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ABSTRACT--The photocheratcal transfonnationr of methyl geranate are analyzed in terms of the 

dependence of quantum yield upon base, l,Z-dl~thy~imi~ole, concentration. The dependence of 

quantun yield of &conjugated esters methyl (32f-3,7-dimethyl-3,6-octadienoate (t2), methyl 

3-methylene-7-methyl-6-octenoate (13) and methyl (3E)-3,7-dlrnathyl-3,6-octadienoate (14) 

and the ratio of (13)/(12) and (13)/(14) upon base concentration, as veil as the 

dependence of the ratios (methyl 2-lsopropenyl-5-mathylcyclopentanecarboxylate (15): 

deconjugated ester) (10)/(12), (10)1113) and (10)/(14) upon the reciprocal of the 

base concentration, are consistent with relative rate constant ratios for (Il,Sl slgnatropic 

shlft)/(dienol deprotonatlon) for photodienols 15, (precursor of 131, 17 (precursor of 

12) and 19 (precursor of 14) of 72, 1.0 and 65. 

The photochemical deconjugatlon reaction of d&unsaturated carbonyl coapounds has been the 

subject of reneved interest recently from both mechanistic and synthetic perspectlves.2'3 

The general mechanism and proposed intermediacy of photodienols in this reactfon have been 

knovn for soma time, eq. l.'t' Furthermore, the photolswnerizatlon of a&unsaturated ke- 

tones and esters has been shovn to be a more general reaction than initially thought. Even com- 

pounds that are seemingly inert to the reaction condltionsla*b have been shovn to undergo 

photoenollzatlon folloved by a thermal, rearrangement back to the starting fnaterial.'f~6 

This rearrangement process was first proposed by tbrrison to account for the fact that the sun 

of the quantun yields for the E/Z photoloomerlzatlon of 3-methyl-3-penten-2-one did ItOt add up 

to unity despite the absence of side reactions' and has been found to be a m%nor 

contrtbutor to decay pathvays from the excited states of ethyl 2-methyl-2-butenoate." 

18RlH Xlcnq 2 3 
bR=H XlOCH, 
CRICH, Xlcrt, 

dR=Ctt, XrOCH, 

The photo~onju~tion of o&unsaturated esters and ketones has long been proposed as a 

mild and efficient synthetic reaction.' Recently Pete and covorkers have reported on the 

enantioselective photodeconjugation of a-alkylldene lactones and have obtelnad enantiomaric 

excesses of gresier than 3oL.' Weedon and covorkers have also utilized this photodeconjuga- 

tion reaction in 'the total synthesis of a San Jose scale pheromone and in the stereoselective 

preparation of siloxy dlenes.' In addltlon, the photodeconjugation reaction vas shovn to 

be a significant reaction tn the envirorrPnta1 deacttvrtion reacttons of 2(b_hydroxyecdysone, 

an infect moulting hormone." 

so65 
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Ueedon and covorkers have extensively studied the qualltatlve mfichanlsta and the quantlta- 

tlve aspects of the photodeconjugatlon process for sirrple allphatlc a#-unsaturated ketones and 

esters.' For 4 the rate constants for the them1 decay process for the related dlenol 

and the protonatlon of the dienolate species, 5, have been measured using laser flash photo- 

lysis'f*lg, and 

Htw.lh ’ 
in an addltlonal study, the thermal reversion rate was evaluated by 

48 RICy 

bRmt6u 
5 

In our previous article," the photochamlcal transfonnstlons of methyl geranate, 6, a 

model chrtanophore for the insect juvenile hormone, 7, and the general reaction pathvays 

leading to the formation of the varlout photolysis products, 8-14, vere presented. In the 

present report, ve vlll shov that In the deconjugatlon reactlons of 6 the rate constants for 

the themal decay process, relatfve to dlenol deprotonatton, can be estlfmted using an lntra- 

molecular comQetltlve klnettcs approach and slvle klnetlc expressions, despite a very complex 

reaction nanlfold, schm 1. 

RESULTS AND DIx1KSIoH. 

Men 6 vas lrradlated vith the scrupulous exclusfon of any base sources (In the solvent 

or on the quartz tube vallsl, five reaction products, 6-12, result, and the only photodecon- 

lugation product formed In measurable amounts Is 12 (approxiontely 611 of the photolysls mlx- 

turel. A tires versus ccmposftion study shovs that E/Z lsomerlzatlon is rapid relative to other 

processes and that deconjugatlon and cycllzatlon proceed vlth a rruch lover relative quanta 

yield (described In Figure 1 In the preceding paper). Addition of a veak, non-nucleophtllc 

base, 1,2-dlnethylIm!dazole (1,2-D)(1), completely alters the product dlstrlbutlon of the 

(rradlatlon. This Is Illustrated by a 40 h irradiation (450 v mediun pressure mercury lsnpl 

vhlch generated a product mixture In vh!ch deconjugated dlones 14, 12 and 13 represented 

39, 29 and 16 %, cyclic species 9 and 10 5 and 7 t and slgnatroplc shift product 6 4 %. 

In a study of the lrradlatlon of 6 In ether in the presence of increasing concentrations of 

1,2-OHI, It vas revealed that the concentrations of 13 and 14 Increased until 0.5 

equivalent of 1,2-DtlI vas reactwd, after vhlch polnt the concentrations of 13 and I4 vere 

constant. In contrast the concentration of 12 reached a plateau after the addltlon of only 

0.02 equivalent of 1,2-DllI. The slmllarlty of the behavior of 13 and 14 fray be appreciated 

by noting that vlth tncreaslng concentration of 1,2-DllI, the ratfo of I3/14 reaches a 

plateau at 0.04 equivalent of base, vhile the ratio of 13/12 increases vlth base 

concentration reaching a plateau approximately at 0.5 equlvalent. 

CO,CHI ‘u6 
CO#Hs 

0 
a 

I - CO&HI 

e x% 
12 
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In addltlon to E/Z isomerlzatlon and deconjugatlon, vhlch apparently involve only the 

a&unsaturated ester functtonal group, 8 can also cycllze to 9 and 10. These cycllzatlon 

processes involve the remote double bond and a different excited state precursor, Schemt 1. 

Irradiation of 6 vlth 254 M ll@t generates an excited singlet SpChs, S,, and this 

lntermdlate can undergo one of three reactlonsr a 11,3] SlgmtrOplC shift of the prenyl group 

to form 6, the least abundant product during any of the Irradlatfons Carried outi lnterSYSt@m 

crossing to the triplet species T,, vtrlch is the species vhlch undergoes lsoswl2atlon of 

the C-2 double bond to form 115 and f-hydrogen abstraction to form photodlenol 15. Spin 

state 1, also for(lts 9 and 10 through a cornnon diradlcal intenrmdlate." A conslder- 

ation of the options avallable to the photodlenol 15, suggests tvo reaction pathVayS. If no 

base is present ln the reaction, a ground state Il,Sl slgatroptc shift of hydrogen, k,, 

could regenerate starting material 6 vtthout the CcopetItlon of a dlenol deprOtOfuHlOn. The 

11,51 hydrogen shtft pathvay has been shovn to be the predominant pathvay In analogous esters 

and ketones vhen no base Is present,' vhlch often gives the lmpresslon of photoinertness. 

Alternatively, !f base is added to the photolysls, the photod!enol 15 can be deprotonated on 

oxygen to form photodlonolate anion 16. Once formed, 16 can be reprotonated at one of 

three locations, on oxygen to regenerate 15 or on either the alpha or ganum carbons. Using 

ordinary enolate chemistry analogies, a conslderatlon of the avallable proton sources In 

solution to reprotonate the dlenolate suggests that alpha (kinetic) reprotonatlon vould be the 

expected pathvay,*' and indeed, has been found to be the predominant pathvay for the 

dlenolate formed Iran the photoenol of ethyl Z-2-mthyl-2-butenoate.' 1,2-Dlmethyllmldazole 

(Pka - 7.51 vas used In these Irradlatlons because it 1s soluble in the solvent chosen 

(ether), and even though it Is a strong enou$ base to catalyze dsprotonatlon of the photo- 
dlenol 15 (pXa ~a. 101, It vould be expected to catalyze deprotonation of 13 at a rruch 

slover rate (!f at all). Csarw reprotonatlon of 16 vould generate 6. Isolatlon and 

separation of 6-14 by preparative glc, followed by lrradlatlon of each in ether for 9 h 

demonstrated that these photoproducts are all inert to further photochemlcal reaction and do 

not reenter the reaction rrmnlfold. 

lvo assvnptions (observatlonsl are nnde prior to derlvfng the rate expresslons for this 

reactton msnlfold. First, Isofnerlzatlon of 6 and 11 fs a rapid process relatlve to 

fomntlon of any other products, so a photoequlllbrlra Is set up rapidly, and second, as has 

already been shovn, fonnntlon of 6-10 and U-14 1s lrreverslble. Based on Scheme 1 It Is 

possible to derive a kinetic expression for the forfmtton of 10 versus I3 (as vell as 

expressions for 10 versus 12 and 10 versus 14) based on ratios of quantum yields for 

formation of 10 and 12, 13 and 14. Using the steady state approxlmatlon for 1151, 

1161, 9, and 11, one can derive expressions for the quantum yield of formation of 

deconjugated ester, O,s, (eq. 21; the quantun yield for format(on of methyl cyclo- 

pentanecarboxylate from the left side msnffold, Olo, (eq. 3); and the ratio of (lo)/ 

(131, (eq. 41 dwre F 1s a factor to correct for the fact that methylcyclopentanecarboxylate 

Is generated out of the left and right sfde manifolds. (The derivation of these equations Is 

provldad in the Appendlx.1 

p 0 k,k,IBl 
1s = (k_,*k,*k,l(k,*k,IBJ) - k,k,IBl 

k 0 - 23 * %C 

10 k 2S*k2.*k25*ktj k IsC+kS*k2 

k5*% 
k,(k,*ks*kal 

= -K- l %k,IBI 

viwre P = k,/(k, l k, l k,scl (21 

131 

vhere " - k ' ks*k~:tlsc 
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As predicted by OQ. 4, 8 plot of (IO)/(WI versus Il,2-INlIlT yields a strrlght 

llh4 (corr4latlen c44fflclent l 0.9951, Figurr 1. Slmllar plots can be rd4 of (lOI/(Ul 

an5 (lQI/(141 versus 11,2-DNII-', Figures 3 snd 2 respectively. In the case of the plot 

of (lOll(l3) versus fI,2-iMIl~s, dfvidtng the slope by the intercept provides the quantity 

fk,)(k,*k,*ka)/k,(k~*ka). R4t4 constaats k,, k, and k, we the tenas for repr4towJtion 

the $hetodIeholste, ~k_,+ks*kal/(k,,*k,) Is the reciproc41 of the fraction of carbon protonatlon 

and it seem reasonable to assma that this fraction vi11 be approxlmtely tha sama for the 

three different photodienolate species (16, 18 and 261. On thts basis eq. 5 strrpliffes to 

approximately ckslk, fvtw-e c is a constant) or sf~ply a ratfo vhtch ts proporttonal to 

the rate constant for Il,SI Jtgatroptc shift dtvtded by the rate constant for dlenol daprotona- 

tlon. The results of these ahalytes are swmrtred tn Table 1. 

cop, 
OS Iti 

o! * ‘ . , . f 1 , - 1 
0 too 200 300 400 MO 

l/I81 

Ftgure 1. Plot of the ratlo (101/(13) 

versus (1,2-DtlIl". 

Figure 3. Plot of the ratio (f01/(121 

versus (1,2-OHI)". 

0-l . I I , r , r 5 . 1 

0 loo xx) 300 400 soo 

l/IS1 

Figure 2. Plot of the ratlo (10)/(141 

versus 

The ratto of rate constants for (slgrmtrop\c.shlftI/(d~enol deprotonat\on) for the dienols 

pertinent to deconjugatton to I3 and 14 are very close, 5.26 x 10-s and 6.23 X 10-s 

respectively, vttlle the s4ma rstto 1s on the order of 75 times srmller for 12, 7.36 X 
lo+. Assuning that the rate of dlenol ~rotonation Is approxi~tely the s4me for all 

three dtenols, 15, 17 and 19, then the values for the slopellntercept of the plots In 

Flgures 1-3 can be used to estlrmte the relative rates for the ll,Sl hydrogen shift of the 

dienol to regenerate starting mterlal,, 6 or 11. The relatlve rates for this Il,SI shlft 

are 72, 66 and 1.0 for dlenols 15, 19 and 17, respectlvely,and 4re tn accord vtth the 

qualitative results of Veedon and covorkers on substrates vhere m-e than one &conjugation 

pathway ts avallable.'b*e Examlr+tfon of the dterml structures tn sC)w*e 2 rev4als that 

dienol 17, vhen In the s-c& conformti.on, Is in a sterfcally unfsvorable ronforntion and 

rotation to the s-m confotmatlon, 174, moves the dienol OH avay from tha bulky prenyl 

group. Conversely, dlenol rtructu~e 15 ln the s-c& confomtton ls mre stable than lf 
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rotatlon to the s-m conforrrtlon, l%, trkos place, puttlng the dlenol OH close to the 

bulky prenyl group. The case for dlenol 19 Is less clearcut. Eloth the s-c&, 19, and the 

S-U, 1%. conforuntlons appear to have the S(LII, sterlc lnteractlons vhen molecular w%als 

are ex~lned. The s-a confonatlon 1s the reactive confonmtlon and all three dlrMls ust 

adopt lt for thr [1,51 slgatroplc shlft of tha proton to be posslble. Since each dleno? 1s 

lnltlally foti in the s-a conforfMlon, the relatlve rate data reflect the fact that ln the 

s-m to s-w convorslon straln rellef is only avallable for the lsoarrlratlon of s-cls - 
17. 

Table 1. Base catalyzed photodeconjugatlon klnetlcs results. 

CoaQound Slope Intercept Relatlve Rate of 
11,51 slgratroplc shlft 

13 4.5 x lo+ 8.8 x lo-’ 5.3 x lo-’ 1.00 

12 1.4 x 10-s 1.9 x 10-l 7.3 x 10” 0.014 

14 5.0 X 10” 8.0 X IO-’ 8.2 X lo-’ 1.18 

Scheme 2 

From another vlevpoint, the slallarlty of deconjugatlon pathuays leading to esters 13 and 

14 ts reflected In tt@ dependence of [WI and 1141 upon 11.2~CM11 (vloB supre). Plots of 

the curves of 113) and I141 forrmtlon versus equivalents of 1,2-M both flatten out after the 

addition of about 0.5 equivalents of base, and In a plot of the ratlo of (l3)/(14) versus 

equivalents of 1,2-DnI, the curve flattens out to a slope of zero after the addltlon of only 

0.02 equivalents of base. Thls shovs that the reactlvltles of dlenols 15 and 19 are very 

Slnllar vlth respect to the ratlo of rates of enol deprotonatlon and Il,S] slgmtroplc shift 

for each species, tilch contrasts sharply vlth the characterlstlcs revealed for dlenol 17. 

The flat slope achieved for deconjugated ester l2 production after the addltlon of only 0.02 
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equivalents of 1,2-W is conslstrnt vlth a riugglsh rate for I1,51-slmtroplc thlft of 

hydrogen in cqtitlon vlth 8 noral rate for dtenol daprotorbatton. 7ha Wardatlon of the 

11,51 shift process for 17 rrlatlvr to 15 or 19 also explains the results of direct 

irradiation of 6 v1thout base present. In this case dienols 15 and f9 are fonod; 

hOveVer, they rrvert back to 8 and 11 rapidly before deconjugatlon can ProMA, Ale 

vtth dim01 17 the Il,Sl stgmitroplc return to starting ester is tnefftcient, So 

deconjugation can occur, even if only to a minor extent ((5x of the reaction mixture). 

In the present kinetic study, the carplexlty of the reactton mantfold allovs for an 

intramolecular cwparison. The photochamical base induced daconjugatlon may be Compared vlth 

the triplet state rlng closure to cyclopentanecarboxylate 10. This provides considerable 

experimental slnpliflcatlon relative to the typical Stern-Volsmr approach used for studies of 

&conjugation reactions of o, &unsaturated ketones," for example, and also prOVldeS 

estimates of the rates of thermal (1,5] shifts of hydrogen (reketonizatlon of the dienolsf 

relative to the rates of dlenol deprotomatlon, vhlch are in hamny with results obtained by 

laser flash photolysis.lf 

EXPERItlENfAL KCTIOIt 

Cmr*\. GLC analyses vere carried out using a Vartan 3700 9~s chrarrtograph ewlPPed 

with a flama lonlzatlon detector and a Hevlett-Packard 33128 integrator using an 8% OV-17 on 

Chromosorb-V, AW, WlCS, 80180 w&i, 0.125 in. x M It column. Otethyl ether vas dtstllled from 

sodi~/~~o~none ketyl lnnedlately prior to use. All photolysls samples were Placed in AC9 

Glass co. 170 x 15 llllr quartz, resealable s-10 tubes and degassed vlth three freerelthav 

cycles on a vacuun line. All articles of glassvare used ln making up sa~@les for photolyses 

(quartz tubes, volunatrlc flasks, etc.) vere rlnsed vlth 10% aqueous Kl, dlstllled vater and 

acetone prior to being oven dried. The ll@t source for all photolyses vaf a Rayonet Type R5, 

preparatlve photochemical reactor (Southern Nev England Ultraviolet Co.) equipped with eight 

253.7 nm 1-r and a merry-go-round device. 

The Oependence of the Reciprocal of the Relattve Wantu Welds of DeconJqptlon Products 

12, 13 and 14 upon ttm Reciprocal of the 1,2-Di~thyllalduole Concentration. The dependence 

of the ratios of methyl cyclopentanecarboxylate (10) to deconjugatlon products l2, 13, 

and 14 upon the reciprocal of the 1,2-dlmathylimldaZolr concentration, as plotted ln ftgures 

1, 2, and 3, vat determlned errplaying sarrPle Jolutlons prepared by plpettlng equal volunes of 

ethereal solutions of 0.1 H methyl geranato and do&cane (internal standard) into quartz reseal- 

able photolysis tubes. To each solutlon varylng amounts of a 1.00 tl solution of 1,2-dlmethyl- 

1mlbaZOle were added using a dlgltal pipet. The samples were begassed and then irradiated vlth 

the 254 fxa lsnps for 4 h. GLC analyses vere carried out ustng tnjector and detector 

temperatures of 210 and 230 'C vlth the colmm progranmed to rlse from 120 to 135 'C at 5 

'Ctmtn after a 5 mln hold. 

The Dependence of the Coqmsition of OeconJugated Esters 12, 13, and 14 upon E~lralents 

of Bate Present. Experlmentr to detefmtne the dependence of the cmosltion of deconjugated 

Why1 esters 12, 13, and 14 and the ratio of (131Iil2) and (13)/(14) on tha 

eqI.IiValOntS of 1,2-dimethyllmldazols present vere carried out by placing epual velures of solu- 

tion of 0.1 H methyl geranate ln ether, each of uhlch contained dodecane internal standard and 

a different a#kWnt of base, 1,2-dlrmthylllaldazole, into a series of quartz photolysls tubes. 

The irra8latlonS vere carried out for an 8 h perlod urlng the 254 IYI 1~s. The GLC analyses 

vere carrfed out as In the preceding experiment. 

We express our appreciation to the National Institute of Envtromntal health Sciences 

(ES00040), the Nlcolas L. Tartar Foundation and the 9ovemo Foundation for partlai support of 

this vork. 
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Appendix 

Derlvrtlon of the dependenca of purntu ylrld ratio upon base concentration 

For the lormrtlon of E;?I 

From kbane 1 assu* that 15 and 16 are at steadS) state concentrations; I - the lllmlMtlng 
lntenslty, f - efflclency W llght%bsorptlon by c: 

fI * 
k2 

k,+k +k, +k d l k_,IM*1@ 

l~l,, l 

k,%lBl 
(1) 

Let P l 
k2 

k2*ks*k1sc+ksd 

l~l,, = 
k, IEIIBI 

lBH*l(k_.,*ks*k,) 

SubstltutIng (11 lnto (2): 

k,IBl II 
IlJl,, - 

* P l k,lW*l@ 

IBH*l(k_,+k,*k,) * k,*k,lBl 

Pk, fIIBl l k4k,@tB!ld 
. 

l~*l(k,*k,*k,)(k,*k,lBl) 

Let R - IBH*1(k,*ks*k,)(ks*k,[B]) 

[Yss 

k,k_,I~llBll~*1 P k,fI[61 

-~R'r 

Ill,; 
0 - k,k,lBlISH*l~ P k,fIlBl 

--’ 

Substltutlng the expressfon for R (eq. 3) In (4) and rearrangIng: 

l~l,, - 
P k,fIlBl 

Id1 ( (k,*ks*k,)(k,*k,[Bl) - k,k,[B] ) 

Then from Schema 1 

Comb!n!ng expresslons (51, (6) and (71, ve have: 

"3 

p k,k,lB1 

- ‘(k,*ks*ko * (k,*k,lBl) - k,k_,lBl 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(9) 



For the formation of 

Fretr Scheme 1 assune 

Pbotocbanrml Qcoajuption reactions of mctbyl *MU 

10s 

that ln the left hand imnffold S, and 1, are at steady state 

~bst~tut~ng the express%on fof lS1l,, into (lilt 

IT& * ’ 
klSC 

k2,+k2r*2s%i 

and 

Combine squatlons (12) and (131 to obtain the_wntwiyleld of 10 fOrcPsd from the 
left hand mnifold. 

'PlO l 

k2, . kfsc 

k2s*k2.*k2S+kd kl,c+ks*k2*ksd 

L2 k,k,tBl 

Qz 121 k,*k +k, l k d * (k_,*kb*k,)(k,+k,[el) - k,k_,m 

Qlo - 9 f - QlO 
- 

Were F - factor to correct for the fsct that 10 Is ganerateU out of the left 
and right hand rmntfolds. 

F k2 
l 

k,*k2*kisc*k,d 

fhus a plot of (g!,/(E) provides the follovtngt 

Slope - 
k,(k_,*ks+k:,) (k&l 

n ksk, 
and intercept = no 

6 

k,(k_,+k,*k,) 

e = k,(k,*k,) 

3073 

(101 

(11) 

(12) 

(131 

1151 

(161 
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