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ABSTRACT: A highly enantioselective desymmetrization of prochiral cyclopentene-1,3-dione via [3 + 2] cycloaddition of
azomethine ylide using a silver(I)—ferrophox complex has been demonstrated. The method has been utilized in the synthesis of
highly functionalized enantioenriched $,5-fused bicyclic pyrrolidine derivatives under mild reaction conditions.

C atalytic enantioselective desymmetrization processes pose
a major challenge to constructing highly functionalized
synthetically viable motifs."”> Some interesting examples include
desymmetrization of prochiral cyclopentene-1,3-dione via
alkylation to provide synthons for many biologically active
compounds (Scheme 1). For instance, Corey et al. employed
enantioselective reduction of cyclopentan-1,3-dione using
oxazaborolidine'® and Mikami et al. reported a Cu(Il)-
phosphoramidite catalyzed 1,4 addition of dialkylzinc to
cyclopentene-1,3-diones.'” Very recently, Mukherjee and co-
workers reported conjugate addition of a-angelica lactone and
formal C(sp?)—H alkylation to cyclopentene-1,3-diones by
using bifunctional organocamlysts.lc’d Although these strategies
provide the corresponding products in a highly enantio-/
diastereoselective manner, low reaction temperatures (usually
—10 to —40 °C) with a prolonged reaction time was required to
achieve high chiral induction in almost all the cases. Thus,
development of an efficient desymmetrization protocol under
mild reaction conditions to synthesize highly functionalized
molecules is highly desired.

Our interest in the area comes from the significance of
bicyclic pyrrolidine containing scaffolds (Figure 1) in several
drugs.” Literature reports for building these molecules include
asymmetric desymmetrization using chiral transition-metal
catalysis.* Several chiral complexes containing transition metals
such as Zn,’ Ag,6 Cu,” Au,® Ni’ have been exploited in the
asymmetric [3 + 2] 1,3-dipolar cycloadditions of azomethine
ylides to construct functionalized bicyclic pyrrolidines. Some
recent reports include carrying out such transformations using
organocatalysts as well."’
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Herein, we propose a chiral Ag(I)—ferrophox catalyzed
enantioselective desymmetrization'" of prochiral cyclopentene-
1,3-dione via a [3 + 2] cycloaddition reaction with azomethine
ylides to construct highly substituted S5,5-fused bicyclic-
pyrrolidines at room temperature under mild reaction
conditions.

Initially, prochiral cyclopentene-1,3-dione 2a as a dipolar-
ophile and azomethine ylide 3a as a 1,3-dipole were chosen as
model substrates for the enantioselective desymmetrization
reaction. In the presence of DBU, the reaction between 2a and
3a in toluene at room temperature failed to give the desired
cyclized product. However, the combination of AgOAc (10 mol
%) and DBU (20 mol %) resulted in the desired cycloadducts
in 55% yield. As our aim was to investigate the desymmetriza-
tion of cyclopentenedione 2a in a stereoselective manner, we
turned our attention to chiral phosphine based ligand systems.
The desymmetrization of cyclopentenedione 2a was carried out
in the presence of AgOAc (10 mol %) and R-BINAP (11 mol
%) in toluene. To our delight, the desymmetrized product was
formed as a mixture of diastereoisomers (65:35) where the
major one 4a was isolated in 30% yield and good enantiomeric
excess (85%) (Table 1, entry 1). Encouraged by the preliminary
results, various mono- and bis-phosphine based chiral ligands
la—1g were studied to improve the diastereo- and
enantioselectivity of desired desymmetrized cycloadduct 4a.
Sterically, more hindered bis-phosphine ligand (R)-DTBM-
SEGPHOS did not show any considerable effect in outcome of
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Scheme 1. Synthesis of Chiral Cyclopentanes via

Desymmetrization Approach
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Figure 1. Selected drugs containing bicyclic-pyrrolidine.

the reaction (Table 1, entry 2). Interestingly, use of the
terrophos ligands improved the yield and enantioselectivity of
the desired cycloadduct 4a. Evaluation of various ferrophos
ligands 1c—1g indicated that monophosphine ligand 1c
containing an oxazoline ring was found to be superior,
providing the desired product 4a in 50% yield, 80:20
diastereoselectivity, and excellent enantioselectivity (95%)
(Table 1, entry 3). It is possible that the oxazoline ring in
the ligand plays a vital role for coordination in the metal—ligand
complex Wthh might be responsible for improved stereo-
induction."? For further improvement of this catalytic system,
other silver salts such as AgBF, and AgOTf were also examined
in combination with ligand 1c. However, in these cases, no
product formation was observed (see Supporting Information
(SI), Table S1, entries 1, 2). Replacement of the silver metal
salt by copper(I) was of no avail (Table S1, entry 3). Next, we
optimized the reaction conditions by extensive solvent
screening utilizing the model substrates in the presence of
AgOAc (10 mol %) and ligand 1c (11 mol %) at room
temperature. Virtually, no reaction was observed in chlorinated
solvent such as DCM and polar solvent such as MeOH (Table
S1, entries 4 and 6). However, nonpolar solvents such as
dioxane and ether considerably improved the results. Among all
the screened solvents, ether was the best in terms of yield
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Table 1. Catalyst Screening and Optimization of Reaction
Conditions”
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entry ligand solvent yield (%)" dr¢ ee (%)
1 la toluene 30 65:35 85
2 1b toluene 35 70:30 90
3 1c toluene 50 80:20 95
4 1d toluene 45 66:34 91
S le toluene 52 75:25 77
6 1f toluene 38 66:34 91
7 1g toluene 43 75:25 81
8 1c Et,O 65 80:20 96
9° 1c Et,0 72 80:20 94
10" 1c Et,0 72 83:17 98

“Reactions were carried out using 0.3 mmol of 2a (1 equiv) and 0.39
mmol of 3a (1.3 equiv) in the presence of 10 mol % AgOAc and 11
mol % ligand 1c. “Isolated yield of major diastereomer. “Diastereo-
meric ratio (dr) was determined by 'H NMR analysis of the crude
reaction mixture. “Enantiomeric excess (ee) was determined by chiral
HPLC analysis. °5 mol % AgOAc and 6 mol % 1c were used. /2 mol %
AgOAc and 3 mol % 1c were used.

(65%) and diastereo-/enantioselectivity (96%) (Table 1, entry
8).

We further optimized the reaction conditions by reducing the
catalyst loading and varying the reaction temperature. The
product 4a was obtained with improved yield (72%),
diastereoselectivity (83:17), and enantioselectivity (98%)
when the catalyst loading was reduced to 2 mol % from 5
mol % (Table 1, entry 10). Although further reduction of the
catalyst loading (i.e., 1 mol %) furnished the desired product
4a, the stereoselectivity was not satisfactory (Table S1, entry 8).
By lowering the reaction temperature from room temperature
to —20 °C, a significant drop in the diastereoselectivity was
observed (Table S1, entries 9—12). From the above-mentioned
results, it was concluded that the best optimized conditions for
this desymmetrization protocol include 2 mol % AgOAc, 3 mol
% ligand 1c in ether at room temperature (Table 1, entry 10).

Having identified effective conditions, we evaluated the scope
of the dipolarophile for enantioselective desymmetrization. At
first, various azomethine ylides 3a—3j derived from electron-
poor and -rich aromatic aldehydes were investigated (Figure 2).
Electron-donating and -withdrawing groups were well tolerated,
and the corresponding bicyclic-pyrrolidine derivatives were
obtained in moderate to good yields (58—76%), diastereose-
lectivities (75:25—83:17), and excellent enantioselectivities
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Figure 2. Scope of different azomethine ylide in desymmetrization
reaction.

(87—98%). The azomethine ylides having sterically bulky
trisubstituted aromatic ring 3h and naphthyl moiety 3g (see SI)
smoothly produced the corresponding cycloadduct 4h and 4g
in good yields (65% and 76% respectively) and excellent ee
(91% and 98% respectively). The azomethine ylides containing
cinnamyl and heteroaromatic ring 3i and 3j underwent a
desymmetrization reaction to provide the corresponding
bicyclic-pyrrolidines 4i and 4j in good yields (74% and 69%)
and good to excellent enantioselectivity viz. 87% and 94%
respectively.

Next, the scope of enantioselective desymmetrization was
further explored on a variety of cyclopentenediones 2k—2t (see
SI) having different substitutions at the aromatic ring. Both
electron-donating and -withdrawing substituents are well
tolerated under the reaction conditions, and desymmetrized
cycloadducts 4k—4s (Figure 3) were obtained in moderate to
good yields (35—68%) and excellent enantioselectivities (94—
96%). However, it was observed that the meta substituent on
the aromatic ring of cyclopentenediones (Figure 3) has a
deleterious effect in comparison to the para substituent. This
might be due to the steric hindrance of the meta substituent on
the aromatic ring with the phenyl ring of the azomethine ylide.
The allyl substituent at the quaternary stereocenter in
cyclopentenedione 2t produced the corresponding bicyclic-
pyrrolidine 4t in moderate yield (63%) with excellent
enantioselectivity (94%) via a [3 + 2] cycloaddition reaction
without affecting the allyl group.

Based on the stereochemical outcome of the product, the
enantioselectivity could be rationalized by the proposed
transition state endo-TS-1a and -1b (Figure 4)."” The reaction
might be proceeding by coordination of azomethine ylide to the
Ag(I) in a distorted tetrahedral fashion. The isopropyl group on
the oxazoline ring and phenyl ring on phosphorus hinders the
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Figure 4. Proposed transition state.

approach of the dipolarophile from the Si C=N face of
azomethine ylide, thus favoring one of the endo stereoisomers
(4) as a major product arising from endo-TS-1a (Figure 4).
Whereas endo-TS-1b would lead to the formation of a minor
diastereomer (S) probably due to the steric repulsion arising
from the bulky R; group.'*

In order to evaluate the scalability of the [3 + 2]
cycloaddition reaction, the desymmetrization of cyclopentene-
dione 2a was conducted on the 1 g scale. The catalyst loading
could be lowered to 1 mol %, and the corresponding bicyclic-
pyrrolidine cycloadduct 4a was isolated in 65% yield and 95%
ee as the major diastereomer (80:20 dr). This experiment
demonstrates the operational simplicity of the desymmetriza-
tion protocol and the associated potential for use in the large
scale synthesis of enantio-/diastereopure bicyclic-pyrrolidine
derivatives.

The potential usefulness of this catalytic enantioselective
desymmetrization was also demonstrated by converting the
bicyclic-pyrrolidine cycloadduct 4a to enantiopure bicyclic-
pyrrole 6 by oxidation with DDQ in toluene at room
temperature.”” Bicyclic-pyrrole 6 was obtained in excellent
yield (82%) without loss of any enantioselectivity (94%)
(Scheme 2).
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Scheme 2. Synthesis of Pyrrole from Pyrrolidine
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In conclusion, we have developed an efficient, operationally
simple protocol for the synthesis of §,5-fused bicyclo-
pyrrolidine by desymmetrization of prochiral cyclopentene-
dione via [3 + 2] cycloaddition of azomethine ylide catalyzed
by a silver(I)—ferrophox complex. A variety of bicyclic-
pyrrolidine derivatives were synthesized in good yields (up to
76%) and excellent enantioselectivities (up to 98%) under mild
reaction conditions. The synthetic potential of this desymmet-
rization approach has also been shown by the synthesis of
bicyclic-pyrrole in a highly enantio-/diastereoselective manner.
Mechanistic investigation and further applications of this
chemistry are actively ongoing.
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