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Abatrwt-Photo-induced reammgement of 2&poxy-l,4-cyckhexanediones was iavest&ated for a synthesis of 
y-alkylideoe-7-butyrolactones and y-alkylidenebutenolides. Inadiation of epoxy diketones 1 aml4 in acetone gave 
y-lactooes, 2 and 5, and triketones, 3 and 6. On the other hand, in CJ&CI~, EtOAc. or PhH solution epoxy 
diketones 1 and 4 gave only triketones, 3 and 6. Retro-Diels-Alder reaction of 7-lactoaes SaE or !hZ at Wp 
(20 nunJIg) afforded y-alkylidenebs 7aE and 7aZ in addition to anthracene. According to the procedure, 
butenolide 7bZ, a key intermediate for the synthesis of free-e, was prepared. The dramatic solvent et&t in 
the photochemii rearrangement was ah discussed. 

The structural unit of y-alkylidenebutenolide occurs in a 
variety of natural products, such as patuhn,’ protoane- 
m~nin,~ tetrenolin, freelingyne,’ and matricarialactone;’ 
possessing a wide range of biological activity. Although 
in recent years a number of methods for the syntheses of 
the y-alkylidenebutenolides were reported,& there is still 
a need for further, possibly less complicated synthetic 
routes. Furthermore, recent reports W described the use 
of the y-alkylidenebutenolides in synthesis of complex 
compounds. These facts prompted us to develop a con- 
venient method of constructing this structural unit.’ 

In this paper, we describe a method for the pre- 
paration of y-alkylidenbutenohdes based on the photo- 
induced rearrangement of 2$epoxy-l+cyclo- 
hexanediones into y-alkylidene-y-butyrolactones, 
combined with retro-Diels-Alder reaction. 

One of the most efficient photochemical reactions is 
the mment of a,g+poxy ketones into /I- 
diketones? Since this reaction is known to be initiated by 
homolysis of the oxirane ring to give a biradical and 
subsequent /I-alkyl migration with an odd electron 
(Scheme l), we have envisioned that photolysis of 
epoxycyclohexanediin A would produce biidical B, 
which would undergo subsequent ring opening to C and 
further rearrange to D, in view of the relative stability of 
acyl and alkoxyl radicals. Cyclixation of this biiical 
would result in the formation of y-alkylidene-y-buty- 
rolactones E. 

y-Alkylidenebutenolides F would be prepared by 
irradiation of epoxy diketone A’ followed by retro-Diels- 
Alder reaction’o of E’ (Scheme 2). 

++-+qfo_Q 
0. 

0 

A B C 0 E 

&+jo _$!-q_\+m 
0 

A F F 

scheme 2. 

1183 



1184 T.KlTAMUaA~ol. 

RmlLniAND- 

Irradiation of epoxy diketone la in CHK12, using a 
high pressure Hg lamp, gave only tricarbonyl compound 
3a (m.p. 131,134”) in 42% yield, a product in a similar 
i;;ozstjhe photochemical rearrangement of a&epoxy 

On the other hand, irradiation of la in acetone and sub 
sequent short-path distillation gave a 3: 1 mixture of 
lactones 2aE and 2aZ in 3896 yield, which were separable 
by preparative glc (Scheme 3). 

The formation of 2 can obviously be interpreted by the 
coupling of acyl radical and 0 radical (C-O coupling) in 
the biradical D, and that of 3 can be explained by the 
coupling of acyl radical and C-radical (C-C coupling) in 
the biradical C (Scheme 2). 

On irradiation in benzene, unsymmetrically substituted 
epoxy diketone lb gave triketone 3h (m.p. 52-530) in 43% 
yield as the sole product. 

Irradiation of lb in acetone and preparative tic 
separation afforded ketonic lactones, 2bE (20%) and 2hZ 
(1%). and an unseparable mixture of aldehydic lactones, 
2cE and 2cZ, together with triketone 3b. Another possible 
product 3c was not found. NMR analysis of the crude 
reaction mixture showed that the ratio of 2bE. 2bZ, 2cE, 
2cZ, and 3h was 1: 1.3:0.4:0.2: 1.9. The ratio of (2bE+ 
2bZ+3b)@eE+ZcZ t 3~) becomes to be 7/l, indicating 
the formation of the intermediate I rather than II (Scheme 
4) on the basis of relative stability of the C-radical part in 
the intermediate biidicals, since I. (tertiary) to give 2b-3h 
is of lower energy than I,, (secondary) to give &3e, 
whereas II. (secondary) to give 2b-3b is less stable than IIt, 
(tertiary) to give 2e-3c. 

As an extension of this study, we attempted to apply 
the photochemical rearrangement to the synthesis of 
y-alkylidenebutenolides. 

Irradiation of epoxy diketone 4a derived from the 
adduct of anthracene and p-benxoquinone gave a mix- 
ture of y-lactones, 5aR and SaZ, triketone 6a, and 4a in a 

\ R3 R4 

ratio of 1: 1:2.5: 1 (NMR). Preparative UC separation 
gave lactones SaE [RI%; m.p. Ml“(dec)] and 5112 (13%; 
m.p. 19l”(dec)], with recovered 4a (13%). The triketone 
(p, too labii to survive the tic conditions was the sole 
product on irradiation of 41 in AcOEt [80%; m.p. 
163%+lec)]. 

Retro-Diels-Alder reaction of !IaE at 23@ (2OmmHg) 
followed by preparative tic separation gave a 1: 1 mix- 
ture of butenolides 7aR and 7aZ in 8046 yield, along with 
anthracene (90%). The same ratio of the products was 
obtained from the reaction of SaZ, indicating the stereo- 
mutation of 7aR and 7aZ under the reaction conditions 
(Scheme 5). 

This success, combined with the regioselectivity in the 
reaction of lb, encouraged us to apply this method to the 
synthesis of the butenolide 4hZ,” a key intermediate for 
synthesis of freeliie,’ a furancsesquiterpenoidd. 
Irradiation of 4b in acetone gave a mixture of SbE, SbZ, 
and 6e in a ratio of 1: 1.4:2.5. Other possible products, 
aldehydes SeE, ScZ, and 6c were not detected. Pre- 
parative tic separation gave SbE (12%; m.p. 174-176”). 
SbZ (1596, m.p. 167-W). and 6b (13%). 

Pyrolytic treatment of the crude photolysate gave 
butenolides 7bE (17% from Sb; m.p. 88.5-89.5”, lit.” m.p. 
M-W’) and 7ttZ (6%; m.p. 124X5”, lit.” m.p. 
124-W). in addition to anthracene. The other product 
6b remained as the still residue. 

The stereochemistry of each of the W-isomers (2.5, 
and 7) could easily be assigned on the basis of the facts 
that allylic protons (IL) cis to the CO function in u&l- 
unsaturated carbonyl compounds resonate at a lower 
tield than their tmns counterparts.‘a The NMR data are 
shown in Table 1. 

All of the triketones 3 and 6 were shown to exist in 
their enol forms, and 6b as a tautomeric mixture of 1 and 
ii (1: l), on the basis of their ‘H and “C NMR spectra 
(Scheme 6). 

In these reactions, it was found that the reaction 
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2ai?k MS m/c 192(M+); ‘H NMR(CK!&) d 1.3-1.8(m$H,CH* x 
3), 2.65(m.2H.CH&. 3.16(m,lH,CH). 3.58&lHCHJ = 10.4 and 
5.2). 5.28M.lH.ICHJ=8.0 and 1.3). and lO.MId.lH.CHOJ= . . . . . . . . 
8.0). (Poond: C,68.64; H, 6.33. Calcd for &HI&: C, 68.73: H, 
6.29%). 

Irmd&fkm of la br CHfi. A solo of la (2OOmg) io 
CH#&(12Omg) was irradiated for 17 hr using a 100-W bigb 
pressure IQ lamp (pyrex) under NI. Evaporation of the solvent 

278(mJH,CH x 2), 
9.56(s,lH,CHO), and lO.l~lH,OF); ‘% NMB(CXlb 
d 24.8(CHz x 2), 39.l(CH x 2). 426(C!Hz), 51.qCH x 2). 117.7(C), 
166.7(COH), 189.4(CHO). and 202.1(CO). (pouodz C, 68.M H. 
6.23. Cakd for C,,H,2(X: C. 68.73: H. 6.29%). 

Imdialior of la in other sdkis. sohis of la ill several 
solvents were irmdiatul on&r similar co&ions. Tbc crude 
ubotolvsates were analvxed bv NMk io bexane. PMI. CHXN. 
&,N&, amI tridhr&yl&, oniy bikctcne ia wai d~t&tui 
inMeOHandAcOH,triLetoaeJraadatracePmountoftwm 
detected;inpylidine,atraceamolmtof2awasdetected;in 
DMSO, Et& HMPT, aod DMP, only a polymeric makrial 

& &TCX) under N2. Evaporatio; of tk solv& -and separa: - ;- 
tion~plcoversilicagelwithhe~~~(1:1)aseluentto 
aive 1:l adduct of la and Et& ‘H NMIUCDCU d LO- 
iJ(m,lOH), 1.6qhUH). 2.58(m& 2.7-3.l(m& 3.5o(uGH), 
aad 3.91(m,lH); lsC NMB(CDCls dI5.3(CHFH&lCHCHs), 
17.8(CH&HzOCHCH3, lI.YcH). 24.MCH3, U.o(CH& 
38.1(CH), 38.6(cH), 42X&), 45300, 47.YCH.k 
53.9(CH,CHpcHCH,), 63.9(CH&H@HCH,), and 76.1(CH). 

ZmufMon of lb in ocdonc. A soh of lb (189mg) in acetone 
(34ml) was irradii using a l&l-W bigb pressure IId lamp 
(Pyrex) under N2. After 11 hr imdiatbn the solvent w-as removed 
in cucyo. The crude products were squated by means of 
pquative tk over p&splkst&dTered silica gel. with bexam+ 
~~(1:2)asehwnttogivethreezones.Intbeabsenceoftbe 
bulk, the products decomposed compktdy. The fastest movind 
x0lle containal 38mg (20%) of an oily substance, wklse stnr- 
~wasassienedas2bEonthcbasisofitsspectra:MSmlc 

d l.l-1.7(m.6H.CHV X 31. 

3.06@2H,CHx2), 3.88(ddd.lH;CHj= 1ii.l and ti kx); sn;i 
6.lqdJH.CHJ - 2.0); “C NMB(CDCl,) d23.7(CH& 25.5(CHz), 
31.qCH3, 40.300. 40.8(CH). 41.9ICH3. 46.a(CHI, 48XCH), 
and l(Kl(CH). (poondz C, 69.78; H, 7.10. Cakd for C&& C. 
69.88; H, 6.84%). 

Tk second u)l~ contained 4omd of a mixture of 2cE [‘H 
NMB dlO.l5(s,lH,CHO) and 1.70&3H,CH,)], 2eZ [‘H NMB 
69.85(s,lH,CHO) arxl 1.8&3H,CH,)], and 3b [‘N NMB 
d25o(s,CHdl. 

Tbetbirdxonecontakd36mg(19%)of2bZtogetkrwitba 
smau amount of 3b. Furtba pluktion with pk gave pure 2bz: 
MS m/c 206(M+); fB(flbn) 1800. 1680. pad 1645cm-‘; ‘H 
NhfluCDCh) 
275(&i,dii x 2), 

d 1.1~1.7Im.6H.CHz x 3). 
3.13(&1H;CH;J = io.5 

242&3H.C&). 
aad. 45 Hz); 

3.5OM.lH.CHJ= 10.5 and 4.5). and 5.23klH.4X-k “C 
NM&D(&) .d23.2(CHa, 25&Hd. 31.0(&f,); 39:!kH), 
39.9(CH), 42.1(CHd, 46.1(CH), 48.5(CH), and 107.6(CH). (pound: 
C, 69.73; H, 7.03. Cakd for MI,& C, 69.88; H, 6.84%). 

Zmfiationof lbin~Asolocontain&95mgoflbia 
43mlbenzenewasirrr&Mfor8brwitba1~Wbigbpressun 
Hg lamp (pyrex) under NI. Removal of the solvent followed by 
sbort.patb di!Stinatkm [lMM6’ @atb)/3mmHg] lplve 41 mg 
(43%) of 3bz m.D.52S53.0? MS m/c #)6(M’): IB (mljol) 1700. 
i615; and 15% cm-‘; ‘H NkB(CIX&) d i.l-k(mz(H.-CH2 X 2). 
1.631m. W.CH1). 2.5Ms.3H.CH3. 26-2!XM3HCH x 3). 
3.15&lH, dHJi5.1 aad‘ ;.5.kfz);.and lZO(b;JHOH); “? 
WCDCM d2MCHz), 24.8KH3. UXH,), 36.20X). 
36.2(CH). 42XH3,48.8(CH), aod 53.9(CH). (Poundz C, 69.64; 
H, 6.75. Calcd for &HI&: C, 69.88; H, 6.84%). 

I~nofIrinacdonc.AsolnofQ(lg)inacetone 

Ct70ml)rms~for#)hr,usiqgal~WhiehpnssureHg 
lamp (Pyrex) under N2. Evapomtion of the solvent and separa- 
tion with pk over butTered silica gel witb Mane-Eta (2:3) as 
eloent @VC looulg (10%) of SaB and 128mg (13%) of saz. 
together with 128 mg of sta&g material 4a. NMB analysis of the 
crude ~botol~satc idcatcd a ratio of SaJkSaZ:6a:4a= 
1:1:2.511. _ 

SIE: m.p. 19B”(dec); ‘H NMB(CDCI,) d3.36(dd,lH,CH.J = 9.3 
and 3.7 Hz). 4.02lddd.lH.CHJ = 9.33.2 and 1.8). 
4.76(d,lH.CHj-3.7). . . ’ . 4.80kl~,C~J = 3.2jI 
S.wdd,lH,=CHJ- 5.4 and 1.9, 7.0-7&,8H,ArH), and 
9.9@d,lH,CHOJ = 5.4): “C NMB(CDC!ls) d45.4(CH), 45.4(CIi), 
~.YCfG48.l(cH),107.o(CH). 124XH), 1243(cH),125.o(cH), 
125.60iI 127.000,127.0(cH), 127.4(CI0.127.4(cH), 138.0(C). 
138.4(C), 140.8(C). 141.0(C). 188&CHO). (Pound: C,79.i9; H,4.5;. 
Calcd for &H&z C. 79.45. H. 4.67%). -.._ 

51z: m.p. 19lVec); ‘H Nti(CDCI;) d3.28(dd,lH,CHJ = 9.7 
sod 3.5Hz), 3.65(ddd,lH.CHJ=3.5), 5.4!+M,lH,CHJ=7.9 and 
19, 7.0-7.5(mSH,ArH), and 9.68(d,lH,CHOJ = 7.9); “C 
MCDCh) d45.4(CH), sa.o(cli), 46.00. 46.300, 
106.7(0, 124.309, 124XH). 125.qcH). m.ycH), 
127.o(CH), lzI.O(CH), 127.4(CH). 127.4(CH), and 189.O(CHO). 
(Found: C, 7954; H, 4.44. Cakd for C&i&: C, 79.45; H, 
4.67%). 

Zm;diolionofloinuh~ocuofcA~olnofIr(SOmg)in 
Ac-OEt (12Oml~ was inadiated for 7 br osina a 10&W bkb 
pressure‘Hp I& (Pyrex) trader N2. Evaporatk of the solvent 
andwashiagtheresiduewithEtlOgave40me(8096)of(oas 
colorless crystals, which were recrystalked from benzeae to 
give pure k mp. 163Ydec); ‘H NhfR(ClQ) d3.14(m,2H), 
4.7O(m,2H) 6.9-7J(m,8H,ArH), 8.74@s,lH). and 9.13(s,lHCHO); 
“C NMBQICI,) d45.8(C.H), 4!3.3(CH), 124.2GH). lU.‘I(CH), 
1263(CH), 126.qcH). 138.6(C), 142.0(C), 188.4(CHO), and 
199.7(CO). (Founds C. 79.44; H, 454. Cakd for C&i&: C, 
79.45; H, 4.6796). 

Im&tion of Ir in other sdwnts. Sohu of 4s in several 
solvents were irradiated io a similar maimer. The crude pbotoly- 
sate was analyzed by NMR: io PbH, CH#&, CH$N. and 
EtOH, only 6a was. detect& in cydohexaaone and propioaal 
d&y&, only polymeric materials derived from solvents were 
detected. 

@enchin sfvdiu of 4a in the pmaux of oqgen or 13 
~~AsolnofL~me)inecetoae(130ml)wasinsdi- 
atednn&r~usinga1tM-WbigbpressureHglamp(pyrrx). 
After 4 br kdiation, tk solvent was evaporated in wcuo. NMB 
analysis of the crude pbotolysate indkakd that the formation of 
y-lactoaes (SaB and SIZ) sod 6a was completely suppressed, and 
orllystartingmakrial4awasrecovered. 

Tile reaction of 4a (6omg) io acetone (4oml) was similarly 
queocbed by added l&e&dieoe (186 mg). 

pressure Hs‘ lamp tluoogb C!nSO,aq (1 cm,.lO96) for 48 br. NI&R 
analysis of the crude pbotolysate showed the ratio of 
SB:daMa was 1:2:2.4. 

f&i&ion of Ir (Xl me) in CH& (5 ml) throw& the t&r 
resultal in the formation of 6a 

IrmdiclrionofIrf~~ac~)Vta.AsolnofC(20me)in 
acetone (5 ml) was irradiated externally witb a 10&W bigb pres- 
sore Hg lamp tbroogb acetone tllter (1 cm) for 48br. NMB 
analysis of the c&l? pbotolysate &owed the ratio of 
!kB:daZ:6a was 1:1:24. 

Irmdia& of Ir mm&!) ill c&cl* (SInI) tbrouEb the filter 
resulted in the form&on Of 6a 

. . 

R&o-z&IS-Alder teaction of &E and saz. r-r&tom 5aE 

(54lmg) was pyrolyzed at ti @ImmH& II& a sbortpart 
distuion qpamhls. Tbe crurk products were cbromato@apbed 
on silica gel layer usiug bexane-Et& (2:l) as eluent to give 
15~(8096)ofal:lmixture(byNMRassay)ofbuteaolides71E 
and 7aZ. accomoanied bv 281~ of aothmcene. r-Lactose 7aZ 
(65 mg) was also- pyrolyxk and-chromatogmpki to give 19 rod 
~~ofamixtureof7aBand7aZ(1:1).ioadditionto36nuof 
k&acene. Butmolides 7aB ~IKI iaZ &re separated by & 
parative gk (APIEZON GREASE L). 

7rE: MS mle l-+,87%) and 96(10096); ‘H NMIUCDCI,) 



86.l5@dd,1HJ=6.4,1.8,aml0.8Hz).6.63(dd,1H,J=5.6and 1.8), %. shaw, Ibid. 68.2510 (1946). 
E.lMdd. llfJ=5.6 and 1.8). aml 9.%(d.lHJ=6.4). (Found: C. 
57.95; H, 3.35. Cakd for C&& C, 58.87; H, 3.2496): 

‘G. Cl. Gallo, C. Coronelli, A. Vigevani and G. C. Lancini, 
Tetmhednm 25,5671(1969). 

7aE: MS m/c 124(M+,@%) and 96(100%); ‘H NMR(CDCl,) ‘RR. A Massy-Westropp. G. D. Reynolds and T. M. Spotswood, 
8562(d,lH,J =7.8 Hz), 6.48(dd.lHJ = 5.6 and 0.7), 7.59(d,lH,J = Tetmhedmn tiers 1939 (1966). 
5.6). and 10.23(d.lHJ = 7.8). (Found: C. 58.87: H. 3.24. Calcd for 
C&O,: C, 58:oj; H, 3.2496): . 

‘I? Bohlmann. FortscA Chem. Org. Natmt. 25,1(1%7). 
bPertinent rcvicws, see: Y. S. Rao, f&m. Reu. 76.625 (1976): 

Irmdiation of 4b in acetone fdlowd by pyrolysis. A solo of 4h see also: G. A. Kraus and H. Sugimoto, I. than. Sot. Chern. 
(64omg) in acctonc (14Omg) was irradiicd for 9hr using a Comm. 30 (1978): G. W. Kniabt and G. Pat&&n. Ibid Pcrkin 
100-W high prcssurc Hg lamp (Pyrex) under Nr. Removal of the I 635 (1975): M:‘J. Bcgky,D. W. Knight and 6. Pattcndcn, 
solvent in wcuo left 666mg of a mixture of products. NMR Tetmhednu’ Lcnrrs 4275-(1975); S. I.-Pennancn, Ibid. 2631 
analysis of the crude photo-products showed the presence of (1971): bA. G. Schultz and J. D. Gcdfrcv. J. Che. Chem. 41.34% 
lactoms 8bE, 8b2. triketone 6b and recovered 4b in a ratio of (1976); J. Auerbach and S. M. Wcinrcb: ibid 48,3311(1975); D. 
1: 1.4: 2.5 : 1.2. Preparative UC of 250 mg of the crude photolysate R Gcdgc and G. Pattcnden, 1. Chem. Sot. Chcm. Comm. 880 
over bulfcrcd silica acl with hcxanc-l&G (2:3) as elucnt resulted 
in separation of -8aE (29mg,12%i &tE ’ (36mg.1596). 6b 

(1978). 

(22 mgl I%), and 4b (29 mg). _ 
‘Preliminary nports; T. Kitamum, T. Imagawa and M. 
Kawanisi, Tetmhednm Lcrrm 3443 (1978); T. Kitamura, Y. 

8bE: m.o. 176176”. MS m/r 178GOO96): IRIKBr) 1800. 1695. 
ad 16i5 cm-‘; rH hR(CDCI;j b 1.2&d,3H,CH,,; 

Kawakami. T. Imagawa and M. Kawanisi, Ibid 4297 (1978). 
‘For naturallv occurrhm v-alkvlidenc-v-butvrolacton’x. see: H. 

228(sJH,CH,). 3.53@d. lH,CH,J = 3.3 and 
429(s,lH,CH), 493(d,lH,CH,J = 3.3), 595(d,lH,CHJ = 1; :: 

Mitsuhashi and T. Mu&u&. Tetrahkto~ ld. 1971 (i964): Y. 

7&7J(m,EH,ArH). (Found: C, 79.99: H, 5.72. Calcd’ for 
R. Naves, Ifdc. Chbn. Acta W, 1281 (1943); H. J. Gold and C. 
W. Wdson III. 1. (hp. Cgem. a. 985 fl%3)z H. Mitsuhashi. U. 

f&H,&: C, 79.88; H, 5.4956). Nagai, T. M&mats‘; aml H. Tashiro. C&I. phonn. SI&. 8. 
SbZ: m.p. 167-169”; MS m/c 178(ltN%) ; IR(KBr) 1795, 1680, 24f(1960). 

and 1650 cm-‘; ‘H NMR(CDC7s) 8 l.u(sJH.CH3, ‘CL W. Grit311 and A. Padwa, Photochemistry of Hetemcyclic 
2.15(sJH,CH’), 3.03@d,lH.J =3.3 and 1.2Hz). 4.23&.1H.CH), 
4.35(s,lH,CH.J = 3.3), 5.45(d,lH,CHJ = 1.2j; and 7.6 

Compounds, (Edited by 0. Buchardt) p. 41. Wiley, New York 
11976). ,._ _,_ 

7S(mbH,ArH). (Fourah C, 79.81; H, 5.69. Calcd for t&H’&: C, ‘OJ. L. Ripoll, A. Roucssac and F. Roucssac, Tetmhe&m 34, 19 
79.98; H, 5.49%). (1978). 

0: ‘H NMR(CDCl,) 6 1.03 and 1.2@, 3H, CH’), “C. F. I&am, R A. Massy-Westropp and G. D. Reynolds. Aur. 
s. chmr 28.2499 (1975); 27,1477 (i974). - 2.20&3H,CGCHs), 2.42 and 273(d,lH,CGCH), 4.63(d,lH). 4.32 

and 4.27(s,lH), and 6.9-7.5(m,8H,ArH). 
Pyrolytic trcatmcnt (190”,15mmHg) of the above crude pho- 

‘%. hf. Jackmann and S. Stemball, Applications of Nuclear 

tolvsate (232 mn) followed bv dc SeDaration IbuEenxl silica ael) 
Magnetic Resonance Specttvscopy in manic Chemistry, (2nd 

gave 7hE 67 m&17%), _ 7lrE(6&65h), . and anthrac&c 
Edit.) p. 222, Pcrgamon Press, New York, London, (1969) see 
also Ref. 10. 

(63 me.3796). 
7hE m.p. w (lit.” m.p. m; MS m/c 152(M+); 

“S. L Murov, Handboo& of Photochemistry Marcel Dckkcr. 

IR(nujol) 1785, 1685, 1630, and 16lOcm-‘: ‘H NMIUCDCL) 
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