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ABSTRACT

The direct catalytic asymmetric addition of unmodified carbonyl
compounds to preformed or in situ-generated imines has emerged
as a promising new route to optically enriched o- and -amino
acid derivatives, -lactams, and 1,2- and y-amino alcohols. The
direct catalytic asymmetric Mannich reactions are mediated by
small organometallic and organic amine catalysts that can achieve
levels of selectivity similar to those possible with natural enzymes.
The different small-molecule catalysts described here are comple-
mentary in their applications. They also complement each other
in syn or anti selectivity of the direct asymmetric Mannich reaction.
In this Account, we highlight the recent developments in and
contributions to this research.

Introduction

One of the ultimate goals and challenges in chemistry is
to develop stereoselective transformations for the creation
of functionalized optically active molecules with structural
diversity from simple and easily available starting materi-
als. Hence, during the past two decades, the synthesis of
enantiomerically pure or enriched compounds has emerged
as one of the most important fields in organic synthesis.
Several procedures to generate optically active molecules
are known, and among these, asymmetric catalysis plays
an important role and is a highly active research area.!
The Mannich reaction is a classic method for the
preparation of f-amino carbonyl compounds and there-
fore a very important carbon—carbon bond-forming reac-
tion in organic synthesis. The versatility and potential to
create both functional and structural diversity using this
reaction have long stimulated the creativity of chemists.?
For example, the Mannich reaction has been employed
numerous times successfully as a key step in natural
product synthesis as well as in medicinal chemistry.® The
first asymmetric Mannich reactions were diastereoselec-
tive and involved the addition of preformed enolates and
enamines to preformed imines using stoichiometric
amounts of chiral auxiliaries.* Only recently, the first
successful examples of catalytic asymmetric additions of
enolates to imines were reported by the groups of Koba-
yashi,® Sodeoka,® Lectka,” and Jacobsen.2 However, a
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disadvantage of these stereoselective Mannich reactions
can be the preparation and instability of the preformed
enolates used. The most effective and atom-economic
asymmetric Mannich reaction would be a catalytic process
that involves the same number of equivalents of unmodi-
fied carbonyl donor, amine, and acceptor aldehyde

(eq 1).°
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Recently, direct catalytic asymmetric Mannich-type
reactions were reported. The transformations are catalyzed
by both organometallic complexes and metal-free organic
catalysts. The different catalysts are highly stereoselective
and complementary in their applicability and selectivity.
The direct catalytic Mannich reaction has opened the path
to new routes for the synthesis of a- and -amino acid
derivatives, y-amino alcohols, syn- and anti-1,2-amino
alcohols, and S-lactams. It is apparent that the exploitation
of the direct catalytic asymmetric Mannich-type reaction
has begun and further advances are on the horizon.?
Here, we highlight the recent developments in and
contributions to this research.

Discussion

Organometallic Catalysts. Shibasaki and co-workers have
conducted extensive research on the use of heterobime-
tallic complexes as catalysts for asymmetric synthesis.!
The reactions are catalyzed by heterobimetallic complexes
that function as both a Lewis acid and a Brgnsted base.
Among them, LaListris(binaphthoxide) 1 (LLB) was proven
to be an effective catalyst in direct asymmetric aldol
reactions (Figure 1).*? On the basis of this research,

FIGURE 1. Lalistris(binaphthoxide) catalyst 1 and AlLibis(binaph-
thoxide) (ALB) 2.

Shibasaki et al. disclosed the first report of a direct
catalytic asymmetric Mannich reaction.*®

In their initial one-pot, three-component experiment,
propiophenone, (CH;0),, and pyrrolidine were reacted in
the presence of a catalytic amount of LLB, affording the
corresponding Mannich product with an ee of 64%
(Scheme 1).

* E-mail: acordovala@netscape.net.
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Scheme 1. The First Direct Catalytic Asymmetric Mannich Reaction
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The yield of the Mannich product was only 16%, due
to competing formation of C4;HgNCH,NC4Hg. However, the
chemoselectivity of the Mannich reaction can be signifi-
cantly increased by in situ generation of the iminium ion
using aminomethyl ethers in combination with rare earth
metal triflates and AlLibis(binaphthoxide) (ALB) 2 (Figure
1) as the catalyst (eq 2). The cooperative complex of ALB
2 and La(OTf)3'nH,O catalyzes direct asymmetric Man-
nich-type reactions with good selectivity, providing g-ami-
no aryl ketones in good yields and with 31—44% ee.

o ALB-2 (30 mol %) 0
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Cols Ve 65-76% yield
4-MeOCgHs Et 81-44% o8
2-Napht
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Recently, Shibasaki et al. reported that the Et,Zn/
linked-BINOL complex 3 is an excellent catalyst for the
direct asymmetric Mannich-type reaction (Figure 2).14

FIGURE 2. (S,S)-Linked BINOL complex 3.

The Et,Zn/linked-BINOL complex 3 was investigated
as a catalyst due to its high selectivity in direct asymmetric
syn-selective aldol reactions and Michael reactions with
aryl hydroxyketones as the donors.'®> Mannich reactions
between imines with various N-protective groups, hy-
droxyaceto-2-methoxyphenone, and Et,Zn/linked-BINOL
complex 3 revealed that N-diphenylphosphinoyl (Dpp)-
protected imines were the most promising with regard to
stereoselectivity. Thus, N-Dpp-protected imines are em-
ployed as acceptors, and the corresponding Mannich
adducts are isolated in high yield and excellent enantio-
selectivity (eq 3).

High anti-diasteroselectivity is observed for several
aromatic imines. For ortho-substituted aromatic imines,
the two newly formed stereocenters are created with
almost absolute stereocontrol. Aliphatic imines can also
be used as substrates, and the reaction is readily per-
formed on a gram scale with as little as 0.25 mol % of
catalyst loading. Furthermore, the Mannich adducts are
readily transformed to protected o-hydroxy-3-amino acids
in high yield. This is achieved by deprotection of the
N-Dpp group under acidic conditions, followed by car-
bamate formation and Baeyer—Villiger oxidation with
mCPBA without epimerization (Scheme 2).

Scheme 2. Synthesis of Protected a-Hydroxy-f-amino Acids®
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a Reagents and conditions: (i) HCI(aq), THF, room temperature; (ii)
triphosgene, pyridine, CH,Cl,, —78 °C; (iii) mCPBA, CI(CH2).Cl, 60 °C.
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The absolute stereochemistry of the Mannich adducts
was determined by the Mosher method and X-ray analysis.
The analysis revealed that Et,Zn/linked-BINOL complex
3 affords Mannich and aldol adducts with the same
absolute configuration (2R). However, the diastereoselec-
tivity of the amino alcohol derivatives is anti, which is
opposite to the syn-1,2-diol aldol products. Hence, the
electrophiles approach the re face of the Zn-enolate in the
Mannich reactions and the si face in the aldol reactions.
The anti selectivity is due to the bulky Dpp group of the
imine nitrogen, and to avoid steric repulsion, the Man-
nich-type reaction proceeds via the transition state 4
(Figure 3).

o,
Pth\ "0, OMe
o
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PhoPs\H 0 ome

R
Ar R

OH
FIGURE 3. Plausible transition state.

Trost et al. have discovered a novel design of dinuclear
zinc catalysts that can catalyze diasteroselective and
enantioselective direct aldol reactions.!® The dinuclear zinc
catalysts 5a—7a are generated in situ by exposing the
appropriate ligand 5—7 to 2 equiv of diethylzinc in THF
(Scheme 3).
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Scheme 3. Generation of Dinuclear Zn Catalysts 5a—7a
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Recently, Trost and co-workers reported that the di-
nuclear zinc complexes catalyze Mannich reactions with
unmodified aromatic hydroxy ketones as donors with
excellent enantioselectivity.!” Mannich-type reactions be-
tween N-p-methoxyphenyl (PMP)-protected o-ethyl gly-
oxalate and hydroxyacetophenone in the presence of a
catalytic amount of catalyst 5a afford the desired N-PMP-
protected amino acid derivative in 76% yield, with a dr of
7:1 and 95% ee (eq 4).

00'\/@ MeO Ry
N o) Catalyst 5a or 6a \©[NH o
I {5 mol%) -
Etozc)\ H HO\/U\A, _wsdh oo 20/\_/U\Ar @)
THF, -5 °C :
OH
R Ar
H CeHs 76 ->97% yield
Me 4-MeOCqHs 2:1- >200:1 dr
3-MeOCqHs 98 - >99% ee
2-MeOCgHg4
2-furyl

Imines derived from the more sterically demanding
2-methyl-4-methoxyaniline derivatives and ethyl glyoxy-
late provide even higher selectivity. The reaction also
exhibits a significant ligand effect, and when ligand 6 is
used, the yield and diastereoselectivity are further im-
proved. Hence, the biphenyl ligand 6 is used as the
standard ligand for reactions with glyoxylate imines. The
Zn,/linked complex 6a catalyzes Mannich reactions with
more electron-rich aromatic hydroxy ketones, and a single
diastereoisomer is formed with ortho-substituted methoxy
hydroxy ketone as the donor. Furthermore, reaction with
2-hydroxyacetylfuran proceeds smoothly and furnishes
amino alcohols with a new element of diversity. The
dinuclear zinc complex-catalyzed reactions are also highly
enantioselective for acceptor imines derived from aro-
matic aldehydes (eq 5). In this case, f-naphthyl ligand 7

MeO OMe
N ]@ o Catalyst 5a or 7a ©ENH o

(5 mol%)

| MS 4A :
R)\ T Ar T ao  E0LT Y A (5)
' OH
R Ar
CeHs CeHs T1 59:? Z’rweld

4-ClICgHs 4-MeOCgH, 99- > 00% 66
3'MeOCGH4
2—MeOCeH4
2-furyl
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significantly increases the diastereoselectivity of the reac-
tion. The employment of o-methoxyaniline-derived ac-
ceptor imines also dramatically increases the diestereo-
selectivity of the reaction. This is explained by a bidentate
binding model with the ortho-substituted derivative,
where a two-point binding of the imine through the
nitrogen and the methoxy group helps rigidify the dy-
namic nature of the imine—Lewis acid complex, prevent-
ing E/Z isomerization of the carbon—nitrogen double
bond. Importantly, a nearly atom-economic process can
be achieved, using 1.1 equiv of ketone, with no change in
chemoselectivity by addition of “zincaphilic” additives
such as Ph3PS and Ph3;AsO. The -amino alcohol deriva-
tives are valuable synthetic intermediates. For example,
a three-step procedure including Baeyer—Villiger oxidation
and oxidative dearylation provides protected syn-o-hy-
droxy-f-amino acids that are constituents of natural
products, e.g., Taxol (Scheme 4).3d

Scheme 4. Synthesis of syn-o-Hydroxy-#-amino Acids?
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a Reagents and conditions: (i) triphosgene, i-ProNEt; (ii) CAN, H,0O/
CH3CN, 0 °C; (iii) TMSO—OTMS, sulfonamide, SnCl,.

NOE experiments on the oxazolidinone confirmed that
syn-1,2-amino alcohols are formed. This is opposite to the
dinuclear zinc complex-catalyzed direct asymmetric aldol
reaction, where vicinal diols are obtained with an anti
configuration.'® Trost's and Shibasaki's zinc complexes are
complementary in their selectivity and provide new routes
to either syn- or anti-1,2-amino alcohol derivatives, re-
spectively. The dinuclear zinc complex-catalyzed Mannich
reactions can be considered as a regiospecific alternative
to the Sharpless asymmetric aminohydroxylation reaction
(AA) (Scheme 5).18

Scheme 5. Complementary Routes to 1,2-Amino Alcohols
R R

N 0] NH O
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NH O
o  RTY R
OH
o /\)LR Sharpless AA

Jargensen and co-workers have developed direct asym-
metric reactions that are catalyzed by chiral copper(Il)
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bisoxazoline (BOX) complexes.’® On the basis of this
research, they disclosed the first chiral copper(l1)/BOX
complex-catalyzed direct asymmetric Mannich reaction
of activated carbonyl compounds and a-imino esters.?’ A
screen of different C,-symmetric ligands with copper(ll)
as the metal ion revealed that Cu(OTf),/BOX complexes
8 and 9 are catalysts in the reaction between pyruvate and
N-tosyl-protected a-imino ethyl glyoxylate (Figure 4).

G

N Cu Cu -
Ph 1] B
P o, BU (o,

8 9
FIGURE 4. Cu(OTf),/BOX complex 8 and 9.

Different a-carbonyl esters can be used as nucleophiles,
providing functionalized a-amino acid derivatives with
excellent diastereoselectivity and enantioselectivity (eq 6).

Ts

-Ts Catalyst 8 N
N o {5 mol%} NH 1%
)l\ + R\)J\
EtO,C™ "H COEt W EtO,C : COoEt (6)
' R

R
H 70 - 94% yield
Me >10:1dr
Bn 78 - >98% ee
Br

The Mannich adducts are readily transformed to opti-
cally active a-amino-y-lactones via a one-pot diastereo-
selective reduction and lactonization sequence (Scheme
6). The tosyl group can also be removed and exchanged

Scheme 6. Synthesis a-Amino-y-lactones?

Ts, O 0]
NH O
AN (i), (i) TsHNay”No (i), (v) BocHNa” N
Et0,C7 Y “COEt —
R R COt R CO.Et
R 70-90% yield
Ve >98% de
Bn 97-98% ee

a8 Reagents: (i) L-Selectride, THF; (ii) PTSA,; (iii) (Boc),O, DMAP catalyst;
(iv) Mg/MeOH.

with a Boc group via a two-step procedure.

The copper(ll) ion is crucial for the success of this
reaction.? It has the properties necessary to both generate
the enol species in situ and, in combination with the C,-
symmetric ligand, coordinate it as well as the imine in a
bidentate fashion. The reaction proceeds via a cyclohex-
ane-like transition state with the R substituent of the enol
in the less sterically crowded equatorial position, which
is required to obtain the observed diastereoselectivity
(Figure 5).

prho OEt
Me — N
N" 6 _Toet
Me ~C0- f
=N-Cl-
o b| N\
" Ts
Ph
Hoh

FIGURE 5. Plausible transition state.

The chiral Cu(OTf),/BOX complexes 8 and 9 are also
catalysts for the asymmetric Mannich-type additions of
unmodified malonates and f-ketosters to activated N-to-
syl-a-imino esters.?? Reactions with substituted diethyl
malonates in the presence of a catalytic amount of Cu-
(OTf),/BOX complex 8 proceed smoothly at —20 °C, giving
Mannich adducts in good yield with 61—-87% ee (eq 7).

Catalyst 8

{10 mol%}

HFIP (1 Eq.)

or Ts
Et0,C. _COEt '°°N Catalyst 9 HN
\( + | (10 mol%) EtO.C COLEt (7)
R H™ CO,Et 20° R 2
> CHCly, 20 °C COLE

R
H Catalyst 8 73 - 88% yield
Me 61-87% ee
Bn
Et Catalyst9 60 - 99% yield
HB 74 - 94% ee

The addition of the electron-poor alcohol 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) is necessary to improve the
enantioselectivity of the Cu(OTf),/BOX complex 8-cata-
lyzed reactions. Interestingly, there is no improvement of
the stereoselectivity when HFIP is added to the Cu(OTf),/
BOX complex 9-catalyzed reactions (eq 7).

The direct catalytic asymmetric Mannich reaction with
substituted malonates is a new entry to optically active
p-carboxylic ester a-amino acid derivatives. Synthesis of
N-tosyl-protected aspartic acid diethyl ester via decar-
boxylation revealed that both Cu(OTf),/BOX catalysts 8
and 9 provide L-amino acid derivatives, even though the
catalysts have the opposite configurations (Scheme 7).

Scheme 7. Synthesis of Aspartic Acid Derivatives®

Ts JTs
HN HN
O, () E0.C
EIOZC ﬁ)\COQEt 2 \)(S}COZ Et
CO,Et

a Reagents: (i) 0.5 M NaOH (ii) EtOH, H,SO,.

Cu(OTf),/BOX complex-catalyzed Mannich reactions
with substituted 3-ketoesters are especially interesting
since they provide a new entry for the formation of chiral
guaternary carbon centers (eq 8).%

Q Ts As
o /U\(cogtBu N Catelyst 9 O HN
10 moi%,
1 ! oy COLEt L Ry X “CO.Et (8)
2 CHoClz, 1 R\Q COgtBU

Ry Re 55 - 89% yield
e Me dr > 10:1

n (CHg)s P,
Et Allyl 86- 95% ee

i-pr

In particular, the Cu(OTf),/BOX 9-catalyzed Mannich
reactions with f-ketoesters including a tert-butyl ester
group are highly selective, providing amino acid deriva-
tives with a chiral quaternery center with excellent dia-
stereoselectivities and enantioselectivities. In addition,
treatment of the products with TMSOTf, followed by
addition of NaHCOs, affords a convenient approach to
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valuable y-keto-functionalized o-amino acid derivatives
with anti relative configuration (Scheme 8).

Scheme 8. Synthesis of y-Keto-Functionalized a-Amino Acid

Derivatives?
Ts
O HN 0. 0 o) HN'TS
i), (ii
R‘/K:'(LCOzE‘ R/l%cozsz

R\z COtBu Ry

a8 Reagents: (i) 1.5 equiv of TMSOTT; (ii) saturated NaHCOs3.

Metal-Free Organocatalysis. Asymmetric reactions
catalyzed by metal-free organic catalysts have received
increased attention in recent years.?* Interestingly, since
the discovery of amino acid-catalyzed stereoselective
Robinson annulations in the early 1970s, there was no
intensive research on this concept for other C—C bond-
forming reactions for several decades, even though the
reaction is frequently used in the preparation of building
blocks for the total synthesis of natural products.?>% It
was not until almost three decades later that researchers
demonstrated that amino acid derivatives function as
catalysts for direct asymmetric intermolecular C—C bond-
forming reactions.?*

Recently, List and co-workers reported the first direct
organocatalytic asymmetric Mannich reaction.?” The de-
sign and support for such transformations were based on
Kobayshi and co-workers’ report of one-pot, three-
component Mannich reactions and previous research on
proline-catalyzed direct asymmetric aldol reactions.?82°
Hence, they envisioned that a small chiral amine would
be able to form enamines with unmodified ketones and
mediate stereoselective additions to in situ-generated
imines in one pot. In an initial experiment, L-proline
(35 mol %), excess acetone, p-nitrobenzaldehyde, and
p-anisidine were dissolved in DMSO and stirred for 12 h

(eq 9).
OMe

{L)-Proline

)J\ (35 mol%)

(20 Vol%) 1.1eq 1.0eq 50% yield, 94% ee

The reaction was quenched, and after standard workup,
the corresponding Mannich adduct was isolated in 50%
yield with an ee of 96%, together with a 20% vyield of the
aldol adduct. The proline-catalyzed one-pot, three-
component reactions with acetone, p-anisidine, and
aliphatic aldehydes proceed with excellent chemoselec-
tivity, affording Mannich adducts in high yield with 73—
93% ee (eq 10).

The L-proline-catalyzed Mannich reaction also takes
place with other ketones as donors, where aliphatic
ketones provide two regioisomers with good enantiose-
lectivity. The Mannich reaction is regiospecific for oxygen-
substituted ketones, providing one single regioisomer in
good yield with high ee. In particular, the reaction with
hydroxyacetone as the donor provides a new highly
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OMe
e
o] (L)-Proline O HN

)OL (30 mol%) s
R1/u\ ! " H R DMSO R YR (10)
t

R OMe ﬁz
35-96% vyield
up to >19:1 dr

R, Ry R 61-99% ee
Me H 4-NO,CeHs R Re R
Et Me CgHs Me H 4-NO,CgHy
OH 4-BrCHy Et  Me  CeHs
OMe 4-CNCgH,4 OH  4-BrCgH,
(CHz)y 4-ClCgHy OMe 4-CNCgH,
_ZIDNaphtyl (CHz)4 4-CiCgHy
- hTOP 2-Naphtyt
:7;3 L?X i-Prop
BnOCH, ,r.);f *
Ph{CHy), BnOCH,
CHy=CH(CH,), Ph(CH;),

CHQZCH(CHz)Z

chemo-, regio-, diastereo-, and enantioselective entry to

chiral 1,2-amino alcohols (eq 11).
HN

{L)-Proline
{20 mol%} s
omso Ry Y R (11)
" -
H OMe OH
(10 Vol%) 57-92% yield
EE— 3:1-20:1 dr
4-NO,CgH, 61->89% ee
CeHs
4-BrCgH,
4-CNCgH,4
4-MeCGH4
biphenyl
i-Prop
4-MeCeH4

The highest selectivity is observed when aromatic
imines with electron-withdrawing groups are used as
acceptors. The relative and absolute configuration was
determined by X-ray analysis, confirming that syn-1,2-
amino alcohols are formed. The amino alcohol products
can also be converted to Boc-protected oxazolidinones in
three steps (Scheme 9). Baeyer—Villiger oxidation of the

Scheme 9. Synthesis of o-Amino Alcohol Derivatives®

oM
/@/ e o OMe o
o HN . A ) PN

)J\i/\R Y_LR Y_LR
OH o) o}
(iv)
1
NBoc (v) O O NBoc
HO\/\R O/_LR

a Reagents and conditions: (i) CO(OCCls),; (ii) CAN, H,O/CH3sCN,
0 °C; (iii) (Boc),0; (iv) TFPAA; (v) NaBH,, EtOH.

oxalidinones affords acetal products instead of protected
o-hydroxy-$-amino acid esters, which are obtained in
oxidations of aryl hydroxy ketone-derived oxalidinones
(see Schemes 2 and 4). Reduction of the acetals yielded
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Boc-protected 2-amino 1l-alcohols and revealed that L-
proline affords f-amino ketones with S configuration.

Barbas and co-workers later demonstrated that other
amino acid derivatives, in addition to proline, can catalyze
the direct asymmetric Mannich-type reaction with good
enantioselectivity (Figure 6).%°

© i ,
SO, / E»CUZH S CO,l
' N L
¢ NH ® Q NH NH
10

11 L-proline 12

)

FIGURE 6. Organic catalysts 10, 11, and 12.

Their previous catalyst screens of aldol reactions and
Robinson annulations suggested the possibility of chiral
amines being able to catalyze the Mannich reaction as
well.3132 Thus, a catalyst screen of Mannich-type reactions
between N-OMP-protected aldimines and acetone re-
vealed that chiral diamine salt 10, L-proline 11, and 1-5,5-
dimethylthiazolidine-4-carboxylic acid (DMTC) 12 are
catalysts for the Mannich-type reaction, affording Man-
nich adducts in moderate yields with 60—88% ee (eq 12).

OMe MeO
o g W0
(20 mol%)
i N DMSO, rt O HN
+ - : (12)
4R NG

(20 Vol %)
R 32-56% yield
16-88% ee
CgHs
4-AcNHCH,
4-NO,CgH,4
2-Naphtyl
2-ClICgH,

To extend the Mannich-type reactions to aliphatic
imines, the DMTC 12-catalyzed reactions are performed
as one-pot, three-component procedures. The o-anisidine
component has to be exchanged with p-anisidine for the
one-pot reactions to occur. The DMTC 12-catalyzed one-
pot, three-component direct asymmetric Mannich reac-
tions provide Mannich adducts in moderate yield with
50—86% ee.

Addition of nucleophiles to electrophilic glycine tem-
plates has served as an excellent entry for the synthesis
of a-amino acid derivatives.’*5~7 In particular, imines
derived from a-ethyl glyoxylate are excellent electrophiles
for the stereoselective construction of optically active
molecules.® This research and retrosynthetic analysis led
us to believe that amine-catalyzed asymmetric Mannich-
type additions of unmodified ketones to glyoxylate-derived
imines would be an attractive route for the synthesis of
y-keto-o-amino acid derivatives (eq 13).3*

R\ R
NH O Nl’ o]
R — R R
EtOzc)\HJV 1 EtOZC)\H + ZQK/ 1 (13)
Rz

Initially, an L-proline-catalyzed direct asymmetric Man-
nich reaction with acetone and N-PMP-protected a-ethyl
glyoxylate was examined in different solvents. The Man-
nich-type reaction was effective in all solvents tested, and

the corresponding amino acid derivative was isolated in
excellent yield and enantioselectivity (ee >95%). Direct
asymmetric Mannich-type additions with other ketones
afford Mannich adducts in good yield and excellent regio-,
diastereo-, and enantioselectivities (eq 14).

OMe

MeO.
\©\ L-proline
o] N

(30 mol%) O HN
| DMSO, rt H

R T . 14

Mor . H)\Co?_m Acom,

R

62-85% yield

K’Ae B 2101 o
CrLOH 98->99% ee
OH

OMe

(CH,),CH=CH,

The reaction is regiospecific, and C—C bond formation
exclusively occurred on the most substituted side of the
ketone donor. In contrast, the corresponding Mannich
addition of non-oxygen-substituted ketones to other im-
ines resulted in a mixture of regioisomers.?” The amino
acid derivatives can be further manipulated, and the PMP
group can be exchanged with a Boc protective group via
a one-pot dearylation carbamate-formation procedure
without racemization (Scheme 10).

Scheme 10. Further Synthetic Manipulations of the
N-PMP-Protected y-Keto-o-amino Acid Derivatives?

O HN O NHBoc O  NHBoc
i, ii iii
R1 CozEt —_— R1 COzEt R1 COQH
Ro Ry R»

R R iv, i

1 2 \ H

Me H -0
(CHa)q | o

H NH,*Hol

aReagents: (i) CAN, H,O/CH3CN; (ii) (Boc)20; (iii) LiOH, H,O/dioxane;
(iv) L-Selectride, THF.

The corresponding Boc-protected y-keto-o-amino acid
derivatives are useful building blocks in peptide chemistry
and medicinal chemistry. Determination of the absolute
and relative configuration revealed that L-proline provides
L-amino acids with syn relationship between the alkyl and
amino groups.

The similarity in reaction mechanisms between pro-
line- and 2-deoxyribose-5-phosphate aldolase-catalyzed
direct asymmetric aldol reactions with acetaldehyde made
us postulate that a chiral amine would be able to catalyze
stereoselective C—C bond formation between unmodified
aldehydes and other electrophiles, such as imines.353
Thus, we disclosed the first report of a direct catalytic
asymmetric Mannich reaction with unmodified aldehydes
as nuchleophiles.®” Initially, isovaleraldehyde and N-PMP-
protected a-ethyl glyoxylate were reacted in the presence
of a catalytic amount of L-proline in different solvents
(eq 15).
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MeO, OMe
@ L-proline Q
| S I
H * W7 COLE HJ\_/\COZEt (%)
VAN
85% yield
>10:1 dr
94% ee

The highest enantioselectivity is achieved in dioxane
and THF, affording the corresponding g-formyl-function-
alized amino acid derivative in high yield and stereose-
lectivity. The proline-catalyzed direct asymmetric Mannich-
type reaction with other aldehydes as nucleophiles proceeds
with excellent chemo-, diastereo-, and enantioselectivity
(eq 16).

OMe
MeO Q
0 : N (Lz-gm““le/) O HN
| mol%, B
R Lq hndid
HJ\/ * HTUCOE oo n H)Ki/\COZEt (16)
R R
Me 75-88% vyield
Et 3:1->19:1 dr
Bu 93->99% ee
Pr
n-pent
n-hexyl
n-heptyl
CH,Ph
CHoCH=CH,

CH2CH=CH(CH2)4CH3

The diastereoselectivity of the Mannich reaction in-
creases with enhanced chain length of the donor, and for
aldehydes with more than six carbon atoms, the two
stereocenters are formed with almost absolute stereocon-
trol. The reaction is readily performed on a multigram
scale, and only 2 equiv of aldehyde and 10 mol % of
catalyst were used. Mannich-type additions with unmodi-
fied aldehydes add a new dimension to the direct asym-
metric Mannich reaction, since the aldehyde moiety
allows further chemical manipulations and linkage to
tandem reactions. For example, the s-formyl amino acid
derivatives can be converted to aspartic acid derivatives
and g-lactams in three steps (Scheme 11).

Scheme 11. Asymmetric Synthesis of -Amino Acid and B-Lactam
Derivatives®

OMe OMe

8 84

O HN O HN RH Hcoskt

HMCOQEt U Meo)j\/\COQEt o, j;N(

SR o
R=/Pr

OMe

a Reagents: (i) NaOCl,, KH,PO,4, 2-methyl-2-butene, t-BuOH/H0;
(ii) CH2Ny, Et,0; (iii) LHMDS, THF.

NOESY experiments on the isovaleraldehyde-derived
lactam revealed that L-proline catalyzes the creation of
L-amino acid derivatives with syn relative configuration.
In addition, the proline-catalyzed direct asymmetric Man-
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nich-type reaction has been connected to one-pot tandem
cyanation and allylation reactions in THF and aqueous
media, affording functional o-amino acid derivatives
(Scheme 12).383

L-Proline is not able to catalyze the addition of alde-
hydes to aromatic imines under set stir-and-mix reaction
conditions. However, addition of propionaldehyde with
a syringe pump to a vial containing N-PMP-protected
4-nitrobenzaldimine and a catalytic amount of L-proline
in DMF at 4 °C provides the desired Mannich adduct that
is reduced in situ with excess NaBH, (eq 17).*°4! The
corresponding y-amino alcohol adduct is isolated in 81%
yield, >20:1 dr, and 99% ee.

MeO. OMe
Q 1.L-proline 5 :
0 N (30 mol%) OH HN
)J\/ . DMF 4 <G B (17)
H HJ\@ 2. NaBH,
NO» 0°C NO,
81% vyield
>20:1 dr
99% ee

The direct catalytic asymmetric Mannich-type reactions
with aldehydes and aromatic imines furnish y-amino
alcohol derivatives in high yield with 54 — 99% ee (eq 18).

OMe

1.L-proline
(30 mol%) OH HN
DMF 4 °C K/\ (18)

; R
H™ Ry 2. NaBH, A !
R R 0°C
! 75-88% vyield
Me 4-NO,CgHg, 3:1->20:1 dr
n-pent 4-BrCgH, 55->99% ee
n-hex 4-CIC6H4
4-CNCgHy
4-MGOCGH4
2-BrCGH4
2-Naphtyl

The reaction can be considered as a regiospecific asym-
metric synthesis of 3-amino 1-alcohols. The direct asym-
metric synthesis of y-amino alcohols can also be per-
formed as a one-pot, three-component cross-Mannich
reaction, starting with two unmodified aldehydes and
p-anisidine (eq 19).%

OMe
NH 1.L-proline
o) 2 o] (30 mol%) w
DMF 4 °C : (19)
o R s 7"
- 4 z
0°C
OMe R 75-88%  yield
3:1->20:1 dr
3:@%25464”4 74-99% ee
4-CIC6H4
4-CNCgHy
CBH5
2'BFCGH4
Me
2'BFCSH4
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Scheme 12. (a) One-Pot Tandem Direct Asymmetric Mannich Cyanation and (b) Mannich Allylation Reactions

a

o N

H)JVR .

THF, r.t.,, 16-20 h

H)\COZET 2) Et,AICN

THF-toluene, =78 °C, 3 h

b

o N

HJ\/R s

OMe
1) L-Proline (30 mol%) OH HN
NG TC0,E
R
94- >99%

1) L-Proline (10 mol%)

The corresponding -amino aldehydes are reduced in
situ, and the corresponding amino alcohols are isolated
in good yield with high enantioselectivity. The Mannich
reactions proceed with excellent chemoselectivity, and
imine formation occurs with the acceptor aldehyde at a
faster rate than C—C bond formation. Furthermore, the
cross one-pot, three-component direct asymmetric Man-
nich reaction allows for aliphatic aldehydes to serve as
acceptors. The absolute stereochemistry of the reaction
was determined by synthesis and revealed that L-proline
provides syn-g-amino aldehydes with S stereochemistry
of the amino group (Scheme 13).

Scheme 13. Deprotection and Confirmation of the Absolute
Stereochemistry by Synthesis
iy
mol%,
OMF  oMHN-R AL Q PP
14-15h, 4 °C : > .
H)H e ‘—MeO)YPh
H” ~“Ph 2. NaBH, :
DMF, 0 °C, 10 min =

6 R=PMP
2. CAN, CH,CN,
0°C. 10 min E9R=H

The mechanism of the proline-catalyzed Mannich
reactions is depicted in Scheme 14. Accordingly, the
ketone or aldehyde donor reacts with proline to give an
enamine. Next, the preformed or in situ-generated imine
reacts with the enamine to give, after hydrolysis, the

0._0
Y HeO/THF = 1/3, r.t., 16-20 h W/f OMe
H™ "COEt 2)ln, _~_Br nt 16h R N@
H

94->99%

enantiomerically enriched Mannich adduct, and the cata-
lytic cycle can be repeated.

The stereochemical outcome of the L-proline-catalyzed
direct asymmetric Mannich reactions is explained by an
si-facial attack on the imine that has a trans configuration
by the si face of the enamine, which also has a trans
configuration (Figure 7). The six-membered transition

FIGURE 7. Transition state of the proline-catalyzed direct asym-
metric Mannich reaction.

state is stabilized by hydrogen-bonding between the
nitrogen of the imine and the carboxylic group of proline.
A switch of the facial selectivity is disfavored due to steric
repulsion between the PMP group of the imine and the
pyrrolidine moiety of the enamine. This is opposite to the
similar direct asymmetric aldol reaction, where an re-facial
attack occurs.?8:3135

Scheme 14. Mechanism of the Proline-Catalyzed Direct Asymmetric Mannich Reactions?

N7 *COH

aR' = Me, alkyl, H or CH,F; R = OH, OR, alkyl.

NAr [¢]

H,0
— )J\ +  ArNHg

"R/U\H T 'R H
~C
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On the basis of previous reports of anti-selective
Mannich-type reactions with preformed chiral enamines
or imines,*¢4” we theorized that it would be possible for
a chiral amine to catalyze a similar anti-selective direct
asymmetric Mannich transformation.**? A screen of chiral
amines of the reaction between unmodified aldehydes and
N-PMP-protected a-ethyl glyoxylate revealed that ether-
and ester-functionalized proline-derived secondary amines
are able to mediate the transformation, albeit in lower
yields than proline.*®* The premium catalyst (S)-2-meth-
oxymethylpyrrolidine (SMP) is able to catalyze the direct
asymmetric Mannich reaction with high anti selectivity,
affording o-amino acid derivatives in moderate yield with
74—92% ee (eq 20).

g 8}
o) )N\ SMP O HN

)J\/R | (20 mol%) B
H * W COE pvsom H)H/\COQE'( (20)
R R
iPr 44-78%  yield
Bu 3:1->19:1 dr
Bu 74-92% ee
n-pent
n-hexyl
n-heptyl
CH,CH=CH,

CH20H=CH(CH2)4CH3

Synthesis and NMR analysis confirmed that L-amino
acid derivatives with anti relative configuration are ob-
tained by SMP catalysis. Hence, the re face of the imine
is attacked from the si face of the enamine, in contrast to
the si facial attack of enamines derived form L-proline
(Figure 8).

FIGURE 8. Transition state of the SMP-catalyzed direct asymmetric
Mannich reaction.

In this case, Coulombic interactions between the
pyrrolidine ring and the aromatic moiety of the imine
stabilize the transition state, favoring the re-facial attack.
An si-facial attack of the imine is less favorable due to
the lack of hydrogen-bonding.

Conclusion

This Account focuses on recent advances in small-
molecule-catalyzed direct catalytic asymmetric Mannich
reactions. Mannich reactions with dinuclear Zn complexes
that incorporate a center acting as a Lewis acid, together
with a metal moiety that acts as a Brgnstedt base, are
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described. This cooperative mode of action enables the
use of unmodified donors for stereoselective Mannich-
type reactions. Another important class of catalysts that
mediate the direct asymmetric Mannich reaction are chiral
copper(ll) bisoxazoline complexes. Chiral cyclic five-
membered secondary amines, particularly proline, are
able to catalyze the direct asymmetric Mannich reaction
without the use of metals via an enamine mechanism. In
fact, enamine catalysis enables unmodified aldehydes to
be used as nucleophiles, adding a new chemical diversi-
fication point to the asymmetric Mannich reaction. The
enantioselectivity of these small-molecule-catalyzed C—C
bond-forming reactions can approach and even some-
times match the stereoselectivity of natural enzymes. The
different small-molecule catalysts described here are
complementary in their applications. They also comple-
ment each other in syn or anti selectivity of the direct
asymmetric Mannich reaction. The direct catalytic Man-
nich reactions are new highly stereoselective and eco-
nomic entries for the synthesis of chiral synthons and
amino acid derivatives.

A.C. thanks the Swedish Natural Science Research Council for
financial support.
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