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Reaction Mechanisms

Mechanism of the Norrish-Yang Photocyclization
Reaction of an Alanine Derivative in the Singlet
State: Origin of the Chiral-Memory Effect**

Adalgisa Sinicropi, Frédérique Barbosa,
Riccardo Basosi, Bernd Giese,* and Massimo Olivucci*

The asymmetric synthesis of enantiomerically pure a-amino
acids is a major topic of modern peptide chemistry." For the
development of new peptidomimetics, proline derivatives are
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of particular importance.”’ Recently, Giese et al.'"]
reported a stereospecific photochemical route to
proline derivatives by a singlet Norrish—Yang
photocyclization reaction of the alanine derivative
1, which leads to the diastereoisomers 2, ent-2, 3,
and ent-3 (“ent” denotes the enantiomer of the
compound indicated; Scheme 1). In the presence of
the triplet quencher and singlet sensitizer naphtha-
lene, with benzene as the solvent, the photocycli-
zation yielded isomer 2 (92% ee) with the cis
configuration as the major product, with retention
of configuration at the o carbon atom. The minor
trans isomer 3 (cis/trans 85:15) was also formed
with 88% ee. This reaction is one of the few
remarkable examples of the photochemical
“chiral-memory effect”.'!l Furthermore, it repre-
sents an example of the exploitation of light energy
to drive asymmetric synthesis.

To understand this memory effect we carried
out ab initio CASPT2//CASSCF[10,8]">" compu-
tations to map the photochemical reaction pathway
of the alanine-derivative model 4. The results of the
calculations are shown in Figure 1. Upon photo-
excitation, one electron of the oxygen lone pair is
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Scheme 1. Singlet Norrish-Yang photocyclization reaction of the
alanine derivative 1; alanine-derivative model 4.

promoted to the st* orbital of the C1=02 bond. The computed
excitation energy for the singlet n—t* excitation is 98.1 kcal -
mol . After photoexcitation, the molecule relaxes to the
stable excited-state (S;) conformation ESM (Figure 1) with an
02-H9 distance of 2.62 A, which is comparable to the
distance of 2.69 A observed in the 1,5-hydrogen-atom
abstraction of solid-state compounds by Ihmels and
Scheffer!™ and to the average value of 2.61  0.07 A observed
for 14 ketones whose crystal structures were determined.”

The hydrogen-atom transfer from C8 to O2 is controlled
by the transition-state structure TS-abst (Figure 1), which is
located 6.8 kcalmol™' in energy above ESM and which
connects this intermediate to a conical intersection CI
between the excited-state S; and ground-state S, potential-
energy surfaces. At the transition state of the H abstraction
the distance between the oxygen atom O2 and the hydrogen
atom H9is 1.24 A, and the distance between the carbon atom
C8 and the hydrogen atom H9 is 1.33 A.

It is generally accepted that in photochemical reactions
conical-intersection structures play a role similar to that of
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transition states in thermal reactions.?”?!! Indeed, these
structures provide extremely efficient channels for the
decay of the excited-state species to the ground state.

The molecular motion that prompts the S;—S, decay
occurs along the so-called “branching” plane, which is defined
by the coordinates X; and X, (Figure2). Any molecular
deformation along this plane lifts the S;/S, degeneracy at the
intersection. Thus, the analysis of X; and X, provides useful
information about the chemical event mediated by the
conical-intersection structure. It is apparent that at the
conical intersection CI (Figure 1) the hydrogen-atom transfer
is almost complete and that an sp” radical center has been
generated at C8. The plot of the X, and X, vectors (Figure 2)
clearly indicates that the decay leads exclusively to a diradical
intermediate or to the original reactant. Indeed, it can be seen
that there are no torsional components to prompt twisting
about the N6—C8 or C1—C4 bonds accompanied by loss of
stereoselectivity at C8 or lack of facial selectivity during the
attack at CI.

Consistent with this analysis, the computed paths indicate
that the evolution following the decay occurs according to two
routes. One of these routes leads back to the starting material,
as back transfer of the hydrogen atom may occur after a small
degree of rotation around the N6—C8 bond (as required to
realign the O2—H9 bond with the C8 radical center). The
other pathway on the S, potential-energy surface leads to the
diradical intermediate TD, which is located 25.4 kcalmol ™! in
energy below the CI point and features a distance of 3.97 A
between the radical centers at C1 and C8. (The relative
population of such routes can only be estimated by non-
adiabatic dynamics computations that are currently imprac-
tical for the model 4). As mentioned above, free rotation
about the N6—C8 and C1—C4 bonds would lead to loss of
stereoselectivity. However, as shown in Figure 1, the diradical
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Figure 1. Energy profiles along the S, and S, reaction coordinate for the intramolecular
hydrogen-atom abstraction, hydrogen-atom back transfer (dashed—dotted line), and the
cyclization of compound 4. The chiral centers are labeled with an asterisk.
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Figure 2. Coordinates X, and X, that define the “branching” plane
along which S,—S, decay occurs.

TD is stabilized by a three-center hydrogen bond involving
the O12, H9, and N6 atoms, which restrains the conforma-
tional freedom of the diradical. Furthermore, diradical
disproportionation through the back transfer of the H atom
is also restrained by a 9.2 kcalmol ™' energy barrier at the
transition state TS-back-H. This energy barrier results from
the large distance (3.19 A) and unfavorable orientation
between the abstracted hydrogen atom and the radical
center at C8 imposed by the hydrogen bonds. On the other
hand, the orientation of the two carbon-centered radicals at
C8 and C1 in the diradical intermediate TD is such that
cyclization to the product CP has a low activation barrier of
5.2 kcalmol ™' (TS-prod, see Figure 1). Because of the hydro-
gen-bond network the rotation about N6—C8 required for
inversion (or racemization) is slower than the radical
coupling, and the original configuration at C8 is thus
preserved. The same hydrogen bonds prevent rotation
about the C1—C4 bond, so that the cis configuration of the
hydroxy and aldehyde substituents is favored in the cyclic
product. By calculating the energy of nine structures
generated by a 20° rotational scan about the C1—O2 bond,
the hydrogen-bond strength was estimated to be
—5.9 kcalmol .12

The conclusion that a specific hydrogen-bond network on
the S, energy surface controls the stereoselectivity of the
reaction is supported by reaction-pathway computations for a
different, less stable TD conformer (6.5 kcalmol ™), indicated
as TD,.,pn, Which is not stabilized by two hydrogen bonds
(note the long H9-O12 distance of 4.09 A) as a result of a 180°
twisting about C8—C11. The scheme at the bottom of Figure 3
demonstrates that the reaction of this alternative conformer
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Figure 3. Ground-state reaction routes for two different TD conformers
of 4 which lead to the cis (top) and trans (bottom) diastereoisomer of
the product; see Figure 1 for atom labels.

generates a TS,qup-prod structure, in which the formation of
the H9—0O12 and H9—N6 hydrogen bonds is impossible. This
pathway leads to the minor isomer 3.

For photoinduced reactions, both the excited- and ground-
state branches of the reaction pathway determine the stereo-
selectivity. Our calculations demonstrate that loss of config-
uration, through rotation about N6—C8 or C1—C4, can not
occur in the excited state. In fact, the transition structure TS-
abst is cyclic, and the conical intersection CI decays to the
ground state on a timescale much faster than that of rotation.
With regard to the ground-state branch of the reaction, the
calculations indicate that the stereoselectivity is determined
by the specific structure of the diradical TD. In fact, the
hydrogen-bond network in TD hinders torsional motion
about N6—C8 and C1—C4; this torsional motion thus com-
petes inefficiently with cyclization.
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