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ABSTRACT: We report the first example of a dynamic
kinetic asymmetric [3 + 2] annulation reaction of
aminocyclopropanes with both enol ethers and aldehydes.
Using a Cu catalyst and a commercially available
bisoxazoline ligand, cyclopentyl- and tetrahydrofuryl-
amines were obtained in 69—99% yield and up to a 98:2
enantiomeric ratio using the same reaction conditions. The
method gives access to important enantio-enriched
nitrogen building blocks for the synthesis of bioactive
compounds.

he combination of nitrogen functionalities and cyclic

structures is omnipresent in bioactive compounds. From
the ten most sold pharmaceutical products based on small
molecules in 2009, nine contain N-atoms embedded in ring
systems." Among the multitude of reported nitrogen-rich cyclic
scaffolds, tetrahydrofurylamines and cyclopentylamines occupy a
privileged position (Figure 1). Tetrahydrofurylamines are
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Figure 1. Biomolecules and bioactive compounds containing an amino-
tetrahydrofuran or cyclopentane ring.

especially important in the form of aminosugars, such as
aminodeoxyriboses 1, which are at the core of DNA and many
bioactive synthetic nucleoside analogues. Cyclopentylamines are
well-represented in bioactive compounds, such as the bicyclic
drug Ramipril (2) used to treat hypertension and heart diseases.”
They are also at the core of numerous bioactive natural products,
such as the antibiotic Pactamycin (3).> A stereoselective
synthetic access to tetrahydrofuryl- and cyclopentylamines
would be consequently highly valuable in order to discover
new bioactive compounds.

Since 2010, our group has examined the use of donor—
acceptor substituted aminocyclopropanes and aminocyclo-
butanes for the synthesis of nitrogen-rich molecules (Scheme
1A).* This approach is particularly attractive, as the N-atom plays
a dual role: it is not only an essential structural element of the
product but also a steering group to control regioselective ring
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Scheme 1. General Strategy (A), Previous Work (B), and
Current Work (C) to Access Nitrogen-Rich Building Blocks
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opening upon release of ring strain. Despite important progress
in the use of donor—acceptor substituted cyclopropanes,” only a
few examples on the use of ammocyclopropanes had been
reported prior to our own work.® In our hands, the ring opening
of aminocyclopropanes was highly successful for the inter- and
intramolecular addition of nucleophiles* ¢ and the development
of new annulation reactions, in particular for the synthesis of
cyclopentyl- and tetrahydrofurylamines ((1) in Scheme 1B). =g
The reaction of enol ethers and ketones using a tin catalyst was
enantiospecific, whereas the iron-catalyzed annulation of
aldehydes gave racemic products.

An approach allowing the complete conversion of easily
accessible racemic aminocyclopropanes into enantiopure cyclo-
pentylamines—a dynamic kinetic asymmetric transformation
(DYKAT)"—would be much more straightforward. Such
reactions have been realized for other classes of donor—acceptor
cyclopropanes in the past,® but have never been reported in the
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case of aminocyclopropanes ((2) in Scheme 1B). Furthermore,
each class of substrates required the development of a unique
catalytic system. The synthesis of cyclopentanes has been
especially challenglng Success has been limited to the use of
cyclic silyl enol ethers™ and indoles®™ as substrates by Tang et al.
using a Cu catalyst with specifically designed bisoxazoline
ligands.

Herein, we report the first successful dynamic kinetic
asymmetric annulation of aminocyclopropanes with enol ethers
and aldehydes (Scheme 1C). Enantiomeric ratios up to 98:2
could be achieved with complete conversion of the aminocyclo-
propane starting material using a simple commercially available
bisoxazoline catalyst. In contrast to the only previously reported
method for silyl enol ethers,™ the transformation was especially
successful for noncyclic alkyl enol ethers. The same catalytic
system could then be extended to the reaction of aminocyclo-
propanes with aldehydes to give tetrahydrofurylamines with up
to a 96:4 enantiomeric ratio. To the best of our knowledge, this is
the first report of an enantioselective catalytic system working for
the synthesis of both cyclopentanes and tetrahydrofurans. The
obtained enantiopure chiral building blocks will be highly useful
for the synthesis of new nitrogen-rich bioactive compounds.

We started our investigations by studying the annulation
reaction between phthalimido-substituted dimethyl ester cyclo-
propane 4a and silyl enol ether Sa, as this transformation had
already been studied in our prev10us work involving
enantiospecific reactions (Scheme 2). *% The catalytic system
used in this work (SnCl, at —78 °C) was not well suited for the
development of a dynamic kinetic asymmetric transformation, as
it was highly enantiospecific at low temperature and led to
decomposition at higher temperature. Consequently, a broad

Scheme 2. Lead Result (A), Optimized Reaction Conditions
(B), and Key Parameters Influencing Yield and Selectivity of
the Reaction
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range of other catalysts and chiral ligands were examined. From
these studies, copper bisoxazoline complex 7a emerged as the
most promising catalyst, leading to complete conversion of
cyclopropane 4a and formation of the cyclopentylamine 6a in a
76:24 er and a very good diastereoselectivity (Scheme 2A).
Nevertheless, the enantioselectivity observed was still not
satisfactory and the yield of the isolated product remained low
and variable (0—50%) due to the formation of ring-opening side
products resulting from a retro-aldol reaction.

To address these shortcomings, extensive optimization of the
reaction conditions, cyclopropane and enol ether substituents,
and the catalyst structure was performed (Scheme 2B and C).'°
No significant improvement could be obtained by changing the
solvent, temperature, concentration, or catalyst loading. In
contrast to observations by Tang et al,® " modification of the
diester substituents was also not successful. Finally, four
parameters were found to be crucial to increase the selectivity
and efficiency of the reaction:

(1) Replacing the silyl group on the enol ether by an alkyl
group (benzyl) allowed for a significant increase in yield
and reproducibility. The higher stability of the carbon—
oxygen bond was probably essential to prevent ring-
opening side reactions.

(2) The structure of the substituents on the nitrogen was
essential to achieve high enantioinduction. The enantio-
meric ratio was lower with an electron-donating methoxy
substituent on the phthalimide (74:26, cyclopropane 4c),
but increased significantly to 92:8 with a nitro substituent
(cyclopropane 4d). However, this increase of enantiose-
lectivity came at the cost of a lower diastereoselectivity
(4:1). Yet, replacing the phthalimide group by a
succinimide led to the highest enantiomeric ratio (95:5)
without compromising the diastereoselectivity.

(3) Steric hindrance of the substituent on the ligand was
another important factor. Best results were obtained with
the commercially available bisoxazoline ligand bearing a
bulky tert-butyl group.

(4) Finally, a strong counteranion effect was observed. The
highest enantioinduction was obtained with perchlorate,
whereas hexafluoroantimonate led to the highest diaster-
eoselectivity. To obtain high enantioselectivity, it was
important to exclude moisture, as the blue copper aqua
complex gave lower enantioinduction than the anhydrous
green catalyst.

Under the optimized conditions, the desired cyclopentylamine
6b could finally be obtained in 94% yield and a 95:5 er with good
diastereoselectivity (10:1), setting the stage for the investigation
of the scope of the reaction (Scheme 1B).

On preparative scale, cyclopentylamine 6b could be obtained
in quantitative yield with a 96:4 er and a 7:1 dr (Table 1, entry
1).Variation of the oxygen substituent was examined first: A
methyl enol ether (entry 2) and a more electron-withdrawing
trifluoroethyl group (entry 3) both worked in the annulation
reaction, but for the latter the diastereoselectivity of the reaction
was lost. Variation of the aromatic substituent on the olefin gave
comparable enantioinduction for both a meta methyl-substituted
phenyl ring (entry 4) and a thiophene heterocycle (entry S). The
annulation reaction was not limited to the synthesis of tertiary
ethers: unsubstituted benzyl ethers Sg—i also gave the desired
products with useful selectivity (entries 6—8). On a 1 mmol scale,
product 6g was obtained in 80% yield and a 95.5:4.5 er (entry 6).
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Table 1. Scope of the Annulation Reaction with Enol Ethers”

Entry Enol Ether Product Yield®/er¢/dr?
l;lSucc 97%
1 BnoJ\ph meo,cl b 96:4 er
5b MeO,C  OBn 7:1dr
6b
WSuce 95%
MeO " )
2 . J\@L Meo,c L. e 94S:SSer
5¢ Me MeO,C &Me 20:1dr
l;lSucc 88%
3 Fac/\oJ\Ph MeO,C ].ph 95.5:4.5 er®
5 Me0,C ¢  OCH,CFs 1.5:1dr
NSuce  Me 99%
Me A
4 BnOL©/ veoc Ll 95:Ser
Se MeO,C  OBn >20:1dr
6e
WSuce 94%
. .
N BnO \ S/ Meo,cl [l \ 94:6 er
5f MeO,C  OBn 8:1dr
6f
NSuce 96% (80%)"
‘ } .
6 EsnoJ Me0,Cl 96.5:3.5
5g MeO,C  OBn (95.5:4.5) er
b9 4:1 (4:1) dr
r;lSucc 73%
| : )
7 4-BanoJ MeO,Cal 94.5:5.5 er
sh MeO,C o 04-BrBn S:1dr
NSucc 82%
‘ B
8 4-N02t3n0J Me0,Cl 98:2 er
8 MeO,C 5 OO S:1dr
1

“Reaction conditions: 0.20 mmol of cyclopropane 4b, 0.40 mmol of
enol ether §, 0. 02 mmol of catalyst 7b, 3 A MS in dichloromethane at
rt, under argon. “Yield after purlﬁcatlon by column chromatography.
“Determined by chiral phase HPLC. “Determined by analysis of crude
"H NMR. “Value for major anti diastereoisomer, syn diastereoisomer:
er = 96.5:3.5.Values in brackets correspond to the results on 1 mmol
scale.

Achieving high selectivity in DYKAT processes is challenging,
and the catalytic system often has to be optimized for each class
of substrates. Nevertheless, when benzaldehyde (8a) was used in
the [3 + 2] annulation process with aminocyclopropane 4b, the
DYKAT process was successful and gave the desired tetrahydro-
furylamine 9a with a 92:8 er and a 13:1 dr (Table 2, entry 1). The
annulation reaction was successful for electron-rich (entries 2
and 3) and -poor (entry 4) aromatic aldehydes, as well as for
thiophene carboxaldehyde (8e) (entry S). The best enantiomeric
ratio (96:4) was observed for the para-methoxy substituted
benzene ring (entry 2). The reaction was not limited to aromatic
aldehydes: both cinnamaldehyde (8f) (entry 6) and aliphatic
aldehyde 8g (entry 7) could be used.

The absolute configuration of 6g was determined by X-ray
crystallography (S at the center next to the N-atom).'"'?
Interestingly, the absolute configuration is opposite to the one
obtained by Tang et al. shm Although further experiments will be
required to establish the origin of asymmetric induction, we
propose a tentative stereochemical model based on the strong
distortion from the square planar geometry in tert-butyl-
substituted bisoxazoline complexes, which is also apparent in
the bis-aqua complex of 7b (Scheme 3)."* In complex I, formed
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Table 2. Scope of the Annulation Reaction with Aldehydes®

Entry aldehyde Product Yield®/er/dr!
¥Suce 82%
o
0
1 HkPh MeOZCQ 92:8er
ga MeO,C  Ph 13:1dr
9a
l;lSucc 69%
° :
o 96:4 er
2 HJ\4-MeOPh MeOzCQ
8b MeO,C 4-MeOPh >20:1dr
9b
NSuce 84%
o
3 HJ\S-MeOPh MeOzCQ 93:7 er
8c Me0O,C 3 MeOPh 10:1dr
9c
NSucc 90%
o
4 Hk4,c|ph MeOQCC/ 91:9er
8d Me0,é 4-CIPh 14:1dr
9d :
NSucc
o : o 97%
H y MeOCal—/ 9S5:Ser
S \/ MeO,C 7S
ge w (3 >20:1 dr
NSucc 96%
o
6 HJK/\P,, MeOZCQ 94:6 er
o MeO,C = 14:1dr
of Ph
NSuce 85%
o
X o] .
7 HJ\/\Ph Meo,Cal 91.5:8.5er
8g MeO,C "\ 13:1dr

9g Ph

“Reaction conditions: 0.20 mmol of cyclopropane 4b, 0.40 mmol of
aldehyde 8, 0. 02 mmol of catalyst 7b, 3 A MS in dichloromethane at rt,
under argon. “Yield after purlﬁcatlon by column chromatography.
“Determined by chiral phase HPLC. “Determined by analysis of crude
'H NMR.

Scheme 3. Stereochemical Model for the Reaction and X-ray
Structure of Complex 7b-(H,0),"*
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from the R enantiomer of cyclopropane 4b, the distortion moves
the cyclopropane to the upper right quadrant, opening a free path
for fast attack of the nucleophile and affording the product with
the observed absolute configuration. In complex II formed from
the S enantiomer, the attack of the nucleophile is blocked by the
tert-butyl substituents of the ligand and is, therefore, slower. The
dynamic process can be speculated to proceed via reversible ring
opening/closing, as racemization of enantlo enriched 4b was
observed in the absence of the enol ether."
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In summary, we have reported the first example of a dynamic
kinetic asymmetric [3 + 2] annulation reaction of aminocyclo-
propanes. The reaction proceeded with high enantio- and
diastereoselectivity with a broad range of acyclic alkyl enol ethers
and aldehydes using a Cu catalyst with a commercially available
bisoxazoline ligand. Importantly, the developed catalytic system
could be used for both types of substrates without reoptimiza-
tion. The method is expected to be highly useful for the
asymmetric synthesis of nitrogen-rich small organic molecules.
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