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=6.5Hz,3H),090(d . J =6.5Hz,3H), 1.17(s,3 H), 3.60
(d,J = 7Hz 1 H)) in 52% yield from 5b.

Treatment of the hydroxy ketone 2b with triphenylmeth-
ylenephosphorane in dimethyl sulfoxide (12 h, 55 °C)!0 gave
the exo-methylene compound 2d® (mp 68.0-69.0 °C (from
hexane); NMR 6ye,si (CCly) 0.74 (d, J = 7Hz,3H),0.87 (d,
J=7Hz, 3H),0.98(s,3H),3.60(d,J =7.5Hz1H), 463
{brs, 1 H), 4.75 (brs, 1 H)) in 92% yield. Reductive cleavage
of 2d with lithium in ethylamine (1 min, 16 °C) gave a single
alcohol, 1b, in 90% crude yield.!) There was no evidence that
any of the 108 epimer of 1b (retention of configuration in the
ring opening) was obtained in this reaction. Without purifi-
cation 1b was converted into the tosylate 1c® (mp 81-82 °C
(from hexane); NMR 8pe,si (CCly) 0.75(d, J = 6 Hz, 3 H),
0.78(d,J =6Hz,3H),0.86(d,J =6Hz, 3H), 1.63(brs,3
H),2.45(s,3H),4.52(d,J =8 Hz, 1 H),5.13 {(brs, 1 H), 7.23
(d,J =8Hz,2H),7.72 (d, J = 8 Hz, 2 H)) using tosyl chlo-
ride in pyridine (96 h, 25 °C) in 60% overall yield from 2d.

We also carried out the conversion of the model tricyclo-
decanone 2a into (+)-spiroaxene (1d)! in a similar manner.
Methylenation of 2a as above gave 2¢ (NMR dume,si (CCly)
0.82(d,J =6 Hz,6 H),0.97 (s, 3 H),4.64 (brs, | H),4.47 (br
s, 1 H)) which upon reaction with lithium in ethylamine gave
1d% (NMR Sppe,si (CCls) 0.75(d, J = 6 Hz, 3H),0.83 (d, J
=6Hz, 6 H),1.72 (brs, 3 H), 5.28 (brs, 1 H); [«}*°p +11.6°
(¢ 2.0, ether).!!

Bose, Kistner, and Farber!2 have reported the conversion
of menthyl tosylate into neomenthylamine via Sn2 reaction
with sodium azide in aqueous dimethylformamide followed
by lithium aluminum hydride reduction of the azide. However,
attempted conversion of lc to the azide le using their proce-
dure led primarily to the formation of elimination products as
did the use of potassium azide in acetonitrile containing 18-
crown-6. It was clear that it would be necessary to carry out
the tosylate displacement under conditions which would be
more favorable to an Sy2 reaction. This was accomplished by
treating lc with 3 equiv of potassium azide in benzene con-
taining 5 equiv of 18-crown-6 (48 h, 80 °C).!1? The azide 1e
showed NMR 6&pe,si (CCls) 0.71 (d,J =6 Hz, 3 H),0.93 (d,
J=6Hz,3H),097(d,J=6Hz 3H),1.77 (brs,3H),3.47
(s, 1 H),5.20 (brs, 1 H); mass spectrum (70 eV), no M*, m/e
219 (M — N,, weak), 204 (M — HN;, strong). Reduction of
le with LiAlH, in ether at reflux gave the amine 1f (NMR
SMegsi (CCly) 0.71 (d, J = 6 Hz, 3 H),0.87 (d,J = 5 Hz, 6 H),
1.73 {(br's, 3 H), 2.63 (brs, 1 H), 5.27 (br s, 1 H)) in 30%
overall yield!* from 1c.

Using a procedure analogous to that of Hertler and Corey,'*
1f was converted into (—)-axisonitrile-3 (1a) in 85% overall
yield by treatment with a 2:1 mixture of formic acid in acetic
anhydride at reflux for 2 h followed by reaction with tosyl
chloride in pyridine at 25 °C for 1 h. (The formamide deriva-
tive, presumably (+)-axamide-3,!-1¢ was isolated as an inter-
mediate in this sequence.) The synthetic material® showed mp
97-99 °C (from hexane); NMR ye,si (CCls) 0.75(d, J = 6.5
Hz,3H),0.93 (brd.J = 6.5 Hz, 6 H), 1,75 (brs, 3 H), 3.52
(brs, 1 H), 5.14 (brs, 1 H); IR (CCly) 2120 cm™/; [a]®*p
—71° (¢ 0.35, CHCl3).

These physical properties generally agreed with those re-
ported for (+)-axisonitrile-3,! the enantiomer of 1a, except for
the sign of the optical rotation.) However, there were small
discrepancies between the observed NMR chemical shifts,
particularly for the methyl groups of the isopropyl group, and
those reported by Sica and co-workers.! Therefore, verification
of the structure of the synthetic material was desirable. Un-
fortunately, a direct comparison of the synthetic material with
the natural product could not be made since neither a pure
authentic sample nor copies of the original spectral data were
available to us. In order to confirm the structure of the syn-
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thetic compound, a single crystal X-ray study was carried out
using a Syntex P2, four-circle diffractometer. A complete data
set was collected; the published coordinates! were refined using
Sheldrick’s SHELX-76 least-squares program. The refinement
converged, with a residual of 0.13, using isotropic thermal
parameters and without the hydrogen atoms being included.
A difference Fourier synthesis showed no peaks of electron
density greater than 0.5¢/A3. This conclusively demonstrated
that the synthetic material was in fact (—)-axisonitrile-3
(la). 17
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Stereospecific Total Synthesis of Gibberellic Acid.
A Key Tricyclic Intermediate
Sir:

Since the recognition of the central biological role of gib-
berellic acid (gibberellin Az, GAj3) (1) in the plant kingdom,!
the clarification of its chemical structure,? and commercial
production on a large scale from the fungus Gibberella fuji-
kuroi, this substance has occupied a major position in the field
of natural products.’ The biosynthesis of gibberellic acid from
prenyl units, though long and involved, is known in consider-
able detail.!3# Despite extensive efforts (some 150 published
papers from about 25 different laboratories), the total chemical
synthesis of gibberellic acid has not previously been achieved,?
largely because the combination of overall molecular com-
plexity, centers of high sensitivity toward many reagents, and
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a singularly diabolical placement and density of functionality
serves to thwart all but the most sophisticated of approaches.®
We report in this and the following publication the first total
synthesis of gibberellic acid by a route which is structurally
unambiguous and stereospecific, and which employs a number
of crucial new synthetic methods.”

The plan of synthesis, which was derived by extensive an-
tithetic analysis, is outlined briefly in Scheme 1.8 Key features
of the approach as revealed in this summary include (men-
tioned in the order of synthetic execution) (1) the stereospecific
generation of the cis-fused B/C ring unit by Diels-Alder ad-
dition, (2) formation of the D ring by internal pinacol cycli-
zation, (3) position-specific ring contraction of ring B from six
to five members, (4) formation of ring A by internal Diels-
Alder reaction and stereospecific methylation to form a pen-
tacyclic lactone with all carbons in place, (5) oxidation and
isomerization at C(6) and C(7) of the pentacyclic lactone, and
(6) stereospecific elaboration of the complete A/B ring unit
of gibberellic acid.®

The phenolic ether 2 was prepared in two steps and ~75%
overall yield from 2-allyloxyanisole by (1) Claisen rear-
rangement at 230 °C for 2 h (89% of distilled product, bp
87-97 °C at 0.6 mm, containing 93% ortho-allyllic and 7%
para-allylic phenol),'9 followed by (2) etherification of the
resulting phenol using sequentially 1.3 equiv of sodium hydride
in tetrahydrofuran (THF) at 0 °C and 1.6 equiv of chloro-
methyl 2-methoxyethyl ether (MEM chloride!!), first at 0 °C
and then at 25 °C for 2 h.1? Conversion of 2 to the phenol 3 was
accomplished by the sequence (1) oxidation of 2 with 3 equiv
of sodium periodate and 0.2 mole % of osmium tetroxide in 3:1
THF-H,0 at0°C for 0.5 hand 23 °C for 1.5 h, (2) immediate

= OMEM

I

reduction of the noraldehyde so obtained with sodium boro-
hydride in absolute ethanol at 0 °C for 20 min, (3) benzylation
of the resulting primary alcohol via the sodium salt (excess
NaH in THF) in THF with excess benzyl bromide at reflux
for 15 h, and (4) selective cleavage of the MEM group using
1.5 equiv of trifluoroacetic acid in methylene chloride at 23 °C
for 18 h. After column chromatography pure phenol 3 was
obtained in 74% yield overall from 2 as a colorless oil. Oxida-
tion of the phenol 3 to the yellow quinone 4 (Scheme 1), mp
71-72 °C, was effected by stirring in dimethylformamide so-
lution at 23 °C for 4 days with molecular oxygen in the pres-
ence of 0.08 equiv of bis(salicylidene)ethylenediiminoco-
balt(1l) (salcomine)!?:14 (>75% yield).

Reaction of the quinone 4 with trans-2 4-pentadien-1-ol
(5)13 occurred upon heating in benzene solution at reflux for
30 h to afford a single crystalline adduct (6) in 91% yield.!®
The next phase of the synthesis, transformation of the adduct
6 to the keto aldehyde 7, was originally attempted using the
well-known Woodward procedure.!’2 However, because this
direct method failed completely, alternative routes were ex-
amined.!” The most satisfactory from the standpoint of re-
producibility and ease of scale-up consisted of the following
sequence: (1) reaction of 6 with 1.1 equiv of dihydropyran and
0.12 mol % p-toluenesulfonic acid in methylene chloride (10
mL/g of 6) at 0 °C for 18 h to form quantitatively the te-
trahydropyranyl (THP) ether; (2) reduction of the THP ether
with 1 mol equiv of sodium borohydride in absolute ethanol at
0 °C for 100 min to produce the hydroxy enone 8 (100%); (3)
conversion of 8 to the a-methoxymethylenoxy ketone 9 by
reaction with 8 equiv of N,/V-diisopropylethylamine and 4
equiv of chloromethyl methyl ether in methylene chloride at

H
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reflux for 9 h (100%); (4) reduction of the keto group in 9 with
lithium aluminum hydride in ether at —10 °C for 1 h, isolation,
and immediate mesylation of the resulting alcohol at =58 °C
in THF with 2 equiv each of methanesulfonyl chloride and
triethylamine, followed by slow addition of saturated aqueous
potassium bicarbonate and gradual warming to 0 °C over 45
min to effect solvolysis, and finally chromatography of the
product onssilica gel to give 10 in 77% overall yield from 6; (5)
selective hydrogenation!® of the enone double bond of 10 using
1.0 equiv of hydrogen and 5% rhodium-on-carbon catalyst at
23 °C in THF; and (6) addition of a solution of the hydroge-
nation product and terz-butyl alcohol (10 equiv) in THF to 12
equiv of lithium in liquid ammonia at —78 °C over 7 min,
stirring at reflux for 6 h, quenching with ammonium chloride,
and isolation by chromatography on silica gel to yield the THP
ether diol 11 in 63% overall yield from 10. Oxidation of 11 with
dipyridinechromium(V1I) oxide (Collins reagent) (excess) in
methylene chloride at —45 °C for 2 hand —25 °C for 1 h with
stirring in the presence of dry, acid-washed Celite gave after
treatment with powdered sodium bisulfate monohydrate
(stirring at —20 °C for 30 min), dilution with dry ether, fil-
tration, and concentration the sensitive keto aldehyde 7 in 84%
yield as a pale yellow oil which was used as such in the next step
(intermediate storage at =78 °C for a minimal period).

The persistence of a cis-ring fusion in the various interme-
diates derived from the Diels-Alder adduct 6 could be dem-
onstrated chemically. Thus, reaction of 8 with N-bromosuc-
cinimide in THF at 23 °C afforded quantitatively the bridged
bromo ether 12. Further, reaction of the diol 11 with 1 equiv
of methyl chloroformate-pyridine gave selectively the car-
bonate of the primary alcohol which was oxidized (Collins
reagent) to the corresponding cyclohexanone and treated with
p-toluenesulfonic acid-methanol to produce in high overall
yield the bridged ketal 13.

The pinacol cyclization of the keto aldehyde 7 to the tricyclic
intermediate 14 proved to be a more difficult proposition than
expected from earlier studies of closely related models.® The
most satisfactory and convenient procedure involved prepa-
ration of finely powdered metallic titanium under argon by
addition of small pieces of potassium to a mixture of titanium
trichloride in THF (8.5 equiv of TiCl; and 24 equiv of K)%2.19
and then heating cautiously at reflux for 3 h, cooling to 23 °C,
and gradual addition of the keto aldehyde 7 in THF. The re-
action mixture was stirred at 23 °C for 2.5 h, cooled to 0 °C,
and very cautiously treated dropwise with anhydrous methanol,
diluted with aqueous K,COj, filtered through Celite, and ex-
tracted with 4:1 ether-methylene chloride. After isolation the
product (~10-g batch size) was chromatographed on a Waters
Associates Model 500 preparative machine which separated
the three major components easily and afforded 40% cis- 14,
15% trans-14, and ~10% diol 11 (which was recycled).20

Oxidation of either cis- or trans- 14 (or a mixture of the two)
to form the ketol 15 without appreciable glycol cleavage was
readily accomplished via an oxysulfonium intermediate, in
accordance with previously published results.2! The most
satisfactory conditions for the oxidation involved addition of
pinacol(s) 14 to a suspension of the complex formed from 7
equiv of dimethyl sulfoxide and 3.5 equiv of trichloroacetic
anhydride in methylene chloride at —60 °C for 1 h, stirring the
mixture of reactants at —50 °C for 45 min, treatment with 3.5
equiv of triethylamine at —50 to +23 °C over 2.5 h, and finally
extractive isolation {ether-methylene chloride).22 The ketol
15 (yield 75-80% if purified chromatographically) was con-
verted directly without purification?? to the MEM ether de-
rivative 16124 by treatment with 3 equiv of MEM chloride
and 10 equiv of diisopropylethylamine in methylene chloride
at reflux for ~16 h (65% yield overall from 14 after chroma-
tographic purification on silica gel).

The next stage of the synthetic approach required the ad-
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justment of size and pattern of functionality of the B ring of
the tricyclic intermediate 16, which was achieved as follows.
Treatment of a solution of 16 in acetone-water (2.5:1) with
1.3 equiv of N-methylmorpholine N-oxide and 0.05 equiv of
osmium tetroxide at 23 °C for 80 h furnished a single cis diol
(17) (89% yield after chromatography)?® which was cleaved
by reaction with 1.03 equiv of lead tetraacetate in benzene at
5 °C for 0.5 h. The sensitive dialdehyde 18, isolated from the
reaction mixture simply by addition of ether, filtration through
Celite-anhydrous sodium sulfate, and concentration in vacuo
was used directly in the next step without purification (and
with minimal delay26). Treatment of 18 with 0,2 equiv of di-
benzylammonium trifluoroacetate?” in benzene at 50 °C for
1 h gave after chromatography on silica gel the desired «,3-
unsaturated aldehyde 19 in 64% overall yield from the diol 17,
The yield of 17 from the cyclization is actually higher since 19
undergoes partial decomposition on silica gel; in practice,
therefore, 19 was used for the next step without purification.
Reaction of 19 with 5 equiv of methylenetriphenylphosphorane
in THF-hexamethylphosphoramide at reflux for 3.5 h fur-
nished the Wittig product 20 in good yield (44% overall from
diol 17; 80% from purified keto aldehyde 19), Exposure of 20
to acetic acid-THF-water (3:1:1) at 35 °C for 40 h produced
the diene alcohol 21 cleanly without detectible cleavage of the
MEM protecting group (32% overall for 5 steps from 16). The
successful production of the critical tricyclic intermediate 21
in quantity set the stage for the completion of the synthesis of
gibberellic acid as described in the following communica-
tion,28:29
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veloped for this specific application.

(25) For method see V. Van Rheenen, R. C. Kelly, and D. A. Cha, Tetrahedron
Lett., 1973 (1976).

(26) As might be expected the dialdehyde 18 is quite unstable (e.g., to water
or silica gel).

(27) The use of this outstanding selective reagent (a crystalline solid) for this
very demanding step (see ref 6) was arrived at by systematic experimental
variation of secondary amine and acid components based on the idea of
activating the methylene group « to the less hindered formyl group as an
enamine by means of a not-too-basic, sterically discriminating secondary
amine under almost neutral aprotic conditions. Other studies with this re-
agent will be published separately. Since these investigations one of the
undersigned has successfully applied a similar reagent to the direct
methylenation of ketones; see J.-L. Gras, Tetrahedron Lett, 2111
(1978).
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Stereospecific Total Synthesis of Gibberellic Acid
Sir:
This communication describes the completion of the ste-

reospecific total synthesis of gibberellic acid (GA3) (1) from
a key tricyclic intermediate (2) which is readily accessible by
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the approach detailed in the preceding publication.! In addition
we disclose a new facet of the chemistry of gibberellic acid
which allows access to derivatives in which the C(7) substituent
onring B is in the unnatural (and generally less stable?) « or-
ientation and which also provided useful direct correlation of
GA; with a number of advanced synthetic intermediates.

Deprotonation of the hydroxy diene 2 with 1.0 equiv of n-
butyllithium in tetrahydrofuran (THF) at —40 °C followed
by acylation with 1.55 equiv of zrans-2-chloroacrylyl chloride?
at —40 °C for 0.5 h afforded the ester 3 in ~80% yield (~62%
overall from the THP ether of 2).4 When 3 was heated in
benzene solution containing ~100 equiv of propylene oxide (as
a hydrogen chloride scavenger) in a sealed tube at 160 °C for
45 h under argon the pure crystalline lactone 4, mp 149-150
°C, could be obtained in 55% yield after recrystallization.> The
stereochemistry of 4 is assigned from the supposition of con-
certed, a-face, “endo’ internal Diels-Alder addition (there
was no evidence for the formation of an appreciable amount
of any stereoisomer of 4); it is supported by 'TH NMR data and
also by subsequent transformation to GA;. Treatment of the
adduct 4 with 2.2 equiv of lithium isopropylcyclohexylamide
and 5 equiv of hexamethylphosphoramide in THF at =78 °C
for 50 min followed by reaction with 5 equiv of methyl iodide
at —78 to 0 °C over 12 h afforded cleanly the methylated
lactone 5 (~75% yield). At this stage the MEMS protecting
group was removed from § by stirring in dry chloroform-
ether-nitromethane (15:5:1 by volume) with 25 equiv of finely
powdered anhydrous zinc bromide at 23 °C for 3 h to yield
hydroxy lactone 6 (~70% after chromatography). The IR, 'H
NMR, UV, and mass spectra and the TLC mobility of this
material were identical with those of a sample of optically
active 6 obtained from natural gibberellic acid as described
below.

The synthetic (£)-hydroxy lactone 6 was resolved using a
novel procedure designed to take advantage of the lone (ter-
tiary bridgehead) hydroxyl in 6. Exposure of 6 to a large excess
of phosgene and 3 equiv of 4-dimethylaminopyridine in dry
methylene chloride at 23 °C for 36 h gave, after rapid filtration
through dry Celite and concentration in vacuo, crude chloro-
formate 77 which was directly treated with (—)-a-phenyleth-
ylamine ([«]25p —41.7° in benzene) to provide after isolation
a mixture of two diastereomeric urethanes (8) (95% total yield)
which could be separated cleanly by chromatography on silica
gel using 1:1 ethyl acetate-hexane for elution (TLC Ry values
in this solvent system, 0.24 and 0.20). The less polar diaste-
reomer, [«}2°p +59° (¢ 0.44, CHCI;), was identical spectro-
scopically (IR, 'H NMR, mass spectrum) and chromato-
graphically with urethane prepared from hydroxy lactone 6
from natural GA; and (—)-a-phenylethylamine which showed
[@}?*p +61° (¢ 0.42, CHCl;). Reaction of this less polar
synthetic urethane 8 with 5 equiv of triethylamine and 3 equiv
of trichlorosilane in dry benzene at 25 °C for 60 h® afforded
in 95% yield resolved hydroxy lactone 6, mp 211-212 °C,
[«}?°p +162° (¢ 0.58, CHCl3), identical in all respects (IR,
'H NMR, mass spectrum, TLC high pressure liquid chro-
matography) with the hydroxy lactone 6 derived from natural
GA; which showed [a]20p +161° (¢ 0.49, CHCl3).

The optically active lactone 6 was hydrolyzed to the corre-
sponding hydroxy acid salt by heating at reflux with excess 1.0
N aqueous potassium hydroxide for 45 min (argon atmo-
sphere) and the resulting solution was treated at 23 °C with
2.07 equiv of 0.013 M sodium ruthenate® in 1 N aqueous so-
dium hydroxide for 2.5 h. Filtration through Celite, acidifi-
cation to pH 3 at 0 °C, and extraction afforded upon isolation
the diacid 9, spectroscopically and chromatographically
identical with the diacid obtained from GA; (see below): the
corresponding dimethyl esters (from excess CH;N» in ether)
were also identical. The formation of diacid 9 clearly proceeds
by way of the intermediate acid aldehyde which undergoes

N
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