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Abstract: The current status of absolute asymmetric syn- 
thesis in a chiral crystalline environment has been re- 
viewed. A number of topochemically controlled four-cen- 
ter type photocycloadditions are described for a series of 
unsymmetrically substituted diolefin crystals and CT crys- 
tals. This concept has been applied to intramolecular pho- 
toreactions, and several successful absolute asymmetric 
synthescs have been achieved, involving Norrish Type I1 
reaction, di-x-methane rearrangement, electrocyclization, 
thictane formation, oxetane formation, hydrogen abstrac- 
tion by thiocarbonyl and alkenyl groups, and radical-pair 
intermediates. 
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Chirality is a concept well known to organic chemists and to all 
chemists concerned in any way with structure. The geometric 
property that is responsible for the nonidentity of a n  object with 
its mirror image is called chirality. A chiral object may exist in 
two enantiomorphic forms, which are mirror images of one 
another. Such forms lack inverse symmetry elements, that is, a 
center, a plane, or an improper axis of symmetry. Objects that 
possess one or more of these inverse symmetry elements arc 
superimposable on their mirror images, that is, they are achiral. 
All objccts belong to one of these categories. 

Asymmetric synthesis starting from an achiral reagent arid in 
the abscnce ofany external chiral agent has long been an intrigu- 
ing challenge to chcmistsr'] and is also central to the problem of 
thc origin of optically activity in nature.[*] Stereospecific solid- 
state chemical reactions of chiral crystals formed from achiral 
materials are defined as absolute asymmetric ~yntheses . '~]  There 
are two aspects to this type of process: the generation of chiral 
crystals and the topochemically controlled solid-state reaction, 
which yields a chiral product. 
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There are 230 unique space groups, which may be divided into 
two categories: a) the chiral space groups, 65 in number, have 
only symmetry elements of the first kind, that is, translations, 
rotations, and combinations of these; b) the achiral space 
groups, such as mirror planes, glide planes, or centers of inver- 
sion. Thus the unit cell of a compound belonging to  an achiral 
space group will contain both the object and its mirror image. 

To achieve asymmetric synthesis we should begin with a com- 
pound crystallizing in any one of the 65 chiral space groups. 
Crystal engineering is not so advanced that any desired crystal 
environment can be prepared to order. Of the 230 distinct space 
groups, the most common are P2,/c, Pi, P2,2,2,, P2,, c2 /c ,  
and Phcu, of which P2,2,2, and P2, are chiral (Table In 
these instances, the chiral environment of the crystal forces the 
molecule to adopt a chiral conformation (e.g. benzophenone, 
binaphthyl, benzil) . 

Table 1. 'The most common space groups of organic crystalline compounds based 
upon il survey of 29059 crystal structure determinations. 

~ 

treqnency 'X Order Space group No. 

1 P2,!L 
2 1'1 
3 p2,2,2,  [ 
4 p2, [a1 
5 c 2 i c  
6 Phl u 
7 Pnnzu 
8 Pnt12, 
9 Phcn 

10 PI [d] 

10450 
3986 

a1 3359 
1951 
1930 
1261 
548 
513 
341 
305 

36.0 
13.7 
11.6 
6.1 
6 6  
4.3 
1 .Y 
1.8 
1.2 
1.1 

[a] Chiral space group 

It is clear that the chirality in solid-state asymmetric synthesis 
is in fact introduced in the crystallization step; the chemical 
reaction then transforms the chirality of the crystal into that of 
the product. Chiral crystals, like any other asymmetric object, 
exist in two enantiomorphic equienergetic forms, but careful 
crystallization of the material can induce the entire ensemble of 
molecules to aggregate into one crystal, of one handedness, 
presumably starting from a single nucleus. The photochemical 
process then transforms the conformational chirality frozen in 
the crystals into stable molecular chirality. 

Pedone and Benedetti have indicated that the crystal structure 
of a n  optically active compound frequently may be deduced 
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from that of the racemic compound, and vice versa.[’] In gener- 
al, the structure of the two forms have in common homochiral 
layers or columns of molecules arranged in a compact way. The 
repetition of the layers or columns allows either the enantiomer- 
ic structure or that of the raccmic compound to be built up, duc 
account being taken of the different symmetry elements pos- 
sible. This process may be envisaged as follows (Figure 1): With 
columns of homochiral molecules one can consiruct a layer and 
then a three-dimcnsional structure, either through the applica- 
tion of direct symmetry elements (e.g., a binary axis; labeled 
direct in Figure 1) or through the application of inverse symme- 
try elements (e.g., a center of symmetry; labeled inverse in Fig- 
ure 1).  

columns 

direct ‘, inverse 

homochiral 

direct 

Homochiral space 

Figure 1. Construction of homochiral and racemic crystal structures 

There are three alternative ways of building up the crystal to 
form the three-dimensional “racemic space”, whereas for con- 
struction of the “homochiral space” the route is unique. De- 
pending on the route by which the racemate is obtained, the two 
forms (enantiomer and racemate) possess in common either a 
linear packing (columns) or a molecular plane (layers). 

A systematic solid-state approach to asymmetric synthesis 
demands the design of chiral crystal structures having specific 
intermolecular or intramolecular features. Owing to the strict 
requirements, the discovery of new systems appropriate for such 
syntheses has been slow.[61 Since the concept of a topochemical- 
ly controlled reaction was established by Schmidt in 1964,[’”] 
various approaches to asymmetric synthesis using solid-state 

reaction have been attempted, most actively by the research 
group at the Weizmann Institute. They have been concerned 
with the bimolecular reactions in chiral crystals. In thesc studies 
absolute asymmetric synthesis was achievcd by using topochem- 
ically controlled four-center type photodimerizations of a series 
of unsymmetrically substituted diolefin crystals. The strategy 
and the main results were reported by these investigators for the 
mixed crystal of 2,6-dichlorophenyl-4-phenyl-trcxns,tran-l.3- 
butadiene with the 4-thienyl analogue (Schemc l ) . ” ]  Thcsc two 

Ar 
Ph 

Ar 
Th 

Ar 
Ph 

Ar = 2,6-CcH3C12 
Th = 5-Thienyl 

\ 
Ar 

- 
Solid state Th + 

ph%Ar Ar 

Space group: p212121 

Scheme 1. Asymmetric synthesis with mixed crystals 

materials crystallized in two isostructural arrangements in the 
chiral space group P2,2,2,. Large mixed crystals of the phenyl 
material containing approximately 1.5 YO of the thienyl deriva- 
tive as guest were prepared. The latter absorbs light at a longer 
wavelength. As a result of this selective excitation, the thienyl 
reacted with a phenyl neighbor to form a mixed cyclobutane 
dimer, which was isolated with an enantiomeric excess of 
around 70 ‘9”. 

Hasegawa et al. reported another example of n 2x-  2x  asym- 
metric transformation in a chiral crystal (Scheme 2) Ethyl 
4-[2-(pyridy1)ethenyllcinnamate crystallized in a chiral space 
group P2,2,2, and yielded a chiral dimer with 92% re upon 
irradiation. 

Suzuki et al. reported the photochemical reaction of charge- 
transfer (CT) crystals. The cycloaddition reaction of 2-divinyl- 
stylene (elcctron donor) and bis[l,2,.5]thiadiazolotetracyano- 
quinodimethane (electron acceptor) was efficicntly induced 
(Scheme 3).[’] The inclusion lattice of the CT crystal is asym- 
metric, because of the adoption of a chiral space group (P2,) .  
The [2 + 21 photoadduct was formed, accompanied by a trans- 
formation from single crystal to single crystal, and the optically 
pure product was obtained with 95 YO ee. 

Recently, Scheffer et al. reported two elegant unimolecular 
“absolute” asymmetric transformations (Scheme 4) . [ i O 1  This 
group demonstrated that the extcnsively studied di-rc-methane 
solution-phase photorearrangement can also occur in the solid 
state. The compounds investigated included dibenzobarrene- 
11,12-diester derivativcs. The corresponding diisopropylester is 
dimorphic and one of the forms grown from the melt is chiral 
(space group P2,2,2J. Irradiation of the crystals gave rear- 
ranged product exhibiting average specific rotation of 24.2_+ 2.9 
(sodium D line). The products were obtained in 100% ec. as was 
established by ‘H NMR studies using optically active shift 
reagent. 
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Scheme 3. Ahymmelric jynthesis with CT crystals 

Another uniniolecular asymmetric transformation is the Nor- 
rish type 11 An adamantyl ketone derivative crys- 
tallized in the chiral space group P2,2,2,. Upon irradiation of 
single crystals of this ketone, a 1,4-diradical was formcd, which 
underwent exclusive closure to a cyclobutanol derivative. The 
product cyclobutanol was obtained in 80 Yo ec, while in solution 
racemic product resultcd. 

Toda and co-workers demonstrated two examples. In the first 
system, N .N'-diisopropylphenylglyoxylamide, prcviously stud- 
ied by Aoyama et al.,'"' crystallized in the chiral space group 
P2,2,2,  (Scheme 5).[12] Irradiation of single homochiral crys- 

(+) - Dirner 

COOEt 
(-) - Dimer 

R = CH(CH& 100 %ee 

Space group: p212121 

> 80 %ee 
Ar = G C I  

Space group: P212121 

Scheme 4. 

CHMe, HO Me 

P h q A ' . H M e 2  h v  

0 state 0 CHMe2 

93 %ee Space Group: P212121 

Scheme 5 .  Asymmetric synthesis involving a Norrish Type 11 reaction. 

tals resulted in the formation of an optically active /I-lactam 
(75 %) with 93 YO ~e by the Norrish type I1 reaction. By using 
methods of seeding during recrystallization, both enantiomers 
could be obtained, and the structure of the reacting crystal was 
elucidated. 

In the second system, the crystallization of 3,4-bis(phenyl- 
methyhe)-N-methylsuccinimide gave chiral crystals as orange 
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hexagonal plates and two racemic crystals as orange rectangular 
plates and yellow rectangular plates (Scheme 6) .[' 31 Irradiation 
of powdered enantiomeric crystals gave a n  optically active pho- 
tocyclization product in 64% ee. The photolysis of eight other 
derivatives led to racemic cyclization products in quantitative 
yield. Deeper understanding of the reaction pathway of this 
system must await a crystallographic study akin to  that carried 
out with the electrocyclization. 

-Me m N - M e  

- \  

solution Ph 
- \ 

Chiral crystal Chiral crystal 

h v Solid state 

N-Me N-Me 

1 
Ph 0 

*N-Me a N - M e  Ph2 i 

Phz H 0 

(+)-product (-)-product 

Scheme 6. Abymmetric synthesis involving electrocyclization 

Demuth et al. have also reported the photochemical solid- 
state di-n-methane type rearrangement of seemingly homochi- 
rally crystallized starting material to give preparative quantities 
of two rearranged products (Scheme 7 )  .[14] A considerable 
change in product selectivity was observed for the rearrange- 
ment in the solid state compared to that in homogeneous 
solution. The differences are explained in terins of the packing 
constraints in the crystal, leading to a frozen geometry and 
a proximity of the reacting sites. The starting material adopts 

NC - CN + 

< 44 %ee I 9 6  Yo& 
Space group: I5212121 

Scheme 7. Asymmetric synthesis involving a di-rr-methane rearrangement. 

a chiral packing arrangement, space group P2,2,2, ,  and a 
helical molecular conformation. The rearrangement products 
were obtained in respective enantiomeric excesses of I 44 and 
- < 96%, and the ee's decreased proportionately with conver- 
sion. 

Recently, we have reported six examples of absolute asym- 
metric synthesis involving intramolecular reaction. The first ex- 
ample is the intramolecular [2 + 21 thietane formation in the 
solid state (Scheme 8) .[''I N-(Thiobenzoy1)methacrylamide 

solid state 

h v  I 

mirror 

Scheme 8. Absolute aaymmetric synthesis of a thietane. 

crystallized in a chiral space group P2,2,2,, and the photolysis 
of single homochiral crystals a t  room temperature resulted in 
the formation of an optically active thietane-fused 8-lactam 
(75 O h )  with 10% ee. The solid-state photoreaction proceeded at  
temperatures as low as -45 "C and then gave a higher ee value 
of 40 9'0 ee (conv. 30 %, yield 70 YO). By using methods of seeding 
during recrystallization, both enantiomers could be obtained 
selectively and in bulk. 

The absolute oxetane synthesis has also been demonstrated in 
the solid-state photolysis of an acyclic imide (Scheme 9).[I6l N -  
Isopropyl-N-tiglylbenzoylformamide formed colorless needle 
crystals, and an X-ray crystal structure analysis indicated the 
presence of the chiral space group P2,.  Irradiation of thc cnan- 
tiomeric crystals of the imide at 0 "C gave a bicyclic oxetane in 
84% yield, with a synlanti ratio of 3.7. The major sjw isomer 
showed optically activity of 35% ee, whereas the minor anti 
isomer was obtained as racemate. The solid-state photoreaction 
proceeded at  temperatures as low as - 78 "C, and the optically 
active syn isomer was then obtained with a higher re value of 
over 95%. The fact that racemic anti isomer is obtained in the 
solid-state photoreaction is explained in terms of the defects in 
the crystal lattice, in which racemization of the reactant already 
takes place prior to reaction. 

The next example involves two different types of reaction, 
which occur concurrently and exhibit almost the same ee values 

Chmi. Eur. J.  1997, 3, No. 5 Ci_j VC" Ver.lfiRsRa.~ell,~rhlrfi mhH. D-liY451 Wernheim, 1997 0947-653YiY7/0305-06K7 $ 17.50 + ..50:0 687 



CONCEPTS M. Sakamoto 

h v 

CH3 

Solid state 
- 7 8 0 ~  

4ANA 0 
O I  

Space group: P21 

> 95 %ee racemic 
Scheme 9 Absolute asymmetric synthesis of an oxetane 

(Scheme 10). The solid-state photolysis of the enantiomorphic 
crystals of S-phenyl N-(benzoylformyljthiocarbamate, which 
crystallized in the chiral space group P2,, gave optically active 
oxazolidine-2,4-dione and fl-lactam.[' 71 The amount of conver- 

Ph 

Space Group: P21 

state 

\"!H 

Ph 

Ph a- Ph 

state I 
CHpPh 

, Ph 

I 
CHpPh 

I 

i 
SPh 

ph4-0 

0 CHpPh 

32 %ee 46 Yo- 
Scheme 10. Absolute asymmetric synthesis involving a Norrish Type I1 reaction 
(left) and a radical-pair intermediate (right). 

sion of the reactant is important in determining the enantiomer- 
ic excess. Better optical purity was obtained at lower conversion. 
At 17 YO conversion the oxazolidine-2,4-dione was isolated with 
46% ee and the /{-lactam with 32% ee. The formation of a 
radical-pair intermediate initiated by homolytic C - S bond 
cleavage leads to the oxazolidine-2,4-dione ; hydrogen abstrac- 
tion by carbonyl oxygen induces /]-lactam formation. 

Hydrogen abstraction by thiocarbonyl sulfur also occurs in 
the solid state with retention of the chirality of the crystal lattice 
(Scheme 1 1) . [ I  N-Diphenylacetyl-N-isopropylthiobenzamide 

Ph 

h v  AcCI-E~~N 

toluene 0 
solid state 

-45 "C 

Ar = Ph or pClPh 
Space Group: P212121 

-78 oc 
H3C 

PhiHC 

84 %ee 50 %ee 20 %ee 
Scheme t i .  Asymmetric synthesis involving hydrogen abstraction by thiocarbonql 
sulfur. 

crystallized in chiral space group P2,2,2,. This thioimide 
showed a preference for the (E,E) geometry in the crystalline 
state, which is favorable for photochemical b-hydrogen transfer 
mediated by  the thiocarbonyl sulfur. Irradiation of powdered 
enantiomorphic crystals at - 45 "C followed by acetylation gave 
three optically active products. 8-Hydrogen transfer led to 
aziridine and oxazoline formation, in 84% ee and 50% ee, re- 
spectively. Hydrogen transfer from y-position also took place as 
a minor process leading to the jJ-lactam in 20% ee. The ( p -  
ch1oro)phenyl derivative also crystallized in the chiral space 
group P2,2,2,, and the solid-state photolysis followed by acety- 
lation gave very similar results. 

Recently we demonstrated that the stereocontrolled photo- 
chemical phenyl migration can also occur in the solid state 
(Scheme 12) .["I Thioester prepared from o-benzoylbenzoyl- 
chloride and o-methylthiophenol crystallized in a chiral space 
group P2,2,2,. The circular dichroism (CD) spectra of the two 
enantiomorphs in KBr were investigated. When the enan- 
tiomorphic crystals of the thioester were irradiated as white 
powders, an optically active phthalide was obtained in 30% er 
at 100% conversion. Better optical purity (77% ee) was exhibit- 
ed at low conversion ( 5  %). The formation of phthalide could be 
explained in terms of arylthio- or phenyl-migration processes. 
The phenyl-migration mechanism was confirmed on the basis of 
studies correlating the absolute configurations of the product 
and of the achiral molecule influenced by the chiral crystal lat- 
tice. 

The latest example involves the hydrogen abstraction by an 
alkenyl carbon atom (Scheme 1 3).['01 The N,N-dibenzyl-1-cy- 
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Scheme 12. Asymmetric synthesis involving aryl migration 
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S 
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Scheme 13. Asymmetric synthesis involving hydrogen abstraction by an alkenyl 
carbon. 

clohexenecarbothioamide crystallized in a chiral space group 
P 2 , ,  and was irradiated at  0 "C, which led to the exclusive pro- 
duction of optically active j-thiolactam. This reaction exhibited 
good enantioselectivity throughout the whole conversion range, 
where small differences were detected in the ee value, from 97 to 
81 YO ee with increasing conversion from 20 to 100%. The crys- 
tal-to-crystal nature of' the transformation was confirmed by 
X-ray diffraction spectroscopy. 

The current status of organic transformations using solid- 
state photoreactions proceeding in chiral crystals have been 

summarized. The future of this field is intimately connectcd with 
progress in the general area of organic solid-state chemistry a s  
well as with a deeper understanding of the molecular packing 
modes of crystals. If crystals can be made to order, solid-state 
asymmetric synthesis will be extended to a variety of new sys- 
tems, and this field will then be established as an important 
branch of organic chemistry. 
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