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The field of asymmetric aminocatalysis[1] has developed from
two pioneering studies,[2, 3] wherein it was recognized that
chiral amines could activate carbonyl compounds according
to fundamental concepts on reactivity (Scheme 1).[4] The
LUMO-lowering effect is the underlying principle that
governs activation in iminium ion catalysis.[1, 2] This type of

aminocatalysis is based on the ability of an amine to reversibly
condense with a,b-unsaturated carbonyl substrates to form
the corresponding a,b-unsaturated iminium ion, the b-carbon
atoms of which are more susceptible to nucleophilic attack
than those of the substrate because of the lower energy of
their LUMO. Conversely, enamine catalysis[1, 3] induces
a nucleophilic character at the a-carbon atom of the covalent
enamine intermediate, which is generated from enolizable
carbonyl substrates, by means of a HOMO-raising effect.
Enamine catalysis has shown unique versatility and its
successful combination with the principle of vinylogy[5] has

led to the development of novel aminocatalytic activation
modes. Indeed, propagation of the HOMO-raising electronic
effect through the conjugated p system of polyunsaturated
carbonyl compounds has been recently used to induce
vinylogous nucleophilicity in extended enamines. Diena-
mine-[6] and trienamine-based[7] activation has been used for
the direct, stereoselective, and site-selective functionalization
of unsaturated carbonyl compounds at remote positions, such
as the g and e positions.

However, the mergence of iminium ion catalysis with the
concept of vinylogy has not yet been reported.[8] This is
surprising, because the transmission of the LUMO-lowering
effect within the extended p system of 2,4-unsaturated
carbonyl compounds, upon iminium ion formation, could be
used to effect direct and stereoselective functionalization at
the remote d position, a transformation for which few
catalytic methods are available.[9, 10]

Herein, we report on the realization of this idea. When
a cinchona-based primary amine[11] condenses with b-substi-
tuted cyclic dienones, an iminium ion intermediate of
extended conjugation is formed (species I in Scheme 1 and
2); the electrophilicity of the d-carbon atom of this inter-
mediate is higher than that of the cyclic dieneone substrate.
This aminocatalytic activation mode, termed “vinylogous
iminium ion catalysis”, accounts for a highly stereo- and
d-position-selective addition of alkyl thiols to cyclic a,b,g,d-
unsaturated dienones.

From the outset, we recognized two critical issues. We
needed a chiral aminocatalyst that, i) condenses easily with
a dienone substrate to form the desired electrophilic iminiu-
m ion intermediate of extended conjugation I, and ii) ensures
configurational control and p-facial discrimination of inter-
mediate I, which are essential factors in enforcing high levels
of enantioselectivity. The choice of the catalyst and the
suitable polyunsaturated enone substrate was motivated by
our previous studies on vinylogous reactivity.[12] In these
previous studies, we found that cinchona-based primary
amines A and B (Scheme 2a) activate b-substituted cyclo-
hexenones toward reaction with electrophiles at the g-carbon
atom.[12a] The relatively high-energy HOMO of the transiently
generated cyclic dienamine intermediate II allowed for
intermolecular vinylogous Michael additions to take place
exclusively at the g position with high levels of enantioselec-
tivity (Scheme 2b). To be successful, the cinchona amino-
catalyst needed to communicate its inherent stereochemical
information while forging the new stereocenter at the remote
g position, several atoms apart from the catalyst binding point
within the cyclic dienamine II.

This previous work allowed us to recognize the unique
ability of cinchona-based amines to stereochemically bias

Scheme 1. Established activation modes in aminocatalysis and the
vinylogous iminium ion strategy; the gray circle represents the primary
aminocatalyst scaffold.
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intermediary cyclic species thus ensuring highly predictable
reaction outcomes. We envisioned that we could further
exploit this ability to address the challenge of developing
a method for a stereoselective 1,6 addition reaction involving
cyclic dienones 1 (Scheme 2 c and d). In addition, we reasoned
that the b substituent of 1 would represent an additional
control element for securing selective reaction at the d posi-
tion because, through steric hindrance, 1,4-addition reaction
would be disfavored.

To test the feasibility of the vinylogous iminium ion based
strategy, we investigated the potential of the quinine-derived
primary amine A (20 mol%)[13] to activate cyclic dienone 1a
toward a 1,6-addition reaction (Table 1; more extensive
documentation of the optimization studies can be found in
the Supporting Information, Tables S1-8). Among the differ-
ent nucleophiles investigated (see the Supporting Informa-
tion, Table S1 for details), benzylthiol (2a)[13d–e] afforded
promising reaction conversion to the 1,6-addition adduct 3
with promising optical purity (Table 1, entry 1; 81% ee).
When the reaction was conducted in the absence of benzoic
acid as a co-catalyst, no conversion to 3 was observed
(Table 1, entry 2); this result suggests that a reaction pathway
involving general-base activation of 2a is unlikely. These
results further establish cinchona-based primary amines as
highly versatile catalysts for the covalent activation of keto
compounds and demonstrate their potential as catalysts in
vinylogous iminium ion catalysis. To achieve improved levels
of stereocontrol, we tested other cinchona-based amines as
catalysts. The use of the bifunctional catalyst B gave a poorer
result (Table 1, entry 3). Gratifyingly, the stereoselectivity of
the reaction was sensitive to structural modification of the
catalyst at the 2’ position of the quinoline ring. This observa-
tion is in agreement with a recent report by List and co-
workers, wherein this type of modification of a cinchona
amine was used for fine tuning the stereoselectivity of an
aminocatalyzed reaction.[14] Among the catalysts investigated
(more details can be found in the Supporting Information,
Table S5), amine D provided the best result (Table 1, entry 5)
and was therefore selected as the catalyst for further reaction
optimization.

An extensive screening of acid co-catalysts (more details
given in the Supporting Information, Tables S4 and S6)
revealed that chiral acids could be used as an additional
handle for modulating reaction efficiency (Table 1, entries 5–
9).[11,13b–d] In particular, the use of inexpensive N-Boc
protected l-valine (l-F) gave increased levels of stereoselec-
tivity (89% ee ; Table 1, entry 8); the use of the other
enantiomer (d-F) resulted in slightly poorer results (Table 1,
entry 7). We were satisfied with the level of enantioselectivity
of the reaction catalyzed by the amine D/acid F combination
(1:1.5 ratio) and we then focused on improving the yield of the
1,6 addition. When the reaction was allowed to proceed for
a longer time, a higher reaction conversion was obtained but
the optical purity of the product 3 was lower (Table 1,
entry 10). Experimental observations that have been detailed
in the Supporting Information, Figure S1 and Table S8, reveal
that the erosion of the enantiomeric excess was mainly due to
the presence of a retroaddition pathway. When the reaction
was conducted in a toluene/water mixture (10:1) and under
more dilute reaction conditions, the use of longer reaction
times gave increased reaction conversion without any erosion

Scheme 2. Outline for the vinylogous iminium ion strategy. Central to
the study is the structural analogy of species I and II, and the idea that
the ability of cinchona-based primary amines to effectively control the
molecular topology of the cyclic dienamine II can be translated to the
cyclic vinylogous iminium ion I.

Table 1: Optimization studies for the asymmetric 1,6-addition reaction
of cyclic dienones 1.[a]

Entry Amine Acid 2 1 Conv. [%] [b] ee [%][c]

1 A PhCO2H 2a 1a 58 81
2 A – 2a 1a <5 –
3 B PhCO2H 2a 1a 32 69
4 C PhCO2H 2a 1a 56 78
5 D PhCO2H 2a 1a 67 83
6 D d-E 2a 1a 55 85
7 D d-F 2a 1a 63 87
8 D l-F 2a 1a 55 89
9 D l-G 2a 1a 65 85
10[d] D l-F 2a 1a 84 79
11[d,e] D l-F 2a 1a 90 86
12[e,f ] D l-F 2a 1b 91 91

[a] Reactions were performed on a 0.05 mmol scale using 1.2 equiv of
thiol with [1]0 = 0.5m in toluene, without any precaution for excluding air.
[b] Conversion determined by 1H NMR analysis of the crude reaction
mixture. A product derived from sequential 1,6 and 1,4-addition
reactions leading to products of type 4 (see Table 3) were sometimes
observed. Products derived from a selective 1,4-addition reaction were
not detected. Further details can be found in the footnotes of Table 2 and
in the Supporting Information. [c] Determined by HPLC analysis using
a chiral stationary phase. [d] Reaction time: 60 h. [e] Reaction performed
using a 10:1 toluene/H2O mixture as the solvent with [1]0 = 0.25m and
3 equiv of 2a. [f ] 5 mol% of amine D and 7.5 mol% of acid l-F were
used; reaction time: 36 h.
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in ee value over time (Table 1, entry 11). When the sterically
less encumbered substrate, (E)-3-styryl-2-cyclohexenone
(1b), was used, the catalyst loading could be reduced
(5 mol% of amine D together with 7.5 mol% of l-F) while
maintaining synthetically useful results (91 % ee ; Table 1,
entry 12); 1b was more reactive than 1a presumably because
of a more facile condensation reaction with the aminocatalyst.
The optimized conditions were then used for examining the
scope of the 1,6-addition reaction.

As highlighted in Table 2, the presence of a wide range of
dienone d substituents are compatible with the reaction.
Substrates containing a variety of substitution patterns at the
aromatic moiety were well tolerated, regardless of their
electronic properties, and the corresponding adducts 3 were
obtained in good yields and with high ee values (Table 2,
entries 1–10). The reaction was compatible with heteroaryl
frameworks, as shown in the synthesis of the thiophenyl-
substituted adduct 3j (Table 2, entry 11). Remarkably, the
scope of the reaction was successfully extended to include
substrates containing an aliphatic substituent at the d position
(R1 = Me; Table 2, entry 12). The use of a cyclopentenone-

based dienone resulted in lower conversion and enantiose-
lectivity (Table 2, entry 13), thus highlighting how strongly
the cyclic geometry is connected with the propagation of the
LUMO-lowering effect and with an effective control over the
molecular topology of the vinylogous iminium ion intermedi-
ate. Consistent with this hypothesis, an acyclic 2,4-dienone did
not react under the optimized reaction conditions (Support-
ing Information, Figure S2). The pseudoenantiomeric catalyst
of amine D, derived from quinidine (structure given in the
Supporting Information, Figure S3), showed a similar reac-
tivity profile and gave the other enantiomer of the product 3b
with a similar ee value (Table 2, entry 3). The absolute
configuration of the stereogenic center of compounds 3c
and 3 f was unambiguously determined by anomalous-dis-
persion X-ray crystallographic analysis.[15, 16]

The scope of the 1,6-addition reaction with respect to the
nucleophilic component was also explored. Remarkably,
a broad range of alkyl thiols, containing either aromatic or
vinyl moieties, can also be used in the reaction (Table 2,
entries 14–16).

The products 3 contain functional groups that are
amenable toward further transformations. In particular, the
presence of the a,b-unsaturated carbonyl moiety can be used
for rapidly increasing the stereochemical and structural
complexity of adducts 3 by means of an organocascade
reaction.[17] We explored the potential of amine D to activate
cyclic dienones 1 toward a cascade reaction involving both 1,6
and 1,4 additions of thiols. The cascade reaction was success-
fully implemented by using a large excess of thiol 2 b and
a relatively long reaction time (Table 3), thus providing
adducts 4 with moderate diastereoselectivity but with high
ee value. X-ray crystallographic analysis of suitable crystals of
compound 4a established the stereochemical outcome of the
cascade reaction.[16]

In summary, we have discovered that the LUMO-low-
ering activating effect can be transmitted through the
conjugated p system of 2,4-dienones upon selective conden-
sation with a cinchona primary amine catalyst. The resulting

Table 3: Cascade reactions involving sequential 1,6 and 1,4-addition
reactions.[a]

Entry R 4 Yield [%][b] d.r.[c] ee [%][d]

1 Ph a 50 4:1 97
2 4-MeC6H4 b 45 4:1 97
3 3-ClC6H4 c 54 3.5:1 95
4 4-BrC6H4 d 50 4:1 95
5 4-FC6H4 e 48 5:1 97

[a] Reactions performed on a 0.1 mmol scale using 12 equiv of (4-
methoxyphenyl)methanethiol (2b). [b] Yield of isolated product 4. The
yields are partially affected by a difficult separation of adducts 4 from the
1,6-addition adducts 3, which were generally formed in approximately
15% yield. [c] Determined by 1H NMR analysis and confirmed by HPLC
analysis. [d] The ee value refers to the major diastereoisomer of 4 and
was determined HPLC analysis using a chiral stationary phase.

Table 2: Generality of the 1,6-addition reactions.[a]

Entry R1 n R2 R3 3 Yield [%][b] ee [%][c]

1[d] Ph 1 Me Ph 3a 68 86
2 Ph 1 H Ph 3b 66 91
3[e] Ph 1 H Ph 3b 56 89[e]

4 4-NO2C6H4 1 H Ph 3c 63 91
5 4-MeOC6H4 1 H Ph 3d 65 88
6 4-MeC6H4 1 H Ph 3e 70 91
7 4-BrC6H4 1 H Ph 3 f 58 91
8 4-FC6H4 1 H Ph 3g 56 87
9 4-ClC6H4 1 H Ph 3h 63 92
10 3-ClC6H4 1 H Ph 3 i 60 93
11 3-thiophenyl 1 H Ph 3 j 60 87
12[f ] Me 1 H Ph 3k 54 89
13[f ] Me 0 H Ph 3 l 35 55
14 Ph 1 H 4-MeOC6H4 3m 65 93
15 Ph 1 H 4-ClC6H4 3n 62 90
16 Ph 1 H CH=CH2 3o 60 91

[a] Reactions performed on a 0.2 mmol scale. Results represent the
average of two runs per substrate. For all the dienones 1 used, the E/Z
ratio was >95:5. See also Ref. [15]. [b] Yield of the isolated compound 3
after purification by column chromatography on silica gel. The yields are
partially affected by a difficulty in separating the product from the
starting material, dienone 1 in the case when reactions did not reach
completion, and/or by the presence of products, 4, derived from the
competing reaction that involves sequential 1,6 and 1,4-addition
reactions, products, which were sometimes formed in a low amounts
(generally approximately 15% yield, see the Supporting Information for
details). Products derived from a selective 1,4-addition reaction were not
detected. [c] Determined by HPLC analysis using a chiral stationary
phase. [d] 20 mol% of D and 30 mol% of F was used; reaction time:
60 h. [e] The use of pseudoenantiomeric quinidine-derived catalyst in
combination with N-Boc l-valine (l-F) gave the other enantiomer of 3b.
[f ] Toluene was used as the reaction solvent.
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vinylogous iminium ion activation was used to develop a rare
example of asymmetric organocatalytic 1,6-addition proceed-
ing with high stereocontrol and good selectivity. We believe
this reactivity will rapidly find application in the design of
other asymmetric d functionalizations of unmodified carbon-
yl compounds and the implementation of more sophisticated
cascade sequences.
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