
10.1021/ol401554y r 2013 American Chemical Society
Published on Web 06/25/2013

ORGANIC
LETTERS

2013
Vol. 15, No. 13
3472–3475

Telescoped Synthesis of Stereodefined
Pyrrolidines

Dorine Belmessieri, David B. Cordes,† Alexandra M. Z. Slawin,† and Andrew D. Smith*

EaStCHEM, School of Chemistry, University of St. Andrews, North Haugh,
St. Andrews KY16 9ST, U.K.

ads10@st-andrews.ac.uk

Received June 4, 2013

ABSTRACT

Telescoped and one-pot olefination/asymmetric functionalization approaches to disubstituted pyrrolidines (dr up to 99:1, up to 99% ee) have been
developed using commercially available tetramisole (0.1 to 5mol %). Using OTMS-quinidine as the Lewis base gives preferential access to an anti-
configured pyrrolidine in high enantioselectivity.

The pyrrolidine motif is a valuable heterocyclic frame-
work present within a variety of natural products,1 as well
as bioactive and pharmaceutically relevant species.2 This
remarkably versatile scaffold has also been employed
as a chiral auxiliary,3 a chiral ligand,4 and an organo-
catalyst5 for a range of asymmetric transformations. The

wide-reaching applications of this five-membered hetero-
cycle have inspired many novel strategies toward its
asymmetric synthesis,6 with a range of organocatalytic
strategies having been developed.7 It is widely recognized
that a synthetic methodology leading rapidly to structural
complexity from readily available starting materials
through telescoped or one-pot reaction sequences is highly
desirable, with the minimal manual operations involved in
these processes saving time, effort, and cost. Isothioureas,8

initially used as acylation catalysts by Birman and
Okamoto,9 have proven useful organocatalysts for a range
of asymmetric processes.10 Recent work by ourselves and
Romo has utilized isothioureas to promote the catalytic
asymmetric Michael addition� and aldol�lactonization
(NCAL) of a number of enone�acids and keto�acids,
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respectively, via an assumed ammonium enolate inter-
mediate.11Building upon these precedents, thismanuscript
describes approaches to the catalytic asymmetric syntheses
of stereodefined 2,3- and 3,4-disubstituted pyrrolidines
directly from readily available R- and β-amino acid
derivatives.12

Initial model studies upon an isolated model enone
β-amino acid 1 using pivaloyl chloride as an in situ activat-
ing agent showed that commercially available tetramisole
was the optimal catalyst for this transformation.13 While
lactone 2 could only be isolated in modest yield due to
product instability upon chromatography, conversion into
methyl ester 3 via in situ methanolysis gave reproducibly
higher isolated product yields, giving pyrrolidine 3 with
excellent diastereo- and enantiocontrol (dr 99:1, ee =
99%, Table 1).

Following these model studies, the incorporation of this
sequence within a telescoped olefination/functionalization

approach to pyrrolidines was investigated. Starting from
readily prepared N-sulfonyl-protected N-allyl β-amino
acid 4, consecutive ozonolysis, Wittig olefination, and
asymmetric tetramisole-promoted Michael addition�
lactonization, followed by ring-opening withMeOH, gave
pyrrolidine 3. Two solvent changes were required in this
sequence, allowing 3 to be isolated as a single diastereoi-
somer in 52% isolated yield after a single chromatographic
purification (Table 2, entry 1).14 The generality of this
approach was next studied through variation of the enone
substituent and the N-protecting group. Aromatic groups
on the enone bearing either electron-donating or electron-
withdrawing substituents are readily incorporated (entries
2�4), while N-Cbz substitution was also tolerated in this
reaction sequence (entry 5).

Further work extended this process to the preparation
of proline derivatives from N-butenyl-R-amino acid 10.15

In this system, the telescoped ozonolysis, Wittig olefina-
tion and asymmetric Michael-addition lactonization/ring-
opening process again proved viable. Using 5 mol % of
tetramisole, a range of alkyl and aryl substituents within
the enone were readily incorporated (Table 3). The corre-
sponding 2,3-syn-proline derivatives were isolated after
a single chromatographic purification in 61�80% yield
as single diastereoisomers and in 91�99% ee (entries 1,
5�10). Notably, this process can be carried out on a
reasonable laboratory scale (3.5 mmol) using 1 mol % of
commercially available tetramisole without compromising

Table 1. Reaction Optimization

entry

tetramisole

(mol %) dra
lactone 2 yieldb (%),

eec (%)

ester 3 yieldb (%),

eec (%)

1 20 99:1 48, 97 70, 99

2 5 99:1 � 67, 99

aDetermined by 1H NMR spectroscopic analysis of the unpurified
reactionmixture. b Isolated yield of product following chromatography.
cDetermined by chiral HPLC analysis.

Table 2. Synthesis of 3,4-syn-Pyrrolidines via TelescopedWittig
Olefination/Functionalization Procedure

entry P product, R1 dra yieldb (%) eec (%)

1 Ts 3, Me 99:1 52 99

2 Ts 6, 4-MeC6H4 99:1 57 96

3 Ts 7, 4-CF3C6H4 99:1 49 90

4 Ts 8, 4-MeOC6H4 99:1 64 98

5 Cbz 9, Me 99:1 85 96

aDetermined by 1H NMR spectroscopic analysis of the unpurified
reaction product. b Isolated yield of pyrrolidine ester over complete
reaction sequence from the β-amino acid. cDetermined by chiral HPLC
analysis. d See Supporting Information for full details.
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enantioselectivity or yield (entry 3), although further re-
duction in catalyst loading resulted in reduced isolated
yield (entry 4).

Cross-metathesis was next investigated as an alternative
to Wittig olefination. Optimization using N-butenyl-R-
amino acid 10 showed that CH2Cl2 could be used as a
solvent for both cross-metathesis and asymmetric cataly-
sis, allowing a one-pot process to be developed. Grubbs II
promoted cross-metathesis, followed by functionaliza-
tion using tetramisole (5 mol %), gave pyrrolidines 11

and 18�21 in 68�80% yield and 92�99% ee as a single
diastereoisomer in each case (Table 4), confirming the
robustness of tetramisole as an organocatalyst in this
protocol. Furthermore, the tetramisole loading could be
reduced to 0.1 mol % without compromising yield or
enantioselectivity (entries 1�3). In addition to methanol,
ring-opening was also performed with either isopropyla-
mine or glycine methyl ester (entries 4 and 5) and extended
to incorporate other aryl and alkyl enones (entries 6 and 7).
This one-pot methodology was also performed in the
β-amino acid series, giving pyrrolidines 3 and 22�23 in
high yield with excellent diastereo- and enantioselectivity
(dr 99:1, ee = 84�97%, entries 8�10).
The ability toN-deprotect the pyrrolidine products and

access the alternative anti-diastereoisomeric serieswas next
investigated. Olefination of readily available N-Cbz allyl
β-amino acid 5 using both ozonolysis/Wittig and metath-
esis processes, followed by asymmetric cyclization using
tetramisole, affordedN-Cbz lactone 24 in good yields and

enantioselectivity (dr 99:1, 71 and65%yield, ee=98�99%;
Table 5, entries 1 and 2). Derivativaztion of N-Cbz lactone
24 with benzylamine gave 25, with N-deprotection using
Pd(OH)2 giving the parent syn-pyrrolidine 26 in 71%
yield (dr 99:1 and ee = 99%).16,17 Epimerization of
syn-25 (dr 99:1, ee = 99%) was also achieved using
NaOMe/MeOH, giving anti-28 (dr 1:99, ee = 93%) in
70% yield (Table 5).18

We next investigated a complementary and catalyst
selective route into the anti-diastereoisomeric pyrrolidines.
Following Romo’s use of cinchona alkaloid catalysts in
NCAL processes,19 the use of OTMS-quinidine was eval-
uated. Olefination of β-amino acid 5 via ozonolysis and
Wittig reaction, followed by asymmetric functionalization
using OTMS-quinidine, gave preferential access to anti-
lactone 25 (dr syn:anti 33:67). Separation of the diaster-
eoisomers via chromatography gave anti-27 in 60%

Table 3. Synthesis of 2,3-syn-Pyrrolidines via TelescopedWittig
Olefination/Functionalization Procedure

entry product, R1 cat. (mol %) dra yieldb (%) eec (%)

1 11, Me 5 99:1 70 93

2d 11, Me 5 99:1 60 97

3e 11, Me 1 99:1 65 93

4f 11, Me 0.1 99:1 30 92

5 12, t-Bu 5 99:1 61 98

6 13, Ph 5 99:1 61 93

7 14, 4-MeC6H4 5 99:1 64 91

8 15, 4-CF3C6H4 5 99:1 76 93

9g 16, 4-ClC6H4 5 99:1 78 94

10 17, 4-MeOC6H4 5 99:1 80 99

aDetermined by 1H NMR analysis of the unpurified reaction
product. b Isolated yield of pyrrolidine ester from 10. cDetermined by
chiral HPLC analysis. dReaction performed at 0 �C. eReaction per-
formed from 1 g of 10; see Supporting Information for full details.
fReaction time 12 h. gThe corresponding lactone could also isolated in
93% ee (45% yield).

Table 4. Synthesis of 2,3- and 3,4-syn-Disubstituted Pyrroli-
dines via One-Pot Metathesis Olefination/Functionalization
Procedure

entry

amino

acid Nu-H

product,

R1 dra
yieldb

(%)

eec

(%)

1 10 MeOH 11, Me 99:1 75 97

2d 10 MeOH 11, Me 99:1 75 97

3e 10 MeOH 11, Me 99:1 73 98

4 10 i-PrNH2 18, Me 99:1 68 92

5 10 MeO2CCH2NH2 19, Me 99:1 72 97

6 10 MeOH 20, Et 99:1 80 99

7f 10 MeOH 21, 2-furyl 99:1 75 96

8 4 MeOH 3, Me 99:1 71 98

9 4 MeOH 22, Et 99:1 80 97

10f 4 MeOH 23, 2-furyl 99:1 63 84

aDetermined by 1HNMRanalysis of the unpurified reaction product.
b Isolated yield of pyrrolidine ester over complete sequence from 10 or 4.
cDetermined by chiral HPLC analysis. d 1 mol % of tetramisole used.
e 0.1 mol % of tetramisole used, reaction time 12 h. fUsing 10 mol % of
Grubbs II.
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(19) (a) Cortez, G. S.; Tennyson, R. L.; Romo, D. J. Am. Chem. Soc.

2001, 123, 7945–7946. (b) Oh, S. H.; Cortez, G. S.; Romo, D. J. Org.
Chem. 2005, 70, 2835–2838. (c)Morris, K. A.; Arendt, K.M.; Oh, S. H.;
Romo, D. Org. Lett. 2010, 12, 3764–3767.



Org. Lett., Vol. 15, No. 13, 2013 3475

yield (dr 1:99, ee = 97%, entry 3) and syn-24 in 33%
yield (ee = 50%). Similarly, olefination via metathesis,
followed by OTMS-quinidine mediated cyclization, gave
access to theanti-lactone 27 (dr 1:99) in66%yield and99%
ee (Table 5, entry 4).20 In the tetramisole-promoted se-
quence, the syn-preference can be explained by invoking
pretransition state assembly I, in which the enolate oxygen
preferentially lies syn to the S atom, allowing either anno to
σ*C�S interaction

21 or favorable electrostatic stabilization.
Preferential Michael addition anti- to the stereodirecting
Ph unit on the enolate Re-face generates the syn-product.
When OTMS-quinidine is used, theMichael addition pro-
ceeds preferentially upon the enolate Si-face (through II),
minimizing steric interactionswith the ethylene bridge with-
in thequinidine skeletonandgiving theanti-diastereoisomer
as the major product in high ee.
In conclusion, both telescoped and one-pot olefination/

asymmetric functionalization approaches to 2,3- or
3,4-syn-disubstituted pyrrolidines from readily available

N-allyl β-amino acids and N-butenyl R-amino acid deri-
vatives have been developed. This method provides the
corresponding pyrrolidine derivatives with high diastereo-
and enantiocontrol (dr up to 99:1, up to 99% ee) using
commercially available tetramisole. OTMS-quinidine has
been identified as an alternative Lewis base catalyst to
preferentially give a 3,4-anti-pyrrolidine in high enantios-
electivity. The generality of these approaches to hetero-
and carbocycle synthesis, as well as the development of
alternative reaction processes using chiral Lewis bases in
asymmetric catalysis, are underwaywithin our laboratory.
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Table 5. Stereodivergent Approach to 3,4-Disubstituted Pyrrolidinesa

entry olefination cat. drb syn:anti product yieldc (%) syn eed (%) syn product yielde (%) anti eed (%) anti

1 O3, Wittig tetramisole 99:1 syn-24 71 99

2 Metathesis tetramisole 99:1 syn-24 65 98

3 O3, Wittig OTMS-quinidine 33:67 syn-24 33 (ent) 50 anti-27 60 97

4 Metathesis OTMS-quinidine 33:67 syn-24 30 (ent) 37 anti-27 66 99

aReaction conditions: (1) see Supporting Information for full details; (2) with tetramisole:Me3CCOCl (1.5 equiv), i-Pr2NEt (1.5 equiv), CH2Cl2, rt,
then, tetramisole (5mol%), i-Pr2NEt (2.5 equiv), 1 h; withOTMS-quinidine: 29 (1.5 equiv), i-Pr2NEt (2.5 equiv), OTMS-quinidine (20mol%), CH2Cl2,
rt, 2 h. bDetermined by 1H NMR spectroscopic analysis of the unpurified reaction mixture. c Isolated yield of lactone syn-24 pyrrolidine ester over
complete sequence from 5. dDetermined by chiral HPLC analysis. e Isolated yield of lactone anti-27 over complete sequence from 5.

(20) No epimerization was observed upon treatment of syn-lactone
24 under the OTMS-quinidine asymmetric cyclization reaction condi-
tions; see the Supporting Information for full details.
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