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ABSTRACT: A cascade aldol−cyclization reaction between 3-isothiocyanato oxindoles and α-ketophosphonates has been
developed for the synthesis of β-amino-α-hydroxyphosphonate derivatives. Catalyzed by a quinine-based tertiary amino-thiourea
derivative, this reaction delivers 2-thioxooxazolidinyl phosphonates based on a spirooxindole scaffold bearing two contiguous
quaternary stereogenic centers in high yields with excellent diastereo- (up to >20:1 dr) and enantioselectivities (up to >99:1 er).

Phosphonic acids are generally regarded as the structural and
functional analogues of carboxylic acids. As a result, amino

and/or hydroxy-functionalized phosphonic acids and their
derivatives are found to display inhibitory activities toward a
wide range of enzymes such as renin,HIVprotease, thrombin, and
various classes of protein tyrosine kinases and phosphatases.1

Quite predictably, the biological activities of amino- or hydroxy-
phosphonic acids and their derivatives are almost always dictated
by their absolute configuration.2 Therefore, enantioselective
synthesis of such functionalized phosphonic acids and their
derivatives is of general interest.3

Similarly, the oxindole scaffold containing a quaternary
stereocenter at the C3 position is a privileged structural motif
present in many biologically active molecules and natural
products.4 In this respect, spirooxindoles have received special
attention during the past few years.5

Considering the importance of both the above-mentioned
structural features, we were intrigued by the possibility of
combining them in a conformationally rigid chiral scaffold. We
reasoned that highly functionalized phosphonic acid derivatives
based on a spirooxindole framework could be of potential
biological significance, if synthesized in enantiopure form. As part
of our research program on the catalytic enantioselective
synthesis of highly functionalized aminophosphonic acids,6 we
were particularly interested in β-amino-α-hydroxyphosphonic
acids due to their rich biological activities.1,7

Compared to other aminophosphonic acids,3 the catalytic
asymmetric synthesis of β-amino-α-hydroxyphosphonate deriv-
atives remained relatively underdeveloped.8 Palmisano, Sisti and
co-workers developed the first enantioselective synthesis of β-
amino-α-hydroxyphosphonates through catalytic asymmetric
aminohydroxylation of α,β-unsaturated phosphonates (Scheme

1A).9 Enantioselective Henry reaction of α-ketophosphonates
emerged as an alternative strategy due to the work of Zhao et al.10

Very recently, Lassaletta reported a catalytic 1,2-addition of a
methylenehydrazine derivative to α-ketophosphonates for the
enantioselective synthesis of β-amino-α-hydroxyphosphonates.11

However, to the best of our knowledge, the enantioselective
synthesis of β-amino-α-hydroxyphosphonates containing two
adjacent quaternary stereocenters has never been reported. In
fact, β-amino-α-hydroxyphosphonates based on a oxindole
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Scheme 1. Catalytic Enantioselective Synthesis of β-Amino-α-
hydroxyphosphonate Derivatives
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framework remained unknown, even today.12 Herein we disclose
the first catalytic diastereo- and enantioselective synthesis of β-
amino-α-hydroxyphosphonate derivatives based on a spiroox-
indole framework (Scheme 1B). This is also the first
enantioselective synthesis of β-amino-α-hydroxyphosphonates
containing two contiguous quaternary stereocenters.
We envisioned the use of 3-isothiocyanato oxindoles

considering their recent insurgence as a highly reactive ambiphilic
synthon to spirooxindoles.13,14 We surmised that the alkoxide
generated during the diastereo- and enantioselectivity-determin-
ing aldol reaction between 3-isothiocyanato oxindoles and α-
ketophosphonates should be intercepted by the isothiocyanate
moiety to furnish the desired spirooxindoles containing the β-
amino-α-hydroxyphosphonate functionality (Scheme 1B). Bi-
functional tertiary amino-(thio)urea derivatives15 were selected
as the catalyst candidates, considering their precedence in similar
transformations.13,14

Accordingly, we began our investigation by designing a model
reaction between N-benzyl-3-isothiocyanato oxindole 1a and
diethyl acetylphosphonate 2a (Table 1). The near spontaneous

reaction at 25 °C in CH2Cl2 in the absence of any catalyst clearly
confirms the reactive nature of both1a and2a (entry 1). The same
reaction, when conducted in the presence of cinchonidine-
derived bifunctional thiourea I, led to the formation ofβ-amino-α-
hydroxyphosphonic acid derivative 3aa, rather surprisingly, with
good diastereoselectivity and promising enantioselectivity (entry
2). Lowering the reaction temperature offeredbeneficial influence

on both dr and erwithout compromising the reaction rate (entries
3−6). Quinine-derived thiourea II turned out to be a better
catalyst, and at −78 °C, 3aa could be obtained with 15:1 dr and
99:1 er (entry 7). Bifunctional (thio)ureas and squaramide
derived from trans-1,2-diaminocyclohexane (III−V) are equally
active, even though somewhat less enantioselective (entries 8−
10). Halogenated solvents could be avoided as a similar level of
selectivity was obtained when the reaction was conducted in
toluene or 2-MeTHF (entries 11−12). In fact, 3aa was obtained
practically as a single diastereomer in excellent er when the
reaction was carried out in 2-MeTHF at −95 °C with slow
addition of 1a over 30 min (entry 13).
Having optimized the catalyst, the generality of this cascade

reaction was evaluated. As shown in Table 2, we selected two sets
of conditions using 10 mol % of quinine-derived thiourea II:
Under conditions A, the reaction was carried out in 2-MeTHF at
−95 °C with slow addition of 1 over 30 min, while conditions B
include the reaction in toluene at−78 °C with slow addition of 1
over 5 min. The reactions were found to be practically diffusion
controlled under both of these conditions, and complete

Table 1. Catalyst Screening and Reaction Optimizationa

entry cat. solvent temp, °C t, minb drc erd

1 − CH2Cl2 25 5 n.d. −
2 I CH2Cl2 25 5 8:1 92:8
3 I CH2Cl2 −20 5 3:1 95:5
4 I CH2Cl2 −40 5 9:1 95.5:4.5
5 I CH2Cl2 −78 5 10:1 97:3
6 I CH2Cl2 −82 5 15:1 98:2
7 II CH2Cl2 −78 5 15:1 99:1
8 III CH2Cl2 −78 5 >20:1 6.5:93.5
9 IV CH2Cl2 −78 5 5:1 3.5:96.5
10 V CH2Cl2 −78 5 7:1 4:96
11 II toluene −78 5 10:1 99:1
12 II 2-MeTHF −78 5 10:1 98:2
13 II 2-MeTHF −95 30e >20:1 98:2

aReactions were performed using 1.1 equiv of 1a and 1.0 equiv of 2a.
bTime required for complete consumption of 2a. cDiastereomeric
ratio (dr) as determined by 1H NMR analysis of the crude reaction
mixture; n.d. = not determined. dEnantiomeric ratio (er) as
determined by HPLC analysis using a column with a chiral stationary
phase. eThe reaction was conducted with slow addition of 1a over 30
min.

Table 2. Substrate Scopea,b,c,d

aReactions were performed on a 0.05 mmol scale. Conditions A:
reaction in 2-MeTHF (0.1 M) at −95 °C with slow addition of 1 over
30 min. Conditions B: reaction in toluene (0.1 M) at −78 °C with slow
addition of 1 over 5 min. bYields correspond to the isolated yield.
cDiastereomeric ratio (dr) was determined by 1H NMR analysis of the
crude reaction mixture. dEnantiomeric ratio (er) was determined by
HPLC analysis using a chiral stationary phase. eReactions under
conditions A.
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consumption of 2 was observed immediately upon addition of 1.
The optimum catalyst and reaction conditions were found to be
applicable for a broad range of α-ketophosphonates (2), and in all
the cases the productswere obtained inhigh yields (Table 2A−B).
Even though comparable enantioselectivities were observed
under both conditions for aliphatic α-ketophosphonates,
conditions A were found to be more suitable for aromatic α-
ketophosphonates. However, in almost all cases β-amino-α-
hydroxyphosphonate derivatives (3) were obtained as a single
diastereomer with good to excellent er. Similarly, 3-isothiocya-
nato oxindoles (1) with different N-substituents as well as 1,5-
dimethyl derivative were also tolerated and the products were
obtained in high yields as a single diastereomer with outstanding
enantioselectivities (Table 2C). Further scope with respect to
differently substituted 3-isothiocyanato oxindoles could not be
demonstrated because of limited access to such compounds and
their precursors.
X-ray diffraction analysis of the single crystals obtained for 3af

established its relative and absolute configuration (Table 2B).16

The stereochemistry of the remaining products was assigned by
analogy as the same.
A prominent drawback of the use of cinchona alkaloids or their

derivatives as a catalyst is the nonavailability of their respective
enantiomers. As a result, the accessibility of both product
antipodes with equally high enantioselectivities cannot be
guaranteed.17 We were pleased to note that the enantiomeric
products (ent-3) of this cascade reaction could be obtained using
quinidine-derived thiourea (VI) as a single diastereomer in high
yields with equally high enantioselectivities, as exemplified by ent-
3aa and ent-3ah (Scheme 2).

Intrigued by the high reactivity of the substrates and fast
reactions, we decided to test the viability of this protocol at lower
catalyst loading. As detailed in Table 3, the catalyst loading could
be reduced down to 2mol %without affecting the reaction rate or
dr, and the product could still be isolated with high er (entry 3).
Further lowering of the catalyst loading led to considerable loss in
reaction rate and stereoselectivities (entry 4).
The expediency of our protocol was then tested by carrying out

the cascade aldol−cyclization reaction on a 0.5 mmol scale using
only 2 mol % of the catalyst II (Schme 3A). Notwithstanding the
longer reaction time, 3aa was isolated in 80% yield with the same
level of diastereo- and enantioselectivity as observed for small
scale experimentation (Table 3, entry 3).
The products of this reaction can be modified to allow easy

access to differently functionalized spirooxindoles (Scheme 3B).
Thus, methylation of 3aa under mild conditions furnished
spirocyclic 2-methylthio-oxazoline derivative 4 in 93% yield.
Spirooxindole 4 bears structural resemblances to spirobrassinins,
a family of natural products with a broad spectrum of biological

activities.18 Regardless of the popularity of 3-isothiocyanato
oxindoles as an ambiphilic synthon, the corresponding
isocyanates, to our knowledge, have never been used in
enantioselective synthesis. Fortunately, the products can be
oxidized to the corresponding oxo-analogs by treatment with
aqueous hydrogenperoxide under acidic conditions. For example,
oxazolidinyl spirooxindole 6 could be obtained in good yield from
3aa following a three-step sequence. No loss of enantiopurity was
observed during any of these synthetic transformations.
In summary, we have developed a cascade aldol−cyclization

reaction between 3-isothiocyanato oxindoles and α-ketophosph-
onates for the synthesis of spirooxindole-based β-amino-α-
hydroxyphosphonate derivatives. Catalyzed by cinchona alka-
loids-based bifunctional thiourea derivatives, this protocol
delivers 2-thioxooxazolidinyl phosphonates bearing two adjacent
quaternary stereogenic centers, generally in high yields with
excellent diastereo- and enantioselectivities.
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Scheme 2. Synthesis of Enantiomeric Products

Table 3. Reaction with a Lower Catalyst Loadinga

entry x t, minb drc erd

1 10 5 10:1 99:1
2 5 5 10:1 98.5:1.5
3 2 5 10:1 98:2
4 1 20 5:1 77:23

aReactions were performed on a 0.05 mmol scale. bTime required for
complete consumption of 2a. cDiastereomeric ratio (dr) as determined
by 1H NMR analysis of the crude reaction mixture. dEnantiomeric
ratio (er) as determined by HPLC analysis using a column with a
chiral stationary phase.

Scheme 3. (A) Large-Scale Experiment and (B)
Functionalization of the Product
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