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the normal frequencies of branched alkanes as accurately as
n-alkanes.

The relative populations of rotational isomers of n-hexane and
n-heptane at 298.15 K were calculated from the AG’s among these
isomers obtained from the present force field and neglecting the
intermolecular interactions.!” The integrated intensities of normal
modes for the rotational isomers whose populations were larger
than 5% were calculated and the absorbance of the mixture at
wavenumber », 4,,(v), were calculated by eq 22 where A, (v) and

Ayv) = %pkAk(V) (22)

Dy are the absorbance and the population, respectively, of the kth
isomer, the former being calculated by eq 16. The simulated
spectra of n-hexane and n-heptane are compared with the observed
spectra in the liquid state at room temperature in Figures 4 and
5, respectively, where the conformers contributing to the intensity
of individual simulated bands are shown. The half-bandwidth
for these simulated spectra was assumed to be 10 cm™ from the
observed value of the isolated band at 1140 cm™ of n-hexane.
When this half-width was used, the heights of the CH, rocking
bands near 720 cm™! agreed well with observed heights. The
simulated band at 1140 cm™ in the spectrum of #-hexane and those
near 1300 cm™ in both the spectra due to gauche conformers are
too weak compared with the observed bands. The enthalpy dif-
ferences among the rotamers of n-hexane calculated by the present
potential agreed well with the observed values in the liquid state.!”

Therefore, these disagreements may be caused by the inadequacies
of a part of intensity parameters for gauche conformers. Ac-
cording to a preliminary calculation, the underestimated intensities
of the bands due to the gauche conformers can be enhanced by
increasing the intrinsic atomic charge of the hydrogen in the
C-C-C plane, which includes the gauche C-C bond, and by
adding a negative charge flux on this hydrogen with respect to
the ZHCC bending coordinate. These modifications of the in-
tensity parameters seem to be favorable also for fitting the spectra
of cyclohexane and its deuteriated derivatives, but more extensive
work is necessary for estimating their best values. In other re-
spects, the simulated spectra explain the appearance of many bands
assignable to different rotamers on the change of state.

The reproduction of the thermodynamic functions and the
structure parameters of alkanes and the success of simulations
of infrared spectra of n-alkanes show that the atomic charges and
charge fluxes assumed in this work can be used simultaneously
as the potential parameters and the infrared intensity parameters.
Extention of this approach to more polar molecules is now in
progress.
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A common reaction of radical anions is decomposition to
produce an anion and a radical fragment.!"*> The rate of this
process determines the efficiency of many reactions, such as
electron-transfer quenching of excited states, in which the initial
electron transfer is reversible.

Our interest in reactions that are driven by dissociative electron
transfer*® led us to examine the reduction of esters of carboxylic
acids. Alkyl benzoates in 2% ethanolic 2-propanol quench the
absorption of solvated electrons (Ayax ~ 700 nm’), generated
by pulse radiolysis,® with rate constants k, = (5 £ 1) X 10° M
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(3) Hamill, W. H. Radical Ions; Kaiser, E. T., Kevan, L., Eds.; Inter-
science: New York, 1968; Chapter 9, pp 408-412.
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Table I. Rates of Decomposition of Ester Radical Anions
k (S-l)a

substrate alcohol (Ayon)? hexane (Amon)’
CH,0COC,H; S X 10 (310, 445) 4.1 X 10* (305, 440)
CH;CH,0COCH; 5 % 10° (310, 445) 4.1 X 10° (305, 440)
C¢H,CH,0COCH;, 4.8 X 10° (310, 445) 2.2 X 10° (440)
(CiHy),CHOCOCH, 4.6 X 10° (3309 450) 5 X 10%¢ (330, 440)
CHy0-(COOCH,CH,), <1 X 10°¢ (340, 780)  ~4 X 10%* (330)
C,H.COOCOCH;, 3.2 % 10 (300, 450)
C,H.CH,0COCH, 1.4 X 106 (3104) 22 X 105¢
(C¢H,),CHOCOCH, >2 X 105¢ (330¢) >5 % 106¢

4 Decay of radical anions at 22 & | °C. ®Monitoring wavelength(s), nm.
“Rates greater than experimental resolution. ¢Growth of radical monitored
(k or k"). ¢Decay nonexponential even at low OD. fNot determined.

sl. Two transient absorption bands, appearing at 310 nm (e ~
35000 M-! cm-!) and 445 nm (¢ ~ 9500 M~! cm™), form si-

(8) For a description of the radiolysis apparatus, see: Atherton, S. J. J.
Phys. Chem. 1984, 88, 2840, Foyt, D. C. Compur. Chem. 1981, 5, 49.
Rodgers, M. A. J,; Foyt, D. C.; Zimek, Z. A. Radiar. Res. 1978, 75, 296.
Phthalate esters are used as plasticizers; therefore, the apparatus was assem-
bled entirely from glass. A variable pulse width was employed to test kinetic
order. A pulse of =100 ns was found necessary to produce sufficient signal
for analyses. Concentration of esters routinely was made 2 mM so that
reaction of the electrons occurred mostly within the pulse. The decays did
not depend upon concentration of ester. The decays monitored at 310 nm are
more complex than are those at 445 nm. Other, persistent absorbing species
(reaction products and species derived from solvent®) also have absorptions
in the 300-nm region, and the decays monitored at 310 nm do not approach
baseline. Kinetics at 310 nm, determined by the method of initial rates and
accounting for residual absorption, agreed with those determined at 445 nm
within experimental error (£30%); e.g., see Table I, entry 4 and Figure lc.
Decays at 445 nm had standard deviations <20% (100 ns pulse); however, a
dependence on the pulse width and analysis of residuals for the slower decays
(<~10%s7"} indicated the kinetics in these cases were not simple first-order.
Extinction coefficients of the radical anions were estimated by comparison of
the signal intensities observed for benzy! radical products'®!! and agreed with
those calculated by dosimetry. Products were determined by GC and GC/MS.
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Figure 1. Difference transient absorption spectra (a) of ethyl benzoate
(circles) and diethyl phthalate (triangles) in alcohol 1 us after a 100-ns
pulse of electrons, (b) of benzoic anhydride in hexane 0.4 us (circles) and
3 us (triangles) after pulse, and (c) of benzhydryl benzeate in alcohol 0.4
us (circles) and 4 us (triangles) after pulse. Bars indicate an absorbance
of 0.02.

multaneously with the bleach of the 700-nm absorptions (Figure
la). Both bands are quenched by oxygen at the same rate.
Identical spectra are observed for all of the benzoates examined
in Table I. The spectra are unaffected by the presence of 10 mM
KOH. The absorptions resemble the spectrum of acetophenone
ketyl anion.!? Accordingly, we assign both bands to the solvated
radical anions of the alkyl benzoates, ROCOC4H;"", formed as
described in eq 1.

ke
ROCOCH; + e~ —> ROCOCH ™ 1)

The absorptions derived from substituted benzoates, such as
diethyl phthalate (Figure 1a), are quite different, however. This
is consistent with delocalization of spin and charge density into
the benzene rings of the radical anions which is affected by the
substituent.®

The decays depend upon the alkyl group, R (Table I). Methyl
benzoate and ethyl benzoate decay with essentially first-order rate
constants k ~ 5 X 10% s7! at low dose.!* The first-order rate
constants increase in the order R = primary alkyl < benzyl <
benzhydryl. Stabilization of an alkyl radical center (R*) increases
in the same order. These trends suggest that the benzoate radical
anions decay to afford benzoate and an alkyl radical (eq 2)."* The

(9) Swallow, A. T. Radiation Chemistry; Farhataziz, Rodgers, M. A. J.,
Eds.; VCH: New York, 1987; pp 351-375.

(10) Christensen, H. C.; Sehested, K.; Hart, E. J. J. Phys. Chem. 1973,
77,983,

(11) Bromberg, A.; Schmidt, K. H.; Meisel, D. J. 4m. Chem. Soc. 1984,
106, 3056.

(12) Shida, T.; Iwata, S.; Imamura, M. J. Phys. Chem. 1974, 78, 741.

(13) At high dose, the decays of methy! benzoate and ethyl benzoate are
nonexponential. Second-order process or reactions with solvent-derived species
may be responsible.?
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major volatile products of these reactions have been identified as

o 0

: X !
R—OC*CgHs —= R°* + 0O—CCgHs (2)

those resulting from radical dimerization (~ 30% bibenzyl and
~40% 1-phenyl-2-propanol from benzyl radicals)!6 or reduction
or disproportionation (alkanes and alkenes from secondary or
tertiary alkyl radicals), in addition to quantitative yields of benzoic
acid.”” Reaction 2 formally involves homolysis of a C—OQC(=0)
bond. Stabilization of the radical site is expected to weaken this
bond and facilitate cleavage.!® Similar effects have been found
to operate in the decays of radical anions of other benzylic de-
rivatives, such as benzyl halides? and acetate.?

Benzyl radicals have absorption bands in the same region as
the benzoate radical anions. The overlap of the absorptions of
the benzoate radical anions with those of the more weakly ab-
sorbing benzyl radicals!® obscures the formation of benzyl from
the radical anion of benzyl benzoate; however, it is possible to
observe clearly the benzyl radical in related cases. Diphenylmethyl
benzoate initially affords the spectrum of the radical anion (Figure
Ic). At longer times, the absorptions of the radical anion are
replaced by those of the diphenylmethyl radical, which has an
intense maximum at 330 nm (¢ ~ 4 X 10* M cm™).1! The
formation of the radical and the decay of the radical anion occur
with the same first-order rate constant. The diphenylmethyl
radical subsequently decays with second-order rate constant, 3
X 10° M-1 5-1,19.20

Pulse radiolysis of alkyl benzoates in hexane produces radical
anions which absorb near 305 and 440 nm. The absorptions are
only slightly affected by the change in solvent. However, the rates
of decay are considerably higher in hexane than in alcohol (Table
I). These differences may reflect better stabilization of the radical
anion by solvation in alcohol. The charge should be more localized
in the anion radical than in the transition state, in which a car-
boxylate anion is partially formed (eq 2). Therefore, a polar protic
solvent will result in a decrease in reaction rate compared to a
nonpolar aprotic solvent.

Examination of the radical anion of benzoic anhydride proved
interesting in the following respects. The absorptions of this radical
anion were similar to those of benzoate ester anions. Furthermore,
a fragmentation occurs to afford benzoyl radical (eq 2, R =
C¢H;CO), identifiable as a broad maximum near 650 nm?? (Figure
1b). The rate of cleavage of the anhydride radical anion in hexane
is similar to that for radical anion of benzyl benzoate, and it is
significantly faster than the rates of cleavage of alkyl benzoates.
This result confirms that benzoate ester radical anions do not
afford appreciable amounts of acyl radical, and it indicates that

(14) A referee has suggested that radical anion decay may afford alky!
anions and benzoyloxy! radicals, followed by a fast electron transfer to produce
benzoate and alkyl radicals. We are unable to exclude this alternative path;
however, absorptions indicative of benzoyloxy! (Ayax 2 700 nm!®) are not
observed.

(15) Chateauneuf, J.; Lusztyk, J.; Ingold, K. U. J. Am. Chem. Soc. 1987,
109, 897.

(16) Relative yields are reported for ~0.5% conversion. The products
derived from the alkyl radical depend on the ester and on experimental con-
ditions; see ref 17 and, for an application, see: Masnovi, J. M.; Samsel, E.
G.; Bullock, R. M, to be submitted.

(17) (a) Lin, C.-1; Singh, P.; Ullman, E. F. J. Am. Chem. Soc. 1976, 98,
7848. (b) Saito, I.; Ikehira, H.; Kasatani, R.; Watanabe, M.; Matsuura, T.
Ibid. 1986, 108, 3115.

(18) Benson, S. W. Thermochemical Kinetics; Wiley: New York, 1976.

(19) The benzy! radicals do not interfere with kinetic measurements be-
cause the radicals decay on a much longer time scale and absorb only weakly
at 450 nm, compared to the radical anions.

(20) Flash photolysis of esters in the presence of amines affords similar
results. However, additional absorptions at 650-680 nm appear in the flash
photolysis experiments. The behavior of these absorptions in the presence of
KOH or of amines which form acidic radical cations? suggests the 650-nm
absorptions may be due to protonated radical anions. These results will be
reported separately.

(21) Manring, L. E.; Peters, K. S. J. Am. Chem. Soc. 1985, 107, 6452.

(22) Ito, O.; Sakaguchi, T.; Matsuda, M. J. Chem. Soc., Faraday Trans.
11978, 74, 1188.
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acyl radical is about as good a leaving group as are benzyl radicals
under these conditions.

The behavior of acetate esters also was examined briefly.
Acetates quench the absorptions of the solvated electrons with
rate constants k. = (2 % 0.5) X 10° M1 57! in alcohol. Pulse
radiolysis of benzyl acetate afforded benzyl radical as the only
transient detected optically above 300 nm. The growth of the
benzyl absorption was slower than quenching of the solvated
electrons and is taken to represent k', the rate of fragmentation
of the acetate radical anion (Table I). Thus, the fragmentation
of benzyl acetate anion is 30 times faster than that of benzyl
benzoate anion. Other considerations, including solvation, spin
and charge delocalization, polarizabilities, and steric effects, also
are expected to affect the rates of cleavage.!
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The reactivity of electronically excited molecules is dependent
upon the configuration and multiplicity of the excited state.! A
well-known example of configuration dependence is the Norrish
type II reaction of aryl alkyl ketones, which occurs via the *n,r*
but not the 3x,7* state.? Aromatic substituents can alter the
energies of these states and thereby affect the reactivity. We have
observed that the E,Z-photoisomerization efficiencies of a series
of (E)-cinnamamides are highly dependent upon both N-alkylation
and aromatic substitution (eq 1). These results are attributed

o]
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’
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1: R,=R,=H
2: R,=CHy; R, =H
3: R, =R, =CH,

to the existence of two low-energy !z, * states, a reactive state
with a styrene-like HOMO, and an unreactive state with an amide
nonbonding # HOMO. The energy of the former state can be
altered by aromatic substituents, while that of the later state can
be altered by N-alkylation. This is, to our knowledge, the first
instance in which the energies of two states of the same multiplicity
can be independently varied via substitution at two different sites
in the molecule.

While the photoisomerization of (£)-cinnamamides has been
reported as a method for preparing the (Z)-isomers,? this process
has eluded the mechanistic scrutiny to which cinnamic acid and
its esters have been subjected.* Absorption spectral data and
isomerization quantum yields ($;) obtained from 313 irradiation
of 0.01 M dichloromethane solutions of several (E)-cinnamamides
are summarized in Table I. IR and NMR spectral analyses

(1) Turro, N. J. Modern Molecular Photochemistry; Benjamin/Cummings
Publishing Co.: Menlo Park, CA, 1978.

(2) Wagner, P. J. Acc. Chem. Res. 1971, 4, 168.

(3) Balsamo, A.; Crotti, P.; Lapucci, A.; Macchia, B.; Macchia, F.; Cut-
tica, A.; Passerini, N. J. Med. Chem. 1981, 24, 525.

(4) (A) Lewis, F. D.; Oxman, J. D,; Gibson, L. L.; Hampsch, H. L.;
Quillen, S. L. J. Am. Chem. Soc. 1986, 108, 3005. (b) Lewis, F. D.; Quillen,
S. L.; Hale, P. D.; Oxman, J. D. J. Am. Chem. Soc. 1988, 110, 1261.
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confirm that the ground states of all of the (E)-amides adopt a
planar s-trans conformation in solution as in the solid state® and
are predominantly in monomeric form at the concentrations used
in the spectroscopic and photochemical investigations. The marked
dependence of ®, upon N-alkylation and aromatic substitution
stands in contrast to reported results for cinnamic acid and several
of its ring-substituted esters, all of which isomerize with &, >
0.20.% Triplet-sensitized irradiations of 3a or 3b (0.01 M Michler’s
ketone, 365 nm) occur with &, = 0.55 and 0.53, respectively,
whereas attempted triplet quenching with 1,3-pentadiene (0.2-2.0
M) did not alter ¢;. Thus we conclude that intersystem crossing
is inefficient for the cinnamamides and that the &, values in Table
I are determined by partitioning of the nonfluorescent singlet
state(s) between isomerization and nonradiative decay.

The effect of N-alkylation upon the electronic structure of the
cinnamamides was investigated with Gaussian 82 calculations.®
The frontier orbitals include a styrene-like HOMO (mg) and
LUMO (=*) for 1a-3a, similar to those previously reported for
methyl cinnamate.®® In addition, there are the two high lying
orbitals observed by Turner and co-workers’ for the amides of
formic and acetic acid: the carbonyl oxygen lone pair (ng) and
the approximately nonbonding antisymmetric my. The nodal
properties and approximate atomic coefficients of the = orbitals
are shown in Chart I and the orbital energies summarized in Table
II. While the energies of the ny, 75, and #* orbitals are relatively
insensitive to N-alkylation, the energy of my is seen to increase
with N-alkylation, as previously observed for simple amides.” The
ms orbital lies well above my or ng in cinnamamide (1a), whereas
in acrylamide the #(C=C) orbital lies below n, and my.?

The presence of two high-lying w-orbitals should result in two
singlet states (ws,7* and wy,7*), which should not mix significantly
due to the lack of overlap between the wy and =g orbitals. The
ms,7* state would be expected to isomerize efficiently, as it does
in the case of the cinnamic esters,* whereas the my,7* state retains
a higher C=C bond order and thus should resist isomerization.
The effects of aromatic substituents on A, (Table I) support the
assignment of the UV absorption band to a #* «<— =g transition.
The =* < my transition is not resolved but may be responsible
for long-wavelength tails and shoulders.

While the relative energies of the mg,7* and wy,7* states will
depend upon the extent of configuration interaction, we assume
as our working hypothesis that the lowest singlet of 1a is the
reactive mg,m* and the lowest singlet of 3a is the unreactive my,m*
state. This hypothesis provides a conceptually simple framework
for understanding the consequences of N-alkylation and aromatic
substitution. N-Alkylation should lower the energy of the wy,m*
state but have little effect on the energy of the wg,x* state (Table
IT). The electron-donating methoxy group should raise the ng
energy and thus lower the energy of the mg,7* singlet state (but
not mn,7*). A large red shift in the long-wavelength absorption
band of 1b vs 1a and 3b vs 3a and a dramatic increase in &,
especially in the case of 3b vs 3a, are, in fact, observed. Conversely,
the electron-withdrawing trifluoromethyl group should lower the
ms energy and thereby raise the energy of the wg,m* state. The
blue-shifted absorption bands of 1¢ vs 1a and 3¢ vs 3a and the
decrease in &, for 1c vs la conform to this prediction. Raising
the g, m* energy should have no effect on ¢, in the case of 3¢ vs
3a, if the lowest singlet is my,7* in both cases.

Additional support for the two singlet hypothesis comes from
the effect of BF; complexation upon ®,. All of the amides form
stable BF; complexes (K > 1000) with red-shifted absorption
compared to the free amide and all of the Lewis acid complexes
have ®; = 0.35 (&; = 0.55 for 3a:BF;). Gaussian 82 calculations

(5) Meester, M. A. M.; Schenck, H. Rev. Trav. Chem. 1971, 90, 508.

(6) Ab initio Hartree-Fock calculations were done at the STO-3G (min-
imal basis set) level with the Gaussian 82 program package. The molecular
geometry was partially optimized assuming co-planarity of all CNO atoms
as in the solid state.* Quantum Chemistry Program Exchange, No. 236, 1982.

(7) (a) Brundle, C. R,; Turner, D. W.; Robin, M. B.; Basch, H. Chem.
Phys. Letr. 1969, 3, 292. (b) Sweigart, D. A,; Turner, D. W. J. Am. Chem.
Soc. 1972, 94, 5592.

(8) (a) Van Dam, H.; Oskam, A. J. Electron Spect. Relat. Phenom. 1978,
13,273. (b) Asbrink, L.; Svensson, A.; Von Niessen, W. Ibid. 1981, 24, 293.
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