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The above account indicates that in imidazole thiol model
systems where individual pX,'™ and pK,SH values approach each
other a substantial proportion of zwitterionic material is present
at physiological pH and that these species are capable of nu-
cleophilic attack on p-NPA.!® This provides some precedence
for the similar situation proposed to occur in papain.’*
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(17) Hupe and Jencks (Hupe, D. J.; Jencks, W. P. J. Am. Chem. Soc.
1977, 99, 451-464) have shown that rate constants for acyl transfer from
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for rate-limiting attack of basic thiols.
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repeated monitoring of the UV /vis spectra of the reaction of 1 X 10 M
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at the same rate p-nitrophenoxide builds up. The analysis of the kinetic data
for this adheres to second-order kinetics. The hydrolysis of the S-acyl in-
termediate, even though subject to intramolecular general base catalysis by
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Owing to its importance as a medicinal agent that is widely
prescribed for the treatment of hypertension and mental disorders,
reserpine (1), which was originally isolated from the Indian snake
root, Rauwolfia serpentina Benth.,? has been the subject of ex-
tensive chemical and pharmacological investigations.>* These
remarkable physiological properties coupled with its structural
complexity have made reserpine an attractive target for a number
of synthetic efforts,*% three of which have culminated in its total
synthesis.> The principal synthetic challenge posed by the pen-
tacyclic nucleus of reserpine is the stereoselective elaboration of
the D/E ring system, which is a cis-hydroisoquinoline richly
endowed with stereochemistry and functionality. Consequently,

(1) Recipient of a National Institutes of Health (National Cancer Insti-
tute) Research Career Development Award, 1980-1985.

(2) Mueller, J. M.; Schlittler, E.; Bein, H. J. Experientia 1952, 8, 338.

(3) For accounts of the structural investigations, see: (a) Dorfman, L.;
Furlenmeier, A.; Huebner, C. F.; Lucas, R.; MacPhillamy, H. B.; Mueller,
J. M.; Schlittler, E.; Schwyzer, R.; St. Andre, A. F. Helv. Chim. Acta 1954,
37, 59. (b) Huebner, C. F.; MacPhillamy, H. B.; Schlittler, E.; St. Andre,
A. F. Experientia 1958, 11, 303. (c) van Tamelen, E. E.; Hance, P. D. J. Am.
Chem. Soc. 1958, 77, 4692. (d) Wenkert, E.; Liu, L, H. Experientia 1955,
11, 302. (¢) Huebner, C. F.; Wenkert, E. J. Am. Chem. Soc. 1955, 77, 4180.
(f) Diassi, P. A.; Weisenborn, F. L.; Dylion, C. M.; Wintersteiner, O. Ibid.
1955, 77, 4687.

(4) For reviews of the medicinal aspects of reserpine, see: (a) Monachino,
J. Econ. Bot. 1954, 8, 349. (b) Chatterjee, A.; Pakrashi, S.; Werner, G.
Fortschr. Chem. Org. Naturst. 1956, 13, 346. (c) Woodson, R. E.; Younken,
H. W.; Schlittler, E.; Schneider, J. A. “Rauwolfia: Botany, Pharmacognosy,
Chemistry, and Pharmacology”; Little, Brown and Co.: Boston, 1957. (d)
Lucas, R. A. Prog. Med. Chem. 1963, 146.

(5) For some leading references to synthetic approaches to reserpine, see:
(a) Wenkert, E.; Liu, L. H.; Johnston, D. B. R. J. Org. Chem. 1965, 30, 722.
(b) Stevens, R. V.; Moran, J. R, ACS/CJS Chemical Congress, April 1-6,
1979, ORGN 289. (c) Takano, S.; Ito, F.; Ogasawara, K. Heterocycles 1980,
14, 453, (d) Suzuki, T.; Tomino, A.; Unno, K.; Kametani, T. Chem. Pharm.
Bull. Jpn. 1981, 29, 76 and previous work. (e) Kunng, F.-A.; Gu, J.-M.; Chao,
S.; Chen, Y.; Mariano, P. S. J. Org. Chem. 1983, 48, 4262. (f) Szantay, C.;
Blasko, G.; Honty, K.; Baitz-Gacs, E.; Tamas, J.; Toke, L. Justus Liebigs Ann.
Chem. 1983, 1292 and previous work. (g) Wenkert, E. Heterocycles 1984,
21, 325, (h) Miyata, O.; Hirata, Y.; Naito, T.; Ninomiya, L. Ibid. 1984, 22,
1041. (i) Jung, M. E.; Light, L. A. J. Am. Chem. Soc. 1984, 106, 7614.

(6) (a) Woodward, R, B.; Bader, F. E,; Bickel, H.; Frey, A. J,; Kierstead,
R. W. J. Am. Chem. Soc. 1956, 78, 2023, 2657; Tetrahedron 1958, 2, 1. (b)
Pearlman, B. A. J. Am. Chem. Soc. 1979, 101, 6398, 6404. (c) Wender, P.
A.; Schaus, J. M.; White, A. W. Ibid. 1980, 102, 6157.

several years ago we initiated an investigation, which was directed
toward the design and development of a general strategy for the
construction of substituted hydroisoquinolines’ that featured as
a key step the intramolecular Diels—Alder reactions® of azatrienes.
The application of that metholodogy to an efficient, total synthesis
of reserpine constitutes the substance of the present report.
The overall strategy for the synthesis of reserpine (1) required
the initial preparation of a hydroisoquinoline derivative such as
3 that would be suitably functionalized for eventual modification

MeO OMe
OMe

1:3-H
17 -H

to provide the fully intact D/E ring system present in 2. Sub-
sequent coupling of this key structural subunit with the 6-meth-
oxytryptophyl synthon would then afford a seco-dihydroreserpine
analogue, which could then be cyclized to reserpine.

The first phase of the total synthesis (Scheme I) thus entailed
the construction of an intermediate related to 3 via the intra-
molecular Diels—Alder reaction of a suitable trienic precursor. To
this end, propargyl alcohol was protected (CH;OCH,Br, PhNEt,,
CH,Cl,, =78 °C — room temperature, 5 h; 95%) as its meth-
oxymethyl ether derivative 4.° Subjection of 4 to sequential

two-carbon chain extension (n-BuLi; CH,OCH,, THF, -78 °C
— room temperature, 20 h; 81%) and catalytic hydrogenation
(H,/45 psi, Pd/CaCO;/PbO, EtOAc, room temperature, 15 min;
96%) provided the homoallylic alcohol &, which was converted
to the olefinic amine 6 by tosylation (p-TsCl, Py, CH,Cl,, 0 °C,
12 h; 90%) and aminolysis (PhCH,NH,, catalytic Nal, Me,SO,
room temperature, 20 h; 85%). The amine 6 was then coupled
with 2-pyrone-6-carbonyl chloride!® (Et;N, CH,Cl,, -30 — 5 °C,
1.5 h) to give the trienic amide 7 in 89% yield. Subsequent
thermolysis of 7 in refluxing xylene (24 h) proceeded smoothly
to afford the cycloadduct 8 in 93% vyield.

With the lactam 8 in hand, the next subgoal of the synthetic
effort involved the stereoselective refunctionalization of the E ring.
In the event, regioselective epoxidation of the more nucleophilic
carbon—carbon double bond (m-CPBA, CH,Cl,, 0 °C, 6 h)
proceeded with a high degree of stereoselectivity from the less
encumbered o face to provide the epoxide 9 in 88% yield.
Acid-catalyzed opening of the epoxide moiety [BuCH(Et)-
COOH/BuCH(Et)COOLIi, DME, reflux, 12 h; 90%] occurred
exclusively at the allylic terminus at C(18) to afford the alcohol
10, which was smoothly converted to the corresponding methyl
ether 11 in 98% yield upon treatment with methyl iodide in the
presence of silver(I) oxide. Transformation of 11 into 12, which
incorporates all of the requisite stereocenters present in the D/E
ring of reserpine, was smoothly effected by catalytic hydrogenation
[H,/1800 psi, 20% Pd(OH}),/C,!* MeOH, 24 h, room tempera-

(7) Martin, S. F.; Williamson, S. A.; Gist, R. P.; Smith, K. M. J. Org.
Chem. 1983, 48, 5170.

(8) For an excellent review of the intramolecular Diels-Alder reaction see,
Ciganek, E. Org. React. 1984, 32, 1.

(9) The structure assigned to each compound was in full accord with its
spectral ('H and 13C NMR, IR, MS) characteristics. Analytical samples of
all new compounds were obtained by distillation, recrystallization, or prepa-
rative HPLC and gave satisfactory combustion analysis (C, H, N) and/or
identification by high-resolution mass spectrometry. All yields are based upon
isolated, purified materials that were homogeneous as determined by capillary
GLC or HPLC.

(10) Wiley, R. H.; Hart, A. J. J. Am. Chem. Soc. 1954, 76, 1942.

(11) Pearlman, W. M. Tetrahedron Lett. 1967, 1663. We thank W. M.
Pearlman (Warner Lambert-Parke Davis) for a generous gift of this catalyst.
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ture; 90%)]. Removal of the protecting group from the hydroxyl
group at C(22) (p-TsOH, MeOH, 45 °C, 20 h) followed by
oxidation (PDC,!? DMF, room temperature, 18 h) and esterifi-
cation [CH,N,, MeOH/Et,0 (1:3), 0 °C] produced 13 in 75%
overall yield from 12. Sequential, chemoselective reduction of
the lactam carbonyl group (AlH,;, THF, -70 — =20 °C, 2 h; 79%)
and removal of the hydroxyl protecting group at C(18) by acid-
catalyzed transesterification (p-TsOH, MeOH, 85 °C, 72 h; 81%)
followed by acylation of the resulting alcohol with 3,4,5-tri-
methoxybenzoyl chloride (Py, catalytic DMAP, CH,Cl,, room
temperature, 24 h; 91%) provided the tertiary amine 14. Catalytic
hydrogenolysis (H,/15 psi, 20% Pd(OH),/C,!! AcOH, room
temperature, 15 h; 94%) of the N-benzyl protecting group then
gave the secondary amine 15.

At this juncture, the completion of the total synthesis of res-
erpine merely requires coupling of the intact D/E ring subunit
15 with the 6-methoxytryptophyl fragment followed by oxidative
cyclization to form the C ring. Thus, N-alkylation of the secondary
amine 15 with 6-methoxytryptophyl bromide®!3 [Me,SO, (i
Pr),NEt, room temperature, 60 h] afforded 2,3-seco-2,3-di-
hydroreserpine (16)!4!° in 69% yield. Subsequent oxidative cy-

(12) Corey, E. J.; Schmidt, G. Tetrahedron Lett. 1979, 399,

(13) We wish to thank Professor P. A, Wender (Stanford University) for
supplying us with the details for the preparation of 6-methoxytryptophyl
bromide.

(14) The racemic 2,3-seco-2,3-dihydroreserpine (16) thus obtained was
identical (360-MHz 'H NMR, 3C NMR, IR, MS, TLC) with an authenic
sample obtained by the degradation of (-)-reserpine.!’

(15) Sakai, S.; Ogawa, M. Chem. Pharm. Bull. 1978, 26, 678.
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clization [Hg(OAc), (10 equiv), 5% aqueous HOAc, 85 °C, 1.5
h; H,S]'17 of 16 followed by treatment of the resulting crude
product mixture with zinc in 7% aqueous HCIO,/acetone/ THF
(1:1:1) (reflux, 20 min)!® produced reserpine (1)}!° (35%) and
isoreserpine (17) (8%) together with the two corresponding inside
derivatives (18%, 4%). Experiments to improve the stereo- and
regiochemical course of this final sequence of oxidation, cyclization,
and reduction are the subject of current investigations.

Thus, a concise and efficient total synthesis of the pentacyclic
indole alkaloid reserpine (1) has been completed by a sequence
that features an intramolecular Diels-Alder cycloaddition as the
key step for the facile construction of the highly functionalized
hydroisoquinoline 15, which constitutes the fully elaborated D/E

(16) Sakai, S.; Ogawa, M. Heterocycles 1978, 10, 67.

(17) For related examples, see: (a) Wenkert, E.; Wickberg, B. J. Am.
Chem. Soc. 1962, 84, 4914. (b) Morrison, G. C.; Cetenko, W.; Shavel, J.,
Jr. J. Org. Chem. 1967, 32, 4089. (c) Stork, g.; Guthikonda, R. N. J. Am.
Chem. Soc. 1972, 94, 5109. (d) Aimi, N.; Yamanaka, E.; Endo, J.; Sakai,
S.; Haginiwa, J. Tetrahedron 1973, 29, 2015. (e) Sakai, S.; Aimi, N.; Endo,
J.; Shimizu, M.; Yamanaka, E.; Katano, K.; Kashiwazaki, M.; Fujiu, M;
Yamamoto, Y. Yakugaku Zasshi 1978, 98, 850. (f) Gutzwiller, J.; Pizzolato,
G.; Uskokovic, M. R. Helv. Chim. Acta 1981, 64, 1663. (g) Fujii, T.; Ohba,
M.; Sasaki, N, Heterocycles 1984, 22, 1805.

(18) (a) Velluz, L.; Muller, G.; Joly, R.; Nomine, G.; Mathieu, J.; Allais,
A.; Warnant, J.; Valls, J.; Bucourt, R.; Jolly, J. Bull. Soc, Chim. Fr. 1958,
673. (b) Wenkert, E.; Roychaudhuri, D, K. J. Am. Chem. Soc. 1958, 80,
1613, (c) Protiva, M.; Jilek, J. O.; Ernest, I.; Novak, L. Tetrahedron Lett.
1959, 12.

(19) The synthetic, racemic reserpine thus obtained [mp (vac) 260.5-262
°C dec; lit.5 (vac) 260-262 °C dec] was identical (360 MHz 'H NMR, !3C
NMR, IR, MS, TLC) with an authentic sample of (—)-reserpine.
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ring subunit of reserpine. Application of this general strategy to
the syntheses of other alkaloid natural products is the subject of
active investigations, the results of which will be described in due
course.
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cistrans-1,3-Cyclooctadiene (1) has been known for a con-
siderable time,!? and its thermal and photochemical transfor-
mations have been carefully studied.>® Models indicate that 1
is chiral and not readily racemized, but, while cis,trans-1,5-
cyclooctadiene as well as trans-cyclooctene have been resolved
by formation of diastereomeric metal complexes,”® no resolution
of 1 has been reported in spite of the inherent interest in the
chiroptical properties of this nonplanar conjugated diene.

Chromatography on swollen, microcrystalline triacetylcellulose
(TAC) has proven valuable for resolution of racemic compounds
lacking functional groups,®!? and we have used this technique
to resolve racemic 1.

The AgNO; adduct of 1 was prepared according to Liu,? and
the hydrocarbon was liberated with aqueous NH; and taken up
in n-pentane.>!3 Careful evaporation gave pure racemic 1."* One
passage of a solution of 30 mg of 1 in 12 mL of n-pentane through
the TAC column'® gave partial enantiomer separation, consid-
erably improved after recycling!® 3 times. The first eluted en-
antiomer has negative rotation and the eluate gave [«]*°p —649°,
[@]?565 —2450° (¢ 0.017, ethanol),’” and a CD spectrum with a

(1) Cope, A. C; Bumgardner, C. L. J. Am. Chem. Soc. 1956, 78,
2812-2815.

(2) Liu, R. 8. H. J. Am. Chem. Soc. 1967, 89, 112-114.

(3) Shumate, K. M.; Neuman, P. N.; Fonken, G. J. J. Am. Chem. Soc.
1965, 87, 3996.

(4) Bromfield, J. J.; McConaghy, J. S., Jr. Tetrahedron Lett. 1969,
3723-3726.

(5) Nebe, W. J; Fonken, G. J. J. Am. Chem. Soc. 1969, 91, 1249-1251.

(6) Padwa, A.; Koehn, W.; Masaracchia, J.; Osborn, C. L.; Trecker, D.
J. J. Am. Chem. Soc. 1971, 93, 3633-3638.

(7) Cope, A. C.; Hecht, J. K,; Johnson, H. W, Jr; Keller, H.; Winkler,
H. J. S. J. Am. Chem. Soc. 1966, 88, 761-763.

(8) Cope, A. C.; Ganellin, C. R.; Johnson, H. W., Jr. J. Am. Chem. Soc.
1962, 84, 3191-3192.

(9) Hesse, G.; Hagel, R. Chromatographia 1976, 9, 62-68.

(10) Koller, H.; Rimbéck, K.-H.; Mannschreck, A. J. Chromatogr. 1983,
282, 89-94.

(11) Isaksson, R.; Liljefors, T.; Reinholdsson, P. J. Chem. Soc., Chem.
Commun. 1984, 137-138.

(12) Scheriibl, H.; Fritzsche, U.; Mannschreck, A. Chem. Ber. 1984, 117,
336-343.

(13) Org. Photochem. Synth. 1971, 1, 44-46.

(14) A 360-MHz 'H NMR spectrum in CDCl; showed only signals at-
tributable to 1 in the olefin region: 6 (H1) 5.63, (H2) 6.13 (J;° = 9.2 Hz),
(H3) 5.92, (H4) 5.71 (Jyans® = 15.8 Hz).

(15) For a description of the instrumentation, see: Isaksson, R.; Ros-
chester, J. J. Org. Chem., in press. 95% ethanol was used as eluent.

(16) Henry, R. A,; Byrne, S. H.; Hudson, D. R. J. Chromatogr. Sci. 1974,
197-199.
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Figure 2. Stereoview of 1 along the C4-C3 bond.

smooth, nearly Gaussian negative band with A,, 230.5 nm, Ae
-8.83, and width 61 nm at €,,,/e, followed by another negative
band with A_,,, < 190 nm (Figure 1). Since the chromatographic
procedure did not give base-line separation, attempts were made
to determine the enantiomeric purity by 'H NMR spectroscopy,
using Eu(hfbc),1%2° and Eu(hfbc), + Ag(fod)?! as chiral shift
reagents. However, none of these achieved splitting of the signals
from racemic 1, but computer simulation of the optical rotation
chromatogram!"!* obtained on reinjection of the resolved material
on the TAC column indicates an enantiomeric excess >90%.

Molecular mechanics calculations?? covering all feasible com-
binations of the 1-2-3-4 and 5-6-7-8 dihedral angles revealed only
two energy minima, with an energy difference of 2.75 kcal /mol.
This corresponds to less than 1% of the minor form at room
temperature, and is in agreement with the observed complete
temperature independence of the CD spectrum in ethanol from
+20 to -112 °C.

According to the calculations, the stable form has a nearly
planar cis double bond with the 3-2-1-8 angle 3.5° and a strongly
twisted trans double bond with the 2-3-4-5 angle —133.4° (P
helicity assumed), rather similar to the —136° found for (-)-
trans-cyclooctene.?*?* The dihedral angle between the double
bonds (1-2-3-4) is 50.2° and the 5-6-7-8 angle is 82.4° (Figure
2). The corresponding angles for the less stable form are 9.0°,
-131.9°,67.9°, and —96.8°. Early calculations with the Hen-
drickson force field? gave four energy minima, the dihedral angles
for the stable form being, in the order given above, 0°, -147.5°,
42.5°, and 84.3°, respectively.

Attempts to study the thermal racemization of 1 are likely to
be thwarted by the cyclization to cis-bicyclo[4.2.0]oct-7-ene (2).3#

(17) The concentration was determined from the absorbance at 230.5 nm
(e 2630).

(18) Fraser, R. R.; Petit, M. A_; Saunders, J. K. J. Chem. Soc., Chem.
Commun, 1971, 1450-1451.

(19) Goering, H. L.; Eikenberry, J. N.; Koermer, G. S. J. Am. Chem. Soc.
1971, 93, 5913-5914.

(20) Whitesides, G. M.; Lewis, D. W. J. Am. Chem. Soc. 1971, 93,
5914-5915.

(21) Wenzel, T. J.; Sievers, R. E. J. Am. Chem. Soc. 1982, 104, 382-388.

(22) mmp2 with the 1977 force field: Allinger, N. L.; Yuh, Y. H. QCPE
1983, 11, 395.

(23) Traetteberg, M. Acta Chem. Scand., Sect B 1975, B29, 29-36.

(24) Allinger, N. L.; Sprague, J. T. J. Am. Chem. Soc. 1972, 94,
5734-5747.

(25) Ermer, O.; Lifson, S. J. Am. Chem. Soc. 1973, 95, 4121-4132.

(26) Zuccarello, F.; Buemi, G.; Favini, G. J. Mol. Struct. 1971, 8,
459-470.
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