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interrupted Ugi reaction†

Jimin Kim, John S. Schneekloth, Jr. and Erik J. Sorensen*

Received 25th May 2012, Accepted 26th June 2012

DOI: 10.1039/c2sc20669b
A synthesis of 11-methoxy mitragynine pseudoindoxyl, a new member of the mitragynine class of

opioid agonists, from a derivative of the Geissman–Waiss lactone is described. An internal attack of an

electron-rich aromatic ring on an electrophilic nitrilium ion and a late-stage construction of the

functionalized piperidine ring by the method of reductive cyclization are the pivotal transformations;

both ring annulations proceed in a highly diastereoselective fashion. The construction of substituted

indoxyl frameworks by the interrupted Ugi method offers an attractive alternative to the strategy of

oxidatively rearranging indoles.
Introduction

Mitragyna speciosa Korth, also known as the kratom tree, is

native to South East Asia. Extracts from the leaves of this

Rubiaceae tree are known as ‘‘kratom’’, and their stimulatory

and powerful pain-relieving effects have been known for centu-

ries in Thailand.1 Historically, kratom leaves were used as a

substitute for opium, and, more than 100 years ago, they earned

distinction as a remedy for preventing or ameliorating the effects

of opium withdrawal. The mature leaves of Mitragyna speciosa,

which were described by Pieter Korthals as resembling the shape

of a bishop’s mitre, contain the indole alkaloid mitragynine (1) as

a major constituent, as well as smaller amounts of several other

alkaloids including 7-hydroxymitragynine (2) (Fig. 1).2 An

oxidation of the indole nucleus of mitragynine (1) produces

compound 2, which can undergo a base-induced rearrangement

to the isomeric metabolite mitragynine pseudoindoxyl (3).3–5

Compounds 1–3 display potent opioid agonistic activities in

guinea pig ileum and mouse vas deferens assays.6 7-Hydrox-

ymitragynine (2) and mitragynine pseudoindoxyl (3) are more

active as opioid agonists than the parent indole mitragynine (1),

and all three compounds are more potent than the well-known

opiate morphine (4).6c,1c The significance of kratom to the

traditional medicine of Thailand and Malaysia, the unique

molecular structures of compounds 1–3, which are distinct from

the structures of the naturally occurring opiates, and the phar-

macological investigations that have been reported to date justify

continued efforts to expand the therapeutic potential and the

structural diversity of the mitragynine family of natural

products.
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A guiding concept for synthesis

Mitragynine (1) and its derivatives 2 and 3 are believed to arise in

nature from the Battersby–Arigoni biosynthetic route to indole

alkaloids by analogy to the derivation of corynantheidine from

strictosidine.7 The only structural feature that differentiates

mitragynine (1) from corynantheidine is the methoxy group at C-

9, and it has been reported that this single methoxy group is

essential for the opioid agonistic activity of compound 1;6c this

group is presumed to be vital to the analgesic activities of 7-

hydroxymitragynine (2) and mitragynine pseudoindoxyl (3) as

well. Our laboratory was mindful of the biologic imperative of

the C-9 methoxy group and drawn to the idea that its donor

properties would reinforce the directing effect of the aniline

nitrogen and facilitate the ring annulation outlined in Scheme 1,

a cornerstone idea in our planned synthesis of mitragynine
Fig. 1 The molecular structures of mitragynine (1), 7-hydroxymi-

tragynine (2), mitragynine pseudoindoxyl (3), and morphine (4).

Chem. Sci., 2012, 3, 2849–2852 | 2849

http://dx.doi.org/10.1039/c2sc20669b
http://dx.doi.org/10.1039/c2sc20669b
http://dx.doi.org/10.1039/c2sc20669b
http://dx.doi.org/10.1039/c2sc20669b
http://dx.doi.org/10.1039/c2sc20669b
https://doi.org/10.1039/c2sc20669b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC003009


Scheme 1 A concept for a synthesis of the indoxyl ring system.
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pseudoindoxyl (3) and related compounds. This appealing

concept for constructing the spiro-fused indoxyl system would

offer an alternative to the method of oxidatively rearranging

indoles to indoxyls, which had served the previously reported

semi-synthesis3a and total synthesis5 of mitragynine pseu-

doindoxyl (3) from mitragynine (1).

Inspired by the structure of compound 3, our laboratory

developed a simple and useful method for synthesizing

substituted indoxyl and 3-amino indole motifs;8 the method

combines mechanistic elements of both the Ugi and Houben–

Hoesch reactions and features intramolecular additions of arenes

to electrophilic nitrilium ions in a three-component coupling of

an aniline, an isocyanide, and an aldehyde or ketone. This

‘interrupted Ugi method’ for heterocycle synthesis produces a

new carbon–nitrogen bond and two carbon–carbon bonds and is

especially effective when the aromatic ring of the aniline

component bears at least one p-donor atom in addition to the

nitrogen atom that enables the initial condensation with the

carbonyl component. Our studies of internal trappings of nitri-

lium ions by pendent, electron-rich aromatic rings culminated in

a highly diastereoselective synthesis of 11-methoxy mitragynine

pseudoindoxyl (5), a new member of the mitragynine family. The

manner in which this synthesis was achieved is the subject of this

report.9
Results and discussion

Our experiences with this chemical problem led us to favor a

design wherein the substituted pyrrolidine ring at the heart of the

structure (see highlighted ring in 5, Scheme 2) would become the

foundation for the synthesis. Compound 6, with its serviceable

pyrrolidine frame, C–O bond, and nitrogen-bearing stereocenter,

emerged as an especially attractive starting material for the

effort; this substance is the Cbz-protected derivative of the

Geissman–Waiss lactone10 and available by an effective, three-

step synthesis.11 The flexibility that this compound bestows to

synthesis planning allowed our laboratory to investigate the

feasibility of both ‘‘late-stage’’ and ‘‘early stage’’ annulations of

the spiro-fused indoxyl frame of 11-methoxy mitragynine pseu-

doindoxyl (5). As matters transpired, the latter strategy featuring
2850 | Chem. Sci., 2012, 3, 2849–2852
an early stage introduction of the indoxyl structure proved

superior.12 This design came to fruition by the successful execu-

tion of the structural transformations shown in Scheme 2 and

commenced with the three-step conversion of compound 6 to

bicyclic ketone 7; in this sequence, the reductive cleavage of the

lactone ring of 6 was followed sequentially by the formation of

the cyclic carbamate via an internal attack of a primary alkoxide

ion on the carbonyl of the N-Cbz group and a Ley–Griffith

oxidation13 of the remaining secondary alcohol to the desired

ketone 7.

The concave nature of bicycle 7 was anticipated to favor a dia-

stereoselective outcome in the pivotal attackof an isocyanideonan

iminium ion derived from the keto group. Our intent was to

advance 7 to the tetracyclic indoxyl 8 by a sequence involving an

in situ imine formationwith a concomitant, face-selective attack of

an isocyanide on a reactive iminium ion, and a subsequent imine

hydrolysis. While this direct channel for synthesis is possible, we

found that higher overall yields of 8 are obtained if 7 is first

condensedwith 3,5-dimethoxyaniline under the conditions shown,

followed by exposure of the resulting, crude secondary ketimine to

the combined action of fluoroboric acid diethyl ether complex and

tosylmethyl isocyanide. In thewake of this process,which afforded

a new carbon–nitrogen and two carbon–carbon bonds, the inter-

mediate, spiro-fused tosylmethyl imine was heated at 95 �C for 8 h

in a mixture of water and ethanol containing sodium meta-

bisulfite14 to accomplish the desired hydrolysis. By this sequence of

reactions, compound 8 was produced as a single diastereoisomer

and isolated in an overall yield of 63%. In the second stage of the

construction, fluoroboric acid diethyl ether complex is a suffi-

ciently strong acid catalyst with a non-nucleophilic conjugate base

that does not competewith thep-electron-rich aromatic ring in the

attack on the putative nitrilium ion. Incidentally, 3-methoxyani-

linewill participate in this type of ring annulation aswell, however,

the more electron-rich and symmetrical 3,5-dimethoxyaniline

affords the desired indoxyl as a single regioisomer and in higher

yield; 3-methoxyaniline preferentially affords an indoxyl

regioisomer with a para relationship between the methoxy and the

indoxyl keto groups.

In response to the problem of constructing the functionalized

piperidine ring,we envisioned a strategy inwhich unsaturated side

chains on adjacent atoms would join in the course of a metal-

mediated, reductive cyclization. In the planning phase, some of

the published examples of low-valent nickel-induced reductive

cyclizations from the Montgomery laboratory15 were especially

supportive of this general idea. To investigate the feasibility of a

Montgomery cyclization in our synthesis, we selected compound

10 as a subgoal for the effort and achieved its synthesis in four

steps from compound 8. Thus, a high-yielding protection of the

indole nitrogen in 8 was followed by a selective, hydrolytic

cleavage of the cyclic carbamate under basic conditions. The latter

transformation enabled a subsequent N-alkylation reaction with

1-bromo-2-butyne and a final, one-flask oxidative homologation

to ester 10. We were delighted to find that the combined action of

bis(cyclooctadiene)nickel(0) and 1,8-diazabicycloundec-7-ene

(DBU) on compound 10 in tetrahydrofuran at 40 �C causes a

highly diastereoselective, reductive cyclization to the desired tet-

racycle 12.15,16 This metal-templated reaction presumably passes

through themetalacyclic intermediate 11 andproduces the desired

piperidine ring, as well as the geometrically defined ethylidene
This journal is ª The Royal Society of Chemistry 2012

https://doi.org/10.1039/c2sc20669b


Scheme 2 A synthesis of 11-methoxy mitragynine pseudoindoxyl (5) from a derivative of the Geissman–Waiss lactone (6). Cbz ¼ benzyloxycarbonyl;

TPAP ¼ tetrapropylammonium perruthenate; NMO ¼ N-methylmorpholine-N-oxide; DMAP ¼ 4-dimethylaminopyridine; DMP ¼ Dess–Martin

periodinane; COD ¼ cyclooctadiene; DBU ¼ 1,8-diazabicyclo[5.4.0]undec-7-ene; LDA ¼ lithium diisopropylamide; Ac ¼ C(O)CH3; THF ¼ tetra-

hydrofuran; DMF ¼ N,N-dimethylformamide; and MS ¼ molecular sieves.

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
01

2.
 D

ow
nl

oa
de

d 
by

 P
ri

nc
et

on
 U

ni
ve

rs
ity

 o
n 

6/
5/

20
19

 1
0:

43
:4

9 
PM

. 
View Article Online
function.A simple protonationof the carbon–nickel bondsduring

work up completes the construction of 12, which was isolated as a

single diastereoisomer in 63% yield.17

While efforts to directly form the vinylogous carbonate moiety

found in the mitragynine class by condensing compound 12 with

trimethyl orthoformate were unsuccessful, we achieved the

conversion of 12 to 13 via the same three-step sequence of reac-

tions that had served Takayama’s pioneering synthesis of

mitragynine (1)5 and the more recent syntheses of this alkaloid by

the groups of Cook18 and Ma.19 The second step in this sequence

produces a dimethyl acetal function b to the methoxycarbonyl

group and causes removal of the t-Boc protecting group under

conditions that liberate HCl. After a simple base-mediated, E1cb

elimination of methoxide ion to give compound 13, the exocyclic

alkene was hydrogenated in the presence of Adam’s catalyst. The

latter transformation proceeded in a completely diastereo face-

selective fashion and afforded 11-methoxy mitragynine pseu-

doindoxyl (5) in 72% yield.
Conclusions

This synthesis has afforded a new member of the mitragynine

class, and we are now in a position to evaluate its analgesic

properties. Since mitragynine pseudoindoxyl (3) is significantly

more active as an opioid agonist than the parent mitragynine (1),

new compounds with modified aromatic rings are of immediate
This journal is ª The Royal Society of Chemistry 2012
interest as opioid agonists and potential analgesics. In a sense,

this work is the culmination of our development of a new,

convergent, and non-oxidative method for synthesizing struc-

turally complex indoxyl motifs.8,9 However, we now have an

opportunity to leverage the strategy and chemical reactions

described herein in syntheses of additional new members of the

mitragynine class of opioid agonists.
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