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Abstract - Control of photocyclization of three a-oxoamides in 
crystalline inclusion complexes with three kinds of host 
compounds was studied. In all cases, S-lactams were obtained 
exclusively. In two cases, cis-8-lactams were formed selec- 
tively. By an enantioselective control using an optically 
active host compound, 1,6-di(o-chlorophenyl)-1,6-diphenylhexa- 
2,4-diyne-1,6-diol, optically active 8-lactams of high enantio- 
merit excess were obtained. Irradiation of complexes of a- 
tropolone alkyl ethers with the above optically active host 
compound in a solid state, oave the [2+21 photoreaction product, 
l-aikoxybicyclo[3.2.O]heptal3,6-dien-2-one; and its ringlopened 
derivative, alkyl 4-oxo-2-cyclopentene-l-acetate, in 100 and 
72-91% enantiomeric excess, respectively. 

It is important but difficult to control steric and enantiomeric courses of photo- 

reaction. We succeeded to control the course of the title photoreactions by 

carring out the reaction in crystalline inclusion complexes. 

As a synthetic approach to penicillin derivatives, photocyclization of a-oxo- 

amides (&) to B-lactams (2) has long been studied.'12 This reaction, however, 

gives a complex mixture of racemic cis- and trans-isomers of B-lactams and of oxa- 

zolidin-4-ones (a), since the reaction proceeds via a zwitterionic intermediate 

(XL3 Of these isomers, only the optically active 8-lactams is the useful compound. 

Some severe controls of the photocyclization are necessary to obtain the optically 

active S-lactam selectively. 

Some attempts of such control have been tried. 
4 

Irradiation of ,$ in a solid 

state gave 2 selectively, but this method was not applicable to a-oxoamide derived 

from a cyclic amine such as N-benzoylformylpiperidine (&l.4 Furthermore, no 

stereoselective control was achieved by this method and it gave a mixture of cis- 

and trans-isomers of (z).4 Of course, no efficient enantioselective control of the 

photocyclization has yet been reported, although 15% ee z has been obtained by 

irradiation of ,& in an inclusion complex with deoxycholic acid. 
5 

We now report the highly selective photocyclizations of three a-oxoamides 

(a-~) in complexes with three host compounds, 1,1,6,6-tetraphenylhexa-2,4-diyne- 

1,6-diol (R),6-8 N,N,N',N'-tetracyclohexyl-2,2 '-biphenyldicarboxamide (21,' and 

~R~-~-~-1,6-di~o-chlorophenyl~-l,6-diphenylhexa-2,4-diyne-l,6-diol (kQl.lo The 

nine complexes prepared from 212-s and l-&Q are shown in Table 1. 

In all photocyclizations, only the 8-lactams were obtained and no oxazolidin- 

I-one was produced. In most photocyclizations in the complex with @ and ,+Q, cis- 

B-lactams ($+l were formed predominantly. Furthermore, in the photocyclization in 

the complex with 2, & was formed exclusively. However, the complex of ZQ and 
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to the irradiation. ,9, (Ml was inert 

Irradiation 

@ and x (Table 2 

shown in Table 2 

of the complex of 2 and ,J.$J (XI, ,Q,, and 2x1 gave optically active 

. Irradiation of $1 gave 62.4% ee $12 and 95% ee ,& in the yields 

Irradiation of $4 gave 55.5% ee &Q and optically active ,& but 

R2NOC 

R=cyclohexyl 

(RI-(-)-PhC-CIC-EC-CPh 

I I 
OH OH 

the optical purity of the latter could not be determined. Similar irradiation of 

ZS gave 11.2% ee & and racemic &. 

The enantioselective control of photoreaction in crystalline inclusion complex 

with ,$!J was found to be applicable more effectively to the photoreaction of a- 

tropolone alkyl ether (,j.Jl which gives 1-alkoxybicyclo[3.2.Olhepta-3,6-dien-Z-one 

(1x1 and alkyl 4-oxo-2-cyclopentene-l-acetate (#,). The photoreaction of a- 

tropolone methyl ether (&/_R) in solution to 1-methoxybicyclo[3.2.Olhepta-3,6-dien- 

Z-one (J&l, 7-methoxybicyclo[3.2.Olhepta-3,6-dien-Z-one ($$l, and methyl 4-0x0-2- 

cyclopentene-l-acetate C&&l has been ;;ported" and the mechanism shown in Scheme 

1 has been postulated for the reaction. Nonetheless, no optically pure compound 

has been obtained, although optically active &z, JJ,, and ,J.t are useful compounds as 

chiral synthons. Only two attempts of the enantioselective synthesis of these com- 

pounds have been done so far. Irradiation of racemic,&&with circular polarized 

light gave J.,& and ,#e of very low optical purity (up to 1.6% eel, 
12-14 and ir- 

radiation of B-cyclodextrin complex of &kc as a water dispersion gave 62% ee ,j.&.15 

Contrarily, irradiation of a 1:l complex of ,Q and ,# in a solid state gave 100% ee 

j.2 and 72-91% ee ,#. Interestingly, however, a 1:l complex of ,Q_ with (R)-(+I- 

2,2'-dihydroxy-l,l'-binaphthyl (,@,) was inert to irradiation in the solid state. 

Although a-tropolone its;;f (J.&l also gives &x1; and some other products by an 

irradiation in solution, irradiation of a 1:2 complex of J.2 and I,& (&&l in a 

solid state gave an unidentified oily product. 
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EXPERIMENTAL 

Preparation of a-Oxoamides. 
Tine (%k), and N-benzoylfo 

~-~e~zoylfor~y1piper~~ine t&), N-benzoylformSjlmorpho- 

the literature procedure. 
yl~examethyleneimine (,!&) were prepared accofdfw to 

is the known compound of mp 103-105 OC. 8 
SE-60 "C; vC0 (Nujof mull) 168 and 1640 cm-1; Found C, 65.51, H, 5.90, N, 6, 
Calcd C, 65.74, H, 5.98, N, 6.39%. mp 45-46 OC: vC0 (Nujol mull) 1680 and 1635 
cm-l; Found C, 72.42, H, 7.54, N, 5. Calcd C, 72.70, H, 7.41, N, 6.06%. 
Preparation of Inclusion Complexes of a-Oxoamides. Inclusion complexes of 24-g with 
or 

$etro 'ether. 
were prepared by crystallrzation of host and guest compounds from ether- 

Complexes of 2 
the components from di-n-buty ? 

-F with 2 were prepared by similar crystallizations of 
ether. The complex of 

bv crvstallizino these from ether-petrol ether-benzene 
2~ with J& could be prepared 
, and the benzene containing 

c&n&x in a l:i:l ratio was obtaihed. These complexes are summarized in Table 1. 
ftradistionof the Comp1ex of a-Oxoamide. Irradiation of the complex was carried out 
by high-pressure Hq-lamp at room temperature in a powdered solid state. Irradiation 

time is shown in Table 2, 
Isolation of Photocyclization Products of a-Oxoamides. From the irradiation product 
of the comp1ex with t and a host compound, recovered a-oxoamide, and 6-1actam Were 
separated by column cbro~ato~ra~h~ on silica gel using benzene-ethyf acetate as sol- 
vent. In the case of the complex with 9, a 1:l acetone complex of 2 crysta11ized 
out by dissolving the crude reaction prbvduct in acetone. From the ketone solution 
left after separation of the complex, cis-B-lactems, & and $$ were obtained in pure 
state. 
raphy. 

Only in the cases of $, and lk, they were separated by silica gel chromatog- 
However, 

raphy. 
neither & an 

Therefore, 
& nor $i~ and 4% were separable by the chromatotog- 

these ratios and enantiomerrc excess of optically active B- 
lactams were determined by HPLC on ChiraTcel.l9 These data are shown in Table 2. 

Table 1. Compound numbers, melting points, and elemental analyses 
of the host-guest inclusion complexes of I--# with &-g 

Hosta 

i&lest 
Number 

Q 
up (OC) Number 

2 
Mp ("C) Number "Mp ("C) 

Found C, H, N (%) Found c, H, N (pi) Found C, H, N (%) 
calca c, H, N (%) Caled C, H, N (%) cahsl c, H, N (%) 

98-101 
28 8 .76, 5.97, 2.24 7 

81.75, 5.90, 2.22 77.92, 8.59, 5.35 

94-96 

ItJ? 7 .85, 5.69, 3.37 #9, 8 :: 5 38 $' 65-70 7 .08, 4.82, 2.14 
76.04, 5.67, 3.28 7&O: 8131: 5133 72.80, 4.73, 1.99 

& 8f.53, :itO:'kO3 
'5 - 

'7 7 
81.83, 6.09, 2.17 78.06, 8.69, 5.25 73.64, 5.75, 2.96 

a) nost:guest molar ratios are lrl except the case of $4 and g;E (1:2), and & 
, and benzene in a 1:l:l ratio. b) nc means not clear. 
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Structure Elucidation of B-Lactams. Structures of 4 and were elucidated on the 
basis of IX and NMR spectra, and elemental analyses. In $ R spectra. all showed a 
typical carbonyl abso;ption‘of fl-lactam ring at-about 1735 cm"l. The structure of 
$,$ was confirmed by a direct comparison of its melting point with that of an 
authentic samp3.e.~ The cis- and trans-structures of er; and ~~~ respectiveXy, were 
determined on the basis of theix NMR spectra. The HA Of ze appeared at a higher 
magnetic field (as two doublets centered at 3.46 ppm), due to a shielding effect by 
the pbenyl ring, than did HA of go (as two doublets centered at 3.75 ppm). However, 
CiS- and trans-configurations of the other B-lactams could not be determined by NMR 
spectra. The trans-structure was tentatively assigned to the isomer which appears 
as a relatively sharp peak in a shorter retention time in WPLC on the Chiralcel, 
since 

z 
k appears as a sharp peak in a shorter retention time than does 

151-15 *c; vC!O (Nujol mull) 1730 cm-l; Found C, 66.06, H, 6,19, N, 6.2 8%: dKamp 
C, 65.74, H, 5.98, N, 6.39%. ( 
C, 65.54, H, 6.05, N, 6.52%. ? 

) mp 144-145 *C; vCo tNujo1 mull) 1740 cm-l; Found 

VCO (Nujol mull) 1735 cm-l: 
Ca cd C, 65.74, H, 5.98, N, 6.39. mp 120-122 "C; 

Found C, 72.73, H, 7.33, N, 6.12%. 
( s, 
f Ca ed c, 72"70, H, 

7.41, N, 6.06%. 
The product obtained by 
y was found to be a 
f-7b (Table 2). When an 
m$@ature for 2 days 
left after filtratiJn3 

ca gel using benzene- 
0.35 gf and an optically 
, optical purlty of the 

Table 2. Irradiation time and yields and ratios of products 

Complex Irradiation Yielda Product 
time i(h) (%I ilal value ("lb and 

Ratio of k:s 

optica? purity t% eejcl 

4% 55 41 8% zuw3 ai? 77 : 23 

G! 30 '73 4e -- 100 : 0 

+A 100 67 t-j-& and t->-@' 57 : 43 

(-62.4, 62.5) (-62.4, 95) 

40 38 @! and dQ 77 : 23 
SO c- _." ..* -- 1c 

50 49 (-I-@ and t-)-;l1;) 78 : 22 
f-107.8, 55.8) (-48.7) 

5% 25 82 &r; nnd lo 91 : 9 

5g 10 74 @z -- 200 : a 

5s 30 67 C+I-eg and ;Ief 49 : 51 

(+22.6, 11.2) (0, 0) 

af Yield of a mixture of 4 and 2 which was separated from the crude photo- 
cyclization product by a silica gel chromatography. bf All [aID values were 
measured in CHCl3 at c X.0. c) Optical purity was determined by HPLC on 
chiralcel.l8 d) Since optically active gq and z could not be separated, it 
is not clear whether both the enantiomers are ? (- -ones or not. Therefore, both 
are tentatively sbawn as (-)-enantiomers. Since Ie]D Value Of each enantiomer 
is also not clear, [s.]R value of the mixture is shown. ef 2 was inert to the 
irradiation. f) When an acetone solution of the mixture of ;t +)-$E and xr; wa5 
kept, racemic ;t~ crystallized out, mp 135-137 OC. 

When a solution of 
Y 

(9.66 gt 20 
e-n-hexane f2:lf 150 m ) was kept at 

less needles (10.40 g 844 yiel81; mp 69-71 Of @; 
and J.&g was obtained as colox- 

VW 1590 and 1520 cm-f. 
(aID -92.2O. vOH 3180 cm-1 

Found C, 73.61: H, 4.65%. Cal& C; 73.67, H, 4.56%. 
By a similar method, a 1:l complex of 

prisms in 97% yiefd; mp 135-137 OC: ialn -1 
1520 cm-l. Found C, 73.64: H, 4.83%. &alcd C, 73.93, H, 4.77%. 

A f:2 complex of i" and hg was also obtained by a similar m thod as 
colorless prisms in 97 yield: mp 94-96 *C; vOH 3350 and 3200 cm -f t vCO IfjQo 
and 1535 cm-l. Found C, 72.60, H, 4,52%. Calcd C, 72.63, H, 4.43%. 

When a solution of & (2.86 g, 3.0 rmnol.1 and 4 (1.38 gr 10 mmol) in MeOH 
110 ml) was kept at room temperature for 12 h, a 1 
obtained as colorless prisms 14.00 q, 94% yield); mp 137-143 
VOW 3530 and 3120 cm -1, VCO 1590 and 1550 cm-l. Found C, 79.28, U, 5.43%. 
Calcd C, 79.60, Ii, 5.25%. In al,1 complexes, ratios of the components were 
determined by NMR spectra. 
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Irradiation of the Complex of 1, All the irradiations were carried out at room 
temperature in a solid state un r grinding every 6 h by an agate mortar and 
pestle using a high-pressure Hg-lamp. Irradiations were continued until a half of 
the complex had reacted. 
Purification of Reaction Products. The crude reaction products were purified by 
chromatography on silica gel using CHC13 as solvent to give 
oils in the yields shown in Table 3. For example, silica ge 

2 and ,l.$, as colorless 
chromatography of 

the crude product obtained by irradiattEn9;f a 1:l complex of ,&Q and ,$.& (,&de) 
I and unreacted ,&&j# 11, 26, and 47% yields, respectively. 
&& are calcurate based An the re;;Fd ,&l&. 

Structure and Optical Purity of 12 . 
and were elucidated by comparing their spectral-data wtth those reported.ll 

The structure of j.4 

The optical purity of $2 and ,J.R was determined by HPLC method using a column 
containing an optical active solid phase, Chiralcel.18 The optical purity of &@, 
was also confirmed by referring its reported [a]D value.13 All [aID values are 
shown in Table 3. 

Although the structure of the oily material obtained by irradiation of a 1:2 
~~~p:~ll;Oof,~P,a~~D~~~ C&&z,) could not be determined, its physical data (vOH 3350 

00 and 1535 cm-l; bp could not be determined because of its 
thermal instability) were ny$ identical with those of &?I; and its derivatives 
reported in the literature. 

n of 100% ee J_zg or 
rature for 4 h, 45% ee 
uantitative yields. 

When a solution of 
at room temperature fox 
in almost quantitative 

Table 3. Irradiation products of && in a crystalline inclusion complex 

Complex Irradiationa Product Yieldb [al, (MeOH, Optical purity 

time (h) (%) c 0.2)(O) (% ee) 

-168 

+89.5 

100 

91 

-189 100 

+59.3 72 

&!$*j.& C,jJo) 90 an oily materialC 43 0 __ 

L 178d -- -- -- -_ 

a) The time for about 50% conversion. 
c) Structure was not determined. d) 

b) Calcurated based on reacted l+,. 
No reaction occurred. _1 

DISCUSSION 

In all irradiations of ,&2-&J, the B-lactam derivatives C&-c and @-ct were 

produced exclusively. Reason for the efficient control in the inclusion camplexes 

with $-J.. is not clear. A plausible interpretation is that crystal fields of the 

inclusion complexes are too small to produce oxazolidin-4-ones which have a 

relatively large five-membered ring, and give fl-lactams which have a relatively 

small four-membered ring. 19 

Stereochemical control of the photocyclization of 22 and ,5~ to Q, and $, 

respectively, was achieved by the irradiation of their complex with 2 (Table 2). 

Contrarily, the stereochemical control in the complex with $ and J,Q is relatively 

not efficient. A plausible interpretation for the difference is as follows: In 

the complex with t and l.tF there is a hydrogen bond between the carbonyl oxyqen 

of amide group of 

28_ of Scheme Za2' 

2 and the hydroxyl group of the host compound as is depicted in 

The rwitterionic intermediate3 which is formed on irradiation 

is stabilized by a similar hydrogen bond as is shown in &t of Scheme 2. This 

stabilization makes easy an interconversion between :2% and zzb, through the 

equilibrium, and the cyclization proceeds less stereoselectively to afford a 

mixture of t and 7. No such stabilization is expected for the zwitterionic 

intermediate formzd in the complex of 2 with 2. In this case, the intermediate 
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cyclizes immediately after the 

photocyclization reaction of 2 

that with ,Q (Table 2).lg 
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formation, and gives Q exclusively. In fact, 

in the complex with Q, and &Q is much slower than 

Scheme 2 Host-OH-*---O 

Enantioselective photocyclization of 2 occurred efficiently in the complex 

with ,+Q. Especially, the selectivity is very high in the case of &. However, 

the control is not efficient in the 1:2 complex of ,+Q and 2% (,2x). The host:guest 

ratio probably depends on the packing of these components in crystals. The 

packing is related to the selectivity of the reaction in a solid state. Therefore, 

the selectivity would be influenced by the ratio. 19 In the case of 1:l complex of 

IQ and ,& containing one mole of benzene (&+,I, this benzene molecule probably works 

as an important spacer in the crystals in the photocyclization reaction. 
19 

In order to control both the stereochemistry and enantioisomerism of the photo- 

cyclization product, design of a good host compound is necessary. It seems adequate 

to design an optically active 2,2 '-biphenyldicarboxamide derivative, since 2 is very 

useful for the stereochemical control of the photocyclization of 2. Preparation of 

such a host compound is in progress. 

The high enantioselecti;;ty of the photoreaction of J.& and &+_,t shows that a 

disrotatory photocyclization occurs in one direction in their inclusion complexes 

with ,$Q. Since (-l-J_+!! and (-)-,J.$k have a (lS,5R)-configuration, 13,14 the dis- 

rotatory cyclization of ,JJ.. and ,J_&k should occur in the A direction (Fiqure 11. In 

the complex with IQ of CR)-configuration, 1o'22 &J_c and &j.~ are probably fixed so as 

not to rotate toward the B direction, as is depicted in Figure 1. 

Formation of 91% ee k&c and 72% ee -JQk in the photoreaction of ,.?.I$ and @',b, 

respectively, shows that the conversion of J.4 to ,J.Q proceeds with relatively low 

enantioselectively. This is probably due to a small amount of water contaminated 

in the complex, because the irradiation of 100% ee &xc and 100% ee kzk in 2% aqueous 

MeOH gave 45% ee J& and 35% ee @k, respectively. It was also disclosed that this 

low enantioselective conversion of 15 into &Q is due to a photochemical recemization 

of ,J.Q via its reversible enolization. Irradiation of a 2% aqueous MeOH solution of 

91% ee J,& and 72% ee ,+Qk for 4 h gave 34% ee J,& and 27% ee &f$, respectively. 

However, the racemization occurs very slowly in a dry MeOH solution. Contrarily, 

the results would support that the photochemical course from &$ to ,$Q does not 

contain any racemization step. However, the enantioselectivity of the conversion of 

JJ to &Q in a crystalline inclusion complex could not be confirmed, since J.. did not 

form a complex with &Q. 

Photoreaction of a-tropolone in a 1:2 inclusion complex with &Q C&&l gave an 

unidentified oily material which does not show any [al, value. This result is 

different from that in solution which gives 2-hydroxybicycloI3.2.Olhepta-3,6-dien- 

2-one (i,2~), 4-oxocyclopent-2-enylacetic acid C,.lQsl, and some other products.16 

The photochemical behavior of j.Jr; is also different from that of the 1:l complex, 



Highly selective photoreactions 1501 

The photochemical inertness of ,I.&2 in the complex with ,ll is interesting. In 

the complex, disrotatory photocyclization of &Q is probably prevented in both the 

directions due to a steric hindrance. X-Ray crystal structural study of the 

complex of t& and +I$ is in progress. Nevertheless, this phenomenon can be used 

for a storage of photosensitive tropone derivatives. 
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