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Abstract: A catalytic enantioselective construction of vici-
nal stereocenters is reported. The reaction takes advant-
age of thiourea-catalyzed intramolecular nitronate addi-
tion onto a,f-unsaturated ester to afford exceptional
levels of enantioselectivity (up to 97 % ee) with moderate
diastereoselectivity (up to 4:1). Using this method, a cross-
conjugated ester was synthesized in few steps, from
which a 6-endo-trig cyclisation led to the formation of all
required functionalities for total syntheses of ergot alka-
loids. The strategy not only offers first total syntheses of
ergot alkaloids, festuclavine (1c), and pyroclavine (1e),
and but also an efficient and general approach to other
congeners such as, lysergol (1b), and isolysergol (1d).

N

The indole alkaloids of the ergot family (1a--f, Figure 1) have
been the subject of longstanding interest," because of their
striking physiological properties. These are one of the most
prolific groups of alkaloids derived from the fungus Claviceps
purpurea on rye grain. The potential of this group of alkaloids
as medicinal agents is very high based on their broad pharma-
cological activity, responding like physiologically important bi-
osubstances as noradrenaline, serotonin and/or dopamine to
their receptors.

Their structures are typically designated as an ergoline alka-
loid having the characteristic structure of a tetracyclic indole
ring system. Biosynthetically derived from tryptophan through
intriguing enzymatic pathways,” total synthesis of several
members of this class of natural compounds have been report-
ed.”! These molecules have long been the targets of numerous
synthetic studies because they have a unique tetracyclic ergo-
line skeleton containing a tetrahydropyridine and a fused
indole. Consequently, the construction of the synthetically
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Figure 1. Selected ergot alkaloids 1a--f.

challenging tetrahydrobenzolc,dlindole scaffold has recently
received considerable attention, even in its racemic forms.”
Retrosynthetically, we envisioned that a unified approach to
the ergot alkaloids can be established by a key unprecedented
6-endo-trig cyclisation of cross-conjugated o,f-unsaturated
ester (Scheme 1). We argue that a cross-conjugated o,f3-unsa-
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Scheme 1. Retrosynthetic analysis of ergot alkaloids 1-2.

turated ester can exist as two different conformations such as
s-cis and s-trans (see 3-4, Scheme 2). These conformers have
potential to afford two different tetracyclic intermediates such
as 2 and 9. A 6-endo-trig cyclisation of s-cis conformer 3 via
aza-Michael reaction can provide tetracycle 2, on the other
hand s-trans conformer 4 can afford cross-conjugated lactam 9
essentially following a 6-exo-trig cyclisation (Scheme 2). There-
fore, a selective cyclisation under an optimized condition
would be interesting and worth testing.
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Scheme 2. Working hypothesis.

We imagined that compound 3 can be accessed from tricy-
clic y-nitroester derivative 6 via ester 5 following synthetic ma-
nipulation, which in turn can be synthesized from another key
Michael addition of nitronate™ onto conjugated esters (see 7)
in an intramolecular fashion.®

The asymmetric Michael reaction is one of the most power-
ful carbon-carbon bond-forming reactions available to the or-
ganic chemist and remains an important challenge within or-
ganic synthesis.”’ Since the start of the new millennium, much
work has focused on asymmetric organocatalytic processes.”
In most cases, the Michael acceptor is almost always a conju-
gated enone, enal, or nitroalkene variant.”'? In the context of
total synthesis of ergot alkaloids, we were particularly drawn
to the use of nitronates in the intramolecular Michael addition
to conjugated esters as an entry to cyclic constrained y-amino
acids (Scheme 1).

On the basis of previous studies using nitronates as nucleo-
philes by Cobb,®™ we decided to investigate the potential of
chiral bifunctional organocatalysts in this process and thus
screened a range of thiourea” and squaramide catalysts'™
(Table 1). We anticipated that the thiourea needs to coordinate
to both the nitro group (essentially a nitronate generated in
situ by abstraction of a-proton by quinuclidine base) and the
ester to activate the system and allow the reaction to pro-
ceed."™ This can only occur effectively with the ‘E ester” and
stabilizes TS (10) as favored transition state (Figure 2) through
the H-bonding via three acidic N—H groups of the protonated
catalyst."*'

However, to have optimum results, a balance between steric
and electronic effects has to be maintained. In fact, a bulky
ester might disturb the H-bonding [see, TS (10)], whereas an
electron-releasing group at indole nitrogen might reduce the
reactivity of o,f-unsaturated ester. We imagined that a suitable
electron-withdrawing group at indole nitrogen such as sulfonyl
or Boc group would ease the reaction by pulling electrons to-
wards it and create the proper electronic environment
(Figure 2).

At the outset, we carried out optimization reaction of 11a in
the presence of 10 mol % catalyst L1 (synthesized from cincho-
nine) in different solvents at room temperature. We were de-
lighted to obtain cyclized product 6a in dichloromethane in
82% vyields with 2.7:1 d.r. and 97% ee in favor of (55)-6a
(entry 1).'%"" Under similar condition, chloroform also afforded
6a in similar efficiency (entry 2). The yield and diastereoselec-
tivity can be improved to 93% and 3:1, respectively, by run-
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Table 1. Optimization of TU-catalyzed Michael reaction of nitronate.

o}

o
:)HI\OMe

OMe 10 mol% L1-12

solvent, 25 °C == ,NO, =] .NO,
R g
S s O OO
up to 93% |
TsN upto 4:1 dr TsN
1a (S,S)-6a (major)

L11:R=H
L12: R=OMe

L9:R=H
L10: R = OMe

S.No Catalyst [mol%]® Solvent t[d] Yield (6) [%]® ee [%] d.r. (a:b)

1 10 L1 CHCl, 5 82 97 2.7:1
2 10 L1 CHCl, 5 76 97 2.8:1
3 10 L1 (CH,CH, 5 93 95 3:1
4 10 L1 THF 10 50 9% 3.6:1
5 10 L1 EtOAc 7 72 9% 3.7:1
6 10 L1 CH,CN 10 60 93 4:1
79 1oLl (CHC), 7 71 97 3.7:1
g4 1011 (CHCh, 2 90 86 24:1
9 511 (CHCh, 7 69 91 2.8:1
10 10 L2 (CHCh, 5 87 86 2.5:1
1 10 L3 (CHChH, 5 90 —93 2.8:1
12 10 L4 (CHC), 5 85 —88 2.7:1
13 10 L5 (CHChH, 5 87 88 2.4:1
14 10 L6 (CHChH, 5 89 87 2.6:1
15 10 L7 (CHChH, 5 87 —86 2.7:1
16 10 L8 (CH,Cl, 5 85 —84 2.4:1
17 10 L9 (CH,Cl, 5 89 81 3.1:1
18 10 L10 (CH,C), 5 85 —84 3.4:1
19 10 L1 (CH,Cl, 5 93 -85 3.2:1
20 10 L12 (CH,Cl, 5 91 79 3.1:1

[a] Reactions were carried out on a 0.047 mmol of 11a with 0.0047 mmol
(10 mol %) of catalyst L in 2 mL of solvent at specified temperature and
specified time. [b] Isolated vyields of 6a after column chromatography.
[c] Reaction was carried out at 0°C. [d] Reaction was carried out at 40°C.

ning reaction in dichloroethane (entry 3). Using other solvents,
such as tetrahydrofuran and EtOAc, makes the reactions slug-
gish, although high enantioselectivity (96 % ee) and d.r. (up to
3.7:1) were obtained (entries 4-5). The reaction in acetonitrile
was shown to give the best balance among yield, diastereose-
lectivity, and enantioselectivity (entry 6). By lowering the tem-
perature to 0°C, product 6a was obtained in 71% yields with
3.7: 1 d.r. and 97% enantioselectivity (entry 7). Increasing the
temperature to 40°C resulted in deterioration of enantioselec-
tivity to 86% ee (entry 8). By lowering catalyst loading to
5 mol %, we isolated 6a in only 69% yields with 2.8: 1 d.r. and
91% ee (entry 9). Therefore, further optimizations were carried
out using 10 mol% catalysts L2-L8 in dichloroethane at room

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Stereochemical rational using thiourea L1."%.

temperature (entries 10-16). Interestingly, the use of cinchoni-
dine-derived catalyst L3 gave the oppositely configured prod-
uct, as compared to cinchonine-derived catalyst L1, in almost
identical vyield, diastereoselectivity, and enantioselectivity
(entry 11). This ensures the synthetic approaches to either anti-
podes of ergot alkaloids. Encouraged by Rawal’s™® elegant
work on squaramide-catalyzed Michael addition of 1,3-dicar-
bonyls onto p-nitrostyrene, further studies were conducted
using 10 mol% of bifunctional squaramide catalysts® L9-L12
in dichloroethane at room temperature (entries 17-20). Howev-
er, these catalysts afforded product 6a in up to 85% ee with
3.4: 1 d.r. with good yields (entries 18-19). Gratifyingly, our in-
tramolecular Michael reaction can be performed on 1 g scale
of compound 11a using 5 mol% L1 catalyst at 25°C (20 mL di-
chloroethane), which afforded product (S,5)-6a (=7 d) in 86%
yield with 93% ee (d.r.=3:1).1"®

With the standard condition (Figure 3), we then probed the
catalytic enantioselective intramolecular Michael reaction in

o) o o
| OR' 10 mol% L1 :)HJ\OR' .)#OR'
NO, (CHaCl), 25°C,5d = NO, : J.NO;
] up to 97% ee | % O
up to 93% |
RN upto 4.2:1 dr RN RN
1" (S,S)-6 (major) (S,R)-6 (minor)
[e] o) o o
M -M _
oMe AoE Ao b
NO, o NO, : 2 NO, N0,
| I I I 009
TsN TsN BocN TsN 00%
(5,5)-6a (5,5)6b (S.5)-6c (S.9)-6d
93%, ee = 95% 90%, ee = 97% 89%, ee = 94%
dr=3:1 dr=3.6:1 dr=4.2:1

: HNo,

BocN!| 0% faatl oo% J

(S,5)-6f 1f

Figure 3. Substrates scope of Michael reactions. [a] Reactions were carried
out on a 0.5 mmol of 11a--f with 0.05 mmol (10 mol %) of catalyst L1 in

5 mL of dicholoroethane at 25°C for 5 days. [b] Isolated yields of 6 after
column chromatography.
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few substrates and the results are shown in Figure 3. It was ob-
served that methyl and ethyl esters with N-protected indoles
such as 11a,b and 11c are excellent substrates and afforded
products 6a--c in high yields with excellent enantioselectivities
and moderate diastereoselectivities. However, substrates
having a bulky tert-butyl group such as 11d and 11e didn't
afford any products. These clearly suggest that bulky ester
functionality hampers TS-10 by disturbing H-bonding. It was
also observed that N-unprotected indole substrate 11 f failed
to afford product under standard condition. This also suggest
that N-unprotected indole pushed electron density towards
the electron-withdrawing o,f3-unsaturated ester and get stabi-
lized as shown in Figure 3. Thus, an electron-withdrawing
group at the N of indole is very much essential for efficient re-
action. Further, the effect of H-bonding was checked by utiliz-
ing a L13, where it is N-methylated. It was observed that N-
free thiourea catalyst is most important factor, thus catalyst
L13 having N-methyl group didn’t afford any product. This
clearly suggests that H-bonding is very much essential for effi-
cient Michael reaction to afford products with best selectivi-
ties.

Next, we turned our attention for utilization of major diaste-
reomer (5,5)-6b for total syntheses of ergot alkaloids as per
Scheme 3. This efforts resulted in total syntheses of unnatu-

o o o
EtO H  (a)2zn,AcoH BO HH o B0 Y W Boc
NO. N el WNC
O] "™ oy e 2 o]
84% over 95% |
ToN—! 2steps . | TSN
12 13

(R,R)-6b

Me
(a) BH3 then
N
(a)MeLi  Me H Boc Me H Boc  H202 NaOH
(b) MsClI "‘N‘M "\N\M (b) p-TsCl
prid GO BT G0 Ry
80% over 72% from 14
2steps L | TeN | over 2 steps
m=2:1 (RR)-14 (RR)-15 dr=2:1
TsO Me Me
H 2
M&™ 3 W Boc  HCOOH H Y bl
Cref ™ EE ™ o
= .
92% ‘
== dr=2:1 TN 17 TsN 18
16 chromatographic (major) (minor)
separation

Mg
MeOH | 92%

(—)-pyroclavine (1e)

Mg
MeOH l 95%

(—)-festuclavine (1c)

Scheme 3. Total syntheses of festuclavine (1c¢) and pyroclavine (1e).

ral (+)-festuclavine (ent-1c) and (+)-pyroclavine (ent-1e; see
the Supporting Information for details)."” Therefore, we syn-
thesized (R,R)-6b from 11b in the presence of 10 mol% of L3
catalyst (synthesized from cinchonidine) for synthesis of natu-
rally occurring ergot alkaloids. Delightfully, our established con-
dition furnished (R,R)-6b in 91% yield (d.r.=3.6:1) with 97%
e 18

Having Michael product (R,R)-6b in hand, we then turned
our attention for its utilization for unified approach to the
ergot alkaloids (Figure 1). Towards this, we reduced the nitro
functionality in presence of Zn, AcOH to give primary amine,
which was further reacted with (Boc),0 to give y-aminoester

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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12 in 84% over two steps (Scheme 3). Compound 12 was then
N-methylated to give 13, which was then reacted with MelLi
followed by treatment with methanesulfonyl chloride to fur-
nish inseparable mixture of olefins 14 and 15 in 2:1 regio iso-
meric ratio in good yields."” Without separation, this mixture
was reacted under hydroboration-oxidation followed by tosyla-
tion to afford primary tosylate 16 in 72% vyield (calculated
from 14) 2:1 d.r. (Scheme 3). It is important to note that the tri-
substituted olefin didn't afford any product and which was iso-
lated from the reaction mixture. Compound 16 was further
treated with formic acid to affect cyclization to form diastereo-
mers having tetracyclic ring 17 and 18. Interestingly, these dia-
stereomers are separable in column chromatography and,
from which, deprotection of N-tosyl (Ts) functionality simply
completed first total syntheses of festuclavine (1c¢) and pyro-
clavine (1e) in excellent yields (Scheme 3).

In search for a flexible route to ergot alkaloids, y-aminoester
13 was converted to aldehyde 19 by LiAIH, reduction at
—10°C followed by Swern oxidation in 84% over 2 steps
(Scheme 4). Aldehyde 19 was subjected further to a-oxygena-

; OH
(a) L-proline
H Boc (a) LiAIH,, THF PhNO OH
o ®) (COClj, o (b) NaBH, H Bac
DMSO, Eth © (c) Hyf Pd-C Oe
84% over 6% over
TsN

2 steps 3 steps TN

CO,Et
COzEt
Nalo, H Boc H Boc HCHO
THF: HZO Oe Me PPh3 Oe “Me DABCO
83% 63%
over
2 steps

21

Scheme 4. Synthetic approach to ergot alkaloids.

tion using catalytic L-proline and nitrosobenzene, NaBH, reduc-
tion, and hydrogenation, which afforded diol 20 in 76% over
3 steps. Next, diol 20 was oxidatively cleaved using NalO, fol-
lowed by reaction with a stabilized Wittig to afford a,[3-unsatu-
rated ester 22. Gratifyingly, an attempt to synthesize alcohol of
type 5 (Scheme 1) from 22 under Baylis—Hillman condition di-
rectly afford cross-conjugated a,fB-unsaturated ester 3 in 63%
yields (Scheme 4).

Having cross-conjugated o,p-unsaturated ester 3 in hand,
we then turned our attention for synthesis of tetracyclic core
of ergot alkaloids either a 6-endo-trig cyclisation®®” of s-cis con-
former 3 or a 6-exo-trig cyclisation of s-trans conformer 4.

To our delight, upon treatment of 3 with HCOOH at RT, the
reaction followed an aza-Michael reaction to afford 23 and 24
bearing the requisite functionalities in 2:1 d.r. in favor of 23.%"
Thus, the final stage was set for the completion of the total
synthesis of lysergol (1b), and isolysergol (1d) (Scheme 5). To-
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Scheme 5. Total syntheses of lysergol (1b) and isolysergol (1d).

In conclusion, we developed a novel entry to direct con-
struction of an ergot alkaloid skeleton based on a 6-endo-trig
cyclisation of a cross-conjugated o,[3-unsaturated ester. This
was achieved by means of an enantioselective thiourea-cata-
lyzed intramolecular Michael reaction of nitronate onto a,f3-un-
saturated ester in 97 % ee. Utilizing this methodology, we have
shown first total syntheses of ergot alkaloids, festuclavine (1c),
and pyroclavine (1e) as well as unified total syntheses of other
congeners, such as lysergol (1b), and isolysergol (1d). Further
application of intramolecular Michael reaction for total synthe-
sis of other complex alkaloids are under active investigations.
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