer; hence it is a better donor and more effective
quencher.

More significant factors in the differential erythro/threo re-
activity are the net product formation ratios, after correction for
quenching (Table I). For reduction of both acceptors as well as
oxidation of the donor there is a net 3—4-fold reactivity difference
favoring erythro in each case. Quenching should produce a radical
ion pair (eq 2) from which the fragmentation (eq 3) should ensue;
the differences in reactivity most reasonably reflect competition
between fragmentation (eq 3a and 3b) and back electron transfer
(eq 4). As illustrated, a likely explanation for the measured
differences is the requirement for a coplanar antiparallel rela-
tionship between alcohol, C—C bond, and amine cation radical.
This geometry is much more easily attained by erythro isomers
of 1 and 4 than for the corresponding threo compounds. The
stereochemical effects observed here closely resemble those ob-
served for heterolytic two-electron “synchronous” fragmentations
occurring in solvolysis and related reactions.?*?* A remarkable
feature of the present results is the merging of one- and two-
electron processes in the fragmentation step (eq 3). Although
fragmentation clearly occurs for other substituted amines con-
current with or subsequent to electron-transfer photooxidation,
the reactivity of alcohols 1-4, where the two-electron fragmen-
tation is possible, is substantially enhanced (compare erythro ether
5 vs. erythro-1). That a moderately long-lived radical (6) is
produced is indicated by our finding that the erythro isomers of
1 and 4 are excellent photoinitiators with electron acceptors in
photopolymerization reactions.??-3?

The magnitude of the stereochemical effect observed in these
photofragmentations is noteworthy, particularly in view of the fact
that the fragmentation step must be very rapid to compete with
reverse electron transfer. The details of the photoredox-induced
fragmentations elucidated here suggest that selective and yet
relatively efficient C-C cleavage processes can be induced by single
electron transfer reactions for a wide variety of substrates.

(32) The IR spectra of the erythro isomers vary with concentration; in
dilute (0.03 M) solution the band is very weak and sharp, indicative of a free
O-H. As the concentration is increased there is a decrease in the stretching
frequency together with a decrease in sharpness. In contrast, the IR spectra
of the threo isomers are relatively broad, compared to those of the dilute
erythro isomers, and nearly independent of concentration.
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Reaction sequence of the photoenolization of o-methylaceto-
phenone has been proposed on the basis of the nanosecond flash
photolysis.! Intramolecular hydrogen transfer in the photoexcited
3n* state of this molecule leads to the formation of a short-lived
biradical which decays to produce the unstable enol. Although
a l,4-biradical is a key intermediate in this reaction, no direct
observation of the intermediate by ESR technique has been re-
ported, to our best knowledge.

In this communication, we present the results of application
of a time-resolved ESR technique to the photochemistry of o-
methylacetophenone (1) and the related compounds, 2,4,6-tri-
methylbenzaldehyde (2) and 5,8-dimethyl-1-tetralone (3),2 in
glassy matrix. Generation of the transient species during the
photoenolization and chemical quenching of the biradical in the
presence of an electron acceptor in solution have been demon-
strated.

CHsz O CHs © CHz ©
CHg H
HaC CH3
! 2 CH3
3

All substances were purified by distillation under reduced
pressure. Solvent toluene, ethanol, and methylcyclohexane were
spectrograde and used without further purification. The sample
solution prepared at a concentration of 5 X 1072 M was degassed
by using five freeze—thaw cycles. The method to detect transient
ESR signals has been described previously.? A nitrogen laser
(5 mJ/pulse, 10-Hz repetition rate) was used for the light source.
A high-pressure Hg lamp (500 W) equipped with a UV-31 glass
filter was used for continuous irradiation.

Continuous irradiation of each solution containing 1-3 in the
mixed solvent of toluene/ethanol (1:1, v/v) at 77 K showed no
ESR signal except a small one due to free radical. On the other
hand, the transient species in the photoreaction was detected by
applying the time-resolved ESR method. Figure la shows the
ESR spectrum observed for the solution of 1 at 1 us after the light
pulse irradiation. The weak emission signal at about 1500 G
corresponds to the |AMs| = 2 transition of the triplet molecule.
The |AMs| = | transitions show the phases of AEA at the low-field
half and of EAE at the high-field half (A, absorption; E, emission).
The estimated zero-field parameters, |D| and |E|, are 0.060 and
0.0025 cm™!, respectively. These values are different from those
of the excited triplet states of acetophenone derivatives.*® Similar
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Figure 1. Transient ESR spectra of the intermediate biradicals generated
by the laser pulse irradiation of 1 (a), 2 (b), and 3 (c) in toluene/ethanol
(1:1) at 77 K. The spectra were taken at 1 us after the laser pulse.

polarized spectra were also obtained in nonpolar solvents such as
methylcyclohexane and toluene/ethanol (10:1, v/v), though the
additional E-polarized lines due to the transient free radicals
appeared at the g = 2 region.

In order to certify the above transient species, measurements
were performed for 2 and 3, both having a similar structural
situation between the carbonyl and methyl groups to that of 1.
The compound 3 has a fixed structure, while 1 and 2 form syn
and anti conformations. Light pulse irradiation to the solutions
of 2 and 3 afforded the spin-polarized spectra shown in Figure
Iband lc, respectively. The polarization patterns and zero-field
parameters of these spectra agreed well with those of Figure la.
Thus, the results clearly indicate the generation of triplet biradical
species in these photochemical reactions. A similar examination
carried out for 2-methylbenzophenone (4) gave only a spectrum
similar to those of the excited triplet states of benzophenone
derivatives.5 The short reported lifetime of the biradical generated
from the syn form of 4” would make the detection by our time-
resolved ESR system difficult, while the excited triplet state has
a relatively long lifetime.

Spin polarization of excited triplet states usually arises from
the anisotropic intersystem crossing (ISC) to the triplet sublevels.®
According to the qualitative consideration to the phase of CIDEP
at the |AMs| = 1 region, two physically realizable situations are
necessary to interpret the AEA /EAE pattern with the signs of
D and E regarding the manner of ISC. We assume simply the
same signs of D and E. Then the zero-field energies W,, W), and
W, are in the order W, > W, > W, for D> 0 and W, > W, >
W, for D < 0. When the highly populated state in the sublevels
is T, and T, for D > 0 or T, for D < 0, the phase pattern of the
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Chemically Induced Dynamic Magnetic Polarization, D. Reidel: Dortrecht,
1977.

© 1987 American Chemical Society



