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The concept of ªspinisomersº was introduced in the
chemical literature by Turro[1] and Quinkert[2] in order to
differentiate excited molecules in the singlet and the triplet
state (S1 and T1, respectively) from each other. Reactions
of spinisomers often lead to different products;[3] mole-
cules in the T1 state react mostly less stereoselectively than
the corresponding S1 state molecules.[4] Herein, we compare
the steric course of chemical reactions of T1 and S1 spinisom-
ers using the Norrish ± Yang photocyclization of alanine
derivative 1[5] which leads to proline derivatives 3 and 4
(Scheme 1).

Scheme 1. Photoinduced cyclization of alanine derivative 1 leading to
proline derivatives 3 and 4. Ts�Tosyl�H3CC6H4SO2.

The photoreaction[6] of 1 in the presence of the triplet
sensitizer benzophenone led almost unselectively to four
cyclization products (3� ent-3 and 4� ent-4). In contrast, in
the presence of the triplet quencher naphthalene,[7] proline
derivative 3 was obtained with high enantioselectivity (Ta-
ble 1, lines 1 and 6). Under these singlet conditions, the
configuration of the attacked sp3-hybridized chiral center in 1
was transferred into product 3 with retention, although it was
converted into a prochiral, sp2-hybridized radical center in the
intermediate diradical 2. This enantioselective reaction path

demonstrates the existence of a memory of chirality[8] whose
magnitude is given by the retention:inversion ratio at the
chiral center.

In the presence of naphthalene (1m) as quencher of the T1-
excited carbonyl group, the memory effect was 24 (e.r.� 96:4)
for the cis isomer 3 (Table 1, line 1). Decreasing either the
amount or the efficiency of the triplet quencher led to a
smaller memory effect of 18 (0.5m naphthalene, Table 1, line
2), 9.4 (0.5m isoprene, Table 1, line 3), and 9.6 (O2, Table 1,
line 3).[9] In the absence of a triplet quencher[10] the memory
effect dropped to 2.4 (Table 1, line 5), and disappeared almost
completely when the reaction was performed in the presence
of the triplet sensitizer benzophenone (Table 1, line 6). The
success of the photocyclization in the presence of large
amounts of naphthalene showed that H-abstraction can occur
not only from the triplet state but also from the excited singlet
state of oxoester 1.[11] The high yields of 47 ± 50 %, obtained in
the presence of naphthalene, are surprising, even though the
irradiation time was increased by a factor of five. Presumably,
naphthalene not only acts as a triplet quencher but also as a
singlet sensitizer for oxoester 1.[12] The subsequent cyclization
of the singlet diradical is obviously so fast that the CÿC bond
is formed almost completely under retention. In contrast, the
T1-spinisomer forms a long-lived triplet diradical which leads
to racemic products.

Figure 1 shows how the asymmetric center based chirality
of the starting material 1 is transferred through the helix-
based chirality of the diradical intermediate 2 into the
asymmetric center based chirality of the product 3.

A memory effect of about 25 means that racemization of
the helical chiral singlet diradical 2 occurs with an activation
energy that is about 3 kcal molÿ1 higher than that of the
cyclization to give product 3. Racemization requires rotations
around the a-, b-, and g-single bonds of diradical 2 (Figure 1,
Scheme 2). For steric reasons, the first step is probably a
rotation from the gauche conformation I into the anti
conformation II. From quantum chemical estimations[13] a b-
rotation of the singlet diradical (I!II) requires about
5 kcal molÿ1 and the subsequent a- and g-rotations of con-
former II about 1.5 and 3.0 kcal molÿ1, respectively. From
these estimated racemization barriers and a memory effect of
25 (ca. 3 kcal molÿ1), we conclude that the cyclization of
singlet diradical 2 requires an activation energy of
2 kcal molÿ1. This low activation energy is expected for a
recombination of two radical centers. In contrast, the loss of
the memory of chirality under triplet conditions (Table 1,
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Table 1. Selectivities of the photocyclizations of alanine derivative 1
leading to cis product 3 and trans product 4 in benzene at 20 8C.

Conditions 3 :ent-3 4 :ent-4 cis:trans Overall
yield [%][a]

hn/naphthalene (1m) 24 16 5.7 47[b]

hn/naphthalene (0.5m) 18 13 5.3 50[b]

hn/isoprene (0.5m) 9.4 3.0 2.9 47[b]

hn/O2 9.6 3.6 2.6 48[c]

hn/Ar 2.4 1.6 0.9 35[c]

hn/benzophenone (1m)/Ar 1.4 1.4 0.8 10[d]

[a] Based on the conversion (80 ± 90 %). [b] Irradiation time 10 h.
[c] Irradiation time 2 h. [d] Irradiation time 20 min.
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Figure 1. Energy profile diagram of the racemization and cyclization
reactions of the singlet diradical (M)-2.

Scheme 2. Rotation around the b-single bond of the intermediate
diradical.

line 6) shows that the lifetime of triplet diradical 2 is so high
that its racemization can occur.

The solvent for this Norrish ± Yang photocyclization is not
limited to benzene. Similar trends were observed in acetoni-
trile and toluene. However, in toluene intermolecular H-
abstraction led to adduct 5.[14] As expected, the yield of
acyclic 1:1 adduct 5 decreases (from 40 % to 20 %) when
trideuterotoluene was used. At the same time, the yield of
cyclization products 2 and 3 was doubled (Scheme 3).

Scheme 3. Photochemical reactions of alanine derivative 1 in toluene.
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