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ABSTRACT--The photochemical transformations of methyl geranate are analyzed in terms of the
dependence of quantum yield upon base, 1,2-dimethylimidazole, concentration. The dependence of
quantum yield of deconjugated esters methyl (3Z)-3,7-dimethyl-3,6-octadiencate (12), methy!
3-methylene-T-methyl-6-octenoate (13) and methy! (3E)-3,7-dimethyl-3,6-octadiencate (14)
and the ratio of (13)/(12) and (13)/(14) wupon base concentration, as vell as the
dependence of the ratios (methyl 2-tsopropenyl-5-methylcyclopentanecarboxylate (15):
deconjugated ester) (10)/(12), (10)/(13) and (10)/(14) wupon the reciprocal of the
base concentration, are consistent with relative rate constant rattos for ([1,5] stgmatropic
shift)/(dienol deprotonation) for photodienols 15, (precursor of 13), 17 (precursor of
12) and 19 (precursor of 14) of 72, 1.0 and 85.

INTRODUCTION:

The photochemical deconjugation reaction of «,8-unsaturated carbonyl compounds has been the
subject of reneved interest recently from both mechanistic and synthetic perspectives.?»?
The general mechanism and proposed Iintermediacy of photodienols in this reaction have been
knovn for some time, eq. 1.45 Furthermore, the photoisomerization of a,B8-unsaturated ke-
tones and esters has been shown to be a more general reaction than fnitially thought. Even com-
pounds that are seemingly inert to the reaction cc:mdn.ions“"b have been shown to underge
photoenolization folloved by a thermal, rearrangement back to the starting material,!fs®
This rearrangement process vas first proposed by Morrison to account for the fact that the sum
of the quantum yfelds for the E/Z photoisomerization of 3-methyl-3-penten-2-one did not add up
to unity despite the absence of side reactions’ and has been found to be & minor
contributor to decay pathvays from the excited states of ethy!l 2-mthyl-2-butenoate.°
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The photodeconjugation of ao,B-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 ao-alkylidene lactones and have obtained enantiomeric
excesses of grestor than 30%.%7 Weedon and covorkers have also utilized this photodeconjuga-
tion reaction 1in ' the total synthesis of a San Jose scale pheromone and in the stereoselective
preparatfon of siloxy dienes.? In addition, the photodeconjugation reaction vas shown to
be & significant reaction in the environmental deactivation reactions of 20o-hydroxyecdysone,
an tnsect moulting hormone,'®
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Weedon and covorkers have extensively studied the qualitative mechanism and the quantita-
tive aspects of the photodeconjugation process for simple aliphatic a,B-unsaturated ketones and
esters. ! For 4 the rate constants for the thermal decay process for the related dienol
and the protonation of the dienolate species, 5, have been measured using laser flash photo-
lysls”vig, and, in an additfonal study, the thermal reversion rate wvas evaluated by

| AL = QU — Ju\ A

4a R=CH,
b RatBu

In our previous artlcle,“ the photochemical transformations of methyl geranate, 6, &
mode! chromophore for the {insect Jjuvenile hormone, 7, and the general reaction pathvays
leading to the formation of the various photolysis products, 8-14, vere presented. In the
present report, wve will shov that in the deconjugation reactions of 6 the rate constants for
the thermal decay process, relative to dienol deprotonation, can be estimated using an fintra-
molecular competitive kinetics approach and simple kinetic expressions, despite a very complex
reaction manifold, scheme 1.

RESULTS AND DISCUSSION.

When 6 wvas irradiated vith the scrupulous exclusion of any base sources (in the solvent
or on the quartz tube valls), five reaction products, 8-12, result, and the only photodecon-
Jugation product formed In measurable amounts is 12 (approximately 6% of the photolysis mix-
ture). A time versus composition study shovs that E/2 isomerization is rapid relative to other
processes and that deconjugattfon and cyclization proceed vith a much Tover relative quantum
yield (described 1n Figure 1 1in the preceding paper). Addition of a veak, non-nucleophtlic
base, 1,2-dimethylimidazole (1,2-DMI), completely alters the product distribution of the
frradiation. This s 1{llustrated by a 40 h irradiation (450 v medium pressure mercury lamp)
vhich generated a product mixture {in wvhich deconjugated dienes 14, 12 and 13 represented
39, 29 and 16 %, cyclic species 9 and 10 5 and 7 % and sigmatropic shift product 8 4 %.
In a study of the f{rradiation of 6 in ether in the presence of increasing concentrations of
1,2-DMI, it wvas revealed that the concentrations of 13 and 14 increased until 0.5
equivalent of 1,2-DMI wvas reached, after vhich point the concentrations of 13 and 14 vere
constant. In contrast the concentration of 12 reached a plateau after the addition of only
0.02 equivalent of 1,2-DMI. The similarity of the behavior of 13 and 14 may be appreciated
by noting that with tncreasing concentration of 1,2-DMI, the ratio of 13/14 reaches a
plateau at 0.04 equivalent of base, vhile the ratio of 13/12 increases with base
concentration reaching a plateau approximately at 0.5 equivalent.

CO,CH,
/k/lcmcu. ,Lo, Uco,cm
1"

CO2CH, g CO:CHs R,COsCH,
q co,cu, CO,CH, co,cn.
‘
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In addition to E/Z 1{somerization and deconjugation, which apparently involve only the
a,B8-unsaturated ester functional group, 6 can also cyciize to 9 and 10. These cyclization
processes involve the remote double bond and a different excited state precursor, Scheme 1.

Irradiation of 6 wvith 254 nm light generates an excited singlet specles, S,, and this
intermediate can undergo one of three reactions: a [1,3] sigmatropic shift of the prenyl group
to form B8, the least abundant product during any of the irradiations carried out; iIntersystem
crossing to the triplet specles T,, which {s the species vhich undergoes isomerization of
the C-2 double bond to form 11; and 7-hydrogen abstraction to form photodienol 15. Spin
state T, also forms 9 and 10 through a common diradical {intermediate.'' A consider-
ation of the options available to the photodienol 15, suggests two reaction pathvays. If no
base is present in the reaction, a ground state [1,5] sigmatropic shift of hydrogen, kj,
could regenerate starting materfal 6 vithout the competition of a dienol deprotonation. The
(1,5] hydrogen shift pathvay has been shovn to be the predominant pathvay in analogous esters
and ketones vhen no base s ;:tresent,l vhich often gives the impression of photoinertness.
Alternatively, 1{f base fis added to the photolysis, the photodienol 15 can be deprotonated on
oxygen to form photodienolate anion 16. Once formed, 16 can be reprotonated at one of
three locations, on oxygen to regenerate 15 or on either the alpha or gamma carbons. Using
ordinary enolate chemistry analogies, a consideration of the available proton sources in
solution to reprotonate the dienolate suggests that alpha (kinetic) reprotonation vould be the
expected pathvay," and i{ndeed, has been found to be the predominant pathvay for the
dienolate formed from the photoenol of ethyl Z-Z-uthyl-z-butonoate." 1,2-Dimethylimidazole
(pKq = 7.5) vas used in these irradiatifons because 1t {s soludble in the solvent chosen
(ether), and even though it 1s a strong enough base to catalyze deprotonation of the photo-
dienol 15 (pK, ca. 10), ft would be expected to catalyze deprotonation of 13 at a much
slover rate (1f at all). Gamma reprotonation of 16 would generate 6. [solation and
separation of B8-14 by preparative glc, folloved by f{rradiation of each in ether for 9 h
demonstrated that these photoproducts are all inert to further photochemical reaction and do
not reenter the reaction manifold.

Tvo assumptions (observations) are made prior to deriving the rate expressions for this
reactton manifold. First, 1{somerization of 6 and 11 s a rapid process relative to
formation of any other products, so a photoequilibrium is set up rapidly, and second, as has
already been shown, formation of 8-10 and 12-14 is irreversidble. Based on Scheme 1 it is
possible to derive a kinetic expression for the formattion of 10 versus 13 (as vell as
expressions for 10 versus 12 and 10 versus 14) based on ratios of quantum yfelds for
formation of 10 and 12, 13 and 14. Using the steady state approximation for [15],
[16], S, and T,, one can derive expressions for the quantum yield of formation of
deconjugated ester, &,,, (eq. 2); the quantum yleld for formation of methyl cyclo-
pentanecarboxylate from the left side manifold, &,,, (eq. 3); and the ratio of (10)/
(13), (eq. 4) where F 1s a factor to correct for the fact that methylcyclopentanecarboxylate
is generated out of the left and right side manifolds. (The dertvation of these equations fis
provided in the Appendix.)
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As predicted by eq. 4, a plot of (10)/(13) versus [1,2-DMI)™! ylelds a straight
line (correlation coefficient = 0.995), Figure 1. Similar plots can be made of (10)/(12)
ang (10)}/(14) versus u,z-onn“, Figures 3 and 2 respectively. In the case of the plot
of (10)/(13) versus [1,2-OMII™!, dividing the slope by the intercept provides the quantity
(k,)(k _‘ﬁ:s'k‘)/k.(ksok‘). Rate constants k_,, kg and k, are the terms for repretonation
the phatodtenclate, (k_, sk, +k,)/(ke+ky) 13 the reciproca) of the fraction of carbon protonation
and it seems reasonable to assume that this fraction vwill be approximately the same for the
three different photodienolate species (16, 18 and 20). On this basis eq. 5 simplifies to
approximately cky/k, (where ¢ s a constant) or simply a ratio vhich fs proportional to
the rate constant for {1,5] sigmatropic shift divided by the rate constant for dienol deprotona-
tion. The results of these analyses are summarized in Table 1.
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Figure 3. Plot of the ratio (10)/(12)

versus (1,2-DH1)7%.
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The ratio of rate constants for (signatropic shift}/(dienol deprotonation) for the dienols
pertinent to deconjugation to 13 and 14 are very close, 5.26 X 1077 and 6.23 X 107°
respectively, vhile the same ratfo is on the order of 75 times smaller for 12, 7.30 X
1073, Assuming that the rate of dienol deprotonation 1Is approximately the same for all
three dienols, 15, 17 and 19, then the values for the slope/intercept of the plots in
Figures 1-3 can be used to estimate the relative rates for the [1,5] hydrogen shift of the
dienol to regenerate starting materfal, 6 or 11. The relative rates for this [1,5] shift
are T2, 85 and 1.0 for dtfenols 15, 19 and 17, respectively, and are in accord vith the
qualitative results of Weedon and covorkers on substrates vhere more than one deconjugation
pathvay s avatlaple,1b,@ Examination of the dienol structures in Scheme 2 raveals that
dienol 17, when 1in the s-cis conformation, is in a sterically unfavorable conformation and
rotation to the s-trans conformation, 'lh‘, moves the dieno) OH avay from the bulky prenyl
group. Conversely, dienol structure 15 1n the s-cis conformation f{s more stable than {f
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rotation to the s-trans conformation, 15a, takes place, putting the dienol OH close to the
bulky prenyl group. The case for dienol 19 s less clearcut. Both the s-cis, 19, and the
s-trans, 19a, conformations appear to have the same steric interactions vhen molecular models
are examined. The s-cis conformstion is the reactive conformation and all three dienols must
adopt 1t for the [1,5) sigmatropic shift of the proton to be possible. Since each dienot is
initially formed in the s-cis conformation, the relative rate data reflect the fact that in the

s-¢is to s-irans conversion strain relief 1{s only available for the tsomerization of s-cis
17.

Table 1. Base catalyzed photodeconjugation kinetics results.

1 Relative Rate of
Compound Slope Intercept  TriGrcept (1,5] sigmatropic shift
13 45x107" 86x107 s5.3x10° 1.00
12 1.4X10° 1.9x10 7.3x107° 0.014
14 5.0X 10" 8.0x10% 6.2x10° 1.18
Scheme 2
CO;CH,
N

i
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From another vievpoint, the similarity of deconjugation pathvays leading to esters 13 and
14 ts reflected 1iIn the dependence of (13]) and (14) upon [1,2-DMI) (vide supra). Plots of
the curves of [13) and [14] formation versus equivalents of 1,2-DMI both flatten out after the
addition of about 0.5 equivalents of base, and in a plot of the ratio of (13)/(14) versus
equivalents of 1,2-DMI, the curve flattens out to a slope of zero after the addition of only
0.02 equivalants of base. This shovs that the reactivities of dienols 15 and 19 are very
similar wvith respect to the ratto of rates of enol deprotonation and [1,5] sigmatropic shift
for each species, which contrasts sharply vith the characteristics revealed for dienol 17.
The flat slope achieved for deconjugated ester 12 production after the addition of only 0.02
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equivalents of 1,2-OM1 1s consistent with a sluggish rate for [1,5]-sigmtropic shift of
hydrogen in competition vith & normal rate for dienol deprotonation. The retsrdation of the
[1,51 shift process for 17 relative to 15 or 19 also explains the results of direct
{rradiation of 8 without base present. In this case dienols 15 and 19 are forwed;
hovever, they revert back to 8 and 11 rapidly before deconjugation can proceed, while
vith dienol 17 the [1,5] sigmatropic return to starting ester is {neffictent, so
deconjugation can occur, even if only to a minor extent (<5% of the reaction mixture).

In the present kinetic study, the complexity of the reaction manifold allovs for an
tntramolecular comparison. The photochemical base induced deconjugation may be compared vith
the triplet state ring closure to cyclopentanaecarboxylate 10. This provides considerable
experimental simplification relative to the typical Stern-Yolmer approach used for studies of
deconjugation reactifons of a, B-unsaturated ketonos,” for example, and also provides
estimates of the rates of thormal [1,5] shifts of hydrogen {reketonization of the dienols)
relative to the rates of dienol deprotonation, vhich are in harmony vith results obtained by
laser flash photowsis."

EXPERIMENTAL SECTION

Ganeral. GLC analyses vere carried out using a Varian 3700 gas chromatograph equipped
vith a flame fonization detector and a Hevliett-Packard 33128 integrator using an 8% OV-17 on
Chromosorb-w, AW, DMCS, 60/80 mesh, 0.125 in. x 20 ft column. Diethyl ether wvas distilled from
sodium/benzophenone ketyl immediately prior to use. All photolysis samples vere placed in Ace
Glass Co. 170 x 15 mm quartz, resealable sample tubes and degassed vith three freeze/thav
cycles on a vacuum line. A1l articles of glassvare used In making up samples for photolyses
(quartz tubes, volumetric flasks, etc.) vere rinsed vith 10% aqueous HC1, distilled vater and
acetone prior to being oven dried. The light source for al) photolyses wvas a Rayonet Type RS,
preparative photochemical reactor (Southern Nev England Ultraviolet Co.) equipped vith eight
253.7 nm lamps and a merry-go-round device.

The Dependence of the Reciprocal of the Relative Quantum Yields of Deconjugation Products
12, 13 and 14 upon the Reciprocal of the 1,2-Dimethylimidazole Concentration. The dependence
of the ratios of methyl cyclopentanecarboxylate (10) to deconjugation products 12, 13,
and 14 upon the reciprocal of the 1,2-dimethylimidazole concentration, as plotted in figures
1, 2, and 3, vas determined employing sample solutions prepared by pipetting equal volumes of
ethereal solutions of 0.1 M methyl geranate and dodecans (internal standard) into quartz reseal-
able photolysis tubes. To each solution varying amounts of a 1.00 N solution of 1,2-dimethyl-
imidazole were added using a digital pipet. The samples vere degassed and then irradiated vith
the 254 nm lamps for 4 h. GLC analyses were carried out using injector and detector
temperatures of 210 and 230 °C vith the column programmed to rise from 120 to 135 °C at 5
*C/min after a 5 min hold.

Te Dependence of the Composition of Deconjugated Esters 12, 13, and 14 upon Equivalents
of Base Present. Experiments to determine the dependence of the composition of deconjugated
methyl esters 12, 13, and 14 and the ratio of (13)/(12) and (13)/(14) on the
equivalents of 1,2-dimethylimidazole present vere carried out by placing equal volumes of solu-
tion of 0.1 M methyl geranate in ether, each of vhich contained dodecane internal standard and
a different amount of base, 1,2-dimethylimidazole, into a series of quartz photolysis tubes.
The frradiations wvere carried out for an 8 h perfod using the 254 nwm lamps. The GLC analyses
vere carrted out as in the preceding experiment,
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Appendix
Derivation of the dependence of quantum yield ratio upon base concentration

For the formation of gx

From Scheme 1 assume that 15 and 18 are at steady state concentrations; I = the {1iuminating
intensity, f = efficiency 3V 11gh¥absorption by B:

k2

*
f1 - -Em ‘k_‘[aﬁ “}2]
(15) = 3 ls¢ (1)
~'ss ky*k,[B]
2
Let P =
ka*Ks*Kygcsg
k, [15118]
(18] TS EE—— (2)
[BH™ I (k_, +kqky)
Substituting (1) into (2):
161 k,[8) 1 - P o k_,[8H°)(16]
1 - . e
~'SS +*
[BH™ ) (k_, kg +ky) kyek, (8]

*
Pk, f1(B] + kk_,(16](B)(BH"]
+
(BH* ) (k_, *ky *kg) (k sk, 18])

Lot R = [BH"J(k_,okgokg)(ky*k, [B]) (3)

+
kk_ [16](B1(BH") P Kk, 18]

(18l - ] TR
(R - kk_[BIBH']} P k,fI[B)
{16]¢° . -% ° l‘? (4)

Substituting the expression for R (eq. 3) in (4) and rearranging:

Pk 1(8)

(1614, (5)

[BH®) { (k_ *kgeky)(ky+k,[B]) - kk_,[B] )

Then from Scheme 1

d| ]3_] *
. " k,l}EHBN ) (6)
and
al13)
%3 - f m

Comdbining expressions (5), (6) and (7), ve have:
P kek,[B)

13 TR ok = Tk, oK TBTY ~ Kk T8 9)
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for the formation of 10:
From Scheme 1 assume that in the left hand manifold S, and T, are at steady state

1S,)¢s = T e (10)
17ss Kook o *Ky*Keg

KygolSy)

Mlss * B kostk, ook, (1)

2324 K25y

Substituting the expression for {S;lge inte (11):

K
. i8¢ 11
T hee ® . (12)
1'ss k230k2‘0k259kd Rs‘kisc’RZ’ksd

4110}
at " KaalTylgs

and

[ - e i
10 %t f! (13)

Combine equations {12} and {13) to obtain the quantus yleid of 10 formed from the
teft hand manifold. )

F - K23 . i‘1:(:
34 K23%K24*K25*Kg Kysc*Rstha%sq
K, Kgk, 18]
® -
13 Uy kpkerkigetksg TTk_ wkg ok )k, +k TBT) -k k_,[B]
$o (OF ¥10

where F = factor to correct for the fact that 10 is generated out of the left
and right hand manifolds.
Fx
2
Let N = § ———————————
‘ia kg ok, *KiscKsq

A

(100 (kgokg) Ky (k_gokgoky)
(D " TR TH IR (4

Thus a plot of (12)/(12) provides the folloving:

ky(k_g*kgeky) (kgtky)
Stope = H K K, and intercept » —g X, (15)
Slope ky(k_y*ksky) (16)

Tntercept K, (kgokg)
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