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An organocatalytic formal [4 + 2] cycloaddition reaction has been
realized that permits rapid access to a wide range of bicyclo[2.2.1]
heptane-1-carboxylates in a highly enantioselective manner from
simple starting materials under mild and operationally simple
conditions.

A Dbicyclo[2.2.1]heptane scaffold is a privileged molecular
structure embedded in numerous compounds with various
functions (Fig. 1). Camphor,' sordarins,” a-santalol and p-san-
talol®* are bioactive natural products that contain this struc-
tural moiety. In addition, bicyclo[2.2.1]heptane is featured by
drug candidates such as LMV-601° and AMG 221.° Moreover,
the bicyclo[2.2.1]heptane scaffold provides the basis for asym-
metric synthesis and catalysis. Bornanesultam is a well-known
chiral auxiliary,” while dibenzyldiene® and diphonane® are
effective chiral ligands for transition-metal catalysis. The devel-
opment of enantioselective approaches to functionalized
bicyclo[2.2.1]heptanes is critical for target-oriented and diver-
sity-oriented syntheses of related biologically significant mole-
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Fig. 1 Selected compounds containing a [2.2.1] bicyclic core.
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cules, and therefore it is highly desirable for relevant drug
discovery.

From the perspective of molecular architecture, the mole-
cules depicted in Fig. 1 may be classified into two main groups
contingent on whether or not a bridgehead carbon is present.
In this regard, camphor, sordarins, and bornanesultam belong
to the same group. We are interested in the development of a
synthetic approach that would allow direct access to bicyclo-
[2.2.1]heptanes with a functionalized bridgehead, particularly
in view of the absence of such a method so far.’® We envisaged
an enantioselective approach to bicyclo[2.2.1]heptane-1-
carboxylates via a formal [4 + 2] cycloaddition reaction, with
an understanding of the carboxylate group being a versatile
function amenable to various transformations (Scheme 1).
Mechanistically distinct from the preceding methods, which
involve enamine catalysis'®“ or Brensted acid catalysis,**
this reaction would be effected through a hydrogen bond cata-
lysis.'™'* To this end, a chiral tertiary amine would be
employed as the catalyst. Herein, we present the asymmetric
approach to bicyclo[2.2.1]heptane-1-carboxylates by the reac-
tion of o'-ethoxycarbonyl cyclopentenones with nitroolefins
(Scheme 1).

Our research commenced with investigating the reaction
between 1a and 2a. When 10 mol% A was employed as the
catalyst, a stepwise incomplete reaction was observed that pro-
duced a mixture containing both the Diels-Alder product and
the Michael addition product.’®> This problem was solved
successfully by the addition of DBU after consumption of 1a to
promote the second Michael addition reaction.'® Various reac-
tion parameters were evaluated and selected results are listed
in Table 1. The reaction of 1a and 2a catalyzed by 10 mol%
A at room temperature produced a 2.3/1 diastereomeric

OH COOEt
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Scheme 1 Formal [4 + 2] cycloaddition reaction.
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Table 1 Conditions screening for the reaction of 1a and 2a®
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Table 2 The formal [4 + 2] reaction between 1a and B-arylnitroalkenes®

OH COOEt
10 mol % cat.  Phs, ]
@COOEt v ppr N Z T2 R r{b&
1a 2a O:N

3aa
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N N No/o o N N

. HN . i .
(N “oH NN Ny oBn N o Y ok
N~ NAd s CFy N A N~ N~
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Entry  Cat. Solv. Temp. Yid.? (%) dr’ ee? (%)
1 A DCM R.T. 82 2.3/1 88
2 A DCM 0 83 2.4/1 90
3 A DCM -20 81 2.8/1 91
4 B DCM R.T. 86 3.2/1 81
5 B DCM -20 80 5.6/1 84
6 B DCM —-40 82 7.1/1 87
7 B DCM —60 69 3.711 69
8 C DCM —40 84 3.2/1 94
9 C DCM —60 73 2.5/1 75
10 D DCM —40 77 2.0:1 -81
11 E DCM —40 77 3.3/1 94
12 C PhMe —40 34 3.5/1 93
13 C MeCN —40 61 4.0/1 92
14 C THF —40 41 2.5/1 95

“1a (0.20 mmol), 2a (0.24 mmol), 10 mol% catalyst, and 1 mL of
solvent were employed. After 1a was consumed as indicated by a TLC
test, DBU (0.10 mmol) was added to the reaction mixture. ?Isolated
yield. “Determined by 'H NMR analysis of the crude product.
4 Determined by chiral HPLC analysis.

mixture in 82% yield, with the major diastereomer 3a bearing
an enantiopurity of 88% ee (entry 1). Lower temperatures of
0 °C and —20 °C appeared to give slightly higher diastereo-
selectivities and enantioselectivities (entries 2 and 3). The
same reaction with catalyst B gave the best result at —40 °C,
with 82% yield, 7.1/1 dr and 87% ee being achieved, however,
further decreasing the temperature to —60 °C resulted in
eroded selectivities (entries 4-7). The same was observed for
catalyst C, which achieved the highest selectivities at —40 °C
with the product being obtained in 84% yield with 3.2/1 dr
and 94% ee (entries 8 and 9). Therefore, reactions with other
catalysts were further tested at —40 °C. At this temperature,
while the reaction with catalyst D was considerably less stereo-
selective, the enantioselectivity obtained with catalyst E was
similar to that with C (entries 10 and 11). In light of these
results, C was determined as the catalyst of choice and the
solvent effect was then evaluated with this catalyst. The reac-
tions in toluene, CH;CN, and THF, respectively, were similarly
enantioselective as compared to that in dichloromethane.
However, the diastereoselectivities and yields with these sol-
vents were significantly lower (entries 12-14).

With the optimal conditions in hand, we moved on to
identify the substrate scope. p-Arylnitroalkenes 2b-21 were first
examined as the electrophile (Table 2). Generally good yield,
moderate diastereoselectivity and excellent enantioselectivity
could be obtained for various nitrostyrenes bearing either elec-
tron donating or electron withdrawing groups (entries 2-10).
The electron withdrawing groups appeared to be more favor-
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OH COOEt

@’Cooa + X NO; C (10 mol %) R;@%’
DCM, -40 °C
1a 2a-l ON 304
Entry” R Yld.? (%) dr® ee? (%)
1 Ph (2a) 84 3.2/1 94
2 4-MeCgH, (2b) 78 3.11 95
3 4-MeOCgH, (2¢) 74 2.0/1 92
4 2-MeOCgH, (2d) 75 2.6/1 94
5 4-BrCeH, (2€) 84 3.5/1 97
6 2-BrCqH, (2f) 80 4.0/1 98
7 3-CIC¢H, (2g) 84 4.711 98
8 4-FCgH, (2h) 86 2.8/1 96
9 3-NO,CeH, (2i) 82 4.2/1 99
10 4-CF3C6H, (2§) 80 4.2/1 97
11 2-Furyl (2k) 73 1.3/1 92
12 2-Naphthyl (21) 77 1.9/1 81

“1a (0.20 mmol), 2 (0.24 mmol), C (10 mol%), and 1 mL of DCM were
employed. After 1a was consumed as indicated by a TLC test, DBU
(0.10 mmol) was added to the reaction mixture. ”Isolated yield.
“Determined by "H NMR analysis of the crude product. ¢ Determined
by chiral HPLC analysis.

able for the reaction to achieve higher yields and stereoselec-
tivities (entries 2-4 vs. entries 5-10). The steric effect of the
substituent did not play a significant role (entry 3 vs. entry 4,
entry 5 vs. entry 6). For nitroolefins 2k and 2l bearing other
aromatic substituents, the diastereoselectivity as well as the
enantioselectivity dropped considerably (entries 11 and 12).
Based on these results, it may be concluded for p-arylnitro-
alkene substrates that more electron-deficient nitroolefins are
better substrates. Considering that more electron-deficient
nitroolefins are more reactive electrophiles, it became a logical
deduction for us that more reactive nitroolefins are better sub-
strates for this reaction.

Accordingly, we then studied the reaction of 1a with p-alkyl-
nitroalkenes. As summarized in Table 3, the various sterically
undemanding p-alkylnitroalkenes are excellent substrates for
this formal cycloaddition reaction. Nitroolefins with a satu-
rated hydrocarbon chain provided the [2.2.1] bicyclic products
in excellent yield with ca. 20/1 dr and extremely high ee
(entries 1-3). An aromatic ring at the distal end of the chain
was tolerable (entries 4-6). Importantly, nitroolefins with func-
tional groups were excellent substrates for this reaction, pro-
viding the [2.2.1] products amenable for further elaborations
(entries 7-10). Interestingly, 2w bearing a cyclopropyl group
was also an effective substrate (entry 11). As the bulkiness of
the substituent increased, the reactivity as well as the enantio-
selectivity dropped considerably (entry 12).

We further examined the reaction between 1b and various
2-alkyl-1-nitroethenes (Table 4). With 1b being employed as
the nucleophile, products with the [2.2.1] bicyclic core deco-
rated with two all-carbon quaternary stereocenters were
expected to be garnered. To our delight, the reactions between
1b and 2 underwent smoothly and furnished the formal cyclo-

This journal is © The Royal Society of Chemistry 2016
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Table 3 The formal [4 + 2] reaction between 1la and Table4 The formal [4 + 2] cycloaddition reaction between 1b and
B-alkylnitroalkenes® B-alkylnitroalkenes®
OH COOEt OH COOEt
% R, O % R, o)
@*COOEt . R/\/Noz C (10 mol %) ((tf /@7(:003 . R/\/Noz C (10 mol %) .
1a gy DEMA0C o - Me DCM,40°C o \
a- 1b 2 Me 3
b c d
Entry R Yld.” (%) dr ee” (%) Entry R Prod. Yld.? (%) dr’ ee? (%)
1 n-Pr (2m) 83 18/1 98 1 i-Bu (20) 30b 78 6/1 84
2 n-Bu (2n) 90 1711 99
3 i-Bu (20) 86 >20/1 98 2 o™ (2p) 3pb 73 651 84
4 PN (2p) 88 >20/1 99
o
3 5 3qb 80 13/1 95
5 © % 84 >20/1 99 DY
WA (2q) (29)
s
s 4 5 3rb 74 8/1 88
6 Cr g 90 20/1 99 W (2n)
AN 5 Catti SN 36h 74 631 83
7 CsHyq (25) 90 >20/1 99 5T (2 ) .
s
8 B0 (21) 83 2201 98
6 Bo Y (2t) 3tb 76 8/1 75
9 B0 (2u) 88 20/1 98
7 ™ (2v)  3wb 79 >20/1 92
10 ™ (2v) 89 >20/1 99
“1b (0.20 mmol), 2 (0.24 mmol), C (10 mol%), and 1 mL of DCM were
11 > (2w) 73 10/1 95 employed. After 1a was consumed as indicated by a TLC test, DBU
(0.10 mmol) was added to the reaction mixture. ?Isolated yield.
12 i-Pr (2x) 69 10/1 46 “Determined by 'H NMR analysis of the crude product. ¢ Determined

“1a (0.20 mmol), 2 (0.24 mmol), C (10 mol%), and 1 mL of DCM were
employed. After 1a was consumed as indicated by a TLC test, DBU
(0.10 mmol) was added to the reaction mixture. ”Isolated yield.
“Determined by 'H NMR analysis of the crude product. ¢ Determined
by chiral HPLC analysis.

addition products in good yields with satisfactory selectivities
(entries 1-7).

The structure as well as the absolute configuration of 3rb
was established unambiguously through X-ray crystallographic
analysis (Fig. 2)."

Based on the preceding results and in the light of our pre-
vious proposal,’® the stereochemical outcome of the tandem
reaction could be rationalized, as exemplified by the reaction
of 1b with 2r (Scheme 2). In the first step, 1b may form a
complex with C via hydrogen-bonding interactions, thereby
discriminating between the two faces of the enol. Directed by
the hydrogen bonding interactions developing between the
nitro and the quinolinol groups, the nitroolefin approaches
the enol selectively from the a-face with the substituents of the
two bond-forming carbons positioned in a staggered arrange-
ment (4), leading to the formation of the intermediate com-
pound 5. In the second step where DBU is used as the base,
the open transition state 6 should be operative to minimize
the steric repulsion between the nitro and the alkyl groups,
delivering 3rb as the major product.

Eventually, to demonstrate the efficiency and synthetic
utility of this newly developed formal [4 + 2] cycloaddition
reaction, a gram-scale reaction was performed with 1a and 2p

This journal is © The Royal Society of Chemistry 2016

by chiral HPLC analysis.
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Fig. 2 X-ray structure of 3rb (ORTEP drawing with thermal ellipsoids at
30% probability level).
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Scheme 2 Proposed mechanism of the reaction.
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Scheme 3 A gram-scale synthesis of 3p via the formal [4 + 2] cyclo-
addition reaction of 1a and 2p.

(Scheme 3). Thus, the reaction with 1.28 g of 1a (1.0 equiv.)
and 1.79 g of 2p (1.2 equiv.) catalyzed by C (5 mol%) and DBU
(0.5 equiv.) produced 2.55 gram of 3p in a yield of 91% with
>20/1 dr and 99% ee.

Conclusions

In summary, an organocatalytic formal [4 + 2] cycloaddition
reaction has been realized that permits rapid access to a wide
range of functionalized [2.2.1] bicyclic heptanes in a highly
enantioselective manner from simple starting materials.
The reaction features metal free, mild, and operationally
simple conditions, providing synthetically useful bicyclo[2.2.1]
heptane-1-carboxylates in good yields with excellent enantio-
selectivity. Importantly, this method is amenable to large scale
preparation, thus facilitating relevant drug discovery and
pharmaceutical activities. Efforts aiming at the application
of this newly developed method are pursued in our laboratory
and will be reported in due course.
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