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For more than 20 years the synthesis2 and ground- and 
excited-state reactions3 of the valence isomers of 
bcnzcnoid hydrocarbons have attractad the attention 
of physical brganic chemists from both static and 
dy&nic points of view. During this same period, the 
study on non-bcnzenoid aromatic compounds has also 
developad dramatically.* These two large areas of 
current research are formally separate fields of study, 
which might be tied together by the synthesis of the 
VidlYlCX isomers of non-benzenoid aromatic 
compounds. 

The origin of our present work stems from the 
synthesis of naphtho[ 1,8)bicyclo[3.2.O]htptcnc (2) 
by ~_cinwald ef aL5 
[4.1.0.~~‘]hcptcac (3) 

and na hth~I,S~ricyclo- -- 
by us6 an Pagni tid co- % 

workers,’ which constitute the first examples of 
Dcwar and vaknc type valence isomers, respectively, 
of a non-altcrnant hydrocarbon, plciadicnc 
(l).’ Subsequent studies on the thermal,’ photo- 
chemical,’ and transition-metal promoted rcac- 
ti011@~ of these hydrocarbons have f;ad an important 
effect on the development of current interest in bath the 
electronic structures’* and the mechanism of ground- 
and excited-state isomcrizations.” 

In order to advance the rich area of valence isomers 
of non-altcrnant hydrocarbons, a project has been 
launched to investigate the synthesis and chcm.istry of 
the valcnoc isomers of azulcnc and hcptalcnc. The 
choice of azulenc (4) and hcptalcnc (s) as the basic 
conjugate systems was dictated by three considcra- 
tio&:(a) the ground and excited pr&rties of azulcne, 
which enjoys aromatic stability to hme extent, have 
been extensively examined ;I 2 (b) hcptalcnc, a higher 
vinylog of azulenc, is a representative antiaromatic 
molccule;‘~ (c) comparative studies of a series of 
valence isomers a~ of 
tctracyclo[5.3.0.~**. 8 

cat interest. Hence, we selected 
l ‘Jdcca - 6,8,10 - trienc (azul- 

valcnc,+nd tricyclo[5.3.0.~*s~-3,6,8,10-tctraenc 
(Dewar azulenc, 7) as azuknc isomers, and 
tctracyclo[5.5.0.~~.03*s]dodcca - 6,8,10,12 - tcfracnc 

t-his paper is dcdhtal to Profmr JzXBElitus letsuo 
Nozoc on the 00casioIl of his &4th birthday. 

(hcptalvalenc, 8) and tricyclo[5.5.0.02~5]dod4ca- 
3,6,8,10,12-pentaenc (Dcwar hqtaknc, 9) as heptalenc 
isomers for our target molecules. 

a 9 q 
4 

X 

6m, x=ocH, 

6b, x=H 

tm, x- OCH, 

Ib, X=H 

RESULTS AND DISCUeN 

Synthesis of4-metIwxyuzulene is0ws 
In considering the synthesis of azulvalcnc 6, we noted 

the possibility of stabilizing the pcntafulvenc moiety in 
6 by introduction of an electron-donating methoxyl 
group at the 6 - position; 6 - methoxytctracyclo- 
[5.3.0.0L4.0~~~cca-6,8,10-triene (6a) ought then 
to be convertible to the hydrocarbon 6b by means of 
hy&ide reduction. As far aa the synthetic method for 
the vaknc-type isomers of cyclic conjugated systems 
is concerned, the utility of the Katz reaction,‘* which 
possesses an advantage over routine construction 
of bicyclobutane skclcton,LS has been well docu- 
mentad by the suouasful synthesis of Mzvalc&4 
naphthovalcuc,” anthraculovalczl~‘6 inder10valcnq2’ 
naphtho[1,8]tricyc1o[4.1.0.~~‘]hcptcnc (3),6*7 and 
some hetcrocyclic systems. ” Unfortunately, however, 
the Katz method cannot be used for the synthesis of 6 
because of the indbility of a suitable p-or. On 
the other hand, tctracyclic dienone 16 is a logical 
precursor to 61, and iti synthesis is shown in Scheme 1. 
Thus, we envisioned early stage construction of the 
required bicyclobutanc skckton utilizing oxodi-lr- 
methane rearrangement’s of an appropriately de- 
signed tricyclic ketone i2a, which in turn was 
anticipated to be readily accessible via [2+2]- 
photocycloaddition of acetylene to bicyclo(3.3.0]- 
octa-3,~dicn-2-one (11). It should be noted that 
a double bond in the cyclopcntenc ring of 12m must 
be located between the 9- and 1CLpositions as shown 
in Scheme 1 in order to effect the desired photorcar- 
rangtlnent; sfl8,9double bond allows an additional 
and unfavorable oxadi-x-methane rearrangement. 
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12b 

Scheme 1. 

The synthesis of 16 was initiated f!rarn the bicyclic 
ketone 10, l 9 available on a lar@ scale from 
bicyclo[3.2.0] hept-2-cn-Gont in two steps [(a) 
CHNICO,Et/BF,ctherate, (b) K,CO,/dioxan+ 
H,O/reflux) followed by separation from the isomeric 
bicyclo[3.3.0]oct&en-lone. Introduction of an a,/?- 
double bond into 10 was effected with NaH and methyl 
p-toluencstinate in DME20 followed by thermal 
elimination in 58% yield. Irradiation of 11 thus 
obtained in an E/Z-mixture of Qdichloroethylene 
afforded tricyclic dichloride which was readily 
converted td the desired tricyclic ketone 12 through 
aoctalization, reductive elimination, and deacetaliz- 
ation. Tricyclic ketone 12 proved by ‘H-NMR to be a 
9 : 1 mixture ofstcreoisomcn. These could be separated 
by column chromatography on silica gel. The major 
isomer 121 (tentatively assigned as cis-anti-&) could be 
converted to bicyclobutanc 13 by way of an oxadi-n- 
methane rt8rrangement” in 20-25% yield. Treatment 
of 13 with LDA at - 35”, followed by quenching at 0” 
with diphenyl disulfidc,21C1*22 gave 14 in 73% yield. 
Oxidation of 14 with mCPBA afforded a 6~4 
diastereomeric mixture of sulfoxide 15, readily 
separable by recrystallization, quantitatively. While 
the exact stereochemistry of each isomer was not 
determined, the major isomer suffers smooth elim- 
ination to give the key intermediate 16 as a labile 
colorless li uid. 

s skcltton21*2 
The presence of a tropovalene 

in 16 is bas&! on the characteristic ‘H- 
NMR pattern for the bicyclobutane protons which 
appeared at S 2.65 (IH, df J = 5.4, 2.6 Hz, I-I-2), 3.33 
(2H, t, J = 2.6 Hz, H-3,4), and 2.83 (lH, dt, J = 5.4,2.6 
Hz, H-5), together with the low frequency carbonyl 
band at 1669 cm-’ in the IR spectrum. 

Despite completion of the synthesis of our key 
intermediate 16, this synthetic route consists of multi- 
step reactions via unstable intermediate compounds. 
Furthermore, the overall yield of 16 is quite low. In 
order to improve the approach we examined an 
alternative pathway leading to 16 (Scheme 2). Toward 
this end, tricyclic ketone 12 protected as ethylene aoetal 
17wassubjectedtooxymcrcurationtogivee~alcohol 
1&x0. The regioselective introduction of the hydroxyl 
group at the 9-position was confirmed by the fact that 
four deuterium atoms were incorporated when the 
ketone 19 derived from 1&x0 by Pee oxidation was 
treated with K2C0,/MtOD/D,0. Reduction of 19 

t We have examined LDmF/Me$O,, LDAmF/ 
McOS02F, LDA/T’HF/Me,SiCl, LDA/THF/h+icCOCl, and 
Bu,NF/Mc$JiCH2C02CH,/rHF. 

scheme 2. 

with DIBAH afforded an cpimeric endo-alcohol l&ado 
which was identical with that obtained by 
direct epimerization of l&x0. Deacetalization of 
1&x0 proceeded without event to afford hydroxy 
ketone UI, which on treatment with triphenyl- 
phosphine and carbon tetrachloride gave a single endo- 
chloride 21 in 52% yield based on 17. When a dilute 
solution ( Y 10 -3 M) of 21 in acetone was irradiated 
with a 450 W high-pressure Hg lamp for 1 h, the 
expected bicyclobutane 22 was obtained in 55.4% yield. 
Introduction of a double bond into 22 ~8s then 
accomplished via the usual sulfenylation (PhSO,SPh), 
oxidation (mCPBA), and elimination (CC&, reflux) 
procedure to afford 25 as colorless needles of m.p. 55,s 
56.5” in 86% yield based on 23. Dehydrochlorination of 
25 with two equivalents of t-BuOK followed by 
quenching with aq NH,Cl solution gave the desired 
dienone 16 in SO-70% yield. Compound 16 thus 
obtained was essentially pure and could be used 
without further purification. This procedure is superior 
to the original method since the overall yield of 16 is 6-7 
times higher. Furthermore, because of its high stability 
25 can he stored without change and wnverted to 16 
according to need. 

with the construction of dienone 16 complete, there 
remained only fixation of the enol&te derived from 
16. Toward this end, we examined scvcral usual 
methods ; however, all attempts to effect 0-alkylation, 
acylation, and silylation, proved unsuccessfu1.t The 
goal was finally achieved under very strictly con- 
trolled conditions. Thus, treatment of 16 with 
t-BuOK in benzene, followed by quenching with 
CH,OSO,F, led to the anticipated cmethoxytetra- 
cyclo[5.3.0.02~*.03~5]deca-6,8,1~triene (methoxyazu& 
valcne) (6m) as air- and acid-sensitive yellow plates of 
m.p. 7 l-73”. 

Our attention next focused on the synthesis of 
methoxy-Dewar azukne 74 which is required for 
comparison to 6a. To date, known compounds having 
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26 

scheme 3. 

the Dewar azulcne skeleton are confined only to heavily 
substituted derivatives obtained through cyclo- 
addition reactions of pentalents -with acetyknc.24 Our 
synthesis (Scheme 3) begins with tricyclic ketone 121 
available in high yield in our previous synthesis of 6a. 
Bromination of 12a with N-bromosuccinimide af- 
forded a mixture of allylic bromides 26 which, without 
separation, was treated with two equivalents of t- 
BuOK inHMPAandthenquenchedwithCHJOS02F 
to give In as an extremely air-sensitive yellow oil in 30- 
60”/, yield. However, it could be stored at ambient 
temperature under an argon atmosphere. Although 7r 
was too labile to allow its combustion analysis, the 
available spectral data are consistent with the proposed 
structure (Experimental). 

Synthesis of parent azulene isomers 
A.lthougb valence isomers of6meth0xyazulcne have 

bcGnsfnth~sizad,thcmGthoxyMlbstitutionia~aad7r 
causes some perturbation of the electronic structure 
intrinsic to the azulene isomers. To eliminate this 
complication the synthesis of the paront compouti6b 
and 7b were attempted. The cornerstone of our initial 
synthetic strategy was envisioned to be reductive 
replacement ofthe mcthoxywupoof6randIr totbe 
parent compounds. Given the precedents fcnurd in 
fulvcnc chemistry,2s such a transformation was 
anticipated to be accomplishabk by reduotion with 
hydride reagents. 26 However,allattumptstoooaucrt6ar 
to db and 7a to 7b by way ofhydride reducticm failed ; 6b 
and 7b were finally prepared by atm-stap sbqutnct as 
shown in Schcme4. Tetracyclicdienoae 16was twduoed 
with a large excess of NaBH, to give alcohol 27 
contaminated with a double bond isomer. The mixture 
was extracted with CH,Cl, and used in the acxt step 
without separation. Reaction of 27 with CH,COCl 
in the presence of a large excess of 4- 
(dimethylamino)pyridine in CH2C12 resulted in 
efficient acetylation and elimination of acetic acid to 
provide 6b as an acid- and air-sensitive orange oil in 
25% yield. 

Similarly, tricyclic ketone 28, obtained from 12a 
through allylic bromination with N-bromosuccinimide 
followed by dchydrobromination with t-BuOK, was 
reduced with a large excess of NaBH, to give an 
epimeric mixture of alcohol 29. Treatment of 29 with 

a-a-a 
16 8 27 A 6b 

tri-n-butylphosphine producza 7b as an air-sensitive 
yellow oil in Wj yid&~which am be idated vktudly 
purebycolumncb.romatogapbyonsilicagd. Itshould 
be pointed out that the aiiovc tyntbetic methods 
provide azulen&ee vahmae ~QbalKl7b. 
Especially noteworthy i4 that the bicyclobmnc 
skeletons in 6a and b survived wi&.mt arum&mtion2’ 
to the more stable hmethoxyazulcnc (4-OCH,) and 
azulene(4),respectively,intbefinal syntheticsteps.This 
makes the pur&ation of thae labile compounds 
easier. Although @and 7b were too labile to allow their 
combustion anal-, thapc structures were unquivo- 
cally co&ad by their spectroscopic properties 
(ExpelinYental). 

Synthesis of cyan+Dow heptalene 
_ One of the-most recur& feature3 of non-altemant 

hydrocarbon chemistry is the elucidation of the 
relationship between &I= conjugated systems and 
their valence isomers. (Such 6 have already been 
done in pkiadieneand azuknefielda.)Thus, attempts to 
synthesize beptakne isomer(s) were made. We se&ted 
cyano-Dewar he#alene 9 and cyanoheptalvalane 8 as 
our target mom sinoc tbeoG molecules possess a 
labile hcptafulvene2* moiety which would be stabilized 
by a cy&o substituent at t&e exocydic carbon atom.29 

-The synthesis of 9 is summ&iz& in scheme 5 
showing-the use of sequential annulation of four- and 
seven-membered rings-. In considering the formation of 
the seven-memberad ring, we noted-the possibility of 
forming the cycloheptadiene system by Cope 
rmangement of the appropriately constructed cis- 
divinylcyclopropane unit. Accordingly, the first step in 
the synthesis of 9 WaS the photocycloaddition of 
cyclopent-2cnal&dione mot&ace&l (301. available 
r&lily from cyclopeat-2cne- l&dione”*~ and pro- 
pylene oxide,3l with acetylene followed by treatment 
with methanol saturated with hydrogen chloride to 
form the key p recursor, 2~ethoxybicyclo[320]hept- 
2,4dien4one (32), in 30% yield. Reaction of32 with a 
mixture of cis- 
propane32 

and firms-l-litbio-2-vinylcyclo- 
and subsequent treatment with hydro- 

chloric acid gave u mixture of products which can be 

Scheme 5. 
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separated into seven-membered ring annuktcd 
ketones 33 and 34, to&er with the uncydizcd trm- 
cydopropyl derivative 35 in 41, 22, and 32% yields, 
reapcctivcly. Ketone 33 smoothly isomerizs to the 
d&red 34 on simpk filtration through a short plug of 
aluminain 90% yield. In addition, irradiation of3!5 with 
a 100 W highqrcssurc Hg lamp in acetone at room 
temperature cauacs formation of 33 (65%) and 34 (p/o). 
Introduction of the unsaturated nitrile functionality 
was then accomplished, although in low ykld, via 
treatment of 34 with (CH,) ,SiCN and ZnI 133 to 
afford cyanohyclrin silyl ether 36. Without ptication 
the latter was treated with POCl, in pyridi&* to 
provide the unsaturated nitrik 37 in 15% yield Finally, 
introduction of a double bond by DDQ proceedad to 
afford 6 - cyanotricyclo[5.3.0.02*5Jdodcca - 3,6,8,10,12- 
pcntacne (cyanoXkwar hcptalcnc 9), as red needles, 
m.p. 99.~100.5”, in 39% yield. As expected, and 
contrary to the azuknc isomers, 9 is quite a stable 
compound The structural assignment of9 as a Dewar 
heptaknc was made by comparison of the spectral data 
compared with those of 8-cyanoheptafulvene.3s 

l 

t 

1Ip 

3 

2 

I 
’ 

Fig. 1. Electronic spuztra of 6r (a * . * s), 6b (-), 71 (-a -.--), 
and 7b (- - -) in cyclohexane. 

1 

With the synthesis of cyano-Dcwar heptaiene 
complete, there remained the preparation of only a 
valcnc type isomer 8 of hcptaknc as our target. Sufhce it 
to say, quite rcctntly WC suazeeded in synthesizing 8 in 
eleven steps from tricydoC4.1 .0.020 ‘3 htptan4onc ; this 
will be published elscwhcre? 

sp?ctruscopic properties 
The full ‘H-NMR, 13C-NMR, IR, UV-VIS, and MS 

spectral data for all new vaknee isomers arc consistent 
with the assigned structures and arc tabulated in the 
Experimental. Some aspects of t&c spectra deserve 
comment here. 

Since the azulcnc isomers 6a,b and 7G possess a 
common pcntafuknc chromophorc, the UV-VIS 
spectra of these compounds rtJtmblc those of 
pentafulvcne. 37 Therefore, the azukne isomers were 
cxpeeted to appear yellow in color, and indeed they do 

as a consequcnac of low intensity long wavckngth 
absorption maxima aear the edge of the visible rcgiou 
Figure I shows acommon ofthe obecrved ape&a of 
thest azuknc isomers. In spite of the increased strain 
imposed on the pcntafufvcne chromophoq the long 
wavelength maxima of7a and btxhibit blue shifts by 10 
and 16 run compared to those of 4a and b, rcspactively. 
This implies that there is a conjugation cffeot betwatn 
the f’ulvent and bicydobutane moieties in 6a and b to 
some extent. Actually, conjugation effects between 
bicycbbutanc and some n-systema have already been 
suggcated in benzvakne~” and in tropovakne.2” 

As cxpccted, the absorption spe&um with 
vibrational fine struetu~ observed for cyano-Dewar 
hcptaknc 9 (Fig. 2) is quite similar to that of 8- 

3 

2 

Fig 2. Electronic spctta of 9 (-) and 38 (* * * * *) in cyclohcxaoc. 
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Table 1. Kinetics of the thermal isomcrization of azulvalenea (&,b), Dew- UIII~CJ (70) and cya~dk~~ hcptrlcnc (9) 

T+=P=w AH* As+ J% 
Compound [“) (Sk’) (kcal mol - ‘) (cu) (kcal mol-‘) LogA 

6a” 110-140 

sbb -120 P - 1.78 x 1o-s 
k”= = 4.85 x IO-’ 
k”* = 1.44 x 1O-4 
k”* - 3.44 x lo-* 

-31 

27.5 f 0.5 -4.8& 1.1 28.6 f 0.5 123 kO.3 

155-182 k’= = 124 x 1O-S 
k’6s = 3.66 x 1O-s 
k’74 = 8.00 x 1O-s 
k”l = 1.66 x 1O-4 

35.8f0.6 2.1 f 1.9 36.7 f 0.6 13.9f0.2 

W 

!F 

12&140 

1 M-140 

t*,#O) = 10 h’ 
r,,2(130) = 2 h’ 
t,,2(140) = 50 min. 

k”“.’ - 1.94 x 1O-s 
k’z2*7 = 243 x l()-3 
k13*a3 = 5.83 x lo-’ 
k’*O*‘ = 1.76 x lo-* 

-32 

32.3 f 1.3 2.0f 3.2 33.1 f 1.3 13.8 f0.7 

‘ In dodccane. 
’ In tolucnc4,-TMEDA. 
c In benzencd~. 
‘In tollsene-d,. 
l Half-life. 

cyanoheptafulvene (38). 3s However, the first and 
second absorption bands in 9 are red shifted by 26 nm 
presumably due to the increased strain involved in the 
heptafulvene skeleton and to the alkyl substitution at 
1,8-positions of hcptafuhne where the+atomic orbital 
coetiicients in the HOMO are large. 

The most conspicuous feature in the ‘H-NMR 
spectra of azuivalene 6b is the dtd signal at 6 3.03 which 
corresponds to one of the wing protona, H-2, of the 
bicyclobutane segment. The large doublet splitting(3.9 
Hz) of this signal corresponds to the well-known long- 
range coupling between two wing protons, J2,s, and the 
triplet splitting (2.4 Hz) corresponds to Jzz3 = J2,4. 
Further small doublet splitting (0.8 Hz) is attnbuted to 
the zigzag coupling with H-8. These spectral patterns 
strongly support the existence of a bicyclobutane 
skeleton. The somewhat downfield chemical shift of the 
bridgehead protons, H-3,4 at 6 3.47, which can be 
compared with those of benzvalene (S 3.53) and 
tropovalene (6 3.35), reffects the aforementioned 
conjugation effect. The same propensity can also be 
found in the r3C-NMR chemical shift of C-3 and C-4. 

As expected 4a, 7a and 6b, 7b are thermally 
rearranged to Cmethoxyazulene (4-0CHJ)39 and 
azulene (4), respectively. Furthermore, 9 undergoes 
quantitative isomerization to l-cyanoheptaleoe (S- 
CN). These thermal reactions provide not only new 
routes to the difRculty aazssible substituted azulenes 
and heptalenes but also a clear contrast between the 
roles ofpentafulvtne (6~) and hcptafulvene (87r) systems 
in the isomerization reaction8 of6,7, and 9. 

The isomerization rates of 7r, 6b, 7b, and 9 were 

t In the cast of thcrmaI isomefization of bcm~8lu1e to 
benzene it has bscn suggestad that the extra double bond doas 
not play a pacuive rok in this P~WSIS.~ 

determined by means of ‘H-NMR spectroscopy. From 
the Erst-order rate constants the activation parameters, 
shown in Table 1, were obtained. Inspection of these 
data compared with those reported for the reiated 
compounds indicate that the activation energies for the 
ring opening of both db and 7b are substantially higher 
than those ofbenzvalene(E, = 25.9 kcal mol- *)** and 
Dewar benzene (23.0 kcal mol - ‘),*I respectively. 
However, the values found for 6b and 7b arc smaller 
than those of tricyc10[4.1.0.03*‘jheptane (38.8 kcal 
mol- ‘),*’ ticyclof4.1.O.~~‘]he@-ene (32.4 kcal 
mol - ‘)+4z and 3 (32.9 kcA mol - I)’ lb for bicyclobutane 
ring oponine and of bicyclo[3.2.0]hept-&ene (45.9 
kcal mol-‘),43 bicyclo[420]oct-7c (43.2 kcal 
mol- 1),u and 2 (39.3 kcal mol-l)‘*b for cyclobutene 
ring openings, respectively. Although most bicyclobu- 
tanes incorporated into a cyclic framework with endo- 
endo’ bridging arc known to be thermally converted to 
the corresponding cyclobutenc isomer, it can be 
concluded that the thermolyses of 6a & b give rise 
directly to 4XXZH, and 4, respectively, without any 
intervention of 7r and b, since the activation energies 
for the thcrmolyses of & and bare substanthlly smaller 
than those of 7r and b, rcspactivcly. The plausible 
explanation for these proccasej is that the pentafulvene 
6~ systems in 6r and b do not play a passive role during 
these ring openings but assist in the fission of the 
bicyclobutane rings.? The observed rate retardation by 
methoxyl substitution in 7r is mainly due to the 
increase in repulsive force with the progress of the 
disrotatory bond fission of 7a with antiaromatic 
transition 3tate.45 In view of the fact that the 
pentafulvene acts as a &r-component in pericyclic 
reactions46 and that Dewar benzene isomer&s to 
benzene even at room terqcrature whereas Dewar 
azulene~ 7a and b isomuize only at elevated 
temperature, [3,7jsigmatropic shifts in 7a and b would 
have been expected u p7ioti. Contrary to this 
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68 4-m h 

scheme 6. 

expectation, Dewar azulenes did not give any products 
through a [3,7)sigmatropic shift during the ther- 
molyses. “s4* These observations for the azulene iso- 
mers 6 and 7 are, at least phenomenalogically, parallel 
to the thermal behaviors of benzvalene and Dewar hen- 
zone, in which a bicyclobutane and a cyclobutene, 
respectively, are perturbed by a Zxclectron ethylenic 
double bond. 

On the other hand, the activation energy for the ring 
opening of9 is substantially higher than that for Dewar 
benzene4 l and bicyclo[4,2,0]octa-2,4,7-triene (E, = 
18.8 kcal mol- 1)4g yet smaller than that of 7r (36.7 
kcal mol- ‘) and 2 (39.3 kcal mol- i).“’ Because the 
strain imposed on the central a-bond in the 
bicyclo[3.2.0] heptanc skeleton of 9 seems to be smaller 
than that in fa and 2, the lower value observed for the 
thermally allowed isomerization of 9 may be 
interpreted in terms of transition-state aromaticity 
(Evans’ principle). 5o Namely, the transition state for the 
isomerization of 9 is isoconjugate with Htickel 
azulenocyclobutadiene and would be stabilized to 
some extent. 

Photo&mica1 isomerization 
On irradiation with a 100 W Hg lamp in hexane 

through Pyrex at room temperature, ti undergoes 
clean isomerization (monitored by UV-VIS spectro- 
scopy, six sharp isosbcstic points) to 4-methoxyazulene 
(4-OCH,). In sharp contrast, photolysis of 7a resulted 
in slow decomposition instead of isometixation to 4 
OCH, (Scheme 6). We alsoexamined direct irradiation 
in hexane and acetone-sensitized irradiation and 
low-temptraturc irradiation in met hylcyclo- 
hexane-isopentant (1: 4) at 77 K with a high-pressure 
Hg lamp through Pyrex and/or a quartz filter; all 
resulted in slow decomposition. 

Under strictly selected irradiations with monochro- 
matic light7 parent azulvalene 6b isomer&s ahuost 
quantitatively throughout the overall reaction whereas 
parent Dewar azulene 7b isomerizcs to azulene (4) in 
only about 60”/, yield, at least in the initial stage of the 
photolysis.Thequantum yields for isomerizations of6b 
and 7b in argon-purged cyclohexane with irradiation in 
their first or second absorption bands are OS, (excited at 
46onln)= 5 x 10s4 and as, (excited at 300 nm) = 0.35 
for 6b; OS, (excited at 400 MI) 3: lo-* and Qs, (excited 
at 280 nm) = 1.8 x LOS2 for 7b (Scheme 7). Since 
addition of isoprene (ET = 60.1 kcal mol- ‘) or 1,3- 
cyclohexadiene (E, = 52.4 kcal mol- ‘) does not &ect 
the above data, # and lb presumably isomer& from 
their two distinct singlet excited states. The higher 
quantum yields from extitation of the upper states of 
each compound should he ascribed to the longer 

t For the photoisomcrizations of6b in excitation at 460 nm 
and 7b in excitation at 400 nm, Toshiba Y-43 ( > 430 nm) and 
UV-35 (>350 nm) were umd, respectively, to shut otT the 
leaking of shorter wavelength light. 

6b 4 

schcmc 7. 

lifetimes of S2 states as compared 
state&~1 

with those of S, 

In the photochemical behavior of cyanoDewar 
heptalene 9, there are several aspects worthy of 
comm~nt.‘~ The fluorescence spectrum of 9 was found 
tobeaclosexuirrorimageoftheS0-S2absorptionband, 
and the fluorescence excitation spectrum was in 
satisfactory agreement with the absorption spectrum 
below 400 nm as shown in Fig. 3. The fluorescence 
quantum yield, U+ = 2.8 x 10m3 (in cyclohexane at 
room temperature), dettrmined by reference to 9,1& 
diphenylanthracenc (U+ = 0.86),” was not affected by 
degassing or oxygen saturation. No fluorescence was 
observed to the red end of the first absorption bands, 
A > 658 nm. 

Interestingly, 8-cyanohcptafulvene (38)35 and 8,8- 
dicyanohcptafulvene (39)29 did not give rise to any 
detectable fluorescence emission (@r << 10s4). Since the 
bond order of the cxocyclic double bond is strongly 
reduced upon So-S2 excitation of heptafulvenes (4 = 
0.35),” radiationless deactivation of the S2 state due 
to rotational relaxation ofthis bond appears to be rapid 
even on a picosecond time scale in non-f&d 
hcptafulvmes. To confirm this hypothesis, we 
have synthesized and examined 6-cyano-lOJO_ 
dimethylbicyclo[5.3.0]deca - 1$,5,7 - tetraene (4O).53 
The absorption, emission, and excitation spectra of 40 
were very similar (@t = 2.1 x 10s3) to those of 9 except 
for a blue shift of about 10 nm. We conclude that St- 
emission from heptafulvenes is rtiily observable only 

I I 1 

300.. 400 5w 

X/nm - 

Fig. 3. Absorption (--I, fluorcscc~ excitation (,~~~ s), and 
fluoresccnct emission sptfa (-) of 9 in cyclohcxanc at 

alnbicnt tanpcraturt. 
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if tha fkcc rotor effects5 of the exocycI.ic double bond is 
suppressed by fusion to a small ring. 

Although 9 is stabk W&X irradktion using a 450 W 
high-pressure Hg lamp through Pyrex for 5.5 h in a 
degassed mixture of met.hyIcydohexant and iso- 
pentane (1: I v/v) at O”, isomefkation of 9 to l- 
cyanoheptaknc (+CN) takes place readily upon 
irradiation with either a 450 W high- or low-pressure 
Hg lamp through quartz within 2 h. Using 
monochromatic light we have confkmed this obser- 
vation: the quantum yield @,,_scNI is less than lo- 6 at 
365 run (S, excitation), but the reaction proceeds 
smoothly upon irradiation at 308 nm or at 
254 nm. If this wavelength dependence is due to anti- 
Vavilov photoreactivity 56 from an upper excited 
singiet state S, (x > 2), the primary photochemical 
proass would have to be extremely fast to compete 
with internal conversion to the close-lying, non- 
reactive S2 state. However, the rate of the reaction 9+ 
5-CN on 308 rim irradiation monitored spectrophoto- 
metrically using samples of different path lengths but 
identical absorbance (A = 0.3 at 308 nm) was found to 
be directly proportional to the initial concentration of9 
intherangeoflO’*- 10’“Manddidnotdecreascwith 
irradiation time as the absorbance of9dccreasad due to 
photolysis. These rGsuIts are consistent with Suppan et 
ars mechanisms7 involving chemical stnsittition by 
trace impurities which absorb at shorter wavelength 
than the photochemical substrate. In fact, the reaction 
rate is strongly enhanced by the deliherate addition of 
various impurities such as aaphthalene, duroquinom, 
or N-methylindole. 

To con&de, we have completed the total synthesis, 
isolation, and characterization of the valence isomers of 
azukne and heptalene, representative non-altemant 
hydrocarbons. In additios both thermal and 
photochemical isomerization reactions on these 
valence isomers have been car&I out. We believe that 
our achievements permit ~cct8s to a full understanding 
of the ground- and excited-state properties of these 
prototypical molecuks. 

EXPERIMENTAL 

All m.ps arc uncorrected. ‘H-NMR (100 MHz) and “G 
NMR(22.5MHz)wercrecordcdonVariar.1XL-100andJEOL 
FX-9oQ spcctrometcrs, rcspaztively. Chemical shifts are given 
in ppm (a) downfkld from TMS as internal standard and 
coupling constants are given in Hz 1R, W, emission, and 
mass spectra were obtained ou JA!XXl A-100, Hitachi 340, 
Hitachi 65Q&, and JEOL JMS-OISG-2 spectrometers, 
respectively. 

All reactions were carried out under N, or Ar. Ether, 
tctrahydrofuraa and dimethoxyethanc were dried with 
sodium-bcnzophenonc kctyl, and othur aprotic solventr were 
dried over CaHl as nceasu~. For the u~t in photo&a&al 
syntheses, acetone WBB dktilIad fr6m KMnO, dried over 
K,CO,, and distillad All solvents were purified More use. 
Abbreviations: AIBN, azobisisobutynmite; DDQ, di- 
ch.lorodicyan+pbcnzoquinone; DIBAH, diisobutyl atu- 
minum hydride; DME, dimethoxyethane; HMm, hexa- 
mcthylphosphortriamide; LDA, lithium diisopropylamide; 
mCPBA, m-chloroperbcnzoic acid; NBS, N-borne 

succinimide; PCC, pyridi&m chlorod~omate; THF, 
tctrahydrofuran ; TMEDA, tct~ykrthyl~aminc ; 
TMSCN, trimcthylsily~anidc; aq, aqueous; sat., saturated; 
dil, diluted; rt, room tamp; iv, In UMIO. 

B&Jd0[3.3.0]mtb2me (10) 
A soln of bicyclo[3.20]hcpt-la&one (11.1 & 100 mmol) 

and N,CHCO,Et (12.9 g, 110 mmol’) in dry ether (IO0 mll was 
cooled with i-Hz0 and BF, . Et,0 I I dl ah added over a 
periodofSmin.Anadditional7.5mlofBF,.Et,Owasaddcd 
in small portions over 3Omin. Themixture was stirral until the 
evolution ofN, wascompk$e(about 7 h) and then wu washed 
with H,O, and the solvent was removed i-v. The residual 
yellow oil and Na,CO, (6 g, 566 mmol) were dissolved in a 
mixtureofdioxaw(2OOml)and H,O(4Oml),and thcsoln was 
r&uxed for 15 h. A&r cooling, Hz0 was added and the 
mixture was extracted four times with ether. The combined 
ether layer ~8s washed with Hz0 and dried (MgSOd. After 
removal of solvent, the isomcric ketones were distilled (7& 
86”/15 mm Hg) and separated by chromatography over SiOz 
(250 g) with a mixture of hexanc and ether (4: 1 v/v) to give 10 
(7.8 g, 64%) and its isomer, bicyclo(3.3.0]oct-&en-3-one (1.8 g, 
1%). 

Bicyclo[3.3.0]0cta-3,6-dien-2-one (11) 
In a 500 ml t.hree+necked flask, NaH (2.38 g, 55-65x in oil) 

wag placed and washed three times with dry hexanc. A so111 of 
methyl ptolucncsulfha~e 4 10. I 1 & 59.3 mmol) in dry DME 
(170 ml) uas added. The mnlurc was heated to rcflux, and a 
soln of 10 (7.255 g, 59.5 mmol) in dry DME (11 ml) was added 
over 90 min with vigorous stirring. After an additional 90 min 
at reflux, the mixture was cooled and poured into 5% NaOH 
aq(300ml).Thcaqlaycr was washed twiccwithethcr,acidiEcd 
to pH 4 with 4 N HCI, and extracted with ether (100 ml x 2). 
The combined ether layer was washed succcssivcly with HzO, 
sat NaHCO, aq (small amount), H,O, and brine, and dried 
(MgS03. Removal of thu solvent afforded c&e sulfoxide as a 
black oil (14.1 g, 91.4%). 

The crude sulfoxide in dry bcnzeuc (5ooml) was rcfluxed for 
4.5 h. After cooling, the soln was washed successively with sat 
NaHCO, aq, H,Oand briw,anddrkd(MgSO~. Thcsolvmt 
was removal i.v. and the residue was distilled (3&70”/0.3 mm 
Hg)togivc lt asacolorlcssoil(3.876g,58.20/,);b.p.8O”/l5mm 
Hg;IR(ncat,cm-‘)1705;‘H-NMR(CDCl,)S7,78(lH,dd,J 
= 5.8, 3.0 Hz, H-4), 6.03 (lH, dd, J = 5.8, 1.8 Hz, H-3), 5.82 
5.50 (ZH, m, H67), 3.99 (lH, m, H-5), 3.2&260 (3H, m, H- 
1,8,8’).(Found:C,79.57;H,6.64.CalcforC,H,O:C,79.97;H, 
6.71x.) 

anti - Tticyclof5.3.0.~~s]dec4-3,9-dfen-~ne (121) 
A soln of 11 (1.565 g, 13.0 mmol) in crmu-1,2- 

dichlorocthylenc (250 ml) was placed in Pyrex test tubes and 
dry N1 was bubbled through For 10 min. The soln was 
irradiated with a 450 W high-pressure Hg lamp with ice 
cooling. After 3 h, dichlorccthylene was removed, and the 
residue was passed through deactivated SiO, (10% H,O, 35 g) 
with a mixture of benzene and hexane (6 : 4). 

Thccrudeadducts(2.7g)weredissolveclinbcnzcne(200ml) 
and acttalized with HOCH&HIOH (5 ml) and p-TsOH 
(catalytic amount) using a Dean-Stark apparatus. After 18 h, 
the mixture was cooled, washed suazssively with sat 
Na.HC03 aq, Hz0 and brine, and drial (MgSO,,). Removal of 
solvent afforded the crude aoctal as a yellow oil (3.1 g). 

In a 300 ml thrtGn&cd flask a&d with a dry iobEtOH 
bath, tiquid NH3 (100 ml) was placal and a soln of the acctal 
(3.1 g) in dry ether (10 mi) was slowly added. To the soln, 
sodium was added in portions with stirring until the color of- 
thesolnbecamebluc.Aftaan additional IOminofrtirringthc 
liquid NH, was evaporated. The lnixturc was extracted into 
ethcr(l00mlXwashedwithH,Oandtr~tsdwith2NHCIfor 
12 h. The ether layer was washed succcs&ely with HIO, sat 
NaHCO, aq, Hz0 and brine. Aftcrdrying(MgS03, theether 
was removed iv. to give a pale yellow oil (1.374 g), which was 
chromatographedoverdeactivatedSi0,(10%H,0,20g)with 
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a mixture ofti and hexaae (2: 3) to afford Ua(1.198 g, 
62.9%). Syn-isomer 12b was containai in the latter fractions 
(<So/,), 

The selectivity on the ring junction is dependent on the 
stereochemistry of dichloroethylcne usal in this process. The 
percent syn-isomer is 12 or lYA when the tram : cts ratio of 
dichloroethylcnc arc 1: 1 and 1: 3, respecrivoly ; 121: b.p. 
30”/0.3 mm Hg: TR (neat, cm-‘) 1720; ‘H-NMR (CDCI,) b 
6.45 (I H, d, J = L2Hx),609(1H,d,J = 2.2Hz~5.72(lH.m~. 
5.6O(lH,m),3.45-3.10(4H,m),2.80-2.30(2H, m).(Found.C, 
82.17;H,6.98.CalcfotC,,H,,O:C8217;H,6.900/,)12b:IR 
(ncat,cm-*)1718;*H-NMR(CCl,,)L6.22(1H,d,J - 22Hx), 
S.%(lH,d,J = 22Hz),5.7~5.55(2H,sharpm),3.60-245(6H, 
m). 

Tmcrrycl~l5.3.O.~.*.O’.‘]drr - 9 - en - 6 - one (13) 
Arolno~l2a(727mg497mmol)indryacetone~50OmJ)w~ 

plaobdin~xtcsttubesanddryN,waobubbledfot40mia. 
Thesoln was irradiated bymoansofa450 W high-prwsureHg 
lamp with ia cooling fir 2 h, acetone was evaporatad iv. 
and the residual oil ZIW cardully chromatographcd over 
deactivated AlaO, (lw; HzO, I2 g) with a mixture of bwane 
and benzene (8.5 : 1.5) ro alIord 13 (455 rug, 625%). A small 
amount of 12b wag obtained in the latter fractions. The yield of 
lZb varied from run to tun (5 10%). For use in the next 
sulfcnylotion step, the chromatography was repeated two or 
thrao times to yield sticiently pure 13 (20-25oA) ; b.p. 52”/0.3 
mmHg;fR(nc~t,cm-‘) 1700;*H-NMR(CIXl,)b5.75(1H, 
ddd, J - 60,242.O Hz), 5.64 (lH, d&I, J = 6.0,2.0,20 I-Ix), 
3.23 (lH, m, H-l), 280-250 (5H, m), 24O(lH, dt, J = 9.4,26 
Hz. H-3), 225 (1 H, dtd, J = 9.4,26,1.0 & H-4). (Found : C, 
81.48; H, 7.00. Calc for &I&O: C, 82.16; H, 6.900/,.) 

7 - Pknyl.nd’nyltetracycio[5.3.0.0z*4.03~sJd~ - 9 -en - 6 - one 

(14). 
A soln of LDA (1.96 mmol) in THF (2 ml) was prepared in 

the usual manner. To the soln, 13 (203 mg, 1.42 mmol) in dry 
HMPT(1.2ml)wasaddedovcr15minat -35”.Aftcr3Ominot 
stirring at - 35”, the t4mpcraturc was kept at - 10” for 30 min 
andthcnatO”for40min_Then,asolnofPhSSPh(429m& 1.96 
mmol)indryTHF(2m.l)wasaddcdovcr15minat -lO”.The 
mixturewasatirralat0”for 1 handpouredinto wctcthcr(l5 
ml). The organic layer was washed three times with H,O and 
onct with brine, and dried (MgSO,). After removal of solvent 
iv., the raidual oil was subjected to column chromatography 
over deactivated SiOz @@o/o H20). Excess PhSSPh was duted 
with bexanc, and 14 was cluted with a mixture of hexan~ 
bcnzcne (8 : 2). Removal of solvent tiordcd 14 as a pale yellow 
oil (264mg, 729%), which crystallimd after standing overnight 
at - 15”. Rccrystalhxation from CCI, gave colorless needles ; 
m.p. 6768”; IR (KBr, cm-i) 1698; ‘H-NMR (CDCl,) 6 7.35 
(SH,m), 6.68(28, m), 3.36(1H,m), 3.243.10(4H, m), 236(2H, 
t,J = 2.4Hz).(Found:C,75.09;H,5.58.CalcforC,,H,,0S: 
C, 75.55; H, 5.55x.) 

7 - Phnylsu%~yltetr4cyc~[5.3.0.d~4.030’]&c - 9 -en - 6 - one 

ww 
To a S&I of 14 (119 mg, 0.46 mmol) in dry CHICli (30 ml) 

was added a soln o~mCPBA(800/,contcnt, 107 mg0.46 mmol) 
in dry CHIClt (5 ml) over 30 min at - 78”. After 1 h of stirring 
the mixture was poured into wet ether (70 ml) and washed 
successively with 5% F4azS03 aq, sat NaHCOs aq, HrO, and 
brine. After drying (MgSO,, O”, 1 h), solvent was removed iv. 
The residual oil was dissolved in CCl, (0.5 ml); the soln was 
allowed to stand at -15” until the desired product l!h 
crysW. This was fihmd, washed with CC14 and dried iv. 
(76 mg, 61%). The mother liquor was concentrated and the 
residual oil was chrouiatographcd over deactivated SiOz(200/, 
H@) with a mixture of hexane and ether (1: 1 v/v) to give the 
dirurtmomer(l5b),whichwssraays~fwCC1,(27mg, 
23%); 151: m.p. lOl-1025”;IR (KBr,cm-‘) 1680; ‘H-NMR 
(CDCI,) 6 7.46 (5H, m), 5.38 (2H, m), 3.63 (lH, m, H-l), 2.91- 
2.57(4H,m),2.33(2H,t,J = 28Ii&;MS:m/e270(M+,100%). 
1Sb:m.p.9~%0;IR(KBr,cm-1) 1675; ‘H-NMR(CDQ)G 

7.54(5H,m),5.70(1H,dcld,J = 6.0,1.8,1.8Hz),5.60(1H,ddd+J 
= 6.0,1.8,1.8H.x),3.62(1H,t~H-1),3.30(1H,dm,J - lS.OHz, 
H-8),3.06(IH,dm,J = ls.OHz,H-8’),2.52(2Ii,ngH-z5),2.2.2 
(lH,dtd,J = 8.8,25,1.8mH-3),l&(lH,dt,J - g,8,2SHx, 
HA); MS: m/e 270 (M +, lw/d. (Found: C, 70.59; H, 5.18. 
Calc for ClbH1401S: C, 71.08; H. 5.220/,.) 

Tctmcyclo[5.3.0.01~4.~~‘]~ - 1(7),9 - &err - 6 - one (16) 
A soln of 1Sa (70 mg. 0.26 mmol) in dry CC!l, (30 ml) was 

heatadat60”.Aftn~min,~mixturt~coobd,~, 
anddricd(MgSO,O”, 3Omin).Tbcsoln was concentrated iv. 
and the residual oil was chronlatogtnphcd rt 0” over 
deactivated SiOl (30% H,O, 1.2 g) with a mixture of bcxanc 
~ethtr(7:3v/v).Theelwtewas~llectsdinO5~partio~; 
Iraclions(b101,whichwn~ad16,wmwacrtot~rlddtogivc 
a colorless oil I I3 mg, 4@,1. which was used in the next step 
without further purification ; b.p. N soO/O.3 mm Hg; IR 
(CHCl,, cm-‘) 1669; ‘H-NMR (CDCl,) 6 6.60 (lH, dt, J 
= 5.4,0.8Hx),6.43(lH,dfJ = 5.4,1.2Hx),3.33(2H,t,J = 2.6 
&H-3,4),3.10(2H,m,H-8,8’),2.83(1H,dfJ = 5.4,26I&H- 
5),2.65(1H,dt.J - 5.4,26&H-2);MS:m/e116(M+-CU, 
457& llS(M+ -CHO, loa”/,). 

Compound 16 was ah derived from Xl by the mtion 
sequcocc, dehydrochloriuation with 2 equiv of t-BuOK in dry 
ether at - 10 to 0” and quenching with sat NH,Cl aq (50- 
7m* 

9@) - Hy&o~~ycrO[5.3.O.~~‘]&c - 3 - en - 6 - one (20) 
A&al 17 (sp:mi = 1: 4-1: 5, 1.545 & 8.12 mmol) was 

dissolvaiinamixtureofH,OandTHF(1:1 v/v,#,ml)and 
trcataiwith(CH,COO),Hg(2589g,bltrlmmol)at0”for 1 h 
andthtnatrtfor3b,AAor3NNaOHItqwaraAArvlthe 
mixture was rcduosd with NaBH, (3.03 g, 80.1 mmol) in 3 N 
NaOH aq (40 ml) for 1 h. The mixture was extracted three 
times with CH&, washed with Hz0 and dried (MgSO,). 
The solvent was removed to give an oil (1.566 & which was 
dissolved in ether (80 ml) and treated with 2 N HCl (50 ml) for 
7 h. The aq layer was extracted twice with CHICll. The 
combined organic layer was washed with Hi0 and sat 
NaHCO, aq, and dried (MgSOd. The mixture was 
concentrated and chromatographcd ova deactivated SiOz 
(10% H1O, 10 a) with benzene and then with ether. The ether 
fraction was dried and concentrated to give a colorless oil (20) 
asasoleproduct(1.05g,78.6~~.20:IR(ncnt,cm’1)l724;1H- 
NMR(CDCI,)66.4O(lH,d_25Hz),6.08(lH,dd,J = 2.5,1.0 
Hx),4.25(1H,m),2.45-2.10(3H,m),230(1H,s,0H),2.88(18, 
ddd,J = 10.8,7.6,7.6I-I& 1.70-225(3H,m), l.l6(1H,ddd,J 
= 12.8,10.8,4.5 Hz). The bcnxcnc fraction oontaincd amixture 
(9.1%) of 12r and h, which was cnrkhcd in syn-isomer (12b). 
The Jimucturc of 20 wan further oondrmsd a8 its btnzoatc; 
colorless noodles; m.p. 50-51.5”; IR (KBr, cm-‘) 1720; ‘H- 
NMR (CDCl,) 6 7.99 (2H, m), 7.62-7.28 (XI, m), 6.45 (lH, d, J 
= 25HgH-3),6_13(lH,dd,J = 25,1.OI-4H-4),6.39(1H,m, 
H-9),3.50-3.20(2H,m),3.16(1H,d,J = 2.2Hx),294(1H,ddd, 
J = 120, 7.5, 7.5 Hz), 2.54-1.95 (3H, m), 129 (lH, ddd, J 
= 16.0, 12.5, 5.0 Hz). (Found: C, 75.81; H, 6.01. Calc for 
C,7H,60,: C, 76.10; H, 6.01x.) 

9(a) - Chlor0nicycl0[5.3.0.0~‘]~ - 3 - en - 6 - awe (21) 
AsolnofUI(210g l28mmol)ind1yOCl~(ZCNlml)~aa 

treatad with Phxf (5.032 g, 19.2 mmd) for 49 h under r&tx. 
AfttrfiltrationthroughdeactivatsdSiO,(100/,HtO,lOg)with 
benzene, the mixture was chromatographal over deactivated 
Si0,(3%H1,0,40g)withburzznatogivc12a(140m&and21 
(1.548 g, 66%). 21: IR (neat, cm-‘) 1728; ‘H-NMR (CIXX,)G 
6.43(1H,d,25Hx),6.10(1H,dd,J = 25,1.OHx),4.30(1H,m), 
3.51 (lH, dd, J = 2.1, 1.0 Hz), 3.30-3.1O(W, m), 29-20(4Y 
m), 1.76 (lH, ddd, J = 13.5,5.0.5.0 Hz). 

9(a) - Chlorot~~yclo[5.3.0.~~4.0”~s]&~ - 6 - one (22) 
To a soln of 21(802 mg, 4.39 mmol) in dry acetone (1 .Zl),dry 

N,wasbubbbdfor1Jh.Therolnwasirradiatcdbymcansofa 
450 W high-prauure Hg lamp through Pyrex with ice 
cooliag After 1 h, the mixture was coacentratal i.v. md 
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y;Md$lhx&o * 7 - -“~~s3.0.w.@ss~ * 

*AsoinolLDA(3.914mmd)Indry~F{6aP1)-prcparad 
in~~~u~m~.To~~~l~at -78”wasaddal 
dropwise 22 (596 tng, 3.262 tmrtol j in dry THF (3 ml). After 30 
tnin, the mixture was taken up into a syrinp and addal 
dropwisc to a soln d ~y~o~~o~te (897 mg, 
3.588~0I)indryTHFf3aol)at0~.AAcr30minofstitrinkthe 
mixture wasextract&washcd with H&ktnddrial(MgSO$. 
Tbe~turr:wascoaccatrat#ti.v.rtnd~~toa;rpphado~~ 
deactivated SiC3, (WA HxO, 3 g) with benxene to ykld 23 (607 
m~~~~asapateye~owoil;IR(awt,an”) 1698;‘H-NMR 
(CDCl#7.46--7.12(5II,m),4~27(1H,mj,2.79(1H,dt,J = 4.1, 
2.4 Hz), 26>22S (8H, mj, 1.80 (1 H, mj. 

9 - crJo~fe~~yckr[s.3*O*~~~.~~s]~ * l(7) - #I - 6 - one (z!Ij 
To a soln of 23 (405 mg, 1.39 mmol)in dry C&C& (80 ml), 

mCPBA(80”/,eont~g3lS.dmg,1.52~ol)indryCH,CI,(10 
ml) was added dropwise at -7~.~~7~OfS~~C 
mixture was cxtractaf into ether, washed with dil NatSO;, aq 
and sat NaHCO, a~ and dried (hQ§O&k The mixture was 
concentrated iv., dis~lvad in dry CCl, (40 ml) and heated at 
60” for 2 h. The solvent was nmovcd iv. and the residue was 
chromatographaiovadcactivatul SiO,(WA IIiO, 17g)with 
a mixture of hexane and bsnzne to give 25 (143 ma 67.S%), 
which was rccrystalli& lroln ether; colorless tics; m.p. 
55%56.5’ ; IR (KBr, cm- ‘j 1638; lH-NMR (CM&) 8 4.93 
(lH,tt,J = 6.5,3.5Hzj,3.38~~,tlike,23~~3.12(1H,dmL,f 
= 6SHxj,298(1H,ddd,J = 6.5,24,2.4I-I@,288(1H,dm+J 
= 6.5 Hzj, 269 (lH, dt, J = 4.2,2.3 Hz), 262 (lH, dt, J = 4.2, 
2,3 Hz), (Found : C, 46.46 ; H, 5.02. Calc for C&I@Cl : C, 
66.49 ; H, S.Wo/,.) 

6 - ~~~~~~e~~~~~[ 5.3.~.~z~4.~1’~~~ - &%,I0 - trfmc (ii@ 
Aflthcoperationswm~outinaoArabmospftereIna 

30 ml flask, t-BuOK (purikd by sublimation, 53.5 mg, 0.478 
mmol) was dissclvcd in dry HMPT (3 ml). To the ice cooled 
soln, 16 (20 mg, 0.13 mmol) in dry benzene (0.7 ml) was added 
~ths~gov~~e~~ofl~.~S~of~ 
tkshlydist.illcd ~,OSO,F(3~opljwasdowlyadded.After 
2 min of stirring, the mixture was qucnck! with HP0 {a few 
drops), extracted rapidly with doaerated hcxanc, washed with 
H,Oanddricd(N~~~.~ejolvantwasrsmov#ti.v.andthe 
residue was separated by chromatography on a short column 
of deactivated A&O, (Iv4 HsO, 0.6 x 1 cm) with doaerated 
hcxanc into four 0.5 ml fractions. The second and third 
fractions afforded 10 mg of yellow crystals which on re- 
crystallization from hexanc gave pure 60 as yellow plates 
(-WA); m.p. 71-73”; ‘H-NMR {CM&) d 6.27 (lH, dd, J 
= 5.2,2.2 Hz, H-9j, 6.20 (li, ddd, J = 5.2,1.5,0.5 Hx, H-8), 
6.l~(lH~d~3 = 2~l.S~H-l0~4,~(3H,~~~e~3.~(2H, 
t, J w 2.5 Hz, H-3,4), 3.09 (lH, dtd, J = 4.0,2..5,O.S Hz. H-2), 
2.52 (1 H, dt, J = 4+0,25 Hz, H-5); UV fn-hnranc) A_ 300 nm 
(E 12,000), 367 (689); MS: nr/e 158 f&f+, ZT;/,), 128 flw), 115 
(93).(Found:C,83.12;H,6.37.CalcforC,,H,,O:C,83.Sl;H, 
6.374.) 

Tetr~~c~0[5.3.0.0~**.-0f~~3dcco - 6$,10 - Mene (6&j 
All thcoprrotionsaeerc~outin8n~a~orpbm.To 

asolnofI6(70~Q6~~~indry~e(2~)war~ 
dry MeOH (4 ml) and the tnixtun was cooled with ioEHx0, 
NaBH~(llOm~3~oljw~~~ov~~~~~~oflh.~c 
mixture was quenched with H,O, extracted twice with 
CH,CI,, wasbed twios witlt H,O and drkd (MgSO,). The 
dried soln of the allylic alcohol (27) in C&Cl, was 
conceatnatedtoSmttadry~y~o~~(560rn~ 
4.09 rnmolj was add&k After cooling with ia+HxO, the 

mixture was treated with ftuhly distilled ACQ (0.05 ml, 0.6 
mtnoljfor2h.ThemixMrcwastxtrMadwithpWane 
~taibyAr~b~g(~ml)iu~~~ditN~C0srq 
and H,O, and drkd fMg!!&j. The dried organic layer was 
passed through deactivated SiO, (WA HsO, 6.5 a) and the 
~1vcntw~rrmowrdbyMoPPingurArdnaar~othtralnto 
leave 6;) as a reddish yellow oil (18 mg, 25%); ‘H-~~ 
(CDCl,} 6 6,67 (lH, dd, J - 4.8, 1.7 I.4 Ha 6.31 (lH, dd, J 
= 5.3,2.0 Hx, H-9). 5SQ(lH, cm. H-10), 5.83 lt H, ddd, f = 5.3, 
1.1,0,9wlH-8),3.4712HtfJ = 2.4~H-3.4),3.03(1H,dtdJ 
= 3.9,2.J,O.8 ~~-2~2.49(lH,~H-S~; ‘~C-~~R(C~,j 
6 137.4, 133.2, 121.3. 116.9,#.1,38.S. 36.0; UV (cyclohcxanej 
&zsl run{& ll~oOOj&O(37O) 

2-&yc~~5.3.0.0~ ‘Wca * 1(7),3,9 * t&?t * 6 - @ne (zs) 
A sola of I2a (MO mg, 3.42 mmol), NBS (732 a 4.104 

mmol) and AIBN (20 mgj in dry CC& {20 ml) was rckod. 
~lh,~c~~-~~~~~w~ 
succnssiveIy with HzO, dil Na&Os aq, and dried (&SO& 

Tbcdrial CQ, soln was concsntrated iv. and the twkiual 
bromide (26) was dissolved in dry benzone (0.5 ml). The 
bcn2zne sohl was slowly Wldal to t-&Ic?ic @tied by 
sublimation, 1.25 g IQ3 mmoi) iu dry ctkrf30 ml) at 0”. Afkr 
2omiu ofstirr&th6mixturewasqtDchodwithsat NH&l 
aq(10ml)sad’RHShOdWifhiHt0.~4~ya:warextroctcd 
once with ether and the combined ether layer was d&l 
(&SO,). Removal of solvent gave 28, as a aolorlua oil (45% 
yield). Though freshly prsparal 28 was practically pun in, 
most cases, samples contaminated with decomposition 
products were purified by ch~mato~phy over deactivated 
SiO,tZOO,H,O)wrthrmistweof~eaodtther(3:2v/v); 
IR tCCl,. cm’ ‘) 1680; ‘H-NMR tCDCl,j b 7.03 (IH, dt, J 
= S.2. I 3 Hz. H-9). 6.70 (I W, dt, J = S 1, I.5 HL H-lOj, 6.55 
~lH,~J = 25~H-3A6.~(lH,~J = 2.5,2.2%H-rl), 
4.03 (IH, m, H-2), 3.95 (IH, tn. H-S), 3.11(2H, m, H-8,89. 

6 - ~et~~~yc&[S.3.0.~‘~~ - 3,6,8,10 - Terry (?a) 
All operations were carried out in an Ar atmosphere. A soln 

ofamixturc ofbromide 26(S#mg 3.42 mmol)in dry-t 
(OS ml) was added dropwise to fmahly sublimed t-RuOK (645 
mg,S29mmoljindryHM~f~onl)wtthicc~tingAfttrlO 
minofstirr&thernixtumwas~yq~withfrexhly 
distiW CH,OSOIF (0.4 ml) with ice cooling The mixture 
~~U~~~~~~~~~~ 
H&I, dried ~~~ and w~~~~~tratcd. The rc&haI oil was 
~rnato~~~0vM~~~~~O~1100~H,O,8g)with 
deaerated hcxane to give Ia as a yellow oil fl78 mg, 33”/,); ‘H- 
NMR (CIXl,) d 6.73 (1 H, dd, f = 4.82.2 Hz, H-9), 6.55 { 1 H, 
dd,J = 2.6,l.O~H-3or4A6.49(lH,d~J = 26,1.OHx,H-4 
or3j,&25(1H,dd,J = 4.8,l.l Hx,H-8),6.02(1H,m,H-lOA4.24 
(1H,dd,J=2.7,1.0Hx,H-5j,4.1i(1H,m,H-2),4.11(3H,s, 
OMcj; ‘~~-N~~~~~~ 172.4,146.3, 144.1, 138.6,135.2, 
124.9, I 13.ZllO~ 60.1,59.9,44.8 ; uv (hcxane) & 289 nm (6 
12,000j,357(950);MS:m/e158(M”,64”/,j, 128(66j, 115(100). 

~r~~l~~5*3.0.~*$~~ - 3,6&10 - t+tracne {7bj 
All operations were carried out in an Ar atmosphere. To a 

so~oof28(144m&lmmol)inamixtunofMcOH(lOml)and 
~ne(Sml)wosaddadrlPrge~~ofNaBH,(l~g,31.7 
mtnol)inJmallportionso~a~~of30min~th~ 
cooling- After 28 had disrppcucd by TLC, the mixture was 
diluted with H,O, extra&d four times with CH,Cl,, and 
washed with HtO and dried (Meso,). 

Thcdricdsoln ofallylicalcohol29wasconcentratodandthe 
residual oil was dksolval in a mixture of dry i&Cl, (10 ml) 
and Ccl* (0.5 ml). The mixture was treated with (n-Bu),P (0.3 
ml)undtrneer~lUtcr30~H,OwusMni~dthtmixtwe 
wastxtractedwitbpentaneUK1dridd~~4),Thedried~~ 

was wncmtratcd by blowing down in an Ar stream and 
chromatographal over dumivatcd SiOl (1WA H,O, 1 g) with 
dtatnrtad pentane. The solvont was removed by a blowing Ar 
sQi%un to leave a yellow oil 7b ( w 50 mg, Y 40%) ; ‘H-NMR 
&XX&j 6 6.83 (H-I, dd, f = 4.8,20 Hr, H-6), 6.81 (lH, dd., J 
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= 5.221 Hz,H-9),646(lH,dd,J = 24+0.8H~H+,6,41(lH, 
dm, J = 24 Hz, H-3), 6.13 (IH, dd, J = 54 0.8 Hz, H-8), 6.04 
(lH, m, H-lo), 4.48 (lH, m, H-S), 4.00 (lH, m, H-2); UV 
(cyclobexaru) .&,, 270 run (E 17,000), 384 (1400). 

2 - Methoxy6&ycio(3.2.O~~f~2,6rfien - 4 - one (32) 
A so111 of 30 (4.04 g, 26 turnof) in dry acetone (500 ml) was 

cooled with a dry ice-EtOH ba,th. Dry N, was bubbled 
through for 30 min and then H-H (passed successively 
through cone HISOb KOH, and CaCl3 was introduced for 1 
h. With Hm beingintroduced,thtaoI.nwasirradiataJ by 
means of a 100 W high-pressure Hg lamp. After 2 II of 
irradiation, the mixture was conocntrated iv. and treated with 
MeOH saturated with hydrogen chloride (30 ml) for 2.5 h. The 
mixture was concentrated iv. and dissolved in ether and 
ncutraked with sat NaHCO, aq and solid NalCOJ. The 
ether layer was stparatd and the aq layer was extracted with 
ether. The combined ether layer was washed with H,O and 
brine, and dried (MgSO,). The drill e0l.n was conoentrated 
and chromatographed over deactivated SiOz (10% H10,40 g) 
withamixtureofbenzencandethcr(8:2v/v)togive32(1.02g, 
M”/,);m.p.46JS.S”;IR(CHCl,,cm-‘) 1670,158O; ‘H-NMR 
(CDCI,)~6.39(lH,dd,J = 2.5,0.8Hz)+6.34(1H,dd,J = 2.5, 
1.0 Hz), 5.48(1H;aj, 3.77(3H, s), 3.61 (lH,d, J = 2.4 Hz), 3.40 
(lH,m);MS:m/el36(M+,29%),12l(M+-C&,4),108(55), 
65 (100). 

Tric.wh(5 5 0.0: were - If7).3.9 - r&n - 6 - QW (.Ml 
To a ioln of I-bromo-2knylcyclopropanc (372 mg, 2.53 

mmoll m dry ether (4 ml). s-BuLi (0.62 N, 4.47 ml, 2.78 mmol) 
was addal dropwix at - 78’ and stirtad for 1.5 b at this temp. 
Tothemixrurr.52(344mg2.53mmol)loamixt~ofdryethtt 
(0.2 ml) and dry THF (0.2 ml) was added over 5 min. After 2.5 h 
of additional stirring at - 78”, the mixture was warmed to rt, 
treated with 1 N HCI (15 ml) for 30 min and extracted four 
times with ether. The combined ether layer was washed with 
sat NaHCO, aq, H,O and brine, and dried (MgSO,). After 
removal of solvent i.v. the residual oil (452 mg) was chro- 
matographed over deactivated SiOl (lO%H,O, 9 g) with a 
mixtureofbenxeneandctber(8:2v/v)togive33(102mg,22”/,), 
34(18T~~~~~d36(140rna22’~.35:y~Iowoil;TK(neaS 
cm-‘)174O;‘H-NMR(CDCl,)G6.27(iH,d,J = 3.0Hzk6.08 
(lH,d, J = 3.OHz), 5.90-5.26(3H,m),3.70-3.14(3H,m), 3.0% 
2.70(2H,bs),2.63-1.90(2H,m).34:yellowoil;b.p.50-65”/0.3 
mm Hg; IR(nea&cm-‘) 1688,1626,1554; ‘H-NMR(CDCl,) 
b 6.61 (lH,d, J = 2.5 Hz), 6.41 (lH, dd, J = 2.5, 1.3 Hz), 6.04 
5.70tZH.mj. 3.601lH.bsI. 346tIH.dd.J = 2.5,1.3Hzj,3.1> 
2.90 (ZH. m). 2 70-2.26 14H, ml: MS : m t 172 (M+, 290/,), 144 
(M+-CO,36j,l29(100),115(65j.(Found:C,83.59;H,6.95. 
Calc for C,IH,IO: C, 83.69; H, 7.wA.) 35: ytllow oil; b.p. 
80=‘/0.3 mm Hg; IR (neat,cm-‘) 1687,1637,1596; ‘H-NMR 
(CDCi,)66.55(1H,tIike,J = 3.0Hz),6.41(lH,m),5.83(lH,t, 
J = 1.0 Hz), 5.71-4.96 (3H, m), 3.70 (lH, dd, J = 5.0,20 Hz), 
3.51 (LH, bsj, 2.00-1.76 (2H, mj, 1.42-1.15 (W, m); MS: m/e 
172(M+,28%),l43(20),131(100),129(88).(Found:C,82.87; 
H, 7.09. Calc for C,,H,,O: C, 83.69; H, 7.02%) 33 was 
converted to 34 by filtration through deactivated A.lz03 (3% 
HzO, 3.8 g) with bcnzcac in a yield of 90.2% (92 mg). A soln of 
35 (456 mg, 265 mmol) in dry aottonc (500 ml) was irradiated 
for 1 h by means of a 1Og W high-pressure Hg lamp through 
Pyrex. The mixture was concentrated i-v. and chromato- 
graphed over deactivated SiOl (100/, HxO, 5 @ with a mix- 
ture of benzene and hexane ( 1: 1 v/v) to give 33 (297 mg, 65.1%) 
and 34 (37 mg, 8.1%). 

6 - Cyunotricyclo[5.5.O.~‘]&deca - 3,6,9,12 - tetracne (37) 
Ina3Omlflask,34(7l5.9mg,4.l6mmol)andZnI,(catalytc 

amount) were placed. TMSCN (0.8 ml, 6.24 mmol) waa added 
over3min.Attcr40minofs~gatrt,theso~~pouradinto 
amixtureofCHCl.andcoldH.0 Tbcaqlayerwasextracted 
three times with CHCl,. The combined organic layer was 
washed with H,O and tine, and dried (MeSOd. The dried 
soln was concentrated iv. to give an oil (1.20 & 4.16 mmol), 
which was treated with POCI, (1.14 ml, 125 mmol) in dry 

pyridine (6.7 ml) for 3 h at 6&70”. After cooling, the soln was 
pourcdintoamiJurtofetbaraod4~LdH~O.Tbcrqlaysrwoa 
cxtractecI four times with etha. The combed orgpnic hyrr 
was washed with diI HCI. H,O, aat NaHCO, aq, and brine, 
and dried (MgSOA. The dried sola was comcentrated to gk a 
red oil, which was chromato8raphed over dtadivrtbd SiOl 
(lo”/, H1O, 33 g) with a mixture of benzene and hexane (1: 1 
v/v)toyield37(114.5m* I~~“,,tdud9tlJm~ Ib’,k57 pale 
orangeoiI;b.p.50°/0.3rllm Hg IR unt,u.cm”! Xllr. 158.2, 
‘H-NMR (CM&) b 6.33 (Hi, d, J = 25 Hz), 6.13 (IH, d, J 
= 2.5 Hz), 6.05-5.69 (3H. m), 3.78 (2H, bs), 3.28 (2H, d, J = 4.3 
Hz),295(2H,t,J = 6.0Hz);MS:m/~181(M+,76’/3,180(60), 
166(82), 153(lOO).(Found:C,85.67;H,6.07;.N, 7.69. Calcfor 
CI,H, ,N: C, 86.16; H, 6.12; N, 7.730/,) 

0.95 mmol) in dry benzene( 10 ml) was heatal at -70” for 2 h. 
ARercoolingthemixturewasBltertdthroughoglrusdltaand 
thetiltratewaswashedwith5%NaOHaq,H,Oand brint.The 
aq layer was extracted with benzznc and the benzene layer was 
washed and dried in a similar manner. The combined organic 
layer WBS concentrated to give an oi& which was 
chromatographed over deactivated Al,O, (5”, H,O. 2.2 gl 
withdeaerated hcrantto afford9(44.5mg,34,); red needles; 
m.p. 99.5-100 !T’ under argon ; IR (KBr, cm _ ‘) 2200, 1596. 
1548,152O; ‘H-NhlR (ClXl,I b 6.41 (lH,dm. J = II.1 Hz), 
6.15(lH,dd.J - Z.‘.O.4Hrt.d.O6 S.tM(5H.m),3.78(1H.d.J 
= 2.9 Hz). MY ! 111. In): “C-\;MR (CIXI,) R 156.8. 152.2. 
141.1,135.0,133.4. 133.1. 131.1. 130.1, 125.8.118.2,100.9.5?.9. 
51.1; UV (cyclohexanei 1 _ 230 am I 13.5OOl. 270 (63tXt. sh). 
347(12,900),361 I I G001. ?&or9Soor,436(IlrU)).~(j70),_~ 
(410), 546 (27OA 598 (110). 658 (201; MS : m,‘e I79 (M l , 13”,). 
153 (100). IFpund C, 86.6$, H, 5.04; N, 7.61. Calc for 
C,,H,N: C k’ 1:. Ii. 5.06; N, 7.82%.) 

InalOmlBask9(3Omg,0.17mmol)wasplaceda.ndthet!lask 
was fitted to a horizontal quartz tube equippod with a cold 
trap. The tubs was heated to 400” with an external electric 
fumace~d9wassublimcdiv.(<lmmHg)withanairbath 
(-6O=)intotbehottube&tercoolingtbepyrdysakcolketed 
inaooldtrapwasdissolvadindcecrrrtadbc~Tbcbmrrtnc 
soln was concentrated and the residue was crystalhzod from 
hcxane to give light brown crystals of S-CN in quantitative 
yield; m.p. 33.5-35” under Ar; IR (Klr, cm-‘) 2202; ‘H- 
NMR (CDCl,) 6 6.38-5.86 (6H. m), 5.70 (lH, d, J == 10.3 Hz), 
5.44-5.20 (2H, m); i3C-NMR (CDCl,) b 145.5, 138.0, 136.7, 
135.9, 135.4, 135.3, 131 7. 111 5. 111 7, 1309, 127.8. 117.8, 
109.6; UV (cyclohemci by 337 MI IL 2 I .WI, W (4900), 
longtailingupto744lrm. hli nr IWIN..JI”,L l5j(loOj, 
128(36).(Found:C,87.19; H,5.00;N,7.83.CakforC,,Hr,N: 
C, 87.12; H, 5.06; N, 7.82x.) 

6- Cyuno- lO,lO-dimethy~icyc~[5.3.O]~c~- 1,3,5,7-t&r- 
(48) 

Compound 40 was synthcaizd from 3-methoxy+i- 
dimethylcyclopent-2cn-l-one by a method similar to that for 
thesynth~sof9;radl~ets;m.p.71-72”underAr;IR(K~r, 
cm-‘) 2180; tH-NMR (CDCi,) S 6.41 (HI, dd, J = 11.5, 1.3 
Hz),6.1&5.70(3H,m),5.63(lH,d,J = 7.3Hz),2.43(2H,s), 1.13 
(6H, s); 13C-NMR (CDCl,)6 164.0, 156.0, 133.4, 132.4, 129.9, 
129.3,122.9,118.3,97.8,46.3,43.0,29.2;UV(cyclohexane)~ 
230 nm (E 12.,600), 265 (5000), 333 114.Iroo1. u7 (18.XO1. %t 
(11,500),428(460),456(490),49415~~~1.5!71-’701 WH lXh.Mo 
@);MS:m/e 183(M+, lW/,), .MI%~. 1~315% IFcvmd C. 
85.21;H,7.18;N,7.64.CaIcforC,,Hl,N C 85,T.H.715. 
N, 7&o/,.) 

Detemuhtion of the regie and stereuchemistry qf hydroxy 
group in 20 

A h1of201,’ ‘Q. I l.51mmol)indryCH,Cl,(2OOmI)was 
tre.ilrjuiih pc’C~?Uvg. l3.%lmmol)for3hwithicecooling. 
After 5% NaOH aq was added, the organic layer was 
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Ketone 19 was reduced in &y tie with DIBAH at 40” 
for2handthtntrcrttdwith2NHCftoaordthetpimtric 
alcohol of 20 (79%). which was also derived directly from 
1&x0 by inversion SC of the OH group fol)owad by deaccta- 
lization. 

All the dtuterazed mlvcas were distilled fronr CaH 1 under 
an Ar atmosphere. 

Compound 7r or 9 was dissolved in hcnzencd& and 
tolueucd,, evely, and each soln WBS M and 
se&d in an NMR tube al duad preusure, The tubea were . mmcrd ia a cbmmmatted, stied oil bath and removed at 
ap~op~ate interval8 and ~~ cooled to rt. The 
disappauane~ of the m mamial and the appearance of 
theproduct weremonitored byNMRixttcgration.Asoln of6b 
or 7b in tolucned, in the presence of a small amount of 
‘WEDA was amhxi in an NMR tube in a similar way and the 
thermolysis was carried out in the NMR cavity, 

Com~und 6a was dissolved in dodeuuwz @rified for 
spccrrosoopy) and the soin was degarecd and m in B UV 
cell. The thcrmolysis was performed in a thermostattc& stirra;t 
oil bath. The decay rate wax monitored by W spectroscopy. 

Compound 6b or 7b was dissolved in Ar-purged 
cydohcxant and irradiated with isolated lines of a Xc lamp in a 
Hitachi 6S@60 fluorescence spcctropbotomtcr. For the 
photoisomcrizations of db in excitation at 460 nm and 7b at 
400 run, Toshiba Y-43 (>40 am) and W-35 (>350 run) 
filters were used, respectively, to cut out shorter wavelargtb 
li~koinof9in ad~erat~mi~tu~of~tby~yc~o~xan~and 
isopcntane( 1: 1 v/v) was in-a&ted by mtans of a Ushio 450 W 
high-pressure Hg lamp or Utio 6 W tow-7 Hg lamp. 

The quantum yields were dctamincd by potassium 
ferrioxatatt actinometry in the usual way. 
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