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ABSTRACT

The direct vinylogous aldol reaction ofR-substitutedR,β-unsaturated aldehydes with isatins is described. The chemistry provides easy access to
valuable 3-substituted 3-hydroxyoxindole derivatives with high stereocontrol and perfect γ-site selectivity. Preliminary mechanistic studies
suggest that, depending on the nature of the R-branched enal substituents, two divergent reaction mechanisms can be operating, leading to
different products and stereochemical outcomes.

The aldol reaction is one of the most powerful C�C
bond-forming technologies in the synthetic repertoire.1 Its
synthetic power has been increased recently by its success-
ful marriage to the principle of vinylogy.2 The vinylogous
aldol reaction3 usesR-enolizableR,β-unsaturated carbonyl
substrates as “extended dienolates” to directly construct
densely adorned δ-hydroxylated R,β-unsaturated carbo-
nyls. These functional arrays are common structural mo-
tifs in biologically relevant natural molecules, in particular
within polyketide structures.4 This has provided the im-
petus for developing highly stereoselective, catalytic, viny-
logous aldol reactions,4 their direct application in the total

synthesis of natural products attesting to their utility.5

These methods mainly rely upon indirectMukayama-type
strategies, which require the preformation of stable dieno-
late equivalents.
The direct in situ activation of unmodified carbonyl

substrates has recently been recognized as the ultimate
goal in further expanding the synthetic potential and atom
economy of this chemical transformation. Despite recent
advances in direct addition procedures, only cyclic com-
pounds, i.e. 2(5H)-furanone derivatives, have found appli-
cation in asymmetric catalytic vinylogous aldol processes.6

In contrast, the use of acyclic unsaturated carbonyls is to
date limited to a single strategywhere the direct vinylogous
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aldol reaction is integrated at the beginning of a cascade
sequence, the aldol step being followed by an intramole-
cular oxa-Michael reaction.7 Herein, we describe the suc-
cessful realization of a discrete vinylogous aldol reaction
with an unmodified acyclic unsaturated carbonyl substrate
that is not implementedwithin a cascade sequence.Wehave
found that R-substituted enals 2 directly react with isatins 1
upon in situ activation by a chiral secondary amine catalyst
throughdienamine formation. The chemistry secures direct
access to products 3 with high stereocontrol and perfect
γ-site selectivity. Notably, these are complex scaffolds, in
which two biologically relevant molecular elements are
combined: a δ-hydroxyl-R,γ-dialkyl-R,β-unsaturated unit8

linked to an oxindole framework.9

Our initial investigations focused on the addition of
(E)-2-methylpent-2-enal 2a to N-benzyl protected isatin
1a (Table 1). The choice of the model reaction was moti-
vated by our interest in devising versatile strategies for
stereoselectively accessing 3-substituted 3-hydroxyoxindole
derivatives10 and our previous experienceswith vinylogous
reactivity.11 We have recently established how the cincho-
na-based primary amine catalysts A and B12 can induce
vinylogous nucleophilicity within a substitution reaction
manifold. They can activate R-substituted enals 2 toward
an SN1-type γ-alkylation pathway by means of a transi-
ently generateddienamine intermediate.11a This persuaded
us to test these primary amine catalysts in the aldol
addition reaction. Despite extensive efforts, we have not
succeeded in translating the R-branched enal/cinchona-
based catalyst system to the vinylogous aldol process. The
use of 20 mol % of catalyst A or B led to 3a as the unique
product, but with a poor stereocontrol (entries 1 and 2
in Table 1). The quest for a more stereoselective system
prompted us to undertake an extensive catalyst screening
(details given in Tables S1�S2). This led to an unexpected

observation: the commercially available diphenylprolinol
silyl ether C13 could indeed catalyze the vinylogous aldol
process (entry 3). This stands in contrast to the catalytic
profiles of secondary amines that are generally unable to
efficiently activate sterically hindered carbonyl compounds,
such asR,β-disubstituted enal of type 2a.14 Interestingly, the
bifunctional squaramide-based aminocatalyst E did not
promote the model vinylogous aldol reaction.15

Despite the moderate level of stereoselectivity initially
achieved with catalyst C, we were encouraged by the un-

anticipated power of secondary amine catalysis todirect the

reaction manifold toward a γ-site selective aldolization

through dienamine activation of R-branched enals.16 Ex-

amination of the reaction media revealed that the catalytic

process was greatly influenced by polarity, with solvents

Table 1. Development of the Direct Vinylogous Aldolization of
R-Branched Enals with Isatinsa

entry amine acid solvent

conv

(%)b drb
ee

(%)c

1 A TFA CHCl3 42 6:1 <5

2 B TFA CHCl3 67 2.8:1 42

3 C BA toluene 35 1:1 40

4d E � CH2Cl2 <5 � �
5 C BA EtOH >95 1.2:1 75

6 D BA EtOH >95 1.2:1 83

7e D BA EtOH >95 1.4:1 89

8e D BA MeCN 30 3:1 92

9e D BA MeCN/EtOHf 49 2.7:1 92

10e D CF3-BA MeCN/EtOHf 59 3.2:1 91

11e,g D CF3-BA MeCN/EtOHf 87f 3.2:1 90

aBA: benzoic acid; CF3-BA: 2,6-bis(trifluoromethyl)benzoic acid.
CatalystA andBwere usedwith 2 equiv of TFA, whileC andD required
a 1:1 combination with the acid. Reactions on a 0.05 mmol scale using
2 equiv of 2a. bBoth conversion and dr were determined by 1H NMR
analysis of the crude reaction mixture. cEe value of the major diaster-
eomer, as determined by HPLC analysis. d 1 equiv of N,N-diethylaceta-
mide (DEA)was used to improve the solubility ofE (see ref 15).Reaction
conducted with [1a]0 = 0.25M and adding 2.8 equiv of H2O. eReaction
at 25 �C. fReaction in a 9:1 MeCN/EtOHmixture. g 10 mol % of amine
D and of CF3-BA.Reaction time: 40 h; [1a]0= 2M.Yield value refers to
the isolated compound after chromatography.
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with a high dielectric constant strongly increasing both

reactivity and stereoselectivity (entries 5�8). Gratifyingly,

the stereocontrol was also sensitive to catalyst structural

modifications, the bulkier silyl protective group of catalyst

D leading to a significant improvement (compare entries 5

and 6).17 A second cycle of optimization using catalyst D

established a 9:1 acetonitrile/ethanol mixture as the best

reaction medium, while revealing that the nature of the

acidic additives was also crucial for modulating catalyst

efficiency (entries 9 and10). Theuse of a 1:1 combinationof

amine D (10 mol %) and 2,6-bis(trifluoromethyl) benzoic

acid andamore concentrated reaction system ([1a]0=2M)

provided the product 3a with synthetically useful results

over a 40-h reaction time and at rt (entry 11: 3a isolated in

87% yield, 3.2:1 dr, and 90% ee). These conditions were

selected to evaluate the scopeof the vinylogous aldol process.
As reported in Table 2, different substituents, including

heteroatom-containing moieties, can be accommodated at
the enal γ-position without affecting the site selectivity,
while slightly increasing the enantioselectivity of the viny-
logous aldol process (ee up to 95%, entries 2�4). More
encumbered aliphatic substituents in the R-position are
well-tolerated (entries 5�6). Concerning the scope of isatin

derivatives 1, different substitution patterns were well-toler-
ated, regardless of their electronic properties (entries 7�14).
Although the vinylogous aldolization proceeds with poor to
moderate controlover the relative configuration, it ispossible
to easily isolate, by simple chromatography, the two diaster-
eoisomers upon simple NaBH4 reduction of adducts 3. This
testifies to the synthetic utility of the process. Proof-of-
concept has been provided for the alcohol derivatives ob-
tained from 3a, 3h, and 3j (entries 1, 8, and 10). The absolute
and relative configuration for the major diastereoisomer of
compound 3h was determined by anomalous dispersion
X-ray crystallographic analysis: an (S) absolute configura-
tion at the newly formed γ-stereocenter was inferred.18

We then carried out further explorations to fully deline-
ate the reaction scope. Unexpectedly, the presence of an
aryl substituent at the R-branched enal position led to a
different product distribution. As depicted in Scheme 1a,
reacting (E)-2-phenylpent-2-enal 2b with isatin 1b in to-
luene in the presenceof catalystC gave rise to the formation
of the spirooxindole lactol 4b. Despite themoderate level of
relative stereocontrol (2.3:1 ratio), both diastereoisomers
were formed in enantiomerically pure form and isolated as
a single stereoisomer after chromatography. Simple oxida-
tion of the minor (2S,3R)-4b isomer granted access to the
spirooxindole dihydropyran-2-one 5b (Scheme 1b). X-ray
analyses18 established an (R) absolute configuration at the
γ-stereocenter for both the diastereomeric products 4b, in
contrast with the stereochemistry observed in products 3.
Intrigued by these observations, we carried out preli-

minary mechanistic investigations to understand the
origin of the divergent pathways, which led to different
products and opposite stereochemical outcomes. We used
NMR spectroscopic analyses to gain information on the
conformational behavior of the dienamine intermediate I

(Figure 1a).Whenmixing the aminocatalystCwith enal 2a
or 2b (bearing amethyl or a phenylR-branched substituent,
respectively) in toluene-d8 and in the presence of 4 Å
molecular sieves, the corresponding dienamine intermedi-
ate I was formed (see Figures S1�S10 for details). Inter-
estingly, the nature of the R-branched substituent did not
alter the conformational preference of I, as the s-trans

Table 2. Scope of the Direct Vinylogous Aldolizationa

entry R1 R2 R3 R4 3

yield

(%)b drc
ee

(%)d

1 Me Me H H a 87(47) 3.2:1 90(76)

2 Bn Me H H b 68 2.5:1 95(77)

3 CH2-SMe Me H H c 89 1.6:1 94(70)

4 CH2NHCbz Me H H d 63 3:1 94(74)

5e Bn Bn H H e 65 1.5:1 90(78)

6e Et Et H H f 28f 1.5:1 94

7 Me Me Cl H g 92 1.7:1 86(73)

8 Bn Me Cl H h 69(35) 1.6:1 92(78)

9 Me Me Br H i 68 1.9:1 85(78)

10 Me Me Me H j 76(44) 3.8:1 92(81)

11 Me Me NO2 H k 87 1.5:1 87(75)

12 Me Me CF3O H l 71 2.9:1 89(63)

13 Me Me Me Me m 65 3.9:1 91(77)

14 Me Me H Br n 88 2.4:1 92(71)

aReactions performed on a 0.2mmol scale using 2 equiv of 2.E/Z ratio
of 2: >95:5; no double bond scrambling was observed during the catalytic
reaction. Only the (E)-isomer of the aldol products 3 was detected. bYield
of the isolated product 3 after chromatographic purification on silica gel.
Values between brackets (entries 1, 8, 10) refer to the yield of the isolated
major diastereomer of the alcohols obtained after NaBH4 reduction of
compounds 3. cDeterminedby 1HNMRof the crudemixture. dEevalue of
the major diastereomer, as determined by HPLC analysis. Values between
brackets refer to the ee’s of the minor diastereomers of 3. e20 mol % of
catalyst D was used. fYield of the isolated major diastereomer of 3f.

Scheme 1. ORTEP Drawing at 50% Probability18
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dienaminewith the samegeometry of the twodouble bonds
is the more stable species in both cases. The classical “steric
control approach” generally invoked to rationalize the
stereochemical outcome of a process catalyzed by C13

is consistent with the sense of asymmetric induction ob-
served when using an R-alkyl substituted enal of type 2a

(chemistry reported in Table 2). Indeed, the efficient shield-
ing by the chiral fragment in C determines the selective
engagement of the isatin 1with the Si face of the dienamine
intermediate I (Figure 1a). In contrast, this model, which is
based on the direct addition of isatin from the unshielded
face of I, cannot account for the (R)-absolute configuration
of the γ-stereocenter observed for products 4.
The striking difference in the stereochemistry between

products 3 and 4, in spite of the similar ground state thermo-
dynamic stabilityof the intermediates I, ledus to consider that
a mechanistically distinct pathway may be operative for enal
2b. In analogy with related studies by Jørgensen and collea-
gues on the γ-functionalization of linear enals via dienamine
activation,16 we envisaged a pericyclic [4 þ 2] cycloaddition
pathway. To test this hypothesis, the two different enal
substrates 2a and 2bwere individuallymixedwith the catalyst
Cand thenitrostyrenederivative6, adienophile that canreact
in concerted pericyclic processes catalyzed by amine C.19

While the enal bearing a methyl substituent remained totally
unreacted (Figure 1c), aldehyde 2b led to the fast and
quantitative formation of the Diels�Alder-type product 7
with perfect stereocontrol (Figure 1b).20 After chromato-
graphic purification, the cyclic adduct 7was characterized by
X-ray crystallographic analysis.18

Although an extensive mechanistic investigation is still
needed, some preliminary interpretation is possible. The
initial observations are in agreement with a hetero-Diels�
Alder (HDA) process being operative with enal 2b, bearing
a phenyl R-substituent. A simple rotation around the C�C
single bondof dienamine I16would produce intermediate II,
having the required s-cis geometry to engage in a pericyclic
path (Figure 1d). TheHDAprocess with isatinwould result
in the labile hemiaminal ether intermediate III, which can
easily hydrolyze to the lactol product 4 while releasing the
catalystC. It is to be noted that the stable cyclic adduct 7 in
Figure 1b is not amenable to this hydrolysis event.
The HDA-type reaction of R-aryl substituted enals and

isatinsprovidesdirect access tovaluable spirocyclic oxindole
scaffolds, which are found in a large number of natural and
unnatural compounds.9We therefore explored the synthetic
potential of this catalytic asymmetric approach.As reported
in Table 3, the reactions proceed readily at rt, and quanti-
tative conversion is obtained at convenient reaction times.
Both the diastereoisomers of the spirolactols 4 can be
individually isolated in almost enantiomerically pure form.
This work offers a rare example of a discrete catalytic

and enantioselective vinylogous aldol reaction of an un-
modified acyclic unsaturated carbonyl substrate.
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Figure 1. Mechanistic investigations.

Table 3. HDA-Type Reaction To Access Spiroxindolesa

entry R1 Ar R2 4

yield (%)b

major/minor drc
ee (%)d

major/minor

1 Me Ph H a 45/22 2.2:1 99/99

2 Me Ph Cl b 47/18 2.3:1 99/98

3e Me Ph Me c 63/19 3.0:1 99/98

4e Me Ph NO2 d 45/31 1.3:1 99/97

5e Et Ph H e 36/� 2.2:1 99/�
6e Me 4-Cl-C6H4 H f 69/22 3.2:1 99/98

aReactions performed on a 0.2 mmol scale using 2 equiv of 2. E/Z
ratio of 2: >95:5; no double bond scrambling was observed under the
reaction conditions. bYield of the isolated diastereomerically pure
compounds (2R,3R)-4 and (2S,3R)-4, which can be separated by chro-
matography. cDetermined by 1H NMR analysis. dDetermined by
HPLC analysis. e 20 mol % of C.
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