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Combination of Chiral Pd—p-Hydroxo Complex with an Amine Salt
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Abstract: A highly enantioselective protonation of enolate inter-
mediates in aza-Michael reaction was achieved by using the combi-
nation of a bifunctional chiral Pd—p-hydroxo complex with
aromatic amine salts. The reaction proceeded smoothly to give the
desired f-amino carbonyl compounds bearing a stereogenic carbon
center at the a-position in good yield with excellent enantioselectiv-
ity (up to 97% ee). Although reactions with salts of electron-defi-
cient amines were slow, the introduction of free amine as an
additive promoted the reaction to a synthetically useful level.
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Enantioselective protonation of enolates has been inten-
sively investigated, because it is a useful method to con-
struct a stereogenic carbon center at the a-position of
carbonyl compounds.! The reaction of preformed metal
enolates, including silyl enol ethers, with a chiral proton
source has been a main focus,? but catalytic generation of
chiral enolates in situ, followed by their enantioselective
protonation, is also an attractive approach.? The conjugate
addition of (pro)nucleophiles to a,B-unsaturated carbonyl
compounds seems to be a closely related reaction. Indeed,
excellent results were achieved in some tandem conjugate
addition—protonation sequences. Such reactions involve
the conjugate addition of sulfur,* phosphorus,* and car-
bon nucleophiles, including aryl boronic acids® and sub-
stituted pyroles.®

As apart of our studies on synthetic methodologies for op-
tically active B-amino acid derivatives,’” which constitute
an important class of chiral building blocks,® we previous-
ly reported a highly enantioselective aza-Michael reac-
tion. We devised a novel strategy that combines chiral Pd—
p-hydroxo complex 1 and trifluoromethanesulfonic acid
salt of aromatic and benzyl amines, and obtained the de-
sired compounds having a stereogenic carbon center con-
nected to a nitrogen atom in a highly enantioselective
manner (Scheme 1).7* Also, several efficient conjugate
addition reactions using hydroxylamine or azide as a ni-
trogen nucleophile were developed by other groups.’

As shown in Scheme 1, the Pd complex 1 acted as a bi-
functional catalyst.'” First, the p-hydroxo complex react-
ed with amine salts as a Brgnsted base, and a catalytically
active Lewis acidic Pd complex 2 was formed with con-
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comitant generation of free amine. Then, the generated 2
activated the substrate 3 to promote conjugate addition of
the free amine. This controlled generation of the nucleo-
philic amine was extremely effective to suppress undes-
ired reactions, such as catalyst deactivation by
coordination of the amine compounds and the uncatalyzed
racemic pathway. Consequently, high chemical yield and
excellent enantioselectivity were achieved even with
highly nucleophilic amines, such as anisidine and benzyl-
amine.
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Scheme 1 Catalytic asymmetric aza-Michael reaction using Pd ca-
talyst 1 and amine salts

Since the putative Pd enolate 5 is generated in a chiral en-
vironment, it is anticipated that the final protonation of §
should also occur stereoselectively. To examine this hy-
pothesis, we planned the reaction of a-substituted acrylate
derivatives under our standard reaction conditions
(Scheme 2). Although tandem protonation reactions initi-
ated by the conjugate addition of nitrogen nucleophiles
are extremely useful to prepare optically active a-substi-
tuted B-amino acids, quite few such reactions are
known.!! Herein we wish to describe the catalytic enantio-
selective protonation of chiral Pd enolates accompanied
with aza-Michael reaction.
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Scheme 2 Enantioselective protonation in aza-Michael reaction

Based on our previous results,’® we initially examined the
reaction of oxazolidinone 6 with anisidine salt 7a in the
presence of 5 mol% of the Pd complex 1 (Scheme 3). Al-
though a promising enantioselectivity was observed, the
reaction was slow and afforded the product 8 in only 20%
yield. When 6 coordinates to the catalyst in a bidentate
fashion, intramolecular steric interactions would occur, so
that the carbonyl group and the olefin of the substrate are
prevented from being co-planar. This may be the main
reason for the low chemical yield in this reaction. There-
fore, we expected that the reaction rate would be increased
if such steric interaction was minimized. Consequently,
we selected N-benzyloxycarbonyl-protected methacryl-
amide 9a as a model substrate.!?
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Scheme 3  An initial attempt using 6 as a substrate

As we had hoped, the reaction of 9a with 7a proceeded
smoothly in THF at room temperature (Table 1, entry 1).
The desired product 10aa was obtained in 80% yield after
basic aqueous workup.!? To our delight, the ee was deter-
mined to be 94% by chiral HPLC analysis. Reaction tem-
perature affected the reaction rate, and the reaction at 0 °C
resulted in low chemical yield even after 12 hours (entry
2). Among the solvents tested, THF was found to be the
best. Less polar solvents such as CH,Cl, and toluene gave
decreased enantioselectivity (entries 3 and 4). In the case
of polar solvents, such as EtOH and DMF, the reactions
did not proceed well (entries 5 and 6). As shown in entry
7, it was possible to reduce the catalyst amount to as little
as 1 mol%. Although the reaction did not go to completion
after 12 hours, results comparable to those in entry 1 were
obtained after 24 hours. Hii and co-workers reported that
the slow addition of anisidine was effective to improve the
enantioselectivity in their reactions.!! In contrast, this was
not necessary in the present reaction. Since our catalytic
system can keep the concentration of the nucleophilic free
amine low during the reaction, high catalytic activity and
stereoselectivity were achieved.
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This reaction was found to be applicable to other a-substi-
tuted substrates (Table 2).!* Ethyl-substituted compound
9b underwent the reaction under the standard conditions,
affording 10ba in 54% yield with 88% ee (entry 1). Fur-
ther optimization revealed that a better chemical yield was
obtained in a mixed solvent system of THF-CPME (1:1;
CPME = cyclopentyl methyl ether; entry 2). The reaction
of bulkier phenyl-substituted compound 9c¢ proceeded
without difficulty to give the corresponding product 10ca
in good yield with excellent enantioselectivity (79%, 93%
ee; entry 3). In addition to 7a, aniline salt 7b was also
available, and the corresponding product 10ab was
formed in 65% yield with 97% ee (entry 4).

Table 1 Optimization of Aza-Michael-Protonation Reaction

Pd cat. 1 PMP
(0} O (5 mol%) NH O O

% )]\ 7a (1.5 equiv) K*HJ\ )k

H OBn solvent (0.5 M), r.t. H OBn

Me Me

9a 10aa
Entry Solvent Time (h) Yield (%) ee (%)
1 THF 8 80 94
24 THF 12 31 93
3 CH,(Cl, 24 79 77
4 toluene 3.5 82 88
5 EtOH 24 18 65
6 DMF 24 n.r. -
7° THF 24 79 94
2Temp: 0 °C.

1 mol% of the Pd complex 1; n.r. = no reaction.

Table 2 Catalytic Enantioselective Protonation in Aza-Michael
Reaction

Pd cat. 1
(5 mol%) Ar\
o O ArNH,-HOTF (7) NH O O
ﬁ)]\ )k (1.5 equiv) H/\k )J\
N OBn N OBn
H THF (0.5 M), rt., 24 h H
R R
9a R=Me 7a Ar=4-MeOCgH4 10
9b R=Et 7b Ar=Ph
9¢c R=Ph
Entry  Acceptor9 Salt7 Product Yield (%) ee (%)
1 9b Ta 10ba 54 88
28 9b 7a 10ba 78 84
3 9¢ Ta 10ca 79 93
4 9a 7b 10ab 65 97

2 Solvent: THF-CPME = 1:1.

Unfortunately, however, aromatic amines substituted with
electron-withdrawing groups, such as CF,; and Br, failed
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to react smoothly. For example, even though the reaction PN

of 9a with amine salt 7c was carried out at higher temper- R P e

ature (40 °C) for a prolonged reaction time (50 h), the ad- activez A2 P2+ 210" A L oot
duct 10ac was obtained in only 11% yield (Table 3, entry N
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due to insufficient nucleophilicity of the parent 4- H

F,CC4H,NH, (11). To address this issue, we next exam- R 14

ined the addition of 11 as an additive with the expectation P NHAr P NHAr

that the first aza-Michael reaction might be accelerated. ( P or ( P

As we had hoped, the chemical yield was improved to P 1‘ P [\'HZAr

55%, as the amount of 11 was increased to 0.5 equivalents 2:;0 21T;o

(entries 2 and 3). But further addition of 11 was not effec-
tive, and the chemical yield was only 20%, when 1 equiv-
alent of 11 was employed (entry 4). Interestingly, the ee
was in the range of 96-97% in these reactions.

Table 3 Reactions in the Presence of Additional Amine

Pd cat. 1 Ar
F.C (5 mol%) AN

8 ArNH, (11) NH O O

9a + _ > . )k
NHyHOTf THF (0.5 M), rt., 24 h H OBn
Me
7c Ar = 4-F3006H4 10ac

Entry  Salt7 (equiv) Amine 11 (equiv) Yield (%) ee (%)
12 1.5 - 11 n.d.
2 1.5 0.25 35 97
3 1.5 0.5 55 96
4 1.5 1.0 20 97
5 3.0 1.0 76 95
6P 1.5 0.5 64 94

4 Conditions: 40 °C, 50 h.
b Concentration: 1 M; n.d. = not determined.

Our original conditions using the combination of the Pd
complex 1 and amine salts were optimized for the reac-
tions with electron-rich amines, such as anisidine, where
the concentration of the free amine must be kept low to
avoid uncatalyzed racemic reaction. However, such a pro-
cess is likely to be negligible in the case of a less nucleo-
philic amine such as 11, and a much higher concentration
of the free amine is required for smooth reaction. Never-
theless, too much free amine would deactivate the catalyst
through the formation of unreactive complexes, such as
12-14, for example (Scheme 4). We considered that these
complexes were responsible for the decrease in the cata-
lyst turnover observed in entry 4 and that a precise balance
between the salt (proton source) and the amine would be
important to keep the Pd complex catalytically active by
decomposing inactive complexes via proton-exchange
reactions. Our reaction requires both the Lewis acidic
complex 2 and a free amine, and the optimum amine/salt
ratio would vary depending on the nature of the amine.

Scheme 4 Critical roles of amine salt

Finally, to improve the chemical yield, we examined the
reaction using twice the amount of the reagents (3 equiv
of 7c¢ and 1 equiv of 11) with their ratio being the same as
in the case of entry 3. In accordance with our speculation,
deactivation of the catalyst was effectively suppressed,
and the desired product was formed in a better chemical
yield with high enantioselectivity (76% yield, 95% ee; en-
try 5). Furthermore, when the concentration of the reac-
tion mixture was increased to 1 M, satisfactory results
were also obtained under the same conditions as shown in
entry 3 (entry 6).

In summary, we have succeeded in developing a tandem
aza-Michael reaction—enantioselective protonation reac-
tion. Our novel strategy using the bifunctional Pd—p-
hydroxo complex and amine salts was the key to success.
The obtained chiral f-amino acid derivatives with a chiral
center at the o-position are expected to be useful in the
field of medicinal chemistry. Because catalytic enantio-
selective aminomethylation, namely classical Mannich
reaction, is still difficult to achieve, the present work pro-
vides an important alternative method.'*!> Further studies
on the scope of the reaction and the reaction mechanism
will be reported in due course.
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