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Table ITI. Energies® of Cations 1-3 and of the Corresponding Hydrocarbons (1-H-3-H) Calculated at RHF/3-21G Geometries
with the 3-21G, 3-21G(*), and 6-31G* Basis Sets

3-21G 3-21G(*) 6-31G*
molecule RHF MPp2t RHF MP2¢ RHF MP2¢

1 -308.5347 -309.2524 -308.5347 -309.2524 -310.2453 -311.2642
1-H -309.3926 -310.1278 -309.3926 -310.1278 -811.1032 -312.1477
2 -597.0840 -597.8716 -597.1776 -597.9931 —600.3155 -601.4217
2-H -697.9398 -598.7421 -598.0335 -598.8647 -601.1727 -602.3021
3 -6306.3517 -6306.4284 -6307.2635

3-H -6307.2029 -6307.2795 —-6308.1282

¢ Energies in hartrees. ?Full MP2. °Frozen core MP2,

from lc.!” Moreover, the isotope effects calculated at the
MP2/3-21G level (ky/kp = 1.063) and the MP2/6-31G*
level (ky/kp = 1.040) are much larger than at the RHF
level and in much better agreement with experiment.! The
increase in the calculated isotope effect cannot be attrib-
uted to an increase in through-space bonding between C,
and C, at the MP2 level, since, on going from the RHF to
the MP2 optimized structure for 1, r;, increases.!®

If, as suggested by the results of our calculations on 1,
there is some delocalization of the electrons in the C,-H
bond in the carbocation, weakening this bond should
provide increased stabilization for the cation. This is what
was observed experimentally by Adcock et al. on replacing
H at C, by metalloidal substituents.! That the observed
rate accelerations are, in fact, a result of enhanced double
hyperconjugation can be seen from comparison of the
optimized geometries (Table II) and calculated energies
(Table III) for the 4-substituted, bridgehead cations 2 and
3 with those for the corresponding alkanes, 2-H and 3-H.

As in the case for formation of the unsubstituted cation
(1), at the RHF level r;; decreases and ry; increases on
formation of 2 and 3. However, when a weak bond to a
metalloidal substituent (R = SiH; in 2 and R = SnH; in
3) replaces the C,—H bond in 1, even at the RHF level r;,
decreases and r,g increases. As expected for a larger
contribution from structure ¢ in 3 than in 2, the sizes of
the changes in these bond lengths are larger for R = SnHj,
than for R = SiH;. The changes in r, are nearly the same
for formation of all three cations, and the small differences
in Ar;y (1 > 2 > 3) are in the opposite order from those
expected for through-space bonding between C, and C, in
the cations. The data in Table II also show that, although
the optimized bond lengths change on going from the 3-
21G to the 3-21G(*) basis set, the differences between the

(17) The MP2/6-31G* optimized C,~H bond length in 1 is 0.0005 A
longer than that in 1-H.

(18) Flattening of C, on carbocation formation results in the decrease
in ry, that is calculated on going from 1-H to 1.

bond lengths in 2 and 2-H remain essentially the same.

In agreement with experiment, the energy required for
cation formation decreases in the order 1 > 2 > 3. At the
RHF level with the 3-21G, 3-21G(*), and 6-31G* basis sets,
substitution of R = H at C, by R = SiH; reduces the
energy required for carbocation formation by, respectively,
1.3, 1.3, and 0.4 kcal/mol. Since inclusion of electron
correlation increases the importance of the doubly hy-
perconjugated resonance structure ¢, it is not surprising
that at the MP2 level of theory the magnitudes of these
energy reductions increase to 3.1, 2.4, and 1.9 kcal/mol.
For R = SnH; the RHF energy reductions are 4.2 and 4.3
kcal /mol with, respectively, the 3-21G and 3-21G(*) basis
sets and 6.7 kcal/mol at the MP2/3-21G(*) level.

The relative rates of carbocation formation at 25 °C in
the gas-phase that are computed from the MP2/3-21G-
(*)/ /RHF /3-21G energies are qualitatively similar to those
found in the solvolysis studies.! The silyl substituent is
calculated to afford a modest rate increase, kg;/ky = 58;
and the stannyl substituent is predicted to yield a sub-
stantially larger acceleration, kg,/ky = 82000. The ex-
perimental rate ratios in 97% trifluoroethanol at 25 °C are
1:49:2841.1 Our calculations provide strong support for the
interpretation of these rate ratios in terms of increasing
stabilization of 1-3 via double hyperconjugation, as de-
picted by structure e.
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Summary: Hydration of nitriles and transformation of
-keto nitriles to ene-lactams can be performed efficiently
by using RuH,(PPhy), catalyst under mild conditions. The
effectiveness of the reaction is illustrated by the short-step

synthesis of (-)-pumiliotoxin C.

The hydration of nitriles under mild and neutral reac-
tion conditions is of importance from both an enzymatic!
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Table I. Ruthenium-Catalyzed Hydration of Nitriles and
Cyclization of Keto Nitriles®

nitrile product® isolated yield, %
CH,CN CH,CONH, 92
n-C;H,;,CN n-C;H,,CONH, 94
PhCN PhCONH, 92
Nc/\/COzMe HZNCO/\/COZMG 93
0 94
A G
N 0
H
0 97

CN

o%%

85
CN
CO,Et

quo
H
51
o X
N7 ™0
H
CO,Et

%

%A mixture of nitrile (200 mmol), water (4.00 mmol), and
RuH,(PPh;), (0.06 mmol) in 1,2-dimethoxyethane (0.5 mL) was
reacted at 120 °C for 24 h in a sealed tube under argon. ®The
product gives satisfactory IR, NMR, and mass spectrum data and
analysis.

and a synthetic? point of view. Although metal complex-
induced hydration of nitriles has been studied extensively,
the reported methods are still unsatisfactory with respect
to catalytic cycle and removal of excess water.®* We have
found that ruthenium-catalyzed hydration of nitriles
proceeds highly efficiently upon treatment with 2 equiv
of water under neutral conditions (eq 1). The principle

RuH,(PPh,), (cat.) %
R-CN ————————= R-C-NH, (1)
H,0

o]

CN RuH,(PPhg),(cat.) HN )
.
R! o RN 2)

R2

of the present hydration reaction can be extended for the
catalytic transformation of é-keto nitriles to ene-lactams,
which are highly versatile synthetic intermediates (eq 2).°

The ruthenium-catalyzed hydration proceeds generally,
and highly efficiently, under neutral conditions. In a
typical case, the reaction of benzonitrile with 2 equiv of
water in 1,2-dimethoxyethane in the presence of 3 mol %
of RuH,(PPh,), at 120 °C gave benzamide in 93% yield
after filtration over Florisil short column. The repre-
sentative results of the hydration of nitriles are summa-
rized in Table I. RuH,(PPhy), was the most effective
catalyst among those examined.® The present hydration

(1) (a) Breslow, R.; Fairweather, R.; Keana, J. J. Am. Chem. Soc. 1967,
89, 2135. (b) Sugiura, Y.; Kuwahara, J.; Nagasawa, T.; Yamada, H. Ibid.
1987, 109, 5848.

(2) (a) Barton, D. H. R.; Ollis, W. D. In Comprehensive Organic
Chemistry; Sutherland, I. O., Ed.; Pergamon Press: Oxford, 1979; Vol.
2, p 964. (b) Beckwith, A, L. J. In The Chemistry of Amides; Zabicky,
J., Ed,; Interscience: New York, 1970; pp 119-125.

(3) Villain, G.; Kalck, P.; Gaset, A. Tetrahedron Lett. 1980, 21, 2901.

(4) Jensen, C. M.,; Trogler, W. C. J. Am. Chem. Soc. 1986, 108, 723 and
references cited therein.

(5) Witkop, B.; Gossinger, E. In The Alkaloids; Brossi, A., Ed.; Aca-
demic Press: London, 1983; Vol. 21, p 139. Daly, J. W. Fortschr. Chem.
Org. Naturst. 1982, 41, 205. Daly, J. W.; Spande, T. F. In Alkaloids:
Chemical and Biological Perspectives; Pelletier, S. W., Ed.; John Wiley:
New York, 1986; Vol. 4, pp 1-274.

(6) Hydration of acetonitrile with 2 equiv of H,O in 1,2-dimethoxy-
ethane was carried out at 120 °C using 3 mol % of a catalyst. RuH,-
(PPhy), (conv 100%, yield 92%); Rh(OH)(CO)(PPhy), (76%, 78%);
however, other known catalysts such as Pd(OH),(bipy)(H;0); and Ni-
(piaH),ClyH,0 show no catalytic activity under the reaction conditions.

Communications

Scheme I°

*iﬁ” col étl
—»»ébm étl

*Key: (i) RuH,(PPhg),/H,0; (ii) Hy/Pd-C.

is advantageous over the previous methods?* because of
its simple operation, neutral reaction conditions, and high
efficiency. The ruthenium-catalyzed reaction of é-keto
nitriles, which are obtained readily by cyanoethylation of
ketones, proceeds highly efficiently with 2 equiv of water
under similar reaction conditions. Representative results
of the transformation of §-keto nitriles to ene-lactams are
shown in Table I. Keto nitriles derived from both cyclic
and aliphatic ketones can be converted into the corre-
sponding ene-lactams in excellent yields. The formation
of ene-lactams can be rationalized by assuming nucleo-
philic attack of water to the coordinated nitriles” to give
amides, which undergo further ruthenium-induced cycli-
zation to give ene-lactams.

The effectiveness of the present reaction is illustrated
by the synthesis of (-)-pumiliotoxin C (1), which is an
interesting toxic skin alkaloid produced by Central Am-
erican frogs Dendrobates pumilio and D. auratus.® Al-
though racemic pumiliotoxin C has been synthesized by
various methods,® natural (-)-1 has been synthesized by
two methods; intramolecular Diels-Alder reaction® and
cyclization of piperidine enamines.®® Our strategy for the
synthesis of (~)-1 is shown in Scheme I, in which the ru-
thenium-catalyzed cyclization and diastereoselective cat-
alytic hydrogenation are key steps. Ruthenium-catalyzed
deisopropylidenation of (3R)-2-(2-cyanoethyl)-6-iso-
propylidene-3-methylcyclohexanone (2), which was derived
from cyanoethylation of optically pure (R)-(+)-pulegone,®
and subsequent cyclization gave (5R)-5-methyl-
3,4,5,6,7,8-hexahydro-2(1 H)-quinolinone (3) in 56 % yield
(mp 127.5-128.5 °C (hexane—PrOH); [«]%[ +45.2° (c 1.01,
CHCly)). Although diastereoselective reduction of ene-
lactams has never been reported probably because of
difficulty of hydrogenation under the usual conditions,2

(7) Murahashi, S.-1; Naota, T.; Saito, E. J. Am. Chem. Soc. 1986, 108,

784

(8) Daly, J. W.; Tokuyama, T.; Habermehl, G.; Karle, I. L.; Witkop,

B. Ann. Chem. 1969 729, 198.

9) (a) Habermehl, G.; Andres, H.; Miyahara, K.; Witkop, B.; Daly, J.
W. Ann. Chem. 1976, 1577. (b) Oppolzer, W.; Fehr, C.; Warneke, J. Helv.
Chim. Acta 1977, 60, 48. (c) Oppolzer, W.; Flaskamp, E. Helv. Chim. Acta
1977, 60, 204. (d) Overman, L. E.; Jessup, P. J. J. Am. Chem. Soc. 1978,
100, 5179. (e) Masamune, S.; Reed, L. A.; Davis, J. T.; Choy, W. J. Org.
Chem. 1983, 48, 4441. (f) Maruoka, K.; Miyazaki, T.; Ando, M.; Matsu-
mura, Y.; Sakane, S.; Hattori, K.; Yamamoto, H. J. Am. Chem. Soc. 1983,
105, 2831, (g) Bonin, M.; Besselievre, R.; Grierson, D. S.; Husson, H.-P.
Tetrahedron Lett. 1983, 24, 1493. (h) Bonin, M.; Royer, J.; Grierson, D.
S.; Husson, H.-P. Tetrahedron Lett. 1986, 27, 1569. (i) Schultz, A. G.;
McCloskey, P. J.; Court, J. J. J. Am. Chem. Soc. 1987, 109, 6493. (j)
LeBel, N. A.; Balasubramanian, N. J. Am. Chem. Soc. 1989, 111, 3363.
(k) Comins, D. L.; Dehghani, A. Tetrahedron Lett. 1991, 32, 5697.

(10) Pure (R)-(+)-pulegone was obtained by recrystallization of the
?orreigxonding semicarbazone!! followed by hydrolysis ([a]®p +23.2°

neat
8(11) Corey, E. J.; Ensley, H. E; Suggs, J. W. J. Org. Chem. 1976, 41,

(12) The hydrogenation of 3 using catalysts such as Pd/C, Ru/C (room
temperature, 24 h, H;, (1 atm), EtOH) gave the 40~-50% y1elds. and the
diastereomeric ratio of 4/5 was 58-73/42-27.
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we have found that hydrogenation of ene-lactam 3 occured
over 5% palladium on charcoal in EtOH/AcOH (5/1) in
the presence of a catalytic amount of HC] at 60 °C under
H, (80 atm) to give (4aS,5R,8aR)-5-methyl-
2,3,4a,5,6,7,8,8a-octahydro-2(1H)-quinolinone (4) (mp
146.5-147.5 °C; [«]®p —60.4° (¢ 1.00, CHCI,) highly se-
lectively. The diastereomeric ratio of 4 (4aS,5R,8aR)/its
isomer § (4aS,5R,8a8) was determined to be 98/2 by GLC
analysis (capillary column, PEG-20M, 25 m). The lactam
4 thus obtained was converted into 1 ([«]* -16.2° (¢ 1.00,
CH;OH))!? by the reported method.?

Selective formation of cis-fused lactam 4 can be ra-
tionalized by assuming diastereoselective protonation of
3 to give acyl iminium ion 6 which undergoes subsequent
hydrogenation. Consequently, trapping of 6 with suitable
nucleophiles and subsequent selective transformation
would give trans-fused products. Indeed, treatment of 3
with H,0, in the presence of TsOH catalyst gave unstable
(4a8,5R)-8a-hydrodioxy-5-methyl-3,4,4a,5,6,7,8,8a-octa-
hydro-2(1H)-quinolinone (7) [77%, 4aS,5R,8aR/
4aS,5R,8aS = 2/1], which was converted into
(4aS,5R,8a8)-lactam 5 (mp 180-180.5 °C, [a]%p + 14.7°

(13) The HCl salt of (-)-1, mp 286-288 °C (sealed capillary) (lit.* mp
288-290 °C (sealed capillary)); [«]*p ~16.2° (¢ 1.00, CH;OH) (lit.% [a]2°£
-14,5° (c 1.00, CH;OH)). (+)-1 HCL: [a]®} +16.2° (¢ 1.00, CH,0H),
[a]®p +16.4° (¢ 1.00, CH;OH),% [a]¥p +16.1° (¢ 1.00, CH,0H).%

(c 1.06, CHCly)) upon treatment with Et;SiH in CH,Cl,
in the presence of TiCl, [72% yield, 5/4 = 90/10]. We

H H
s H0, TiCl,
TsOH NN EtSH

HOO H ﬂ
7

o I)

are in a position to be able to prepare either cis- or
trans-fused decahydroquinolines selectively by the acid-
promoted catalytic hydrogenation of ene-lactams or the
acid-promoted reaction of ene-lactams with H,0, followed
by treatment with Et;SiH in the presence of TiCl,. Sim-
ply, cis- and trans-3,4,4a,5,6,7,8,8a-octahydro-2(1H)-
quinolinone (9 and 10) can be prepared selectively (9/10
=92/8,9/10 = 7/93) from 3,4,5,6,7,8-hexahydro-2(1H)-
quinolinone (8) by using our methods. The details of the
mechanism and the extension of the useful catalytic re-
actions to the other systems are under active study.

H H
— OO, — 0,
N0 N0 SN
Hy H HH
9 8 10

Supplementary Material Available: Experimental proce-
dures and spectral data for all compounds (11 pages). Ordering
information is given on any current masthead page.
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Summary: A method for the stereoselective, convergent
synthesis of trisubstituted alkenes has been developed.
The procedure features the synthesis of allylic alcohols 9
by coupling an aldehyde with a vinyl organometallic
reagent. Treatment of 9 with carbon disulfide and methyl
iodide gave the intermediate allylic xanthates 10 that
underwent facile [3,3]-sigmatropic rearrangement to give
the dithiocarbonates 11 and 12, radical reduction of which
gave the (E)-alkenes 13 as the major products.

A common functional element present in a large number
of natural products is a trisubstituted carbon-carbon
double bond. Consequently, the convergent, stereoselective
construction of trisubstituted alkenes constitutes an im-
portant problem in synthetic organic chemistry.! Indeed,
while we were formulating strategies for the total syntheses
of several natural products, it became apparent that known
methods for coupling two fragments with the stereose-
lective formation of a trisubstituted double bond according
to eq 1 were somewhat limited in scope.2® We therefore

(1) For reviews, see: (a) Faulkner, D. J. Synthesis 1971, 175. (b)
Reucroft, J.; Sammes, P. G. Quart. Rev. 1971, 25, 135.

(2) Wittig and related reactions: (a) Bestmann, H. J.; Vostrowsky, O.
Topics Curr. Chem. 1988, 109, 85. (b) Buss, A. D.; Warren, S. Tetrahe-
dron Lett. 1988, 24, 3931.

(3) Peterson olefination: (a) Ager, D. J. Org. React., in press. (b)
Barrett, A. G. M.; Flygare, J. A. J. Org. Chem. 1991, 56, 638. (c) Barrett,
A. G. M;; Hill, J. M,; Wallace, E. M. J. Org. Chem. 1992, 57, 386.

set to the task of devising solutions to this problem.

R‘/LFG‘ + FGA_R? —— R1/k/“z "

After considering a number of possible connective routes
to alkenes, we concluded that the sequence of reactions

(4) Julia coupling: (a) For a review, see: Kocienski, P. Phosphorus
Sulfur Relat. Elem. 1985, 24, 97. See also: (b) Hanessian, S.; Ungolini,
A.; Dubé, D.; Hodges, P. J.; Andrg, C. J. Am. Chem. Soc. 1986, 108, 2776.
(c) Hirama, M.; Nakamine, T.; Ito, S. Tetrahedron Lett. 1988, 29, 1197.
(d) Danishefsky, S. J.; Selnick, H. G.; Zelle, R. E.; DeNinno, M, P. J. Am.
Chem. Soc. 1988, 110, 4368. (e) White, J. D.; Bolton, G. L. J. Am. Chem.
Soc. 1990, 112, 1626.

(5) A variety of complementary methods have been devised for the
stereoselective synthesis of trisubstituted olefins. Via coupling of vinylic
substrates: (a) Satoh, M.; Miyaura, N.; Suzuki, A. Chem. Lett. 1986, 1329.
(b) Oh-e, T.; Miyaura, N.; Suzuki, A. Synlett 1990, 221. (c) Miyaura, N.;
Ishiyama, T.; Sasaki, H.; Ishikawa, M.; Satoh, M.; Suzuki, A. J. Am.
Chem. Soc. 1989, 111, 314. (d) Soderquist, J. A.; Santiago, B. Tetrahe-
dron Lett. 1990, 31, 5541. Via carbometalation: (e) Negishi, E. Acc.
Chem. Res. 1982, 15, 340. Via metalate rearrangements: (f) Wenkert, E.;
Michelotti, E. L.; Swindell, C. S.; Tingoli, M. J. Org. Chem. 1984, 49, 4894,
(g) Wadman, S.; Whitby, R.; Yeates, C.; Kocienski, P.; Cooper, K. J.
Chem. Soc., Chem. Commun. 1987, 241. (h) Kocienski, P.; Dizon, N. J.;
Wadman, S. Tetrahedron Lett. 1988, 29, 2353. (i) Kocienski, P.; Wad-
man, S.; Cooper, K. J. Am. Chem. Soc. 1989, 111, 2368; J. Org. Chem.
1989, 54, 1215. (j) Kocienski, P.; Dixon, N. J. Synlett 1989, 52. (k)
Kocienski, P.; Barber, C. Pure Appl. Chem. 1990, 62, 1933. (1) Stocks,
M.; Kocienski, P.; Donald, D. K. Tetrahedron Lett. 1990, 31, 1637. Via
[3,3])-rearrangements: (m) For a review, see: Ziegler, F. E. Chem. Rev.
1988, 88, 1423. (n) Davidson, A. H.; Eggleton, N.; Wallace, I. H. J. Chem.
Soc., Chem. Commun. 1991, 378. From S-Lactones: (o) Danheiser, R.
L.; Nowick, J. S. J. Org. Chem. 1991, 56, 1176.
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