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ABSTRACT: Cross-conjugated trienamines are intro-
duced as a new concept in asymmetric organocatalysis.
These intermediates are applied in highly enantioselective
Diels—Alder and addition reactions, providing function-
alized bicyclo[2.2.2]octane compounds and y’-addition
products, respectively. The nature of the transformations
and the intermediates involved are investigated by
computational calculations and NMR analysis.

C ovalent activation of carbonyl compounds, facilitated by
chiral amines, plays a dominant role in asymmetric
catalysis.! The past decade has witnessed the development of a-
functionalization by enamine catalysis,”> f-functionalization via
iminium ion catalysis® and y-functionalization by dienamine
catalysis.* Recently, trienamine catalysis has emerged as a new
mode of activation involving chiral amine catalyzed, asymmetric
Diels—Alder reactions of electron-poor dienophiles with 2,4-
dienals® or 2,4-dienones.’

Trienamine catalysis has focused on the promotion of
asymmetric functionalization of the f,e-carbon centers in the
trienamine intermediate, leading to functionalized cyclohexene
products (Figure 1a). As recently highlighted by Melchiorre et
al,, cross-conjugated trienamines have until now been perceived
as nonproductive reaction intermediates.” However, we
envisioned that a new development in organocatalysis, in
which cross-conjugated trienamine intermediates are involved,
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Figure 1. Linear and cross-conjugated trienamines in organocatalysis.
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might be possible. This cross-conjugated trienamine inter-
mediate could then hopefully undergo either a [4 + 2]-
cycloaddition reaction, forming y’,0-functionalized products, or
a y’-selective addition reaction (Figure 1b).

Herein, we present the first asymmetric organocatalyzed
Diels—Alder reaction via cross-trienamine intermediates, which
provides the enantioselective functionalization at the y’,0-
carbon centers of cyclic dienals. Furthermore, highly y'-selective
additions have been developed using more polarized olefins.
The methodologies presented represent novel reactivity and
selectivity concepts in organocatalysis. In contrast to previous
work on cross-conjugated dienamines,” where the enone
substrates employed often require specific substitution patterns
to ensure exclusive formation of desired products,” the present
approach provides exclusive cross-conjugated reactivity, despite
being able to form alternative conjugated intermediates. The
cross-conjugated trienamine Diels—Alder reaction shows the
conversion of cyclic 2,4-dienals into functionalized
bicyclo[2.2.2]octanes or octenes with four stereocenters.
These polycyclic compounds have a widespread presence in
nature;'® however, their synthesis is not trivial and the
development of effective methods, which exhibit high
selectivity, still represents a challenge.'"

In the present study, we focus first on 3-olefinic oxindoles
and S-olefinic azlactones as dienophiles. The [4 + 2]-
cycloaddition of the trienamine intermediate with these
dienophiles provides spirocyclic oxindoles and azlactones.
Substituted oxindoles are found in a number of natural
products exhibiting biological activity'> and have attracted a
lot of attention."> The products obtained from the reaction
with the S-olefinic azlactones are highly functionalized amino
acid precursors."*

Initial studies revealed that 3-olefinic oxindoles were indeed
suitable dienophiles for the [4 + 2]-cycloaddition. Reaction of
2,4-dienal 1a (1:1 E/Z mixture) with the 3-olefinic oxindole 2a,
20 mol % diphenylprolinol silyl ether catalyst 3, and 20 mol %
o-fluorobenzoic acid (0-FBA) in CDCl; at 40 °C gave full
conversion to 4a within 20 h (Table 1, entry 1).

The fact that product 4a results from a cross-conjugated
trienamine intermediate is surprising given that the formation
of the linear-trieneamine intermediate is not suppressed. To
understand why the cycloaddition occurs via the cross-
conjugated trienamine, a combination of computational and
NMR studies were performed. Calculations (MPWI1K/6-
31+G(d,p)) on a simplified model system of the two
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Table 1. Optimization of the Cross-Conjugated Trienamine
Asymmetric Diels—Alder Reaction of the Cyclic 2,4-Dienal
la and 3-Olefinic Oxindole 2a“

( HO

OTMS NBO{:
ErOat Et0,C s

addlli\re

cOCly

40°C
ent 3 (mol %) add (mol %) conv® (%) drh ee” (%)
1 20 o-FBA (20) >95 8:1 97
2 10 o-FBA (10) 44 8:1 nd?
3 20 none 53 8:1 nd?
4 20 HOAc (20) >95 8:1 70
5 20 BA (20) >95 8:1 80
6 20 o-NBA (20) >95 8:1 97

“See Supporting Information. *Determined by 'H NMR of the crude
mixture of 4a. “Determined by chiral stationary phase HPLC. “nd: not
determined.

trienamine intermediates A (linear-trienamine intermediate)
and B (cross-trienamine intermediate) show that A is favored
by 4.2 kcal/mol relative to B (Figure 2)."> This is consistent
with the hypothesis that deprotonation at the e-position is
favored over deprotonation at the y’-position because it
provides a fully conjugated 7-system. Based on this energy
difference, it should be expected that the linear-trienamine
intermediate is present in higher concentrations than the cross-
trienamine. This was confirmed by 'H NMR studies, which
showed that only the linear trienamine could be detected (see
Supporting Information (SI) for NMR studies).
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Figure 2. Calculated reaction pathways for the organocatalytic [4 + 2]-
cycloaddition of the linear (top) and cross-conjugated (bottom)
trienamines. Energies are reported in kcal/mol and are relative to the
energy of A+C.

To provide insight as to why the Diels—Alder reaction occurs
via the higher energy trienamine intermediate B, the [4 + 2]
cycloaddition of the reaction was modeled computationally.'®
In this study, reactions of both A (linear-trienamine
intermediate) and B (cross-trienamine intermediate) were
examined.”'® In both cases, the [4 + 2]-cycloaddition was
found to be a concerted, highly asynchronous process.'” The
transition state structures for the reaction of A+C are both
lower in energy than the transition state structures for the

reaction of B+C. Both products (D1 and D2) resulting from
cycloaddition of A+C are higher in energy than the products
(E1 and E2) produced by the cycloaddition of B+C.
Comparison of the two thermodynamic products of A+C and
B+C (D1 and El, respectively) shows E1 to be 8.8 kcal/mol
lower in energy than DI1. It should be noted that the
thermodynamic product E1 corresponds to the observed
product (4a). The increased thermodynamic stability of the
products of the [4 + 2]-cycloaddition through the cross-
trienamine B results from the formation of a conjugated 7-
system, which is not formed in the cycloaddition of A with C.

The data suggest that if the reaction was under kinetic
control, the products resulting from the [4 + 2]-cycloaddition
of the linear-trienamine intermediate should be the major
products. However, the only observed product is that resulting
from the cycloaddition with the cross-trienamine intermediate.
This suggests that the reaction is thermodynamically driven.

Motivated by the initial synthetic and computational results,
a screening of reaction conditions was performed. Decreasing
the catalyst and additive loadings to 10 mol % each lowered the
conversion (Table 1, entry 2). Acid additives were shown to be
necessary for high conversion (entry 3). By employing HOAc
as an additive, full conversion and similar diastereoselectivities
as for o-FBA were obtained; however, the enantioselectivity
dropped significantly (entry 4). Changing the additive to
benzoic acid (BA) also resulted in a lower enantioselectivity
(entry §), whereas o-nitrobenzoic acid (0-NBA) provided
similar conversion and selectivities as 0-FBA (entry 6). The
enantioselectivity seems to correlate with the acidity of the
additive.

The absolute configuration of compound 4a was established
to lz)g. (S,S,5,S) by X-ray analysis, based on a chloro-analogue of
4a.

Next, the effect of substituents on dienal 1 was investigated
(Table 2). A 1:1 E/Z mixture of 2,4-dienal 1b, which contains a
methyl substituent in the J-position, gave similar, excellent
selectivities as those obtained with la (entries 1,2). The y-
substituted 2,4-dienals provided products 7, which contain an
endocyclic double bond, after reaction with Wittig reagent §
(entries 3—6). The lack of tautomerization in these cases is
probably due to stabilization of the endocyclic double bond by
the electron-donating y-substituent. Alkyl substituents in the y-
position furnished their respective products in excellent
enantioselectivities (entries 3,4). Excellent results were also
obtained when methoxy and tert-butyldimethyl silyl ether
(OTBDMS) substituents were used (entries 5,6).

To test the generality of the reaction, structural variations
were made on the 3-olefinic oxindole 2 (Table 3). Substituents
of different electronic natures on the aromatic ring could be
tolerated in the reaction and provided their respective products
7e—i in good yields and selectivities (entries 1—5). Utilizing an
N-unprotected oxindole provided comparable good results for
compound 7j (entry 6). Finally, variations at the olefinic part of
the oxindole were examined. A benzoyl substituent gave
product 7k in a good yield and excellent diastereo- and
enantioselectivity (entry 7), whereas the nitrile-substituted
oxindole furnished 71 in a good yield and excellent
enantioselectivity, albeit with a lower diastereoselectivity
(entry 8).

The absolute configuration of 7 was established by X-ray
analysis of a derivatized product of the aldehyde precursor from
product 7e.”® Configurations of the other products of type 7
were assigned by analogy.
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Table 2. Scope of the Cross-Conjugated Trienamine
Asymmetric Diels—Alder Reaction of Substituted 2,4-
Dienals la—f with the 3-Olefinic Oxindole Substrate 2a“

CHO
NBoc
R‘
E10,C_ T 0
R? 1) 3 (20 mol%) R i 6a,b
1af 0-FBA (20 mol%)
CDCly, 1t Eto,C
+
o 2) PhyPCHCO,Et (5)
CDCls, 40 °C
EtO,C NBoc NBoc
Ta-d
(&

2a EtO,C
ent R} R? yield® (%) dr® ee? (%)
1 H H; la 6a (53) 8:1 97
b H, Me; 1b 6b (48) 8:1 92
3 Me, H; 1c 7a (51) 9:1 98
4 Bn, H; 1d 7b (53) 8:1 99
s OMe, H; 1e 7¢ (52) 11:1 99
6 OTBDMS, H; 1f 7d (62) >20:1 99

“Reactions were performed on a 0.1 mmol scale; aldehyde 4 was
functionalized by in situ Wittig olefination, giving 6 (see SI). “Yields
refer to the diastereomerically pure products 6 and 7 isolated by FC.
The value for 6 is a combined yield of E/Z isomers. “Determined by
'H NMR of the crude mixture before addition of 5. “Determined by
chiral stationary phase HPLC and UPC? “Reaction was performed at
40 °C.720 mol % BA was used instead of o-FBA.

Table 3. Scope of the Cross-Conjugated Trienamine
Promoted, Asymmetric Diels—Alder Reaction of 2,4-Dienal
1f with 3-Olefinic Oxindoles 2b—i“

1) 3 (20 mal%)
NBOC  o-FBA (20 mol%)
TBDMSO cochn
\ | 7 2 Ph;F'CHCO;El (5)

CDCly, 40°C  Ero,c

1f 2b-i
ent R}, R? yieldb (%) dr® ee? (%)
1 CO,Et, 5-Cl; 2b 7e (75) >20:1 99
2 CO,Et, 5-F; 2¢c 7f (54) >20:1 99
3 CO,Et, 5-NO,; 2d 7g (61) >20:1 99
4¢ CO,Et, 5,7-Me,Me; 2e 7h (66) >20:1 929
5 CO,Et, 5-OMe; 2f 7i (49) >20:1 99
4 CO,Et, H; 2g 7 (65) >20:1 99
7 COPh, H; 2h 7k (62) >20:1 99
8 CN, H; 2i 71 (57) 7:1 99

“See SL “Yields refer to the diastereomerically pure products 7
isolated by FC. Determlned by 'H NMR analysis of the crude mixture
of the aldehyde. “Determined by chiral stationary phase HPLC.
“Compound 7h was prepared at 40 °C for the Diels—Alder reaction.
fN—Unprotected oxindole was used.

Finally, the cross-conjugated trienamine concept has been
extended to other dienophiles. f-Aryl-substituted olefinic
azlactones 8a—d were shown to undergo Diels—Alder reactions
yielding products 9a—d in excellent enantioselectivities (Table
4). Good yields were obtained with azlactones carrying
electron-withdrawing substituents on the aryl moiety (entries
1,2); however, by employment of electron-rich substituents the
yield dropped (entry 4).

Table 4. Scope of the Cross-Conjugated Trienamine
Asymmetric Diels—Alder Reaction of 2,4-Dienal 1f with §-
Aryl-Substituted Olefinic Azlactones 8%

o
H
o 40
3 (20 mol%) N
TBDMSO\.{S . Ar/‘%\)\o BA (20 mol%) Ar c
- N\, CDCldos0oc  TEOMSO—
o
1t 8a-d 9a-d
ent Ar yield® (%) dr¢ ee (%)
1 4-(CO,Me)-C4H,; 8a 9a (58) s:1 994
2 3-C1-CH,; 8b 9b (54) 41 98¢
3 Ph; 8c 9c (40) 4:1 98°
4 2-thiophenyl; 8d 9d (34) 3:1 92°

“See SL “Yields refer to the diastereomerically pure products 9
isolated by FC. “Determined by '"H NMR of the crude mixture of the
aldehyde. “Determined by chiral stationary phase UPC?. “Determined
by chiral stationary phase HPLC.

The cross-trienamine reaction concept is not limited to
Diels—Alder reactions, as employing vinyl bis-sulfones 10 gave
a selective y’-addition (Table §).*' Reaction of 1,1-bis-
(phenylsulfonyl)ethylene 10a with 1f provided product 1la
in good yield and high enantioselectivity (entry 1). -Phenyl
vinyl bis-sulfone 10b reacted with 1f and lc (entries 2,3),
giving a good yield of the major diastereomer. The
enantioselectivity was excellent, and the configuration was
established by X-ray analysis of 11b.>°

Table 5. Scope of the Cross-Conjugated Trienamine
Asymmetric y’-Addition of 2,4-Dienals 1 with Vinyl Bis-
sulfones 10°

O
|
3 (20 mol%)
R! Phc’zs\[sc’zph o-FBA (20 mol%)
+ _—
R2 CDCly, t
1c,f 10a,b
ent R! R? yield® (%) dr€ ee? (%)
1 OTBDMS H 11a (73) - 93
2 OTBDMS Ph 11b (41) 2:1 99
3 Me Ph 11c (48) 3:1 99

“See SI “Yields refer to the diastereomerically pure products 11
1solated by FC. “Determined by '"H NMR of the crude mixture.
“Determined by chiral stationary phase UPC2.

In summary, we have developed a new concept in
organocatalysis, cross-trienamines. These intermediates are
demonstrated to undergo highly enantioselective Diels—Alder
reactions with 3-olefinic oxindoles and S-olefinic azlactones,
providing an attractive path to important bicyclic structures.
Furthermore, we have also shown that cross-trienamines can
react in a highly enantioselective y’-addition with vinyl bis-
sulfones. Additionally, calculations and NMR studies were
carried out to provide insight into the cross-trienamine
intermediates.
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Experimental procedures, analytical data, computational details,
and NMR spectra. This material is available free of charge via
the Internet at http://pubs.acs.org.
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