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ABSTRACT: In this paper, a new cycloaddition between a,f-unsaturated
aldehydes and coumalates realized under dienamine activation has been
described. The reaction proceeds regioselectively with the distal double bond
of the dienamine system acting as electron-rich dienophile. It leads to the
formation of biologically relevant [2.2.2]-bicyclic lactones. Their functionaliza-
tion potential has been confirmed in selected, diastereoselective transformations.
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Table 1. Asymmetric Synthesis of [2.2.2]-Bicyclic Lactones 6: Optimization Studies”

D/COZMe Q\’F’iPh iPPh3
_ N o COo,Me o
© 1a 3(20 mC;IR%) et COMe ¢ 5 equiv) e coMe
+ .
solvent, rt solvent, CH,Cl,
e 24 h cl) it 3h I\COZME
2a 4a 6a
Ph Ph Ph Ar Ph
Q"*Ph Q\th N Ph Sy A Sy Ph
H oms H opbpMs H otBs H oOtMs H oOMme
Ar= 3,5-(CF3),Ph
3a 3b 3c 3d 3e
entry solvent (catalyst) additive conv. [%]° dr® er?
1 CH,CL, (3a) 67 10:1:0:0 70:30
2 CH,Cl, (3b) 3) 13:2:1:1 nd.
3 CH,CL, (3¢) 73 27:1.5:1:0 80:20
4 CH,CI, (3d) 12 n.d. n.d.
S CH,Cl, (3e) 23 n.d. n.d.
6 CHCl, (3¢) >95 14:1.5:1:0 77:23
7 CICH,CH,CI (3c) 60 44.5:2:4:1 83:17
8 toluene (3c) 71 12:1:5:2 n.d.
9 CH,CN (3¢) 47 22:2:1:0 n.d.
10 1,4-dioxane (3c) 43 14:3:1:1 n.d.
12 THF (3¢) 46 14:2.5:1:1 nd.
13 Et,0 (3¢) 95(92) 20:1.5:3:1 96:4
14 Et,0 (3¢) NaOAc 83 15:5:1:1 91:9
15 Et,0 (3¢) PhCO,H 81 11:1:2:2 89:11
16 Et,O (3¢) DMABA 90 15:3:1:1 91:9
17¢ Et,0 (3¢) 57 17:3.5:1.5:1 n.d.

?All reactions were performed in a 0.1 mmol scale using 1a (1.5 equiv) and 2a (1.0 equiv) in 0.4 mL of corresponding solvent. *Determined by 'H
NMR of crude reaction mixture. In parentheses, the isolated overall yield for 6a is given. “Determined by 'H NMR of crude reaction mixture after
the first step. “Determined by chiral HPLC for 6a. “The reaction was performed at 0 °C for 48 h. DMABA: 4-(dimethylamino)benzoic acid.

aldehydes and secondary amines, and selected pyrones might
constitute a useful and powerful approach to such systems.
Notably, the applications of methyl coumalate and related
systems in the all-carbon IEDDA reactions with electron-rich
double bonds is quite limited and enantioselective variants of
such reactions are very limited.”™’

Herein, we present our studies on the all-carbon IEDDA
cycloaddition between a,f-unsaturated aldehydes and selected
pyrones proceeding according to dienamine activation
(Scheme 1, bottom). The usefulness of the cycloadducts
obtained has been confirmed in selected, stereoselective
transformations leading to higher molecular and stereo-
chemical complexity.

At the outset of our studies, simple and readily available
trans-2-hexenal 2a and methyl coumalate 1a were selected as
model substrates for the envisioned organocatalytic inverse-
electron-demand all-carbon Diels—Alder cycloaddition realized
according to dienamine activation. Initially, the reaction was
performed in dichloromethane using diphenylprolinol trime-
thylsilyl ether 3a as the aminocatalyst. To our delight, the
reaction proceeded smoothly affording 4a with good
diastereoselectivity (Table 1, entry 1). However, we were
unable to isolate it as 4a proved to be unstable under flash
chromatography conditions. Therefore, the derivatization of 4a
via Wittig reaction performed in a one-pot fashion was
attempted. Compound 6a was formed within 3 h and isolated
by flash chromatography. Its chiral stationary phase HPLC
analysis indicated that the initial organocatalytic reaction
proceeded with poor enantioselectivity. Therefore, the search
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for optimal aminocatalyst 3 ensuring high efficiency and
stereoselectivity of the process was initiated. It was found that,
among catalysts tested, the use of amine 3¢ bearing the bulkier
tert-butyldimethylsilyl group at the oxygen atom promoted the
reaction with increased conversion, providing the product 6a
with improved diastereo- and enantioselectivity (Table 1, entry
3). Subsequently, the solvent screening was performed. It was
found that the use of other chlorinated solvents such as
chloroform and 1,2-dichloroethane did not significantly
influence the reaction (Table 1, entries 6, 7). Similarly, toluene
and most of the polar aprotic solvents such as acetonitrile, 1,4-
dioxane, and tetrahydrofuran did not provide the significant
improvement of the results (Table 1, entries 8—12).
Interestingly, the reaction in diethyl ether proceeded efficiently
and in a highly diastereo- and enantioselective manner (Table
1, entry 13). In the course of further studies, the influence of
various additives was tested. However, neither acidic nor basic
cocatalysts enhanced the reaction stereoselectivity and
efficiency (Table 1, entries 14—16). Finally, the influence of
temperature was evaluated (Table 1, entry 17). Unfortunately,
the decrease of the temperature to 0 °C led to lower
conversion and to a decrease of diasteoselectivity, thus
indicating the final reaction parameters (Table 1, entry 13).
With the optimized reaction conditions in hand, the
substrate scope of the all-carbon asymmetric IEDDA reaction
was explored (Table 2). To our delight, the reactions with a
series of linear @,f-unsaturated aldehydes 2a—e with different
chain lengths proceeded smoothly affording, after the Wittig
reaction, the corresponding products 6a—e in high yields and
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Table 2. Asymmetric Synthesis of [2.2.2]-Bicyclic Lactones
6: Enal 2 Scope”

j:j/COZMe O\TE ﬁfha
& N Ph 0 CO,Me Q
MR 3cH(20 n?;%/os) RO CoMe 5 eqzuiv) R coate
+R2 ZE;Z_%,ﬁ R Et,0, CH,Cl, R2"" L
R1’\/]\¢0 ¢} . 3h CO,Me
2 ¢ 6
entry R! R®  yield [9%]" dr® er?
1 Et H 92(45)  20:3:1.5:1 94:6
2 Me H 76 9:4:1:1 92.5:7.5
3 nPr H 80(52)  28:6:2:1 94.5:5.5
4 nBu H 90 26:4:2:1 93.5:6.5
S nPn H 83 32:5:2:1 94:6
6 Bn H 85(62) 13:1.1:1 92:8
7 E-2-Pn H 86 43:5:2.5:1 91.5:8.5
8 Z-2-Pn H 82 79:5:4:1 94:6
9¢ Ph H 62 34:2:2:1 9S:5
100 4-FC¢H, H 54 21:3:1:0 94:6
1V 4-CF,CH, H 45 26:2:1.5:1 99:1
12°  34-(Me0O),CiH; H 65 13:1.5:1.5:1  98:2
13 iPr Ph 83 4:1:0:0 99.5:0.5
145 Et H 87(57) 15.5:1.5:2:1  94:6

“All reactions were performed in a 0.1 mmol scale using la (1.5
equiv) and 2 (1.0 equiv) in 0.4 mL of diethyl ether (for details, see
the Supporting Information). bIsolated yields over two steps are
given. In parentheses, isolated yields of major diastereoisomer of 6 in
a diastereomerically pure form are given. “Determined by "H NMR of
crude reaction mixture after the first step. “Determined by chiral
HPLC analysis for 6. “Reaction performed using 1a (1.0 equiv) and 2
(2.2 equiv) for 72 h./Reaction performed using 1a (1.0 equiv) and 2
(22 equiv) for 96 h. 8Reaction performed on a 1 mmol scale.

enantioselectivities and good diastereoselectivities (Table 2,
entries 1—5). It is worth noting that the length of the alkyl side
chain had an influence on the reaction diastereoselectivity. The
use of trans-2-pentenal 2b (Table 2, entry 2) provided the
product 6b with worse diastereomeric ratio than in the case of
enals 6c—e with longer alkyl chains (Table 2, entries 3—5).
Furthermore, the introduction of functional groups in the side-
chain of the alkyl group in 6 proved possible. The introduction
of phenyl group or a double bond (either E- or Z-configured)
did not affect the outcome of the cycloaddition yielding
[2.2.2]-bicyclic lactones 6f—h with high yield and reasonable
diastereo- and enantiomeric excesses (Table 2, entries 6—8).
Subsequently, the possibility to introduce various aromatic
group in the C7 position of the final product 6 was attempted
(Table 2, entries 9—12). To our satisfaction, the expected
products 6i—l bearing phenyl rings with various electronic
properties and substitution patterns were obtained with good
results. However, the use of slightly modified conditions
involving larger aldehyde excess (2.2 equiv) and prolonged
reaction time (72—96 h) was required. The developed method
proved also unbiased toward a-substituted enals 2m as
demonstrated in the synthesis of 6ém (Table 2, entry 13).
The desired product 6m bearing an additional stereogenic
center was obtained in very good yield and excellent
enantiomeric excess. Notably, 6m was obtained as a mixture
of only two diastereoisomers. Reaction proved also readily
scalable to 1 mmol scale as demonstrated in the synthesis of 6a
(Table 2, entry 14).
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Further scope studies were focused on the utilization of
various pyrone derivatives 1b,c in the reaction (Scheme 2). It

Scheme 2. Asymmetric Synthesis of [2.2.2]-Bicyclic
Lactones 6: Pyrone 1 Scope®

o™
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94:6 er 86:14 er 57:43/60:40 er

“All reactions were performed in a 0.1 mmol scale using la (1.5
equiv) and 2 (1.0 equiv) in 0.4 mL of diethyl ether (for details, see
the Supporting Information). Isolated yields are given. In parentheses,
isolated yields of the major diastereoisomer are given; dr was
determined by '"H NMR of the crude reaction mixture; er was
determined by chiral HPLC analysis for 6. “Reaction performed for
48 h reaction time. “Reaction performed for 72 h.

was found that both the size and the position of an ester group
in the starting pyrone ring 1 were of key importance for the
reaction effectiveness and selectivity. The use of tert-butyl
coumalate 1b resulted in decreased reactivity, as longer
reaction time (48 h) was required to achieve full conversion.
Product 6n was obtained with good yield and enantioselec-
tivity and poor diastereoselectivity. Moreover, the reaction
with pyrone lc containing an ester group in the C3 position
provided 60 with significantly lower diastereo- and enantiose-
lectivity for both diastereoisomers.

The usefulness of the cycloadducts obtained was demon-
strated in selected transformations (Scheme 3). Initially,
decarboxylative retro-Diels—Alder reaction was attempted
(Scheme 3, top). It was found that the reaction proceeded

Scheme 3. Diastereoselective Transformations of [2.2.2]-
Bicyclic Lactone 4 or 6

[e]
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efficiently at high temperature in the presence of catalytic
amounts of PTSA. Interestingly, the initially formed product 7
underwent spontaneous intramolecular Diels—Alder cyclo-
addition to give interesting J)olycyclic system 8 containing an
additional cyclobutane ring.” It was also found that when the
original cycloadduct 4a was subjected to the condensation with
phenylhydrazine, the originally formed phenylhydrazone 9
underwent intramolecular 1,3-dipolar cycloaddition to give 10
as the final product (Scheme 3, bottom)." The transformation
proved possible to perform in a one-pot fashion without the
need to isolate any of the intermediates. Notably, both
developed processes proceeded in a diastereoselective manner
providing 8 and 10 as single diastereoisomers (for the
assignment of relative configuration, see the Supporting
Information).

The absolute configuration of the products was unequiv-
ocally confirmed by single crystal X-ray analysis of the [2.2.2]-
bicyclic lactone 61 (for details, see the Supporting Informa-
tion)."" Configuration of the remaining products 6a—km—o
was established by analogy. Based on the configurational
assignments, the reaction mechanism was proposed (Scheme
4). It was initiated through the dienamine 12 formation in a

Scheme 4. Asymmetric Synthesis of [2.2.2]-Bicyclic
Lactones 4: Mechanistic Considerations

o) ,0
ROl comt 0 ﬁ
H,0 otBsf
O! (-catalyst) pp, N
Ph
4 13

sequence involving condensation of 2 with 3¢ and subsequent
y-deprotonation. 12 acted as a dienophile in a subsequent all-
carbon IEDDA cycloaddition with 1a utilized as an electron-
poor diene. Notably, E,E-12 reacted in its s-cis conformation,
presumably due to favorable secondary orbital interactions.
With the formation of enamine 13 accomplished, its
protonation and subsequent hydrolysis took place, regenerat-
ing the catalyst 3¢ and affording 4 as a final product.

In conclusion, we have developed a novel approach to
[2.2.2]-bicyclic lactones. It utilized an aminocatalytic inverse-
electron-demand Diels—Alder reaction between a,f-unsatu-
rated aldehydes and coumalates. It proceeded through the
intermediacy of the corresponding dienamine with its distal
double bond acting as the dienophile in the reaction. Target
products were subjected to selected transformations indicating
their high functionalization potential.
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