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Abatrmt - Irradlatlon of Pummerer’s ketone (PK) In furan gwe the 
m-fused I4 l 2) cycloadducts 2 and 3, whose structures vere 
determlned by their ‘H NMR spectra and confirmed by X-ray 
crystallography. Irradlatlon of PX 
methylethylene- 

in the oresence of 
(THE) gave CyClp8ddUQt 4 - and 

tet ra- 
with 1, l- 

dlmethoxycthylene (DCIE) gave 12 + 2) cycloadducts 5.6 and 7, 
respectively. The X-ray crystai structures -of 4 - 7 show that the 
Cour- and six-membered rings of 4 and 7 are trans-fused, and S and 6 
dre cls-fused, respect lvely. Dlfferentlal quenching of the formation 
of cycloadducts 2-3 and 7 by the free radicsl, ?EWO was observed. 
Formation of cycloadducts 2-4 vas also quenched dlfferentlaily by 02. 
A short lived (15 nsec) translent observed on nanosecond flash 
photolysls of PK is suggested to be a hlghly twisted trlplet excited 
state, which 1s the likely precursor of both i4 * 2) dnd [2 4 21 
adduct s . It Is proposed that stepvlse addition of furan and alkenes 
to PK triplets glv8s triplet blradlc8ls, vhlch can be intercepted by 
TEMPO am 02, and that these reactions probably do not lnvoive a 
ground state trans-cyclohexenone lntermedlate. 

Prevlous studles by Hdrt, Dunkelblum and Jeffdresl on photo induced 

dddltlon of methanol to Pummerer's ketone (PK, 1) led to the suggestion rhat 

*an excited state or lntermedlate in vhlch the C-C bond 1s tvlsted more than 

900- might be the chemlcdily reactive intermediate, ln order to account for the 

observed stereospeclflcity (overal 1 ant 1 addition) of this reaction. In 

connection vlth studles in thls 1dbOrdtOry on photocycloaddltlon of alkenes to 

cyclohexenones dnd the possible role of ground state u-cyclohexenones in 

these react lons, 2 ve have studied photocycloaddltlon of dienes dnd dlkenes to 

PK. The :nltlal aim of thls research was to determine the stereochemistry of 12 

- 2) and [4 l 2) photocycloaddltlon to PK dnd the nature of the reactive Inter- 

medldtes which dre precursors of the Cycloddducts. The [4 l 21 

photocyclodddltlon 

aCetylCyClOdlkene3 

dcetylcyclooctene 

intermedidte. 

Of furan to PK has precedent In the photodddltlon of 

to cyclopentadlene studled by &aton,3 vhlch in the case of 

VdS shovn co involve a ground .¶t_dte trdnsoid enone 

IrrddldtiOn of PK In neat furdn gave the w-fused 14 l 21 ddducts 2 dnd 

3, vhose structures, given In Scheme 1, vere proven by ‘II-NUR spectra and 

conflrmed by X-ray crystallography.4 Irradiation of PK in the presence of 

tetrdmethylethylene (RIE) gave cycloadduct 4 and with I, 1-dlmethoxyethylene 
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SCHEME 1 

(DME) gave 12 l 21 cycloadducts 5, 6, and 7, respectively (see Scheme 1) . The 

X-ray crystal structure of 4 shovs that the four- and six-membered rings of 4 

are u-fused (Fig. 11, while 5 and 6 possess a-fused blcyclo[4.2.0]hexan- 

2-one ring systems. In 6 the ring juncture protons are on the same side and in 

5 on the opposite side of the ring system with respect to the angular methyl 

group (see Figures 2 and 3 for the crystal structures of 5 and 6). Treatment of 

7 with sodlum methoxide resulted in isomerization to 6, indicating that the two 

compounds are epimeric at the carbon adjacent to the carbonyl group, which 

immediately suggested that 7 is w-fused.S This stereochemistry V11 

confirmed by X-ray analysis of 7 (Fig. 4). 

Figure 1. X-ray crystal structure of the cycloadduct 4 



Figure 2. X-ray crystal structure of the cycloadduct 5 

Figure 3. X-ray crystal structure of the cycloadduct 6 

( 

2 

Figure 4. X-ray crystal structure of the cycloadduct 7 
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Table 1. The 1H-N14R Chemical Shifts (ppm) and Coupling Constants (HI) in 

cDC13atb 

Ha 

Hb 

HC 

Hd 

H= 

Hh 

H9 

Hf 

Hk 

Hl 

H" 

CH2 

XH3 

2 
4.68(dd) 
J-2.3 
J-3.6 

3 4 3 
4.72(dd) 4.49(t) 4.96(dd) 
J-2.1 J-2.9 J-6.9 
J-3.6 J-2.4 

2.76tdd) 
J-18.9 
J-3.6 

2.88(dd) 
J-19.1 
J-2.3 

2.57(dd) 2.64tdd) 2.42(dt) 
J-19.5 J-18.3 J-15 
J-3.6 ~-2.7 J-2.1 

2.86(dd) 2.74(dd) 3.19- 
J-18.9 J-18.3 3.26(m) 
J-2.1 J-3 

2.22 (dd) 2.5l(dd) 2.3(d) 2.59- 
J-11 J-10 J-14.7 2.68(m) 
J-3.3 J-3.3 

1.81(d) 
J-11 

5.0Zc 

5.02= 

1.61(d) 2.1(d) 3.29(d) 
J-10.5 J-14.7 J-9.6 

4.9= 

4.95= 

5.79(dd) 
J-5.7 
J-l.5 

6.29(dd) 
J-5.7 
J-l.5 

6.14(dd) 
J-5.7 
J-l.8 

6.75(a) 

6.6(dd) 
J-5.7 
J-1.S 

7.02(s) 6.98(s) 6.83(s) 
J-6 

6.95(d) 
J-8.1 

7.01(d) 6.94(d) 6.91(d) 
J-8.4 J-7.8 J-8.1 

6.62(d) 
J-8.1 

6.71(d) 6.65(d) 6.64(d) 
J-8.4 J-7.8 J-8.1 

2.26- 
2.360~) 

3.22(s) 
3.33(S) 

6 
4.64(t) 
J-7.5 

2.87- 
2.95(m) 

3.53(dd) 
J-13.8 
J-7.2 

2.87- 
2.95(m) 

3.05(d) 
J-9.6 

6.94(s) 

6.93(d) 
J-8.1 

6.64(d) 
J-8.1 
2.3- 
2.39(m) 

2.73(s) 
2.96(s) 

7 
4.64(t) 
J-3 

2.71(dd) 
J-18.6 
J-3.1 

2.84(dd) 
J-18.6 
J-2.5 

1.98(dd) 
J-11.7 
J-9.6 

2.45(d) 
J-9.6 

7.11(S) 

6.96(d) 
J-8.1 

6.65(d) 
J-8.1 
2.22- 
2.31(m) 

2.97(S) 
3.33(S) 



Table 1 (continued) 

C”3 0.63(s) 
0.61(S) 
1.01(S) 
1.02(S) 

CH3(*“g)l.6lts) 1.58(S) 1.47(s) 1.44(S) 1.32(S) 1.57(S) 

CH3(aro)2.3ts) 2.33(s) 2.29(S) 2.16(s) 2.25(O) 2.32(s) 

a Peak multlplicltles are represented by s(singlet), d(doublet). and t(trlplet) 

b All chealcal shift l sslgruunnts were confirmed by spin decoupling experiments. 

c He and Hh appear as broad unresolved singlets: 
coupling (J - 1 

*j 

decoupling studies lnglcatc 
Hz) to nelghborlng vinyl H and coupling of He to H (J - 3 

Hz) but not of H to Rh. 

In order to establish the stereochemistry of the isolated cycloadducts, 

their ‘H-NMR spectra uere examined in detall to see if a correlation oi 

coupling constants with stereochemistry would be apparent, especially for the 

tvo ring juncture protons Hd and H). The spectral assignments are glven in 

Table 1. The spectra of the two stereoisomers 2 and 3 showed the following 

features : Hd (6 2.22 and 2.51 in 2 and 3, respectively) occurs at appreciably 

lower field than Hj (6 1.81 and 1.61 in 2 and 3, respectively) ovlng to the 

proximity of Hd to the carbonyl oxygen. The coupling constants between Hd an.: 

Hj were 11 and 10.5 Hz ln 2 and 3, respectively. The coupling constants between 

m vlclnal rlng juncture protons in furan cycloadducts to benzo-2,4- 

cycloheptadlenone were J- - 6 Hz;~ corresponding a coupling constants 

should be larger than thls value.’ The fact that in both 2 and 3 only one of 

the two rlng junction protons (Hd) 1s l ddltlonally coupled to an adjacent 

brldghead proton ( Jde - 3.3 Hz ln 2 and 3) 1s consistent ulth the tryu 

relatlonshlp of protons Hd and Hj. If the ring-fusion in either adduct had been 

a, the coupling of Hd and Hj to adjacent bridgehead protons would have been 

nearly the saw. Proton Hd (exe*) In 3 occurs at lover fleld than Hd (endo*) in 

2 due to the deshleldlng effect of the adjacent oxygen brldge, whereas the 

reverse 1s true for Hj. In l ddltlon, Hg and Hf appear at lower fleld ln 3 than 

In 2, uhlch may be explained by the deshieldlng effect of the carbonyl oxygen, 

which 1s closer to these protons ln 3 than in 2; He and Hh also appear at 

slightly lover field in 2 than in 3. These facts allov one to dlstlngulsh 

isomers 2 from 3. Comparlson uith the spectra of the methanol adduct to PK1 ar.d 

other furan adducts608tg 1s consistent vlth thls assignment. 

For simple cyclobutane derivatives, coupling constants between a vlclnal 

protons are generally found to be larger than u vlclnal protons, Ja - Q.% 

-12 Hz, J- - 2.8 - 8.7 ~s.10 Hovever, in 2,4-dlarablcyclo[4.2.0:octa-3,4- 

dlones Ju la smaller than J-.l” Examination of lH-NMR spectra of the [2 * 

21 cycloadducts (table 1) shows that the coupling constant Jdj in a- fused (5 

and 6) and w- fused (7) cycloadducts 1s the same, namely 9.6 Hz. Thus, the 

asslgnment of a/a conflguratlon purely on the basis of vlclnal coupling 

conatanta would be very difficult if not impossible In these systems. 

l oTo?sYs1cAL sTwDxu 

The quantum ylelds for the formation of the adducts 2 and 3 from PK (0.049 

HI at 313 ruu In furan solvent vere 0.062 and 0.065, respectively. The forasatlon 

-Ha and Hm are deslgnatod as 8x0 and endo depending on their relatlonshlp to 
the oxygen bridge. 
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of an intermediate with a llfetlme of & 15 nsec with absorption centered at 

270-277 nm was observed on laser flash photolysls of PK at 308 nm. By analogy 

ulth prevlous laser flash studles of cyclohexenonesll and other cyclic 
enones,12 this absorptlon is assigned to a highly twisted triplet excited state 

of PK.4 Consistent with these flndlngs 1s the fact that methylnaphthalene (MN) 

(ET 61 kcal/mol) In concentrations up to 0.86 M (PK 0.013 M, furan 0.05 MI does 

not quench formation of 2 and 3. However. the free radical tetramethyl-l- 

pyperldlnyloxy (TEMPO) quenches formatlon of cycloadducts 2-S and 7 to 

different extents (table 2). Differential quenching of formation of cycloadduct 

2, 3 and 4 by oxygen was also observed. Competitive irradiation of acetonltrlle 

solutions of 1 containing furan and varying amounts of TME and DUB showed 

quenching by these alkenes of the formation of cycloadducts 2 and 3 (Table 2). 

This result suggests that a common precursor exlsrs for both [4 + 21 and I2 + 

21 cycloaddltlon processes. 

Table 2. Stern-Voimer Quenching slopes in Acetonltrllea 

QUENCHER Adduct quenching slopes, kqt, M-l b 

______________________________~~________________________~~~__~~~~~~~~~~~~~~~ 

2 3 4 5 7 

Tempo 12.5 + 0.6 6.6 t 3 36.3 + 0.7 130 2 1 57 5 2 

Oxygen 438.0 z 8 132.0 t 5 43 5 i 

T.YE 2.2 i 0.3 2.2 + 0.3 

DKE 0.7 2 0.2 

aPK concentration - 0.02 N 

bLeast-squares fit to data 

DISCDSSIOW 

Thls study was lnitlated in hopes of obtaining experimental evidence for a 

photochemically-generated reactive transold isomer of Pummerer’s ketone 1, 

which would be the first demonstrated “trans”-cyclohexenone. A number of trans- 

cyclohexenes have been generated photochemically,L3 beginning with acetylcyclo- 

Figure 5. MM)0 optlmlzed structure for tram-cyclohexenone 



hexenc14 and phenyIcyclohexene,15 but no ground state trans-cyclohexene with 

additional trigonal atoms In the 6-ring has been charactarlred. Independent 

unpublished theoretical calculations by JohnsonlC (using both MD0 and Dewar*a 

new AM1 methodl’) and by SaundersI* [using molecular mechanics) indicate that a 

trans isomer of cls-cyclohexenons (see Pig. 5) is in a mlnlmum on the ground 

state potential surface m. 60 kcal/mol above the cis isomer. ‘However, the 

depth of this potentlal well, and most importantly the barrier for reversion of 

trans- to cls-cyclohexenone, is not available from these calculations. The 

experimental difference in the energies of cis- and trans-1-phenylcyclohexene 

from time-resolved photoacoustic calorimetric data 1s 44.7 2 5.0 kcal/mole,lg 

and the activation energy for isomerizatlon of trans to cls in this case was 

found by Caldwell et al. to be 12.1 2 0.12 kcal/mol,20 which is in good 

agreement with activation energies determined by Donneau for isomerizatlon of a 

number of trans-cyclohexenes back to thelr nore stable cls isomers.13 Given the 

predicted higher energy of “trans”-cyclohexenone, which 1s close to the maximum 

on the ground state potential surface for cyclohexenes lacking an addltlonal 

trlgonal center,13e20 the activation energy for thermal Asomerltation back to 

the cls isomer is expected to be considerably less than that observed for the 

trans-cyclohexenes studied to date. Thus, the potential minimum corresponding 

to -trans”- cyclohexenone may be so shallow that direct detection or isolation, 

even at low temperatures, may prove to be highly problematic. 

We were therefore encouraged by the observation that irradiation of PK (1) 

in furan gave two trans-fused 14 + 21 adducts, in which addition of furan had 

clearly occurred on only one side of PK, consistent wlth addition to a. twisted 

“trans” isomer of PK shown in structure 8. Note that this is not the structure 

invoked by Hart1 to ratlonallre the course of photoaddltlon of MeOH to 1; ln 

fact, structure 0 was considered to be of much higher energy than the al- 

ternatlve twist structure due to non-bonded interactions. However, Diels-Alder 

addltlon of furan to 8 should occur in a single concerted step, although the 

process may well be non-synchronous, that is, the two new sigaa bonds may be 

formed to different extents at the transltlon state, according to Dewar’s 

calculations and rate data.21 Unless Dlels-Alder additions to molecules such as 

8 proceed in two stages via a discrete blradlcal B, as dlstlngulshed 

from a transition state with blradical character,21 lnterceptlon by radical 

traps 1s not expected. Therefore, the observation that both TEPWO and oxygen 

dlfferentlally quench formation of 14 + 21 adducts 2 and 3 appears to be 

Inconsistent with formation of these two adducts directly from 8. Rather, 

we prefer the alternatlve mechanism shown in Scheme 2, in which a twisted 

triplet excited state of 1 interacts directly with furan to give lsomerlc 

triplet blradlcal intermediates I and I’ which, after an electron spin flip to 
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give short-lived singlet blradlcals, close to give 2 and 3, rtsptctivtly. 

TEMPO and oxygen art expected to intercept I and I’ to differing extents, 

according to the quenching constants Kg - kq tgR. The relatively small quantum 

yltlds art consistent with this mechanism, since reversion dlrtctly to ground 

state may occur from I and I’ as well as the short-lived trlpltt of 1. 

As for the [2 + 21 photocycloadditions of 1 to THE, it is not surprising 

that only a trans-fused adduct is formed (it is posslblt that cls-fused isomers 

art also formed in tract quantitlts) at the major if not exclusive adduct, 

since a similar observation was reported for photoaddition of T)3E to 4,4- 

dlmtthylcyclohtxtnont 9;22 in more recent vork,23 a cls-fused adduct of TME to 

9 has been isolated in small yields In certain solvents. This observation 

neither requires nor excludes a trans-cyclohtxtnont inttrmtdlate, since it can 

bt rat lonal lztd in terms of preferred conformations of 1,4-biradlcal 

lnttrmediatts, 24 tsptclally if formed from a highly 

excited state. Slnct laser flash data indicate neither DHE or THE dlrtctly 

lnttrctpts the triplet state of 9 (lifttlmt 25-40 ns In different solvents) 

which is the precursor to the cycloadducts, it is qutstlonablt whether THE or 

DME intercept the even shorter-lived triplet state of PK (l), glvtn that second 

order rate constants for interaction of oltflns and tnont triplets in favorable 

casts art typically less than 10’ M-l s-1.25 The question can bt directly 

answered by picosecond flash measurements. 

Photocycloaddltlon of 1 to DME gives three [2 + 21 adducts, tvo cis-fused 

adducts (5 and 6) and one trans-fused adduct (I), whose structures vtrt 

determined by x-ray crystallography. Base-catalyzed tpimtrlzation of 7 to 6 

further demonstrates the stereochemical relationship of these adducts. As long 

ago as 1964, Corey and co-workers5 observed formatlon of trans- as vtll as cls- 

fused photoadducts of cyclohtxtnones to alktnts; the assignment of 

stereochemistry has generally been made on the base of an tplmtriration 

experiment such as that mentioned above,26 on the assumption that the 

thtrmodynamlcally more stable isomer has a cis ring fusion. In some casts, tht 

assignment has been substantiated by synthetic elaboration to target molecules 

of known atertochtmlstry. 26 However, examlnatlon of models indicates that the 

trans-fused stertolsomtr of the blcyclo[4.2.0lhtxant ring system with 

ditquatorlal attachment of the cyclobutant ring may be thermodynamically more 

stable than the cis-fused (axial-tquatorlal) lsomtr in some casts. Thus, 

assignments of stereochemistry based so?tly upon tplmtrizatlon txptrlmtnts 

should be vitvtd with some sktpticlsm.27 Also, It is lmportant to note that the 

cis-fused adducts 5 and 6 result from attack of DME on opposite facts Of tht 

reactive intermediate derived from 1, uhtthtr it be a triplet or a ground state 

‘transoid” isomer. 



Pummerer‘s ketone 1 undergoes [I + 21 photocycloaddition to furan and [2 l 

21 photocycloaddition to dimsthoxyethylsnc and tetramethylethyleno via a common 

intermediate, which is the short-lived twisted triplet excited state of 1. 

Trans-fused cycloadducts of both types are formed as major and sometlmes 

exclusive products, consistent with a ground state trans-isomer of 1 as a 

reactive intermediate; however, such a mechanism is inconsistent with the 

observation of differential quenching of adduct formation by 02 and TEWPO. It 

is proposed that these photocycloaddltions occur stepwise via triplet biradlcal 

intermediates, which are formed directly from the twisted triplet excited stare 

cf 1. 

Melting points were determined on a Thomas-Hoover capillary melting point 
apparatus and were uncorrected. IH-NMR spectra were measured in CDCl3 relative 
to tetramethylsilane as an internal standard on a GE-QE Nicolet 300 MHz CT-NMR 
spectrometer. Infrared spactra were measured on a Uattson Polaris FT-IR 
spectrophotometer. The spectra were recorded as solutions in carbon tetra- 
chloride (Aldrich Spectrophotometric grade, gold label) in matched sodium 
chloride cells. Mass spectra were obtained with a Hewlett Packard model 5992 
combined gas chromatography-mass spectrometer utilizing Hewlett Packard 
“peakfinder” software. A Hanovia Type L 450-W high pressure mercury lamp was 
used as a light source for preparative scale reactions. A Rayonet RPR 100 
Photochemical Reactor (Southern New England Ultraviolet Company) equipped with 
a Rayonet MGR-100 merry-go-round apparatus and interchangeable ultraviolet 
lamps with maximum emission at 300 nm (30 MI halfwidth) was used for 
competitive quenching studies. Quantum yields were measured on a Photon 
Technology International-Amko Quantacount Apparatus. Preparative thin layer 
chromatography was carried out on a Chromatothron Model 1924 T (Harrison 
research, Palo Alto, Callfornla) . Preparative plates (2 mm) were prepared uslng 
silica gel 60 P F254 with CaSO4 112 Hz0 (EM Reagents, W. Germany). 

Analyses by gas chromatography (GC) were made using a Hewlett-Packard 
model 5710 A gas chromatoqraph equipped with a uodel 3390 A integrator and 30 H 
x 0.25 mm Hellflex RSL-150 capillary column (Alltech). High performance liquid 
chromatography (HPLC) was carried out on Waters instrument Model 440 using a 25 
cm x 4.6 mm econosil silica 10 colu 

Ye 
Compound 1 was synthesized according to 

the procedure given in the literature 
135-140°/3.07 Torr, 

and purified by vacuum distillation, bp 
and repeated recrystahb itation of the solidified produ 

after trlturatlon with ether from ethanol. 
nhite crystals, 

mp 123-4O (lit $6 

mp 124Ol were obtained. 

, ofP~s~*linF~ . A solution containing 0.526 g 
(0.0025 mole) of 1 in 50 mL of freshly distilled furan was degassed with argon 
and irradiated through a Pyrex glass for 18 hours. GC analysis of the reaction 
product showed disappearance of initial PK. After evaporation of the furan, a 
crystalline product mixture was obtained which was purlfied by 
recrystallization from ethanol. ?he two stereoisomers, 2 and 3, were isolated 
by preparative thin layer chromatography on a silica plate using methylene 
chloride - hexane in volume ratio 3:l as the solvent. Recrystallltatlon of the 
separated isomers from ethyl acetate 
(68$) mp 219-20°, 

: ethanol (1:s) gave colorless crystals: 2 
and 3 (22b) mp 208-go. For lH-NMR data see text and Table 1. 

Other spectral data for 2 are as follows. Mass spectrum, m/t (rel. intensity): 
282 (31) M+, 215 (161, 214 (941, 200 (141, 199 (1001, 197 (161, 158 (81, 172 
(121, 171 (311, 163 (101, 159 (481, 152 (81, 146 (371, 145 (561, 136 (541, 131 
(91, 129 (101, 185 (251, 127 (91, 122 (91, 118 (191, 116 (111, ll5 (371, 108 
(101, lO7 (221. 95 (81. 94 (171. 91 (241. 79 (111. 77 (201. 68 (161. 66 (i21. 
65 (221. n: 1735 (C-0 .strech), l720, 1706, 165O;i560, iS4d, 1505, -1480, 1455; 
1220, 103C and 980 cm-l. For 3: Mass spectrum, m/z (rel. intensitv): 282 (28) 
M+, 214 (921, 200 (181, 199 (1001, 197 ‘(161, 172 (171, 171 (401, 139 (SO), 146 
(351, 145 (551, 136 (581, 128 (331, 118 (191, 115 (361, 107 (221, 94 (211, 9: 
(321, 79 (151, 77 (271, 68 (251, 65 (251, 55 (201, 51 (191, 44 (331, 41 (171. 
1l: 1740 (C-0 stretch), 165_01 1620, 1560. 1545. 1525. 1510. 1485. 1475.1460, 
1365, 1230, 1130 and 1030 cm . 

Formation of cycloadducts 2 and 3 was not observed upon heating 0.095 g 
(0.004 mole) of 1 in 7 mL of furan. The reaction was performed in a sealed 
ampoule at 150 - 155O for 48 hours. 

of 1 m A solution containing 0.5 g 
(0.0024 mole) of 1 and 3.8 g (0.045 mole) of TME'ln 1 IUL of acetonitrlle was 
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irradiated through Pyrex under argon for 136 hours. After removing the solvent 
by bubbling nitrogen through the solution, an oily product separated which 
crystallized from ethyl acetate-ethanol (1:51 at low temperature. Three 
recrystallizatlons from ethyl acetate-ethanol (1:5) gave colorless crystals, mp 
145-146O. Adduct 4 (38 6) crystallized in the centrosymmetric. monoclinic 
space group P 21/c with unit cell parameters as follows: 

1. 
110 (11, 

a - 13.120 ($, “,,; 
c - 18.5871 (4) A. The final agreement factor was R - 0.066. 

H-NMR data see text and Table 1. Mass spectrum m/t (rel. Intensity) : 298 (631 
M*, 200 (71), 185 (111, 181 (12), 160 (59), 159 (1001, 146 (791, 145 (601, 139 
(141, 123 (121, 117 (101, 115 (211, 111 (70), 110 (48), 97 (13), 95 (45)r 91 
(17)) 83 (65), 79 (121, 77 (14), 69 (38). 67 (19), 55 (37), 44 (11). 43 (331, 
41 (38). m: 1730 (C-O st etch), 

f 
1700, 1560, 1540, 1485, 1460, 1245, 1225, 

1030, 1010, 980 and 970 cm- . 

TWO additional adducts with M+ m/z 298 (11 t and 14 %I were detected by Cc 
- Uass spectrometry. These adducts were not isolated from the reaction mixture. 

of 1 in l.l-- 
0.483 q (0.0023 mole) of 1 and 3.69 a (0.0439 moie) 

A solution contalnlnq 
of D?4E in 7 mL of 

acetonltrile was degassed ulth argon and irradiated through Pyrex for 43 hours. 
After removing the solvent by bubbllng nitrogen through the solutlon, an oily 
residue formed which crystalllted from ethyl acetate-ethanol (1:s) ln the 
refrigerator. Three recrystalllzatlons from ethyl acetate-ethanol (1:5) gave 
colourless crystals of 5 (38 b) m.p. 157O, which were suitable for X-ray 
analysis. Compound 5 crystallized in the centrosymmetrlc, monoclinic space 
group P 2 /n with unit cell parameters as follows: a - 7.891 (3), b - JO.034 
(51, c w 1 0.241 (9) A. The final agreement factor was R - 0.0592.2g For ‘H-N?4Ft 
see text. Mass spectrum, m/z (rel. intensity) : 302 (7) M+, 217 (131, 215 (lo), 
214 (551, 200 (81, 199 (59), 197 (131, 185 (ll), 172 (8)r 171 (191, 160 (131, 
159 (71, 158 (91, 157 (17), 156 (loo), 146 (21), 145 (311, 143 (lo), 142 (E), 
i41 (341, 131 (7), 129 (13), 128 (331, 127 (lo), 126 (a), 125 (421, 117 (7), 
116 (101, 115 (31), 109 (111, 105 (10). 101 (13)) 97 (lo), 91 (231, 89 (111, 88 
(871, 83 (231, 81 (81, 79 (9), 77 (181, 75 (a), 69 (111, 68 (201, 65 (ll), 59, 
(141, 58 (32), 55 (31). 53 (13), 51 (13), 44 (251, 43 (73), 42 (10). 41 (20). 
m: 1710 (C-0 stretch), 1480, 1450, 1365, 1310, 1250, 1180, 1150, 1120, 1030 
and 960 
cm-l. 

GC/MS analysls of the mother liquor showed the presence of 5 together wlth 
two additional lsomers. Dlastereomers 6 and 7 could not be separated by 
preparat lve thin layer chromatography on silica gel with ethyl acetate- 
methylene chloride-hexane (0.2 : 0.7 : 7), but partial enrichment of isomers 
could be achieved. Final purification was effected by HPLC of thus enriched 
mlxture (ethyl acetate-hexane: 5 : 95) and recrystalllzatLon of the separated 
crystalline products from ethyl acetate-hexane (1 : 4) to qlve 6 ( 32 6) mp 
137-B” and 7 (13 %) mp 124-So. Compound 6 crystallized ln the centrosymmetrlc, 
monocllnlc space group C2/c wlth unlt cell parameters as follows: a - 33.430 

(%O SO 
= 6.384 (l), c = 15.127 (2) A. The final agreement factor was R - 

Spectral data for 6: For lH-N?4R data see text and Table 1. Mass 
spectrum, m/t (rel. intensity) : 302 (16) t4+, 270 (141, 227 (91, 217 (221, 215 
(201, 214 (1001, 199 (621, 197 (131, 185 (91, 171 (17), 160(13), 159 (651, 146 
(l!), 145 (24), 141 (101, 128 (19), 115 (23), 91 (171, 89 (9) 0 88 (65), 84 
(14), 83 (14), 77 (131, 68 (ll), 58 (301, 55 (221, 44 (IO), 43 (441, 41 (17’. 
u: 1720 (C-0 stretch), 1490, 1460, 1260, 122C, 1160, 1120, 1045 and 990 Cm- . 

Compound 7 crystalllred in the centrosymmetrlc, monocllnlc space group P 
2 /c wlth unit cell parameters as follows: a - 14.513 (41, b = 7.427 (31, c p 
1 

5 ‘i 
.3 8 (6) A. The final agreement factor was R - 0.052.30 Spectral data for 7: 

For H-NMR see text. Mass spectrum, m/z (rel. intensity) : 302 (13) M* , 271 
(8), 277 (lo), 217 (34), 215 (18), 214 (891, 213 (17), 200 (111, 199 (73) e 197 
(15), 186 (8), 185 (171, 172 (91, 171 (19), 160 (9), 159 (70), 158 (71, 157 
(151, 156 (loo), 146 (17), 145 (26), 143 (lo), 142 (81, 141 (27). 129 (11) e 128 
(211, 127 (8), 125 (30, 116 (B), 115 (28), 114 (81, 101 (91, 91 (IS), 88 (38). 
77 (lo), 68 (B), 59 (9), 58 (131, 55 (15), 43 (28), 41 (9-i. XB: 1730 (C-D 
stretch), 1490, 1270, 1250, 1230, 1175, ?120, 1050 and 970 cm . 

Baar ms.a.hs*d ~~~mcriratlonof. A solution of 3 mg of 7 
containlna 2 mL of aooroxlmatelv 15 $ sodium methoxide solution in methanol was 
stirred o-vernlght a;’ room telllperature. After removal of the methanol, the 
resldue was dissolved in dlethyl ether, washed with water, saturated with 
sodium chloride solution and dried. Removal of the solvent gave a solid whose 
G.C. retention time and 1~ NMR spectra were identical to those of isomer 6. 

. The Quantacount apparatus (Photon Technology 
lbrated and the system was balanced in the dark 

to zero wlth empty cell compartments. This procedure was repeated with two 
quarts cells containing furan as the solvent. The solution of PK (0.049 W in 
furan (4 mL) was added to the W cell, sealed wlth a rubber septum and copper 
wire, and then degassed with argon (oxygen free grade) for 10 mln. Thls cell 
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was placed in the sanpls compartment of the Quantacount apparatus (fursn was 
used as a reference), and then uas irradiated until 2% of the enone had been 
consumed. The amount of the adduc s 

h 
2 and 3 formed was determined by GC using 

the method of standard additions with the standard solution af 2 and 3 in 
furan respectively vhich were added after irradiation. Since two adducts are 
formed, which are well separated upon GC analysis, one of these adducts in each 
determination was used as an internal standard. The temperature program used in 
the GC analysis of adducts 2 and 3 was 200°, 0 min; SO/min: 270°, 0 min. The 
number of Einstein9 absorbed by the PK-furan solution was determined by 
multiplying the number o f counts recorded on the Quantacount apparatus by th 
value obtained in the calibration experiment (1 count - 2.08 x 10-15 
Einsteins). Quantum yields were calculated by dlvlding the number of moles of 
adducts formed by the number of Einsteins absorbed. Two measurements under 
identical irradiation conditions gave for quantum yield formation of 2 from PK 
at 313 nm in furan 0.060 and 0.063. The agreement between the set of two 
measurements for quantum yield formation of 3 from PK at 313 nm in furan was 
also satisfactory, yielding the values 0.060 and 0.070. 

A stock solution of PK and furan or alkene in 
aooromcentrations 
sbiutions of the quencher 

was vreoared in acetonitrlle. Stock 
(l-methylnaphtalene'or TEMPO) in acetonltrile of 

various concentrations were also prepared. One milllllter of the PK-furan or 
PK-alkene stock solution was added to each of 6 Pyrex test tubes, to which vas 
added 1 mL of the quencher solution at various concentrations. After these 
solutions were degassed with argon, they were irradiated in the Rayonet 
Photochemical Reactor equlpped with a merry-go-round apparatus for 3.5 hours. 
n-Pentadecane as an internal standard was added after irradiation to each test 
tube, and solutions were analyzed for adducts formed by CC. The temperature 
program used in the CC analysis of adducts was 200°, 0 min; SO/min; 270°, 0 
min. 
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Soppluot8ry Material Available. 

X-ray crystallographic data: details of the structure determination, 
tables of atomic coordinates, bond lengths and angles, and anlsotropic thermal 
parameters along with a computer generated plot with atom labels (73 pages). 
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