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these important molecules to be prepared simply and stereo-
specifically. Also this method yields the nitrogen function in a
protected form and allows the preparation of the hydrazine
analogues. In addition, the dihydrooxadiazine intermediates show
the promise of stereoselective opening with non-oxygen-based
nucleophiles. Further studies on the scope of the reactions of these
cycloadducts will be reported in due course.

Acknowledgment. We thank Dr. M. Bernstein for performing
variable temperature—!H NMR on the glycosides. N.C. thanks
NSERC (Canada) for an Undergraduate Student Research
Award.

A Metal-Catalyzed Cyclization of Enallenes
Barry M. Trost* and James M. Tour

Department of Chemistry, Stanford University
Stanford, California 94305

Received March 28, 1988

The development of chemical processes which involve a set of
reactants that corresponds exactly to the empirical formula of the
desired product avoids the development of chemical wastes that
require disposal. Such a process for ring construction involves
isomerizing an acyclic system. Cyclizations involving catalytic
intramolecular carbametalations represent a type of reaction that
meets such a goal.'® The greatest success has focussed upon
the acetylenic linkage. We wish to report that allenes can serve
as an excellent functional group for cyclizations via isomerizations
with use of a novel nickel-chromium bimetallic catalyst.®’

The concept for the cyclization derives from our postulating
that a metal hydride,® which was involved in the isomerization
of enynes to five- and six-membered rings with a nickel-chromium
catalyst,’ may initiate the sequence of events outlined in eq 1.7
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The existence of such a process would significantly extend the value
of the catalytic intramolecular carbametalation. As shown in eq
2, the enynes 2, which are easily transformed into the enallenes
3,2 then serve as common precursors to either 1,3-dienes like 4**
or 1,4-dienes represented by 5.
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To probe the process, the allene 7a, easily available from the
corresponding acetylene 6 [(CH,0),, (i-C;H,),NH, CuBr, di-
oxane, reflux, 59%), was exposed to 10 mol% of (p-diphenyl-
phosphinopolystyrene)nickel dichloride and 30 mol% chromous
chloride in 4:1 THF-ethanol at ambient temperature (eq 3).

OH RO
>C . .
N x
[ 1
a) R=H
b) R = TBDMS

(3)

These standard conditions effected cyclization to a 3.4:1 mixture
of 8a'3 and 9a'? in 55% isolated yield. Upon the basis of both
proton coupling constants (J, 3 = 10.2 Hz for 8a and 5.5 Hz for
9a) and *C NMR data (8;, = 138.97 for 8a and 136.30 for 9a),
the major product is assigned as trans. Performing the same
reaction on the rert-butyldimethylsilyl ether 7b increases the yield
to 78% and the diastereoselectivity to >99:1 by capillary VPC.

R
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Similarly, the diester 10 cyclized to the methylenecyclopentane
11 in 80% isolated yield (eq 4). The importance of site isolation
effected by employing a polymer bound nickel chromium catalyst
is emphasized by the absence of any monomeric product when
bis(triphenylphosphine)nickel dichloride and chromous chloride
are employed in a homogeneous system.

The use of this approach for annulations is of particular interest.
We focussed on the effect of various substitution patterns on
formation of the important perhydroindanes. Equations 5-9
demonstrate that both cis- and trans-perhydroindanes form with
equal ease. The presence of a free hydroxyl group « to the allene
or alkene poses no problem in the cyclization. Placing either the
allene or alkene on a quaternary carbon also has no effect. Good
(>10:1) to excellent (>99:1) diasteroselectivity characterized all
these cyclizations. The stereochemistry of 12-14 is assigned based
upon Eu(fod), induced shifts. For 12, addition of 30 uL of 0.096
M Eu(fod); solution to 3 mg of 12 in CDCl, caused the signal
for H, to shift from 6 5.72 to 6.40 (A = 0.68), whereas H, shifted
somewhat less from & 3.17 to 3.69 (Aé = 0.52). For the isomer
epimeric at the carbon bearing the vinyl group, dramatic dif-
ferences in the reverse order should have been expected. Similar
results are seen in the case of cyclopentane 13 [60 L of Eu(fod),
and 3 mg of 13, A for Ha, 0.33; for Hy, 0.27]. For the epimeric
compound 14, the dramatic differences in the reverse direction
are observed [20 uL of Eu(fod); and 3 mg of 14, Aé for Ha, 0.17;
for Hy, 0.56].

Assignment of stereochemistry to 15 and 16 was derived from
the vicinal coupling constants of H, to the protons of the adjacent
methylene group. MM2 calculations suggest vicinal coupling
constants for Hy, of 8.2 and 9.8 Hz for 15 and 7.7 and 1.0 Hz for
16. The experimental values of 8.2 Hz for both vicinal couplings
for 15 and 9.2 and <1 Hz for 16 are in good agreement with the
calculations.

Difference NOE provides the basis for assigning the stereo-
chemistry of 17-19. For 17, the NOE between the methyl group
and the bis-allylic hydrogen (H,) should be larger than that
between the methyl group and the vinylic hydrogen H, (obsd 7%
for Hy, versus 4% for H,). For 18, the reverse should be the case

as is observed (8% for H, and 3.5% for Hy). The 17% NOE
between the methyl group and the vinylic hydrogen H, of 19
compared to 1% NOE for the doubly allylic hydrogen H, supports
the depicted assignment.

To probe the mechanism, the cyclization of 10 (eq 4) was
performed in CH;OD/THF (1:4). While mass spectroscopy
indicated only 17% monodeuteriation with no detectable di-
deuteriation, 86% of the label appeared at the internal vinyl
position by ’H NMR (11, R = D), in accord with the original
rationale. The low incorporation presumably arises from the low
rate of exchange of the polymeric nickel (or chromium) hydride
intermediate with the solvent.'

The stereochemistry can be understood on the basis of a
chairlike conformation for the reactive intermediate. Thus,
preferential formation of 8 (eq 3) can be understood based upon
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placing the alkoxy and vinyl fragments in a diequatorial-like
orientation in the proposed intermediate 20. Equations 6, 7, and
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(14) Cf. Kanai, H.; Kushi, K.; Sakanoue, K.; Kishimoto, N. Bull. Chem.
Soc. Jpn. 1980, 53, 2711,



J. Am. Chem. Soc. 1988, 110, 5233-5235 5233

9 illustrate that formation of the trans-perhydroindanes preferably
to exclusively places the vinyl group at C(8) or C(9) cis to the
bridgehead substituent. Folding the proposed syn-w-allylmetal
complex in a chairlike array as depicted in 21 and 22 nicely
rationalizes the observations. This conformational picture also
accommodates the dramatically opposite results in the two cis-
perhydroindane cases (eq 5 and 8). A chair folding with the
syn-w-allylmetal unit in an axial orientation as in 23 places the
vinyl substituent on the exo face in the product as in 12. On the

1
CH;

Y

4

other hand, a chair folding with the syn-w-allylmetal unit in an
equatorial position as in 24 orients the vinyl group on the endo
face in the product as in 17. The 15:1 preference for the con-
tra-steric product in the latter case provides a measure of the
conformational bias for a chairlike transition state in the cycli-
cation.

The extraordinary reactivity of the allenes toward this catalyst
is underscored by the current requirement that the vinyl group
be unsubstituted in order to effectively capture the proposed
w-allylmetal intermediate in preference to intermolecular capture
by another allene. The facile addition of w-allylnickel complexes
to allenes has previously been noted.'> Nevertheless, the fact that
the strain associated with forming the trans-perhydroindane even
with a bridgehead methyl group does not deter the process dem-
onstrates that strain effects are not as important as steric effects.
The failure to effect related cyclizations using a catalyst derived
from palladium(0) and a carboxylic acid, presumably a hydri-
dopalladium carboxylate, emphasizes the importance of the
nickel-chromium catalyst.'6

The ability to use allenes as partners in intramolecular car-
bametalations opens a new dimension to cyclization via isomer-
ization. The excellent chemo- and diasteroselectivity makes the
process very useful synthetically. At a minimum, flexibility to
generate either 1,2-dimethylenecyclopentanes or 2-vinyl-1-
methylenecyclopentanes according to eq 2 from the same enyne
now exists. To underscore this point, each of the allenes of eq
3-9 were synthesized in one step from the corresponding acetylene
via the novel homologation of Crabbé.!?
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Extracts of the marine algae of the family Udoteaceae have
shown a variety of biological activities which include antimicrobial,
cytotoxic, and ichthyotoxic properties.! Petiodial (1), an unusual
cyclopentanoid diterpene which shares a carbon skeleton only with
udoteatriol,? is one of the biologically active secondary metabolites
whose structure, except for stereochemistry, has been suggested
on the basis of spectral data.> We wish to record a synthesis
of this compound and, on the basis of this synthesis, suggest a
relative stereochemistry. The route involves an unexpected and
novel palladium-catalyzed cyclization of an enallene.

In considering a synthesis of (*)-petiodial, the development
of a strategy patterned after its biosynthesis from a suitable
geranyl-geraniol derivative (cf. eq 1) raises the question of specific
functionalization of C(19) rather than C(8) during the course of
cyclization. An expedient solution to this subtle selectivity question
derives from our earlier observations in the complementary be-
havior observed in the thermal versus Pd**-catalyzed ene reactions
of enyne 2 (eq 2) which we have shown derives from the presence
of the terminal double bond, which serves as a remote binding
site during the course of the transition-metal-catalyzed process.
The intrinsic selectivity of this metal-catalyzed reaction and the
existence of a similarly situated double bond in the geranyl-
geraniol system suggested a route outlined in Scheme I in which
the ring-forming step relies on a chemo- and regiocontrolled Pd**
enyne cyclization (4 — 5§).4°

As outlined in Scheme 1, 4 is readily available from farnesyl
bromide.®” Cyclization of 4a with palladium acetate in warm
benzene (65 °C) gives a 2.5-3.3:1 ratio of the silylated and un-
silylated cyclized products 10 and 5b in a sluggish reaction (eq
3). By using benzene-d, the reaction may be monitored by 'H
NMR spectroscopy which shows the buildup of an intermediate
which we postulate to be an allene, such as 11, based upon the
appearance of an additional vinyl absorption at é 5.01.

Because palladium-catalyzed enallene cyclization is, to our
knowledge, unprecedented, we explored the cyclization of the allene
12 which forms exclusively upon desilylation of the silylacetylene
4a [AgNO,, ethanol-water, room temperature, 20 min then
KCN.? room temperature, 20 min, 89%). Under the cyclization
conditions for enyne 4a in which the enyne reacts sluggishly,
enallene 12 cyclizes completely within 1 h to give only 5b in 82%
(eq 3). Addition of N,/N-dibenzylideneethylenediamine as a ligand
for palladium® improves the yield slightly. The extraordinary
selectivity for the terminal methylene isomer in contrast to a
positional olefinic isomer is to be noted. It is outside the scope
of this communication to speculate upon the mechanism of this
new enallene cyclization; nevertheless, it is interesting to contrast
this reaction to a recently discovered Ni-Cr-catalyzed enallene
cyclization which produces a totally different type of product (eq
4).)°  Attempts to cyclize substrates like 12 under the Ni-Cr
conditions failed.
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