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ABSTRACT

Crystal structures and photochemical reactions of three N,N-diallyl-2-quinolone-3-carboxamides were investigated. One quinolonecarboxamide
afforded chiral crystals of aP21 crystal system by spontaneous crystallization, and themolecular chirality in the crystal was effectively transferred
to cyclobutane in 96% ee by an intramolecular 2 þ 2 photocycloaddition reaction in the solid state.

The use of a chiral crystalline environment is an excellent

strategy for obtaining optically active compounds from

achiral compounds, and this methodology is recognized as

the absolute asymmetric synthesis.1 Recent advances in the

use of a variety of solid-state reactions with chiral crystals

have progressed to such an extent that this approach

can now be regarded as an important branch of organic

chemistry.2

Schmidt reported the first asymmetric photochemical
reaction using a chiral crystal for a 2 þ 2 intermolecular
cycloaddition of a mixed crystal of two types of 1,4-diaryl-
1,3-dienes.3 A few enantiomeric intermolecular 2 þ 2
cycloaddition reactions in the solid state have also been
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performedwithother types of dienes4 and a charge transfer
complex.5

Optically active cyclobutane analogues are greatly
desirable in chiral ligands for catalytic asymmetric

synthesis,6 natural products,7 and pharmaceuticals.8

Photochemical 2 þ 2 photocycloaddition is a powerful

tool for C�C bond formation and is often used for

construction of the important cyclobutane structure.9

We investigated a new asymmetric synthesis of cyclo-

butanes via absolute asymmetric synthesis using an

intramolecular 2 þ 2 photochemical reaction in a chiral

crystalline environment. Chiralmolecular arrangements

in the crystal lattices are required for intermolecular

photochemical cycloaddition reactions.3,4,10 In contrast, the

intramolecular photochemical reaction is more easily con-

trolled because themolecular conformation can be designed

such that reacting sites are closely placed together. Despite

this, there is no precedent for an asymmetric intramolecular

photochemical cyclobutane formation using chiral crystals.
Molecules with an N,N-diallylamide chromophore are

well-known to undergo intramolecular 2þ 2 photocycload-
dition leading to polycyclic cyclobutanes.11 Thus, we
synthesized three N,N-diallyl-4-methyl-2-quinolone-3-car-
boxamides 1a�c and analyzed their crystal structures
(Scheme 1). Recrystallization of these amides from a chlor-
oform�hexane solution afforded colorless prisms in all
cases. All crystals were subjected to X-ray crystallographic
analysis to elucidate the crystal chirality, molecular con-
formation, and architecture (Figures S1�S3).12�14 X-ray
analysis showed that the crystals of 1c adopted the mono-
clinic chiral space group P21, and the constituent molecules
were frozen as homochiral and helical conformations in the
crystal lattice. Crystals of 1a and 1b were in the racemic
space groups of Pbca and P21/c, respectively, and each
single crystal was composed of both enantiomeric
molecules.
Photolysis was conducted on solid powder samples

sandwiched between Pyrex glasses on the inside of poly-
ethylene bags fixed outside of an immersionwell apparatus
and cooled during irradiation in a water bath (15 �C).

Sandwiched glasses incorporated into Pyrex tubes were
used for the solid-state photolysis at �45 �C with a
methanol bath using an immersion cooler.
Photolysis of powdered 1a at 15 �C for 1 h gave a 74%

yield of cyclobutane 2a (Table 1, entry 1). Solid-state 2þ 2
photocycloaddition reactions of 1b and 1c also proceeded,
leading to 2b and 2c in 62% and 56% yields, respectively
(entries 3 and 5). In all cases, polymeric materials were
producedasbyproducts, andall cyclobutaneswereobtained
as single stereoisomers. Furthermore, when 1a and 1b were
irradiated at�40 �C, the solid-statephotoreactionhada low
conversion rate, although the corresponding cyclobutanes
were obtained in good yields, and the generation of poly-
meric materials was relatively suppressed (entries 2 and 4).
The structure of 2 including the stereochemistry was

deduced on the basis of its spectral data. When cyclobutane
2cwas reduced to 3cbyhydrogen in the presence of platinum
oxide, the structure could be unequivocally established by
X-ray crystallographic analysis (Scheme S1, Figure S4).15

Scheme 1. Space Group of Quinolones 1a�c and Expected
Intramolecular Photochemical Cycloaddition Reaction Lead-
ing to Polycyclic Heterocycles 2a�c

Table 1. Photochemical Reaction of Quinolonecarboxamides
1a�c

entry amide 1 temp (�C) conv (%)

yield of 2

(%)a
ee of 2

(%)c

1 1a 15 99 74b 0

2 1a �40 43 86 0

3 1b 15 95 62b 0

4 1b �40 38 76 0

5 1c 15 35 56b 90d

6 1c 15 59 43b 88d

7 1c �40 48 92 96d

8 1c �40 67 92 95d

aChemical yields were determined on the basis of consumed amides
1a�c. bPolymeric materials were also produced as byproduct. cEe’s
were determined by HPLC using CHIRALCEL AD-H column. d Irra-
diation of crystals with opposite chirality gave the cyclobutane (ent-2c)
with corresponding stereochemistry with the same ee value.
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The space groups of the crystals 1a�b were racemic in
both cases (Scheme 1) and afforded the racemic cyclobu-
tanes 2a�b (Table 1, entries 1�4). Therefore, we focused
on the achiral amide 1c crystallized in the chiral crystal
space group, P21. Despite having two possible enantio-
meric conformations arising from C;(CdO) bond rota-
tion in fluid media, the chiral crystal was composed of a
single enantiomer. This allowed the performance of the
asymmetric intramolecular 2 þ 2 photocycloaddition in
the solid state.
Ahigh enantiomeric excess anda large amount of crystals

of 1cmust be prepared to perform the asymmetric reaction.
Unfortunately, such crystals could not be obtained by the
usual recrystallizationmethod froma solvent because of the
comparatively slow racemization due to the rotation of the
C;C(dO) bond. Therefore, crystallization from the melt
was performed to obtain chiral crystals of 1c to be used for
the asymmetric synthesis. After the solid sample of 1c was
completely melted at 110 �C (mp: 97 �C), it was gradually
cooled to 80 �Cwith stirring andwas solidified.Highoptical
purity was achieved by this procedure.16 Generally, the
selection of either enantiomorphic form of a molecular
configuration is equally probable. Once enantiomorphic
crystals are formed in a typical crystallization, a large
amount of chiral crystals with the same optical rotation
can be selectively prepared through recrystallization by
seeding the desired crystals.
When powdered crystals of (þ)-1c were irradiated at

room temperature,17 the cyclobutane-type adduct (�)-2c

was obtained in 56% yield at 35% conversion. Product 2c

showed an enantiomeric excess of 90% (entry 5). Increas-

ing the reaction conversion to 59%resulted in a decrease in

both the chemical yield and ee value (entry 6). In this case,

polymerized material was also produced as a byproduct in

the early stage of the reaction, and its formation increased

along with the increase of the reaction conversion.

We also examined the photoreaction at low temperature.
When the chiral crystal of (þ)-1c was irradiated at�40 �C,
an effective enantioselective reaction was achieved, and the
photoadduct 2c was obtained in 92% yield and 96% ee at
48%reaction conversion (entry 7). Furthermore, evenwhen
increasing the reaction conversion to 67%, the enantiospe-
cific intramolecular 2þ 2 photocycloaddition reaction was

performed with 95% ee (entry 8), where the formation of

polymerized materials could fortunately be avoided.

X-ray crystallographic analysis revealed the molecular

conformations of all amides 1 and showed that they

adopted an almost perpendicular conformation of the

quinolone ring against the amide plane, which was twisted

from 72.7� to 86.9� (Table 2, Figures 1, S1�S3). The

torsion of the amide group brings one alkenyl group,

C4�C5, close to the C1�C2 double bond of the quinoline

chromophore. For 1a, the distance between C2 and C4 (d1)

is quite short at 3.42 Å, and the distance d2 between C1 and

C5 is 4.88 Å, considerably longer than d1, which is caused

by the conformation of the diallyl chromophore. The

C4�C5 alkenyl double bond is located vertically to the

quinolone ring.Amide1badopts a similar conformation to

1a, and the d1 distance for each reacting carbon atom is

sufficiently short for effective bond formation, while the

other site (d2) is located far away. In the case of 1c, both d1
and d2 are short enough for the photocycloaddition

reaction.
The reactivity predicted from the geometrical conforma-

tion in the crystalline lattice is clearly consistent with the
results from low temperature photolysis. Solid-state
photochemical reactivity for 2 þ 2 cyclobutane formation
has been extensively studied,3,4 and bond formation is
possible when the distance is within 4.2 Å, which is the
well-known value according to Schmidt’s rule.18 Only 1c

Table 2. Molecular Conformation of 1a�c

1

torsion

anglea
d1 (Å) for

C2�C4

d2 (Å) for

C1�C5

1a 72.7 3.42 4.88

1b 86.9 3.89 5.86

1c 74.3 3.72 4.12

aTorsion angle for C1�C2�C3�O1.

Figure 1. Geometry of 1.

on F2, the model converged atR1= 0.0372,wR2= 0.0912, andGOF=
0.984 for 2790 reflections CCDC830789.

(13) Crystal data of 1b (recrystallized from a mixture of CHCl3 and
hexane); C19H22N2O2,Mr= 310.39,monoclinic space groupP21/c, a=
16.127(2) Å, b=9.1351(14) Å, c=12.0699(17) Å,β=102.693(2)�,V=
1734.7(4) Å3, Z = 4, F = 1.188 Mg/m3, in the final least-squares
refinement cycles on F2, the model converged at R1 = 0.0491, wR2 =
0.1166, and GOF = 0.927 for 1756 reflections CCDC830790.
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hexane); C20H24N2O2, Mr = 326.43, monoclinic space group P21, a =
8.8137(15) Å, b= 7.6421(13) Å, c= 13.261(2) Å, β= 93.732(2)�, V=
891.3(3) Å3, Z = 2, F = 1.209 Mg/m3, in the final least-squares
refinement cycles on F2, the model converged at R1 = 0.0333, wR2 =
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(15) Crystal data of 3c (recrystallized from a mixture of CHCl3 and
hexane); C20H26N2O2,Mr= 326.43,monoclinic space groupP21/c, a=
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1814.7(10) Å3, Z = 4, F = 1.195 Mg/m3, in the final least-squares
refinement cycles on F2, the model converged at R1 = 0.0392, wR2 =
0.1062, and GOF = 1.053 for 3210 reflections CCDC830791.
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satisfies these conditions and shows high reactivity even at
low temperature, whereas 1a and 1bwere ineffective in low
temperature photolysis.19

In conclusion, the solid-state photoreaction of N,
N-diallyl-2-quinolone-3-carboxamides involving intramole-
cular 2 þ 2 photocyclization to polycyclic cyclobutanes, in
which one of the quinolones promoted absolute asymmetric
conversionwithgoodenantioselectivity,wasdiscovered.This

reactionprovides the first example of an absolute asymmetric
reaction via the intramolecular 2 þ 2 photocycloaddition
reaction in a chiral crystalline environment.
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