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An Asymmetric Diels—Alder Reaction Catalyzed by Chiral Phosphate
Magnesium Complexes: Highly Enantioselective Synthesis of Chiral

Spirooxindoles™**

Guilong Li, Tao Liang, Lukasz Woijtas, and Jon C. Antilla*

Asymmetric Diels—Alder (D-A) cycloadditions are one of the
most powerful reactions for constructing chiral six-membered
ring structures, which are prevalent in both natural products
and biologically interesting compounds.!! Despite a number
of accomplishments in this area since the first D-A reaction
was discovered in 1928, the development of highly efficient
catalytic asymmetric D-A reactions is a continuous challenge
to organic chemists.!

Recently, Ishihara et al. pioneered the asymmetric catal-
ysis of chiral alkaline-metal phosphates.**! Soon after, our
group and others found that chiral alkaline-earth-metal
phosphates are effective catalysts for several important
organic transformations.”! Chiral alkaline-earth-metal phos-
phates are chemically neutral compounds, unlike many other
catalyst and organocatalysts systems. In addition to their
chemical stability, mild Lewis acidity, and non-toxic charac-
teristics, chiral alkaline-earth-metal phosphates are clearly
promising environmentally friendly catalysts. Therefore, the
exploration of new applications for this catalytic system could
be highly desirable and potentially important, if significant
new reactions are developed that are amenable to selective
catalysis with such complexes.

Chiral spirocylic oxindoles have been of particular
interest to synthetic chemists in the past years, as they are
the core structure of many important natural products and the
spirocyclic oxindoles themselves are pharmaceutically inter-
esting compounds.”! One such compound is Gelsemine
(Scheme 1), which contains a chiral spiro[cyclohexane-1,3'-
oxindoline] as the core structure. There are several elegant
and successful examples for the total synthesis of Gelse-
mine.l” However, efficient methods for synthesizing this kind
of six-membered spirooxindole by a catalytic asymmetric
route are rare. In 1998, Overman etal. developed an
interesting intramolecular asymmetric Heck coupling for
forming this type of spirocyclic structure.”’ Recently, several
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Scheme 1. Direct asymmetric D-A cycloaddition to a core structure of
gelsemine.

excellent methods were reported for the synthesis of six-
membered spirooxindoles by cascade reactions based on
asymmetric organocatalysis. However, those spirooxindole
products exclusively feature 2,6-trans substituted groups.’
We proposed that a direct asymmetric D-A reaction between
oxindole dieneophile 1 and Danishefsky’s type 2 diene
(Scheme 1) could provide rapid access to the 2.,6-cis, six-
membered spirooxindole 3.”! We expected to activate dien-
enophile 1 with chiral phosphate complexes of type P to
introduce high enantioselectivities for this D-A reaction (I,
Figure 1).
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Figure 1. A proposed activation model with chiral alkaline-earth-metal
phosphates. VAPOL = (S)-2,2'-diphenyl-(4-biphenanthrol).

We initiated our study by screening various chiral calcium
phosphate catalysts (5 mol % ) in hexanes for the asymmetric
D-A reaction (ratio of 1a/2a=1:1.2). To our delight, the
reaction smoothly gave the desired adduct 3a in moderate to
good vyields (68-86%; Tablel1, entries1-4); however,
extremely low enantioselectivities were obtained (1-24%
ee). Subsequent evaluation of solvent effects with catalyst P4
improved the ee to 52% when chloroform was used as the
solvent (entry 7). Fortunately, the ee further increased to 76 %
and only a single diastereoisomer was obtained (99:1 d.r.;
entry 8) when we turned our attention to magnesium
phosphate catalyst PS.

We rescreened some common organic solvents with P§
and found that chloroform still gave superior enantioselec-
tivity (Table 1, entries 8-14), whereas several non-polar
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Table 1: Optimization of reaction conditions.

: 2 TBSO

oTBS

HyCO ‘

_P(Bmol%) N
Solvent, RT, t O N (0]
OMe Boc
1a 2a 3a
Entry Catalyst Solvent ¢ Yield [%]2  d.rf e [%]"
1 P1 hexanes 18 h 86 7:1 2
2 P2 hexanes 18 h 68 4:1 1
3 P3 hexanes 18 h 71 4:1 1
4 P4 hexanes 18 h 81 5:1 24
5 P4 toluene 18 h 83 4:1 0
6 P4 CH,Cl, 18 h 99 99:1 4
7 P4 CHCl, 18 h 65 99:1 52
8 P5 CHCl,4 18 h 75 99:1 76
9 P5 toluene 18h 75 4:1 =10
10 P5 CH,Cl, 18h 98 99:1 0
11 P5 hexanes 18 h 73 5:1 —40
12 P5 ccl, 18 h 93 20:1 3
13 P5 THF 18 h 99 3: 13
14 P5 Et,0 3h 94 6:1 —24
15 P6 CHCl,4 18 h 99 2:1 0
16 P5 CHCl, 5 min 99 99:1  —-90
17 P5l hexanes 30 min 99 99:1 96
18 p5t Et,O 10 min 994 99:1 —99

[a] Yield and d.r. were determined by 'H NMR spectroscopy. [b] Deter-
mined by HPLC analysis on a chiral stationary phase. [c] With 4 A MS as
an additive [d] Yield of isolated product.

solvents were found to give moderate ee values, but with
reversed optical rotation (entries 9, 11, and 14). Interestingly,
a control experiment showed that the corresponding phos-
phoric acid P6 afforded only racemic 3a (entry 15). To our
surprise, the activated 4 A molecular sieves (MS) turned out
to be an effective additive for this asymmetric D-A reaction
(entries 16-18). In chloroform, full conversion was observed
within less than 5 min, and the ee increased to 90%
(entry 16).'”) Hexanes with 4 A MS also provided enhanced
stereoselectivity (96 % ee, 99:1 d.r.; entry 17). Eventually, the
best enantioselectivity was obtained when using ether as the
solvent. Up to 99 % ee and a quantitative yield of the desired
cycloaddition product 3a were obtained within 10 min
(entry 18).

A series of experiments was performed to investigate the
substrate scope for the asymmetric D-A reaction under the
optimized reaction conditions. The results are summarized in
Scheme 2. The reactions of oxindoles 1, which bear electron-
donating groups on the phenyl ring, afforded optically pure
D-A cycloaddition products in nearly quantitative yields (95—
99% yields, 99% ee, and 99/1 d.r.; 3a-3d, Scheme 2).
However, when there is an electron-withdrawing group such
as a chlorine substituent on the phenyl ring, the ee
decreased."!! We assume that this is caused by a fast back-
ground reaction, as an electron-withdrawing group could
render the dienenophile more reactive. Therefore, to suppress
this negative effect the catalyst loading was increased to
10 mol %; as a result, the enantioselectivity improved to 98 %
(3f; Scheme 2). Under the same conditions, the reaction of
other substrates with bromine also gave the corresponding
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89 % yield; 98 % ee 85 % yield; 98 % ee 88 % yield; 95 % ee 90 % yield; 99 % ee

Scheme 2. Substrate scope. The d.r. was determined by '"H NMR
analysis of the crude reaction mixture after the removal of ether. Yields
are of isolated products. Enantioselectivity was determined by HPLC
analysis on a chiral stationary phase. [a] Catalyst loading was 5 mol %.
[b] Catalyst loading was 10 mol%. [c] TMS was removed after the D-A
reaction; see the Supporting Information for details.

spirooxindoles with high enantioselectivities (98 % ee, 3g;
99% ee, 3h; Scheme 2). The D-A reaction could also be
scaled up to 1.0 mmol with unchanged enantio- and diaste-
reoselectivity [Eq. (1)].

OTBS
NC
) OMe HiC MeO é
H,C = P5 (5 mol %) 3 CN
o * - (¢] Q)]
N TBSO Et,0, 4 AMS, RT, 40 min N
Boc CH, °°
CHs 3
1d; 1.0 mmol, 0.298 g 2a 3d;0.492¢g

96 % yield; 99 % ee; 99:1d.r.

The chiral P5-catalyzed D-A reaction is quite general.
Both cyano-substituted and the synthetically useful ester-
substituted spirooxindoles were synthesized. As shown in
Scheme 2, high yields and ee values were obtained for chiral
spirooxindoles 31-3k (95-98% ee). Moreover, variation of
the protecting group from tert-butyldimethylsilyl (TBS) to the
smaller trimethylsilyl (TMS) has no effect on the reactivity or
stereoselectivity (31; 99% ee, 99:1 d.r.; Scheme 2). This
asymmetric D-A reaction could be scaled up to 1.0 mmol of
substrate without loss of yield or stereoselectivity [Eq. (1)].
Finally, the absolute configuration of the D-A adduct was
determined to be 1R,2S, and 6R by single crystal X-ray

www.angewandte.de

4727


http://www.angewandte.de

Angewandte

4728

Zuschriften

diffraction of 3g (Scheme 5; for details, see the Supporting
Information).

To obtain insight into the mechanism of the asymmetric
D-A reaction, we prepared oxindole dienenophiles with
different nitrogen protecting groups (la-1p; Scheme 3).

OTBS
NC.
TBSO HaCO
_P5(5mol%) _ oN
Et20 TELO, 4AMS N
RT, ti \
ime R
1a: R = Boc; 1m: R CH3;0CO 3a-o0
1n: R=Cbz;10: R=Bn
OTBS
oTBS oTBS QTBS
H3CO i
HaCO 6 HaCO é HCO
N N O SN
o O N
N N\ \B
3CO Cbz n
3a 3m 3n 30
10 min; 99:1 d.r. 10 min; 99:1 d.r. 10 min; 99:1 d.r. 20 h; 99:1 d.r.

99 % yield; 99 % ee 96 % yield; 80 % ee 95 % yield; 76 % ee 98 % yield; 64 % ee

Scheme 3. Substrate scope with variation of protecting groups. The d.r.
was determined by '"H NMR analysis of the crude reaction mixture.
Yields are of isolated products. Enantioselectivity was determined by
HPLC analysis on a chiral stationary phase. Bn=benzyl, Cbz=carbox-
ybenzyl.

These experiments showed that the protecting group has
a significant effect on this reaction; oxindoles with carbonyl-
based protecting groups resulted in higher ee values than that
of 1o, a substrate with a benzyl group. These results suggest
that the chiral magnesium phosphate catalyst may coordinate
to the amide to induce enantioselectivity. While it is feasible
that the Mg*" would chelate with the carbonyl groups of the
imide, a rigid six-membered-ring transition state would
provide higher stereoselectivities (I, Figure 1).

Molecular sieves (MS) proved to be indispensable for
obtaining high enantioselectivity in the reaction. Therefore, it
is necessary to elucidate their role. Although the exact
mechanism is not clear at this time, it is possible that metal
cation exchange may happen in the presence of MS. If such an
exchange really occurs, we assume that the active catalyst
could be aluminum phosphate, as it is well known that MS
consists of aluminosilicate minerals. However, in absence of
4 A MS, aluminum phosphate P7 produced low yield and
stereoseletivity (31% ee and 7:1 d.r.) in the D-A reaction.
Chiral aluminum phosphate catalyst P7 was also effective in
this reaction in the presence of activated 4 A MS (activated by
flame-drying under vacuum; > 99 % yield, 98 % ee, and > 99:1
d.r.; Scheme 4 a). Whereas, when in the presence of activated
4 A MS, the D-A reaction catalyzed by PS gives quantitative
yield and 99 % ee, when catalyzed by PS5 in the presence of
unactivated 4 A MS, the same reaction proceeded very
sluggishly and afforded a much lower yield and low ee in 3 h
(68% yield, 10% ee, 3.4:1 d.r.; Scheme 4b). In another
experiment, P5 and activated 4 A MS were suspended in
ether with stirring for 10 min, after that the MS were removed
by filtration. The filtrate, containing PS5, was then used to
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N N Et,0, RT, time N o
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P7 without 4 A MS
a) 2h; 7:1dr.
81 % yield; 31 % ee

P7 with activated 4 A MS
30 min; >99:1d.r.
> 99 % yield; 98 % ee

P5 with activated 4 A MS
vs. 10 min; 99:1 d.r.
99 % yield; 99 % ee

P5 with unactivated 4 A MS
b) 3h;3.4:1dr.
68 % yield; 10 % ee

P5 was stirred with activated 4 A MS in Et,O for 10 min,
C) then 4 A MS were filtered off. The filtrate with P5 was used
for the D-A reation; 10 min; 99:1 d.r., 99 % yield, 99 % ee.

Scheme 4. Studies on the function of molecular sieves in the asym-
metric D-A reaction.

D-A reaction Br

_
endo-selective

X-ray structure of (1R, 2S, 6R)-3g

Scheme 5. Proposed transition state for the Mg phosphate catalyzed
asymmetric D-A reaction.

catalyze another D-A reaction; as expected, the same results
were obtained (Scheme 4c). This experiment may indicate
that, once the hydrates from the magnesium complexes are
removed, MS do not need to be present in the reaction.!'?!
Therefore, based on the above facts, it is possible that the
function of MS is to remove water coordinated to magnesium.
The hydrates decrease the Lewis acidity of the magnesium
cations in the Mg phosphate through coordination, and
change the conformation of the Mg" intermediate from
tetrahedral to octahedral.'™ As a result, lower reactivity and
even reversed stereoselectivity were observed.

Based on the above results, a possible transition state can
be proposed for the asymmetric D-A reaction catalyzed by
chiral magnesium phosphate (Scheme 5). In the presence of
Mg" phosphate, the imide group of the oxindole coordinates
with Mg?" to form a tetrahedral intermediate in which the top
face of the C=C bond is blocked by the 9-phenylanthryl
group, while leaving the bottom open for the diene 2 to form
endo adduct 3g. On the other hand, the fert-butoxycarbonyl
(Boc) group holds one of the other 9-phenylanthryl groups in
position by steric hindrance. These facts could explain the
stereoselectivity outcomes of the asymmetric D-A reaction
catalyzed by P5.

In conclusion, we have developed a mild, environmentally
friendly asymmetric D-A reaction catalyzed by a chiral
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magnesium phosphate. This asymmetric D-A reaction pro-
vides direct access to six-membered ring spirooxindoles,
which are found in the core structure of Gelsemine, as well
as other compounds of pharmaceutical interest. A transition
state is also proposed to account for the outcome of the D-A
reaction, as well as the crucial function of the MS additive.
Further studies on the mechanism and the extension of this
method and its synthetic utility are in progress, and will be
reported in due course.

Experimental Section

4 A MS (50 mg) were added to a screw-cap reaction tube and flame
dried in situ. Then substrate 1a (6.8 mg, 0.025 mmol) and catalyst P5
(1.8 mg, 5 mol %) were added, followed by the addition of anhydrous
ether (1 mL). The resulting mixture was stirred at room temperature
for 10 min. Then 2a (7.2 pL, 0.03 mmol) was added via a syringe. The
yellow color of the solution disappeared in about 1-2 min. The
reaction was stirred for 10 min and then the solvent was removed
under vacuum to give the crude product; the d.r. was determined from
this crude mixture by '"H NMR spectroscopy. The crude product was
purified by flash chromatography (hexanes/ethyl acetate =7:1) to
give the pure D-A product 3a (12.0 mg; 99 % yield, 99:1 d.r., 99 % ee).
[a]y=+53.8 (¢=0.565, CHCl;). HPLC analysis: Chiralcel AD-H
(hexanes/iPrOH =98:2, 1.0 mLmin "), £, yyjor 6.6 MiN, 7, yino, 11.0 min.
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