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Table I. Stereospecificity of Ketonization by Pyruvate Kinase?

fractional release of tritium
from L-malate by fumarase

expt precursor of L-malate-3-¢ individual average©
1 pyruvate-3-t% 0.496 0.498 +
0.500 0.009
2 (E)-PEP-3-t + acid 0.484 0.491 =
phosphatase 0.479 0.010

0.495

0.497

0.497
3 (£)-PEP-3-t + ADP + 0.626 0.630
pyruvate kinase 0.628 0.006

0.636

0.629
4 (E)-PEP-3-t + pyruvate 0.618 0616
kinase + 0.612 0.006

acid phosphatase 0.616

a Incubations in 0.5 mL of D,O at 15 °C contained sodium maleate
buffer (50 mM, pD 6.4), MgCl, (1 mM), PEP (1 mM), and the ad-
ditions noted. Acid phosphatase of potatoes (2.5 mg) was from Sigma
Co. It caused hydrolysis of PEP at ~0.7 umol/min under the condi-
tions used. Rabbit muscle pyruvate kinase, from Boehringer (0.2 mg
= 40 U), was added with (NHy4);SO4 (~10 umol). ADP was present
at | mM in the incubation lacking phosphatase. # This malate was
made from achiral pyruvate-3-¢, transcarboxylase, and MDH. It was
purified through silicic acid column. ¢ 95% confidence limit.

drawn with the assumption that pyruvate kinase ketonizes enol
pyruvate with the same stereospecificity as has been shown
with PEP and ADP.!13 When pyruvate production was com-
plete, as judged by assay with lactate dehydrogenase on control
samples, HCIO4 was added to denature the enzymes and
KHCOj; added to neutralize. The precipitate was removed by
centrifugation, Pyruvate in the supernatant was converted to
malate by action of transcarboxylase with methylmalonyl CoA
and malate dehydrogenase (MDH) and reduced diphospho-
pyridine nucleotide (DPNH), as observed at 340 nm. The L-
malate was isolated by ion-exchange chromatography on
Dowex-1-Cl~. Its radiochemical purity was shown to be >96%
by a modified procedure!s in which malate was treated with
fumarase followed by MDH plus the 3-acetylpyridine analogue
of diphosphopyridine nucleotide and the radioactivity shown
to be in water.

The tritium present at the pro R position of C-3 of the
malate was determined by treatment with fumarase and
measurement of the fraction of tritium released to water.13-17
These steps for determining the chirality of the pyruvate are
shown in Scheme I1.

As seen in Table I, experiment 1, fumarase labilizes 50% of
the tritium of L-malate-3-f generated from achiral pyruvate-
3-t as expected.b Experiment 2 shows that pyruvate formed
from enolpyruvate nonenzymatically is a racemic mixture.
Kinetic studies have also shown that the phosphatase does not
catalyze the ketonization.!#* When the (E)-PEP-3-¢ was con-
verted to pyruvate by pyruvate kinase and ADP, without acid
phosphatase as in experiment 3, the product was (3S)-pyruvate
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in agreement with previous studies. 15 The isotope effect ex-
hibited here by transcarboxylase, which is shown by the ratio
of (3R)- to (35)-malate-3-¢ formed agreed with the intra-
molecular discrimination reported.'® When ADP is omitted
there was no production of pyruvate unless acid phosphatase
is added. In this case, experiment 4, the pyruvate was formed
with the same stereochemistry observed in the overall reaction.
This result indicates that pyruvate kinase catalyzes the for-
mation of pyruvate from the intermediate generated by action
of phosphatases on PEP by a ketonization mechanism by
proton approach to C-3 from the si face of enolpyruvate. At
the concentration of pyruvate kinase present almost all of the
ketonization was enzymatic. This result supports mechanisms
in which enolpyruvate is a true intermediate in the overall al-
lylic substitution catalyzed by pyruvate kinase and confirms
data showing the separation of enolization and phosphoryl
transfer steps. Furthermore this result demonstrates the use-
fulness of in situ generated enolpyruvate for enzymatic stud-
ies.
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An Intramolecular Diels-Alder Route
to Eudesmane Sesquiterpenes
Sir.

The steam volatile oil of hops! contains about 15 sesqui-
terpene hydrocarbons, one of which has been identified as
selina-3,7(11)-diene (1).> This material has never been syn-

thesized and represents a widespread group of compounds
known as the eudesmane sesquiterpenes.® In general, synthetic
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approaches to substituted decalins of this type rely on the
classical Robinson annelation.?-% We report here our method
of design based on the intramolecular Diels-Alder reac-
tion.”

From a strategic point of view the construction of two six-
membered rings simultaneously from an acyclic precurser has
an advantage of convergence. Invariably, the methods3:6 re-
ported to date are multistage schemes requiring stepwise in-
troduction of substituents. Our studies regarding the scope of
a Diels-Alder construction had to address two questions: (1)
what will be the stereochemistry of the ring fusion and (2) will
introduction of an angular methyl group be tolerated?

We have recently reported® a convenient route to trisub-
stituted acyclic £ 1,3-dienes such as 2a—e suitably constituted

2a. R =R,=R4=r 3a, R,=R,=R,=4 4
b. Ry=R,=H.R =0H b. R,=R,=H.R=0H
e R=CH LR, =R =H ¢ R,=R=H.R,=0d
d. Ry=CH,.R,=H,R,=0H . Ry=CHy R,=R=H
e, R=CH,.R,=M.R5=0TMS e R =CH,.R,=H.R,=0H
f, Ry=CH;.R,=0H,R,=H

for intramolecular Diels-Alder cyclizations. Triene 2a was
prepared®? from 1-iodo-4-pentene and 3-methylpentadienyl-
lithium and the mixture of regioisomers (1:1) separated by
preparative GLC. Compound 2a underwent stereospecific
cyclization to 3a (95% yield) at 160 °C. No cis compound could
be detected.®19 Next the corresponding alcohol 2b was pre-
pared.®2 Again the Diels-Alder reaction occurred smoothly
to yield 24% 3b (mp 85-86 °C) and 33% 3c!! after
column chromatography. Thus the presence of the substituent
on C-7 does not perturb the stereochemical control of the trans
ring fusion. The major question remains however: will the in-
tramolecular Diels-Alder tolerate the introduction of an an-
gular methyl group? There are no reported cases of an intra-
molecular Diels-Alder reaction which generates a perhydro-
naphthalene with an angular methyl group.!2

Hydrocarbon 2¢ was prepared in the usual way.8 Ther-
molysis of 2¢ in toluene at 190 °C gave an ~30% yield of
compound 3d (angular methyl, 6 0.80 (3 H, s); vinyl H, 5.25
(1 H, s)) whose IR spectrum matched that reported.!? Thus
the introduction of the angular methyl group and the trans ring
fusion!4 can be accomplished in one step.

Application of this method to the synthesis of (+)-selena-
3,7-diene (1) is now described. Reaction of 3-methylpentadi-
enyllithium with 4-methyl-4-pentenal gave a 50% yield of 2d!6
and a 45% yield of regioisomer 582 which could be isomerized

"y ’ <k
—E 5 g
THF,-20"
H
5

with KH to 2d in 66% yield.8® Compound 2d decomposed on
heating; however, the silyl ether 2e in toluene at 200 °C (100
h) underwent smooth Diels-Alder cyclization (95% GC yield)
to give after hydrolysis a mixture of 34% trans-axial 3e!” (mp
116 °C), 54% trans-equatorial 3f,'8 and 5% cis-equatorial 6.!°
Oxidation of this mixture gave ketone 420 (bp ~ 40 °C at 0.4
mm) in 89% yield (94:6 trans:cis). The overall yield of ketone
4 from 4-methyl-4-pentenal is 35%. Treatment?! of 4 with
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CBr4/Ph3P, followed by Me,Culi, gave (&)-selena-
3,7(11)-diene (1) in 75% yield.??

Since many members of the eudesmane class differ only in
constitution of the C-7 side chain, the route via 2d yields a
synthetic precurser of maximum flexibility. Compound 4 will
undoubtedly be useful for the production of a number of «a-
eudesmane sesquiterpenes.

Obtention of trans-fused material in this series can be un-
derstood by noting that, in the transition state leading to cis
ring fused material (7), there is a severe nonbonded interaction

8-TRANSOID

7-Ciso1D

between the vinylic methyl on the diene and an axial hydrogen
at C-7.23 This interaction is absent in the transition state
leading to trans-fused compounds 8.24

In summary, we have shown by this work that the stereo-
specific construction of terpenes with an angular methyl is
possible via the intramolecular Diels-Alder reaction. We are
currently exploring applications of such strategy to similar
molecules in the diterpene and steroid fields.
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Use of Intramolecular [3 + 2] Cycloaddition
Reactions in the Synthesis of Natural Products.
A Stereospecific Synthesis of (+)-Biotin

from Cycloheptene

Sir:

Reactions generally classified as 1,3-dipolar cycloadditions
have been extensively employed in the synthesis of a diverse
array of heterocyclic compounds.! However, this reaction mode
has been alloted a more limited role in the preparation of
natural products.? This is surprising since the cycloadditions
are not only ring-forming reactions but also proceed with a high
degree of stereoselectivity.?

We have utilized an intramolecular [3 + 2] cycloaddition
reaction of an olefinic nitrile oxide in the stereospecific syn-
thesis of the key amino alcohol 1, which was converted in five
subsequent steps to (+)-biotin (2).4
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Allylic bromination of cycloheptene 3 with NBS? and sub-
sequent treatment of the 3-bromo product 46 with thiolacetic
acid yielded the desired thiol ester S, bp 64-65 °C (0.25 mm)
(Scheme 1), serving to introduce the requisite sulfur atom at
an early stage. The mercaptide 6, generated in situ with
ethanolic sodium ethoxide, was treated with 1 equiv of 1-
nitro-2-acetoxyethane,” a process which presumably generated
nitroethylene and the mercaptan 7. These intermediates then
underwent a Michael reaction to afford the nitro olefin 8 (IR
1640 (C=C), 1555,1378 cm~! (NO»); m/e 201 (M) in vir-
tually quantitative yield. Treatment of this nitro compound
with phenyl isocyanate led directly to the novel tricyclic adduct
10 (IR 1717 cm™! (C==N), m/e 183 (M+)) obtained stereo-
specifically in high yield as a colorless oil. This result implicates
the intermediacy of an intramolecular [3 + 2] cycloaddition
of the nitrile oxide 9. Although only two of the three ultimate
stereocenters of biotin were created in this step, the third was
stereospecifically introduced in the desired cis configuration
by LiAlH,. This reagent not only cleaved the N-O bond of the
tricyclic adduct 10 but also reduced the imino functionality.
Hydride delivery occurred from the less hindered convex side?
of the cup-shaped structure and led directly to the desired
amino alcohol 1 (IR 3400 (OH), 3200-3350 cm~1 (NH;)),
characterized as its crystalline hydrochloride (IR 3100 ¢cm™!
(NH3%); m/e 187 (M*), mp 192-193 °C). This straightfor-
ward sequence of reactions allowed the preparation of pure 1
in an overall yield of 73% based on the thiol ester S,

Further elaboration of 1 in the direction of biotin required
scission of the C{3a)-C(4) bond with insertion of a nitrogen
atom attached to C(3a), as well as an elevation of C(4) to the
oxidation state of an acid. To this end, the amino alcohol 1 was
converted to the ketone 12 (IR 1703 cm~! (ketone), mp
102-103 °C) via the intermediate urethane alcohol 11 (IR
3510 (OH), 3330 cm™! (NH), mp 109-110 °C) (Scheme II).
At this point, the ruinous possibility of an epimerization at
C(3a) to the thermodynamically more stable trans fused 5,7
system had to be ruled out. Treatment of our pure all cis ketone
with sodium acetate in refluxing ethanol quantitatively con-
verted it to the trans isomer 12a, verifying our structural as-
signment.® Treatment of the ketone 12 with hydroxylamine
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