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ABSTRACT: A highly enantioselective organocatalytic [2,3]-rearrangement of oxindole derivatives is presented. The reaction
was catalyzed by squaramide, and this provides access to 3-hydroxy 3-substituted oxindoles in high enantiomeric purities.

An asymmetric [2,3]-sigmatropic rearrangement is an
efficient tool for the creation of C—C or C—heteroatom
bonds and the insertion of stereocomplexity into organic
compounds. The rearrangement of allylic or propargylic ethers
is called a Wittig rearrangement’ (Scheme 1A), and it has been

Scheme 1. Wittig [2,3]-Rearrangement
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applied as a key step for the total synthesis of various natural
products.” An anionic Wittig rearrangement involves the
formation of an a-oxycarbanion, followed by a 2,3 allylic shift.”
The anion formation is the promoter of the reaction. The use of
strong Brensted bases, such as BuLi or tBuLi, with chiral ligands
is the most common strateng for acquiring asymmetric products
in a [2,3])-rearrangement.”" In addition, boron enolates have
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been used to achieve the goal.’ Approaches based on chiral
auxiliaries have also been used. In all cases the oxyanion is
obtained via enolization. However, the above-mentioned
methods require a stoichiometric amount of a chiral ligand or
chiral starting material and are very moisture sensitive, which has
made scientists turn their attention to more efficient catalytic
systems. This century has witnessed remarkable achievements in
asymmetric organocatalysis, which has become a powerful
methodology in organic synthesis.” In addition to the
experimental simplicity (mild conditions; no need for an inert
atmosphere or anhydrous conditions), organocatalytic reactions
provide a wide range of activation types via covalent or
noncovalent interactions. Bifunctional catalysts derived from
Cinchona alkaloids simultaneously activate both the electro- and
nucleophilic counterparts of the reaction, allowing for the
implementation of various reactions.” To the best of our
knowledge, only two examples of an asymmetric organocatalytic
Wittig [2,3]-rearrangement have been published so far. In 2006,
Gaunt et al. described an aminocatalytic Wittig rearrangement of
a-allyloxy substituted ketones in the presence of a proline
derivative (Scheme 1B).” The authors demonstrated the
asymmetric reaction with moderate yield and selectivity for
only one substrate, which makes the field relatively unexplored.
Very recently, Denmark described a [2,3]-sigmatropic rearrange-
ment under phase-transfer catalysis conditions (Scheme 1C)."°
However, the highest enantioselectivity obtained was moderate
(ee 54%).

We previously demonstrated that 3-halogen substituted
oxindoles can be easily and eficiently activated as nucleophiles
via hydrogen bonds for various asymmetric organocatalytic
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transformations.'’ We assumed that a similar activation of 3-
substituted oxindoles could act as a trigger for the following
Wittig rearrangement. Indeed, it was found that 3-cinnamyl-
oxyoxindoles 1 afforded rearranged products in the presence of
various H-bonding catalysts. Herein, we represent our results of
the first hydrogen bond mediated asymmetric organocatalytic
Wittig [2,3]-rearrangement (Scheme 1D). The obtained chiral 3-
substituted 3-hydroxyoxindoles 2 and 3 are of great importance
because they can be used as building blocks for the synthesis of
biologically active compounds and natural products.'”

Of the various chiral H-bonding catalysts screened (Cinchona
alkaloids, Cinchona alkaloid derived thioureas and squaramides)
the most efficient catalyst for the H-bond mediated Wittig [2,3]-
rearrangement was squaramide I. According to our solvent and
conditions optimization studies the reaction was performed in
1,2-dichloroethane at 60 °C (Scheme 1D) (see Supporting
Information for the optimization details).

With optimal conditions in hand, the influence of various N-
protecting groups of oxindoles was investigated (Table 1). In the
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“Reaction condltlons 0.1 mmol scale, 20 mol % of cat. I, DCE (0.5
mL), 60 °C. "Overall isolated yield of the separated dlasteremsomers
“Determined by "H NMR analysis of the crude mixture. “Determined
by chiral HPLC analysis of the 1solated products. “Determined by RP
HPLC analysis of the crude mixture. “Reaction in 1.0 mmol scale.

model reaction with N-benzyl protected 3-cinnamyloxyoxindole
la, products were isolated in high yields and enantiomeric
purities of both diastereoisomers (Table 1, entry 1). From the
synthetic point of view, the use of unprotected NH-oxindole is
preferred.”” However, 3-cinnamyloxyoxindole 1b reacted slowly
and enantioselectivity decreased considerably for the major
isomer (Table 1, entry 2). Protecting 3-cinnamyloxyoxindole
with either a methyl or isopropyl group also did not increase the
reaction rate and selectivity (Table 1, entries 3 and 4). As benzyl
remained the best protective group in terms of reactivity and
selectivity, we decided to slightly modify it with an additional
methyl group in the para-position of the phenyl ring for more
convenient determination of the conversion and diastereoiso-
meric ratio by "H NMR analysis of the crude mixture (Table 1,
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entry S). Although the diastereoselectivity of the reaction was
rather moderate, the formed diastereoisomers were separable by
column chromatography on silica gel. This may be an advantage
in terms of biological studies, as enantiomerically enriched
diastereoisomers may have different activities.

The effect of various substituents in the aromatic ring of
oxindole was studied. The obtained results are summarized in
Table 2 (entries 2—10). The substitution with a halogen atom or

Table 2. Scope of the Reaction”
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7 24h
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“Reaction COI‘ldlthI‘lS 0.1 mmol scale, 20 mol % of cat. I, DCE (0.5
mL), 60 °C. YOverall isolated yield of the separated dlasteremsomers
“Determined by 'H NMR analysis of the crude mixture. “Determined
by chiral HPLC analy51s of the isolated products. “Reaction was
finished after 5 h. “Reaction was finished after 48 h. $Reaction was
finished after stirring at rt for 48 h.

electron-donating methoxy group at the fifth and seventh
positions resulted in a slight decrease in diastereoselectivity while
the overall yield and enantioselectivity remained very high
compared to the unsubstituted 3-cinnamyloxyoxindole le
(Table 2, entries 2—7). When the aromatic ring of the oxindole
was substituted with a strongly electronegative trifluoromethoxy
group, reversed diastereoselectivity was observed (Table 2, entry
8). However, the diastereoselectivity remained low. Although
substitution with the electron-withdrawing nitro group at
position 7 did not remarkably affect the yield and selectivity, S-
nitro-substituted products were isolated in slightly lower yield
and enantiomeric purity of the major diastereoisomer (Table 2,

DOI: 10.1021/acs.orglett.6b00291
Org. Lett. 2016, 18, 1358—1361



Organic Letters

entries 9 and 10). It can be concluded that the electronic effects
of the substituents in oxindole on the selectivity of the reaction
are not substantial.

Next, the influence of substituents at the cinnamyl phenyl ring
was investigated. para- and meta-chloro substituted 3-cinnamy-
loxyoxindole lo and 1p underwent [2,3]-rearrangement
smoothly affording corresponding products in excellent yields
and enantioselectivities (Table 2, entries 11 and 12). In the
reaction with ortho-chloro substituted substrate 1q, full
conversion was observed only after 48 h (Table 2, entry 13).
Moreover, the diastereoselectivity of the reaction was the lowest
in the scope and was reversed, while the enantioselectivity
remained very high. The low reactivity and diastereoselectivity of
3-cinnamyloxyoxindole 1q may be explained by steric hindrance
between the chlorine atom and the catalyst. Substitution with an
electron-donating methoxy group provided products in excellent
yield, and the minor diastereoisomer was isolated in the highest
enantiomeric purity (Table 2, entry 14). A strong electron-
withdrawing group in the para-position caused a dramatic
decrease in the enantioselectivity of the minor diastereoisomer,
while the enantioselectivity of the major diastereoisomer
remained relatively high. Due to the formation of side products
the yield of the reaction was lower than that when using other
compounds (Table 2, entry 15).

The reaction scope was then further broadened with different
aromatic substituents (Table 2, entries 16—18). A [2,3]-
rearrangement with 2-thienyl (1t) and 2-naphtyl (1u) analogs
of cinnamyloxyoxindole proceeded very efliciently under the
same conditions with slightly better diastereoselectivities and
very high enantioselectivities (Table 2, entries 16 and 17). The
formation of unidentified side product was observed in the case
of the analog 1v with an extended double bond sequence. The
reaction resulted in a lower, but still reasonable, isolated yield of
[2,3]-rearranged products 2v and 3v (Table 2, entry 18). Finally,
our study revealed that the scope of the reaction was limited to
trans-3-cinnamyloxyoxindoles and their aromatic analogs. No
reaction was observed under standard conditions when cis-3-
cinnamyl, 3-allyloxy-, or crotyloxyoxindole was used as starting
material. Moreover, an additional substituent at the double bond
almost completely suppressed the [2,3]-rearrangement due to
the sterical hindrance (see Supporting Information for additional
details).

The relative and absolute stereochemistry of Wittig [2,3]-
rearrangement products 20 and 3i were unambiguously assigned
by single crystal X-ray diffraction (Figure 1)."*

The configurations of other compounds in the series were
assigned by analogy. According to the observed geometries of the
products, the following transition states for Wittig [2,3]-
rearrangement of 3-cinnamyloxyoxindole le are proposed
(Figure 2).

It can be assumed that 3-cinnamyloxyoxindole 1 was
deprotonated at the third position and enolized by the tertiary
amine moiety of the catalyst. The formed intermediate was
activated by the multiple hydrogen bond interactions by
squaramide and the protonated amine of the catalyst. The attack
of enolate to the Re-face of the cinnamyl led to the formation of
the unlike diastereoisomer 2, whereas the attack to the Si-face
gave the like diastereoisomer 3. Transition states leading to
different diastereoisomers do not differentiate from each other
substantially causing the low diastereoselectivity of the reaction.
As only aromatic or heteroaromatic allyloxy substrates were
efficient substrates for the rearrangement, it is expected that the
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Figure 1. X-ray structures of [2,3]-rearranged products 20 (major
diastereoisomer) and 3i (minor diastereoisomer).
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Figure 2. Proposed transition state for Wittig [2,3]-rearrangement of 3-
cinnamyloxyoxindole 1e.

m—n attractive interaction played an important role in the
stabilization of the transition state.

In order to further investigate the mechanism of the Wittig
[2,3]-rearrangement of 3-cinnamyloxyoxindole 1k, a kinetic
study was performed (Figure 3). The reaction was carried out in
deuterated chloroform, and crude samples were taken over time.
"H NMR measurements revealed that the ratio between the two
diastereomeric products, 2k and 3k, remained the same (2:1)
throughout the entire reaction. It can be assumed that no
isomerization of the products took place, and the diastereose-
lectivity was defined by the thermodynamic control.

In conclusion, we have developed the first highly selective
asymmetric organocatalytic hydrogen bond mediated Wittig
[2,3]-rearrangement. The rearrangement of 3-cinnamyl-
oxyoxindole 1 was efliciently catalyzed by chiral squaramide I
to provide 3-substituted 3-hydroxyoxindoles 2 and 3 in very high
yields (up to 95%) and enantioselectivities (up to 97%).
Although the diastereoselectivity of the reaction was low (dr
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Figure 3. Kinetic study of Wittig [2,3]-rearrangement of 3-cinnamyl-
oxyoxindole 1k.

up to 2.7:1), the isomers were chromatographically separable.
Both electron-donating and -withdrawing groups were well
tolerated at the aromatic ring of the oxindole and phenyl group in
the allyl chain as well as the aromatic analogs of the cinnamyl
derivative.
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