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Abstract The effect of subsmuents on the mode of approach and the enaW.a-o ratto in mtramolecular 
[2+2] photocycloaddmon reactions were studed 

Introduction 

Controllmg the stereochenustry of [2+2] photocycload&tion of olefms to cycloalkenones 1s 

difficult, and often a stereolsomer nuxture IS obtamed Th= is the mam reason preventmg this type of 

reaction from beconung a much more useful tool m syntheses of complex orgamc compounds Although it 

has been studled for more than thuty years its mechamsm 1s not yet fully understood1 Among 

photochenusts It IS agreed that an excited mplet state IS mvolved m the first stage of the reachon It has 

been proposed2 that a twlsted A+* state 1s the reactive mtermdate and not the polarized n-x*. Whether 

this 1s generally the case 1s not very certam smce the energy gap between the two states m cyclohexenones 

IS small Also it IS not yet clear whether the enone m the mplet state 1s reactmg v&h the olefin or whether 

that mplet 1s a precursor for another reactive mterme&ate There are some recent results that have been 

explamed by assunung that the olefin reacts with a vlbrahonally excited enone m its ground stat2 The 

formation of an exclplex as mtennedlate m the [2+2] photocycloatihon has been proposed by Coref and 

latter by de-Mayo5 as a result of careful kmeuc stu&es Schuster and Turro6 have lately questioned this, 

argumg lack of expenmental evidence to ~usUfy Its existence The dearth of knowledge of mterme&ates 

Involved m [2+2] photocycload&hon, and parhcularly their charge &smbuhon and conformation, 1s the 

mam reason for poor pdctablhty A high degree of sekchvlty has been achieved m some examples7 of 

mtramolecular [2+2] photocycloaddmon where a stenc effect was apparent These mclude studies towards 
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a speck target such as the total synthesis of lon@olene* Our Intention was to study systematically to 

what extent a substituent on a cyclohexenone can control the anh to syn isomer rat.10 by a stenc effect. If 

we find that the olefm approach can be controlled then we shall exannne whether the end0 to exe raho of 

the two stereolsomer products can be tiuenced by the mode of approach of the reactmg functions (see 

Scheme 1). 

Results 

AnUendo Am%xo 

Scheme 1 

SyrVetd 

In order to obtatn mfomation about approach and its effect on the stereoIsomer ratio we have 

synthesized cyclohexenones having a subsutuent on carbon r (C?) of the SIX membered nng and an olefii 

cham hnked to the u-carbon The substituted cyclohexenones were prepared as in Scheme 2, from the 

correspondmg protected phenols and halo-olefms, following Sutherland’s9 procedure The correspondmg 

halo-olefins were prepared ather by known or motifled procedures as described m the expenmental part 

Irra&auon of compound 9 dissolved m cyclohexane, vra a Urarnum glass filter, gave two mam 

photoadducts m a ratlo of 2 3 1, and m over 95% yield All efforts to separate the adducts by hquld 

chromatography faded, and pure samples for structure determmahon were obtamed by preparative 

gas-chromatography (PGC). The major product was assigned unequivocally as 11 and the mmor one as 12, 

by spec~oscoplc methods, as described in the following chapter. We can therefore conclude that m 011s 

mstance the stenc effect does control the olefin approach, and that the an&Isomer IS the major 

photoadduct as expected. Replacement of the bulky t-butyl subshtuent by a methyl group (lo), led on 

mzhation to a nurture of two photoadducts (13 and 14) m a ratio of 14 1 These were separated by PGC 

and the= structures were determmed unequivocally by NMR The results tnQcate clearly that the size of 
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R’ R’ R’ 
R’ = But or Me 

Halo-olefins used for alkylatton 
1 Br-(CH&CH=CH2 5 Br-(CH&C=CMe2 

2 Br-CHMe(CH&CH=CH2 6 Br-(CH&CH%HMe 

3 Br-CH$HMeCH&H=CH2 7 Br-(CH&@-tkHMe 
4 Br-(CH2)3CMe=CH2 8 I-(CH2)3CD%DH 

Scheme 2 
the substituent on C? of the cyclohexenone could play an important role m controlling the stereochenustry 

of this mtramolecular [2+2] photocycload&tion reachon 

0 0 

R 

9 R = Bu’ 
lOR=Me 

R 

11 

13 

Scheme 3 

2 3/l 12 
1 4/l 14 

It was of interest to mveshgate whether subsutuents on the cham can Improve the stereoselechvq of 

the photoad&hon process Compound 15 was synthesized (as a 1.1 &astereomer nuxtme) havmg a methyl 

group on Cl’ of the cham lmkmg the olefin to the cyclohexenone This nuxture was dated, and the 

expected photocycloaddmon reaction took place m good yield Four products were formed 111 a 2 2 1 1 

ratio, showing that no improvement m the stereoselechvlty had been acheved as compared ~nth the 

unsubsututed cham model 9 Smular results were obtamed for compound 16 having a methyl group on C* 

It appears that m tis system subshtuents on C” and C*’ have no agmficant influence on the selechvity of 

the cycloaddmon process 
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15 R = Me, R’ = H 

16 R = H, R’ = Me 

hv 

0 R R’ 

P 

Scheme 4 

+ 

Ratlo 
2/2/l I1 

0 R R’ 

The next step was to study whether a substituent on the double bond could control the 

stereochermstry of the photoad&hon To that end three compounds 17,zO, and 21 were prepared 

Irrtiafion of 17 led to two photoadducts (antllsyn) m a 2 7 1 ratto. and m over 95% yield These were 

separated by PGC and detcmuned by NMR to be CIS, parallel, [2+2] photoadducts The major photoadduct 

18 IS the result of olefm approach to the enone face from the u~~tl side, whereas the mmor photolsomer 19 

1s formed by a syn approach The fact that substituents on the oletin can control the stereochermstry was 

~~Worced by companng the photoadduct raho obtamed from 20 to those obtamed from 17 From the 

former we obtamed one & photoadduct m nearly quanhtattve yield havmg structure 22 Irrtiahon of 

21 gave two photoadducts m a 3 1 ratio. these were identified as 23 (anti) and 24 (syn) respechvely This 

gave further weight to our conclusion that replacing the bulky t-butyl subshtuent on the nng by a methyl 

group led to reduced selechvlty It IS apparent that stereoselechvity of photocycload&hon could 

conceivably be controlled by fine tumng of the bulkmess of substltuents on the rmg and on the reachve 

centers of the olefin 

0 0 0 

17 R = Me, R’ = H, R” x But 
20 R = H, R’ = Me, R” = Bu’ 
21 R = H, R’ = Me, R” = Me 

16 
22 
23 

Scheme 5 

2 7/l 19 

3/l 24 

In startmg mater& (2528) where R’t R* (Scheme 6) two stexeolsomer products (endo and exe) can 

be expected At dus stage we were ready to explore whether the endo exe raho depends on the dlrecbon of 

approach of the olefin to the enone face Compound 25 (E Isomer) havmg R1= Me, R2= H was prepared 

here GC ascertamed that the amount of the 2 isomer, 26, was cl% Its uradxihon was followed by GC and 
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It appeared that photcusomensation to geometrical isomer 2fi accounted for less than 8% of the total 

amount of the reacuon nuxture We can therefore argue, that in dus system as m previously stud& oneslo, 

the rate of cychzation 1s faster than the E e Z mterconversion Apparently, m the *ation of 25, the 

olefii funchon 1s forced by the t-butyl group to approach the enone face from the unfi side, leadmg to anti 

photoadducts m 94% yield It 1s important to note that these are a nuxture of end0 and exe sten~~somers 

We can conclude that the approach was mdeed controlled, but that selech~vlty m the formahon of endo and 

exe stereoisomers was dunuushed, from 35 1 m the unsubstituted cyclohexenone 27t” to 4 1 for 25 The 

photoadducts of 25 were separated by PGC and found to be [2+2] parallel photoadducts. havmg a 

cqunchon between the four and the six-membered rings Accordmg to NMR analyst the methyl group 1s 

end0 to the six-membered nng m the myor stereolsomer 29 and exe m the mmor stereoisomer 30 The 

same trend, of rapid formation of photoadducts relative to photoisomenzahon Z * E, was evidence when 

the Z isomer 26 was dated It was found that 86% of the products resulted from anfi approach of the 

olefii to the enone However, the stereoselech~~ty m the photoadducts formed by ants approach was 

reduced to a 1 8 1 end0 to exe-ratio, which 1s much lower than that observed 111 the unsubstituted 

compound 28 (5 8 1)” 

0 0 

&it+g + 
R, R R R, Me H 

Rat10 
25 ~1 = Me, R2 = H, R’ = But 
26Rf=H,R2=Me,R’=BUt 

27 R’ = Me, R2 = H, R’ = H 
28 R’ = H, R2 = Me, R’ = H 

29 

31 

Scheme 6 

4l1 
1 8/l 

35/l 
5 8/l 

0 w i 
R’ H ‘*Me 

30 

32 

In order to check the hyphothesls that stenc mteractlons between the substituent on the olefm and the 

bulky group on the six-membered nng affect the steremsomer formahon. a hydrogen atom was 

stexeospeclfically replaced by deutenum and the endolexo ratio was detemuned by 2H NMR analysis 

Hence compound 33 was synthesized and ura&ated and two photoadducts were formed in high yield 

(>95%) The raho of the anti to syn Isomer was 2 3 1 as expected The mam unto isomer 35 was separated 

and the endolexo ratlo was determmed by mtegration of the relevant signals m the 2H NMR spectrum to be 

2 1 respectively 
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33 R = Bu’ 

34R=H 

Structure determination 

35 2il 36 

2/l 
Scheme 7 

As m&cated above, tis was based on measurment of ‘H, and 13C NMR spectra, and on apphcatlon 

of COSY, C-H heterocosy, NOE, and *H spectra In some cases protons adjacent to a ketone group were 

determmed by exchange with deuternun by mdd basic condmons In order to Emforce our conclusion that 

the structure of the maJor photoadduct of 9 IS 11, a crystalbne denvahve 37 was prepared by aldol 

condensation of 11 wth p-bromobenzaldehyde, and its structure detemuned by X-ray crystallography As 

can seen m Figure 1 the structure IS m full agreement with the Nh4R analysis The key protons m the 

photoproducts were assigned as shown Table 1 

11 

Figure 1 

The assignment of # and H3 as protons a-to carbonyl was estabhshed by exchange with deutenum 

111 basic CH30D Protons H’, H5 and H” were assigned as methynes using C-H heterocosy and DEPT 

Analysis of the COSY and NOE spectra coupled vvlth the mfotmanon about the methyne protons, enabled 

assqmng the structure of 11 unequw3caIly The ssme type of analysis was apphed to the other 

photoadducts and the results are summanzed 111 Table 2 
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Table 1 ‘H NMR of photoadduct 11 

5 @pm)a 
2 82 

COSY NOE (%) 

H6, H’, H4 
H3 H*, Hg 
H2: H*, Hg 
H’ 

$~_$$$:\,Hg(04) 

H6 H’ H’O 
H” H5’ H7 

H; (2.5) 

H” H5’ H6 
t-i;: $$2, H3 

i6 [;.;I, H’ (3.5)s H” (1) 

H’O 
H* (3) 

0 95 
H” 077 

H5: H*’ 
H5 (1 5), H’ (0.5); Hg (1 l), H’O (1 5) 

a) CDCI3 

Table 2 lNMR of photoadducts 111 CDC13_ 

12 
l-i’ H2 H3 H4 H5 H6 H’ H* Hg t-Bu’O 

12521 24 123 120211.9811.57/1.4411.21 (0.97 (073 1 

18 H’ H2 H3 H4 H5 I46 Me7 H* H9 t-Bu’O 
12371 19 11 7911.7511 41 11 3611 11 11 061091 1072 1 

H’ H2 H3 H4 H5 H6 H7 Me* Hg t-Bu’O 
19 I 24712.25) 1911’78)l 5811 4911.43)09810.94)076 

H’ H2 H3 H4 H5 H6 H7 Me* Me9 t-Bu’O 
241123 ~205~1.76~145~1.26(1 111 09 10.9 1084 

g 2g H’ H2 H3 H4 H5 H” H’ H* Me9 t-Bu’O 

I23 1228120812.0211 6211 4211 2911 051082( 07 1 

30 
H1 H2 H3 H4 H5 H6 H7 H* Me9 t-Bu’O 
285j2.3812.1811 9 1’6311 5211 1211 0210821 0781 
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Photocycloadtition of double bonds to coqugated cycloalkenones 1s one of the most synthetically 

useful reactions for preparahon of four-membered nng compounds The mam drawback of the process 

arises from the fact that control of stereochenustry 1s as yet rather unpdctable It 1s known7 that m some 

n~tramolecular [2+2] photocycload&aons stenc effects can play an nnportant role 111 controllmg the 

stereochenustry of the reaction Our previous work” on system I has estabhshed that on mation two 

stereolsomers (endolexo) are formed m a 1 1 ratio, independently of the configuration (E or Z) of the olefii 

III the startmg matenal No stenc effect appeared to mfluence tis ratio, smce on hation m cyclohexane 

at room temperature usmg deutermm, methyl, isopropyl or t-butyl as subsmuents, pract~ally the same 1.1 

ratio of endo to exe isomers was observed On the other hand, If the cham 1s attached to the cyclohexenone 

u-carbon (system II) the ratio of the endi&xo sten~~somers formed 111 the photoaddmon was found to be 

dependent on the size of the subshtuent and on the configurahon (E or Z) of the olefin used. The fact that 

the stereoselecfivvlty m system II was found to be decxeasmg ~nth mcreasmg uze of the substituent 

encouraged us to sub&X$ the process to further investigation 

System I 

0 

endo 

0 

l/l t?XO 

0 

9-9 @ii 
System II end0 

R= Me 3511 
exe R- Pr’ 3 8/l 

Scheme 8 
It has been proposed* that [2+2] photocycloaddmon to cyclohexenones occurs VM a twlsted 

mtermtiate If a twisted form of the cyclohexenone 1s the achve mtermedtate, the olefin can approach 

from two non-equivalent faces which will not necessardy lead to the same composlhon of stereolsomers 

In order to mveshgate whether the approachmg mode 1s indeed an important factor m the reacuon, we 

exammed the posslblhty of dmzctmg the olefin preferenhally to one face of the twisted cyclohexenone by 

blockmg the alternative face with a bulky substituent 

Indeed, m the first model studled (9), we found that stenc effects can to some extent control olefm 

approach to the excited enone With a bulky group such as t-butyl ahon of unsubshtuted olefii led to a 

2 3 1 unh/syn ratio Clearly, the effect is stenc in ongm, smce replacmg the t-butyl group with methyl, the 
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rat10 was reduced to 14 1 The next step was to examine whether substttuents on the chm could mcmase 

select~vny. There are some previously reported examples of hrgh selectivrty m substrates havrng 

substnuents on the charn and the nng l1 We were drsappointed to find that when methyl was used as the 

subsutuent on Cr’ (l5) or on c2’ (16) of the cham, the ratro of anti to syn photoadducts was only 2 1. 

Some nnprovement rn the selectrvrty apparent 111 the uradrauon of 17, havmg a methyl group 

connected to c4’ of the chant and a t-butyl group to C? of the nng Hem the untilsyn rauo was found to be 

2 7 1. A dramauc improvement was then observed when at 6’ two protons were replaced by methyl 

groups Irradrauon of 20 gave only one photoadduct m pracucally quahtattve yreld, wrth 

anb-stereochemtstry Here rt appeared that stenc effect could fully control olefin approach Clearly the 

effect IS stenc 111 nature, srnce on replacmg the t-butyl by methyl (21) the unhhyn rat10 decrease dto31 

Encouraged by these findmgs we decrded to proceed to the next step and mveshgate whether the approach 

has any mfhrence on the endolero stereoisomer rauo 

Minutes 

Fig 2 krtiatron of 25 in cyclohexane followed by gas cartography. 
Key. 0) 25, (I) 26, (m) 29, (0) 30 

We reportedlo some years ago, that on uradiahon of system II havmg an E (27) or Z (28) olefin srde 

charn the rat10 of endokxo photoadducts (3132) were 35 1 and 5 8 1 respecuvely, that dunng the 

nra&tton the rate of photorsomenxatron of the E e Z IS neghgble relative to the rate of product 

formanon, and that the major photoadduct was the end0 stereorsomer The fact that the endokxo rauo IS 

dependent on the structure of the startrng material suggested that in thus system the major route to 

photoadducts does not occur vru a common duadical rnterrnediate These results were m sharp contrast to 

our previous observanons on system I, where a common drradrcsl in&me&ate had m fact been proposed 
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Hence, we now decided to ascertam to what extent the endolexo ratio IS dependent on the approaching 

mode In other words, could an approach from the anti-side lead to a Merent ratio than the one observed 

m the unsubsmuted system? Imubahon of 25 (E) led to untr-addmon m 94% yield, gnmg a 4 1 ratio 

nuxture of endo/exo stereoisomers In the case of 26 (Z) the an&Isomer was formed in 86% yield, and 

endokxo stereoselect~vlty was reduced to a 18 1 raho This appears that product composition depends on 

whether an E or Z olefin 1s bemg used as startmg matenal 

The VTadlatlon of 25 and of 26 was followed carefully by GC The results obtamed for 25, 

contauung ~1% of 26, are represented m Figure 2 It IS evident that m thus system cycllzafion 1s faster than 

E-Z photolsomenzation, and It IS thus possible to correlate between startmg matenal structure and 

products. Both, 25 and 26 have practically the same UV chromophore, and react at sun&u rates (1 1 1) 

The mzhation of 26 was followed m short mtervals up to 10% conversion It can be concluded beyond 

any doubt that both stereolsomers 29 and 30 were formed directly from 26, smce the amount of 25 at 10% 

conversion was <2% of the total amount of enones in solution One can suggest at this pomt that the 

endokxo ratio depends on two factors 1) the site of the first bondmg (a or p carbon of the cyclohexenone) 

2) the relative rates at wluch a 1,4&radlcal mtermehate II cycbzes to gve either endo or exe The first 
0 

hv 

0 

Scheme 9 

factor IS probably dependent on whether an E or a Z olefin approachs the enone If the first bondmg 1s to 

the B-carbon of the enone, the structure of the stereolsomer 1s determmed @termedate I) If so, the E 

isomer wdl form an endo and the Z an exe adduct, (assummg that the double bonds of the olefin and the 

enone approach each other m parallel mode) On the other hand, If first bondmg 1s to the a-carbon, then 

1,4-dlradlcal mtermebate II 1s formed Thus can rotate and form two stereoisomers, endo and exe The 

second factor should lead to a nuxture of end0 exo photoadducts in a rat10 that is not necessanly 1 1, as 

was found m our laboratory (to be published) 
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It has been demonstratedl*~ l3 that olefins labelled with deutenum can provide mformation about the 

mechanism of [2+2] photocycloaddmon, parhcularly on the site of the Fist bondmg. unmfluenced by stenc 

effects When we apphed thy approach to molecules lackmg a subshtuent on the s1x membered nng a 

rmxture of en&/em (2 1) was formed With 33, havmg a labelled olefii and a bulky t-butyl group, the 

photocycloatition led to two untl and syn photoadducts 111 a 2 3 1 ratlo (as we found m the unlabelled 

molecule 9) Slgmficantly, m the untl isomer (35 + 36) the ratio of endokxo stereoisomers was also 2 1 

The same rat10 (within expenmental error) was found in the case of the unsubshtuted molecule 34 and the 

substituted 33 Our conclusion 1s that, If no stenc effects mfluence the closure of the four membered nng, 

the stereolsomer ratlo 1s 2 1 whether the approach 1s dn-ected or not. Based on tlus ratlo we can calculate 

that uutial bondmg to the a-carbon 1s twice as fast as to the P-carbon of the excited cyclohexenone 111 tlus 

system, assurnmg that bondmg to a-carbon (having deutenum as substituent) leads to a 1 1 enablexo ratio 

To sum up, we have found that m the compounds studled the first bondmg of the olefin does occur at 

both a and P-carbon of the excited enone This assumption must be made to explam the fact that the 

endolexo ratio depends on starhng matenal geometry A further necessary assumpuon IS that stenc factors 

control the endolem ratio of adducts that are formed from tia&cal mterme&ates possessmg rotational 

freedom It seems that the mode of approach of the olefin to the excited cyclohexenone 1s thus not an 

important factor in controlling the endokxo ratio 

Expenmental 

General data. Nuclear magnetic resonance spectra were obtamed on a Bruker AM-400 MHz NMR 

instrument equipped with an Aspect 3000 computer, or a Vanan T-60 mslnnnent, hgh resolution MS 

were measured on a Vanan MAT-71 1 instrument, and GC-MS on an HP 5890 instrument using a 

Carbowax capillary column (25 m, 0 25 mm), a Perkm-Elmer 298 mstrument was used for IR, GC analysis 

were camed out on an HP 5890 instrument using the followmg columns a Carbowax capdlary column 40 

m, 0 25 mm, b Preparative column, 15% CW-20M, Gas-Chromosorb Q, 72-100 mesh, 4 m, 5/32” ID 

Helium was used as tamer-gas 5-Bromo-1-pentene 1, commercially available from Pluka, was used 

without further punficahon The halo-olefins @)-6-bromo-2-hexene 6, (Z)-6-bromo-2-hexene 7, and 

(E)-1,2-ddeuteno-5-lodo-1-pentene 8, were prepared as described in ref 10 

SBromo-1-hexene 2. Ethyl 2-(2-propene)-acetoacetate was prepared according to Valcavl14 from 

ethyl acetoacetate (26 g, 0 2 Mol) and ally1 bronude (39 g, 0 28 mol) to give 33 5 g of crude product m 

98% yield IR (CHCL,) 1720,1745 cm- l, ‘H NMR (60 MHz, CClJ 6 5 8 (m, lH), 5 15 (m, 2H), 4 23 (q, 

2H), 3 6 (t, lH), 2 62 (t, 2H), 2 3 (s, 3H), 1 3 (t, 3H) 



D BECKER and N HADDAD 

Crude ethyl 2-(2-propene)-acetoacetate (27 5 g, 0 16 mol) was dissolved 10% &urn hydroxide 

soluhon (700 mL) and refh~~ed for 20 h The reachon nuxture was cooled to OOC and acid&d by cone 

hydrochlonc acld to pH = 6 The reachon nuxtuxe was extracted with methylene chlonde (3 x 30 mL), 

dned over MgS04, and solvent was removed under reduced pressure to grve 10 3 g of crude 5-hexen-2-one 

in 65% yield IR (CHCL$172O cm-l; ‘H NMR (60 MHz, CC&) 6 5 8 (m, lH), 5.15 (m. 2H). 2 18 (q. 2H) 

To a slurry of LAH (4 g, 0 11 mol) m ether (50 mL) at 0°C was added dropwise crude 5-hexen-2-one 

(10 g, 0 11 mol) Qssolved m ether (5 mL) and m at room temperatme for 1 h The reaction was 

quenched vvlth Hz0 (4 mL) followed by aqueous NaOH (15%. 4 mL) and than Hz0 (12 mL) was added 

The organic phase was separated from the sohd by decantafion, dned over MgS04 and the solvent was 

removed under reduced pressure The crude ol was chromatographed over stica-gel (eluant 

hexaneCH&, 1 2) to gve 5 g of 5-hexen-2-ol m 50% yield IR (CHCb) 3620 cm-‘, ‘H NMR (60 MHz, 

CC@ 6 5 9 (m. lH), 5 1 (m. 2H), 3 8 (m, lH), 122 (d, 31-I). 

To a solution of 5-hexen-l-ol (O 7 g. 7 0 mmol) and methylamme (12 mL) m THF (14 mL) at O°C 

was added drop~rlse methanesulfonyl chlonde (0 96 g, 8 4 mmol) The reaction was sbrred for 30 mm at 

0°C and 30 mm at room temperature Water (20 mL) was added and the solvent was removed under 

reduced pressure The reaction mucture was extracted with C!H$lz (3x20 mL), washed with Hz0 (20 mL), 

dned over MgS04 and the solvent was removed to grve crude 0 87 g of mesylate whch was used without 

further p&cation ‘H NMR (60 MHz, Ccl,) 6 5 6 (m, lH), 5 0 (m, 2H), 4 1 (m, lH), 2 9 (s, 3H), 14 (d, 

3H) 

To a solution of 5-hexen-2-methansulfonate (0 87 g) m THF (20 mL) hthnun bronude (anhydrous, 

12 g, 14 mmol) was added and the reaction was refluxed for 4 h under N2 The reachon nuxture. was 

cooled to room temperature and water (10 mL) was added and the solvent removed under reduced 

pressure The organic mater& were extracted with CH$!lz (3x15 mL), washed with water (20 mL), dned 

over MgS04 and the solvent was removed to gve crude oil The crude bronude was chromatographed over 

s&a-gel (eluent hexane) to give 0 57 g of 5-bromo-1-hexene 2 in 50% yield ‘H NMR (60 MHz, Ccl) 6 

5 6 (m, lH), 5 0 (m, 2H), 4 05 (m, lH), 17 (d, 3H) 

5-Bromo4methyl-1-pentene 3. Dlethyl2-propenyl malonate was prepared m 98% yield from 

&ethyl malonate (12 3 g, 77 mmol) and ally1 brormde (10 5 g 87 mmol) followmg the procedure described 

for 2 ‘H NMR (60 MHz, CC&) 6 5 6 (m, lH), 5 1 (m, 2H), 4.23 (q, 4H), 3 3 (t, lH), 2 6 (t, 2H), 136 (t, 

6H) 
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aethyl 2-propenyl malonate (15 g. 75 mmol) was alkylated vvltb methyl l&de (11 3 g, 80 mmol) as 

described for 2 to @ve &ethyl methyl (2-propenyl) malonate in 97% yield ‘H NMR (60 MHz, CC@ 6 5 5 

(m, IH), 5 1 (m, 2H), 4 1 (q, 2H), 2 6 (d, 2H), 135 (s, 3H), 13 (t,6H) 

Deethoxycarbonylahon of &ethyl methyl (2-propenyl) malonate (10 g, 4.67 mmol) was carned out 

accordmg to AneJa” To a smd slurry of NaH (0 14 g, 5 5 mmol) m THF (10 mL) at 0°C 

1,2-propan&ol (l O g, 13 mmol) was added and stured for 30 mm at 0°C and 1 h at room temperature A 

soluhon of the &ester m THF (10 mL) was added and the reaction nuxture was refluxed for 30 h The 

reaction was quenched at room temperature by buffer solution @H=7,20 mL) and the THF was removed 

under reduced pressure The reachon nuxture was extracted by CH,C12 (3x10 mL), washed with bnne (10 

mL) and dned over MgSO., The solvent was removed under reduced pressure to gwe crude ethyl 

2-methyl-4-pentenoate (0 58 g, 87%) which was used m the next step with out further punficahon ‘H 

NMR (60 MHz, Ccl,) 6 5 5 (m, lH), 5 (m, 2H), 4 0 (q, 2H), 13 (3H), 122 (t, 3H) 

Crude ethyl 2-methyl-4-pentenoate was reduced by LAH as described for 2 to give 

2-methyl-4-pentenol m 90% yield IR (CHCl,) 3640 cm- l, ‘H NMR (60 MHz, CClJ 6 5 6 (m, lH), 4 9 (m, 

2H) 4 1 (s, lH), 3 3 (d, 2H), 2 1 (m, lH), 17 (m, lH), 0 9 (d, 3H) 

Crude 2-methyl-4-penten- l-01 (1 5 g, 15 mmol) was converted to 5-bromo-4-methyl- 1-pentene 3 as 

described for 2 to @ve 1 47 g in 60% yield after chromatography over slhca-gel usmg as eluant hexane 

(45% total yield from dlethyl malonate) ‘H NMR (60 MHz, CQ) 6 5 6 (m, lH), 5 0 (m, 2H), 3 3 (d, 2H) 

1 1 (d, 3H) 

5-Bromo-2-methyl-1-pentene 4. The bromo-olefin was prepared accordmg to Pmung’s” procedure 

in 70% yield ‘H NMR (60 MHz, Ccl,) 6 4 6 (s, 2H), 3 3 (t, 2H), 1 65 (s, 3H) 

6-Bromo-2-methyl-2-hexene 5. Dlethyl(3-methyl-2-propenyl) malonate was prepared by alkylation 

of &ethyl matonate and 4-bromo-2-methyl-2-butene as described for 2 m 97% yield ‘H NMR (60 MHz, 

CCL,) 6 5 0 (t, lH), 4 1 (q, 4H), 3 2 (t, lH), 1 7 (d, 6H), 1 3 (t, 3H) 

Deethoxycarbonylation was camed out accordmg to Krapcho l6 Dlethyl(3-methyl-2-propenyl) 

malonate (5 g, 22 mmol) was added to solution of DMSO (40 mL) H,O (1 5 mL) and NaCl(2 g) and the 

whole heated under Nz at 180 “C for 12 h The reaction mixture was cooled to room temperature, quenched 

by water (40 mL), extracted with ether (3x25 mL), washed with water (2x15 mL), dried over MgSQ and 

the solvent was removed under reduced pressure Ethyl 5-methyl-4-hexenoate (2 3 g, 70% yield) was used 

in the next step without further punfication *H NMR (60 MHz, CClJ 6 5 0 (t, lH), 4 1 (q, 2H), 2 3 (d, 

2H), 1 7 (d, 6H), 1 3 (t. 3H) 
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Ethyl S-methyl-4-hexenoate (4 0 g, 25 6 mmol) was reduced by LAH as described for 2, to gve 

5-methyl-4-hexen-l-01(2 5 g, 86% yield) IR (CHCL$3615 cm-l, ‘H NMR (60 MHz, CCL) 6 5 1 (t, lH), 

4 0 (s, lH), 3 5 (t, 2H), 1 7 (d, 6H) 

5-Methyl-4-hexen-l-01 was converted into the correspondmg bronude 5 as described for 2 m 70% 

yield (41% total yield from &ethyl malonate) ‘H NMR (60 MHz, CClJ 6 5 1 (t. lH), 3 5 (t, 2H), 17 (d, 

6H) 

N,N-Dimethyl-2-[4-ter-butylphenoxyl-ethylamine. To a solution of sodmm 4-t-butylphenoxlde” 

(23 g, 0 133 mMo1) m dry dlmethylformanude (30 mL) at 50°C sodmm hydnde -0 5 g was added tdl no 

evolution of hydrogen was observed The soluhon was cooled to BC and N,N-&methylammoethylchlonde 

III toluene18 [prepared from 24 6 g, (0 17 mMo1) of N,N-&methylammoethylchlonde hydrochloride, and 

40 mL of toluene was added dunng 30 mm The reachon was stmed for 4 h at lOO“C, then cooled to 25’C, 

water (150 mL) was added and the organic phase was separated The aqueous layer was extracted with 1 1 

&ethyl ether hexane (3x30 mL) and the organic fractions were combined, washed with 20% NaOH 

solution, dned over K,C03 and the solvent was removed by reduced pressure The crude oil was d~shlled 

(87Y!/O 2 mmHg) to @ve 26 5 g of N,N-&methyl-2-[4-t-butylphenoxyl-ethylamme m 90% yield ‘H (60 

MHz, CClJ 6 7 2 (2H, d), 6 7 (2H, d), 4 0 (2H, t), 2 7 (2H, ), 2 3 (6H, s), 1 4 (9H, s) 

l-[2’-~~-Dimethylamino)ethoxy]-4-ter-butyl-1,4-cyclohexadiene . Sodmm (4 35 g, 0 19 mMo1) 

was added to ammonia (180 mL) at -33OC and the reaction was stmed for 30 mm 

N,N-Dunethyl-Z[4-t-butylphenoxyl-ethylamme (8 1 g, 36 6 mMo1) &ssolved m &ethyl ether (30 mL) and 

ethanol (10 mL) was added dropwise and the reacuon was skrred at -33’C for 3 h Water ethanol (1 1) (40 

mL) were added carefully to the reaction and the ammonia was removed The product was extracted with 

hexane (3x25 mL), washed with brine, dned over MgS04 and the solvent was removed under reduced 

pressure to give 7 36 g of colourless 011 In 90% yield which was used in the next step without further 

punfication ‘H (60 MHz, CCL) 6 5 4 (lH, t). 4 5 (lH, t), 3 7 (2H, t), 2 7 (2H, t), 2 2 (6H, s), 1 1 (9H, s) 

2-[2’-(N~N-Dimethylamino)ethoxy]-5-ter-butyl-3-[4-pentenyl]-1,4- cyclohexadiene. 

1-[2’-(N,N-~methylano)ethoxy]-4-t-butyl-l,4-cyclohex~~ene (0 5 g, 2 24 mMo1) was &ssolved m dry 

THF ((5 mL) and the solution was cooled to -7O’C n-Butylhthmm 2 5M m hexane (1 1 mL, 2 75 mMo1) 

was added VUI syringe, after 1 h hexamethylphosphanude (0 5 mL) was added and the reachon was stmed 

for 10 mm at -7OOC A soluhon of 5-bromopentene (0 33 g, 2 24 mMo1) m THF (0 5 mL) was added and 

the reaction was stured for 20 nun at -7O’C and for 3 h at room temperature Bnne (5 mL) was added, the 

solvent was removed under reduced presure, the product was extracted with hexane (3x10 mL), washed 

with bnne, dned over MgSO, and the solvent removed to give 0 54 g of yellow 011 m 83% yield The 
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product was used m the next step wlthout further punficaaon ‘H (60 MHz. CC4) 6 5 7 (lH, t), 5 4 (lH, t), 

5 0 (2H, m), 4.7 (1H. m), 3 8 (2H, t), 2 7 (2H, t), 2 3 (6H. s), 1 1 (9H, s) 

4-ter-Butyl-2-[4-pentenyll-2-cyclohexen-l-one 9. Hydrolysis of the crude 

2-[N,N-dlmethylarmnoethylether]-5-t-butyl-3-[~~n~nyl]-1,4-cyclo hexadlene (0 5 g) was camed out m a 

mutture of acetone (20 mL) and 2N-hydrochlonc acid (10 mL) under mtrogen at 50°C for 2 h &me (20 

n-L) was added and the acetone removed under reduced pressure, the product was extracted wltb CHZCIZ 

(3x10 mL), washed with 5% aqueous NaOH, 5% aqueous HCl solution, and brme, dned over MgS04 and 

the solvent removed The crude 011 was chromatographed over silica gel (eluant hexanemethylene 

chlonde 1 1) to gve 0 25 g of 4-t-butyl-2-[4-pentenyll-2-cyclohexen-l-one 9 m 67% yield IR (CHCls) 

1670 cm-‘, ‘H (60 MHz, CC14) 6 6 6 (lH, d), 5 6 (lH, t), 5 0 (2H, d), 1 0 (9H, s); HRMS Calcd for 

t&H,0 220 1890, found 220 1871 

N,N-Dimethyl-2-[4-methylphenoxyl-ethylamine. The procedure described for preparation of 9 was 

followed with sodmm 4-methyl phenoxlde to gve N,N-dunethyl-2-[4-methylphenoxyl-ethylamme m 78% 

yield after dlstdlahon at 7OWO 1 mmHg ‘H (60 MHz, Ccl.+) 6 6 9 (2H, d), 3 9 (2H, t), 2 6 (2H, t), 2 3 

(6H, s), 2 20 (3H, s) 

l-[2’-(N~-Dimethylamino)ethoxy]-4-methyl-l,4-cy~ohe~diene. The procedure described for 

preparation of 9 was followed ~th N,N-&methyl-2-[4-methylphenoxy]-ethylamme to gwe 

l-[2’-(N,N-~methylano)ethoxy]-4-methyl-1,4-cyclohexadlene m 87% yield ‘H (60 MHz, CCl4) 6 5 3 

(lH, t), 4 5 (1H t), 3 7 (2H, t) 2 5 (2H, ), 2 3 (6H, s), 1 7 (3H.) 

2-[2’-(N~-Dimethylamino)ethoxy]-5-methyl-3-[4-p~tenyl]-1,4- cyclohexadiene. The procedure 

described for preparation of 9 was followed to give 

2-[2’-~,N-dlmethylarmno)ethoxy]-5-me~yl-3-[4-~ntenyl]-l,~ cyclohextiene m 80% yield ‘H (60 

MHz, CClJ 6 5 6 (lH, m), 4 9 (2H, m), 3 7 (2H, t), 2 6 (2H, ). 2 2 (6H, s), 17 (3H, ) 

4-Methyl-2-[4-pentenyll-2-cyclohexen-l-one 10. The procedure described for preparation of 9 was 

followed to gtve 10 m 60% yield after chromatography on sdlca gel (eluant hexane methylene chlonde 

1 1) ‘IR (CHCl$ 1670 cm-l,H (60 MHz, Ccl,) 6 6 3 (lH, d), 5 6 (lH, t). 5 0 (2H, d), 4 7 (lH, t), 1 1 (3H, 

d) 

4-ter-Butyl-2-[l-methyl-4-pentenyl]-2-cyclohexen-l-one 15. The procedure desclbed for 

preparation of 9 was followed with 5-bromo-1-hexene (0 40 g, 2 47 mMo1) and 

1-[2’-(N,N-dlmethylarmno)ethoxy]-Ct-butyl-l,4cyclohex~ene (0 55 g, 2 47 mMo1) to give 0 53 g of 

crude product which was hydrohzed wlthout further punficahon ‘H (60 MHz, Ccl,) 6 3 9 (2H, t), 2 2 (6H, 

s), 1 3 (3H, d), 1 1 (9H, s) 
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The hydrolysis procedure for preparation of 9 was followed to gwe 0 2 g of 15 III 50% yield as a 

nuxture of two diastereoisomers IR (CHCQ 1675 cm- ‘, ‘H (400 MHz, CD@) 8 6 6 (lH, m), 5.6 (lH, m). 

5 0 (2H, d), 10 (3H. s), 0.996 (3H, d), 0.946 (9H, s), 0.941 (9H, s) HRMS Calcd for C16H&z 234 2048 , 

found. 234.2028 

4-ter-Butyl-2-[2-myl-4-pentenyll-2~ydohex~-l~ 16. The procedure descnbe-d for 

preparation of 9 was followed ~8th 5-bromo4methyl- I-pentene (0 36g, 2.24 mMo1) to gve m 70% yield 

crude pmduct, ‘H (60 MHz, CClJ 8 5 4-4 4 (SH, m), 3.9 (2H, t). 2.3 (3H, d). 2 2 (6H, s) 1 1 (9H, s) The 

hydrolysis of thts was camed out as described for 9 to gwe 16 m 54% yleki after chromatography, as a 

mutture of two d~asteteomers IR (CHCl,) 1670 cm- I, ‘H (4QO MHz, CDCl$6 6 45 (lH, d), 5 6 (lH, m), 

5 0 (2H, d), 1.1 (3H, d), 10 (9H, s) 

4-ter-Butyl-2-[4-methyl-4-pentenyll-2-~dobex~-l~e 17. The procedure described for 

preparation of 9 was modSed m the followmg way. 12 eq of 5-bromo4methyl-1-pentene (0 44 g, 2 7 

mMo1) and the reaction was kept at -7oOC for 3 h The crude product was isolated after work-up m 95% 

yield ‘H (60 MHz. CC&) 6 5 25 (5H, m), 4 45 (3H, m), 2 2 (6H, s), 17 (3H, d), 1 1(9H, s) The hydrolysis 

of thus (0 4 g, 1 31 mMo1) was camed out 111 acetone (5 mLJ and 1M hydrochlonc acid (3 mL) at room 

temperature for 5 h Bnne (20 mL) was added and the acetone was removed by reduced pressure, the 

reachon nuxture was extracted by CH,C12 (3x15 mLJ, the orgamc phase was washed with water (10 mL) 

and the solvents removed Accordmg to NMR the crude product was a nnxture of two Isomers with double 

bond at 2 and 3, full rearrangement to coqugatton was camed out tissolvmg the rmxture III 2% NaOH m 

methanol (10 mL) and shmng for 10 h under mtrogen. Water (10 mL) was added, the methanol was 

removed by reduced pressure and the product was extracted by CH&& (3x15 mL) washed with brme and 

dned over MgSO,,, the solvent was removed The crude od was chromatographed over slhca-gel (eluant 

hexane methylene chlonde 1 1) to @ve 0 16 g of 17 m 60% yield IR (CHCl3) 1670 cm-l, ‘H (400 MHz, 

CDCl,) S1 6.5 (lH, s), 4 74 (lH, s), 4 68 (lH, s), 1 5 (3H, s), 1 0 (9H. s). 13C (100 MHz, CDC13) 6 199 57 

(GO), 147 46 (=CH), 139 67,130 02,109 91 (=CH& 47 09.38 27,37 48,32.99 (C(CH3)3). 29 56,27 35 

(CH,), 26.83,24 62,22 34 HRMS Calcd for ClbHz60. 234 2048, found 234 2021. 

4-ter-Butyl-2-[5-methyl-4-hexenyl]-2-eyclohexen-l-one 20. The procedure described for 

preparation of 9 was followed using 6-bromo-2-methyl-2-hexene (133 mg. 0 75 mMo1) which ylelded 155 

mg of crude product ‘H (60 MHz. CCld) 6 5 4-4 9 (2H, m), 4 6 (lH, t), 4 1(2H, t), 2 3 (6H, s). 1 75 (3H, 

s), 1 65 (3H, s), 1.0 (9H, s) The hydrolysis was camed out as described for 9 and the product was 

chromatographed over s&a-gel (eluant hexane methylene chlonde 1 1) to gve 65 mg of 20 m 54% yield 

IR (CHCl,) 1670 cm-l, ‘H (60 MHz, CC&) 6 6 5 (lH, s), 5 1 (lH, t), 1 7 (3H, s), 16 (3H, s), 10 (9H, s) 
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HRMS Calcd for Ct,H# 248 2206, found 248 2179 

4-Methyl-2-[5-metbyl-4-bexenyl]-2-cyclohexen-l-one 21. The procedure described for preparation 

of 10 was followed usmg 6-bromo-2-methyl-2-hexene (133 mg. 0 75 mMo1) which ytelded 165 mg of 

crude product. ‘H (60 MHz, CClJ 6 5 4-4 8 (2H, m). 4 6 (lH, t). 4 1 (2h, t), 2 3 (6H, s), 16 (9H, bs), 1 1 

(9H, s) Hydrolysis was camed out as described for 10 to gtve after chromatography 64 mg of 21 m 70% 

peld IR (CHCl,) 1670 cm-‘, ‘H (60 MHz, CC&) 6 6 3 (lH, m). 5 1 (lH, t), 17 (3H, s), 16 (3H, s). 1 1 

(3H, d) 

4-ter-Butyl-2-[(E)-4-bexenyl]-2-cyclohexen-l-one 25. The procedure described for preparahon of 9 

was followed usmg (I?)-6-bromo-Zhexene gave crude product m 90% yteld ‘H (60 MHz, CClk, 6 5.3 (3H, 

m), 4 6 (lH, m), 3 7 (2H, t), 2 5 (2H, t), 1 6 (3H, d), 1 1 (9H, s) The hydrolysis was carned out as 

described for 9 to eve after chromatography 63% yield pure 25 IR (CHCls) 1670 cm-‘, ‘H (400 MHz, 

CDCl,) 6 6 6 (lH, d), 5 45 (2H, bs), 2 5 (2H, m), 1 6 (3H, d), 1 1 (9H, s) HRMS Calcd for t&H260 

234 2048, found 234 2032 

4-ter-Butyl-2-[(2)-4-hexenyll-2-cyctohexen-l-one 26. Alkylation was camed out with 

Q-6-bromo-2-hexene as described for 9 to gwe crude product m 90% yield ‘H (60 MHz, CCL+) 6 5 l-5 5 

(3H, m), 4 6 (lH, m), 3 7 (2H, t). 2 5 (2H, t), 1 6 (3H, d), 1 1 (9H, s). Hydrolysis was caned out as 

described for 9 to gve III 70% yield after chromatography of pure 26 IR (CHC&) 1670 cm-‘, ‘H (400 

MHz, CDCl,) 6 6 6 (lH, d), 5 35 (2H, bs), 2 5 (2H, m), 1 6 (3H, d), 1 1 (9H, s) HRMS Calcd for C!,,Hz60 

234 2048, found 234 1996 

4-ter-Butyl-2-[(E)4~-dideuterio-4pentyl]-2-cydoh~en-l~e 33. The procedure described for 

preparation of 9 was followed usmg (E)-1,2-dldeuteno-5-lodo-1-pentene to gwe crude product that was 

hydrohzed as described for 9 to gve after chromatography 33 m 65% yteld IR (CHC13) 1670 cm-l; ‘H 

(400 MHz, CDCl$6 6 6 (lH,s), 5 3 (lH, s), 2 5 (2H, m), 105 (lH, s)?H (61 MHz, C6Ds) 6 5 77 (lD, s), 

4 97 (lD, s) HRMS Calcd for Ct5H22D20 222 2014; found 222 1985 

Irradiations: Irrdahons were camed out m cyclohexane as solvent under mtrogen atmosphere 

The commercial cyclohexane was pun&d by shakmg wtth concentrated sulfunc acid and then with 10% 

sodmm carbonate Irra&ation was camed out through quartz using a 450-W Hanovla lamp for 4 hours 

followed by dtsttllauon The photocychzatlons were camed out III concentrations of c 0 05 mol usmg a 

450-W Hanovla lamp or 80-W Hanau Mercury Vapor lamp (Q-81) wtth Uramum (5 >330 nm) or Pyrex (X 

>295 nm) glass filters The photoreachons were followed by W absorptton of the startmg matenal and/or 

GC analysis (columns a or b) Preparahve GC was camed out by collectmg the product m glass tubes ID= 

2 mm using a gradient oven (2OOT to -170 T), for our compounds the efficiency achteved was >95% 
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All photoadducts have strong bend m IR at 1690 cm-’ The followmg retention tunes (column Ai 

oven temp 12ooC) and HRMS were recorded for the photoadducts 11.10 4 mm, 12 118 mm; HRMS talc 

for Ct5H~0 220.1827, found 220 1807 13.5 6 mm, 14 6 4 mm, HRMS talc for (&H1sO 178.1358, 

found 178.1334 18 9 0 mm, 19 10.3 mm, HRMS talc for C~&IH,O 234 1983, found 234 1941 22-9 6 

mm, HRMS talc for f&Hz80 248 2140, found 248 2105.23.6 6 mm, 24 7.6 mm; HRMS talc for 

C14Hz0 206 1671. found 206 1687 29 10.4 mm. 30: 13 0 mm, HRMS talc for &Hz60 234.1984, found 

234 2011 35 10 4 mm, HRMS talc for ClliH22Dz0 222 1952, found 222 1907 
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