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I. Introduction
Crushed grapes give wine by fermentation, but

dried grapes do not result in wine. Although milk
turns sour and shaking of milk gives cheese, dried
milk can be kept unaltered. Similarly dried meat can
be stored for a long time, whereas meat soup rapidly
putrefies on standing.

By observation of these phenomena, one can see
that conversion of one material into another one
occurs in the liquid state but not in the solid state.
One of the most famous ancient philosophers in
Greece, Aristotle, summarized these observations by
concluding “No Coopora nisi Fluida”, which means
“No reaction occurs in the absence of solvent”. Such
philosophies had a big influence on the evolution of
the modern sciences in Europe, and this provides one
historical reason most organic reactions have been
studied in solution.

Nevertheless, it is remarkable that chemists still
carry out their reactions in solution, even when a
special reason for the use of solvent cannot be found.
We have found that many reactions proceed ef-
ficiently in the solid state. Indeed, in many cases,
solid-state organic reaction occurs more efficiently
and more selectively than does its solution counter-
part, since molecules in a crystal are arranged tightly
and regularly.

Furthermore, the solid-state reaction (or solvent-
free reaction) has many advantages: reduced pollu-
tion, low costs, and simplicity in process and handling.
These factors are especially important in industry.

When greater selectivity is required in the solid-
state reaction, host-guest chemistry techniques can
be applied efficaciously. Reaction in the solid state
of the guest compound as its inclusion complex crys-
tal with a chiral host can give an optically active reac-
tion product. Various host compounds have been de-
signed by us to follow this simple principle. Although
both thermal and photochemical reactions can be car-
ried out selectively in inclusion crystals, the selectiv-
ity of the latter is usually higher than that of the for-
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mer. However, solvent-free thermal reactions are im-
portant for practical synthetic processes in industry.

The occurrence of efficient solid-state reactions
shows that the molecules reacting are able to move
freely in the solid state. In fact, host-guest inclusion
complexation can occur by simply mixing and grind-
ing both crystals in the solid state. These solid-state
reactions can be easily monitored by measurement
of IR and UV spectra in the solid state. Surprisingly,
solid-state complexation even occurs selectively. For
example, mixing and grinding racemic guest and
optically active host in the solid state gives an
inclusion complex involving just one enantiomer of
the guest with the host and from which the optically
active guest can be obtained. Such efficient chiral
recognition has been observed in many inclusion
crystals, and efficient optical resolutions have been
achieved by using this phenomenon. The most inter-

esting application of chiral recognition in the solid
state is resolution of a racemic guest by fractional
distillation in the presence of an optically active host.
When racemic guest and chirally pure host are mixed
in the solid state, one enantiomer of the guest is
included by the host, and then when the mixture is
heated the uncomplexed guest distills at relatively
low temperature. Thereafter the complexed enanti-
omer is released on distillation at relatively high
temperature. In this review, optical resolution by
selective inclusion is not discussed. However, optical
resolution by the combination of enantioselective
solid-state reaction and the distillation technique is
described in chapter II.

In an inclusion crystal formed by a prochiral guest
and chiral host, molecules of the former are arranged
in a chiral form and such chirality becomes perma-
nent on solid-state reaction. This is the basic principle
underlying enantioselective reactions in inclusion
crystals using chiral hosts. In some special cases,
prochiral molecules are arranged in a chiral form
within the crystal without using any chiral source.
Once again this chirality can also become permanent
through solid-state photoreaction. This is absolute
asymmetric synthesis and is summarized in chapter
IV.

Inclusion crystals are usually prepared by recrys-
tallization of both components. Surprisingly, how-
ever, it was discovered that movement and chiral
arrangement of achiral molecules can occur by mix-
ing and grinding host and guest crystals in the solid
state. In other words, an optically active product
results from mixing and grinding an achiral guest
with a chiral host followed by irradiation. The chiral
arrangement of the achiral guest resulting from
mixing and grinding with a chiral host can also be
easily monitored by measurement of its CD spectrum
in the solid state. This is described in chapter II.

This article covers such solid-state organic reac-
tions including the reactions that start with a solid,
at least one solid reactant or solid catalyst, the
reactions in the inclusion crystals, and organic solvent-
free reactions mainly since 1983 although some
review articles and books on these topics have been
already published.1

II. Molecular Movement in the Solid State
In 1987, it was found that inclusion complexation

occurs by simple mixing and grinding of powdered
host and guest compounds. For example, when an IR
spectrum of a mixture of powdered 1,1,6,6-tetraphen-
ylhexa-2,4-diyne-1,6-diol (1) (Chart 1) and an equimo-
lar amount of powdered benzophenone was measured
as a Nujol mull, it proved to be identical to that of
their 1:1 inclusion complex prepared normally by
recrystallization of the two components from solu-
tion.2 This result shows that formation of the complex
by solid-state reaction occurs very rapidly. Similar
inclusion complexation in the solid state occurs for
many other kinds of host and guest combinations.

These solid-state reactions can easily be monitored
by measurement of the IR or UV spectrum as a Nujol
mull. For example, when IR spectra of a mixture of
1 and two molar amounts of amide 2 were measured
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in Nujol every 10 min for 17 h, the νOH of 1 at 3540
cm-1 decreased and finally disappeared and a new
hydrogen-bonded νOH due to a 1:2 complex (3) ap-
peared at 3250 cm-1 and increased gradually. Con-
comitantly the νCdO of 2 at 1690 cm-1 split into two
νCdO at 1680 and 1600 cm-1 as the inclusion com-
plexation proceeded (Figure 1).3 Formation of racemic
2,2′-dihydroxy-1,1′-binaphthyl (4c) by mixing and
grinding of powdered (-)-(4a) and (+)-enantiomers
(4b) in 1:1 ratio may also be followed by successive
IR measurements in the solid state and in Nujol
(Figure 2).4 As the formation of 4c by solid-state
reaction of 4a,b proceeds, the νOH absorptions of 4a,b
at 3510 and 3435 cm-1 decreased and finally disap-

peared within 1 h, and the new νOH due to 4c at 3490
and 3405 cm-1 appeared.

Figure 1. IR spectrum of a mixture of powdered (50 µm) 1 and 2 in the solid state (measured every 10 min for 17 h).

Chart 1

Figure 2. IR spectra of a 1:1 mixture of 4a,b in the
absence (a) and presence (b) of liquid paraffin. Samples
were measured every 24 h for 48 h (a) and every 5 min for
1 h (b).
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When UV spectra of a 1:2 mixture of 1 and chalcone
(5) were measured in the solid state every 10 min
for 6 h, the absorption increased gradually as shown
in Figure 3. As inclusion complexation proceeds, the
number of complexed chalcone molecules (which has
a coplanar structure) increases and hence the ab-
sorption coefficient increases. The coplanar structure
of 5 in its complex with 1 has been proven by X-ray
analysis.3,5

Solid-state reaction occurs even enantioselectively.
For example, inclusion complexation of chiral host 6
and rac-8 proceeds enantioselectively and (+)-8 is
included. After a 1:2 mixture of powdered 6b and
powdered rac-8 was kept at room temperature for 2
days, uncomplexed (-)-8 was extracted with hexane
to give a 1:1 complex of 6b and (+)-8, from which
(+)-8 of 88% ee was obtained in 32% yield by
distillation in vacuo. From the hexane solution, (-)-8
of 62% ee was isolated in 60% yield.6 When 7b is used
instead of 6b for the resolution of rac-8 in the solid
state, (-)-8 of 88% ee was obtained. The most
interesting application of the enantioselective solid-
state reaction is the resolution of racemic guest by
distillation in the presence of a chiral host.7 Heating
of a 1:2 mixture of 6c and rac-9 in a Kugelrohr
apparatus at 70 °C/2 mmHg gave (+)-9 of 98% ee in
100% yield by distillation, and then further heating
of the residue at 150 °C/2 mmHg gave (-)-9 of 100%
ee in 98% yield. The mechanism of this fascinating
resolution by distillation is as follows: first, by
mixing and grinding 6c and rac-9, inclusion com-
plexation between the host and (+)-9 occurs by
enantioselective solid-state reaction; second, by heat-
ing at 70 °C/2 mmHg, uncomplexed (-)-9 is liberated
by distillation; third, by further heating at 150 °C/2
mmHg, the inclusion complex is decomposed and
(+)-9 is liberated by distillation. Since the chiral host
is recovered unchanged and can be used again, this
simple resolution method is highly economical. This
resolution method is applicable to many kinds of rac-
guest compounds such as alcohols, diols, epoxides,
amino alcohols, and cyclic amines.7

The enantioselective solid-state reaction can also
be followed by measurement of CD spectra in Nujol
mulls. It has been reported that cocrystallization of
6b and rac-pantolactone (10c) from benzene-hexane

(1:1) gives a 1:1 inclusion crystal of 6b and (S)-(-)-
pantolactone (10a) of 99% ee.8 The enantioselective
inclusion complexation was found to proceed even in
the crystalline state, and the enantioselective solid-
state reaction was monitored by measurement of CD
spectra as Nujol mulls. The CD spectrum of a mixture
of powdered 6b (5 mg) and 2 equiv of 10c (2.6 mg) in
liquid paraffin (100 mg) was measured after 5 min
of the preparation of the mull (Figure 4). The
spectrum which shows a (+)-Cotton effect is almost
identical to that of an authentic inclusion crystal of
6b and 10a. An X-ray crystal structure of the complex
has been analyzed.8 The assignment of the CD
spectrum to 6b:10a complex is reasonable, since 6b
itself shows only very weak spectrum and uncom-
plexed 10b left after the enantioselctive complexation
also shows only a weak spectrum (Figure 4). On the
other hand, a mixture of 7b and 2 equiv of 10c
showed a CD spectrum with a (-)-Cotton effect by
formation of the 7b:10b complex (Figure 4).

When molecular motion occurs in the solid state
between reactant and reagent, then solid-state reac-
tion proceeds. These reactions can be followed by
measurement of IR, UV, and CD spectra. The AFM
technique is a powerful tool for analysis of solid-state
reactions. Many examples of these techniques are
used in order to follow solid-state reactions in the
text.

III. Thermal Reaction

A. Oxidation
Some Baeyer-Villiger oxidations of ketones with

m-chloroperbenzoic acid proceed much faster in the
solid state than in solution. When a mixture of
powdered ketone and 2 mol equiv of m-chloroperben-
zoic acid was kept at room temperature, the oxidation
product was obtained in the yield shown in Table 1.9

Figure 3. UV spectrum of a mixture of powdered (50 µm)
1 and 5 in the solid state (measured every 10 min for 6 h).

Figure 4. CD spectra of (a) 6b‚10a and (b) 7b‚10b
complex prepared by mixing of 10c with 6b and 7b,
respectively, and of (c) 10b and (d)10a in Nujol mulls.
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Each yield is higher than that obtained by reaction
in CHCl3 (Table 1).

Epoxidation of chalcones with NaOCl in a water
suspension was found to proceed very efficiently.10

For example, a mixture of 11a, hexadecyltrimethyl-
ammonium bromide, and commercially available 11%
aqueous NaOCl was stirred at room temperature for
24 h. The reaction product was filtered and dried to
give 12a in quantitative yield. This procedure was
applied to various kinds of chalcone derivatives, and
11b-i were oxidized efficiently to give the corre-
sponding epoxides 12b-i in good yields (Table 2).

When a 1:1 inclusion complex of â-ionone 14 (Chart
2) and optically active host compound (-)-6c was
treated with 2 molar equiv of m-chloroperbenzoic acid
in the solid state, a 1:1 inclusion complex of (-)-6c
with (+)-8 of 66% ee was obtained together with (-)-
15 of 72% ee.6 This can be interpreted by an enan-
tioselective inclusion complexation in the solid state
between the initially formed (()-8 and (-)-6c, namely

(-)-6c includes (+)-8 selectively in the solid state to
form the 1:1 complex, and the uncomplexed (-)-8 is
oxidized further to (-)-15 with m-chloroperbenzoic
acid. Similar solid-state kinetic resolution of dialkyl
sulfoxides 16 was achieved by their enantioselective
oxidation to dialkyl sulfones 17 with m-chloroper-
benzoic acid in the presence of (-)-13. For example
a mixture of sulfoxide 16a (1 g) and (-)-13 (1.8 g)
was kept at room temperature for 1 day and then
mixed with m-chloroperbenzoic acid (0.64 g) and kept
for a further 1 day. From the reaction mixture, (+)-
16a of 37% ee (0.38 g, 38% yield) was obtained (Table
3).

Table 1. Yields of Baeyer-Villiger Oxidation Products in the Solid State and in CHCl3

Table 2. Epoxidation Reactions of Chalcones in a
Water Suspension Medium
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Oxidation of the lithium enolate of methyl 3,3-
dimethylbutanoate 18 by enantio pure (camphoryl-
sulfonyl)oxaziridines 19 in THF afforded optically
active R-hydroxyester 20, but the product from the
solid-state reactions was racemic.11

For example, the oxidation of 18 with (+)-19 in THF
at -78 °C afforded (R)-(-)-20 of 68% ee in 35% yield.
However, the treatment of powdered 18 with pow-
dered (+)-19 in the solid state at -78 °C for 4 h
produced (()-20 in 17% yield. The solid enolate 18
was found to exist as a tetrameric aggregate 21 by
X-ray crystallographic studies.12 In the solid-state
reaction, 21 could not dissociate into the monomer
18 that is necessary to form the coordinated transi-
tion state of the enantioselective reaction.

Oxidation reaction of overcrowded distibene 22
with molecular oxygen was found to proceed in a

single-crystal-to-single-crystal manner.13 The green
crystals of 22 reacted with atmospheric oxygen to
give colorless crystals of 23 quantitatively. Interest-
ingly, the reaction occurred within 10 h after an
induction period (ca. 30 h).

B. Reduction
Reduction of ketones with NaBH4 also proceeds in

the solid state. When a mixture of the powdered
ketones and a 10-fold molar amount of NaBH4 was
kept in a drybox at room temperature with occasional
mixing and grinding using an agate mortar and
pestle for 5 days, the corresponding alcohols were
obtained in the yields shown in Table 4.14

The reduction of benzophenones was studied in
detail by in situ X-ray powder diffractometry and by
1H NMR spectroscopy. The reaction efficiency was
found to show a strong dependence on the water
content of the mixture and on the type of benzophe-
none.15 Under strict water exclusion, the reaction
does not occur whereas the presence of small amount
of water enhances the reaction. The following order
of reactivity of benzophenone derivatives was ob-
tained for the solid-state reduction with NaBH4:

Chart 2

Table 3. Solid-State Kinetic Resolution of 16 by
Selective Oxidation with MCPBA in the Presence of
(-)-13

Table 4. Reduction of Ketones in the Solid State by
NaBH4
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In addition, enantioselective reduction of ketones
is also found to proceed efficiently. For example,
treatment of inclusion compounds of the ketones 24
in optically active host compounds with a BH3-
ethylenediamine complex in the solid state gave the
chiral alcohols (R)-(+)-25 of 20-60% ee as shown in
Table 5.16 With the inclusion compounds of ketones
with chiral host compounds, the BH3-ethylenedi-
amine complex would attack the ketones from the
direction which gives the (R)-alcohols selectively.

Treatment of a 1:1 inclusion complex17 of (R)-26a
and (R,R)-(-)-6a with NaBH4 in the solid state for 3
days gave (R,R)-(-)-27a of 100% ee in 54% yield.14

The corresponding reaction of a 1:1 complex of (S)-
26a and (S,S)-(+)-7a gave (S,S)-(+)-27a of 100% ee.
The enone moiety of (R)-26a is masked by forming a
hydrogen bond with the hydroxyl group of (R,R)-6a,18

so that the other carbonyl group is reduced selec-
tively. Similar reduction of a 1:1 complex of (R)-26b
and (R,R)-6a with NaBH4 in the solid state gave
(S,S)-27b of 100% ee in 55% yield.

Enantioselective reduction of ketones in inclusion
complexes with â-cyclodextrin in the solid state
proceeded less selectively. For example, a mixture of
the finely powdered â-CD complex of 28 and 10 mol
of NaBH4 was kept at room temperature for 5 days
to give the corresponding alcohol 29 of 11% ee in 56%
yield.19

It is also interesting that a reversed selectivity in
the reduction of 7-norbenone 30 in the solid state is
observed compared to the reaction in MeOH. For
example, a 45:55 mixture of anti-31 and syn-32 was
obtained on NaBH4 reduction of 30 in MeOH. Treat-
ment of 30 with NaBH4 in the solid state, however,
afforded a 87:13 mixture of anti-31 and syn-32 in 80%
yield.20 X-ray structural analysis of 30 showed that
its C1-C7-C4 bridge is tilted by 6° toward the C5-
C6 bridge in the crystal.

NaBH4 reduction of the a pentacyclic cage diketone
33 in EtOH afforded a 38:62 mixture of endo,endo-
diol 34 and exo,endo-diol 35. In contrast to these
results, the solid-state NaBH4 reduction of 33 affords
exclusively the corresponding endo,endo-diol, 34, in
quantitative yield.21 This indicates that the hydride
transfer occurs exclusively at the exo face of the
carbonyl group.

Solid-state hydrogenation of dihydroxybenzene pro-
ceeds under milder conditions than under liquid or
vapor phase conditions. For example, PtO2-catalyzed
reduction of o-hydroquinone to trans-1,2-cyclohex-
anediol proceeds efficiently in the solid state.22 When
the reaction is carried out by mixing powdered 1,2-
dihydroxybenzene (36) and PtO2 catalyst under a
hydrogen pressure of 1 bar at 25 °C, a 71:29 mixture
of cis-37 and trans-38 is obtained in 68% yield along
with cyclohexanol.

Table 5. Yield, Optical Purity, and Absolute
Configuration of the Alcohol Obtained by Solid-State
Reduction
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C. Addition Reaction

1. Halogenation and Hydrohalogenation

The solid-state bromination of cinnamic acid 39 has
been known since 186323 and reexamined recently.24

Bromination of crystalline cinnamic acid 39 gives the
erythro-isomer 40a exclusively and its chlorination
gives threo- and erythro-40b in 88 and 12% yields,
respectively. Reaction of (E)-o-stilbenecarboxylic acid
(41) with bromine in solution gives trans-4-bromo-
3-phenyl-3,4-dihydroisocoumarin (42) as the major
product. On the other hand, treatment of powdered
41 with bromine vapor or with powdered pyridine
‚HBr‚Br2 complex in the solid state at room temper-
ature gave erythro-1,2-dibromo-1,2-dihydro-o-stilben-
ecarboxylic acid (43) selectively.25

On exposure to HBr at 20 °C for 15-20 h, ethyl
trans-cinnamate (44) in solid R- and â-cyclodextrin
complexes yields ethyl (R)-(+)-3-bromo-3-phenylpro-
panoate (45) of 46% ee and (S)-(-)-45 of 31% ee,
respectively.26 Bromination of the â-cyclodextrin
complex of the cinnamate gives (+)-ethyl erythro-2,3-
dibromo-3-phenylpropanoate (46) of 23% ee.

Asymmetric bromination of 4,4′-dimethylchalcone
(11k) in its chiral crystals was accomplished starting
from optically inactive molecules. A powdered crystal
of 11k prepared by recrystallization from ethyl
acetate solution was exposed to bromine vapor for
2-3 h to give an optically active erythro-dibromide
47 of 6% ee along with byproduct 48.27 The X-ray

study showed that the molecules of 11k are arranged
in a chiral space group, P212121, with the molecule

distorted from planarity, the angle between the
planes of the two phenyl rings being 48.6°. The tilted
carbonyl and phenyl groups block access of bromine
to the double bond from one side, thus leading to the
optically active product.

2. Michael Addition and Aldol Addition

Several substituted 2′-hydroxy-4′,6′-dimethylchal-
cones 49a-c undergo a solid-state intramolecular
Michael-type addition reaction to yield the corre-
sponding flavanones 50a-c, at temperatures below
their melting points.28 Conversions of the chalcones
49 to flavanones 50 could be followed by the orange
to pale yellow color change. X-ray studies of the
reactant and product indicate that these reactions
proceed in a nontopochemical fashion.

Solvent-free solid-liquid Michael addition of 2-phen-
ylcyclohexanone (51) to chalcone (5) under PTC
conditions gave 2,6-disubstituted cyclohexanone de-
rivative 52 in high diastereoselectivity (99% de).29

The solvent-free Michael addition reaction of ni-
tromethane to chalcone in the presence of alumina
under microwave irradiation proceeded very effi-
ciently.30 For example, a mixture of nitromethane,
alumina, and chalcone (5) were irradiated using a
commercial microwave oven (2450 MHz) for 18 min
to give the corresponding Michael adduct 53 in 90%
yield. This reaction takes about 15 days and gave the
product only in 43% yield under the conventional
conditions.31

Very efficient Michael addition reactions of amines,
thiophenol and methyl acetate to chalcone in a water
suspension medium have been developed as com-
pletely organic solvent-free reactions.10 For example,
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a suspension of powdered chalcone (5) in a small
amount of water containing n-BuNH2 and surfactant
hexadecyltrimethylammonium bromide was stirred
at room temperature for 4 h. The reaction product
was filtered and air-dried to give the Michael addition
product 54 as a colorless powder in 98% yield. By the
same procedure, Michael addition reactions of thiophe-
nol to p-methoxychalcone (11f) in the presence of K2-
CO3 gave 55 in 92% yield. The Michael addition
reaction of methyl acetoacetate to 5 also gave the
addition product 56 in 98% yield.

Asymmetric Michael addition of benzenethiol to
2-cyclohexenone and maleic acid esters proceeds en-
antioselectively in their crystalline cyclodextrin com-
plexes. The Michael adducts (S)-(-)-57 and (S)-(-)-
58 are obtained in 30% ee in both cases by the reac-
tion of 2-cyclohexenone and octyl maleate with the
â-cyclodextrin complex of benzenethiol in water
suspension.32

The high enantioselectivities (∼80% ee) are ob-
tained by using the optically active host compound
(-)-6c derived from tartaric acid.33 For example,
when a mixture of the powdered 1:1 inclusion com-
plex of 2-cyclohexenone with (-)-6c, 2-mercapto-
pyridine, and a catalytic amount of benzyltrimeth-
ylammonium hydroxide was mixed and irradiated
with ultrasound for 1 h at room temperature, then
(+)-59a of 80% ee was obtained in 51% yield (Table
6).

Michael addition of thiols to 3-methyl-3-buten-2-one

in its inclusion crystal with (-)-6c also occurred
enantioselectively (Table 7).

The solid-state aldol addition of the lithium enolate
of methyl 3,3-dimethylbutanoate to aromatic alde-
hydes is also reported.34 For example, a mixture of
freshly ground lithium enolate 18 and powdered
o-anisaldehyde kept at room temperature under
vacuum for 3 days gave a 8:92 mixture of syn-61a
and anti-62a in 70% yield.34

The solid-state synthesis of oxazolidines from al-
dehydes and (-)-ephedrine or (+)-pseudoephedrine
has also been reported.35 An equimolar mixture of
powdered 64 or 65 with one of the aldehydes 63c-g

Table 6. Enantioselective Michael Addition of Thiols
to 2-Cyclohexenone in Its Inclusion Crystal

Table 7. Enantioselective Michael Addition of Thiols
to 3-Methyl-3-buten-2-one in Its Inclusion Crystal

Solvent-Free Organic Synthesis Chemical Reviews, 2000, Vol. 100, No. 3 1033



or 63b kept at room temperature gives the corre-
sponding oxazolidines 66 or 67 quantitatively.

D. Elimination Reaction

Dehydration reactions of alcohols also proceed
efficiently in the solid state.36 For example, when
powdered 1,1-diphenylpropan-1-ol (68b) was kept in
a desiccator filled with HCl gas for 5.5 h, pure 1,1-
diphenylprop-1-ene (69b) was obtained in 99% yield.
By the same method, 68a,c,d gave pure dehydration
products, 69a,c,d, respectively, in almost quantita-
tive yields (Table 8). The dehydration reaction pro-

ceeds much faster by using Cl3CCO2H as a catalyst.
For example, a mixture of powdered 68b and an
equimolar amount of Cl3CCO2H was kept at room
temperature for 5 min, and then the reaction mix-
ture was washed with water and dried to give pure
69b in 99% yield. However, the dehydration reac-
tion in benzene gave 69 in relatively low yield (Table
9).

E. C−C Coupling Reaction

1. [2+2], [4+2], and [6+2] Cycloaddition Reaction
Thermal reaction of sodium crotonate (70a) in the

solid state gave hex-1-ene-3,4-dicarboxylate (71a) in
quantitative yield. For example, heating 70a at 300-
320 °C for 4 h in the solid state gave 71a in 90% yield.
On the other hand, potassium crotonate 70b afforded
three isomeric dimers, 71b, 72b, and 73b.37

The thermal reactions of the binary salts of but-
3-enoic acid and methacrylic acid (3-BA-MA) were
also studied.38 For example, heating of the binary
salts obtained from a solution of an equimolar
mixture of alkali metal or alkaline earth metal salts
of but-3-enoic acid and methacrylic acid (3-BA-MA),
after conversion to the methyl ester, gave mainly
dimethyl (E)-hex-1-ene-1,5-dicarboxylate (74) as a
cross-coupled dimer.

The butatrienecarboxylic acid ester 75 undergoes
[2+2] cycloaddition reaction in the solid state to give
a radialene 76 in 75% yield.39 The corresponding
reaction in boiling toluene does not proceed ef-
ficiently, and the dimer 76 was obtained in only 32%
yield together with complex mixtures containing
isomeric radialenes such as 77.

It was found that solid-state Diels-Alder reactions
of phenylpropiolic acid derivatives 78a-c occur when
heated at temperatures as low as 80 °C to give
anhydrides 79a-c in 20-50% yields.40 X-ray crystal-
lographic studies on the acids 78a-c shows that the
intermolecular distances between the two acetylenic
bonds are 3.8-4.2 Å.

Table 8. HCl-Catalyzed Dehydration of 68 in the
Solid State

Table 9. Cl3CCO2H-Catalyzed Dehydration of 68
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1,3-Di-tert-butyl-5-vinylidenecyclopentadiene (80)
(mp 43-44 °C) dimerizes in the solid state at 10 °C
within 14 days to give 1,3,5,7-tetra-tert-butyl-4,4a,8,-
8a-tetrahydrodicyclopenta[a,e]pentalene (82) in 35%
yield.41 The formation of 82 involves a [6+2] cycload-
dition reaction between two molecules of 80 via
biradical intermediate to give the tetrahydropenta-
lene derivative 81, which cyclizes to 82 by a 8π-
electrocyclization.

The thermal crystal-to-crystal conversion of s-trans-
1,1,6,6-tetraaryl-3,4-dibromo-1,2,4,5-hexatetraenes
(83a,b and 86b) into the corresponding 3,4-bis-
(diarylmethylene)-1,2-dibromocyclobutenes (85a,b,
88b, and 89b) via the s-cis-diallenes (84a,b and 87b)
was found to proceed stereoselectively.42 These ther-
mal conversions involve two crystal-to-crystal reac-
tions. First the s-trans conformation of 83a is rear-
ranged to the s-cis conformer in the crystal to give
84a. In the second step [2+2] conrotatory cyclization
of 84a occurs in the crystal to give 85a. This cycliza-
tion proceeds stereoselectively; compound 83b gave
85b, and 86b gave a 1:1 mixture of 88b and 89b,
through a [2+2] conrotatory cyclization. For example,
heating crystals of 83b at 135 °C gave the in, out
isomer 85b, while heating 86b at 145 °C gave a 1:1
mixture of the in, in isomer 88b and the out, out
isomer 89b in quantitative yields. The DSC diagram
of 86b revealed a peak for an exothermic reaction at
around 150 °C, which is attributable to the formation
of a mixture of 88b and 89b, and a peak for an

endothermic conversion at around 193 °C, which is
attributable to the melting point of the cyclization

Figure 5. DSC diagram of 86b.

Figure 6. IR spectra showing the thermal reaction of 86b
in the crystalline state at 125 °C. The spectrum was
measured every 1 min for 50 min.

Figure 7. Thermal reaction of a crystal of 86b to a crystal
of a mixture of 88b and 89b as observed through a
microscope. The photos show the crystal before heating (a),
as well as after 15 (b), 40 (c), and 80 min (d) at 135 °C.
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product (Figure 5). When the IR spectrum of a single
crystal of 86b was measured continuously every
minute for 50 min at 125 °C, the signal at ν ) 1927
cm-1 (CdCdC) gradually decreased and finally dis-
appeared (Figure 6). This conversion from crystal-
to-crystal was monitored through a microscope, and
a molten state was not observed throughout the
reaction, although the reaction product was no longer
a single crystal (Figure 7). It is surprising that the
thermal rearrangement and stereoselective cycliza-
tion occur so readily despite the required movement
of a sterically bulky group in the crystal.

2. Aldol Condensation Reaction

Some aldol condensation reactions proceed more
efficiently and stereoselectively in the absence of
solvent than in solution.43 When a slurry mixture of
p-methylbenzaldehyde, acetophenone, and NaOH
was ground by pestle and mortar at room tempera-
ture for 5 min, the mixture turned to a pale yellow
solid. The solid was combined with water and filtered
to give p-methylchalcone (93b) in 97% yield. When
the condensation was carried out in 50% aqueous
EtOH according to the reported procedure for the
same reaction time as above (5 min), the product was
obtained only in 11% yield. The results of some other
aldol reactions in the absence of solvent are shown
in Table 10. In most cases, the condensation reactions
proceed more efficiently in the absence of solvent
than in 50% aqueous EtOH. Dehydration of the
initially produced aldol 92 to chalcone 93 occurs more
easily in the absence of solvent.

When host molecules are used, highly selective
reactions were accomplished. For example, treatment
of a 1:1 inclusion complex of cyclohexanone and (-)-
6a with benzaldehyde (90a) and NaOH at room
temperature gave a 20:80 mixture of the erythro and
threo isomers of 94.

Condensation reactions of anilines 95 and aromatic
aldehydes 96 to azomethines 97 were also found to
proceed very efficiently in the absence of solvent.

Table 10. Aldol Condensation Reaction of 90 and 91 in the Absence of Solvent and in 50% Aqueous EtOH
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Various kinds of azomethines 97 were obtained
quantitatively (100% yield at 100% conversion) as
hydrates by grinding together the solid anilines and
solid benzaldehydes.44 The reaction was determined
to proceed without passing through liquid phases
by measurements using atomic force microscopy
(AFM).

3. Dieckmann Condensation Reaction

Dieckmann condensation reactions of diesters have
been carried out in dried solvent under high-dilution
conditions in order to avoid intermolecular reaction.
Recently, Dieckmann condensation reactions of di-
ethyl adipate and pimelate were found to proceed
efficiently in the absence of solvent, and the reaction
products were collected by a direct distillation of the
reaction mixture.45 For example, when diethyl adi-
pate (98a) and ButOK powder were mixed using a
mortar and pestle for 10 min, the reaction mixture
solidified. The solidified mixture was neutralized by
addition of p-TsOH‚H2O and was distilled under 20
mmHg to give 99a in 82% yield. The solvent-free
Dieckmann condensation of 98a,b also proceeds
efficiently in the presence of powdered ButONa,
EtOK, and EtONa as summarized in Table 11.

4. Grignard, Reformatsky, and Luche Reactions

Grignard reactions also occur in the solid state, and
some give results different from those in solution. For
example, the reaction of ketones in the solid state

gives more reduction products rather than addition
products.46 Dried Grignard reagents are obtained as
a white powder by evaporation of the solvent in vacuo
from the Grignard reagent prepared by the usual
method in solution. A 1 mol amount of powdered
benzophenone and 3 mol of the powdered dried
Grignard reagent 100 were well mixed using an agate
mortar and pestle, and the mixture was then kept
at room temperature for 0.5 h to give the products
in the yields shown in Table 12.

Treatment of the aromatic aldehydes 103a-e with
ethyl bromoacetate (104) and Zn-NH4Cl gave the
corresponding Reformatsky reaction products 105a-e
in the yields shown in Table 13.47 The yields of 105

obtained in the solvent-free reaction are much better
than that obtained by the reaction in dry benzene-
ether solution. The solid-state Reformatsky reaction,
which does not require the use of an anhydrous
solvent, is thus advantageous.

Synthesis of homoallylic alcohols by the Luche
reaction can also be carried out efficiently in the

Table 11. Yields of Solvent-Free Dieckmann
Condensation Reaction Products 99a,b

Table 12. Products and Yields of Grignard Reactions
in the Solid State and in Solution

Table 13. Reaction Time and Yield of the Product 105
in the Reformatsky Reactions of 103 and 104 in the
Absence of Solvent
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absence of solvent. Treatment of aldehydes 103 with
3-bromopropene (106) and Zn-NH4Cl in the absence
of solvent gave the corresponding Luche reaction
products 105 in the yields shown in Table 14.47

5. Wittig Reaction

Wittig reactions in the solid state of the inclusion
compound of 4-methyl- and 3,5-dimethylcyclohex-
anone (108 and 109) and an optically active host com-
pound with (carbethoxymethlene)triphenylphosphor-
ane (110) gave optically active 4-methyl-111 and 3,5-
dimethyl-1-(carbethoxymethylene)cyclohexane (112),
respectively.48 For example, when a mixture of the
finely powdered 1:1 inclusion compound of (-)-6b and
4-methylcyclohexanone (108a) and phosphorane 110
was kept at 70 °C, the Wittig reaction was completed
within 4 h. To the reaction mixture was added ether-
petroleum ether (1:1), and then the precipitated
triphenylphosphine oxide was removed by filtration.
The crude product left after evaporation of the solvent
from the filtrate was distilled in vacuo to give (-)-
4-methyl-1-(carbethoxymethylene)cyclohexane (111a)
of 42% ee in 73% yield. (-)-4-Ethyl-1-(carbethoxy-
methylene)cyclohexane (111b) of 45% ee and (-)-3,5-
dimethyl-1-(carbethoxymethylene)cyclohexane (112)
of 57% ee were also obtained in 73% and 58% yield,
respectively.

6. Ylid Reaction

Treatment of chalcones 5, cyclohexanones 116, and
imines 121 with trimethylsulfonium iodide (114 or

115) and KOH in the solid state gives cyclopro-
panones 113, oxiranes 117 and 118, and aziridines
122, respectively, in good yields.49 For example, when
a mixture of powdered chalcone 5, trimethylsulfo-
nium iodide (115), and KOH was kept at room
temperature for 3 h, trans-1-benzoyl-2-phenylcyclo-
propane (113) was obtained in 79% yield.

Application of the same methylene transfer reac-
tion in the solid state to the cyclohexanone deriva-
tives 116 gave the corresponding trans-oxiranes 117
selectively. For example, when a mixture of 4-tert-
butylcyclohexanone (116a), 115, and KOH was kept
at room temperature for 3 h, the trans isomer 117a
was obtained as the major product in 83% yield. In
all solid-state methylene insertions using the reagent
115 the trans isomer was the major product (Table
15).

This reaction was improved to avoid any solvent
throughout the reaction, and the oxirane was isolated
by a simple distillation technique.50 For example, a
mixture of propiophenone 119a, 114, and powdered
t-BuOK was heated at 60 °C for 1 h in a flask, and
then the reaction mixture was distilled using a
Kugelrohr at 150 °C under 18 mmHg, to give 120a
in 75% yield. By a similar procedure, 120b-f were
prepared from the corresponding ketones 119b-f and
the products isolated by distillation in the yields
indicated in Table 16.

Table 14. Reaction Time and Yield of the Product 107
in the Luche Reactions of 103 and 106 in the Absence
of Solvent

Table 15. Yields of Oxiranes 117 and 118 from the
Reaction of 116 and 115 and KOH at Room
Temperature for 3 h in the Solid State
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Methylene addition to the imines 121 in the solid
state occurred at a relatively high temperature. For
example, aziridines 122a-d were obtained by the
reaction of 121a-d with 115 and KOH at 50 °C for
3 h in the solid state in 56, 34, 38, and 36% yields,
respectively.49

Enantioselective methylene transfer also occurs in
the solid state. By treatment of chalcone (5) with (+)-
S-methyl-S-phenyl-N-(p-tolyl)sulfoximide (123) and
ButOK at room temperature, (+)-113 of 24% ee was
obtained in 94% yield.49

Treatment of an aqueous γ-CD solution with an
equimolar amount of phenylmethyldiazirine 124
forms a stable 1:1 complex. Thermal decomposition
of the γ-CD complex of diazirine 124 at 200 °C under
Ar gives mainly trans-1,2-diphenyl-1-methylcyclo-
propane (125), whereas decomposition of neat diaz-
irine produces mainly styrene.51

7. Pinacol Coupling Reaction

The Zn-ZnCl2 reagent is effective for the coupling
of aromatic aldehydes and ketones to produce R-gly-
cols in the solid state.52 For example, when a mixture
of 126a, Zn, and ZnCl2 was kept at room temperature
for 3 h, the R-glycol 128a was obtained in 46% yield.
Similar treatment of benzaldehyde derivatives 126b-e
with the reagent gave mainly R-glycols 128b-e in
the yields shown in Table 17.

The coupling reaction of aromatic ketones 129 with
Zn-ZnCl2 is more selective, and only the R-glycols
130 were produced (Table 18).52

Table 16. Preparation of 120 by the Combination of Methylene Transfer Reaction to 119 in the Absence of
Solvent and by Kugelrohr Distillation

Table 17. Yield of 127 and 128 Produced by
Treatment of 126 with Zn-ZnCl2 at Room
Temperature for 3 h in 50% Aqueous THF and in the
Solid State
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8. Phenol Coupling Reaction
Some oxidative coupling reactions of phenols in the

presence of FeCl3‚6H2O proceed faster and more
efficiently in the solid state than in solution. For
example, when a mixture of â-naphthol 131 and
FeCl3‚6H2O was finely powdered using an agate
mortar and pestle, and then the mixture was kept
at 50 °C for 2 h, bis(â-naphthol) (4c) was obtained in
95% yield after decomposition of the reaction mixture
with dilute HCl.53 In contrast, heating a solution of
131 and FeCl3‚6H2O in 50% aqueous MeOH under
reflux for 2 h gave 4c in 60% yield. Some reactions
are accelerated by an irradiation with ultrasound.
For example, when a mixture of finely powdered 132
and 2 molar equiv of [Fe(DMF)3Cl2][FeCl4] was
irradiated with ultrasound at 50 °C for 9 h in the

solid state, 9,9′-bis(phenanthrol) (133) was obtained
in 68% yield. Conversely, keeping of a solution of 132
and 2 molar equiv of [Fe(DMF)3Cl2][FeCl4] in CH2-
Cl2 at room temperature for 48 h gave 133 in only
33% yield in addition to byproducts such as 9-phenan-
throne and 9,10-phenanthrenequinone. By a similar
procedure, the bisphenol derivative 135 was obtained
in 30% yield by oxidative coupling of 134 in the solid
state.54

9. Oxidative Coupling Reaction of Acetylenic Compound

Glaser coupling of acetylenic compounds proceeds
more efficiently in the solid state than in water.55

When a mixture of powdered cuprous phenylacetylide
(136a) and CuCl2‚2H2O was kept at room tempera-
ture for 3 h, diphenyldiacetylene (137a) was obtained
in 60% yield. By the same method, 136b-e gave
137b-e (Table 19).

Table 18. Yield of 130 Produced by Treatment of 129 with Zn-ZnCl2 in 50% Aqueous THF and in the Solid State

a rt ) room temperature.

Table 19. Glaser Coupling Reaction in the Solid State
and in Water
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Eglinton coupling reaction could also be applied to
the reaction of propargyl alcohols in the solid state.
When a mixture of the powdered propargyl alcohols
138 and CuCl2(pyridine)2 complex was reacted under
heating, the coupling products 139 were obtained in
50-70% yields.55

Oxidative coupling reaction of (()-140 in pyridine
gave the corresponding cyclic dimer (()-141. When
the reaction, however, was carried out in the solid
state using Cu(OAc)2‚2Py complex, the linear cou-
pling product 143 was obtained. On the other hand,
(-)-140 gave the optically active polymer 143 in
solution and the optically active dimer (-)-142 in the
solid state as a major product, respectively.55

10. Phase Transfer Reaction
Michael addition of diethyl (acetylamido)malonate

(144) to chalcone (5) using an asymmetric phase
transfer catalyst without solvent has been success-
fully carried out in the presence of ephedrinium
salts.56 For example, reaction of chalcone 5 with
diethyl acetamidomalonate (144) in the presence of
potassium hydroxide and (-)-N-methyl-N-benzyleph-
edrinium bromide (146) gives the Michael addition
product (-)-145 of 60% ee in 56% yield. When the
reaction was carried out in CCl4, (-)-145 of 16% ee
was obtained in 55% yield. The formation of the π-π
complex 147 between 146 and 5 can be enhanced
when reactions are carried out in the absence of
solvent.

11. Addition and Coupling Reaction of [60]Fullerene

Chemical transformation of [60]fullerene in solu-
tion is limited due to its extremely low solubility in
organic solvents. Recently, however, it was found that
reactions of [60]fullerene proceed efficiently in the
solid state. For example, a mixture of [60]fullerene
(148), ethyl bromoacetate, zinc dust, and a stainless
steel ball was vigorously agitated for 20 min at room
temperature to give the adduct 149 (17.2%) together
with 150-152.57

The dimerization reaction of [60]fullerene (148) in
the presence of KCN was also found to proceed in
the solid state. A mixture of 148 and 20 molar equiv
of KCN powder was vigorously vibrated for 30 min
under nitrogen to give the [2+2] adduct 153 in 18%
yield.58

F. Substitution Reaction

The nuclear bromination of phenols by N-bromo-
succinimide (NBS) can be accomplished very easily
in the solid state.59 For example, when the phenol
154 was treated with 3 mol equiv of NBS in the solid
state for 1 min, the tribromophenol 155 was obtained
in 45% yield. In contrast to this, a mixture of the
mono- and dibromo derivatives 156 and 157 was
obtained from the reaction in solution.

The nitration of aromatic compounds was found to
proceed with high para-selectivity in the absence of
solvent by use of a stoichiometric quantity of nitric
acid and acetic anhydride at 0-20 °C in the presence
of zeolite beta as catalyst (Table 20).60
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Nucleophilic aromatic substitution reactions also
proceed efficiently in the solid state. For example,
when cocrystals of 4-chloro-3,5-dinitrobenzoic acid
(162) and 4-aminobenzoic acid (163), which can be
made in the solid state by grinding the two compo-
nents at room temperature, were heated in the solid
state the aromatic nucleophilic substitution product
164 was produced.61

Benzyltriethylammonium tetrathiomolybdate (168)
reacts with benzyl halides, alkyl halides, and acyl
halides at room temperature in the solid state to give
the corresponding disulfides selectively.62 For ex-
ample, butyl iodide, benzyl bromide and benzoyl
chloride afforded the corresponding disulfides in 74,
72, and 70% yield, respectively. 1-Bromo-6-iodohex-
ane (165) reacts with 168 to give exclusively the di-
bromo disulfide 166 in the solid state, while in solu-
tion it gives the eight-membered cyclic disulfide 167.

The solid-state substitution reaction between ha-
logenoacetates and metal halides has also been
studied.63 Keeping a powdered 1:2 mixture of 169 and
170 for 7-14 days at room temperature gives 171 in
up to 15% yield.

Thiocarbonylimidazolide derivatives 174 can be
prepared from thiocarbonyldiimidazole (173) and al-
cohols 172 by grinding them in a mortar at room tem-
perature.64 Interestingly, grinding both substrates
with a pestle and mortar is essential in this solid-
state reaction, because simply stirring the powder or
using ultrasound did not accelerate the reaction.

Conversion of secondary and tertiary alcohols 175
into the corresponding chlorides 176 also proceeds
efficiently when powdered 175 is exposed to HCl gas
in a desiccator (Table 21).36

Formation of the ether 178 by treatment of alcohol
177 with TsOH in the solid state proceeds efficiently.
For example, when a mixture of powdered 4-meth-
ylbenzhydrol (177e) and an equimolar amount of
TsOH was kept at room temperature for 10 min, the
corresponding ether 178d was obtained in 96% yield.
By the same procedure, other ethers were also
synthesized in good yields (Table 22).36 To know why
the etherification of 177 proceeds more efficiently in

Table 20. Yield and Proportions of the Nitration
Products

Table 21. SN Reaction of 175 in the Solid State
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the solid state, the X-ray crystal structure of 177a
was analyzed. The data showed that two molecules
of 177a form a hydrogen-bonded dimer as shown in
Chart 3. The structure shows that the pair of 177a
molecules are located in close proximity and so the
etherification reaction occurs readily by treatment
with TsOH in the solid state.

Solid-state solvolysis of 9-(thienothienyl)fluoren-9-
ol (179) induced by charge-transfer complexation was
also reported.65 An equimolar mixture of 179 and
DDQ was ground using a mortar and pestle, and the
resulting dark green solid was exposed to MeOH
vapor below 5 °C for 6 h to produce the methoxy-
substituted compound 180 in 42% yield. Tetracyano-
ethylene also promoted the solvolysis to give 180 in
70% yield.

Regiospecific N- or C-benzylation of 2-pyridone
(181) occurs under solvent-free conditions in the
absence of base.66 The regioselectivity is controlled
by the conventional heating or irradiation with
microwaves. For example, with benzyl chloride, N-
alkylation occurred selectively. With benzyl bromide,
the N-alkylation product 182a is obtained by classical
heating, while the C-alkylation products 182b-d are
obtained under microwave irradiation.

The solid to solid reactions of glucopyranosyl
bromide and silylated uracil or thymine in the
presence of silver trifluoroacetate provided glucopy-
ranosyl uracil or thymine with an excellent stereo-
selectivity.67 For example, a mixture of R-glucopy-
ranosyl bromide (184), silylated uracil 183a, and
silver trifluoroacetate was ground at room temper-
ature in a ball mill for 2 days to give 185 of â-con-
figuration in 42% yield. On the other hand, the con-
ventional fusion method affords an anomeric mixture.

G. Aminolysis, Hydrolysis, and
Transesterification

The solid-state reaction of a hydrazine inclusion
complex with an ester gives a pure hydrazide.68

Recrystallization of hydroquinone 186 from aqueous
hydrazine gives a 1:1 inclusion complex 187 of
anhydrous hydrazine with 186 as colorless crystals.
A mixture of powdered dimethyl terephthalate 188a
and 187 was kept under a nitrogen atmosphere at
100-125 °C for 25 h. To the reaction mixture was
added MeOH, and almost pure dihydrazide 189a was
obtained simply by filtration in 88% yield.

The kinetics of aspirin hydrolysis 190a to 191 has
been studied in the solid state.69 The relationship

Table 22. TsOH-Catalyzed Etherification of 177 to 178
in the Solid State and in Solution

Chart 3
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between the morphological character of 5-nitroacet-
ylsalicyclic acid (190b) crystals and the hydrolysis
reaction efficiency was also studied.70

The solid R-cyclodextrin complex of m-nitrophenyl
acetate (192) was heated at 117 °C under dry
nitrogen to give m-nitrophenol (193) together with
R-cyclodextrin monoacetate (194), whereas transes-
terification of p-nitrophenyl acetate is very slow
under the same conditions.71

H. Polymerization

Solid-state polymerizations of N-carboxy anhy-
drides 195 of R-amino acids (L-leucine, L-alanine,
γ-benzyl-L-glutamate, and glycine) have been found
to proceed efficiently by using butylamine as initiator
in a hexane suspension at 20-50 °C.72 L-leucine was
the most reactive and formed the high molecular
weight polypeptide 196 in the solid state.

Solid-state polycondensation of 11-aminoundecano-
ic acid in its cyclodextrin complex 197 occurs at
temperatures above 200 °C and affords the polyamide
198 of 16 repeating units as a CD complex.73

Thermal elimination of sodium chloride from so-
dium chloroacetate (199) leads to a polyester 200 in
high yield.74 The exothermic reaction occurs upon
simply heating sodium chloroacetate above 140 °C
without proceeding through any amorphous or liquid
intermediate.

I. Rearrangement and Isomerization

1. Pinacol Rearrangement

The pinacol rearrangement in the solid state was
found to proceed faster and more selectively than that
in solution.75 When a 1:3 molar ratio of powdered 201
and p-TsOH was kept at 60 °C, the rearrangement
products 202 and 203 were obtained in the yields
shown in Table 23. The hydride migrates more easily

than phenyl anion in 201, and the yield of 202 is
higher than that of 203 in all reactions shown above.
In contrast, when a mixture of powdered 201 and
CCl3CO2H was kept at 20 °C for the period shown in
Table 24, 203 was obtained as the major product. The

reaction efficiency is dramatically enhanced when the
water formed during the reaction is continuously
removed under reduced pressure.

Table 23. Pinacol Rearrangement Catalyzed by
p-TsOH at 60 °C

Table 24. Pinacol Rearrangement Catalyzed by
CCl3CO2H at 20 °C

1044 Chemical Reviews, 2000, Vol. 100, No. 3 Tanaka and Toda



The mechanism of solid-state pinacol rearrange-
ment of 204 to 205 has been studied by atomic force
microscopy (Figure 8)76 and crystal structure analy-

sis77 of 204. AFM reveals that no reaction occurs on
(001) of 204 whereas (100) exhibits craters and
volcano-like mounds. On (001) of 204, the hydroxyl
groups occur with their hydrogens up (lone pair
down) and no protonation occurs. However, on (100)
the hydroxyl hydrogens point down, the protonation
occurs, and the reaction can start. The proton regen-
erates on the other side of the molecule 204 and
attacks the next molecule of 204, and so the reaction
proceeds further and further along the channels in
the crystals, leaving behind the water formed.

2. Benzilic Acid Rearrangement
Benzilic acid rearrangement has long been carried

out by heating benzil derivatives and alkali metal
hydroxide in aqueous organic solvent. However, the
benzilic acid rearrangements proceed more efficiently
and faster in the solid state than in solution. For

example, a mixture of finely powdered benzil 206a
and KOH was heated at 80 °C for 0.2 h, and the
reaction product was mixed with 3 N HCl to give
benzilic acid 207a as colorless needles. Similar treat-
ment of benzil derivatives 206b-f in the solid state
also gave the corresponding benzilic acid 207b-f
(Table 25).78

The effect of the alkali metal hydroxide on the
reaction efficiency of the benzilic acid rearrangement
in the solid state was different from that in solution.
The effect on the reaction efficiency of the rearrange-
ment of 206a in the solid state increased in the
following order: KOH > Ba(OH)2 > NaOH > CsOH
(Table 26). On the other hand, the reaction efficiency

of rearrangement of 206a in boiling 50% aqueous
EtOH increases in the following order: KOH >
NaOH > LiOH > Ba(OH)2 > CsOH. The rearrange-
ment using Ba(OH)2 proceeds faster in the solid state
than in solution. However, LiOH is inert to the solid
state rearrangement, although it is effective in solu-
tion. The benzilic acid rearrangement has also been
found to proceed via radical intermediate as in
solution. For example, freshly prepared mixture of
finely powdered 206e and KOH showed a strong ESR
signal (g ) 2.0049) and the signal declined as the
reaction proceeded.

3. Beckmann Rearrangement
When a solution of racemic 4-methyl-1-(hydroxy-

imino)cyclohexane (208) and (-)-1,6-bis(o-chlorophe-

Figure 8. AFM surfaces of 204 on (100) showing distance-
dependent phase rebuilding in its solid-solid pinacol
rearrangement: (a) ca. 0.5 mm beside a tiny crystal of
TsOH shortly after placing it; (b,c) at 0.5 mm distance; (d)
at 0.1 mm distance after 12 h of reaction at 50 °C.

Table 25. Yield of Benzilic Acid 207 Produced by
Treatment of Benzil 206 with KOH at 80 °C in the
Solid State

Table 26. Effect of Alkali Metal Hydroxide on the
Benzilic Acid Rearrangement of 206a
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nyl)-1,6-diphenylhexa-2,4-diyne-1,6-diol (13) in ether-
petroleum was kept at room temperature, a 1:1
inclusion compound of (-)-13 and (+)-208 of 79% ee
was obtained as colorless needles. The same treat-
ment of (()-209 and (-)-13 gave a 1:2 inclusion
compound of (-)-13 and (+)-209 of 59% ee. Heating
of the 1:1 inclusion compound of (-)-13 and (+)-208
of 79% ee or the 1:2 inclusion compound of (-)-13
and (+)-209 of 59% ee with concentrated H2SO4 gave
(-)-5-methyl-ε-caprolactam (210) of 80% ee or (+)-
cis-3,5-dimethyl-ε-caprolactam (211) of 59% ee, re-
spectively.79

Recently, the solid-state Beckmann rearrangement
reaction employing microwave irradiation was found
to proceed in much higher yield than the same
reaction conducted by heating. For example, when
acetophenone oxime (212) was simply mixed with
montmorillonite and irradiated for 7 min in a micro-
wave oven, acetanilide (213) was obtained in 91%
yield.80 The lower yield of 17% was obtained by
conventional heating.

4. Meyer-Schuster Rearrangement
Toluene-p-sulfonic acid- (TsOH-)-catalyzed Meyer-

Schuster rearrangement of propargyl alcohols 214
also occurs in the solid state.36 Keeping a mixture of
214 and TsOH at 50 °C for 2-3 h gives the aldehydes
215 in the yields shown in Table 27.

5. Chapman Rearrangement
Some 5-methoxy-2-aryl-1,3,4-oxadiazoles 216 easily

undergo a Chapman-like rearrangement in the solid
state.81 For example, 216a rearranges to 217a at

120-140 °C both in the molten and in the solid state.
Also, on storage for about 2 years in the dark at room
temperature, 216b-d are rearranged into 217b-d
in 85, 90, and 9.5% yield, respectively in the crystal-
line state. The X-ray structure of 216b shows a
regular arrangement of the molecules with a distance
of 2.9 Å between the methyl group and the nitrogen
atom and the rearrangement occurs domino-like in
the crystal (Scheme 1).

The same kind of rearrangement also occurs with
some methyl cyanurates 218a and thiocyanurates
218b in the solid state.82

The rearrangement of methyl 2-(methylthio)ben-
zenesulfonate (222) to 2-(dimethylsulfonium)ben-
zenesulfonate (223) has been observed to occur in the

Table 27. TsOH-Catalyzed Meyer-Schuster
Rearrangement of 214 at 50 °C in the Solid State

Scheme 1
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solid state.83 Thermally induced O to N acyl migra-
tion reaction in crystalline salicylamides 224 to 225
has also been studied in detail.84

R-Phenylazo-â-(benzoyloxy)stilbene (226) rear-
ranges in quantitative yield to benzil benzoylhydra-
zone (227) via a six-membered transition state 228
in the solid state.85 The solid-state rearrangement
takes place at 100 °C over a period of days. A red
crystal of 226 retains its shape but becomes opaque
and yellow. The rearrangement also occurs in the
molten state over 140 °C within several minutes. The
intramolecular nature of the rearrangement was
confirmed by a crossover experiment of 226 labeled
with deuterium in the benzoyl group and 15N in the
phenylazo group, respectively.

6. Isomerization

The vinyl(vinylidene)rhodium complexes 229 un-
dergo isomerization, and different products are formed
in the solid state and in solution. For example, the
reaction of 229a,b in benzene for 3 h at 45-50 °C
afforded the η3-2,3,4-trans-butadienyl complexes
230a,b, respectively, whereas on keeping the crystals
for 10-14 days at 25 °C the compounds 231a,b are
obtained, respectively.86

(E)-1,2-Dimesityl-1,2-di-tert-butyldisiladioxetane (232)
rearranges at room temperature to 1,3-cyclodisilox-
ane 233 in the solid state.87

In 1828, Friedrich Wohler heated ammonium cy-
anate 234 to obtain urea 235, and thus, organic
chemistry started as is well-known. This reaction has

recently been reexamined by the modern techniques,
X-ray analysis, and synchrotron X-ray powder dif-
fraction.88

X-ray analysis of 234 showed that NH4 cation is
surrounded by eight NCO anions and each H atom
forms a N-H‚‚‚O hydrogen bond. Upon heating in
the solid state, microcrystalline ammonium cyanate
234 transforms completely into microcrystalline urea
235 within 6 h. The solid-state transformation was
monitored by synchrotoron X-ray powder diffraction
at 50 °C. Using DSC measurement, an exothermic
absorption peak appeared between 80 and 90 °C. This
peak corresponds to the transformation from 234 to
235.

IV. Photoreaction

A. Photodimerization and Photopolymerization

[2+2] photodimerizations of cinnamic acid and its
derivatives have been extensively studied.1 The
crystalline-state photodimerizations of cinnamic acid
(39) to truxillic acid (236) have been studied in de-
tail by atomic force microscopy (AFM) and scanning
near field optical microscopy (SNOM),89 X-ray analy-
sis,90 X-ray powder diffraction,91 and FT-IR spectros-
copy.92

The photodimerization of cinnamic acid 39 can be
controlled by irradiation of the double salts of 39 with
certain diamines in the solid state. For example, the
double salt crystals 237 of cis-1,2-cyclohexanediamine
and trans-cinnamic acid gave, upon irradiation in
the solid state, â-truxinic acid (238) predominant-
ly.93

Irradiation of the naphthoic acid-derived cinnamic
acid 239 in the solid state for 20-50 h afforded a
single cyclobutane product 240 in 100% yield, while
the corresponding methyl ester was inert under the
same irradiation conditions.94
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[2,2]Cinnamophane 241 is transformed into 242
upon photoirradiation both in the solid state and in
solution.95

Reversible [2+2] photodimerization in the solid
state has been reported.96 Irradiation of the styryl-
pyrilium salt 243 at the wavelength of its absorption
maximum (λmax ) 420 nm) leads to a heterogeneous
reaction, and the original crystal of 243 breaks up
completely. However, single-crystal to single-crystal
transformation of 243 into 244 occurs by monochro-
matic irradiation with wavelengths up to 540 nm.
Heating the dimer 244 at 100 °C in the solid state
regenerates the monomer 243 smoothly.

Upon photoirradiation in the solid state, each of
2,5-distyrylpyrazine (245) and ethyl 4-[2-(2-pyrazi-
nyl)ethenyl]cinnamate (246) gave a crystalline poly-
mer, poly-245 and poly-246, respectively.97 Interest-
ingly, however, when a 1:2 cocrystal of 245 and 246
was irradiated with a 500 W super-high-pressure
mercury lamp, a 1:2 mixture of poly-245 and poly-
246 was obtained, but the corresponding cross dimer
was not detected at all. The X-ray crystallographic

analysis of the cocrystal showed that both of 245 and
246 form columns separately along the c-axis with
sheets.

Irradiation of crystalline sodium trans-2-butanoate
(70a) with 60Co γ-rays leads to a mixture of trimer
248, a head-to-tail dimer, and two other trimers in a
12:2:1:1 ratio,98 while heating 70a for 4 h at 320 °C
converts it to a dimer 71a in 84% yield.37

The X-ray-induced retro[2+2]cycloaddition reaction
of the syn-tricyclo[4.2.2.02,5]octane derivative 249 to
the cis,cis-cycloocta-1,5-diene derivative 250 occurs
in the crystalline state without disrupting the crystal
structure.99 However, no reverse reaction from 250
to 249 occurs in the crystal.

Thymoquinone 251 undergoes a stereospecific solid-
state photochemical [2+2]cyclodimerization to give
the anti-head-to-tail cyclobutane derivative 252.100
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Solid-state photocyclizations of coumarin 253 and
its derivatives have been studied extensively.101 Ir-
radiation of coumarin 253 for 48 h in the solid state
gives a mixture of dimers (254-256) in 20% yield,
while irradiation of an aqueous solution of 253 for
22 h affords only the syn-head-to-head dimer 254 in
20% yield.

Wavelength dependence effects in the solid-state
photodimerization of thiocoumarin 257 have been
discovered recently.102 For example, photoirradiation
of 257 at wavelengths longer than 390 nm leads to
exclusive formation of the syn-head-to-head dimer
258 in 30% yield, while photoirradiation of 257 in
CH2Cl2 gives the anti-head-to-head dimer 259 in 20%
yield. In contrast, a mixture of the dimers 258-261
was formed in a 10:11:1:3 ratio by using light of
shorter wavelength (340 nm) in the solid-state ir-
radiation of 257.

Photoirradiation of N-cinnamoyl-1-naphthamides
262a-f in solution gives only the intramolecular
[2π+2π] product 263 and 4π+2π products (264 and
265). In contrast to this, the intermolecular [2π+2π]
cyclization product 266, along with intramolecular
dimerization products (263-265), was obtained upon
photoirradiation in the solid state.103

Photoreaction of 9-benzoylanthracene (267) in tolu-
ene under argon gives the [4+4]cycloadduct 268 in
60% yield, together with anthracene and 9,10-diben-
zoylanthracene as byproducts. The 50% yield of 268
obtained by photoirradiation of crystalline 267 has
its explanation in the crystal packing pattern.104

The crystalline 1,4-dihydropyridines 269a-f yield
[2+2]cycloadducts 270a-f upon photoirradiation and
on further irradiation give the cage dimers 271a-f
quantitatively.105

It is well-known that benzopinacol (274) can be
obtained quantitatively upon photoirradiation of 4,4′-
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dimethylbenzophenone (272) in i-PrOH. On the other
hand, upon UV irradiation in the solid state, 272
undergoes intermolecular hydrogen abstraction to
give the dimeric compound 273 under topochemical
control.106

Upon photoirradiation, ethyl 4-[2-(unsubstituted and
methyl-substituted pyrazinyl)ethenyl]cinnamates 275
give crystalline linear polymers 276, whereas meth-
yl 4-[2-(methyl-substituted pyrazinyl)ethenyl]cinna-
mate (277) affords mixtures of oligomers 278.107

Although photodimerizations of chalcone 5 and its
derivatives have long been studied, most gave un-

satisfactory results. For example, neither form I (mp
59 °C)108 nor form II (mp 56 °C)109 of chalcone (5)
gives any dimer by photoirradiation in the solid state,
although irradiation of 5 in EtOH for 147 h gives
281a in only 9% yield.110 Photodimerization of chal-
cone (5) was found, however, to undergo stereoselec-
tive control in inclusion crystals with host compounds
1.111 For example, irradiation of a 1:2 inclusion
complex of benzylideneacetophenone (5) with 1,1,6,6-
tetraphenylhexa-2,4-diyne-1,6-diol (1), in the solid
state for 6 h, gave only the syn-head-to-tail dimer
279a (of the four possible dimers 279-282) in 82%
yield. X-ray crystal structure analysis of the complex
disclosed that two benzylideneacetophenone mol-
ecules 5 are packed close together through hydrogen
bonds between the hydroxyl group of 1 and carbonyl
oxygen of 5 in the complex (Figure 9). The double
bonds are parallel, and the distance between the two
is 3.862 Å (Figure 10). It was also found that
photodimerization of chalcone proceeds stereoselec-
tively in the molten state and gives the corresponding
rac-anti-head-to-head dimers 281a in relatively good
yields.112 Irradiation of one polymorphic crystal of
chalcone (5) (form II, mp 56 °C) at 60 °C for 24 h by
a 400W high-pressure Hg lamp gave the anti-head-
to-head dimer 281a in 31% yield. Similar irradiation
of another polymorphic crystal form of chalcone (5)
(form I, mp 59 °C) at 60 °C also gave 281a in 28%
yield. The molecular structures of 279a and 281a

Figure 9. Stereoview of the 1:2 inclusion complex of 1 with 5.

Figure 10. Mutual relation and geometrical parameters
of the reacting centers of the guest molecules 5.
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were determined by X-ray analysis (Figure 11).
The hydroquinone host compound 283 is also

effective in assisting photodimerization of 5 or ben-
zylideneacetone (284). For example, irradiation of the
1:2 inclusion complex of 284 with 283 in the solid
state for 6 h gave only the syn-head-to-tail dimer
279b in 70% yield (Table 28). X-ray crystal analysis

shows that hydrogen bonding plays an important role
in packing the guest molecules 284 with the crystal,
and the resulting distance between the double bonds
of 284 is short enough (3.787 Å) to allow easy
reaction. 111

Irradiation of the 1:2 inclusion complex of 9-for-
mylanthracene 285 with 1 for 8 h in the solid state
afforded the anti dimer 286 in 86% yield. Two mole-
cules of 285 are arranged between two host molecules
through hydrogen bonding in an orientation which
leads to the anti dimer 286 on photodimerization and
where the distance between the two reaction centers
is short enough (4.042 Å) to permit this.111

Since 2-pyridone (287a) exists as an equilibrium
mixture with 2-hydroxypyridine (288a), it is difficult
to isolate 287a in pure state. However, inclusion
complexation can be applied to the isolation of the
keto-form in a pure form. For example, the host
compound 1 selectively includes the keto form 287a
to form a 1:2 inclusion crystal. This selective inclu-
sion of 287a can be used for its efficient dimerization.
Irradiation of the 1:2 inclusion complex composed of
1 and 287a in the solid state for 6 h gave the trans-
anti dimer 290a in 76% yield.113 In contrast to this,
solution photodimerization of 287a in EtOH gave
290a only in 18% yield after longer (100 h) irradia-
tion. X-ray crystal structural study of the complex
shows that two molecules of 287a are arranged
between host molecules in positions which allow

Figure 11. Molecular structures of (a) 279a and (b) 281a.

Table 29. Yields of Photoreaction Products of
2-Pyridones 287 and 1-Methyl-2-pyridones 289 in the
Crystalline Complex and in EtOH Solution

a The irradiation times were 6 h for complexes and 100 h
for ethanol solution. b The intermolecular dimer 292 was
obtained.

Table 28. Yields of the Photocycloaddition Reaction
Products
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formation of the trans-anti dimer 290a by dimeriza-
tion (Figure 12) since the distance between the
reaction centers is very close (3.837 Å) (Figure 13).
Similar photodimerizations of N-methylpyridones
289b,c,e,g,h,j also proceed efficiently in inclusion
crystals rather than in solution, although the inclu-
sion complexes 287c-j are photostable (Table 29).

B. Photocyclization
The Norrish type II photochemistry of cyclic dike-

tones ranging in size from 10-membered to 26-

membered has been found to occur much more
selectively in the solid state than in solution.114 For
example, irradiation of 293h in the solid sate gave
only the intramolecular photocyclization product cis-
294h in 98% yield, while irradiation of 293h in
hexane affords a mixture of 294h (15%), 295h (27%)
and 296h (58%). Similar photoirradiation of 293b,
293c-g, 293i (needles), and 293i (prisms) yields
294b (99%), 294c (58%), 294d (89%), 295e (84%),
294f (90%), 295g (91%), 295i (91%), and 295i (97%),
respectively, as the major photoreaction products.

Photocyclization of the acetophenone derivatives
(297, 300a,b) via δ-hydrogen abstraction occurs more
diastereoselectively in the solid state than in solu-
tion.115 For example, irradiation of the MeOH solu-
tion of 297 gives a mixture of cis-298 and trans-299
in 67 and 33% yields, while irradiation of 297 in the
solid state affords cis-298 exclusively.

C. Photorearrangement and Photoisomerization
Photochemical rearrangement can also be success-

fully controlled in the crystalline state.116 For ex-

Figure 12. Stereoview of the 1:2 inclusion complex of 1 with 287a.

Figure 13. Mutual relation and geometrical parameters
of the reactivity centers of the guest molecules 287a.
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ample, tetraphenyldicyanotriene (303) affords only
the di-π-methane photoproduct 305 upon photoirra-
diation in benzene. In contrast, irradiation of 303 in
the solid state gives only cyclopentene 304. These
results can be explained by the preferred formation
of transoid (308) and cisoid (307) diradicals in solu-
tion and in the solid state, respectively, through the
common diradical intermediate 306.

Upon irradiation of 4,5,5-triphenyl-2-cyclohexenone
(309) in solution, exo-bicyclic ketone 311, cyclohex-
enone (313), and vinylcyclobutanone (314) are formed.
Photolysis of crystalline 309, however, leads to the
endo-310 and benzobicyclic ketone 312 in a 4:1
ratio.

1,1,3,3-Tetraphenyl-1,4-pentadiene (316) affords
vinylcyclopropanes 315 and 317 in solution in a 1:1.3
ratio. However, irradiation of crystalline 316 gives
selectively 317.

Irradiation of 1,2-diphenyldiazoalkane (318) in
EtOH produces a mixture of compounds (320, 321,
322, and 323) in 36% yield, along with products of
carbene insertion into the OH bond of EtOH in 64%
yield. On the other hand, irradiation of powdered
samples of 318 at 0 °C with λ > 380 nm gives only
compound 320 in 96% yield.117 It was also found that
this reaction proceeds selectively at ambient temper-
atures entirely in the solid phase up to 95% conver-
sion. The solid-state reaction mechanism was studied
by 13C CPMAS NMR, X-ray analysis, FT-IR, and DSC
measurement. For example, the progress of the
reaction can clearly be monitored by 13C CPMAS
NMR at intermediate stages (Figure 14). These
spectroscopic and thermal analyses suggest that
solid-state reaction of 318 proceeds by a continuous-
phase mechanism maintaining a structural similar-

lity between the reactant, the intermediate, the
transition state, and the final product.118

Photorearrangement of the cis-1,2-dibenzoylalkane
derivative 324 in the solid state and in MeOH
solution gave 326 and 325, respectively, via ketene
intermediates (K1 and K2).119 This indicates that the
anti-syn form 324b and syn-anti form 324a exist
predominantly in the solid state and in MeOH,
respectively.

Figure 14. 13CPMAS spectra of 318 (bottom) and 320 (top)
along with partially reacted samples to 25, 45, and 60%
conversions.
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Upon solid-state photoirradiation, the â-cyclodex-
trin complex of benzyl phenyl sulfone (327) undergoes
a intramolecular rearrangement yielding o-methyl-
diphenyl sulfone (328) selectively, while, in solution,
dibenzyl is obtained as the major product.120

Photoisomerization reactions of stilbene and meth-
yl cinnamate in their inclusion crystals with tri-ortho-
thymotide (329) have been reported to proceed dif-
ferently from those observed in solution or in the pure
guest crystal.121

When the isomerization reaction of norbornadiene
330 to quadricyclene 331 is carried out in solution,
a large quantity of byproducts (e.g. cyclohepta-1,3,5-
triene, 6-methylfulvene, and polymers) is formed.
However, if the isomerization reaction is carried out
in the channels of deoxycholic acid (332) by exposing
the inclusion crystals to solar light, a significant
decrease has been found in the amount of such
byproducts.122

The photoisomerization in the solid state of the
alkyl group bonded to the cobalt atom in cobaloximes
has been extensively studied. For example, the but-
3-en-1-yl group in crystalline 333 is isomerized to the
but-2-en-1-yl group of 334 in the solid state on
exposure to a xenon lamp.123 It was also found that
the chiral 1-cyanoethyl group bonded to the cobalt

atom in the crystals of 335 is racemized by X-ray
exposure without degradation of the crystallin-
ity.124

D. Photosolvolysis

Solid-state photosolvolysis was found to proceed in
host-guest clathrate crystals. When a 1:2 inclusion
complex of the diol host compound 337 with EtOH
was irradiated using a high-pressure mercury lamp
at room temperature for 6 h, the monoether 338
(43%) and diether 339 (21%) were obtained along
with recovered 337 (36%).125

E. Photodecarbonylation

Irradiation of the cyclohexanone derivative 340 in
solution gives the cyclopentanediols cis-341 and

trans-342 in a 51:49 ratio by decarbonylation. How-
ever, irradiation of 340 in the solid state gave a 19:1
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ratio of cis-341/trans-342 with retention of the ster-
eochemistry of the starting material.126 The similar
photodecarbonylation reactions of 343-346 also
showed high selectivity in the solid state.127 Irradia-
tion of crystalline cyclopentanone derivative 347
gives cyclobutane 348 as the only solid-state product,
whereas its solution photochemistry gives a 3:1
mixture of 1,1-diphenylethylene (349) and 348.128

F. Photoaddition Reaction between Different
Molecules

The crystalline 5:2 host-guest complex of deoxy-
cholic acid and acetophenone gives a single to-
pochemical addition product 351a with a new chiral
carbon center of S configuration in 25% yield upon
photoirradiation for 30 days in the solid state.129

Similar treatment of both the 3:1 inclusion com-
plexes of 332:m-chloroacetophenone 350b and 332:
p-fluoroacetophenone 350c gave similar photoad-
ducts 351b and 351c, respectively.

Photoreaction between carbazole and trans-stil-
bene, occurring at the interface of their crystallite,
has been reported. The mixed crystal was prepared
by melting a 1:1 molar mixture of carbazole and
trans-stilbene followed by resolidification at room
temperature. The powdered sample was irradiated
at room temperature for 20 h to give the photoadduct
352 in 25% yield.130

Upon irradiation, the 2:1 mixed crystal of duro-
quinone and durene gave the photoaddition product
353 in 20% yield.131

On irradiation of the crystalline 1:1 complex of 354
and 355 with light of wavelength longer than 500 nm,
the [2+2]cycloadduct 356 was isolated in 80% yield.
In contrast, irradiation of an equimolar mixture of
354 and 355 in MeCN or dichloromethane did not
result in any reaction.132 X-ray analysis of the 1:1
complex showed that molecules of 354 and 355 are
stacked alternatively with a distance of 4.0 Å between
their planes and with a dihedral angle of 0.8°.

The photocoupling reaction in the two-component
crystal 357 formed from tetracyanobenzene and
benzyl cyanide produces the product 358, which
rearranges to the isoindole derivative 359 in solution.
Conversely, irradiation of tetracyanobenzene in ben-
zyl cyanide solution gives a complex mixture of the
compounds 360-362.133

Photoirradiation of crystalline electron donor-
acceptor complexes of the diarylacetylenes 363 and
dichlorobenzoquinone 364 gives the [2+2]photocy-
cloaddition products 365 and 366. For example, when
a 1:2 complex of 363a and 364 was irradiated using
a medium-pressure Hg lamp (410 nm, -60 °C, 5 h),
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a 4:1 mixture of 365a and 366a was obtained in 90%
yield after 17% conversion.134

G. Enantioselective Photoreaction

1. Enantioselective Photoreactions of Chiral Molecules
The enantioselective intramolecular [2+2] photo-

cycloaddition of cyclohexadienone derivative 367,
which has an attached chiral auxiliary, was found
to proceed efficiently in the solid state.135 Two crystal
modifications, the R-form (mp 102-104 °C) and
â-form (mp 127-128 °C), gave 368 and 369, respec-
tively, upon photoirradiation in the solid state.

A new method for asymmetric induction in the
solid-state photochemistry of salts of prochiral amines
with optically active acids as “ionic chiral auxiliaries”
has been developed. For example, (+)- and (-)-371
were obtained by irradiation of the salts 370a,b at
-40 °C in the solid state.136

(+)- or (-)-prolinol salts of keto acid 372 afforded
the (+)- or (-)-cyclobutanol 373 in 97% ee upon
irradiation in the solid state, while racemic 373 was
obtained on irradiation in solution.137

High enantioselectivity of 97% ee was also obtained
in the solid-state photocyclization of keto acid 374
to cyclobutanol 375.138

Photoisomerization of 2-cyanoethylcobaloximes co-
ordinated with chiral axial ligands has been reported
to proceed enantioselectively in the solid state.139 For
example, finely powdered (2-cyanoethyl)cobaloxime
(376), suspended in liquid paraffin and spread onto a
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Petri dish, was irradiated to give (S)-(-)-377 of 81.6%
ee after displacement from the complex by pyridine.

2. Enantioselective Photoreaction of Achiral Molecules in
Chiral Inclusion Crystals

It has been found that enantioselective photoreac-
tions can be successfully controlled in crystalline
inclusion complexes by using optically active host
compounds. For example, disrotatory [2+2] photocy-
clization of tropolone alkyl ethers can be controlled
perfectly by using optically active hosts. Irradiation
of a 1:1 complex of R-tropolone methyl ether (378a)
and (S,S)-(-)-13 in the solid state gave (1S,5R)-(-)-
379a of 100% ee and (+)-380a of 91% ee in 11 and
26% yields, respectively.140 Similar irradiation of a
1:1 complex of 378b with (-)-13 gave (1S,5R)-(-)-
379b of 100% ee and (+)-380b of 72% ee in 12 and
14% yields, respectively. The enantioselective pho-
toreaction can be interpreted as follows: disrotatory
[2+2] photoreaction of 378 in the inclusion crystals
with (-)-13 occurs only in the A direction due to the
steric hindrance of (-)-13. This interpretation was
seemed to be reasonable through an X-ray crystal
structure study of the inclusion complex.141

Similar disrotatory [2+2] photocyclization of pyri-
dones into â-lactam derivatives also proceeds ef-
ficiently within inclusion crystals.142 Irradiation of
either powdered inclusion complexes of N-methylpy-
ridone (381) with (-)-6a or N-methyl-4-methoxypy-

ridone (382) with (-)-13 gave enantiomerically pure
(+)-383 or (-)-384 in 49 and 8% yields, respectively.

Optically active oxazolidinones 386a-d of 9.5-
100% ee were obtained by irradiating the 1:1 inclu-
sion complexes of nitrones 385a-d and optically
active host compound (-)-13 in the solid state (Table
30).143

It has been reported that irradiation of N,N-
diisopropylpyruvamide (387a) in benzene gives the
oxaziridine 389a exclusively and that irradiation in
the solid state at -78 °C gives â-lactam 388a and
389a in 31 and 29% yields, respectively.144 On the
other hand, irradiation of the 1:1 inclusion compound
of 387a and 2 in the solid state for 40 h gave only
388a in 60% yield. Similar irradiation of the 1:1
inclusion compound of 387b and 2 gave 388b selec-
tively in 56% yield. Enantiomerically pure 388b was
easily obtained by complexation with optically active
133.145 (+)-388b of 16% ee was also obtained in 42%
yield, together with oxaziridine 389b, by irradiation
of the inclusion crystals of 387b with 332.146

Stereo- and enantioselective photoreactions of the
N,N-dialkylphenylglyoxylamides 390 were accom-
plished by irradiation of their respective inclusion
complexes with optically active host compounds 13

Table 30. Yield and Optical Purity (% ee) of
Oxaziridines 386a-d
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or 6b,c (Table 31).147 For example, when a 1:1
inclusion complex of (-)-13 with 390a was irradiated
by a 400 W high-pressure Hg lamp at room temper-
ature for 24 h, optically pure â-lactam (-)-391a was
obtained in 90% yield. X-ray crystal structural stud-
ies showed that the conformation of 390a is fixed in
the solid state by the formation of two hydrogen
bonds so as to give (-)-391a shown as follows:

Enantiocontrol of the reaction was also achieved
in inclusion crystals using the optically active host
compounds 6b or 6c, although the efficiency was not
very high.148 For example, irradiation of the powdered
2:1 complex of 390a with (-)-6c gave (-)-391a of
100% ee in 40% yield. Similar photoirradiation of the
2:1 inclusion complex of 390d with (-)-6c gave (-)-
391d of 100% ee in 11% yield and (-)-392d of 39%
ee in 20% yield. However, photoreaction of 390h as
an inclusion complex with either (-)-6b or (-)-6c
proceeded very selectively and gave only 392h of
100% ee in quantitative yield (Table 31).

Photocyclization reactions of the N-(aryloylmethyl)-
δ-valerolactams 393 occur stereoselectively and enan-
tioselectively in their inclusion crystals with optically
active hosts.149 For example, irradiation of the pow-
dered inclusion complex of 393a and the optically
active host compound (-)-6b, as a suspension in
water for 12 h, gave (+)-394a of 98% ee in 59% yield.
By similar irradiations of the 1:1 inclusion com-
pounds of 393b and 393c with (-)-6c, (-)-394b of
84% ee and (-)-394c of 98% ee were also obtained
enantioselectively (Table 32). Conversely, photore-
action of 393a-c in t-BuOH afforded a mixture of
rac-394a-c and rac-395a-c. To elucidate the mech-
anism of the enantioselective photocyclization of 393,
the X-ray structure of the 1:1 complex of 393c with
6c was determined (Figure 15).150 The molecules of
393c are arranged in a chiral form within the crystal
so as to give (6S,7S)-(-)-394c selectively. The dis-
tances for C1‚‚‚C3 and O1‚‚‚H3B are 3.24 and 2.82
Å, respectively, and hence, the H3b atom is ab-
stracted by O1 to form a hydroxyl group. The C3 atom

Table 31. Photoreaction of the Phenylglyoxylamides 390 as Inclusion Complexes with the Hosts 6b,c and 13

a % ee was not determined.
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attacks C1 from the re-face of the carbonyl group to
give (6S,7S)-(-)-394c.

The chiral arrangement of 393a molecules in (-)-
6c is also easily detected by measurement of CD
spectra as Nujol mulls. For example, the inclusion
crystal of 393a with (-)-6c showed a (-)-Cotton
effect, and that of 393a with (-)-6c showed a (+)-
Cotton effect at around 260 and 310 nm, respectively,
although the host molecules itself does not show any
CD absorption (Figure 16).

The photocyclization reaction of acrylanilide to 3,4-
dihydroquinoline was first reported in 1971, and its
application to alkaloid synthesis has long been stud-
ied.151 Although stereo- and enantiocontrol are im-
portant in this reaction, no such attempt has been
reported, except one enantioselective photocyclization

of 1-(methylacryl)-N-methylanilide (396) in benzene-
ether containing (+)-bis(p-toluoyl)tartaric acid to give
(-)-3-methyl-N-methyl-3,4-dihydroquinoline (398) of
12-16% ee.152

Recently, the host-guest inclusion method was found
to be useful for a selective photocyclization of acryl-
anilides. For example, irradiation of the 1:1 inclusion
compound of 396 with (-)-6b gave (-)-398 of 98%
ee in 46% yield. On the other hand, similar irradia-
tion of the 1:1 inclusion compound of 396 with (-)-
6c gave (+)-398 of 95% ee in 29% yield (Table 33).153

It is surprising that the two host compounds (-)-6b

Table 32. Photoreaction of 393 in the Inclusion
Crystal and in Solution

a Irradiation was carried out in t-BuOH.

Figure 15. Photocyclization process of 393c to 394c in
the inclusion crystals with (-)-6c. Reprinted with permis-
sion from ref 150. Copyright 1994 Chemical Society of
Japan.

Figure 16. CD spectra of 1:1 inclusion complex of (a) 393a
with (+)-6c and (b) 393a with (-)-6c and of host molecule
(c) (+)-6c and (d) (-)-6c in Nujol mulls.

Table 33. Photocyclization of Anilides in the
Inclusion Crystals
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and (-)-6c of so little structural difference (i.e. five
membered ring and six membered ring) caused such
disparate enantioselectivity. The 1,5-hydrogen shift
in the photocyclization of 399 in its inclusion crystals
with (-)-6b or (-)-6c is also controlled precisely and
finally gives the trans-isomer 400 of high optical
purity (Table 33). When the irradiation of 399 was
carried out in solution, a 1:1 mixture of rac-400 and
rac-401 was obtained.

The selective conversion of 396 to 398 in the
inclusion crystal can be interpreted as follows: of the
two possible directions (S and R) of the conrotatory
ring closure of the iminium form (396′) of 396, only
the rotation toward S, for example, occurs through
control by the host 6b (or 6c) to give the intermediate
397. 1,5-Hydrogen shift of the intermediate 397
occurs in a suprafacial manner to give the optically
active photocyclization product 398. The chiral con-
formation of 399 in the inclusion crystals with 6b and
6c were determined by X-ray analysis. For example,
the molecular structure of 399b in its inclusion
crystals with (-)-6b is enantiomorphic to that in the
inclusion crystals with (-)-6c, as shown in Figure 17.
In the inclusion crystal of 399b with (-)-6b, conro-
tatory photocyclization of 399b with a positive torsion
angle for C7-N6-C14-C15 will occur in a way that
the hydrogens at C8 and C20 do not come into
collision. Afterward a 1,5-hydrogen shift will occur
in a suprafacial manner to give (R,R)-(+)-400b. (S,S)-
(-)-400b will be obtained in a similar way upon
photoirradiation of 399b with a negative torsion
angle for C7-N6-C14-C15 in its inclusion crystal
with (-)-6c. These assignments are supported by the
known absolute configuration of the photoproducts.151

Photoirradiation of inclusion crystals of 3-oxo-2-
cyclohexanecarboxamide (402a) with the optically
active host compound 6b as a water suspension for
4 h gave optically active 2-aza-3,3-dimethyl-1,5-
dioxaspiro[3,5]nonane (403a). Optically pure 403b,c
can be prepared by the combination of photoirradia-
tion of 402b,c, respectively, in their inclusion crystals
with 6b and purification of the reaction product via
the oxime derivatives 404b,c (Table 34).154

Figure 17. Molecular structures of 399b in the inclusion
crystals with (a) (-)-6b and (b) (-)-6c with thermal
ellipsoids at the 20% probability level.

Table 34. Photocyclization of 402 in a 2:1 Inclusion
Compound with 6

a No reaction occurred.
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Intramolecular [2+2] photocyclization reactions are
also controlled enantioselectively within inclusion
crystals. Photoirradiation of inclusion crystals of the
2-[N-(2-propenyl)amino]cyclohex-2-enones 405 with
the optically active host compound 6b in the solid
state gave the optically active 9-azatricyclo[5.2.1.01,6]-
decan-2-ones 406 (Table 35).154

Photoirradiation of inclusion crystals of the 4-(3-
butenyl)cyclohexa-2,5-dien-1-ones 407 with the opti-
cally active host compounds 6c in the solid state gave
optically active 1-carbomethoxytricyclo[4.3.1.07,10]dec-
2-en-4-ones 408.154 For example, reaction of a pow-
dered 2:1 inclusion crystal of 407a with (-)-6b as a
water suspension for 5 h gave (+)-408a of 73% ee in
50% yield. In the case of 407b, enantioselective
inclusion complexation occurred to give a 1:1 complex
of optically pure (-)-407b with (-)-6b, and its ir-
radiation in a water suspension gave optically pure
(+)-408b in 57% yield.

Photoirradiation of the 1:2 inclusion compounds of
409a-g with (-)-6c gave the optically active photo-
cycloaddition products 410a-g in high optical purity.

However, photoirradiation of the 1:2 inclusion com-
pound of 409c and (-)-6c gave the optically active
spiro â-lactam 411c of 97% ee in 69% yield (Table
36).155

Regio- and enantioselective photodimerization of
coumarin (253) was achieved in the inclusion com-
plexes with (R,R)-(-)-6a, (S,S)-(-)-13 and meso-412.
(Table 37). For example, irradiation of the 1:1 inclu-

sion compound of coumarin with (R,R)-(-)-6a gave
the anti-head-to-head dimer (-)-253 of 96% ee in 96%
yield.156 On the other hand 1:2 inclusion crystal of
(S,S)-(-)-13 with 253 or the 1:2 inclusion crystal of
meso-412 with 253 afforded the syn-head-to-head-
dimer 254 in 75% yield or anti-head-to-tail dimer (+)-
256 in 94% yield, respectively.157 A suspension of the
powdered 1:2 complex of (S,S)-(-)-413 with cyclo-
hexenone in a water containing a small amount of
surfactant was irradiated for 24 h to give (-)-414 of
48% ee. An optically pure sample of (-)-414 was
easily obtained by repeated complexation with (-)-
13.158

Table 35. Photocyclization of 405 in a 2:1 Inclusion
Compound with 6

Table 36. Photocyclization of 409 in a 1:2 Inclusion
Compound with (-)-6c

Table 37. Photodimerization of Coumarin
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Cycloocta-2,4-dien-1-one (415) exists as an equi-
librium mixture of the conformers 415a,b in solution,
and conversion between these two enantiomeric
forms is too fast to allow their isolation at room
temperature. Photoreaction of 415 in pentane for 1
h gives racemic 416 in 10% yield along with poly-
mers. When a solution of (-)-13 and 415 was kept
at room temperature for 12 h, a 3:2 inclusion complex
of (-)-13 with 415a was obtained as colorless needles.
Irradiation of the 3:2 complex of (-)-13 with 415a
for 48 h gave (-)-416 of 78% ee in 55% yield.159 The
chiral conformation of 415a was determined by X-ray
crystal structure analysis.160

Enantioselective photocyclization of N-allylfuran-
2-carboxanilide (417) in its inclusion crystals with the
optically active host compound 6b was accomplished
successfully.161 More interestingly, (-)-418 and (+)-
418 were obtained selectively upon photoirradiations
of the 1:1 and 2:1 complexes of 417 with (-)-6b,
respectively. For example, photoirradiation of the
powdered 1:1 complex of 417 with (-)-6b gave (-)-
418 of 96% ee in 50% yield. On the other hand,
similar irradiation of the 2:1 complex of 417 with (-)-
6c gave the other enantiomer (+)-418 of 98% ee in
86% yield (Table 38). The chiral arrangement of 417

molecules in the 1:1 and 2:1 complexes with (-)-6b
were observed by measurement of their CD spectra

as Nujol mulls (Figures 18 and 19). The CD absorp-
tions of the 1:1 complex at 240 nm correspond to the
UV absorption of 417 in MeOH at 256 nm. On the
other hand, the CD absorptions of 2:1 complex at
around 300 nm correspond to those of their UV
absorptions in the solid state at 280 nm. These
results indicate that 417 molecules in the 2:1 complex
have more planar structure than do 417 molecules
in MeOH solution and the 1:1 complex.

The 1:1 complexation was achieved by mixing the
host and guest in the solid state, and the inclusion
complexation was followed by measurement of CD
spectra every 30 min in Nujol mull (Figure 20). For
example, as the complexation between (-)-6c and
417 proceeds, the (+)- and (-)-Cotton effects ap-

peared at about 275 and 300 nm, respectively, and
these absorptions increased until the complexation

Table 38. Photocyclization of 417 in the Inclusion
Crystal with 6

Figure 18. CD spectra of 1:1 complex of 417 with (a) (-)-
6b and (b) (+)-7b.

Figure 19. CD spectra of 1:2 complex of 417 with (a) (-)-
6b and (b) (+)-7b.
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was completed after 2 h, although no absorption was
present at the beginning of the mixing process.

Enantioselective photocyclization of 2-(arylthio)-3-
methylcyclohexan-1-ones 419 to dihydrobenzothio-
phene derivatives 421 was also achieved in inclusion
crystals using chiral host molecules.162 Photoirradia-
tion of the 1:1 inclusion crystals of 419g with (-)-6b
as a water suspension gave the corresponding pho-
tocyclization product (+)-cis-421g of 82% ee in 83%
yield. Similar photoirradiation of the inclusion crys-
tals of 419a-f with (-)-6b afforded (+)-cis-421b-f
of the optical purities listed in Table 39. X-ray crystal

structural analysis of the 1:1 inclusion complex of
419g with (-)-6b showed the dihedral angle between
the two average ring planes of the guest molecule to
be about 74°. The photoreactive carbon C12 is 3.7 Å
away from the target C3 on one side of the cyclohex-
enone ring plane, favoring the R-configuration at C3
(Figure 21). This assumption was ascertained by
X-ray analysis of the photocyclization product (+)-
421g. The chiral host molecule (-)-6c did not show
strong absorption nor CD peaks in the 400-250 nm

region. In contrast, the inclusion compound of
prochiral molecules 419g exhibited a rather strong
CD spectrum (Figure 22). When cocrystallized with
the opposite enantiomer, host (+)-7b, an almost
mirror image solid-state CD spectrum was obtained.
Solid-state CD spectra of the reaction product (+)-
421g and its enantiomer also exhibited mirror image
related CD spectra (Figure 22).

Host-guest inclusion complexes can be prepared
by recrystallization of the host and guest compounds

Figure 20. CD spectra of a 1:1 mixture of 417 with (-)-
6b (A) or (+)-7b (B) after (a) 0 min, (b) 30 min, (c) 60 min,
(d) 90 min, and (e) 120 min in Nujol mulls.

Table 39. Photocyclization of 419 in the Inclusion
Crystals with 6b

Figure 21. Molecular conformation of 419g in the inclu-
sion complex with (-)-6b.

Figure 22. CD spectra of (a) inclusion complexes of 419g
with (-)-6b and (+)-7b and of (b) (+)-421g and (-)-421g.
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from a solvent. In some cases, however, the inclusion
complex is not formed by this method. In such cases,
mixing of powdered host and guest compounds in the
absence of solvent can give inclusion complexes.163

For example, when the powdered 2:1 complex of (-)-
6a with MeOH and N,N-dimethylphenylglyoxylamide
(390a) were mixed for 1 h using an agate mortar and
pestle, the mixture solidified to give the 2:1 inclusion
complex crystal of (-)-6a and 390a. Upon formation
of this complex, the ν(OH) of 6a (3550 and 3380 cm-1)
shifted to lower wavenumbers (3310 and 3250 cm-1)
due to hydrogen bond formation between the OH
group of 6a and the CO group of 390a in the complex.
Irradiation of the powdered 2:1 complex of (-)-6a and
390a as a suspension in water for 10 h gave (+)-391a
of 61% ee in 70% yield. On the other hand, (-)-6b
formed a 1:1 inclusion complex with 390a either by
mixing in the solid state or by recrystallization from
diethyl ether. Photoirradiation of these inclusion
complexes in a water suspension gave (-)-391a and
(-)-392a in the optical and chemical yields shown
in Table 40. (-)-6c also formed a 2:1 inclusion

complex with 390a by either the mixing or recrys-
tallization methods; however, photoirradiation of
these two complexes in an aqueous suspension gave
(+)- or (-)-391a, respectively. It is very interesting
that the direction of the chiral arrangement of 390a
in the complexes with (-)-6c changes depending on
the preparation method used.

Most interestingly, interconversion between the
molecular arrangement of 390e in the (-)- and (+)-

forms easily occurs by complexation with the chiral
host (-)-6c in the solid state.164 By mixing of the
powdered 1:1 MeOH complex of (-)-6c and powdered
(-)-crystals of 390e, 1:1 inclusion crystals of (-)-6c
and (+)-390e were formed. The (+)-arrangement of
381e in the above inclusion crystals can be proven
by its photoirradiation in a water suspension for 5 h
which gives (+)-391e of 76% ee in 72% yield, and its
absolute configuration was determined by X-ray
analysis. The chirality of 390e was also easily
detected by measurement of CD spectra in Nujol
mulls as shown in Figure 23. The conversion of (S)-
(-)-390e into (R)-(+)-390e during the complexation
in the solid state was observed by continuous mea-
surement of CD spectra as Nujol mulls. As the
complexation proceeds, strong CD spectra showing
a (-)-Cotton effect due to (S)-(-)-390e are gradually
converted into spectra showing the (+)-Cotton effect
of (R)-(+)-390e (Figure 24). This reaction was also

Table 40. Formation of Optically Active 391a and
392a by Irradiation for 10 h of the Inclusion
Complexes of Chiral Host Compounds and 390a
Prepared by Mixing in the Solid State or
Recrystallization from Toluene

Figure 23. CD spectra of the (a) (S)-(-)- and (b) (R)-(+)-
390e crystals.

Figure 24. CD spectra of a mixture of (S)-(-)-390e and a
2:1 complex of (-)-6b with MeOH in Nujol mulls after (a)
0 min, (b) 30 min, (c) 60 min, and (d) 180 min.
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monitored by recording IR spectra as Nujol mulls
(Figure 25).

Mixing of powdered thiocoumarin (257) and the
optically active host compound (R,R)-(-)-6b in the
solid state gave their 1:1 complex, in which the
former molecules are arranged in a chiral form.
Photoirradiation of these 1:1 inclusion crystals in the
solid state gave the optically active anti-head-to-head
dimer (+)-259 of 100% ee in 73% yield. The inclusion
complexation of 257 and (-)-6b was followed by
continuous measurement of CD spectra as Nujol
mulls.165 Although a mixture of 257 and (-)-6b in
Nujol did not show a clear CD absorption initially,
induced CD absorption of 257 appeared and in-
creased as the complexation proceeded (Figure 26).
The enantioselective photodimerization reaction of
257 was also followed by CD spectral measurement.
CD absorptions at 260, 320, and 370 nm due to 257
in the inclusion crystal disappeared and the new CD
absorptions of 259 at 270 and 330 nm appeared after
5 min photoirradiation (Figure 27).

Irradiation of solid â-cyclodextrin complexes of
benzaldehyde produces optically active benzoin 422
of 15% ee in 56% yield along with the byproduct
423.166

Figure 25. IR spectra of a mixture of (S)-(-)-390e and a
2:1 complex of (-)-6b with MeOH in Nujol mulls.

Figure 26. CD spectra of a mixture of (-)-6b (A) or (+)-
7b (B), 257, and liquid paraffin after (a) 0 min, (b) 30 min,
and (c) 60 min.

Figure 27. CD spectra of a 1:1 complex of 257 with (-)-
6b (A) or (+)-7b (a) before and (b) after photoirradiation
for 5 min.
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Chirally modified zeolites can also act as chiral host
for asymmetric photoreaction. For example, a mix-
ture of tropolone methyl ether 378a, (-)-norephe-
drine, and zeolite (NaY) in dichloromethane-hexane
was stirred for 12 h and filtered to give the zeolite
containing both the reactant and a chiral inductor.
Photoirradiation of the zeolite as a hexane slurry for
2 h gave the optically active photocyclization product
379a of up to 50% ee.167

3. Enantioselective Photoreaction of Achiral Molecules in
Their Chiral Crystals

Several successful examples of so-called “absolute”
asymmetric synthesis by using chiral crystals of
achiral molecules in the absence of any external
chiral source have been found recently, and they
provide an attractive and new method for asymmetric
synthesis. It is also highly relevant in relation to the
origin of optically active compounds on the earth.

The 1,4-disubstituted phenylenediacrylate deriva-
tive 424 crystallizes in the chiral space group P21 and

gives the optically active dimer 425 of 100% ee upon
irradiation in the solid state.168

Chiral crystals of ethyl 4-[2-(4-pyridyl)ethenyl]-
cinnamate (426) afford upon photoirradiation the
optically active dimer 427 of 90% ee, while the
corresponding methyl ester gave a highly crystalline
linear polymer through a typical [2+2] topochemical
photopolymerization.169

Recrystallization of the compound 428a from cy-
clohexane affords chiral crystals of space group
P212121. Irradiation of these chiral crystals in the
solid state gives rise to the enantiomerically pure di-
π-methane photorearrangement product 429a. The
ethanol complex of 428b also crystallizes in a chiral
space group (P212121) and afforded the optically active
product 429b of 89% ee on photolysis.170

The chiral crystals of R-(3-methyladamantyl)-p-
chloroacetophenone (430) give, upon irradiation, the
optically active cyclobutanol 431 of about 80% ee.170

N,N-Diisopropylbenzoylformamide (390f) forms
chiral crystals which give the optically active â-lac-
tam derivative 391f of high optical purity upon
photoirradiation in the solid state.171 Recrystalliza-
tion of 390f from benzene afforded colorless prisms.
Crystals of 390f which give (+)- and (-)-391f on
photocyclization have been tentatively identified as
the (+)- and (-)-crystal forms of 390f, respectively.
Large amounts of the (+)- and (-)-crystals of 390f
can easily be prepared by seeding with finely pow-
dered (+)- and (-)-crystals, respectively, during re-
crystalization of 390f. Irradiation of (+)-crystals of
390f with a 400 W high-pressure Hg lamp for 40 h
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at room temperature gives (+)-391f of 93% ee in 74%
yield. Irradiation of (-)-crystals of 390f under the
same conditions gives (-)-391f of 93% ee in 75%
yield. X-ray crystal structural analysis of a (+)-crystal
of 390f shows that molecules of 390f are twisted
around the CO-CO bond in the chiral crystal and
hence photocyclization gives optically active 391f
(Scheme 2).

Interestingly, the formation of such chiral crystals
depends on the substituent on the benzene ring of
the phenylglyoxylamide.172 All the meta-substituted
N,N-diisopropylphenylglyoxylamides 432a-c tested
formed chiral crystals, and their photoirradiation in
the solid state gave the optically active â-lactams
433a-c, respectively. The optical purity and yield for
these products are shown in Table 33. However, all
the para-substituted isomers tested, 432d-f, did not
form chiral crystals, and these gave rac-â-lactams
upon photoirradiation (Table 41). On the other hand,

although ortho-methyl-substituted phenylglyoxyl-
amide 432g formed chiral crystals and gave optically
active 433g on irradiation, the ortho-chloro-432h and
the ortho-bromo-substituted compound 432i did not
form chiral crystals and gave rac-433h and 433i,

respectively. However, meta-substituted phenylgly-
oxylamide 432j did not form chiral crystals, and its
photoreaction gave rac-433j, although the meta,
para-disubstituted one 432k formed chiral crystals
and gave optically active 433k (Table 41). When the
isopropyl group of 432 is replaced with other alkyl
groups such as benzyl or cyclohexyl, no chiral crystals
are formed, and photoirradiation of these derivatives
gave rac-â-lactams. Hence the isopropyl group may
play an important role in formation of these chiral
crystals.

To elucidate the process of asymmetric photocy-
clization, the crystal structures of 432b,e,h were
determined. (Table 42). When the crystal of 432e is

irradiated with UV light, a radical is probably
produced at the oxygen, O1, of the carbonyl group.
The oxygen radical produced should abstract the
hydrogen atom H9 of the isopropyl group to form a
hydroxy group. The radical produced at C9 due to
this abstraction of H9 would then attack the C7 atom
to form a C-C single bond. This forms a â-lactam
ring as shown in Figure 28. The absolute structures

of 432b and 433b in Figure 28 are in agreement with
those determined with anomalous dispersion terms

Scheme 2

Table 41. Photocyclization of Substituted
Phenylglyoxylamides in Their Crystals

Table 42. Crystal Data for 432b, 432e, and 432h

Figure 28. Process of enantioselective photocyclization of
432b to 433b.
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for the chlorine atoms. If the radical C9 attacks the
atom C7 from the si-face of the carbonyl group as
shown in Figure 28, the â-lactam produced should
have the S configuration, which is in agreement with
the experimental result. This mechanism also explain
why racemic â-lactams were produced from the
crystals of 432e,h. Since both crystals have a center
of symmetry, both chiral enviroments for the starting
material exist in the crystals. This brings about the
racemic product after the photocyclization.

The photoconversion of the m-bromophenyl deriva-
tive 432c (which shows relatively strong CD absorp-
tions) to the corresponding â-lactam 433c was fol-
lowed by CD spectral measurement. As shown in
Figure 29, CD spectra due to the chiral crystal of

432c in Nujol turn into the weak absorptions of 433c
as the photoreaction proceeds. Photolysis of chiral
crystals of the achiral N-isopropyl-N-tiglylbenzoyl-
formamide (434) in the solid state at 0 °C proceeded
by [2+2]cycloaddition to give the chiral oxetane 435
of 35% ee in 84% yield. This solid-state photoreaction
proceeds even at -78 °C to give 435 in higher optical
purity of 95% ee.173

When powdered chiral crystals of the monothioim-
ide 436 were irradiated under nitrogen at 0 °C for
12 h, the optically active â-lactam 437 of 10% ee was
obtained in 75% yield. This solid-state photoreaction
proceeds even at -45 °C, and optically active 437 of
40% ee was formed in 70% yield.174

N-(Diphenylacetyl)-N-isopropylthiobenzamide (438)
forms chiral crystals which give the optically active
â-lactam 440 of 20% ee, along with byproducts (439,
441, and 442), upon photoirradiation at -45 °C in
the solid state.175

Crystal-to-crystal absolute asymmetric photoreac-
tion of R,â-unsaturated thioamide 443 to â-thiolactam
444 was also reported. Powdered crystals of 443 were
irradiated (500 W Hg lamp, 0 °C, 2 h) to give the
optically active â-thiolactam 444 of 94% ee in 96%
yield at 58% conversion. The solid-state photoreaction
was found to proceed crystal-to-crystal manner right
up to 100% reaction conversion.176

The achiral molecule 3,4-bis(diphenylmethylene)-
succinimide (445) was found to arrange itself in a
chiral form in the crystalline state.177 The chirality
of 445 was frozen by photoirradiation in the solid
state to give the optically active photocyclization
product 447. Recrystallization of 445 from acetone
formed chiral crystals as orange hexagonal plates (A
converts to C by heating at 260 °C) and two types of
racemic crystals as orange rectangular plates (B, mp
302 °C) and yellow rectangular plates (C, mp 297 °C)
(Figure 30). The chirality of the crystal A can be
easily detected by measurement of its CD spectra in
Nujol mulls. The crystal A exhibits strong CD ab-
sorptions at around 250 and 330 nm, while the
crystal types B and C do not show any CD absorption
in these regions (Figure 31).

Irradiation of powdered (+)-A crystals using a 100
W high-pressure Hg lamp for 50 h gave (+)-447 of
64% ee in quantitative yield. Similar irradiation of
(-)-A crystals gave (-)-447. However, photoirradia-
tion of crystals B and C gave racemic 447. This
enantioselective photoconversion consists of two steps,
the conrotatory ring closure of 445 to the intermedi-
ate 446 and then a 1,5-hydrogen shift to give the
product 447. X-ray crystal structure analysis dis-
closed that crystal A consists of 445 molecules in
either a purely right-handed or a purely left-handed

Figure 29. Photoconversion of (+)- and (-)-432c to (+)-
and (-)-433c, respectively, by continuous measurements
of CD spectra in Nujol mulls, after (a) 0 min, (b) 2 min, (c)
4 min, and (d) 6 min of irradiation.

1068 Chemical Reviews, 2000, Vol. 100, No. 3 Tanaka and Toda



helical configuration (Figure 32). Crystals B and C
contain equal amounts of the two configurations and,

hence, are racemic (Figures 33 and 34). The phenyl
rings a and a′ are almost parallel to one another and

Figure 30. Photographs of three crystal modifications of 445.

Figure 31. CD spectra of two enantiomeric crystal of
445A.

Figure 32. Stereoview of the molecular packing of 445A.
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overlap significantly: the dihedral angles between
these rings are within the range 9-12° (Table 42).
The corresponding distances between the unsatur-
ated carbon sites which join during the photoreaction,
C6‚‚‚C30 and C14‚‚‚C22, are 3.38 and 3.27 Å in A,
3.35 Å in B, and 3.35 and 3.34 Å in C (Table 43).
These values match perfectly well the topochemical
requirements of the photoreaction in the solid state.

Transformations between the different polymorphs
can easily be accomplished both in the solid state and
in solution. Addition of one piece of (-)-A crystal
during the recrystallization of (+)-A crystal (50 mg)
from acetone gave (-)-A (23 mg), B (4 mg), and C
crystals (8 mg). The thermal racemization of A to C
occurs before melting, by heating to 260 °C on a hot
plate. During this process the color change from
orange to yellow spreads dramatically from one end

Figure 34. Stereoview of the molecular packing of 445C.

Table 43. Crystal Data and Selected Structural
Parameters of Three Polymorphic Crystals of 445

Figure 33. Stereoview of the molecular packing of 445B.
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of the crystal to the other with retention of the crystal
morphology.

Solid-state photochemical di-π-methane-type rear-
rangement of chiral crystals of 448 have been found
to give 449 and 450 in 44% ee and 96% ee, respec-
tively.178

Absolute asymmetric photocyclization of an achiral
S-aryl o-benzoylbenzothioate to an optically active
phthalide via phenyl migration upon photoirradiation
in the solid phase has been reported. The thioester
451 was irradiated with UV light at 0 °C for 6 h to
give the optically active phthalide 452 of 30% ee in
65% yield.179

Optically active [2+2] cycloadduct 454 was found
to be formed in 95% ee upon irradiation of chiral
crystals of the CT complex between bis([1,2,5]-
thiadiazolo)tetracyanoquinodimethane (453) and o-
divinylbenzene.180

Photoirradiation of a two-component chiral crystal
of acridine 455 and diphenylacetic acid 456 in the
solid state gives the optically active product 457 of
about 35% ee via photodecarboxylative condensa-
tion.181 In contrast to the solid-state photoreaction,
irradiation of a solution of 455 and 456 in acetonitrile
gives the achiral condensation product 458 along
with 1,1,2,2-tetraphenylethane.

V. Conclusion
As described in the previous chapters, there is no

doubt that molecules can move quite freely in the
solid state and even enantioselectively. It is also clear
that organic reactions can occur by mixing powdered
reactant and reagent in the absence of solvent and
that reaction products can be obtained efficiently. In
some cases, organic synthesis can be accomplished
without using any solvent throughout the processes
of reaction and isolation of product. When a chiral
host compound is used for the solid-state reaction of
prochiral guest, enantioselective thermal and pho-
tochemical reactions can be carried out. The most
interesting enantioselective photosynthesis is that
involving irradiation of chiral crystals of achiral
compounds in which the molecules are arranged in
a chiral form, although examples of this phenomenon
are still rare.

Solvent-free thermal organic synthesis seems to be
a highly useful technique, especially for industry.
However, not all organic synthesis can be carried out
in the absence of solvent. Some organic reactions
proceed explosively in the solid state. In such cases,
solvent is useful in order to mediate the reaction rate.
Finally, it is always important to choose the best
conditions for organic synthesis. For reactions that
proceed moderately in the absence of solvent or in a
water suspension, then solid-state reaction would be
the better choice. For reactions that proceed vigor-
ously in the solid state, then solution reaction in a
nontoxic solvent would be better.

Anyway, the typical organic synthetic procedure
which has long been carried out in solvent throughout
the 19th and 20th centuries, should be modified to
more modern, elegant, and safe versions in the 21st
century.
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