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ABSTRACT: The last two decades have witnessed the
emergence of direct enolization protocols providing atom-
economical and operationally simple methods to use enolates
for stereoselective C—C bond-forming reactions, eliminating
the inherent drawback of the preformation of enolates using
stoichiometric amounts of reagents. In its infancy, direct
enolization relied heavily on the intrinsic acidity of the latent
enolates, and the reaction scope was limited to readily
enolizable ketones and aldehydes. Recent advances in this
field enabled the exploitation of carboxylic acid derivatives for
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direct enolization, offering expeditious access to synthetically versatile chiral building blocks. Despite the growing demand for
enantioenriched fluorine-containing small molecules, a- and S-fluorinated carbonyl compounds have been neglected in direct
enolization chemistry because of the competing and dominating defluorination pathway. Herein we present a comprehensive
study on direct and highly stereoselective Mannich-type reactions of @- and S-fluorine-functionalized 7-azaindoline amides that
rely on a soft Lewis acid/hard Brensted base cooperative catalytic system to guarantee an efficient enolization while suppressing
undesired defluorination. This protocol contributes to provide a series of fluorinated analogs of enantioenriched $-amino acids

for medicinal chemistry.

B INTRODUCTION

Fluorine-containing compounds are of great interest because of
their superior physicochemical properties in material chemistry
and their favorable pharmacokinetic properties in medicinal
chemistry.1 In particular, the bioisosterism and similar van der
Waals radius between fluorine atoms and hydrogen atoms
renders the replacement of hydrogen atoms with fluorine atoms
a common procedure in drug development and allows for
retention of the biological activity, whereas the stronger C—F
bond allows for increased metabolic stability and higher
lipophilicity.” Indeed, more than 20% of small-molecule active
pharmaceutical ingredients (APIs) under clinical development
contain at least one fluorine atom.””* Along with the growing
need for fluorine-containing compounds, chemical manipu-
lations that allow for the introduction of fluorine atoms or
fluorine-containing substituents have become a burgeoning
research area. To this end, a wide variety of electrophilic and
nucleophilic fluorinating (fluoroalkylating) agents have been
disclosed to install fluorine atoms (ﬂuoroalkyl groups) even in a
stereoselective fashion (Scheme 1a).* This approach is essentlal
for the late-stage introduction of '®F atoms.” As a
complementary method for accessing this class of high-value
compounds in an enantioenriched form, the use of readily
available and stable fluorinated pronucleophiles for catalytic
enantioselective C—C bond -forming reactions attracted our
attention (Scheme 1b).° The Mannich reaction is particularly
attractive for this purpose because (1) the p-amino acid
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Scheme 1. Complementary Approaches to High-Value
Fluorine-Containing Compounds
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(b) Starting from readily available F-containing compounds.

architecture of the Mannich product with fluorinated
substituents at the o position serves as a versatile chiral
building block for medicinal chemistry”® and (2) the
complementary approach of enantioselective electrophilic
fluorination and fluoroalkylation commonly utilizes pronucleo-
philes without adjacent amino functionalities (e.g., aldehydes,
ketones, and f-ketoesters).

The catalytic asymmetric Mannich reaction is a widely used
C-C bond -forming reactions to construct a-stereogenic
amines.” The initial trigger of the reaction is the generation
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of an enolate as an active nucleophile that subsequently engages
in an enantioselective addition to imines. Preformed enolates
are often used for reliable stereoselectivity in the C—C bond-
forming step at the expense of stoichiometric coproduction of
reagent-derived waste, thereby decreasing the overall atom
economy of the reaction.'’ To circumvent the undesired use of
stoichiometric amounts of reagents, catalytic enolization and
“direct” use of latent enolates for subsequent C—C bond
formation has been a sustained topic in enolate chemistry' ">
and for green chemistry in general."’ The utility of a latent
enolate in direct-type reactions is highly dependent on its
enolization aptitude, and relatively acidic carbonyl compounds,
e.g, aldehydes and ketones, are widely used."”'” In contrast,
carboxylic acid derivatives, e.g., esters and amides, have been
scarcely explored in direct Mannich-type reactions because of
their reluctant enolization under catalytic conditions.*”'® We
recently demonstrated that 7-azaindoline amide serves as a
privileged amide pronucleophile for the catalytic generation of
active enolate in a soft Lewis acid/hard Brensted base
cooperative catalytic system.”'18 Herein we report a
comprehensive study on the enolate chemistry of fluorinated
7-azaindoline amides in a direct Mannich-type reaction to
furnish fluorinated compounds of high interest for medicinal
chemistry."” The properties of various 7-azaindoline amides in
the absence and presence of a Lewis acid are documented, and
chelating coordination of the amides is considered crucial to
accelerate catalytic enolization and the C—C bond-forming step
with imines.

B RESULTS

An important and unique facet of a-CF; 7-azaindoline
acetamide 1la is the stability of its Cu(I) enolate toward the
P-elimination of fluoride, which is the major concern in the
enolate chemistry of f-fluoro carbonyl compounds. A typical
example is found in aldol reactions using a-CF; carbonyl
compounds as pronucleophiles, where instantaneous defluori-
nation is associated with their Li enolates.”” An elegant study
led by Mikami et al. revealed that the corresponding Ti enolate
is sufficiently stable to engage in a subsequent C—C bond-
forming reaction with an aldehyde.”' This initial finding
stimulated the enolate chemistry of p-fluoro carbonyl
compounds, and the Ti-mediated reactions aided by a chiral
auxiliary provided access to enantioenriched products.”* Later,
boron-mediated selective formation of E- and Z-enolates was
reported,” but there remains room for catalytic generation of
this class of enolates to avoid the use of stoichiometric amounts
of reagents. A rather limited substrate scope is another
drawback of this synthetic method. Furthermore, no catalytic
and asymmetric protocol had been reported until our work on
the Cu(I) complex.

Our previous communication on the direct Mannich-type
reaction reported a unique feature of a-CF; 7-azaindoline
acetamide la that imparted catalytic in situ generation of the
active enolate which realized an overall reaction including a
subsequent enantioselective addition step to imines in a
catalytic manner.'”” The substrate scope of the reaction,
including newly added examples, is shown in Table 1. Through
cooperative activation with [Cu(CH;CN),]PF/(R)-DIPA-
MeO-BIPHEP ((R)-L1) as a chiral soft Lewis acid and
Barton’s base as a Brensted base, Mannich-type reactions of
la and N-carbamoyl imines 2 proceeded at room temperature
to afford Mannich adducts 3 with high diastereo- and
enantioselectivity.”*

Table 1. Direct Catalytic Asymmetric Mannich-Type
Reaction of a-CF; 7-Azaindoline Acetamide la

(o] [Cu(CH3CN)4]PFg X mol% R2NH O
R Ec (R-L1 1.2x mol%
j‘\ . N Barton's base X mol% Rt N
R SH H N THF, 1t, <24 h CFSN -
\ [0.3 M]

2 1a 3 L/

2 equiv 0.1 mmol
O (AL NBu Barton's
MeO PAr2  (R)-DIPA-MeO-BIPHEP

MeO O PAT2  Ar=3,5.(iPr), 4 NMe,CgH, ~ MeN™ NMe; Dase

imine 2 jeld® ee imine 2 jeld® ee
yiel i yi 3

entry s Z (%) syn/anti (%) entry e B (%) syn/anti %)
X X

1 @ 2a 5 3a:94 >20/1 98|11 2k 10 3k 92 >20/1 99
2 =Boc FRZ’BQC
X N

2 2b 5 3b:94 >20/1 98|12 21 10 3L 91 >20/1 99
2=Cbz ol R2 =Boc
A ON N

3 2c 10 3c:93 >20/1 95 |130d © 2m 10 3m:92 5.0/1 89
2=Boc R2=Boc
X ‘ ¢

4 \© 2d 10 3d:96 >20/1 97|14 2n 10 3m:89 58/1 98

TIO'

2=Boc R2=Boc
. o

5 "2e s 3e92 5201 9915 @\20 10 30:94 >20/1 99
R2=Boc ?=Boc

6 /\©sz 10 3f92 >20/1 96|16 o/:ffzp 10 3p: 95 >20/1 98

R~ Boc 17°  Re=Boc2p 075 3p: 93 >20/1 93
MeO. 3 S\«

7 O\Zg 10 3g:90 >20/1 96|18 @\2(1 S 3q:91 >20/1 94
R2=Boc R2=Boc
: X

8 O\ 2h 5 3h:04 >20/1 98[19%¢ O 2 10 377 10/1 96
MeO g R2= Boc

=Dboc

o @i\zi 10 3i:95 28/1 74[20M »™>N2s 10 3s: 81 >20/1 98

R2=Boc
R2=Boc

. . .

10 \©\21 10 3j:86 >20/1 95 [21%" \[\2: 10 3t 84 >20/1 94
R2 =Boc R2=Boc

“Isolated yield of syn-3. ”A total of 1.5 g of la was used. “Yield of
diastereomixture. “At —60 °C. “Run at 2.0 M (1a); 0.4 mmol scale."A
total of S equiv of imine was used. $At 0 °C. hAt =20 °C.

Various meta- or para-substituted aromatic imines were
tolerated with high enantioselectivity, irrespective of the
electronic nature of the substituents (Table 1, entries 3—8
and 10—14); however, imine 2m bearing a meta-NO,
substituent afforded lower stereoselectivity, even though the
reaction was performed at —60 °C (Table 1, entry 13). Ortho-
F-substituted aromatic imine 2i exhibited low diastereoselec-
tivity (Table 1, entry 9), and imines bearing a bulkier ortho-
substituent resulted in lower conversions. N-Boc and N-Cbz
imines exhibited comparable reactivity and stereoselectivity
(Table 1, entries 1 and 2). The reaction could be conducted on
a 1.5 g scale (entry 8). Heteroaromatic imines were compatible
(Table 1, entries 15—18) even using as little as 0.75 mol%
catalyst loading under concentrated conditions (Table 1, entry
17). Enolization-prone aliphatic N-Boc imines were applicable
with high stereoselectivity, highlighting the mild conditions of
the catalytic system and broad substrate generality (Table 1,
entries 19—21). Reduction of the 7-azaindoline amide moiety
of the Mannich adduct with LiAlH, gave the corresponding
aldehyde, and subsequent reduction with NaBH, or Pinnick
oxidation delivered y-amino alcohol 4 and f-amino acid §,
respectively (Scheme 2)."
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Scheme 2. Transformations of the 7-Azaindoline Moiety”

BocHN O
BocHN BocHN O
a,c Ar N ab
Ar OH ~7% I e6% . Ar OH
CF, 8
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“Reagents and conditions: (a) LiAlH,, Et,0, —45 °C, 1.5 h. (b)
NaClO,, NaH,PO,, 2-methyl-2-butene, - BuOH/H,0, rt, S h, 66% (2
steps). (c) NaBH,, Et,0/MeOH, 0 °C, 1.5 h, 74% (2 steps). Ar =
p-MeOCH,.

On the basis of the catalytic enolization method with a soft
Lewis acidic Cu(I) and Barton’s base as a Bronsted base, other
fluorinated 7-azaindoline amides were anticipated to undergo
the direct Mannich-type reaction in the acid/base binary
catalytic system. Given the high demand for fluorinated chiral
chemical entities, we systematically investigated differently
fluorinated 7-azaindoline amide for its potential utility in direct
Mannich-type reactions (Figure 1). a-F-a-CF;, a-C,Fs, a-
BrCF,CF,, and a-F 7-azaindoline acetamides 1b—e were
successfully implemented in the direct catalytic asymmetric
Mannich-type reaction to provide enantioenriched S-amino
acid derivatives with a-fluoro or a-fluoroalkyl groups. Amides
1f—i bearing perfluoroalkyl or branched « substituents were not
applicable. a-Branched amides 1h and 1i remained unchanged
under the catalytic conditions, likely because an extra
C-substituent at the a-carbon significantly retarded the
deprotonation. This is consistent with the absence of
epimerization of Mannich adducts 3 during the reaction. The
ineffectiveness of @-CF; amides (1aa—ae) with different amide
structures highlights the particular behavior of the 7-azaindoline
amide in direct enolization chemistry. 7-Azaindole amide laa
was sensitive to hydrolysis and was intractable for use in the
Mannich-type reaction. Isomeric S-azaindoline acetamide 1lab,
indoline acetamide lac, and amides lad,lae derived from 2-
aminopyridine afforded no trace of the product under the
optimized conditions for 1a.>> Other potential nucleophiles,

e.g, 7-azaindoline sulfonamide laf, dimethylamide lag, ethyl
ester lah, and nitrile 1ai, failed in the reaction. Together, these
results suggested that the direct Mannich-type reaction
proceeds exclusively with 7-azaindoline amide.

a-F-a-CF; 7-azaindoline acetamide 1b is of particular interest
for the construction of a stereogenic center bearing both CF;
and F substituents that is more difficult to access via
enantioselective fluorination (or triﬂuoromethylation).26 The
a-F-a-CF; carbonyl group corresponds to a fully fluorinated
analog of a propionate unit, which is a common motif of a
plethora of biologically active compounds. Enantioselective
access to this fluorinated analog is of great interest for
medicinal chemistry.”*’® These a@-F-a-CF; carbonyl com-
pounds, however, also readily undergo defluorination upon
enolate formation using a Li base even at low temperature,”’
and indirect access via alkenyl phosphates or a-Br-a-F-a-CF;
carbonyl compounds has been studied for the aldol reaction
with aldehydes for more than 25 years.”>*” Although a viable
procedure using Bu,BOTf/Et;N for a-F-a-CF, acetamldes to
form Z enolates for aldol reactions was reported,” all of the
examples required stoichiometric use of reagents for enolate
formation, and an enantioselective variant is so far unknown. As
for the Mannich-type reaction, the sole example is a Zn-
mediated Reformatsky reaction using a-Br-a-F-a-CF; acetate
and chirally decorated imines to give enantioenriched f-amino
esters with a-F-a-CF; substituents.””” In this context, a
catalytic and enantioselective protocol to access f-amino acid
derivatives with a-F-a-CF; substituents has been lacking,
leading us to focus on the direct catalytic asymmetric
Mannich-type reaction of a-F-a-CF; 7-azaindoline acetamide
1b.

Application of the previously determined optimized con-
ditions of [Cu(CH,CN),PF]/(R)-L1/Barton’s base for la
quickly emerged as a suitable catalytic system for 1b with slight
modification of the concentration (0.5 M fo 1b in Table 2 vs
0.3 M for la in Table 1), which likely compensated for the
lower nucleophﬂicity.33 1b holds a stereogenic carbon; thus,
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Figure 1. Schematic representation of - and/or f-fluorinated 7-azaindoline acetamides explored in this study. On the basis of the structure of
successful amide 1a, the effects of amide structures (green background) and fluorination patterns (blue background) were systematically investigated.
a-CF; amides without the 7-azaindoline unit (including a sulfonamide, an ester, and a nitrile) laa—1lai failed in the Mannich-type reaction.
(Conditions of Table 1 were applied.) a-F-a-CF;, a-C,Fs, a-CF,CF,Br, and a-F 7-azaindoline acetamides 1b—e were successfully implemented in
the Mannich-type reaction, whereas a-CF(CF,),, a-C5F;, a-CH(CF;),, and a-Me-a-CF; 7-azaindoline acetamides 1f—i were incompatible.
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Table 2. Direct Catalytic Asymmetric Mannich-Type
Reaction of a-F-a-CF; 7-Azaindoline Acetamide 1b

(0] [Cu(CH3CN)4]PFg X mol% R2NH O
_R2 FsC (R)-L1 1.2x mol%
J‘]‘\ + H N Barton's base xmol% _ Ri” N SN
Rt H F = THF, rt, <24 h FsC F —
N [0.5 M]
Y4 \__/
2 rac-1b 6
2 equiv 0.1 mmol
imine 2 ield* ee imine 2 ield® ee
A yie 5 i e Y .
entry — * %) syn/anti (%) entry — x %) syn/anti (%)
X Y PN
1 2a S5 6a:93 >20/1 95| 7 © 2j 10 6j: 95 17/1 90
R%=Boc R2=Boc
X X
2 2b 10 6b:88 >20/1 90| 8 2k 10 6k: 91 >20/1 94
R2=Chz FR2ZBoc
X oM A
3 2e 10 6e:90 >20/1 97| ¢ 2m 10 6m:92 >20/1 93
R2=Boc R2= Boc
7 b o
4 2f 10 6f:96 20/1 92|10 @ 20 S5 60:95 >20/1 97
R2=Boc R2=Boc
MeO X B
b 2 5 697 171 921l o/j/'\ 2p 5 6p:92 >20/1 99
o e 120 \= 2p LS 6p:i94 >20/1 94
N S
6 2h S5 6h:73 >20/1 9913 Y2 10 6q:91 >20/1 97
MeO 7, Y
R?=Boc R2=Boc

“Isolated yield of syn-6. "Yield of diastereomixture. “At —40 °C. “Run
at 1.2 M (1b), 0.3 mmol scale.

undesired kinetic optical resolution of racemic 1b could occur,
which may result in low conversion to the Mannich adduct
(vide infra). The attempted reaction of N-Boc imine 2a and a
racemic mixture of amide 1b proceeded with 5 mol% catalyst,
however, to deliver almost exclusively the desired product syn-
6a in 93% isolated yield with 95% ee (Table 2, entry 1).**
Aromatic imines bearing meta or para substituents were
generally applicable to afford the desired syn-Mannich product
almost exclusively with high enantioselectivity. Various
substituents with neutral as well as electron-donating and
-withdrawing properties were tolerated (Table 2, entries 1—8).
Meta-NO,-substituted imine 2m required cryogenic conditions
to attenuate the high reactivity (Table 2, entry 9).
Heteroaromatic imines were applicable: Imine 2p derived
from 3-furylaldehyde exhibited particularly high reactivity at a
higher concentration (1.2 M). The reaction reached completion
with 1.5 mol% catalyst loading, and a marginal loss of
enantioselectivity was detected (Table 2, entry 11 vs 12).
The reaction was also sensitive to steric factors; ortho-
substituted aromatic imines and aliphatic imines gave no
desired product. Imines derived from a,f-unsaturated alde-
hydes were partly reactive, albeit with low diastereoselectivity.””

The divergent functional group manipulation of enantio-
enriched product 6 allowed for easy access to f-amino acid
derivatives with an o-F-a-CF; tetra-substituted stereogenic
center (Scheme 3). 7-Azaindoline amide behaved similarly to
Weinreb amides;*® arylation and hydride reduction of 6p using
PhMgBr and LiAlH, gave corresponding ketone 7 and
aldehyde 8, respectively, without any overarylation or over-
reduction. Acidic hydrolysis of the 7-azaindoline amide
smoothly proceeded with 6 N aqueous HCI at 60 °C with a
concomitant removal of the Boc group, furnishing free f-amino
acid hydrochloride 9. Myers’ reduction protocol of amides to
primary alcohols using LDA and BH;-NH; worked well to
afford alcohol 10.”” Transamidation with BaNH, was achieved

Scheme 3. Transformations of 7-Azaindoline Amide Moiety
of the Mannich Adduct”

BocNH O BocNH O
S 2~ “Ph S ©” “NHBn
= FsC F a . = FsC F
7 1
88% BocH © 84%
= 7N
= F,C F /)~
N P
BocNH O )b/ 6p K BocNH
x H 74% 81% X OH
o g c|97% Q E
= FsC F = FsC F
8 10
HCI* NH, O
S 7~ “OH
= FsC F
9

“Reagents and conditions: (a) PhMgBr, Et,O, rt, 2.5 h, 88%. (b)
LiAlH,, Et,0, =70 °C, 1S min, 74%. (c) 6 N aqueous HCl, THF,
60 °C, 9 h, 97%. (d) BH;NH,, lithium diisopropylamide (LDA),
THF, 0 °C to tt, 1 h, 81%. () BaNH,, La(OTf),, THF, tt, 1.5 b, 84%.

in the presence of a stoichiometric amount of La(OTf); as a
Lewis acid to give the corresponding benzylamide 11.°
Having established a-CF; and a-F-a-CF; 7-azaindoline
acetamides la and 1b as privileged latent enolates, we aimed
to expand the scope of accessible S-amino acid derivatives
bearing fluorinated functional groups at the stereogenic a-
carbon. Perfluoroalkyl groups have recently received growing
attention in medicinal chernis.tlry,39 although reliable synthesis
strategies are limited for enantioselective introduction of these
groups.”’ @-C,Fy 7-azaindoline acetamide 1c was our obvious
next target, but application of the optimal catalytic conditions
for a-CF; amide 1a and a-F-a-CF; amide 1b to the Mannich-
type reaction of 1c and 2a instantaneously turned the reaction
mixture into a white suspension. Presumably, undesired
defluorination followed by polymerization occurred, and
desired product 12a could not be isolated (Scheme 4a).*"**

Scheme 4. Failed Mannich-Type Reactions Using Highly
Fluorinated Amides 1c and 1f

(a) Mannich-type reaction of a-C,F5 7-azaindoline acetamide 1¢ and N-Boc-imine 2a.

o [Cu(CH3CN)4]PFg 10 mol% BocNH
_Boc (R)-L1 12 mol% Q
)’\Jl\ + N Barton's base 10 mol% ph)\(u\N
Ph H FsCa = THF, i, 24 h FsCo -
N .

\W% 0% yield \

2a ic turned into white suspension 12a

2 equiv

(b) Mannich-type reaction of a-CF(CF3), 7-azaindoline acetamide 1f and N-Cbz-imine 2b.

o o [Cu(CH3CN),JPFs 10 mol% FC O
Cbz F.7 8 (R)-L2 12 mol%
N MN Barton's base 10 mol% FacMN

FsC
A, P

Ph THF, 1,22 h -
2 1 N\ ) quantitative yield 13\
2 equiv (R)-L2: (A)-tol-BINAP

This was partly evidenced by the isolation of defluorinated
product 13 from highly electron-withdrawing a-CF(CF;), 7-
azaindoline acetamide 1f (Scheme 4b). a,f-Unsaturated amide
13 was stable under the catalytic conditions, presumably
because of the increased sterics at the f-carbon, and was
isolated in quantitative yield. Because these highly fluorinated
amides exhibit an enhanced defluorination aptitude, a lower
reaction temperature was adopted to suppress this undesired
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J. Am. Chem. Soc. 2015, 137, 15929—-15939


http://dx.doi.org/10.1021/jacs.5b11064

Journal of the American Chemical Society

Table 3. Direct Catalytic Asymmetric Mannich-type
Reaction of a-C,F 7-Azaindoline Acetamide 1c

0 [Cu(CHsCN),JPFg 20 mol% 2
R Ec (R-L3 2mie L9
j‘\ . 52 N Barton's base 20 mol% Rt N
R OH H N THF, 0°C, =24 h FsCo )
0.3M
\ o [ ] \
2 1c 4 (R)-L3: 12
2 equiv 0.1 mmol o PAr2  (R)-xyl-SEGPHOS
(O O PArz  Ar = 3,5-Me,CgHg
(o}

imine 2 yield® . ee imine 2 yield® . ee
entry e synlanti (%) entry = (%) syn/anti (%)
1 I(Za 12a:87 >2011 97 | 6 /@k 2k 12k: 79 >2011 98

R2 =Boc FF{2 =Boc

X 0 O

2 2b 12b:84 >201 97 |7 \© 2m 12m:87 13.51 92

R2=Cbz R2 =Boc
s O % 12073 5201 o5 |8 20 120:88 1351 99

R2 = Boc R2 = Boc
4 )@[\' 2e 12e:84 >20/1 93 | 9bde .~ 2s 12s:83 81 99

R2 = Boc R2 =Boc

MeO. \(

5 \© 2g 12g:82 >20/1 95

R2 =Boc

“Isolated yield of syn-12. PReaction was run with 10 mol%
[Cu(CH;CN),]PF¢/Barton’s base and 12 mol% (R)-L3. ‘At —40
°C. At =20 °C; 5 equiv of imine was used. “Yield of diastereomixture.

pathway. Although 20 mol% catalyst loading was required to
achieve high conversions, a-C,F 7-azaindoline acetamide 1c
served as a viable pronucleophile to afford a-C,F;-f-amino acid
derivatives 12 with high stereoselectivity (Table 3).*’ The use
of a less sterically demanding ligand was essential to allow the
in situ generated enolate to undergo C—C bond formation with
imines over the undesired defluorination, and we identified
(R)xyl-SEGPHOS ((R)-L3) as an optimal ligand.44 N-Boc and
N-Cbz imines produced similar reaction outcomes (Table 3,
entries 1 and 2). Imines bearing meta or para substituents
provided the syn-Mannich adducts with high stereoselectivity
irrespective of the electronic nature of the substituents (Table
3, entries 3—7). Ortho-substituted aromatic imines were
incompatible substrates for Mannich-type reactions using
amide 1lc. When highly reactive imines were used, high
conversion was achieved at a temperature lower than 0 °C. The
undesired defluorination pathway was likely better suppressed,
allowing the reaction to proceed with reduced catalyst loading
(10 mol%) (Table 3, entries 8 and 9). It is noteworthy that
aliphatic imine 2s could be exploited to give an aliphatic f-
amino acid derivative bearing an a-C,Fs group with high
enantioselectivity (Table 3, entry 9). a-CF,CF,Br 7-azaindoline
acetamide 1d was a partly tractable pronucleophile in this
catalytic system using (R)-L3 (Scheme S). Although we
observed faster defluorination for 1d, the use of an excess of

Scheme S. Direct Catalytic Asymmetric Mannich-Type
Reaction of a-CF,CF,Br 7-Azaindoline Acetamide 1d

o] [Cu(CH3CN),JPFg 10 mol% ANH ©
NP BrFZCFZC% (ArL3 12 mol%
)J\ + N Barton's base 10 mol% Ph N
Ph” O H H = THF, 0°C, 24 h BIECEC e
N [0.3 M] N

\ 9

2 1d 14

6 equiv 0.1 mmol

imine 2a: R=Boc, 14a: 97%, syn/anti >20/1, 97% ee
imine 2b: R= Cbz, 14b:91%, syn/anti >20/1, 98% ee

imine (6 equiv) ensured smooth C—C bond formation from
the enolate. Both N-Boc and N-Cbz imines 2a and 2b were
compatible to afford the desired Mannich adducts 14a and 14b
with high stereoselectivity; the C—Br bond of these can
potentially be used for further elaboration.*> Although a-C;F,
7-azaindoline acetamide 1g was partly converted to the desired
Mannich adduct with [Cu(CH;CN),]PFs/(R)-L3/Barton’s
base, decomposition of amide 1g mainly occurred, which was
likely triggered by defluorination upon enolization.*’

Along with the a-perfluoroalkyl amides mentioned above, we
studied the Mannich-type reaction of a-F 7-azaindoline
acetamide le, which provides expeditious access to chirally a-
monofluorinated f-amino acid derivatives. Direct enolization of
a-F carbonyl compounds has been sporadically explored in the
context of direct catalytic asymmetric C—C bond-forming
reactions, and the reaction using a-F ketone is the sole latent
enolate developed to date.””** Implementation of less acidic a-
F amides for direct enolization chemistry broadens the scope of
this important transformation, providing carboxylic acid
derivatives bearing an a-F stereogenic center. Although efficient
catalytic generation of the enolate from le and decent
conversion were observed with the catalytic system discussed
above, biaryl-type chiral bisphosphine ligands, which served as
preferred ligands for la—d, afforded poor stereoselectivity,
likely because of the smaller steric bias of the corresponding
enolate. Ligand screening (Supporting Information) indicated
that (R.R,)-Cy-Taniaphos ((RR,)-L4) performed best, and
anti-configured Mannich adduct 15 was obtained as the major
product with good diastereoselectivity and high enantioselec-
tivity (Table 4).*°° N-Cbz imines generally afforded higher

Table 4. Direct Catalytic Asymmetric Mannich-Type
Reaction of a-F 7-Azaindoline Acetamide 1le

o] [Cu(CH3CN)4JPFg 10 mol% H
_Cbz E (R,R,)-L4 12mol  CPPNH QO
J‘\ + N Barton's base 10 mol% R N
R H H = THF, 0°C, 48 h F -
N 0.2M] N
\ . \
Y2 .
2 1e (RRy)-L4: 15
2 equiv 0.1 mmol v Fo “PCy, (R.R,)-Cy-Taniaphos
Me,N @
imine 2 yield? .ee imine 2 yield? .ee
entry = (%) syn/antl(% ) entry e (%) synlanti (%)

X 3
1 2b 15b:79(91) 8.9/1 91| 5 2x 15x: 65(80) 9.5/1 90
O (1) ne (80)
2b \©\(2u 15u:76(90) 10.1/1 93| 6 /@V\(Zy 15y: 55(70) 6.0/1 92
Cl
3 3
3 /© 2v 15v: 70(89) 9.4 93 7Mes,[j 2z 15z 51(70)5.71 90

SS[\'zza 152za:66(80) 9/1 92

MeO. -
4" ©\2w15w:56(75) 89/1 90|8

“Isolated yield of anti-15. Conversions determined by 'H NMR are
shown in parentheses. PReaction was run for 72 h.

diastereoselectivity than N-Boc imines in this specific reaction.
Despite the limited substrate scope, several meta- and para-
substituted imines bearing alkyl groups, heteroaromatics and
halogens were tolerated (Table 4, entries 2—8). Imines with a
soft Lewis basic functionality that potentially interferes with the
catalysis afforded the Mannich adduct with high stereo-
selectivity (Table 4, entries 7 and 8).
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Figure 2. Solid-state structure and chemical shift of & hydrogens of fluorinated 7-azaindoline amides la—e in CDCl,. (See Supporting Information
for details.) The a hydrogens of structurally related compounds lag—1lai and 1bg—1bi exhibited upfield chemical shift. Color code for X-ray
structure is as follows: white, hydrogen; gray, carbon; blue, nitrogen; red, oxygen; and light green, fluorine.

B DISCUSSION

The preference for the E amide conformation of 7-azaindoline
amides la—e was confirmed by X-ray crystallography (Figure
2). The E conformer was exclusive, even in solution because no
Z conformer was observed in VIT-NMR under cryogenic
conditions. Along with the general tendency of tertiary amides
bearing alkyl and aryl substituents,’’ this preference is
enhanced because of the intramolecular hydrogen bonding of
the o hydrogen and the pyridyl nitrogen of the azaindoline.
Short contacts were observed for all of azaindoline amides
la—e bearing o hydrogen, and N—H distances were within the
sum of van der Waals radii. Findings from the '"H NMR analysis
were consistent with the hydrogen-bonding interaction; the
chemical shifts of a hydrogens of 7-azaindoline amides la—e
were exceptionally shifted downfield compared with spectra of
structurally related compounds. For a-CF; and a-F-a-CF; 7-
azaindoline acetamides la and 1b, the corresponding N,N-
dimethylamides lag and 1bg, ethyl esters lah and 1bh, and
nitriles 1ai and 1bi, which lacked a proximal pyridyl nitrogen,
were examined and displayed similar tendencies in their
chemical shifts, which is consistent with the hydrogen-bond
interaction for 7-azaindoline amides.”” In particular, 7.43 ppm
observed for 1b was extraordinarily shifted downfield relative to
that of the N,N-dimethylamide counterpart 1bg (5.42 ppm),
which is strongly indicative of intramolecular hydrogen bonding
for 1b. '"H NMR and NOE analyses of la and 1b in the
presence of TFA-d, showed complete flipping to Z
conformation, likely because protonation of the pyridyl
nitrogen renders the hydrogen bond interaction with the «
proton impossible and the chelating coordination of the proton
with the carbonyl group was thus favored (Supporting
Information).>®

The activation mode of 7-azaindoline amide 1a was dissected
by 'H NMR analysis in solution as well as X-ray crystallo-
graphic analysis in the solid state (Figure 3).'” The preferred E
conformation of la was switched to Z conformation upon
coordination to Cu(I)/rac-BINAP (rac-L§), as evidenced by
the crystal structure. The upfield shift of the « protons (protons
a) Z-1a/Cu(I)/rac-LS can be ascribed to the loss of
intramolecular hydrogen bonding observed for E-la. The Z
conformation was also validated in solution by NOE signals
between a protons (protons a) and indoline protons (protons
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(a) Complexation of 1a and Cu(l)/rac-L5.

o Cuof
b N 2 e
Fc o
a N ¢ Cu* 1 equiv Fac% X d
= N
THF, rt b
\ »d HH,
f Cu*: Cu(l)PF¢/rac-L5 NOEl\J H
1a complex 1a/Cu(l)/rac-L5
E-conformer OO Z-conformer
PPhy rqc-LS:

PPhy  rac-BINAP

A, O

247 A

(b) ™H NMR of 1a/Cu(l)/rac-L5 = 1/1/1 in THF-dj.

\ 0 4
S SN jITHF
/
/
€ ’ \ !

U i W i
. M /\._,J i —
/ |

T i’
8 7 4 3

Figure 3. Single-crystal X-ray crystallographic analysis and '"H NMR
analysis of 1a and the 1a/Cu(I)/rac-L§ = 1/1/1 complex. Color code
for X-ray structure is as follows: white, hydrogen; gray, carbon; blue,
nitrogen; red, oxygen; light green, fluorine; orange, phosphorus; and
dark green, copper.

b). The amide of the chelated complex would be amenable to
deprotonation by coexisiting Bronsted base catalyst to generate
the corresponding enolate. Although spectroscopic evidence of
the Cu(I) enolate species was not obtained, the crystal
structure as well as the NMR analysis implied the formation
of Z enolate, which is also in agreement with a literature-known
boron enolate.”

The a-F-a-CF; amide 1b allowed for a more detailed
mechanistic investigation of the current Mannich protocol
because of its inherent chirality. The Mannich-type reaction of
homochiral or racemic 1b and imine 2a and racemization of
homochiral 1b were traced as a function of time. The profiles of
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Figure 4. Reaction profile of the Mannich-type reaction promoted by
the (R)-catalyst using homochiral 1b ((R) and (S)) and racemic 1b.
Yield of 6a (filled circles, squares, and diamonds with solid lines) and
enantiopurity of 1b (open circles, squares, and diamonds with dotted
lines) are plotted. Open triangles represent the enantiopurity of 1b as
a function of the treatment time with the catalyst in the absence of
imine 2a. Blue crosses with a dotted line represent time-dependent
racemization of (R)-1b with 5 mol% Barton’s base.

the reaction progress and the enantiopurity of 1b are
summarized in Figure 4, and possible pathways are delineated
in Scheme 6. The reaction rates of (R)-1b (Figure 4, blue
closed circle, solid line) and (S)-1b (Figure 4, red closed
square, solid line) were nearly identical, whereas at the initial
stage, a marginally faster reaction was observed for (R)-1b. ’F
NMR analysis revealed that (1) association of 1b with a Cu(I)
complex (Cu/(R)-xyl-BINAP ((R)-L6)) was less favored than
that of 1a (for la in Figure 3 vs for 1b in Figure 5) and (2)
stereodifferentiation of the R and S amide 1b by the chiral
complex Cu(I)/(R)-L6 occurred with only a slight preference
for (S)-1b/Cu/(R)-L6 over (R)-1b/Cu/(R)-L6 (Figure Sb—
d). The marginally faster reaction of (R)-1b indicated that
paths a and b in Scheme 6 are not rate-determining. H—F
HOESY analyses revealed that 1b bound to Cu(I) as a Z
conformer and that the a-F atom is located close to the
indoline, likely to minimize steric interaction between the a-
CF; group and the indoline (Figure S and Supporting
Information). This conformer led us to assume the preferred
formation of E-enolate (E-16) by deprotonation of the Cu(I)—
amide complex with coexisting Barton’s base, and the C—C
bond formation with imine 2a proceeded from the S prochiral

(a) rac-1b in THF-ds

o o H\\
4 1b 1b
F5C. FsC
3>(U\N a%J\N
H F eSS H F =
N N
\_/ \_/

L — —

(b) rac-1b/[Cu(CHsCN)4JPFs/(R)-L6 in THF-cs " CUlPFe/16

complex
(R);Cu (F’?fc\f‘* OO P(3,5-Me;CqH)
PN RN P(3,5-Me,CeH
3 N7 1 0 N ] O ((F()-Le:eQ 6Ha)
F;C% N FSC%J\N N (R)-xyl-BINAP |
N )
1b | 1p
H F HE )
H-F HOESY I
(S)-1b/Cu(l)/(R)-L6 il
 (R-1BICUN(AIL (R)-1b/CuS)/(R)-L6 /(S)-1b/Cu(I)/(F()-L6 W1
AT L
(c) (R)-1b/[Cu(CHsCN)4]PFe/(R)-L6 in THF-ds
il 46 H H ®
(R)-1b/Cu(l)/(R)-L6 N (R)-1b/Cu(l)/(R)-L6 A
ﬁ/ / I
S S— S\ .
(d) (S)-1b/[Cu(CH3CN)4]PFe/(R)-L6 in THF-ds
(I 16 “ H 1b
(S)-1b/Cu(l)/(R)-L6 ! (S)-1b/Cu(l)/(R)-L6 ‘ A
s N il
T 54 760 " ‘ 2040 | ‘ " 2060 ([‘)pm)

Figure 5. Partial '’F NMR spectra of 1b and its mixtures with the
Cu(I)/(R)-L6 complex in THF-ds. (a) rac-1b, (b) rac-1b/[Cu-
(CH,CN),]JPF¢/(R)-L6 = 1/1/1, (c) (R)-1b/[Cu(CH,CN),]PF,/
(R)-L6 = 1/1/1, and (d) (S)-1b/[Cu(CH;CN),]PF¢/(R)-L6 = 1/1/
1. Integration ratio of (R)-1b/[Cu(CH;CN),]PF¢/(R)-L6 complex :
(8)-1b/[Cu(CH;CN),]PF¢/(R)-L6 complex : free amide is
10.1:14.5:100 for b, 21.6:0:100 for c, 0:29.5:100 for d.

face of enolate E-16 to afford (2R,3R)-6a via paths c and d in
Scheme 6.

Rapid racemization of (R)-1b and (S)-1b was observed
during the course of the Mannich-type reaction at a similar rate
(blue open circle and red open square with dotted lines, Figure
4). This is indicative of the reversibility of the enolate formation
and the rapid reprotonation of enolate E-16 (paths ¢, ¢/, e, and
e’ in Scheme 6). It is noteworthy that ca. S—10% ee for (S)-1b
was a stationary point in this catalytic system; irrespective of
the R,S configuration and enantiopurity of the starting amide
1b, the remaining 1b comprised of a mixture of (R) and (S)-1b
with a slight excess of (S)-1b. This can be explained by
assuming that deprotonation/reprotonation from (R)-1b
(paths c and ¢’) was kinetically favored over that from (S)-
1b. From racemic 1b, (R)-1b was consumed at a faster rate by
the irreversible Mannich-type reaction of enolate E-16 (path d),
and (S)-1b became the major enantiomer in the reaction
mixture (black diamond with a dotted line in Figure 4). When
the reaction was performed with enantiopure (R)-1b, (R)-1b
was partly racemized to (S)-1b via enolate E-16 (paths c and
e’), and (S)-1b became the major enantiomer in the reaction
mixture after 30 min because of the slower deprotonation of
(S)-1b (blue open circle with a dotted line, Figure 4). In the
absence of imine 2a, both (R)- and (S)-1b racemized at a
slower rate (blue open triangle and red open triangle with
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Scheme 6. Plausible Reaction Pathways of the Mannich-Type Reaction of @-F-a-CF; 7-Azaindoline Acetamide 1b and Imine 2a
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dotted lines, Figure 4). In this specific case, reprotonation was
only the fate for enolate E-16. Reprotonation to (R)-1b (path
c’) was faster than that to (S)-1b (path e’); thus, (S)-1b
racemized at a faster rate than (R)-1b. Although (R)-1b
gradually lost enantiopurity only with Barton’s base (blue cross
with a dotted line, Figure 4; paths f, f, g, and g’, Scheme 6), the
rate of racemization was significantly slower compared with that
in the presence of the Cu(I) complex. Slow racemization with
Barton’s base and the absence of stereodifferentiation of the
chirality of 1b by the chiral Cu(I) complex strongly suggested
that paths a—e were the main pathways and that paths f—i
contribute little to the present Mannich-type reaction.

The Mannich-type reaction with only Barton’s base as a
catalyst failed, suggesting that the racemic reaction without the
Cu(I) complex, as shown in path i, was unlikely (Scheme 6).
Although 1b was relatively acidic and slow enolization occurred
only with Barton’s base, the Cu(I) complex accelerated
enolization and, more importantly, played a pivotal role in
the C—C bond-forming process to assemble active enolate and
imine in near proximity. The transient pentacoordinated Cu(I)
complex (TS) might be involved to produce the Mannich
adduct of the observed absolute configuration, where the
coordination of pyridyl nitrogen of the indoline to Cu(I) was
gradually replaced by the carbamoyl oxygen of the imine to
activate and deliver the imine to the proximity of the enolate.
However, a six-membered transition state in which the Z-
configured imine nitrogen is coordinated to Cu(I) cannot be
excluded.” Chelating coordination of the indoline and the
enolate moiety to Cu(I) in E-16 and TS would prevent the
interaction of Cu(I) and S-fluorine atoms, which was likely
beneficial for suppressing the undesired defluorination.

Hence, we conclude the following: (1) Amide 1b was
sufficiently acidic to be deprotonated only with Barton’s base,
and the Cu(I) complex significantly accelerated deprotonation.
(This acceleration would also be true for other 7-azaindoline
amides.) (2) The Cu(I) complex played a more decisive role in
assembling the two substrates to achieve C—C bond formation
rather than to accelerate the deprotonation, at least for more
acidic amide 1b.
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B CONCLUSIONS

We developed a direct catalytic asymmetric Mannich-type
reaction of fluorinated amide pronucleophiles and N-carbamoyl
imines. The use of 7-azaindoline amides in a binary catalytic
system comprising of a chiral Cu(I) complex and Barton’s base
enabled catalytic enolization and subsequent diastereo- and
enantioselective addition to imines. The E conformer of 7-
azaindoline amide was flipped to the Z conformer upon
coordination with the Cu(I) complex in a bidentate fashion,
accelerating the catalytic enolization. Although this was not the
case with some perfluorinated amides, the undesired defluori-
nation pathway from the enolates was largely suppressed.
Successful implementation of a-CF;, a-F-a-CF,;, a-C,F;, a-
CF,CF,Br, and a-F 7-azaindoline acetamides in the Mannich-
type reaction allowed for an expeditious access to a-fluorinated
and o-fluoroalkylated B-amino acid derivatives in a highly
stereoselective manner, as evidenced by the divergent func-
tional group transformations of the 7-azaindoline moiety of the
Mannich adducts.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOIL: 10.1021/jacs.5b11064.

Crystallographic information file for compound Ila.

(CIF)
Crystallographic information file for compound (rac)-1b.
(CIF)
Crystallographic information file for compound (S)-1b.
(CIF)
Crystallographic information file for compound le.
(CIF)
Crystallographic information file for compound 6a.
(CIF)
Crystallographic information file for compound 12a.
(CIF)
Crystallographic information file for compound 3a.
(CIF)
Crystallographic information file for compound 15b.
(CIF)

DOI: 10.1021/jacs.5b11064
J. Am. Chem. Soc. 2015, 137, 15929—-15939


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.5b11064
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_003.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_004.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_005.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_006.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_007.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_008.cif
http://dx.doi.org/10.1021/jacs.5b11064

Journal of the American Chemical Society

| Article |

Experimental procedures and characterization of new
compounds. (PDF)

'H, *C, and "’F NMR spectra of the new compounds.
(PDF)

B AUTHOR INFORMATION

Corresponding Authors
*nkumagai@bikaken.or.jp
*mshibasa@bikaken.or.jp

Present Address

LY.: Key Laboratory of Synthetic Chemistry of Natural
Substances, Shanghai Institute of Organic Chemistry, Chinese
Academy of Sciences, 345 Lingling Road, Shanghai 200032,
China.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by JST, ACT-C, and
KAKENHI (No. 25713002) from JSPS. N.K. thanks The Naito
Foundation for financial support. Dr. Ryuichi Sawa, Ms.
Yumiko Kubota, and Dr. Kiyoko Iijima are gratefully acknowl-
edged for assistance in NMR analysis. HOESY spectrum was
recorded at JEOL RESONANCE, Inc. with the assistance of
Dr. Toshiaki Sasakawa and Mrs. Toshiyo Kato. We thank Dr.
Tomoyuki Kimura and Dr. Akinobu Matsuzawa for assistance
in X-ray crystallography. Dr. Manabu Kawada, Mr. Shun-ichi
Ohba, and Dr. Tomokazu Ohishi are gratefully acknowledged
for assessment of the acute toxicity of monofluoroamide le.

B REFERENCES

(1) (a) Kirsch, P. Modern Fluoroorganic Chemistry: Synthesis,
Reactivity, Applications; Wiley-VCH: Weinheim, Germany, 2004.
(b) Mikami, K.; Itoh, Y.; Yamanaka, M. Chem. Rev. 2004, 104, 1.
(c) Ma, J.-A; Cahard, D. Chem. Rev. 2004, 104, 6119. (d) Shimizu, M.;
Hiyama, T. Angew. Chem,, Int. Ed. 2005, 44, 214. (e) Schlosser, M.
Angew. Chem., Int. Ed. 2006, 45, 5432. (f) O'Hagan, D. Chem. Soc. Rev.
2008, 37, 308. (g) Ma, J.-A,; Cahard, D. Chem. Rev. 2008, 108, PR1.

(2) (a) Bégué, J.-P.; Bonnet-Delpon, D. Bioorganic and Medicinal
Chemistry of Fluorine; Wiley-VCH: Hoboken, NJ, 2008. (b) Hagmann,
W. K. J. Med. Chem. 2008, 51, 4359. (c) Ojima, L, Ed. Fluorine in
Medicinal Chemistry and Chemical Biology; Wiley-Blackwell: Chi-
chester, UK., 2009. (d) Gouverneur, V.; Miiller, K. Fluorine in
Pharmaceutical and Medicinal Chemistry: From Biophysical Aspects to
Clinical Applications; Imperial College Press: London, 2012. (e) Zhu,
W, Wang, J; Wang, S; Gu, Z.,; Acefia, ]. L; Izawa, K; Liu, H;
Soloshonok, V. A. J. Fluorine Chem. 2014, 167, 37. (f) Salwiczek, M,;
Nyakatura, E. K; Gerling, U. I. M,; Ye, S.; Koksch, B. Chem. Soc. Rev.
2012, 41, 2135.

(3) (a) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Chem.
Soc. Rev. 2008, 37, 320. (b) Wang, J.; Sanchez-Rosell6, M.; Acefia, J.
L.; del Pozo, C.; Sorochinsky, A. E.; Fustero, S.; Soloshonok, V. A,;
Liu, H. Chem. Rev. 2014, 114, 2432.

(4) For recent reviews, see (a) Zheng, Y.; Ma, J.-A. Adv. Synth. Catal.
2010, 352, 2745. (b) Tomashenko, O. A.; Grushin, V. V. Chem. Rev.
2011, 111, 4475. (c) Amii, H. Yuki Gosei Kagaku Kyokaishi 2011, 69,
752. (d) Wu, X.-F.; Neumann, H.; Beller, M. Chem. - Asian J. 2012, 7,
1744. (e) Ye, Y.; Sanford, M. S. Synlett 2012, 23, 200S. (f) Studer, A.
Angew. Chem,, Int. Ed. 2012, 51, 8950. (g) Chen, P.; Liu, G. Synthesis
2013, 45, 2919. (h) Liu, H; Gu, Z; Jiang, X. Adv. Synth. Catal. 2013,
35S, 617. (i) Liang, T.; Neumann, C. N.; Ritter, T. Angew. Chem,, Int.
Ed. 2013, 52, 8214. (j) Merino, E.; Nevado, C. Chem. Soc. Rev. 2014,
43, 6598. (k) Egami, H.; Sodeoka, M. Angew. Chem., Int. Ed. 2014, S3,
8294. (1) Barata-Vallejo, S.; Lantafio, B.; Postigo, A. Chem. - Eur. J.
2014, 20, 16806. (m) Charpentier, J.; Friih, N.; Togni, A. Chem. Rev.

2018, 115, 650. (n) Yang, X.; Wu, T.; Phipps, R. J.; Toste, F. D. Chem.
Rev. 2015, 115, 826.

(5) Neumann, C. N,; Ritter, T. Angew. Chem.,, Int. Ed. 2018, 54, 3216.

(6) For reviews on the synthesis of fluorinated compounds in this
approach, see (a) Percy, J. M. Top. Curr. Chem. 1997, 193, 131.
(b) Uneyama, K; Katagiri, T.; Amii, H. Acc. Chem. Res. 2008, 41, 817.
(c) Shibatomi, K. Synthesis 2010, 2010, 2679. (d) Nie, J.; Guo, H.-C,;
Cahard, D.; Ma, J.-A. Chem. Rev. 2011, 111, 45S.

(7) For reviews of f-amino acids and f-peptides, see (a) Cheng, R.
P.; Gellman, S. H.,; DeGrado, W. F. Chem. Rev. 2001, 101, 3219.
(b) Seebach, D.; Beck, A. K; Bierbaum, D. J. Chem. Biodiversity 2004,
1, 1111. (c) Juaristi E.; Soloshonok, V. A. Eds. Enantioselective
Synthesis of p-Amino Acids, 2nd ed.; Wiley, Hoboken, NJ, 2004.
(d) Seebach, D.; Gardiner, J. Acc. Chem. Res. 2008, 41, 1366. (e) Kudo,
F.; Miyanaga, A.; Eguchi, T. Nat. Prod. Rep. 2014, 31, 1056.

(8) For the synthesis of fluorinated f-amino acids and f-peptides, see
(a) Sani, M.; Bruché, L.; Chiva, G.; Fustero, S.; Piera, J.; Volonterio,
A; Zanda, M. Angew. Chem., Int. Ed. 2003, 42, 2060. (b) Qiu, X.-L,;
Meng, W.-D.; Qing, F.-L. Tetrahedron 2004, 60, 6711. (c) Edmonds,
M. K;; Graichen, F. H. M,; Gardiner, J.; Abell, A. D. Org. Lett. 2008,
10, 885. (d) Mikami, K.; Fustero, S.; Sinchez-Rosell6, M.; Acefia, J. L.;
Soloshonok, V.; Sorochinsky, A. Synthesis 2011, 2011, 3045. See also
ref 47. For conformational analyses, see (e) Mathad, R. L; Gessier, F.;
Seebach, D.; Jaun, B. Helv. Chim. Acta 2008, 88, 266. (f) Mathad, R. L;
Jaun, B.; Flogel, O.; Gardiner, J.; Loweneck, M,; Codée, J. D. C;
Seeberger, P. H.; Seebach, D.; Edmonds, M. K; Graichen, F. H. M,;
Abell, A. D. Helv. Chim. Acta 2007, 90, 2251.

(9) For general reviews on catalytic asymmetric Mannich-type
reactions, see (a) Kobayashi, S.; Ueno, M. In Comprehensive
Asymmetric Catalysis, Supplement 1; Jacobsen, E. N., Pfaltz, A,
Yamamoto, H., Eds.; Springer, Berlin, 2003; Chapter 29.5, p 143.
(b) Friestad, G. K,; Mathies, A. K. Tetrahedron 2007, 63, 2541.
(c) Kobayashi, S.; Mori, Y.; Fossey, J. S.; Salter, M. M. Chem. Rev.
2011, 111, 2626.

(10) Trost, B. M. Science 1991, 254, 1471.

(11) For reviews on direct aldol reactions as a representative example
for direct use of latent enolates, see (a) Alcaide, B.; Almendros, P. Eur.
J. Org. Chem. 2002, 2002, 1595. (b) Notz, W.; Tanaka, F.; Barbas, C.
F., I Acc. Chem. Res. 2004, 37, 580. (c) Mukherjee, S.; Yang, J. W.;
Hoffmann, S.; List, B. Chem. Rev. 2007, 107, 5471. (d) Trost, B. M.;
Brindle, C. S. Chem. Soc. Rev. 2010, 39, 1600. (e) Bisai, V.; Bisai, A.;
Singh, V. K. Tetrahedron 2012, 68, 4541.

(12) For reviews on direct Mannich(-type) reactions, see
(a) Cérdova, A. Acc. Chem. Res. 2004, 37, 102. (b) Marques, M. M.
B. Angew. Chem.,, Int. Ed. 2006, 45, 348. (c) Ting, A; Schaus, S. E. Eur.
J. Org. Chem. 2007, 2007, 5797. (d) Verkade, J. M. M.; van Hemert, L.
J. C; Quaedflieg, P. J. L. M.; Rutjes, F. P. J. T. Chem. Soc. Rev. 2008,
37, 29. (e) Karimi, B.; Enders, D.; Jafari, E. Synthesis 2013, 45, 2769.

(13) Sheldon, R. A; Arends, L. W. C. E.; Hanefeld, U. Green
Chemistry and Catalysis; Wiley, Weinheim, Germany, 2007.

(14) There are numerous examples of direct enolization using
pronucleophiles in carboxylic acid oxidation state bearing electron-
withdrawing « substituents (e.g., a-alkoxycarbonyl, a-nitro, a-cyano,
and a-isocyano, etc.) that are readily enolized under mild basic
conditions.

(15) For examples of direct catalytic asymmetric enolization
(carbanion formation) using pronucleophiles in the carboxylic acid
oxidation state without electron-withdrawing a substituents, see the
following references: Use of alkylnitrile, (a) Suto, Y.; Tsuji, R.; Kanai,
M.; Shibasaki, M. Org. Lett. 200S, 7, 3757. (b) Sureshkumar, D.;
Ganesh, V.; Kumagai, N.; Shibasaki, M. Chem. - Eur. ]. 2014, 20,
15723. (c) Kawato, Y.; Kumagai, N.; Shibasaki, M. Chem. Commun.
2013, 49, 11227. (d) Yamashita, Y.; Sato, L; Suzuki, H.; Kobayashi, S.
Chem. - Asian ]. 2015, 10, 2143. Use of p,y-unsaturated ester,
(e) Yamaguchi, A; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc.
2009, 131, 10842. Use of SH-oxazol-4-ones, (f) Misaki, T.;
Takimoto, G.; Sugimura, T. J. Am. Chem. Soc. 2010, 132, 6286. Use of
thioamides (g) Iwata, M, Yazaki, R; Suzuki, Y,; Kumagai, N,;
Shibasaki, M. J. Am. Chem. Soc. 2009, 131, 18244. Use of a-

DOI: 10.1021/jacs.5b11064
J. Am. Chem. Soc. 2015, 137, 15929—-15939


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_010.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11064/suppl_file/ja5b11064_si_009.pdf
mailto:nkumagai@bikaken.or.jp
mailto:mshibasa@bikaken.or.jp
http://dx.doi.org/10.1021/jacs.5b11064

Journal of the American Chemical Society

hydroxyacylpyrroles, (h) Trost, B. M.; Seganish, W. M.; Chung, C. K;
Amans, D. Chem. - Eur. . 2012, 18, 2948. Use of amide, (i) Saito, S.;
Kobayashi, S. J. Am. Chem. Soc. 2006, 128, 8704. (j) Saito, S.; Tsubogo,
T.; Kobayashi, S. Chem. Commun. 2007, 1236. (k) Suzuki, H.; Sato, L;
Yamashita, Y.; Kobayashi, S. J. Am. Chem. Soc. 2018, 137, 4336. Direct
catalytic asymmetric aldol reaction of thiazolidinethiones for which the
use of stoichiometric amount of silylating reagent was essential,
(1) Evans, D. A;; Downey, C. W.; Hubbs, J. L. J. Am. Chem. Soc. 2003,
125, 8706.

(16) For a pioneering example of a direct catalytic asymmetric
Mannich-type reaction of amides, see Kobayashi, S.; Kiyohara, H;
Yamaguchi, M. J. Am. Chem. Soc. 2011, 133, 708.

(17) Reviews on cooperative catalysis: Lewis acid/Brensted base,
(a) Shibasaki, M.; Yoshikawa, N. Chem. Rev. 2002, 102, 2187.
(b) Kumagai, N.; Shibasaki, M. Angew. Chem., Int. Ed. 2011, 50, 4760.
Lewis acid/Lewis base, (c) Kanai, M., Kato, N.; Ichikawa, E.;
Shibasaki, M. Synlett 2005, 1491. (d) Paull, D. H,; Abraham, C. J;
Scerba, M. T.; Alden-Danforth, E.; Lectka, T. Acc. Chem. Res. 2008, 41,
655. Lewis acid/Brensted acid and Lewis acid/Lewis acid,
(e) Yamamoto, H.; Futatsugi, K. Angew. Chem, Int. Ed. 2005, 44,
1924. (f) Yamamoto, H.; Futatsugi, K. In Acid Catalysis in Modern
Organic Synthesis; Yamamoto, H., Ishihara, K, Eds.; Wiley-VCH,
Weinheim, Germany, 2008; Vol. I, p 1.

(18) (a) Weidner, K.; Kumagai, N.; Shibasaki, M. Angew. Chem., Int.
Ed. 2014, 53, 6150. (b) Weidner, K.; Sun, Z.; Kumagai, N.; Shibasaki,
M. Angew. Chem., Int. Ed. 2015, 54, 6236. (c) Sun, Z.; Weidner, K;
Kumagai, N.; Shibasaki, M. Chem. - Eur. ]. 2015, 21, 17574.

(19) For a previous communication, see Yin, L.; Brewitz, L.;
Kumagai, N.; Shibasaki, M. J. Am. Chem. Soc. 2014, 136, 17958.

(20) (a) Yokozawa, T.; Nakai, T.; Ishikawa, N. Tetrahedron Lett.
1984, 25, 3987. (b) Yokozawa, T.; Nakai, T.; Ishikawa, N. Tetrahedron
Lett. 1984, 25, 3991. (c) Ishihara, T. Yuki Gosei Kagaku Kyokaishi
1992, 50, 347.

(21) (a) Itoh, Y.; Yamanaka, M.; Mikami, K. Org. Lett. 2003, 5, 4807.
(b) Itoh, Y.; Yamanaka, M.; Mikami, K. J. Am. Chem. Soc. 2004, 126,
13174. (c) Mikami, K.; Itoh, Y. Chem. Rec. 2006, 6, 1.

(22) (a) Shimada, T.; Yoshioka, M.; Konno, T.; Ishihara, T. Org. Lett.
2006, 8, 1129. (b) Franck, X.; Seon-Meniel, B.; Figadére, B. Angew.
Chem., Int. Ed. 2006, 45, 5174.

(23) (a) Ramachandran, P. V.; Parthasarathy, G.; Gagare, P. D. Org.
Lett. 2010, 12, 4474. (b) Veeraraghavan Ramachandran, P,;
Parthasarathy, G.; Gagare, P. D. Tetrahedron Lett. 2011, 52, $359.
(c) Veeraraghavan Ramachandran, P.; Gagare, P. D.; Parthasarathy, G.
Tetrahedron Lett. 2011, 52, 60SS.

(24) For a review on the utility of N-carbamoyl imines in asymmetric
catalysis, see Vesely, J.; Rios, R. Chem. Soc. Rev. 2014, 43, 611.

(25) Reaction of 1ad and 2a afforded the desired Mannich product
(44% yield, syn/anti = 2.3/1, 81% ee (syn)) with 10 mol% of
[Cu(CH;CN),]PF¢/(R)-tol-BINAP)/Barton’s base (rt, 24 h).

(26) For the racemic synthesis of a-F-a-CF; carbonyl compounds,
see (a) Cooper, J. A.; Olivares, C. M.; Sandford, G. J. Org. Chem. 2001,
66, 4887. (b) Ogu, K-i; Akazome, M.; Ogura, K. J. Fluorine Chem.
2003, 124, 69. (c) Loska, R.; Makosza, M. Chem. - Eur. J. 2008, 14,
2577. (d) Hafner, A.; Feuerstein, T. J.; Brise, S. Org. Lett. 2013, 15,
3468. (e) Li, L; Chen, Q.-Y;; Guo, Y. J. Org. Chem. 2014, 79, 514S.

(27) For partly successful examples, see (a) Qian, C.-P.; Nakai, T.
Tetrahedron Lett. 1990, 31, 7043. (b) Komatsu, Y.; Sakamoto, T.;
Kitazume, T. J. Org. Chem. 1999, 64, 8369. (c) Nakamura, Y.; Ozeki,
Y.; Uneyama, K. . Fluorine Chem. 2008, 129, 274.

(28) (a) Kuroboshi, M.; Okada, Y.; Ishihara, T.; Ando, T.
Tetrahedron Lett. 1987, 28, 3501. (b) Ishihara, T.; Kuroboshi, M,;
Yamaguchi, K. Chem. Lett. 1990, 211. (c) Ishihara, T.; Kuroboshi, M.;
Yamaguchi, K; Okada, Y. J. Org. Chem. 1990, 5§, 3107. (d) Coe, P. L;
Lohr, M.; Rochin, C. J. Chem. Soc, Perkin Trans. 1 1998, 2803.
(e) Sato, K; Sekiguchi, T.; Ishihara, T.; Konno, T.; Yamanaka, H.
Chem. Lett. 2004, 33, 154. (f) Sato, K; Sekiguchi, T.; Ishihara, T;
Konno, T.; Yamanaka, H. J. Org. Chem. 2004, 69, 5041. (g) Chen, X;
Lemal, D. M. J. Fluorine Chem. 2006, 127, 1137. (h) Massicot, F.;

Iriarte, A. M.; Brigaud, T.; Lebrun, A,; Portella, C. Org. Biomol. Chem.
2011, 9, 600.

(29) Doussot, P.; Portella, C. J. Org. Chem. 1993, 58, 6675.

(30) Kuroboshi, M.; Ishihara, T. Bull. Chem. Soc. Jpn. 1990, 63, 1191.

(31) Sekiguchi, T.; Sato, K; Ishihara, T.; Konno, T.; Yamanaka, H.
Chem. Lett. 2004, 33, 666.

(32) For the racemic synthesis of f-amino a-F-a-CF; carboxylic acid
derivatives via cycloaddition, see Jakowiecki, J.; Loska, R.; Makosza, M.
J. Org. Chem. 2008, 73, 5436.

(33) An extra fluorine atom at the a position may decrease the
nucleophilicity of the corresponding enolate.

(34) The absolute configuration of syn-6a was determined by X-ray
crystallographic analysis. See the Supporting Information for details.

(35) The Mannich-type reaction of 1b with the N-Boc imine derived
from (E)-cinnamaldehyde proceeded with 10 mol % catalyst loading to
afford the Mannich adduct in 86% yield and 96% ee (major
diastereomer), albeit with low diastereoselectivity (dr = 1.4/1).

(36) (a) Nahm, S.; Weinreb, S. M. Tetrahedron Lett. 1981, 22, 3815.
(b) Balasubramaniam, S.; Aidhen, I. S. Synthesis 2008, 2008, 3707.
(c) Davies, S. G.; Fletcher, A. M.; Thomson, J. E. Chem. Commun.
2013, 49, 8586.

(37) Myers, A. G.; Yang, B. H.; Chen, H.; McKinstry, L.; Kopecky, D.
J.; Gleason, J. L. J. Am. Chem. Soc. 1997, 119, 6496.

(38) For leading references on lanthanide-catalyzed direct amidation
of esters, see (a) Han, C.; Lee, J. P.; Lobkovsky, E.; Porco, J. A, Jr. J.
Am. Chem. Soc. 2005, 127, 10039. (b) Morimoto, H.; Fujiwara, R;
Shimizu, Y.; Morisaki, K.; Ohshima, T. Org. Lett. 2014, 16, 2018. For a
comprehensive review of transesterification using lanthanide-based
catalysts, see (c) Hatano, M.; Ishihara, K. Chem. Commun. 2013, 49,
1983.

(39) For recent reviews on perspective of perfluoroalkyl compounds
in medicinal chemistry, see (a) Kannan, K. Environ. Chem. 2013, 8,
333. (b) Prchalova, E,; §tépének, O.; Smrcek, S.; Kotora, M. Future
Med. Chem. 2014, 6, 1201.

(40) For recent selected racemic syntheses, see (a) Liang, Y.; Fu, G.
C. Angew. Chem,, Int. Ed. 2015, 54, 9047. (b) Kim, H. W.; Rossi, P.;
Shoemaker, R. K;; DiMagno, S. G. J. Am. Chem. Soc. 1998, 120, 9082.
(c) Boydell, A. J.; Vinader, V.; Linclau, B. Angew. Chem,, Int. Ed. 2004,
43, 5677. (d) Yajima, T.; Yamaguchi, K; Hirokane, R.;; Nogami, E. J.
Fluorine Chem. 2013, 150, 1. (e) Kuninobu, Y.; Nagase, M.; Kanai, M.
Angew. Chem,, Int. Ed. 2015, 54, 10263. For catalytic enantioselective
approach, see (f) Liang, Y.,; Fu, G. C. J. Am. Chem. Soc. 2015, 137,
9523.

(41) Highly insoluble materials were formed.

(42) For similar defluorination of ketones, see (a) Umemoto, T.;
Kuriu, Y.; Nakayama, S.; Miyano, O. Tetrahedron Lett. 1982, 23, 1471.
(b) Umemoto, T.; Furukawa, S.; Miyano, O.; Nakayama, S. Nippon
Kagaku Kaishi 1985, 2146.

(43) The absolute configuration of syn-12a was determined by X-ray
crystallographic analysis. See the Supporting Information for details.

(44) DTBM-SEGPHOS was identified to give excellent dr and ee in
the Mannich-type reaction of la. (See ref 19.) For lc, less sterically
demanding xyl-SEGPHOS was necessary to achieve high conversion
likely because of increased sterics of 1c compared with 1a.

(45) (a) Chen, J.; Hu, C.-M. J. Chem. Soc., Perkin Trans. 1 1994,
1111. (b) Liu, J-T.; Sui, G.-D.; Chen, G.; Huang, W.-Y. J. Fluorine
Chem. 1999, 93, 49. (c) Zhang, C.-P.; Chen, Q.-Y.; Xiao, J.-C.; Gu, Y.-
C. J. Fluorine Chem. 2009, 130, 671. (d) Konno, T.; Takano, S.;
Takahashi, Y.; Konishi, H.; Tanaka, Y.; Ishihara, T. Synthesis 2011,
2011, 33. (e) Ou, S.; Jiang, M.; Liu, J.-T. Tetrahedron 2013, 69, 10820.
(f) Watanabe, Y.; Konno, T. J. Fluorine Chem. 2015, 174, 102.

(46) In the Mannich-type reaction of amide 1g with imine 2b,
conversion was ca. 40% albeit with high dr (>20/1) and
enantioselectivity (97% ee).

(47) For catalytic asymmetric Mannich-type reactions, only highly
acidic a-fluoro-f-ketoesters, a-fluoro-p-ketoimides, a-fluoromalonates
were used; see (a) Han, X.,; Kwiatkowski, J.; Xue, F.; Huang, K-W,;
Lu, Y. Angew. Chem.,, Int. Ed. 2009, 48, 7604. (b) Pan, Y.; Zhao, Y.; Ma,
T.; Yang, Y,; Liu, H; Jiang, Z.; Tan, C.-H. Chem. - Eur. ]. 2010, 16,

DOI: 10.1021/jacs.5b11064
J. Am. Chem. Soc. 2015, 137, 15929—-15939


http://dx.doi.org/10.1021/jacs.5b11064

Journal of the American Chemical Society

779. (c) Yoon, S. J; Kang, Y. K;; Kim, D. Y. Synlett 2011, 2011, 420.
(d) Kang, Y. K; Yoon, S. J.; Kim, D. Y. Bull. Korean Chem. Soc. 2011,
32, 1195. (e) Kang, Y. K; Kim, D. Y. Tetrahedron Lett. 2011, 52, 2356.
(f) Zhao, Y; Pan, Y.; Liu, H; Yang, Y.; Jiang, Z.; Tan, C.-H. Chem. -
Eur. J. 2011, 17, 3571. (g) Wang, H.-Y.; Zhang, K; Zheng, C.-W;
Chai, Z; Cao, D.-D.; Zhang, J.-X,; Zhao, G. Angew. Chem., Int. Ed.
2015, 54, 1775.

(48) For direct catalytic asymmetric aldol reactions using a-F ketones
as latent enolates, see (a) Zhong, G.; Fan, J; Barbas, C. F., III
Tetrahedron Lett. 2004, 45, 5681. (b) Xu, X.-Y.; Wang, Y.-Z.; Gong, L.-
Z. Org. Lett. 2007, 9, 4247. (c) Guillena, G.; Hita, M.; Najera, C,;
Vibzquez, S. F. J. Org. Chem. 2008, 73, 5933. (d) Lu, M,; Lu, Y.; Tan,
P. K. A; Lau, Q. Y.; Zhong, G. Synlett 2011, 2011, 477.

(49) The absolute configuration of anti-15b was determined by X-ray
crystallographic analysis. See the Supporting Information for details.

(50) The configuration of the major diastereomer was dependent on
the ligand, and there is no concrete evidence to explain the
diastereoselctivity on the basis of the enolate geometry.

(51) (a) Pederson, B. F.; Pederson, B. Tetrahedron Lett. 1965, 6,
2995S. (b) Nanjan, M. J.; Kannappan, V.; Ganesan, R. Indian J. Chem.
1979, 18B, 461. (c) Itai, A.; Toriumi, Y.; Tomioka, N.; Kagechika, H.;
Azumaya, L; Shudo, K. Tetrahedron Lett. 1989, 30, 6177. (d) Saito, S.;
Toriumi, Y.; Tomioka, N.; Itai, A. J. Org. Chem. 1995, 60, 4715.

(52) A similar tendency was observed for 7-azaindoline amides
bearing different @ substituents. See ref 18.

(53) For examples of the conformational change of tertiary amides,
see (a) Gorske, B. C.; Bastian, B. L.; Geske, G. D.; Blackwell, H. E. J.
Am. Chem. Soc. 2007, 129, 8928. (b) Gorske, B. C.; Stringer, J. R;
Bastian, B. L.; Fowler, S. A,; Blackwell, H. E. J. Am. Chem. Soc. 2009,
131, 16555. (c) Yamasaki, R.; Tanatani, A,; Azumaya, L; Saito, S.;
Yamaguchi, K; Kagechika, H. Org. Lett. 2003, S, 1265. (d) Caumes,
C.; Roy, O.; Faure, S.; Taillefumier, C. J. Am. Chem. Soc. 2012, 134,
9553. (e) Roy, O.; Caumes, C.; Esvan, Y.; Didierjean, C.; Faure, S,;
Taillefumier, C. Org. Lett. 2013, 15, 2246. (f) Bartuschat, A. L.; Wicht,
K; Heinrich, M. R. Angew. Chem., Int. Ed. 2015, 54, 10294.

(54) For a discussion on E/Z isomerization of imines by nonbonding
interaction, see (a) Corey, E. J; Decicco, C. P.; Newbold, R. C.
Tetrahedron Lett. 1991, 32, 5287. (b) Bernardi, A.; Gennari, C,;
Raimondi, L.; Villa, M. B. Tetrahedron 1997, 53, 770S. (c) Lou, S.;
Moquist, P. N.; Schaus, S. E. J. Am. Chem. Soc. 2007, 129, 15398. See
also ref 9c.

15939

DOI: 10.1021/jacs.5b11064
J. Am. Chem. Soc. 2015, 137, 15929—-15939


http://dx.doi.org/10.1021/jacs.5b11064

