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ations4-6 seems reasonable.18'19 Recently Ono and Bloch20 

reported evidence that squalene epoxidase is also a flavoen-
zyme. The present results thus indicate that the same inter
mediate is a reasonable possibility for the oxenoid reagent 
in biological epoxidations as well. 

Two other types of flavin-containing monooxygenase re
actions which can readily be rationalized if 2 is the oxidant 
are: (1) the conversion of a ketone to a lactone or ester (for 
example, camphor to camphor lactone21), and (2) the con
version of an aldehyde to an acid in a bioluminescent reac
tion.22 It is suggested here that each of these proceeds 
through the intermediacy of an ozonide formed from the al
dehyde or ketone reactant and the carbonyl oxide 2 (eq 5). 
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A rearrangement as shown would give the observed prod
ucts; numerous chemical analogies9'23 (including a very 
close analogy for the camphor conversion24) to these reac
tions can be found in the ozonide literature. In the biolumi
nescent reaction, one of the products, presumably the flavin 
fragment, would have to be formed in an electronically ex
cited state. There is sufficient energy in the ozonide inter
mediate for this to occur, but the details of how the energy 
might be channeled into an excited state must await further 
study. 
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Macrocycle Synthesis by Repeatable 2,3-Sigmatropic 
Shifts. Ring-Growing Reactions 

Sir: 

Multicarbon ring expansion can be achieved by fragmen
tation of a bicyclic intermediate derived from a monocyclic 
precursor1'2 or by central bond cleavage in a bicyclic transi
tion state for thermal,1'3 photochemical,4 or solvolytic rear
rangement.5 These reactions could be used to prepare mac-
rocycles from readily available five- or six-membered rings 
if two or more ring expansions could be performed in suc
cession. However, none of the methods reported previously 
can be repeated easily because the necessary functionality is 
lost during the fragmentation or rearrangement step. 

We wish to describe an approach to macrocyclic com
pounds by a series of 2,3-sigmatropic shifts.6 We refer to 
this process as a ring-growing sequence to denote an easily 
repeatable reaction scheme which allows systematic ring 
enlargement. In the first step, an a-vinyl heterocycle such 
as 1 is converted into a carbonyl-stabilized ylid 3 (Scheme 
I). Rearrangement of 3 under the conditions of ylid genera
tion (toluene solution, 9O0)7 gives a mixture of ring expan
sion products 4 (67%)8 and 5 (7%).9'10 On the basis of ex
tensive NMR decoupling studies in the presence of 
Eu(fod)3, 4 is conclusively shown to be the desired eight-
membered ring having a cis double bond (./4,5 = 11 Hz) 
while 5 can only be the corresponding trans isomer (/4 5 = 
16Hz). 

Wittig reaction of 4 and methylidenetriphenylphospho-
rane affords a new a-vinyl heterocycle 6 which is ready for 
further ring expansion. Copper bronze catalyzed decompo
sition of dimethyl diazomalonate in the presence of 6 at 
100° results in a single major product 8. Spectral and ana
lytical evidence supports the 11-membered ring structure.11 

In particular, the methyl ester and C3 methylene hydrogens 
are observed as singlets at room temperature, indicating a 
large, conformationally flexible ring having no centers of 
asymmetry. 

Interesting conformational questions arise in connection 

Journal of the American Chemical Society / 97:23 / November 12, 1975 



6879 

Scheme I 
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7 8 
OCH2=CHCH2Br; 85%. 6LiN(I-Pr)2, -70°; 85%. CC6H5COCHN2, 

60% HClO4, CH3CN;'3 75%. <* 1,8-Diazabicyclo[5.4.0] undec-7-ene 
(DBU), toluene 90°. e (C4Hs)3P=CH2./(CH3O2C)2CN2, copper 
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with the conversion of 2 into 4 and 5. The highly stereose
lective alkylation of 1 to 2 is consistent only with formation 
of the sulfonium salt having trans stereochemistry as 
shown. Consequently, the ylid 3 obtained intially from 2 
upon DBU treatment must also be the trans isomer. A five-
center transition state12 for 2,3-sigmatropic shift derived 
from conformation 3a appears feasible, but this reaction 
pathway should give only the minor product 5. It is not pos
sible to force the cissoid conformer 3b into a reasonable 
five-center transition state which might lead to 4 (Scheme 
H). 

In order to explain formation of 4, it is necessary to equil
ibrate trans ylid 3 with the cis isomer 9. This can be accom
plished by pyramidal inversion14 at sulfur in the ylid 3 or 
the sulfonium salt 2. Two new transition state geometries 
are then possible, transoid 9a or cissoid 9b, which would 
rearrange to 5 and 4, respectively. 

The observed > ninefold preference for rearrangement 
via 9b over 3a + 9a contrasts markedly with 2,3-sigmatro

pic shifts of acyclic analogues which invariably favor the 
trans olefin.12'15 This difference is undoubtedly due to the 
strain energy of a trans double bond in the incipient eight-
membered ring resulting from 3a or 9a. In ring expansion of 
7 to 8, the normal preference for rearrangement to a trans 
olefin should be restored because bond angle strain is no 
longer a major factor. 

In principle, a ring-growing sequence can be continued 
indefinitely by feeding a diet of RCOCH: fragment and 
Wittig reagent to an a-vinyl heterocycle.16 Only two isolat
ed intermediates are required for every three carbons incor
porated into the ring, and heterocycles of any desired size 
could be grown by selecting five-, six-, or seven-membered 
starting materials. We are exploring extensions of this con
cept to carbocycle synthesis by sulfur extrusion. Related 
studies directed toward macrocyclic lactone and lactam 
natural products are also in progress. 
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ŷ 
(11) Characterization of 8: NMR (CDCI3, <5) 7.2-7.5 (5 H, m), 5.88 (1 H, t, J = 

7 Hz), 5.74(1 H, dt, J= 11, 6 Hz), 5.43(1 H, dt, J= 11, 7 Hz), 3.45(6 
H, s), 3.40 (2 H, s), 2.3-2.9 (6 H, m), 1.5-1.8 (2 H, m); exact mass, 
360.13918 (calcd for C20H24O4S: 360.13945). 

(12) J. E. Baldwin and J. E. Patrick, J. Am. Chem. Soc, 93, 3556 (1971). 
(13) W. T. Flower, G. Holt, and M. A. Hope, J. Chem. Soc, Perkln Trans. 1, 

1116(1974). 
(14) Ylide sulfur inversion: D. Darwlsh and R. L. Tomlinson, J. Am. Chem. 

Soc, 90, 5938 (1968). Sulfonium sulfur Inversion: D. DarWish and G. 
Tourigny, ibid., 88, 4303 (1966); D. Darwish and C. Scott, Can. J. 
Chem., 51, 3647 (1973), and references therein. 

(15) D. A. Evans and G. C. Andrews, Ace. Chem. Res., 7, 147 (1974); P. A. 
Grieco, D. Boxler, and K. Hiroi, J. Org. Chem., 38, 2572 (1973); P. A. 
Grieco, J. Chem. Soc, Chem. Commun., 702 (1972). 

Communications to the Editor 



6880 

(16) Ring expansion of analogous ammonium ylids is also possible. For ex
ample, methylation of N-benzyl-a-vinylpiperidine with methyl iodide fol
lowed by treatment with lithium diisopropylamide (—20°) gives N^benzy-
lazacyolonon-4-ene: E. Vedejs and M. Aroo, to be submitted for publica
tion. 
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The Total Synthesis of (±)-Vindoline 

Sir: 

Vindoline (I),1 a highly functionalized pentacyclic indo-
line, is the major alkaloid of Catharanthus roseus G. Don. 
It lacks physiological activity but vinblastine and vincris
tine,2 two "dimeric" Vinca alkaloids resulting from its com
bination with a tetracyclic indole, are clinically useful onco
lytic agents. In this communication we outline a synthesis of 
vindoline (1) which proceeds with stereochemical control at 
all six chiral centers. 

I H !
 3 

CH COOCH 

Previous experience3 with the acid catalyzed cyclization 
of the vinylogous imide 2 to the tetracyclic isomer 5 sug
gested the 6-methoxy derivative 3 to be well suited for the 
synthesis of vindoline (1). To our surprise cyclization of 3 
afforded only 9% of the tetracyclic ketone 6 and mostly its 
tricyclic isomer 8 that could not be cyclized further to 6.4 

Thinking that the electron donating 6-methoxy group might 
facilitate the Wagner-Meerwein rearrangement of the ini
tially formed spiroindolenium ion A to the benzylic ion B,5 

we examined the effect of electron withdrawing substitu-
ents. Acetate, mesylate, and tosylate 4 were prepared and 
their cyclizations examined. The acetate grouping proved to 
be unstable to boron trifluoride, but the highly acid stable 
mesylate6 and particularly the tosylate 4 afforded the 
sought after cyclization products. 

J R = CH3O 

4 R = C 7 H 7 SO 3 

R = H 

R=CH 3 O 

N-COCH 3 

Tosylate 4 was prepared as follows. Condensation of 6-
benzyloxyindole (1O)7 with dimethylamine and formalde
hyde in aqueous acetic acid gave the Mannich base 11, mp 
132-134°, which after quaternization with dimethyl sulfate 
was treated with aqueous sodium cyanide to give the nitrile 
12, mp 138°. Transformation to the tryptamine hydrochlo
ride 16, mp 196-199° dec (59% overall yield from 10), was 

accomplished by methylation of 12 with methyl iodide-so
dium hydride in dimethylformamide,8 hydrogenation of the 
oily nitrile 13 over Pd/C in ethanol-ethyl acetate at 50 psi, 
treatment of the resulting phenol 14, mp 149-152°, with 
tosyl chloride-sodium hydride in tetrahydrofuran, and, fi
nally, hydrogenation of the tosylate 15, mp 136°, over plati
num in aqueous ethanol-ethyl acetate containing hydro
chloric acid. Condensation of the hydrochloride 16 with 1-
chloro-3-ketobutene-l in ethanol-triethylamine provided 
the liquid Z-enamino ketone 17 (83%). Cyclization of 17 
invariably led to the tricyclic secondary amine correspond
ing to 9 but the £-acetamide 18 (S 5.64 (d, J = 14 Hz), 
7.97 (d, / = 14 Hz)), prepared in 89% yield with acetyl 
chloride-sodium hydride in tetrahydrofuran, when heated 
at 90° in boron trifluoride etherate for 16 min gave the 
stereochemically homogeneous cis-cis3 amine 7 in 89% yield 
and only 2% of the neutral isomer 9. Clearly, Wagner-
Meerwein rearrangement is slower in amide A than in the 
corresponding amine. The phenol 19, mp 260-266° dec, 
available from the tosylate 7 in 79% yield by treatment with 
20% potassium hydroxide in methanol-water at reflux af
forded the methyl ether 20 mp 176-177° in quantitative 
yield when heated with dimethyl sulfate in acetone over sus
pended potassium carbonate. Removal of the acetyl group 
in 20 was accomplished with triethyloxonium fluoroborate 
in methylene chloride at room temperature over suspended 
sodium bicarbonate followed by aqueous work-up (82%).9 

C7H7O W ...-OX" 
14 R| = CH2CN ; R 2 = H 

C 7H 7SO 2 

17 IS | 2 R|= COCH3 ; R2= H 

~ " 20 Ri = COCH3 ; R 2 = C H 3 

31 R| = H ; R 2 = C H 3 

Condensation of the air-sensitive amine 21 with acrolein 
in methanol containing sodium methoxide followed by de
hydration of the crude aldols with methanesulfonyl chloride 
in pyridine gave the unsaturated ketone 22 (oil): ir (CHCI3) 
1685, 1610 cm-', 5 6.96 (d of d, J = 5 Hz and 2 Hz) in 
60% yield. Ethylation with ethyl iodide in ferf-butyl alco-
hol-dimethylformamide containing potassium te/7-butoxide 
yielded a single 0,7-unsaturated ketone 23, mp 168-172° 
(53%), with a-oriented ethyl group (three proton triplet at 8 
0.4!). Condensation of the sodium hydride generated eno-
late of ketone 23 with dimethylcarbonate gave the ketoester 
24 (mixture of keto and enol forms) in 72% yield. Hydrox-
ylation of 24 with 98% hydrogen peroxide in tert-buty\ al-
cohol-dimethoxyethane containing potassium ter/-butoxide 
afforded the internally hydrogen bonded (ir(CHCb) 
3200-2400 cm-1) /3-hydroxy ketone 25, mp 160-161° 
(76%). Reduction of this ketone 25 with various hydrides 
was found to give mixtures of epimeric alcohols but prior 
addition of aluminum chloride (—25°, tetrahydrofuran) fol
lowed by reduction with sodium bis(2-methoxyethoxy)alu-
minum hydride (—20°) gave a single epimer in 56% yield. 
Apparently the space consuming atoms in the aluminum 
complex C prevent hydride attack from the /3-side of the 
molecule. Acetylation of this alcohol with acetic anhydride-
sodium acetate afforded racemic vindoline (1), mp 203-
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