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ABSTRACT: A one-pot process has been developed for preparing alkaloid-like tricyclic skeletons by employing an Ugi reaction,
an acid mediated ipso-cyclization and an aza-Michael addition. The transformation is operationally simple and provides products
in a diastereo- and regioselective manner with good-to-excellent yields.

Isocyanide—based multicomponent reactions (IMCRs) have
played a vital role in exploring the uncharted chemical space
for the identification of novel scaffolds.” The newly discovered
structural frameworks facilitate the development of novel leads in
drug discovery research.” Owing to their wide scope, atom
economy, and operationally simple experimental procedures,
IMCRs have been used si§niﬁcantly in the total synthesis of
complex natural products.” Among various IMCRs, the Ugi
reaction has become extremely popular as it provides building
blocks with a cluster of functionalities that can be magnificently
exploited for newer transformations, often termed as post-Ugi
modifications.” Though a number of metal mediated post-Ugi
modifications have been reported,” metal-free post-Ugi trans-
formations for complex scaffolds are comparatively less explored.
Recently two elegant syntheses of nitrogen containing polycyclic
cores by novel post-Ugi modifications have been reported from
the research groups of Andreana® and Van der Eycken.” As a part
of our ongoing research program toward the development of
novel scaffolds with anticancer properties, we were interested in
exploring the uniquely functionalized oxa/azaspiro[4,5]-
trienones. The initial studies showcasing the anticancer potential
of azaspiro[4,5]trienones,” prompted us to further explore the
azaspirocyclic structures toward identifying a better pharmaco-
phore.

A literature survey shows that azaspirofused tricyclic cores are
found profusely in several naturally occurring alkaloids that
exhibit good anticancer potential by damaging cancer cell DNA;
for example, cylindricines C (I) J lepadiformine (11),"° and
fasicularin (III)"" exhibit good in vitro cytotoxicity against Vero
and KB cells (ICy, = 14—16.8 ug/mL) (Figure 1). Herein, we
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Figure 1. Representative alkaloids with azaspirofused tricyclic skeletons.

report a one-pot process for the synthesis of azaspirofused
tricyclic skeletons via Ugi four-component condensation
(U4CC), acid mediated ipso-cyclization and aza-Michael
addition executed in a cascade manner.

We hypothesized that under acidic conditions, Ugi adduct 7
could undergo ipso-cylization followed by intramolecular aza-
Michael addition to afford the tricyclic core 9.'” In our initial
attempts to obtain the spirocyclic core, model substrate 1,
synthesized by coupling of N-methyl-p-anisidine and 3-phenyl-
propiolic acid, was subjected to ipso-cyclization (S-endo-dig) by
treatment with various acids (Table 1). To our delight, formation
of spirocyclic product 2 was observed in each case. However,
triflic acid and sulfuric acid were found to be the most suitable for
ipso-cyclization, providing the desired product 2 in 89% and 94%
yields, respectively (entries 1 and 3, Table 1). Spirocyclic product
2 was characterized by NMR and mass spectroscopy. In the 500
MHz 'H NMR spectrum of 2 in CDCI,, disappearance of the
methoxy protons (OCH,) at § 3.77 ppm was observed alongside
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Table 1. Screening of the Acids for ipso-Cyclization”

OMe
conditions
Ph L Table 1 Ph Ve
\ N. \
Me
01 2©°
entry acid solvent temp (°C)/t (h) % conversion (% yield) g
1 triflic acid DCE 0-60/2.5 100(89)
2 TFA DCE 0—60/10 10
3 1,80, DCE 0-60/2.5 100(94)
4 AICI, DCE 0—60/10 60
S p-TSA DCE 0—60/10 50
6 BF;-OEt, DCE 0—60/10 10

“All the reactions were performed with (3 equiv) of acid in a S mL
1 b :
screw cap culture vial. “Isolated yield.

appearance of a singlet at § 6.67 ppm for the hydrogen a- to the
amide carbonyl (see Supporting Information).

Having optimized the conditions for ipso-cyclization, Ugi
adduct 7a was tested for ipso-cyclization and further trans-
formations under similar reaction conditions (entries 1 and 2,
Table 2). Compound 7a was readily obtained by Ugi four-
component condensation of p-anisidine 3, benzaldehyde 4, 3-
phenylpropiolic acid S, and tert-butyl isocyanide 6 in methanol.

At room temperature, 7a afforded only spirocyclic product 8a
with minor tricyclic product 9a (data not shown). However, at 60
°C, product 8a was completely converted to 9a (entries 1 and 2,
Table 2). Structures of 8a and 9a were confirmed by their
spectral properties. In the 500 MHz "H NMR spectrum of 8a in
CDCl,, the tert-butyl protons appeared at 6 1.32 ppm as singlet
and a- and f-protons of the enone moiety appeared as four
distinct double doublets at 6 6.82, 6.55, 6.42, and 6.29 ppm.
Formation of tricyclic skeleton 9a was evident from the 'H NMR
spectrum of compound 9a in CDCl;, where the newly generated
protons after aza-Michael addition appeared at 6 4.13 ppm along
with two double doublets at  2.08 and 2.33 ppm, and N-tert-
butyl peak was not found. It is noteworthy that no diastereomeric
peaks were obtained in the "H NMR spectrum of the crude
reaction mixture of 9a.

In a desire to combine the Ugi reaction, ipso-cyclization and
aza-Michael addition in one-pot, Ugi adduct 7a was treated in situ
with triflic acid and concentrated sulfuric acid (entries 3 and 4,
Table 2) but no formation of tricyclic product 9a was observed
and most of the 7a remained unreacted. Changing the solvent
from methanol to acetonitrile did not improve the formation of
9a. However, dichloromethane and 1,2-dichloroethane gave 9a
in good yields with DCE found to be better for the Ugi reaction,
with complete conversion in the overall transformation (entries
5—10, Table 2). Considering the observations in Table 2, DCE
was chosen as the solvent for carrying out the overall
transformation, whereas H,SO, was the most suited acid.

To access the generality of this one-pot transformation, a
number of aromatic and aliphatic aldehydes, substituted
anisidines, and propiolic acids were subjected to the optimized
reaction conditions (Figure 2). In most cases, clean formation of
the tricyclic products was observed (9a—t, Figure 2). However,
the Ugi adduct derived from 2-nitrobenzaldehyde afforded a low
yield of the tricyclic product in poor diastereoselectivity (9u,
Figure 2). Additionally, the 2-bromo-4,5-methylenedioxybenzal-
dehyde-derived Ugi adduct did not produce any tricyclic product
(9v, Figure 2). In comparison to the 3-phenylpropiolic acid,

1041

Table 2. Optimization of the Reaction Conditions”

oo

Ugi4CC
PRCHO — =
4
Ph—=—C0;H
5
Bu-N=-
6
% . b
6 conversion
(% yield)“
H- -
entry acid solvent conditions” 8a 9a
1 teiflic DCE 60°C,3h 0 100 (78)
acid
2 conen DCE 60 °C,2.5h 0 100 (85)
H,SO,
3¢ conen MeOH rt, 12 h/60 °C, 18 h 7 0
H,SO,
4¢ triflic MeOH rt, 12 h/60 °C, 18 h 10 0
acid
5 concn ACN rt, 12 h/60 °C, 18 h 80 d
H,SO,
6° Triflic ACN rt, 12 h/60 °C, 18 h 45 SS
acid
7¢  conecn DCM rt, 12 h/reflux, 2-3 h 0 100 (80)
H,SO,
8¢ triflic DCM rt, 12 h/reflux, 2—-3 h d 90 (73)
acid
9¢ concn DCE rt, 12 h/60 °C, 2-3 h 0 100 (85)
H,SO,
10°  triflic DCE rt, 12 h/60 °C,2—3 h d 95 (77)
acid

“All the reactions were performed with (S equiv) of acid, in a S mL
screw cap culture vial. bPercentage of conversion based on '"H NMR
spectrum analysis. “Isolated yield. “Noncharacterizable products. “Ugi
reaction and acid mediated cyclizations performed in one-pot.

butynoic acid derived Ugi adducts displayed poor reactivity in the
acid mediated transformations resulting in the formation of
products 10a,b in relatively low yields. Interestingly, the
unsymmetrically substituted p-anisidines afforded single re-
gioisomers 11a—d in good yields, where aza-Michael addition
occurred at the less hindered enone. However, o-nitro-p-
anisidine did not yield any tricyclic product 1le and
decomposition of Ugi adduct was observed in extended reaction
time with increased amount of sulfuric acid.

The reactions with symmetrically substituted p-anisidines also
worked well and tricyclic products 12a—c were isolated in good
yield. Surprisingly, 2,6-difluoro-p-anisidine showed formation of
an Ugi adduct, but no trace of tricyclic product 12d was observed
after the addition of sulfuric acid, probably due to steric crowding
at the f- position of the enone moiety. Aliphatic carbonyls such
as acetone and cyclohexanecarboxaldehyde were found to be
suitable for the transformation with tricyclic products 13a,b
being isolated in good yields. In most of the cases, tricyclic
products were isolated by a simple workup procedure and no
column purification was needed. However, in a few cases,
chromatographic purification was necessary (see Supporting
Information). To check the suitability of this process for bulk
synthesis, compound 9a was synthesized at a 2 g scale (yield =
68%).
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(£)-9a; R = H; 85%, dr = 99:1; 2 gram s
(£)-9b: R = 4-F; 80%, dr=99:1
(£)-9¢; R = 4-Cl; 74%, dr = 99:1
(£)-9d; R = 3-NO;; 81%, dr = 99:1
(£)-9e; R = 3,5-Me; 50%, dr = 99:1
(£)-9f, R = 3-OCF 5. 58%, dr = 99:1
(£)-9g; R = 4-Br; 86%, dr = 99:1
(£)-9h; R = 3,5-F; 79%, dr = 99:1
()-9i; R = 4-CF4; 74%, dr = 99:1
(£)-9j; R = 4-NOj; 76%, dr = 98:1
(£)-9k; R = 3-Cl; 80%, dr = 99:1
(£)-91; R = 3.4,5-F, 83%, dr = 99:1
(£)-9m; R = 4-OCF5; 71%, dr = 99:1
(£)-9n; R = 3-Br; 75%, dr = 99:1
(%)-90; R = 4-Me; 74%, dr = 99:1
(£)-9p; R = 4-CN; 55%, dr = 99:1

(+)-10a; R = H; 45%, dr = 99:1

cale (£)-10b; R = 4-F; 28%, dr = 99:1

(£)-11a; R' = H, RZ = CF3, R3= 4-Me; 72%
dr=99:1

(2)-11b; R' = H, R? = F, R%= 4-Me; 75%, dr = 99:1
(2)-11¢; R' = Me, R? = H, R*= 3-Br; 76%, dr = 99:1
(£)-11d; R' =F, R?=F, R®= H; 52%, dr = 99:1
(+)-11e; R' = H, RZ= NO,, R*= H; 0%

(£)-9q; R = 3-F 4-CI; 60%, dr = 99:1
(£)-9r; R = 2-OMe; 77%, dr=71:29
(%)-9s; R = 2-Br; 78%, dr = 79:21
(£)-9t, R = 2-Me; 94%, dr = 92:8
(£)-9u; R = 2-NOy; 23%, dr = 55:45
(£)-9v; R = 2-Br, 4,5-methylenedioxy; 0%

Ph A
NH  (4).12a; R! = OMe, RZ = H, R%= 3-F 4-CI
. 0 70%, dr=99:1
0 M Me 0 & (£)-12b; R' = F, R?= H, R® = H; 82%, dr = 99:1
(+)-13a; 78% (4)-13b; 80% (£)-12¢; R' = Me, RZ=H, R®= H; 35%
dr=99:1 dr =991 dr=99:1

(+)-12d; R' =H, R?=F, R®=H; 0%

Figure 2. Scope of the reaction. Reaction conditions: DCE, rt, 12 h then
concn H,S0, (S equiv), 2—3 h at 60 °C.

In another effort, we became interested in exploring the
selectivity of the ipso-cyclization reaction of substrates 14, 16a—
d, in which the additional possibility of ipso-cyclization arose via a
6-endo-dig pathway.

Treatment of Ugi adduct 14 with sulfuric acid in DCE yielded
azaspiro[4,5]trienone 15 by elimination of the indolyl part (see
Supporting Information), whereas 16a—c reacted predominantly

Scheme 1. Reaction of Substrates with More Possibilities of
ipso-Cyclizations

OMe

o]
H i
g F R
\N DCE, 507 20h. . Ph NH
NH!Bu
0 z
14
HN
OMe
conc, HzS04(5 equiv) Ph
Ph 0 DCE,50°C,25h
—_—
=_ N
NHtBu
0
R? R?
R1
16a: R'= OMe; RZ=H (£)}17a: R' = OMe; R? = H; 85%, dr = 99:1
16b:R'= R?= OMe (£)}17b; R' = R?= OMe; 43%, dr = 99:1

(2)17c: R' = NMey; R? = H; 81%, dr = 99:1
(£)}17d: R' = OH; R? = H; 0%

16c: R' = NMey; R® = H
16d: R'= OH; R = H
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through a S-endo-dig pathway to afford the tricyclic products
17a—c. Ugi adduct 16d, derived from p-hydroxybenzaldehyde
decomposed on acid treatment and no characterizable product
was obtained.

To extend our method for the construction of fully
functionalized azaspirofused tricyclic scaffolds, iodo-substituted
spirocyclic substrate 19 which was obtained by performing a Ugi
reaction and iodine catalyzed ipso-cyclization in one pot,”* was
treated with sulfuric acid to afford the tricyclic product 20.
Compound 20 nicely reacted with boronic acid 21 under Suzuki
conditions to provide 22 in 50% overall yield from 19 (Scheme
2).

Scheme 2. Synthesis of Fully Functionalized Azaspirofused
Tricyclic Product
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To help establish the structural features, X-ray crystallographic
data of compound 9g was examined, which unambiguously
confirmed the tricyclic skeleton and geometrical orientations
(Figure 3). Additionally, we also obtained the X-ray crystallo-

(o]
Ph
4 [o]
N NHBu
o Br
OLO (+)-23

ORTEP diagram of 9g

Figure 3.

graphic data of bicyclic product 23 that was synthesized by
quenching the cascade reaction among p-anisidine, 2-bromo-4,5-
methylenedioxybenzaldehyde, 3-phenylpropiolic acid, and tert-
butylisocyanide at the ipso-cyclization stage (Figure 3, See
Supporting Information for details).

We observed that cleavage of the tert-butyl group was
necessary before aza-Michael addition, as no tricyclic product
was obtained with a tert-butyl appendage, probably due to this
group hindering the aza-Michael addition. A similar outcome was
observed with cyclohexylisocyanide, where only bicyclic
azaspiro[4,5]trienone 25 was obtained after treatment of the
Ugi adduct 24 with sulfuric acid, as deprotection of the N-
cyclohexyl group could not take place (Scheme 3).

Accordingly, a plausible reaction mechanism for the overall
transformation is depicted in Scheme 4. After completion of the
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Scheme 3
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Ugi condensation, adduct 7 undergoes acid catalyzed intra-
molecular ipso-cyclization in S-endo-dig manner to afford the
bicyclic azaspiro[4,5]trienone 8. Deprotection of the N-tert-butyl
by excess sulfuric acid affords acetamide 26 that produced the
tricyclic product 9 through an intramolecular aza-Michael
addition proceeding via a 6-exo-trig pathway.

In conclusion, a convenient method for the synthesis of
alkaloid-mimicking azaspirofused tricyclic skeletons has been
developed that employs an Ugi reaction and acid mediated ipso-
cyclization/aza-Michael addition in one pot. Notably, this
process generates one quaternary center, and three stereogenic
centers in a highly diastereo- and regioselective manner. Use of
inexpensive sulfuric acid and the easy purification procedure,
makes this process highly adoptable for library generation of
small molecules for drug discovery research. The suitability of
this method for bulk synthesis was also demonstrated by
synthesizing 2 g of tricyclic product 9a. The method is highly
general and can be utilized for the synthesis of a vast variety of
fully functionalized azaspirofused tricyclic scaffolds. Overall, the
present synthetic methodology provides a robust and metal free
route to produce a diverse collection of biologically relevant
small molecule libraries and can also be utilized for the total
synthesis of complex alkaloids. Investigation of the pharmaceut-
ical potential of these newly synthesized compounds and
application of the current method in total synthesis of
azaspirosfused tricyclic core containing alkaloids are currently
underway.
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