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Abstract: Enantioselective catalytic intermolecular 1,3-dipolar
cycloadditions are powerful methods for the synthesis of
heterocycles. In contrast, intramolecular enantioselective 1,3-
dipolar cycloadditions are virtually unexplored. A highly
enantioselective synthesis of natural-product-inspired pyrroli-
dino-piperidines by means of an intramolecular 1,3-dipolar
cycloaddition with azomethine ylides is now reported. The
method has a wide scope and yields the desired cycloadducts
with four tertiary stereogenic centers with up to 99 % ee.
Combining the enantioselective catalytic intramolecular 1,3-
dipolar cycloaddition with a subsequent diastereoselective
intermolecular 1,3-dipolar cycloaddition Yyielded complex
piperidino-pyrrolizidines with very high stereoselectivity in
a one-pot tandem reaction.

Biology-oriented synthesis (BIOS) employs biological rele-
vance as the key parameter for the design and synthesis of
compound collections enriched by bioactive molecules. For
BIOS in particular, the scaffolds of natural product classes
selected in evolution serve as biologically prevalidated
“privileged” starting points in chemical structure space.!"
The compounds in natural-product-inspired collections are
often structurally complex and rich in stereogenic centers.
Therefore, the development of efficient methods for their
enantioselective synthesis is at the heart of BIOS."!

[*] Dr. S.R. Vidadala, Prof. Dr. H. Waldmann
Max-Planck-Institut fiir Molekulare Physiologie
Abteilung Chemische Biologie
Otto-Hahn-Strasse 11, 44227 Dortmund (Germany)
E-mail: herbert.waldmann@mpi-dortmund.mpg.de

C. Golz, Prof. Dr. C. Strohmann

Technische Universitat Dortmund

Fakultit Chemie und Chemische Biologie, Anorganische Chemie
Otto-Hahn-Strasse 6, 44221 Dortmund (Germany)

Dr. C.-G. Daniliuc

Westfilische Wilhelms-Universitat Munster
Organisch-Chemisches Institut

Corrensstrasse 40, 48149 Miinster (Germany)

Prof. Dr. H. Waldmann

Technische Universitiat Dortmund

Fakultit Chemie und Chemische Biologie, Chemische Biologie
Otto-Hahn-Strasse 6, 44221 Dortmund (Germany)

[**] S.R.V.is grateful to the Alexander von Humboldt Foundation for
a Fellowship. We acknowledge the fruitful collaboration with
AstraZeneca R&D, Discovery Sciences, Chemistry Innovation
Centre, Mereside, Alderley Park, Macclesfield, Cheshire (UK).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201409942.

Angew. Chem. 2015, 127, 661-665

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Intermolecular enantioselective catalytic dipolar cyclo-
additions employing azomethine ylides lead to substituted
pyrrolidines and currently receive substantial interest.”! In
contrast, intramolecular 1,3-dipolar cycloadditions in general
and with azomethine ylides in particular, which hold the
promise to give efficient access to annulated polycyclic ring
systems, have rarely succumbed to enantioselective cataly-
sis. 1

The 23-pyrrolidino-3,4-piperidine  (4,7-diazabicyclo-
[4.3.0]nonane) scaffold is an integral part of the underlying
structure of numerous alkaloids endowed with diverse
bioactivities, including anti-tumor, antibiotic, and insecticidal
activity (Figure 1).”) Despite this importance, only very few
methods for the synthesis of this scaffold have been
reported,’” and an enantioselective method is lacking entirely.
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Figure 1. Structures of representative natural products incorporating
the 2,3-pyrrolidino-3,4-piperidine scaffold and strategy for the synthesis
of the scaffold by means of enantioselective catalytic intramolecular
1,3-dipolar cycloaddition.

Herein, we report the development of a highly enantio-
selective synthesis of pyrrolidino-piperidine scaffold 3 by
means of an intramolecular 1,3-dipolar cycloaddition. The
method has a wide scope and yields the desired cycloadducts
with four tertiary stereogenic centers with up to 99% ee.
Combining the enantioselective catalytic intramolecular 1,3-
dipolar cycloaddition with a subsequent stereoselective
intermolecular 1,3-dipolar cycloaddition yielded complex
piperidino-pyrrolizidines in a one-pot reaction sequence.
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For the synthesis of the desired annulated heterocycle
class, we envisioned that azomethine ylides generated in situ
from Schiff bases 2, which are derived from glycine N-aryl
amides, would add to the double bond attached to the aryl
group in a 1,3-dipolar cycloaddition, and that this reaction
could be carried out in an enantioselective fashion in the
presence of a chiral Lewis acid catalyst (Figure 1)."

To establish the reaction sequence, Boc-protected glycine
N-aryl amides 1 were deprotected (Table 1) and converted
into the corresponding imines in situ. Treatment of the Schiff

Table 1: Development of the intramolecular 1,3-dipolar cycloaddition.?

3
OH /R

o
,\,,e,\,J\/"""Boc 1. TFA, DCM, 0 °C, 3 h

o

2. R&CHO, AgOTf, 4AM.S.
DCM, NEt3, RT, 12 h

1a:R'=CO,Et 3. R°CI, NEt5, 6h 3

1b: R = CO,Me
Entry  Product R R? R? Yield [%]
10 3a CO,Me  Ph H 88
2 3b CO,Et Ph CO,Me 88
3 3c CO,Et m-FCeH, CO,Me 78
4 3d CO,Et 3-thiophenyl CO,Me 76
5 3e CO,Et p-BrCeH, CO,Me 87
6 3f CO,Me  Ph CO,Et 71
7 3g CO,Me  m-FC¢H, CO,Et 79
8 3h CO,Me  p-MeOC¢H, CO,Et 73
9 3i CO,Me 3-thiophenyl CO,Et 75

[a] Reaction conditions: 1 (0.12 mmol) and TFA (1.2 mmol) were used
for the deprotection. Then, aldehyde (0.12 mmol), Et;N (0.24 mmol),
AgOTf (5 mol %), and activated 4 A M.S. powder in DCM as the solvent
(2 mL). In all cases, a d.r. of >20:1 was observed. [b] Without acylation
with methyl chloroformate. Boc=tert-butoxycarbonyl, DCM =dichloro-
methane, M.S. =molecular sieves, Tf =trifluoromethanesulfonyl,
TFA=trifluoroacetic acid.

base with different Ag and Cu catalysts revealed that the best
results were obtained with AgOTTf in the presence of NEt; and
molecular sieves in DCM at room temperature (see the
Supporting Information, Table S1 for details). Under these
conditions, trans cycloadducts 3 were formed in viable yields
and as single diastereomers with >20:1 diastereoselectivity.
The initial cycloadducts are moderately stable, and N-
acylation at the pyrrolidine nitrogen atom increases their
stability.

The results shown in Table 1 demonstrate that aromatic
aldehydes with either electron-withdrawing or -donating
substituents and heteroaromatic aldehydes can successfully
be employed in the transformation. As in the case of
intermolecular 1,3-dipolar cycloadditions with azomethine
ylides,'*” imines derived from aliphatic aldehydes did not give
the cycloadducts. To obtain high yields, an electron-with-
drawing substituent R! is required. When R' was a phenyl or
an alkyl group, cycloadduct formation was not observed.

Initial attempts to develop an enantioselective catalytic
sequential one-pot synthesis revealed that under the condi-
tions described above, enantioselectivity was low and not
reproducible. These problems were overcome by isolation of
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the Schiff base and subsequent separate cycloaddition.
Screening different Ag and Cu salts and chiral ligands
revealed that in general, Cu salts yielded better results, and
that [Cu(MeCN),]BF, was the best catalyst. Among several
mono- or bidentate phosphine ligands (see Figure S1 and
Table S2 for details), 3,4,5-(MeO);Ph-MeOBIPHEP gave the
best results in terms of both yield and enantioselectivity.
Notably, ligands that were effective in intermolecular 1,3-
dipolar cycloadditions!®” with azomethine ylides gave infe-
rior results in the intramolecular reactions (see Figure S1). A
screen of different solvents, temperatures, and bases showed
that the reactions are best performed in diethyl ether at room
temperature and in the presence of NEt; as the base.
Variation of the electron-withdrawing olefin substituent R'
identified the cyano group as being superior to an ester
(Table 2, entries 1 and 2).

Investigating the scope of the enantioselective intramo-
lecular 1,3-dipolar cycloaddition under the identified reaction
conditions (Table 2) revealed that 1)irrespective of the
electronic nature of the aldehydes employed, the reactions
proceeded with high diastereoselectivity and with prepara-
tively viable yields and that 2)the enantioselectivity is
controlled by electronic factors. Thus, in the presence of an
unsubstituted phenyl group or electron-donating substituents
at the phenyl group or in the presence of electron-rich
heteroaromatic rings, ee values of 95 to 99 % were achieved
(Table 2, entries 3, 7-17). The introduction of electron-with-
drawing substituents, such as NO,, F, or Br, led to lower
enantioselectivities (entries 4-6), but with a para-iodophenyl
substituent, the eevalue reached 97% again (Table 2,
entry 15). 3) The amide substituent R could be varied, and
the enantioselectivity remained high (entries 3, 7-9, 22).
However, this does not apply in all cases (see entry 21).
4) Replacement of the nitrile group by an ester group leads to
reduced enantioselectivity (entries 19-21). As the N-
unmasked cycloadducts are only moderately stable, they
may subsequently be N-acylated in a separate step
(entries 10-17).

The absolute configuration of the products was unambig-
uously ascertained through crystal-structure analysis of cyclo-
adduct 3x (see Figure 2 and the Supporting Information). To
explain the stereochemical outcome of the cycloaddition, we
propose that in analogy to earlier observations® Cu*
coordinates the bidentate phosphine ligand and the Schiff
base in a tetrahedral arrangement (see Figure 2). Deproto-
nation of the Schiff base generates the azomethine ylide and
initiates the cycloaddition. Owing to the steric requirements
of the intramolecular cycloaddition, in the reactive confor-
mation, the amide must be cis-configured, such that the olefin
can approach the dipole. The dipolarophile approaches the
dipole in an endo transition state to minimize steric inter-
actions and strain. The attack of the electron-poor olefin
preferably occurs from the front. Facial differentiation is
achieved by means of the alkoxy-substituted aryl substituents
on the phosphines (Figure 2). Upon attack from the back of
the dipole, the cyanovinyl group would face unfavorable
interactions with the aryl group pointing towards the back.
Owing to the ligand stereochemistry established by the
atropisomeric bis(phosphine), the second aryl group of this
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Table 2: Scope of the catalytic enantioselective intramolecular 1,3-dipolar cyclo-

lal

addition reaction.
1. TFA,DCM,0°C,3 h
2. R%-CHO, DIPEA

o}
3
R‘NJ\/NHBOC 4AM.S., DCM, RT, 12 h
3. [CU(CH3CN)4IBF 4 (5 mol%)

xR’
EtsN (1 equiv), 4A M.S., Et,0
‘ O
o

Angewandte

phosphine points downwards such that in the shown
orientation of the dipole, steric interactions are
minimized.

Cycloadducts 3 (R*=H) can in principle be
regarded as cyclic N-alkylated amino acid amides.
We envisioned that treatment of these secondary
amines with an aldehyde would give rise to an
iminium intermediate, which could be deprotonated

PAr.
_0 PArz to yield a new azomethine ylide, which in turn could
(5 mol%) undergo a further 1,3-dipolar cycloaddition with
a reactive dienophile. If orchestrated correctly,
Entry Product R' R® R’ R Yield [%]" e [%] 3 tandem sequence of intra- and intermolecular
1 3j CO,Et Ph Me H 75 82 cycloadditions would become feasible. Orienting
2 3k CN Ph Me H 82 93 experiments employing primary cycloadduct 3Kk,
3 31 CN p-MeOCH,  Me H 78 95 cinnamaldehyde, and methyl acrylate in the presence
4 3m CN p-NOCeH,  Me H 71 13 of 5mol% of AgOAc and NEt; were indeed
5 3n CN p-FCeH, Me H 75 73 .
6 30 N p-BrCH, Me H 78 83 succe‘s‘sful, and a tandem sequence empl(?ymg the
7 3p CN 3-furanyl Me H 54 96 conditions established for the enantioselective trans-
8 3q CN 3-thiophenyl Me H 50 95 formation could also be developed (Table 3). When
9 3r CN Ph H H 80 98 cinnamaldehyde and methyl acrylate were added
10 3s CN Ph H CO,Me 75 98 after completion of the first enantioselective cyclo-
11 3t CN p-MeOCeH,  COMe  CO,Me 76 98 addition, the desired pyrrolizidine adduct 4a was
12 3u CN  p-MeCH, CO,Me CO,Me 78 % obtained in 60% overall yield after four individual
13 3v CN m-MeCgH, CO,Me CO,Me 73 97 . . .
14 Iw CN 0-MeCH, CO,Me CO,Me 75 08 steps and with the same enantiomeric excess as
15 3x CN p-ICH, CO,Me CO,Me 79 97 previously recorded for the primary cycloadduct.
16 3y CN 3-furanyl H CO,Me 63 98 When the racemic primary cycloadduct was treated
17 3z CN 3-thiophenyl H CO,Me 75 99 with aldehyde, acrylate, and the chiral catalyst, no
18 3aa CO.Bn  Ph Me H 69 74 enantioselectivity was induced indicating that the
19 3ab COEt  Ph Bn H 65 62 stereoselectivity for the whole sequence is deter-
20 3ac COBn  Ph Bn H 35 63 mined in the first cycloaddition step and that the
21 3ad CN Ph Bn H 57 80 .. C . .
2 3ae cN p-MeCyH, Bn H 75 95 second cycloaddition is highly diastereoselective.

[a] Reaction conditions: 1 (0.12 mmol) and TFA (1.2 mmol) were used for the
deprotection. Aldehyde (0.12 mmol) and DIPEA (0.24 mmol) were used for imine
formation. Then, catalyst (5 mol %), ligand (5 mol %, Ar=3,4,5-(MeO);CsH
(0.12 mmol), and activated 4 A M.S. powder in Et,0 (2 mL). [b] Yields of isolated
products after column chromatography. For 3s-3z, yields and ee values were
determined after separate N-acylation of the initial cycloadducts. Under the
optimized reaction conditions, all products were obtained with >20:1 d.r.

[c] Determined by HPLC analysis on a chiral stationary phase. DIPEA=diisopro-

pylethylamine.
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Figure 2. Proposed mechanism and rationalization of the stereoselec-
tivity observed in the enantioselective intramolecular cycloaddition
reaction. Ar=3,4,5-(MeO);C¢H,.
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The absolute configuration of the double cyclo-
adducts was determined by means of careful analysis
of their NMR spectra by analogy to related syntheses
and through crystal-structure analysis of cycloadduct
4d (see the Supporting Information).”

For the cycloadducts obtained from trans olefins
such as nitrostyrene, interactions identified through
nuclear Overhauser effect (NOE) spectra indicate
that the benzylic proton originating from the former
double bond of the dipolarophile is in proximity to
the proton next to the nitrile group. Likewise, NOE
signal enhancements were determined for the proton in the a-
position to the nitro group and the allylic proton originating
from the cinnamaldehyde. This result indicates that the
second cycloaddition passes through an endo transition state
with trans- and, by analogy, monosubstituted dipolarophiles
(Figure 3). We assume that the second cycloaddition reaction
is a concerted process; however, a stepwise mechanism
cannot be ruled out completely.

The tandem sequence displayed a very appreciable
substrate scope, and the substituents in both the first and
the second dipolarophile could be widely varied. Notably, the
introduction of disubstituted olefins in the second cyclo-
addition step in a one-pot procedure yielded annulated
pyrrolizidines with seven contiguous stereogenic centers,
including a quaternary carbon atom. Thus trans-cinnamalde-
hyde and B-nitrostyrene yielded fully substituted pyrrolizi-
dines 4b and 4c, respectively, in appreciable yields (Table 3,

,), base
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Table 3: Enantioselective synthesis of piperidino-pyrrolizidines by
tandem intra- and intermolecular 1,3-dipolar cycloadditions in
a sequential one-pot reaction.?

1. TFA,DCM,0°C, 3 h

)?\/NHBOC 2. R2-CHO, DIPEA, 4A M.S. o Ij H
MeN DCM, RT, 12 h MeN T R2
R 3. [CU(CH3CN)4]BF 4 (5 mol%)
ligand (5 mol%), EtaN H R
4AM.S. 12 h, RT
1 3
H ///Q )
R 4. cinnamaldehyde
dipolarophile
RT, 24 h
Entry Product R R? R® R® Yield [%]®!
1 4a CN Ph CO,Me H 60
2 4b CN Ph CHO Ph 47
3 4c CN Ph NO, Ph 45
4 4d49 CN Ph CO,Me CO,Me 52
5 4e CN p-MeC¢H, CO,Me H 57
6 4f CN p-MeOC¢H, CO,Me H 70
7 4g CN 3-thiophenyl CO,Me H 50
8 4h CN m-MeC¢H, CO,Me H 58
9 4i CO,Et Ph CO,Me H 50

[a] Reaction conditions: 1 (0.12 mmol) and TFA (1.2 mmol) were used
for the deprotection. Aldehyde (0.12 mmol) and DIPEA (0.24 mmol)
were used for imine formation. Then, catalyst (5 mol %), ligand

(5 mol %), base (0.12 mmol), and activated 4 A M.S. powder in Et,0/
THF (5:1) as the solvent (2.5 mL). Aldehyde (0.12 mmol), Et;N

(0.12 mmol), and the dipolarophile (0.60 mmol) were used for the
second cycloaddition. [b] Yields of isolated products after column
chromatography. [c] The substituents R® and R® are in a cis arrangement.

NC

o b
NC W@ W
O MNP = AR
EtsN \ \
HN— N N O o
N O

endo-selective
1,3-dipolar cycloaddition

Figure 3. Models for possible transition states to rationalize the
stereoselectivity of the second cycloaddition reaction.

entries 2 and 3). Likewise, the cis dipolarophile dimethyl
maleate smoothly underwent the cycloaddition to yield the
corresponding complex pyrrolizidine 4d (entry 4). Further-
more, the structure of the aromatic aldehydes tolerated
different substitution patterns to yield the corresponding
cycloadducts in viable yields (entries 5-8). Finally, also the
olefin substituent R' could be varied (entry 9). Pyrrolizidines
are core structures of numerous chiral natural-product-
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inspired heterocycles and are of interest in their own right.
For example, they define the scaffolds of glycosidase inhib-
itors, which have been the subject of numerous investiga-
tions.!"”!
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