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Asymmetric synthesis through catalysis by nucleophilic
phosphines has advanced rapidly in recent years as a powerful
and versatile tool for the preparation of chiral organic
molecules.!'! Despite the broad scope of reactions that can
be catalyzed by nucleophilic phosphines, asymmetric reac-
tions mediated by chiral phosphines are very limited. In
a general mode of activation, a tertiary phosphine adds to
activated alkenes, allenes, or alkynes to form a zwitterion,
which then gets trapped by a suitable electrophile. The (aza)-
Morita-Baylis-Hillman (MBH) reaction” and various annu-
lations belong to this category. Notably, the 1,3-dipolar nature
of the zwitterions derived from allenes and alkynes, in
combination with a variety of potential 1,3-dipolarophiles,
such as activated alkenes and imines, make annulations highly
divergent and synthetically valuable.®! Kinetic resolution of
alcohols is another phosphine-promoted asymmetric reaction
that has been relatively well studied.”! More recently, MBH
adducts have been intensively investigated as a reaction
partner in the allylic alkylations and cycloadditions.”! On the
other hand, the above-mentioned zwitterion intermediates
can also behave as organic bases for the deprotonation of
pronucleophiles. In fact, employment of such an insitu
generated zwitterion as a base in the Michael addition of 2-
nitropropane to electron-deficient olefins was first reported
by White and Baizer almost four decades ago.”” Recently, the
utilization of Brgnsted basicity of the zwitterionic intermedi-
ates in mechanistically relevant y-additions has drawn much
attention.”! In sharp contrast, very little attention was paid to
the conceptually simple Michael addition; only a few sporadic
examples were reported,’® despite the fact that such trans-
formations are synthetically extremely useful.”’! To the best of
our knowledge, there is no report on an asymmetric Michael
addition mediated by a chiral phosphine (Scheme 1). Herein,
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Scheme 1. Phosphine-catalyzed asymmetric Michael addition.
EWG = electron-withdrawing group.

we document the first highly enantioselective Michael
additions that were mediated by chiral phosphine catalysts
derived from amino acids.

To demonstrate the value of chiral phosphines in promot-
ing asymmetric Michael addition, we chose 3-substituted
oxindoles!'” as pronucleophiles, as the Michael products of
such reactions, 3,3-disubstituted oxindoles, are molecules of
great biological importance.'!! To our delight, the reaction
between oxindole 1a and methyl vinyl ketone (MVK) 2a
proceeded smoothly in the presence of methyl diphenylphos-
phine (10 mol %), and the Michael adduct 3a was obtained
quantitatively within five minutes (Table 1, entry 1). The
reaction was found to be applicable to a wide range of 3-aryl-
and 3-alkyl-substituted oxindoles (Table 1, entries 2-11). The

Table 1: Michael addition of 3-substitued oxindoles to activated alke-
[a]
nes.

R R! EWG
R _/Ofgzo . EWG MePPh; (10 mol%) of ~ | .
XN CHCl3, RT S
Boc I’?\!loc
1 2 3
Entry R', R? EWG (2) 3 t Yield [%]"!
1 CeHs, H COMe 3a 5 min 98
2 4-F-C¢H,, H COMe 3b 5 min 97
3 4-Ph-CeH,, H COMe 3c 5 min 93
4 3-Me-CH,, H COMe 3d  5min 90
5 3,5-Me,-CiH;, H  COMe 3e 5 min 93
6 2-naphthyl, H COMe 3f 5 min 96
7 benzyl, H COMe 3g  12h 98
8 CgHs, 5-Me COMe 3h 5 min 93
9 CHs, 5-F COMe 3i 5 min 92
10 CgHs, 7-Cl COMe 3j 5 min 95
1 CeHs, 5,7-Me, COMe 3k 5 min 94
12 CeHs, H COEt 31 5 min 93
13 CeHs, H COPh 3m 10 min 92
14 CeHs, H CHO 3n 5min 88
159 C4Hs, H CO,Et 30 5h 71
161 CeHs, H CN 3p 12h 63
17 CeHs, H (BocN=NBoc) 3q 6h 85

[a] Reactions were performed with 1 (0.1 mmol), 2 (0.3 mmol), and
MePPh, (0.01 mmol) in CHCl; (1.0 mL). [b] Yields of isolated products.
[c] Reaction was performed with PPh; (0.01 mmol) in CH;CN (1 mL)
under reflux. Boc=tert-butoxycarbonyl.
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catalytic system also worked well for other activated terminal
alkenes, including ethyl vinyl ketone, phenyl vinyl ketone, and
acrolein (Table 1, entries 12-14). It is noteworthy that acry-
late and acrylonitrile, which are substrates with lower
reactivity in Michael addition,"? were also found to be
suitable electrophiles (Table 1, entries 15 and 16). Moreover,
amination of oxindole 3a could be realized with the employ-
ment of di-fert-butyl azodicarboxylate (DBAD; Table 1,
entry 17).

Our next goal was to develop an enantioselective process
for the above reaction. A plausible mechanism for a phos-
phine-mediated Michael addition is illustrated in Scheme 2.
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Scheme 2. Phosphine-mediated Michael addition.

The conjugate addition of phosphine to electron-deficient
alkenes generates zwitterion A, which deprotonates the
incoming nucleophile, resulting in the formation of an ion
pair that consists of the anionic form of the nucleophile (B)
and phosphonium intermediate C. Subsequently, addition of
B to the alkene substrate leads to enolate D, which abstracts
a proton from the nucleophile to afford the final Michael
adduct E and complete the catalytic cycle. In order to develop
an asymmetric version of this reaction, stereochemical control
has to be in place during the addition of B to the activated
alkene. Apparently, efficient chirality transfer from phospho-
nium C to the addition product in the C—C bond-forming step
through ion-pairing interactions is not trivial, which partly
explains why there was no literature precedent on phosphine-
catalyzed asymmetric Michael addition.'¥ We reasoned that
bifunctional phosphines may provide a solution to this long-
standing problem. We hypothesized that employment of
phosphine catalysts that contains an appropriately arranged
hydrogen-bond-donating motif may provide constraint to the
nucleophile—phosphonium ion pair through hydrogen-bond-
ing interaction with the nucleophile, and such a structurally
well-defined ion pair may likely have better stereochemical
interactions with the incoming activated alkene (Scheme 3).
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Scheme 3. Induction of asymmetry in Michael additions through
bifunctional chiral phosphines.
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With such a design principle in mind, we investigated the
Michael addition of 3-phenyl oxindole 1a to MVK 2a
mediated by a chiral phosphine (Table 2). A set of bifunc-
tional phosphines derived from amino acids!'* were selected,
which have been shown previously to be high effective,

Table 2: Asymmetric Michael addition of oxindole Ta to MVK 2a
catalyzed by phosphines derived from amino acids.”
Ph

o)
\)J\ Cat. (10 mol%) Ph__\\\)K

Boc CHCl3 RT o)
1a Ne 3a
Entry Cat. t Yield [%6]"! ee [%]
1 4a 5 min 95 33
2 4b 5 min 94 20
3 4c 5 min 96 5
4 4d 5 min 97 59
5 4e 5 min 93 30
6 5 5 min 93 32
7 6a 5 min 91 55
8 6b 5 min 98 27
9 6c 5 min 95 35
10 6d 5 min 89 7
11 7 5 min 95 5
12 8 5 min 94 19
134 4d 10 min 95 76
140 4d 24h 96 94

[a] Reactions were performed with 1a (0.05 mmol), 2a (0.15 mmol), and
the catalyst (0.005 mmol) in CHCl; (0.75 mL). [b] Yields of isolated
products. [c] Determined by HPLC analysis on a chiral stationary phase.
[d] The reaction was performed at 0°C. [e] The reaction was performed at
—55°C. TBDPS =tert-butyldiphenylsilyl, TBS =tert-butyldimethylsilyl,
TMS =trimethylsilyl, Ts = 4-toluenesulfonyl.

J\‘/\Pth /l\r\Pth /‘\(\Pphz
O

PPh,

NHBoc 4a HN__S HN HN
HN o
S ot
NHTSs F FsC CFs3
4c 4d 4e
OR
oTBS oTBS
th PPh2
o /HAPth /'\‘APth
J{)\ \;/NHBOC \;NHBOC
FsC CFs
5 6a: R =TS, 6b: R -~ TBS

6c: R = TBDPS; 6d: R =

tunable, and versatile in a range of enantioselective organic
transformations."”! We were pleased to discover that valine-
based catalysts were effective, the reactions were completed
in five minutes and some asymmetric induction was achieved
(Table 2, entries 1-5). In particular, phosphine amide 4d,
which bears a 3,5-bistrifluoromethylbenzoyl group, turned
out to be a promising catalyst, furnishing the desired product
with 59% ee (Table 2, entry 4). However, introduction of
a sterically more-hindered threonine corel’® into the catalyst
structure (6a—c) did not lead to further improvement, nor did
the employment of less-hindered alanine-based compound §
or compound 6d, which contains a free hydroxy group
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(Table 2, entries 6-10). The dipeptide backbonel™ also turned
out to be ineffective (Table 2, entries 11-12). Solvent screen-
ing showed that CHCI; was the best reaction medium (see the
Supporting Information for details). When the reaction was
performed at —55 °C, the desired Michael adduct was isolated
in 96 % yield and with 94 % ee (Table 2, entry 14).

The generality of the reaction was next evaluated by
employing various 3-substituted oxindoles (Table 3). Differ-
ent 3-aryl-substituted oxindoles were well tolerated, and high
yields and excellent enantioselectivities were attained
(Table 3, entries 1-7). Moreover, the substituents on the
oxindole core could also be varied, and high yields and ee
values were obtained (Table 3, entries 8-12). The absolute
configurations of the Michael adducts were determined by
comparing the optical rotation of 3a with the reported
value.'"™

Table 3: Michael addition of 3-aryl-substituted oxindoles 1 to 2a.l!
Ar [0}

4d (10 mol%) Ar \)\\

R— I O + _ &
@Ng: S CHCl, -85°C, 240 g7 o
Boc ™ N

1 2a Boc 3
Entry Ar, R 3 Yield [%6]®! ee [%6]
1 CgHs, H 3a 96 94
2 4-F-CgH,, H 3b 93 92
3 4-tBu-CgH,, H 3r 89 95
4 4-Ph-C¢H,, H 3c 93 94
5 3-Me-CgH,, H 3d 91 89
6 4-OMe-CgH,, H 3s 97 94
7 2-naphthyl, H 3f 94 90
8 CeHs, 5-Me 3h 95 95
9 CgHs, 5-F 3i 91 86
10 CgHs, 7-F 3t 94 96
n CgHs, 7-C 3j 90 86
12 C¢Hs, 5,7-Me 3k 90 91

[a] Reactions were performed with 1 (0.05 mmol), 2a (0.15 mmol), and
4d (0.005 mmol) in CHCl; (0.75 mL). [b] Yields of isolated products.
[c] Determined by HPLC analysis on a chiral stationary phase.

3-Alkyl-substituted oxindoles exhibit much lower reac-
tivity than their aryl-substituted counterparts. Furthermore,
stereochemical controls for these two types of substrates may
be quite different. In fact, few catalytic systems can work well
for both aryl- and alkyl-substituted substrates. Given the
efficiency that our catalysts had displayed for 3-aryl-sub-
stitued oxindoles, and high tunability of our catalytic systems,
we decided to search for a solution by fine-tuning the catalyst
structures. For oxindoles with a benzyl-type substituent at the
3-position, a bulkier catalyst 6a with an OTMS group led to
the formation of adducts with excellent enantiomeric excesses
(Table 4, entries 1-3). For linear or branched 3-alkyl-substi-
tuted oxindole substrates, 4d was found to be the best
catalyst, affording the products with good ee values (Table 4,
entries 4 and 5). Moreover, other electron-deficient alkenes,
including ethyl vinyl ketone, phenyl vinyl ketone, and
acrolein, could also be employed, and good results were
attained (Table 4, entries 6-8).
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Table 4: Michael addition of various 3-alkyl-substituted oxindoles 1 to
different alkenes 2.9

R R EWG
Cat. (10 mol%) e
[ T E— @:o
N CHCl3, -55°C N
Boc Boc
1 2 3
Entry  Product Cat. t[h] 3 Yield [%]®  ee [%]
Bn \\\/COMe
1 @f\:o 6a 72 3g 87 90
E‘OC
2 g ~M 62 72 3u 75 39
CLre
Boc
OMe
O COMe
3 U 6a 72 3v 81 9
Lo
N
Boc
4 4d 72 3w 78 79
N
Boc
&\\/COMe
5 o 4d 72 3x 73 83
’gDC
Ph ___COEt
6 @\)S:o ad 24 3l 92 88
goc
Ph ___COPh
7 @:o 6d 24 3m 93 82
EOC
8 g ~C0 62 24 3y 83 7
CLre
N

[a] Reactions were performed with 1 (0.05 mmol), 2 (0.15 mmol), and
the catalyst (0.005 mmol) in CHCI; (0.75 mL). [b] Yields of isolated
products. [c] Determined by HPLC analysis on a chiral stationary phase.

The phosphorus species that were involved in the reaction
were investigated by *'P NMR spectroscopy.'”] Catalyst 4d
showed a resonance at —22.7 ppm. When 4d was mixed with
MVK, a new resonance at 32.7 ppm appeared, suggesting the
presence of a phosphonium enolate."™ We also took *'P NMR
spectra during the reaction progress; two resonances at
—22.7ppm and 32.7 ppm presented in the course of the
reaction. These results suggested that the resting state of the
catalyst is phosphonium ketone C,'”) and there is clearly an
equilibrium between the phosphine catalyst and the phos-
phonium enolate intermediate.

The Brgnsted acid moiety of the chiral phosphines was
conceivably crucial for the asymmetric induction. Accord-
ingly, we prepared the N-methylated phosphine 9 and
compared its catalytic effects with those of catalyst 4d
(Table 5). The presence of the amide NH in 4d was shown
to be crucial for both reactivity and enantioselectivity of the
reaction; in the presence of N-methylated 9, the Michael
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Table 5: Michael additions promoted by different phosphines and the

proposed transition-state model.?!
Ph

@Eg: \)J\ Cat. (10 mol%)
Boc CHCI mo
N

1a 2a Boc 3,
Entry Cat. T t Yield [%6]"! ee [%]1
1 9 —55°C 24 h trace -
2 9 RT 5h 94 13
3 4d RT 5 min 97 59

[a] Reactions were performed with 1a (0.05 mmol), 2a (0.15 mmol), and
the catalyst (0.005 mmol) in CHCI; (0.75 mL). [b] Yields of isolated
products. [c] Determined by HPLC analysis on a chiral stationary phase.

)YPPhZ 1\
N_O
R’ ~
H N Ph
ﬁ ) j
FsC CFs S/facc

9:R=CHs Reface “™ ,/ =
4d:R=H blocked /

proposed transition- state model

addition did not proceed at —55°C (entry 1), and furnished
the addition product with only 13% ee at room temperature
(entry 2). In comparison, 59% ee was attained when 4d was
used as the catalyst under otherwise identical conditions
(Table 5, entry 3). On the basis of these experimental results,
a plausible transition-state model was presented. We propose
that the hydrogen-bonding interaction between the amide
NH and the enolate oxygen atom of the nucleophile facilitates
formation of the nucleophile-phosphonium ion pair,”! and
makes the latter more structurally defined. The presence of
the 3,5-CF;-substituted phenyl ring blocks the Re face and
makes the approach of the incoming electrophile from the
Si face more favorable.

In summary, we have reported the first highly enantiose-
lective Michael addition of oxindoles catalyzed by chiral
phosphines. It is noteworthy that the asymmetry induced by
the nucleophilic bifunctional phosphine in the Michael
addition is unprecedented, and we believe that this novel
mode of asymmetric induction will extend the scope of
phosphine-mediated asymmetric catalysis and open up new
avenues to the design of enantioselective organic processes.
Currently, we are extending the concept demonstrated in this
report to other important organic transformations, and
theoretical studies to fully understand the origin of the
observed enantioselectivity are also in progress.
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