Total Synthesis of (+)-Lysergic Acid
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ABSTRACT

Boc
3 (+Hysergic acid (1)

A stereocontrolled total synthesis of (++)-lysergic acid (1) is achieved using three metal-catalyzed methodologies for the construction of three key
rings. Highlights of the synthesis include Pd-catalyzed indole synthesis to form the B ring, a RCM reaction to form the D ring, and an intramolecular

Heck reaction to form the C ring.

The ergot family of alkaloids are pharmacologically
important indole compounds because they possess various
potent biological activities.' Indeed, several ergot alkaloids
and their synthetic analogues are clinically used for treating
a diverse array of human maladies (e.g., as a vasodilator, a
prolactin inhibitor, and an anti-Parkinsonian’s disease
drug).” One of these compounds, the lysergic acid diethy-
lamine (LSD), is strongly and notoriously psychoactive.
Lysergic acid (1) is a typical representative of ergot alkaloids,
and most congeners of ergot alkaloids are the amides of
lysergic acid. Its characteristic structure features the un-
ique tetracyclic ergoline skeleton, which contains the A%!°-
double bond and chiral centers at C5 and C8 (Figure 1).

The interesting biological activities and unique structural
features of ergot alkaloids have attracted considerable
attention from the synthetic community.® Since the first
total synthesis of racemic lysergic acid 1 by Woodward, 12
total syntheses have been accomplished. Most of the
previous syntheses started from the reduced indole ring
called Kornfeld’s ketone and needed to reconstitute the
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indole form at the end. One was based on Uhle’s ketone
containing the intact indole ring, thus avoiding the reox-
idation problem.” The present sythetic studies have fo-
cused on utilizing a Pd-catalyzed reaction for the con-
struction of the C/D ring system through 3,4-disubstitued
indole derivatives. However, only three asymmetric synthe-
ses were recently reported: (1) Szantay’s synthesis in 2004
involving optical resolution of the tetracyclic indole

(3) For total synthesis of lysergic acid, see: (a) Kornfeld, E. C.;
Fornefeld, E. J.; Kline, G. B.; Mann, M. J.; Morrison, D. E.; Jones,
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10, 1569-1571. (c) Armstrong, V. W.; Coulton, S.; Ramage, R. Tetra-
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Coulton, S. Tetrahedron Suppl. 1981, 37, 157-164. (d) Oppolzer, W.;
Francotte, E.; Battig, K. Helv. Chim. Acta 1981, 64, 478-481. (¢) Rebek,
J.,Jr.; Tai, D. F. Tetrahedron Lett. 1983, 24, 859-860. Rebek, J., Jr.; Tai,
D. F.; Shue, Y.-K. J. Am. Chem. Soc. 1984, 106, 1813-1819. (f)
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442-443. Kurihara, T.; Terada, T.; Harusawa, S.; Yoneda, R. Chem.
Pharm. Bull. 1987, 35, 4793-4802. (g) Kiguchi, T.; Hashimoto, C.;
Naito, T.; Ninomiya, 1. Heterocycles 1982, 19, 2279-2282. Ninomyia,
1.; Hashimoto, C.; Kiguchi, T; Naito, T. J. Chem. Soc., Perkin Trans. 1
1985, 941-948. (h) Cacchi, S.; Ciattini, P. G.; Morera, E.; Ortar, G.
Tetrahedron Lett. 1988, 29, 3117-3120. (i) Hendrickson, J. B.; Wang, J.
Org. Lett. 2004, 6, 3-5. (j) Moldvai, I.; Temesvari-Major, E.; Incze, M.;
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5993-6000. (k) Inoue, T.; Yokoshima, S.; Fukuyama, T. Heterocycles
2009, 79, 373-378. Kurokawa, T.; Isomura, M.; Tokuyama, H.;
Fukuyama, T. Synlett 2009, 775-778. (1) Inuki, S.; Oishi, S.; Fujii, N.;
Ohno, H. Org. Lett. 2008, 10, 5239-5242. Inuki, S.; Iwata, A.; Oishi, S.;
Fujii, N.; Ohno, H. J. Org. Chem. 2011, 76, 2072-2083. Iwata, A.; Inuki,
S.; Oishi, S.; Fujii, N.; Ohno, H. J. Org. Chem. 2011, 76, 5506-5512.



(+)-lysergic acid (1)

Figure 1. Structure of (+)-lysergic acid.

intermediate, (2) Fukuyama’s synthesis in 2009 utilizing a
double-cyclization strategy and an intramolecular Heck
reaction,”® and (3) Ohno’s synthesis in 2011 employing
palladium-catalyzed domino cyclization of allenes.”!

Scheme 1. Retrosynthesis of (+)-Lysergic Acid
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Recently, an appealing synthetic method for benzofun-
tionalized indoles, especially for optically pure tryptophan
derivatives, through a Pd-catalyzed reaction of o-haloani-
lines and aldehydes has been developed by Jia and Zhu.*
The method has already been applied in the synthesis of
some natural products.’~’ Taking advantage of this meth-
odology for the assembly of 4-halotryptophan derivatives,

(4) (a) Jia, Y.; Zhu, J. Synlett 2005, 2469-2472. (b) Jia, Y.; Zhu, J.
J. Org. Chem. 2006, 71,7826-7834. (c) Xu, Z.; Hu, W.; Zhang, F.; Li, Q.;
Li, Z.; Zhang, L.; Jia, Y. Synthesis 2008, 3981-3987. (d) Hu, C.; Qin, H.;
Cui, Y.; Jia, Y. Tetrahedron 2009, 65, 9075-9080.

(5) (a) Xu, Z.; Li, Q.; Zhang, L.; Jia, Y. J. Org. Chem. 2009, 74, 6859—
6862. (b) Hu, W.; Zhang, F.; Xu, Z.; Liu, Q.; Cui, Y.; Jia, Y. Org. Lett.
2010, 72,956-959. (¢) Xu, Z.; Hu, W.; Liu, Q.; Zhang, L.; Jia, Y. J. Org.
Chem.2010,75,7626-7635.(d) Xu, Z.; Zhang, F.; Zhang, L.; Jia, Y. Org.
Biomol. Chem. 2011, 9, 2512-2517. (e) Qin, H.; Xu, Z.; Cui, Y.; Jia, Y.
Angew. Chem., Int. Ed. 2011, 50, 4447-4449.

(6) (a) Jia, Y.; Bois-Choussy, M.; Zhu, J. Org. Lett. 2007, 9, 2401—
2404. (b) Jia, Y.; Bois-Choussy, M.; Zhu, J. Angew. Chem., Int. Ed. 2008,
47,4167-4172. (c) Wang, Z.; Bois-Choussy, M.; Jia, Y.; Zhu, J. Angew.
Chem., Int. Ed. 2010, 49, 2018-2022. (d) Gerfaud, T.; Xie, C.; Neuville,
L.; Zhu, J. Angew. Chem., Int. Ed. 2011, 50, 3954-3957.

(7) (a) Velthuisen, E. J.; Danishefsky, S. J. J. Am. Chem. Soc. 2007,
129, 10640-10641. (b) Michaux, J.; Retailleau, P.; Campagne, J. Synlett
2008, 1532-1536. (¢) Yu, S.; Hong, W.; Wu, Y.; Zhong, C.; Yao, Z. Org.
Lett. 2010, 12, 1124-1127. (d) Wu, W.; Li, Z.; Zhou, G.; Jiang, S.
Tetrahedron Lett. 2011, 52, 2488-2491.
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we have accomplished the synthesis of clavicipitic acid,
aurantioclavine, and indolactam V. In order to further
define its application scope in the total synthesis of natural
products, we describe herein the total synthsis of (+)-
lysergic acid from (R)-4-iodotryptophan derivative 5.

Retrosynthetic analysis of lysergic acid 1 is shown in
Scheme 1. We envisioned that the C ring could be con-
structed by utilizing y-arylation of o, 8-unsaturated ester 3
or intramolecular Heck reaction of olefin 2.>* Both com-
pounds 2 and 3 already have the A/B/D ring system. The
olefin 2 can be accessed from a,fS-unsaturated ester 3 via
isomerization of the double bond. The double bond in
intermediate 3 could be formed by an intramolecular ring-
closing metathesis reaction of 4,* which could be readily
obtained by a series of conversions of functional groups
from (R)-4-iodotryptophan derivative 5. (R)-5, possessing
the C5 stereogenic center of lysergic acid 1, could be
synthesized starting from p-glutamic acid following the
same procedures as described for its enantiomer (.S)-5
using the Pd-catalyzed indole synthesis as the key step.>

Our synthesis of lysergic acid commenced with (R)-5
(Scheme 2). Thus, N-methylation of 5 with Mel and Ag,O
in DMF provided 6 in 83% yield. Reduction of 6 with
LiBH,’ followed by Swern oxidation gave aldehyde 7 in
83% overall yield. Wittig reaction of aldehyde 7 with the
reagent derived from methoxymethylene phosphonium chlor-
ide yielded the desired methyl enol ether 8 (trans/cis = 4:5) in
86% yield. Hydrolysis of 8 with Hg(OAc),/KI provided
the aldehyde 9in 95% yield.'” Witting reaction of aldehyde
9 afforded the terminal olefin 10 in 92% yield. Deprotec-
tion™ of the Boc group of 10 with TMSOTT followed by N-
alkylation'" with methyl 2-(bromomethyl)acrylate'? afforded
the diene 4 in 76% yield.

Following the synthesis of diene 4, the key RCM reac-
tion was exploited. It is well-known that the presence of
basic amines in the metathesis reaction reduces the catalyst
efficiency due to the interactions of the lone pair of
electrons on nitrogen with the metal center.'* Modifica-
tions of the reactant using the corresponding ammonium
salts or addition of protic'* or Lewis'> acid have been
widely used. Thus, 4 was first treated with Grubbs second-
generation catalyst in the presence of Lewis acid Ti(O-i-Pr),4

(8) For application of ring-closing metathesis in the synthesis of ergot
alkaloids, see: (a) Deck, J. A.; Martin, S. F. Org. Lett. 2010, 12, 2610—
2613.(b) Lee, K. L.; Goh, J. B.; Martin, S. F. Tetrahedron Lett. 2001, 42,
1635-1638.

(9) Diaba, F.; Ricou, E.; Bonjoch, J. Tetrahedron: Asymmetry 2006,
17, 1437-1443.

(10) (a) Ansell, M. F.; Caton, M. P. L.; Stuttle, K. A.J. J. Chem. Soc.,
Perkin Trans. 1 1984, 1069-1077. (b) Clive, D. L. J.; Li, Z.; Yu, M.
J. Org. Chem. 2007, 72, 5608-5617.

(11) Matsumura, Y.; Aoyagi, S.; Kibayashi, C. Org. Lett. 2004, 6,
965-9638.

(12) Borrell, J.; Teixido, J.; Martinez-Teipel, B.; Matallana, J. L.;
Copete, M. T.; Llimargas, A.; Garcia, E. J. Med. Chem. 1998, 41, 3539—
3545.

(13) (a) Deiters, A.; Martin, S. F. Chem. Rev. 2004, 104, 2199-2238.
(b) Compain, P. Adv. Synth. Catal. 2007, 349, 1829-1846. (c) Chatto-
padhyay, S. K.; Karmakar, S.; Biswas, T.; Majumdar, K. C.; Rahaman,
H.; Roy, B. Tetrahedron 2007, 63, 3919-3952. (d) Lahiri, R.; Kokatla,
H. P.; Vankar, Y. D. Tetrahedron Lett. 2011, 52, 781-786.

(14) Prusov, E.; Maier, M. E. Tetrahedron 2007, 63, 10486—10496.
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Scheme 2. Total Synthesis of (+)-Lysergic Acid
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in CH,Cl, at reflux."” No cyclization product was isolated,
and the starting material was recovered. Alternatively,
the ring-closing metathesis reaction was carried out using
Grubbs second-generation catalyst in the presence of
protic acid p-TsOH (1.1 equiv). We found that the solvent
was cruical for the reaction. When CH,Cl, was used as
solvent and the reaction was carried out at 40 °C, no
product was obtained. However, when toluene was used
as the solvent and the reaction was carried out at 50 °C,
the reaction proceeded smoothly and the desired pro-
duct was obtained in 88% yield.'* It is noteworthy that
4 could also be converted to 3in the absence of p-TsOH
under refluxing in toluene after 12 h, albeitin only 60%
yield.'®

After the preparation of the crucial intermediate 3, we
examined the key y-arylation reaction. To the best of our
knowledge, there are only a few y-arylation reactions of
o, S-unsaturated carbonyl compounds with haloarenes being
reported,'” and the intramolecular y-arylation reactions of
o, f-unsaturated esters have not been reported previously.
Indeed, the y-arylation reaction of the intermediate 3 pro-
ceeded poorly and no desired product was found, even after
a wide variety of reaction conditions (catalysts, ligands, bases,
additives, and solvents) were screened.'”'® The attempt to

(16) Ramachandran, P. V.; Burghardt, T. E.; Bland-Berry, L. J. Org.
Chem. 2005, 70, 7911-7918.

(17) (a) Terao, Y.; Satoh, T.; Miura, M.; Nomura, M. Tetrahedron
Lett. 1998, 39, 6203-6206. (b) Huang, D. S.; Hartwig, J. F. Angew.
Chem., Int. Ed. 2010, 49, 5757-5761. (c) Duez, S.; Bernhardt, S.;
Heppekausen, J.; Fleming, F. F.; Knochel, P. Org. Lert. 2011, 13,
1690-1693.

(18) (a) Kim, G.; Kim, J. H.; Lee, K. Y. J. Org. Chem. 2006, 71,2185~
2187. (b) Satyanarayana, G.; Maier, M. E. Tetrahedron 2008, 64, 356—
363.

4812

prepare the silyl ketene acetals of o,S-unsaturated esters 3 led
to the formation of isomer 2.'”® An exception was that
when 3 was subjected to Jeffery’s condition,'® a bridged
seven-membered ring product 12 of Heck reaction was
obtained. In addition, the light-assisted Sgn1 reaction’® was
also investigated, and the starting material was recovered
besides a small amount of deiodinated starting material.
After the y-arylation reaction failed, we next focused on
the intramolecular Heck reaction (Scheme 2). Isomeriza-
tion of the double bond of 3 with lithium 2,2,6,6-tetra-
methylpiperidide (LTMP) followed by quenching with a
bulky phenol, 2,6-di(z-Bu)phenol, provided a mixture of
epimers 2 (trans/cis 1:1) according to Fukuyama’s
procedure.** The mixture 2 was impossible to be separated
by preparative TLC. Initial attempt to perform the Heck
reaction of 2 under Jeffery’s conditions generated no
desired product. Subsequently, a variety of reaction con-
ditions were examined. When 2 was treated with 10 mol %
of Pd(OAc),, 30 mol % of Ph;P, and 2 equiv of Et;N in
refluxing acetonitrile for 5 h, the desired Heck product 11
was obtained in 27% yield together with 12 in 35% yield.*!
It was believed that 12 was formed from the Heck rection
of 3, which could be generated by the alkene isomerization
of 2 that was formed from readdition—elimination of
Pd—H species produced in Heck reaction. It is well

(19) (a) Wang, T.; Cook, J. M. Org. Lett. 2000, 2, 2057-2059.
(b) Jeffery, T. J. Chem. Soc., Chem. Commun. 1984, 1287-1289.

(20) Liras, S.; Lynch, C. L.; Fryer, A. M.; Vu, B. T.; Martin, S. F.
J. Am. Chem. Soc. 2001, 123, 5918-5924.

(21) Abelman, M. M.; Oh, T.; Overman, L. E. J. Org. Chem. 1987, 52,
4130-4133.

(22) Sakamoto, T.; Kondo, Y.; Uchiyama, M.; Yamanaka, H.
J. Chem. Soc., Perkin Trans. 1 1993, 1941-1942.
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established that the use of silver salts could suppress alkene
isomerization in Heck reaction.?"** Thus, when 2 equiv of
Ag,CO;5; was used as the base and halide scavenger, Heck
reaction of 2 generated 11 as the sole product. When the
reaction was stopped after refluxing in CH;CN for 2 h, 11
was obtained in 84% yield (brsm) and 34% of the starting
material was recovered.?! Prolonging the reaction time will
reduce the yield because 11 is unstable under the Heck
reaction conditions. The ratio of trans versus cis of the
recovered 2 was still 1:1. It could be subjected to Heck
reaction again. From the mechanism of the Heck reaction,
only trans-epimer 2 could undergo the Heck reaction.
From our observations, it is most like that 2 were epimer-
ized under base conditions due to the acidity of the a-H of
B,y-unsaturated ester 2, which resulted in an equilibrium
ratio. Finally, the deprotection and hydrolysis of methyl
ester of 11 with KOH, accompanied with the isomerization
of the double bond, furnished (+)-lysergic acid 1 in 52%
yield.*® All the spectroscopic data of 1 were in agreement
with those of natural and synthetic lysergic acid reported in
the literature. ™!

In summary, we have completed the enantioselective
synthesis of (+)-lysergic acid in 12 steps and 12.7% overall

Org. Lett,, Vol. 13, No. 18, 2011

yield starting from (R)-4-iodotryptophan derivative 5,
which was prepared using the recently developed Pd-
catalyzed indole synthesis procedure. The synthesis
features an intramolecular RCM reaction to form the
D ring and an intramolecular Heck reaction to form
the C ring. The y-arylation of a,f-unsaturated ester 3
was also studied. Further optimization of synthetic
routes is in progress and the results will be reported in
due course.
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