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The ingenane diterpenes comprise a structrually novel group
of highly oxygenated tetracyclic diterpene esters with a broad
spectrum of biological activities, ranging from the tumor-pro-
moting properties of some derivatives to the powerful antileukemic
activity of others.*> The isolation and pharmacology of these
substances have been thoroughly reviewed.® Structural and
absolute configurational assignments for the series follow from
X-ray crystal structure analysis of the triacetate of ingenol (1)
(Scheme 1).”® Central to the novel structure of the ingenanes
and a structural feature which has thwarted all synthetic efforts
to date®17 is the highly strained bicyclo[4.4.1]undecan-11-one (BC
rings), which possesses the unusual inside—outside intrabridgehead
stereochemical relationship.!! We have recently described the
first synthesis of zrans-bicyclo[5.3.1Jundecan-11-one (2), the
smallest bicyclic ring system known to exhibit inside-outside
intrabridgehead stereochemistry,! via the intramolecular di-
oxolenone photocycloaddition developed in our laboratories, i.e.,
3 — 512 We report herein the first synthesis of the carbocyclic
skeleton of the ingenane diterpenes, which contains the remarkable
inside-outside intrabridgehead stereochemistry.

The photosubstrate 9 was prepared as outlined in Scheme I1.1?
Reductive alkylation of 6'4 (L1, tetrahydrofuran, liquid ammonia)
with 5-hexenyl iodide provided the cis-fused angularly alkylated
bicyclooctane 7 in 58% yield. The next step in the sequence was
the carboxylation of 7 to provide 8. Attempted carboxylation of
the enolate derived from 7 with carbon dioxide, dimethyl car-
bonate, di-tert-butyl dicarbonate, or tert-butyl cyanoformate was
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unsuccessful. However, treatment of the enolate derived from
7 (lithium diisopropylamide, tetrahydrofuran, 0 °C) with p-
methoxybenzyl cyanoformate (1.3 equiv of cyanoformate, 1 equiv
of hexamethylphosphoramide, -78 °C — room temperature)!®
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led to the formation of the desired 8-keto ester 8 (R = p-meth-
oxylbenzyl) in 82% yield. Conversion of the p-methoxylbenzyl
keto ester to photosubstrate 9 proceeded in 85% yield, using an
excess of acetic anhydride (55 equiv) in 1:1 trifluoracetic acid/
acetone (-78 °C — room temperature, 12 h). Irradiation of 9
(0.0075 M in 1:9 acetone/acetonitrile, Pyrex immersion well, 0
°C, 90 min) lead to the formation of a single photoadduct 10
in 83% yield. Fragmentation of 10 (2 N potassium hydroxide,
methanol, 40 °C, 4 h, 88% yield) provided keto acid 11 as a
mixture of epimeric compounds, which could be interconverted
as the corresponding methyl esters by using sodium methoxide
in methanol. That the keto acids were epimeric at C-6 (ingenane
numbering) could be demonstrated by Barton decarboxylation!’
of the separated keto acids to the same ketone 12.'® The chemical
shift of the C-8 proton [§ 2.87 (m, 1 H)] and the infrared ab-
sorption for the carbonyl (1719 cm™) in 12 were identical with
the corresponding spectral data obtained for trans-bicyclo-
[4.4.1]undecan-11-one,!® prepared in our laboratory in a similar
manner, but unambiguous proof of the inside—outside intrabrid-
gehead stereochemical relationship in 11 follows from the sin-
gle-crystal X-ray analysis of ketoamide 13% [derived from the
major epimer of 11 via treatment of the derived acid chloride
(thionyl chloride, toluene) with aqueous ammonium hydroxide].
As indicated in Chart I, the stereochemistry of the bicyclo-
[4.4.1}undecane (BC rings) of 13 is trans bridged.

The exclusive formation of the inside-outside isomer can be
explained by examination of the diastereomeric transition states
in Chart 1I. The seven-membered ring can be formed in the
cycloaddition in either pseudochair (A or B) or pseudoboat (C)
conformations.?! In the first two cases, the double bond can
approach in either a parallel or perpendicular sense.”> The
perpendicular approach, B, presents the indicated unfavorable
nonbonded interactions which are not present in A. The alternate
pseudoboat conformation C suffers transannular eclipsing inter-
actions which are not present in A or B, so that A, which leads
to the desired “inside—outside” conformation, should best represent
the transition state leading to photocycloaddition.

In conclusion, the results described herein represent another
example of the stereochemical consequences of the conformation
of the nascent ring (seven-membered in the photocycloaddition
of 9) in the intramolecular photochemical cyclization.'? The
viability of the intramolecular dioxolenone photocycloaddition for
the establishment of the critical inside—outside intrabridgehead
stereochemistry of the ingenane diterpenes has now clearly been
established, and the application of this methodology to the syn-
thesis of this fascinating class of compounds is currently under
way in our laboratory.
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Esters of p-toluenesulfonic acid are used as protecting groups
in carbohydrate chemistry.! This use is possible because tosylate
displacement from carbohydrates usually requires forcing con-
ditions; consequently, a variety of transformations can be con-
ducted elsewhere in the molecule without altering the tosyloxy
group.? Deprotection is accomplished with ease by photolysis
in the presence of base.> The mechanism of this reaction has
been proposed to involve homolytic cleavage of a S-O bond to
form an alkoxy radical (eq 1).#* Mechanistic studies have shown

CH;C(H,SO,0R —» CH,C(H,SO,0R! ——»
CH,C(H,SO, + OR (1)

that bases such as hydroxide quench the excited singlet state of
tosylates and improve the efficiency of reaction; however, the
nature of the quenching interaction has not been explained.’

Recent studies in our laboratories have determined the role of
hydroxide in this reaction and indicated a different mechanism
for the photochemical process than that previously proposed.®?
Photolysis of 1,2:3,4-di-O-isopropylidene-6-O-(p-tolylsulfonyl)-
a-D-galactopyranose (1) (10 mM) in alkaline (25 mM NaOH)
methanol under nitrogen using a Corex optical filter (240 nm
cut-off) affords the alcohol 2 quantitatively after aqueous workup
(eq 2).> Amines also promote the reaction, and the efficiency

TsOCH, HOCH,
o) Q hy [o) Q
/Y —_— 4 2
Me,C—0 Me0® Me,c/——o )
o\ MeOH 0\
O0—CMe, 0—CMe,
1 2

of removal of the tosyloxy group depends upon the structure of
the particular amine (Table I). No correlation is observed be-
tween the nucleophilicity of the bases and the efficiency of reaction;
for example, the weakly nucleophilic diisopropylethylamine serves
as one of the most effective bases. However, a qualitative cor-
relation is found with the electron-donating ability of the amines
(which is related to their ionization potentials®). Electron transfer
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