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0.7-2.2 (m, 21 H), 2.68 (q, 2 H, J = 7 Hz), 4.83 (dt, 1 H, J = 5 
Hz, J = 10 Hz), 6.43 (8, 1 H), 9.56 (s, 1 H). Anal. Calcd for 
Cl6HZ6O3: C, 72.14; H, 9.84. Found: C, 71.85; H, 9.85. 

(2)-le: 'H NMR 6 10.62 (CHO).9 
(E)-lf: [almD - 3 7 O  (c 2.77, EtOH); IR (neat) Y 2875,1725,1700, 

1630 cm-'; 'H NMR (CDC13) 6 0.7-2.2 (m, 18 H), 1.22 (d, 6 H, 
J = 7 Hz), 3.57 (m, 1 H, J = 7 Hz, J = 2 Hz), 4.83 (dt, 1 H, J 
= 5 Hz, J = 10 Hz), 6.33 (8, 1 H), 9.52 (d, 1 H, J = 2 Hz). Anal. 
Calcd for Cl7HBO3: C, 72.82; H, 10.06. Found: C, 72.69; H, 10.18. 

(2)-lf: 'H NMR 6 10.57 (CHO).9 
Registry No. (E)-1 (R' = H, R2 = Et), 109745-69-9; @)-la, 

40835-18-5; (Z)-la, 96928-85-7; (E)-lb, 108044-52-6; (2)-lb, 
109745-75-7; (E)- lc ,  109745-71-3; (Z)-lc, 109745-76-8; (E)-ld, 
109745-72-4; (2)-la, 109745-78-0; @)-le, 109745-73-5; (2)-le, 
109745-77-9; (E)-lf, 109745-74-6; (2)-lf, 109764-54-7; 2a, 
20521-59-9; 2b, 15431-03-5; 2c, 53828-74-3; 3 (R2 = Et, Y = OH), 
109764-53-6; Me(CH2)zCH0, 123-72-8; (h)-MeCH(OH)CO2Me, 
109745-70-2; glyoxylic acid, 298-12-4; L-menthyl glyoxylate, 
26315-61-7. 
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The protonation and cleavage reactions of a series of 
carbonyl compounds have been studied in strong acid 
media.l Independently, these processes have been also 
observed to take place, while their chemical ionization mass 
spectra (CIMS) were recorded.2 However, no comparison 
has been made between the results obtained in solution 
(acid media) and in the gas phase (CIMS) concerning the 
preferential site of protonation and the further transfor- 
mations of the resulting cationic species in spite of the 
relationship found between mass spectrometric and 
thermolytic rea~t ivi ty .~ The correlations between CIMS 
and thermochemistry in sulfuric acid solution should be 
meaningful since the most important source of discrep- 
ancies between fragmentation in a mass spectrometer and 
thermochemistry of neutrals, that is, the charge associated 
with the fragmenting ions, would be absent in this case. 

In this context it appeared to us inteiesting that 
C4H,02+ ions loH+,4 3@,' and 5H+' derived from vi- 
nylacetic acid (2), trans-crotonic acid (3), and y-butyro- 
lactone (5), respectively, had been described as stable 
0-protonated species in superacid medium at  low tem- 
peratures, while the related methyl esters, methyl meth- 

(1) (a) Olah, G. A.; White, A. M.; OBrien, D. H. Chem. Reu. 1970, 70, 
561. (b) Olah, G. A,; White, A. M.; O'Brien, D. H. 'Protonated Hetero- 
aliphatic Compounds" Carbonium Zom; Olah, G. A., Schleyer, P. v. R., 
Eds.; Wiley: New York, 1973; Vol. IV, p 1967. (c) Liler, M. Adu. Phys. 
Org. Chem. 1975,11, 267. (d) Olah, G. A. Chem. Scr. 1981, 18,97. (e) 
Gillespie, R. J.; Leisten, J. A. Q. Rev. Chem. SOC. 1965, 8, 40. 

(2) (a) For well-documented up-to-date reviews, see: Harrison, A. G. 
Chemical Ionization Mass Spectrometry; CRC: Boca Raton, FL, 1983. 
(b) Headley, J. V.; Harrison, A. G. Can. J. Chem. 1985, 63, 609. (c) 
Harrison, A. G.; Gaeumann, T.; Stahl, D. Org. Mass Spectrom. 1983,18, 
517. (d) Harrison, A. G.; Kallury, R. K. M. R. J. Org. Chem. 1984, 49, 
4993. 

(3) For a review in the relationships thermolysis/photolysis/MS, see: 
Dougerty, R. C. Top. Curr. Chem. 1974,45,93. 

(4) (a) Deno, N. C.; Pittman, C. U., Jr.; Wisotaky, M. J. J. Am. Chem. 
SOC. 1964, 86, 4370. (b) Childs, R. F.; Lund, E. F.; Marshall, A. G.; 
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Morrisey, W. J.; Rogerson, C. V. J. Am. Chem. SOC. 1976, 98, 5924. 
( 5 )  Olah, G. A.; Ku, A. T. J. Org. Chem. 1970,35, 3916. 
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acrylate, methyl crotonate, methyl 3-butenoate, and others 
had been found by CIMS6 to undergo C-protonation and 
subsequent fragmentation processes. 
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This prompted us to study the behavior of the above- 
mentioned C4H,02+ cations in hot 96% sulfuric acid in 
order to minimize the difference in energy content of the 
cations in the acidic solution and in the CIMS experiment. 

Protonations at Room Temperature. y-Butyro- 
lactone 5 was dissolved in 96% sulfuric acid to afford the 
corresponding 0-protonated species 5H+ characterized by 
its lH and 13C NMR spectra. The chemical shift values 
and coupling constants found at room temperature for the 
ring protons agree well with those reported by Olah and 
Ku in magic acid at -80 "C.' Likewise, trans-crotonic acid 
(3) was treated with sulfuric acid to give the 0-protonated 
cation 30H+. The lH NMR spectral data were in con- 
cordance with the literature  value^.^ The protonation of 
vinylacetic acid (2) had not been reported so far. Under 
our conditions it afforded 0-protonated P-butyrolactone 
loH+. The lH NMR parameters were coincident with 
those reported5 for the species resulting from direct pro- 
tonation of commercially available @-butyroladone (1) with 
Magic Acid at  -80 "C. Full characterization including 13C 
NMR data is given in Table I. 

Heat-Promoted Transformations of the Protonated 
Species. To determine the effect of temperature, the 
sulfuric acid solutions of 0-protonated species loH+, 30H+ 
and 5Hf were heated for several hours a t  80,120, or 140 
"C depending on the structure. Protonated y-butyro- 
lactone 5H+, previously found to be stable up to 65 "C in 
Magic Acid solution by Olah and KU? was then heated to 
140 "C for several hours in 96% sulfuric acid. Under these 
conditions the formation of the sulfonated trans-crotonic 
acid derivative 40H+ was observed (see Scheme I). 

(6) Harrison, A. G.; Ichikawa, H. Org. Mass Spectrom. 1980, 15, 244. 
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Table I. 'H and l8C NMR Spectral Data for the Cationic Specieso 
61Hb for 

indicated H 61aCb and JC-H' for indicated C 
comDd 2 3 4 1 2 3 4 
loH+ 3.2 5.4 1.7 189.4d 42.5d 81.2d 20.gd 
3oH+ 6.2 7.9 2.2 180.6('5 = 6.0) 116.0(1J = 170.0, 2J = 7.0) 167.3('5 = 158.0, *J = 7.0) 20.2('5 = 130.0, 25 = 3.5, 35 = 

4oH' 6.5 7.7 4.5 178.0('5 = 4.5, 3J = 6.2) 124.5('5 = 171.4) 146.1('5 = 168.4) 54.7('J = 140.8) 
5H+ 3.4 2.8 5.3 196.0 31.0('J = 137.0) 21.4('5 = 137.2) 81.0('5 = 160.0) 

OFor 'H NMR literature data, see ref 4a (for 30H+) and ref 5 (for loH+). For 13C NMR, see ref 4b (for 30H+). bppm f 0.1 downfield from 

2.0) 

' 

TMS. eHz f 0.5. J not measured. 
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Spectral data for ion 40H+ are given in Table I. 
In independent experiments, sulfuric acid solutions of 

trans-crotonic acid 30H+ were heated at 120 OC, giving rise 
to the formation of mixtures of 0-protonated y-butyro- 
lactone 5H+ and the sulfonated trans-crotonic acid de- 
rivative 40H+ in variable relative amounts depending on 
the heating time (see Scheme I). 

Likewise heating, under the same conditions, of the 
0-protonated /3-butyrolactone loH+ obtained upon pro- 
tonation of vinylacetic acid (2) afforded again a mixture 
of compounds 30H+, 5H+, and 40H+ in variable relative 
amounts depending on the reaction time. At 120 "C the 
transformation loH+ - 30H+ is very fast, and hence the 
presence in solution of the species loH+ cannot be de- 
tected. I t  is noteworthy that upon heating at  80 OC the 
formation of protonated y-butyrolactone 5H+ is not ob- 
served and then a mixture of two components 30H+ and 
4oH+ resulb. This is expected to occur since the formation 
of 5H+ should take place through the intermediacy of the 
primary carbenium ion 2'cH+ for which a high activation 
energy must be necessary. 

Results in Sulfuric Acid vs. CIMS Data. The 
thermochemically favored site of protonation of a car- 
boxylic acid is the carbonyl oxygen as predicted by proton 
affinity-ionization energy  orr relations.^ This is also 
supported by NMR spectroscopic data in acid solution.' 
In the case of the C4H702+ cations studied by us, this 
general behavior is observed at room temperature with the 
exception of the protonation of vinylacetic acid (2) whose 
0-protonated 20H+ species cannot be observed.6 By 
contrast, the formation of 0-protonated 0-butyrolactone 
loH+ is easily rationalized by assuming the C-protonation 
of the vinylacetic acid olefinic terminal carbon followed 
by intramolecular capture of the intermediate secondary 
carbenium ion 2cH+ by the carbonyl oxygen (Scheme 11). 

(7) Benoit, F. M.; Harrison, A. G. J. Am. Chem. SOC. 1977, 99, 3980. 
(8) Protonation of acid 2 at -10 OC gives rise to a mixture of the 

0-protonatad acid 2*+ and loH+. 20H+ was characterized by 'H NMR 
(96% H2SO4, external standard TMS) 6: 5.1-6.2 (m, =CH), 5.5 (br a, 
CHZ=), 3.7 (d, CHZ). 
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Interestingly, in the CIMS of methyl vinylacetate (6), 
loss of ketene from the protonated molecule with migration 
of the methoxy group to the secondary carbocationic center 
was observed, clearly indicating protonation of the olefinic 
double bond.6 A possible reaction pathway, which also 
accounts for the MH+ ion, is indicated in Scheme 111. 

In hot sulfuric acid, the behavior of protonated y-bu- 
tyrolactone 5H+ and trans-crotonic acid 3oH+ can only be 
understood by involvement of C-protonated intermediates 
as shown in the Scheme I. 

In fact, the reporteds CIMS fragmentation pattern for 
methyl crotonate (7) also implies protonation of the double 
bond and the subsequent reactions are confluent to those 
undergone by methyl vinylacetate (6) through a common 
cationic intermediate 6cH+ (see Scheme 111). Thus, the 
C-protonated cations 6cH+ and 2cH+ are related inter- 
mediates in the CIMS and hot sulfuric acid promoted 
transformations of the unsaturated esters and carboxylic 
acids studied. 

From this study it can be concluded that a close par- 
allelism is expected to be found between CIMS and 
thermolysis in acid solution for a number of molecules that 
will allow, in the future, a better understanding of both 
types of chemical processes. A particularly interesting 
feature of these correlations is the possibility of spectro- 
scopic characterization of intermediate species, ensuring 
the structures postulated for corresponding ions in CIMS 
studies. 

Experimental Section 
Proton spectra were recorded at 60 MHz with a Hitachi Per- 

kin-Elmer Model R-24 B NMR spectrometer. I3C spectra were 
recorded with a Bruker WP 80 SY NMR spectrometer using 
dioxane as external standard (capilar). 'H and 13C chemical shifts 
(6) are reported in ppm relative to TMS. 

Neutral substrates used were commercial materials. Ions were 
prepared by slow addition, with efficient stirring, of the cooled 
substrate onto concentrated sulfuric acid (96%) in an ice-water 
bath to give ca. 1 M solutions. 

Ion solutions were heated in tightly closed NMR sample tubes 
by using a thermostated bath at the temperatures indicated in 
the text. 
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Sesquiterpene lactones with an a-methylene y-lactone 
moiety fused on various skeletons are a rapidly expanding 
group of natural products, comprising to date more than 
900 ~a r i e t i e s .~  Some of them have been shown to have 
considerable biological activities as allergenic agents, cy- 
totoxic and antitumor agents, regulators of plant growth 
and antimitotic activity, and antishistosomal agents. 
Because of their biological activities and because they are 
available from natural sources often only in small quan- 
tities, their efficient syntheses are a synthetic challenge 
that has received much attention and many reports of such 
syntheses have appeared in the last decade. 

In the course of our program of the study of the struc- 
ture-activity relationship of a-methylene y-lactones, we 
needed efficient syntheses of (+)-tuberiferin (9) and related 
a-methylene y-lactones in gram quantities. Although total 
syntheses of (&)- and (+)-tuberiferin (9) had already ap- 
peared in the l i t e r a t~ re ,~  the reported methods were in- 
convenient for our purpose. In the reported total syntheses 
of (&)- and (+)-9 the introduction of the a-methylene 
y-lactone moiety was left to the final stage, probably be- 
cause of its expected reactivity and instability. 

Since we had noticed that the a-methylene y-lactone 
moiety was stable under acidic and mild basic conditions 
and bromination by phenyltrimethylammonium per- 
bromide (PTAB), we envisioned another approach to 9 in 
which, as shown in Scheme I, the introduction of the a- 
methylene y-lactone moiety was at an early stage. In this 
note we report efficient syntheses of (+)-tuberiferin (9) and 
the related a-methylene y-lactones 6-8 and their biological 
activities. 

(1) Part 9 Ando, M.; Ono, A.; Takase, K. Chem. Lett. 1984, 493. 
(2) (a) Department of Chemistry, Faculty of Science, Tohoku Univ- 

ersity. (b) Pesticides b e a r c h  Laboratory, Sumitomo Chemical Co., Ltd. 
(c) Research Laboratories, Sumitomo Pharmaceuticals Co., LM. 

(3) Fisher, N. H.; Olivier, E. J.; Fisher, H. D. Prog. Chem. Org. Nut. 
Prod. 1979, 38, 214. 

(4) Two syntheses of this compound have already been reported; (a) 
Yamakawa, K.; Nishitani, K.; Tominaga, T. Tetrahedron Lett. 1976,2829. 
(b) Grieco, P. A.; Nishizawa, M. J .  Chem. SOC., Chem. Commun. 1976, 
582. 
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(I Reagents and conditions: (a) H,/2% Pd-SrC03, AcOEt; (b) 
HC1, EtOH; (c) HO(CH2),0H, p-TsOH, benzene, reflux; (d) LDA, 
THF; (e) (C8H6Se),, HMPA, THF; (f) 30% H,Oz, AcOH, THF; (9) 
20% aqueous AcOH-EtOH, reflux; (h) 1.1 equiv of PTAB, THF; 
(i) Li,C03, LiBr, DMF, 123-131 OC; (i) 50% aqueous AcOH, reflux. 

Results and Discussion 
Synthesis of (+)-Tuberiferin (9). The starting ma- 

terial 3 was obtained from commercially available l-a- 
santonin (1) by modification of the known procedure5 
(Scheme I). Thus, catalytic hydrogenation of 1 over 2% 
palladium on strontium carbonate in ethyl acetate and 
epimerization of the resulting 2 possessing a p(axia1)- 
methyl group at  C4 by 2 M hydrochloric acid in ethanol 
gave 3 in 81 % yield. Acetalization of the C,-carbonyl group 
of 3 under standard conditions gave acetal 4 in 85% yield. 
Phenylselenenylation of 4 by Grieco's method6 gave the 
corresponding phenyl selenide ( 5 )  in 96% yield. Treat- 
ment of 5 with 30% hydrogen peroxide in THF in the 
presence of acetic acid gave an a-methylene y-lactone (6) 
in 93% yield. Deacetalization of 6 was achieved by 
treatment with 20% aqueous acetic acid in ethanol a t  85 
OC for 4 h to give 7 in a quantitative yield. 7 was also 
prepared by a different procedure. Thus, deacetalization 
of 5 in boiling 50% aqueous acetic acid gave the corre- 
sponding keto selenide 10 in 97% yield. Successive 
treatment of 10 with 30% hydrogen peroxide in THF in 
the presence of acetic acid gave 7 in 93% yield. 

The selective bromination at  C2 of 7 was achieved as 
follows. Treatment of 7 with 1.05 mol equiv of PTAB' in 

(5) Corey, E. J.; Hortmann, A. G.; J.  Am. Chem. SOC. 1965,87,5736. 
(6) Grieco, P. A.; Miyashita, M. J. Org. Chem. 1974, 39, 120. 
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