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ABSTRACT: Catalytic asymmetric Mannich reactions of ﬂ_ y-position-selective reactions of B-ketocarbonyls under catalytic conditions

ketocarbonyl derivatives (such as f-ketoesters and (2-oxopropyl)- O:\S’:O amine-based 3 /:O
phosphonate), resulting in the formation of a C—C bond at the y- M . % IN catalystsystem ~ O° 'NH O O
position of the f-ketocarbonyl derivatives with high enantioselectiv- OR N R2  rtor0°C N > OR
ities, are reported. The bond formation at the a-position of the f- Rt g J R “pIO 800/‘59.1
ketoester was reversible, and the y-position-reacted product d-amino ap 20 ST >
. . . = catalyst other p-ketocarbonyl derivatives
P-ketoester derivative was kinetically formed and was stable. The OMe system positions of bond formation indicated
dynamic kinetic process was key for the direct access to the y- N o o am™wso o
position-reacted products from f-ketocarbonyls under -catalytic with \ \ R-OEt
conditions. NH, (COOH), NEt, OEt
N (Bn0),POOH \ici\s,,o \ )CJ)\)CJ)\)\
~
P-Ketocarbonyl derivatives such as acetoacetates (ie. 3- ketoester§7 have been used to afford the same type of
oxobutanoates) have been used for the synthesis of various products.”~’ Methods that involve the use of dianions or
molecules." Reactions of these f-ketocarbonyl compounds as dienol ether derivatives or decarboxylation usually require
nucleophiles (such as enolates) usually occur at the active severe conditions and/or protection and deprotection steps or
methylene position (i.e., at the a-position)' ™ (Scheme 1a). are not atom-economical.”> There have only been a small
To perform y-position-selective reactions of acetoacetates, the number of reports of catalytic y-position-selective reactions of
formation of dianions, which are generated using two or more unmodified f-ketocarbonyl derivatives,” including catalytic
equivalents of strong base(s), is usually necessary.’ Alter- enantioselective y-position-selective reactions,** and they are
natively, preformed silyl dienol ether and alkyl dienol ether all aldol reactions.” 3-Amino P-ketocarbonyl derivatives are
derivatives,” diketene,® and y-carboxylic-acid-substituted /- also versatile compounds used for the synthesis of d-amino f-
hydroxy acid derivatives, N-heterocycles (such as piperidines,
Scheme 1. Mannich Reactions of f-Ketocarbonyls® pyrrolidines, and lactams), bioactive natural products, and
. related molecules.”*”“”” To provide concise access to highly
(a) commonly performed reactions: . . . . o
reactions of f-ketoesters at the a-position enantiomerically enriched d-amino f-ketocarbonyl derivatives
o o base or oM O o o and to further enable the y-position-selective reactions of f-
MOR Ccatalyst_ [ )\/U\OR _E . MOR ketocarbonyl derivatives, here we report direct catalytic
E asymmetric y-position-selective Mannich reactions of f-
reactions of p-ketoesters at the y-position via formations of dianions ketocarbonyl derivatives that afford d-amino S-ketocarbonyl
0O O S(t;%ngq?ﬁ\f)e OM OM £ 0O o derivatives (Scheme 1b).
MOF{ - MOR - E\)]\/U\OR To catalytically perform y-position-selective reactions of f3-

ketocarbonyl derivatives, a carbanion or its equivalent (i..,

(b) this work: enolate or enamine) must be formed at the y-position of the -

direct catalytic Mannich reactions of B-ketoesters at the y-position

R3 amine-based catalvst R ketocarbonyl derivative under the catalytic conditions. The

U N J'\Jl\ system y NH O 0 major enamine or enolate isomer formed in situ is not re%uired

OR R' “R2 R'Z OR to lead to the major product under catalytic conditions.'” The
other B-ketocarbonyl derivatives used, and the positions of bond
formation indicated by arrows :

nation 1 y arows o o o Received: July 19, 2022 OL oo,
\M \‘)JV'B‘OEt \)J\%S//O \‘)J\/“\)\ Published: September 12, 2022 T T
NEt, \ ~

OEt

“E = electrophiles; for simplicity, changes in charge or protonation are
not shown.
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Table 1. Evaluations of Catalysts for the Reaction of 1a and
2a to Afford 3aa“

o, 0 o, .0 o, O
o O°NH O O O""°'NH O
|l o o catalyst N
+ it OEt
M OEt
2a 3aa 0O~ "OEt
1a 4aa
CF3

|=3c/éjL

S)\NH

@%f%f

<—>‘COOH .COOH

N~
OMe %}\[ (S prolme
A
S) B-proline
time
entry catalyst (equiv) (h) la:3aa:4aa”  3aa er
1 pyrrolidine (0.2), CH;COOH 48 1:92:7 -
(0.2)
29 pyrrolidine (0.2), CH;COOH 12 1:94:5 -
(02)
3 (S)-proline (0.2) 72 0.5:98:1.5 51:49
4 (S)-p-proline (0.2) 40 0.5:98:1.5 51:49
s A(02) 95 46:10:44  48:52
6  B(02) 83 20:5:75 64:36
7 B (0.2), CH,COOH (0.2) 83 <1:22:68 84:16
8 B (02), (COOH), (0.2) 214 2:39:59  97:3
9 C (0.2), (COOH), (0.2) 214 2:67:31 98:2
10 C(0.3), (COOH), (0.3) 190 <1:70:30  99:1
11 C(0.2), (PhCH,0),POOH (0.2) 190 <1:51:49 98:2
12 D (03), (COOH), (0.3) 190 0:66:3¢ 793
13* € (0.3), (COOH), (0.3) S8 <1:>99:<1  94:6

“Conditions: la (0.25 mmol), 2a (0.75 mmol), and catalyst in
cyclohexane (entries 1—6) or toluene (entnes 7—12) (0.5 mL) at
room temperature (25 °C). “Determined by 'H NMR analysis before
purlﬁcatlon “Determined by HPLC analysis after purification.
9Reaction at 50 °C. “Reaction at 40 °C.

minor enamine isomer may result in the formation of the
major product when the transition state involving the minor
enamine isomer is more favored to lead to the product than the
transition state involving the major enamine isomer.'® Thus,
we hypothesized that taking advantage of dynamics in
reactions would enable y-position-selective reactions of f-
ketocarbonyl derivatives. That is, when the enamines or
enolates are reversibly formed at both a- and y-positions, the
bond-forming reaction would selectively occur at the y-position
under appropriate conditions. Alternatively, when the for-
mation of the a-position reaction product is reversible but that
at the y-position is not, the y-position reaction product would
accumulate, resulting in the formation of the y-position
reaction product as the major product. We expected that
appropriate catalysts and conditions would result in such
dynamic processes to lead to the formation of y-position-
selective Mannich products from f-ketocarbonyl derivatives.
First, we evaluated catalysts in the reaction of imine 1'" and
ethyl acetoacetate (2a) to afford y-position reaction product
3aa rather than a-position reaction product 4aa. Selected

6712

results are shown in Table 1 (see also Supporting
Information).

To obtain racemic 3aa in the reaction, we found that
pyrrolidine—acetic acid was a suitable catalyst to afford 3aa in
high yields (Table 1, entries 1 and 2). The reaction at 50 °C
was faster than that at 25 °C (Table 1, entry 2).

Catalyst A was previously used for the reactions of 2a with
isatins to afford highly enantiomerically enriched y-position-
reacted aldol products;8e however, this catalyst was not optimal
for the enantioselective formation of 3aa (Table 1, entry ).

For the asymmetric versions of the reaction, we found that
cinchona-derived amines''*'? (such as amines B, C, and D)
with certain acids catalyzed the reaction to afford y-position
reaction product 3aa with high enantioselectivities (Table 1,
entries 8—13). The catalyst system composed of quinine-
derived amine C and oxalic acid was the best among those
tested with respect to the yield of 3aa and the enantiose-
lectivity (Table 1, entries 9 and 10). During the reactions to
form 3aa, a-position reaction product 4aa was initially formed,
and then y-position reaction product 3aa was accumulated.
Thus, the reaction time was an important factor to obtain y-
position reaction product 3aa in high yields. Whereas the
formation of y-position reaction product 3aa was faster at 40
°C than at 25 °C, the enantioselectivity of the reaction at 25
°C was higher than that at 40 °C (Table 1, entry 10 versus
entry 13).

The major enantiomer of 3aa obtained in the presence of
the amine C and oxalic acid was determined to be S based on
the transformation to a known compound (Supporting
Information). The opposite enantiomer was obtained using
amine D instead of C in the reaction (Table 1, entry 12).

Next, the scope of the enantioselective y-position-selective
Mannich reactions of acetoacetates was examined under the
optimized conditions (i.e., conditions of Table 1, entry 10)
using amine C with oxalic acid as the catalyst in toluene (Table
2). Various p-position-reacted Mannich products 3 were
obtained in highly enantiomerically enriched forms (up to er
>99:1). The constructions of tetrasubstituted carbon centers
were also achieved in the y-position-selective Mannich
reactions.

The mechanisms of the formation of 3 were analyzed. When
the enantiopurity of the formed 3aa was analyzed at various
time points during the reaction of la and 2a catalyzed by
amine C-oxalic acid, it was essentially the same throughout the
time course (Supporting Information).

When a-position reaction product (+)-4aa was treated
under the catalytic conditions with amine C and oxalic acid
used for the enantioselective formation of 3aa from 1a and 2a,
y-position reaction product 3aa was formed with an er of 97:3,
and the formation of imine la and acetoacetate 2a was also
observed (Scheme 2).

When (+)-4aa was treated under the catalytic conditions
with amine C and oxalic acid in the presence of imine Ic,
which was not the one used for the synthesis of 4aa, product
3aa and cross product 3ca were formed, and both 3aa and 3ca
obtained were in highly enantiomerically enriched forms
(Scheme 3a). Further, when (+)-4aa was treated under the
catalytic conditions in the presence of acetoacetate 2d, product
3aa and cross product 3ad were both obtained with high
enantioselectivities (Scheme 3b).

These results indicate that 4aa was decomposed to the
acetoacetate and the imine and that the formed acetoacetate
and the formed imine were involved in the formation of the y-
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Table 2. Scope of the Enantioselective y-Position-Selective Mannich Reactions of Acetoacetates Catalyzed by Amine C and

Oxalic Acid”

Oy ,,o Oy A
, N amine C (0.3 equiv)
(COOH), (0.3 equiv)
d -
Ra OR toluene, rt
2
O\\ //O O o O\\ ,/O O\‘ //O O\\ //O
o SNH 0 oSNH O O SNH o o o%NH 0 o

o}
S OEt
3aa
192 h, 57%, er 98.9:1.1
190 h, 58%, er 98.7:1 3b

58 h 75% er 94:6° 162 h, 70% er 96.3:3.7

o..,0 o\\,/o o o)
o>NH O O

>

OSNHO [0}

160 h, 65%, er97723 *:::er97525 160h 67% er97426

[ON®)

\\ /, \\ 7

’\NH o O

OMe 3fa
130 h, 64%, er 98.7:1.3 162h 60% er >99:1
o. .0 o, 0 Qx /,O

2 >

O""°'NH O O O/S\NH o O

WOMe (j/‘\)‘\)‘\
3ab 3ac

160 h, 66%, er 98:2 160 h, 69%, er 97.9:2.1

0,0 0,0 o, 0
NH O O

7 S

O""°'NH O O O/S‘NH o O OS

cooet . OF

3ka
160 h, 62%, er 86:14

3la
160 h, 59%, er 88:12

“Conditions: 1

162 h, 60% er>97:3

160 h, 59%, er 97.9:2.1

|
160 h, 67%, er 88:12

162 h, 73% er >98:2 170 h, 56% er>99:1
o.,0 o..,0

\\ 2 > )

O""°'NH O O

3ae 3af

135 h, 63%, er 97.3:2.7 173 h, 68%, dr 1:1, er 83:17¢
o, .0 o, .0

S ) > )

O"'NH O O O""'NH O O

OMe o

COOEt

3le
160 h, 55%, er 85:15

3ic
160 h, 58%, er 86:14

(0.5 mmol), 2 (1.5 mmol), amine C (0.15 mmol), and (COOH), (0.15 mmol) in toluene (1.0 mL) at rt (25 °C). “A 10 mmol

scale reaction. “Reaction at 40 °C. “Determined after derivatization (see Supporting Information).

Scheme 2. Treatment of 4aa under the Catalytic Conditions
with Amine C and Oxalic Acid

o\\s,,o neC 0sequy P 0.0
amine .3 equiv Yg” ¥g?
O""'NH OH (cooH), (0.3equiv) O NH O O 0N
TR e P +
= toluene, rt OEt
187 h

O~ "OEt 3aa 1a

(+)-4aa (enol form) 50% (er 97:3)
O O

+ 4aa (keto form)
+
)K/zua\OEt + 4aa (enol form)
3aa:1a:4aa (keto form):4aa (enol form)
=3.5:0.4:2.1:1.0

position reaction products in the presence of amine C and
oxalic acid. The results also indicate that the formation of the
y-position reaction product was not an intramolecular
migration from the a-position reaction product.

The stability of the y-position reaction product 3aa under
the catalytic conditions with amine C and oxalic acid was also
analyzed, and 3aa was unchanged and stable under the
catalytic conditions (Supporting Information).

Thus, in the reaction of 1 and 2 in the presence of amine C
and oxalic acid, a-position reaction product 4 is reversibly
formed, and y-position reaction product 3 is kinetically and
enantioselectively formed. The formation of 3 is likely through
the reaction of an enamine formed in situ at the y-position of
the acetoacetate, although the detailed mechanisms have to be

Scheme 3. Reactions of 4aa under the Catalytic Conditions
with Amine C and Oxalic Acid

(a) 0.0 [ONP )
O’S\NH OH O”S‘N
SPOR ¢
O~ "OEt
(+)-4aa (enol form) 1c
(1.0 equiv) (1.0 equiv)
O\ /O O\\ //O
amine C (0.3 equiv) s _S?

(COOH), (0.3 equiv) NH O O O""°'NH O O

O
toluene, rt OEt OEt
187h 3aa 3ca

er 96:5 3aa + 3ca er97.3:2.7
56% (3aa:3ca = 2:1)

() o, 0
O/S\NH OH

MA

OFEt 2d
()-4aa (enol form) (3.0 equiv)
(1.0 equiv)
(ONp e}
amine C (0.3 equiv) - °s? NH O O O\\S,/O

(COOH)2 (0.3 equiv) O NH O [e)
OEt
tol$§9% rt san o > Ph
3ad

20%, er 97.8:2.2 33%, er 98.5:1.5
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Table 3. Enantioselective y-Position-Selective Mannich
Reactions of Various f-Ketocarbonyl Derivatives”

o, 0 o amine C
_S< Oyt (0.3 equiv)
o] |N or S~N (PhCH,0),POOH
| B-ketocarbonyl  (0.45 equiv)
N Rz /N gt derivative product
R toluene, 0 °C

B-ketocarbonyl derivative:
R~0Et )J\/S\ )J\/U\NEt
5 OEt 6 7 2 8

(o] o, ,0

N’

O/S\NH o o

COOEt _ OEt

9a 9b
72 h, 80%, er 94:6 120 h, 70%, er 95.7:4.3

o\\s”o [oNpe]
oo O’S‘NH 00 o
f R~0Et N
COOMe  OEt ~

9c
120 h, 80%, er 89:11 120 h, 80%, er 99.5:0.5
o, 0 o, 0

No” o

O’S\NH o o O""°NH OH O
WNB? W\
1 12
120 h, 65%,° er 95.6:4.4° 120 h, 70%, er 97.1:2.9

“See Supporting Information for details. YDetermined after
derivatization (see Supporting Information).

Scheme 4. Transformations of the y-Position Reaction
Products

o, 0 o, 0
-1 hi-i¢
ONH O © HCl 0">NH O

OEt EtOH-H,O

3aa

13
er98.7:1.3 60%, er 95.4:4.6

o, 0 [ONye]

NaBH, O 'NH OH O 0" NH OH O
aa —_— + -
er98.7:1.3 MeOH OEt OEt

14a 14b
42%, er 98.1:1.9 42%, er 98.1:1.9

o, ,0 o, ,0
PMPNH, P PMP >g” PMP
NaBH(OAc), O” " 'NH HN (0] (e] NHHN O
3aa — + :
er98.7:1.3 OEt OEt
15a 15b
38%, er 97.2:2.8 38%, er 98.9:1.1
o. .0 PMP = p-methoxyphenyl
o8?
NH
a NaNO Q o Q
er98.7:1.3 OFt
NOH

82%, er 97.6:2.4

HO OH
3aa . CHaSOsH
er98.7:1.3
o, 0 OQNOCHO SNPS)
s oS-
|

3s? NH
O"""NH O 0 KoCO, o
—_— /
R~0Et = N
bet- EtOH,0°C
9a 18
er 937 80%, er 92:8 NO,

determined. The dynamic kinetic process enabled us to afford
highly enantiomerically enriched, y-position reaction product 3

as the main product (see Supporting Information for a
plausible pathway).

The y-position-selective Mannich reactions in the presence
of amine C and acids were able to be expanded to perform on
various f-ketocarbonyl derivatives 5—8 (Table 3). From the
reactions of p-ketophosphonate S, highly enantiomerically
enriched §-amino f-ketophosphonates 9 were obtained.
Similarly, from pJ-ketosulfone 6, B-ketoamide 7, and 1,3-
diketone derivative 8, corresponding Mannich products 10, 11,
and 12, respectively, were obtained with high enantioselectiv-
ities.

To demonstrate the utility of the developed y-position-
selective Mannich reactions of f-ketocarbonyl derivatives, the
products were transformed to further derivatives 13—18
(Scheme 4). For example, §-amino f-hydroxyacid derivative
14 and f,0-diamino acid derivative 15 were obtained from 3aa
while retaining the enantiopurity. Compound 9a was used in a
Horner—Wittig reaction to afford 18, which has a f-amino
enone moiety.

In summary, we have developed direct catalytic enantiose-
lective y-position-selective Mannich reactions of -ketocarbon-
yl derivatives that can be performed under mild conditions. A
dynamic kinetic process was involved in the formation of the y-
position reaction products.
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