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Frustrated Lewis Pairs (FLPS)
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Intramolecular Hydride Transfer within FLPs
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Dehydrogenation of N-Heterocycles
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Enantioselective C-H Functionalization of Amines
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C-H Functionalization of Amines

o)
o)
H/O\H . o cat. LA (5 mol%) _ +M60 O
'Tj \)I\OMe solvent, 22 °C ;\l OMe Mé N OMe
Ar Ar Me /
Ar Me
1a 2a 3a 3b
Ar = 2,6-M€2-4-MGOC6H2
i o)
Entry LA Solvent Time (h) Yield of 3a (%) Yield of 3b (%)
anti/syn
1 B(CsFs)3 DCM 12 >05, 2.3:1 <5
2 B(CgsFs)3 Et,O 12 94, 2.3:1 <5
3 B(CeFs)3 Toluene 12 81,2.4:1 5
4 B(CeFs)s Benzene 0.5 >05,2.4:1 <5
5 none Benzene 12 0 0
6 BF;-OEt, Benzene 12 0 0
7 BPh, Benzene 12 0 0




Substrate Scope

R _R?
AN EWG o
. R4/\r B(CgF5)3 (5 or 10 mol%) -~ , EWG

R3J\H R5 DCM or benzene, 22 °C R RS

4
. ) Ar = 2,6-Me»-4-MeOCgH, H 3 R
O O 0] O
CN
;\l OMe ;\l OBn ;\l OPr N SPh ;\l
Ar Me Ar Me Ar Me e Ar Me
3a: 97% yield 3c: 91% yield 3d: 78% yield 3e: 53% yield 3f: 50% yield

2.3:1 anti:syn 2.5:1 anti:syn 2.1:1 anti:syn

O 0
NO ‘B
N ’ N OMe N O'Pr
/ / Me |
Ar Ar Me Ar Me

Ph

39: 84% yield

3h: 97% yield
1.2:1 anti:syn

3i: 63% yield
10:1 anti:syn

1.8:1 anti:syn 1.3:1 anti:syn

wi g

'Pr Me

o) h o)
u g
\N/\Hkoan Me/\N/\)‘\OBn
' )\ Me
Me” YPh

3j: 85% yield 3k: 91% vyield

(R,S)(R,R) = 1.5:1




Enantioselective C-H Functionalization of Amines

O

B(CgF5)3 (10 mol%) <\ 9)
Mg(OTf), (10 mol% )/L* (12 mol%)
/\)I\N/K

O
O DCM, 22°C,12h / H O
Ar \\/ _ Ar Me \\/
Ar = 2,6-M62-4-M8006H2
1a 2i 3l
B'q CIr{.) D
Oj)kfo o | P o
I 0 YT
Ph N 2 N Q " "~
ok Ph \\< \ Al L3-4 Ar
Ph Ph
, . L3: Ar=Ph L4: Ar = 3-CICgH
7% yield <5% yield o i
1.3:1 anti:syn 2.0:1 anti:syn 35% yield >95% yield

56:44 e.r. (anti)
52:48 e.r. (syn)

50:50 e.r. (anti)
50:50 e.r. (syn)

1.1:1 anti:syn
71:29 e.r. (anti)
80:20 e.r. (syn)

1.6:1 anti:syn
80:20 e.r. (anti)
68:32 e.r. (syn)
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Enantioselective C-H Functionalization of Amines
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35% yield, 4.8:1 anti:syn
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O
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>95% yield
1.6:1 anti:syn

_| 80:20 e.r. (anti)

68:32 e.r. (syn)
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Enantioselective C-H Functionalization of Amines

B(CeF5)3
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Steric
repulsion
B(Arg)s
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NN
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(Arg)sB—H O
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(Arg)sB—H Me%\/

Ar
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..................................... > N
rac-3m A/ r I\E/I O
<5% vyield ﬁ/le
3m Me
A
Steric
repulsion
B(Ar,
o Me F)3

Ar 88% vyield
(ArF 4.3:1 anti:syn
4 97:3 e.r. (anti)

98:2 e.r. (syn)
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Substrate Scope

Mg(OTf), (10 mol%)/L4 (12 mol%)

. 4\/ DCM, 22 °C, 12 h !
R? R

yL N o N o Y o
At A " Me Ao A/ A e A/
MeMe Me Me

3
RS \)(I)\ Jz B(C¢Fs)s (10 mol%) R O o
R1\ )\ + N e}

Y

pu)
Z/ -
ﬁ‘
Ju

Me Me
Ar = 2,6-M62-4-MGOCGH2 Ar = 2,6-Mez-4-MeOC6H2 Ar = 2,6-M€206H3 Ar = 2,6-Me2-4tBUC6H2
3m: 88% yield 3n: 79% vyield 3o-anti 3p-anti
anti:syn: 4.3:1 anti:syn: 5.6:1 56% vyield, 89:11 e.r. 57% yield, 91:9 e.r.
anti: 97:3 e.r. anti: 95:5 e.r. 3o-syn 3p-syn
syn: 98:2 e.r. syn: 98:2 e.r. 15% yield, 93:7 e.r. 13% yield, 98:2 e.r.
Me  Me o 0

N/\)I\NJ( tBU\ /\)I\ J<
0 T N o Nor N
Me )\/ 'Pr Me /¥/

Me pnp Me

. £ O
TBSO Pr  Me /\\/
Me
Me Me Me
3r-major: 47% yield, >99:1 e.r. 3s: 52% yield 3t: 46% yield
3r-minor: 24% yield, >99:1 e.r. 88:12 eur. 96:4 e.r.
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Enantioselective C-H Functionalization of Amines

] ) cat. B(CgF5)3 R R2
R\N/R cat. (MeCN),CuPFg4/L* N7
+  MeSi———~R* : >
J\ Cooperative R3
R® TH Lewis acid catalysts AN
4
1 4 5 R
Proposed catalytic cycle
RI®. R?
e
S
RlN/R2 RSU PFe H—B(CeFs); .
‘ @ v R—-H
Rs\ L*—Cu——=—=—R* g R o
X ¥
R4 . C-Cbond n
o y formation _ |
*L—Cu—PFg § B(CsFs)s
y - hydride R! R2?
R:OH transmetalation abstraction ¢ \j\‘\
Me;Si—=—R* N ® O RI® R? . R “H
4 R PFg ~ |N ) #
yooN I H-B(CeFs)s 1
L*—Cu——=——R* R3
HO—SiMe; . I
Wasa, M. et al. J. Am. Chem. Soc. 2020, 142, 16493
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C-H Functionalization of Amines

\
Ar

1a (0.10 mmol)

4a (0.15 mmol)

LA (10 mol%)
(MeCN)4CuPFg (10 mol%)
XantPhos (10 mol%)

ROH, DCE, 60 °C, 24 h
Ar = 2,6-M82-4-MGOC6H2

\
Ar

—
TS~CO,Et

5a

Entry LA ROH (x mmol) Yield of 5a (%)
1 B(CgsFs)3 none 7
2 B(CsFs)s PrOH (0.20) 0
3 B(CgFs)s ‘BUOH (0.20) 17
4 B(CgFs)3 Ph;COH (0.20) 52
5 B(CsFs)3 Ph;COH (0.10) 83
62 B(CsFs)s Ph,COH (0.10) 90
7 none Ph;COH (0.10) 0
8 BPh, Ph;COH (0.10) 0
212 h
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Substrate Scope

B(CGF5)3 (10 mOl%)
(MeCN),CuPFg (10 mol%) RLN/RZ

R _R2
N
N . XantPhos (10 mol%)
A MeaS X PhaCOH. DCE, 60°C
T R "N
5

1 4 Ar = 2,6-Mez-4-MeOC6H2 X
Me
Me Ar\N \
—
| CO,Et N == COEd '}' AN Me CO,Et
Ar A 2 Ar CO,Et
5a: 90% vyield 5b: 77% vyield 5c¢: 77% yield 5d: 90% vyield
Me Me Ph
Ar OTBS OTBS
\N S /\/
A
) CO,Et ) CO,Et
Me
CO,Et CO,Et
Se: 42% vyield 5f. 70% yield 59: 76% vyield? 5h: 86% yield?

2Dppe (10 mol %), Ph;COH (2.0 equiv.), 80 °C.




Substrate Scope

COzEt CO,Et
76% yield? 5j: 71% yield?
butenafine derivative trimebutine derivative
S
Ph :/ ‘
/ N/\/\O
EtO,C
X
CO,Et
51: 74% yield? 5m: 68% yield?
nortriptyline derivative duloxetine derivative

2Dppe (10 mol %), Ph;COH (2.0 equiv.), 80 °C.

Me
\

56% yield?
atomoxetine derivative

Cl

l Cl
\O

CO,Et

5n: 67% yield?
sertraline derivative

Ph ‘
Ph)\N
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Substrate Scope

CF
AL
/\)\O
H

10 N-Bzh fluoxetine

Ph Ph Q/ CF
Ph)\N/\)\O
\

Ph

50c: 75% yield?

~ ~

CO,Et CONBh,
50a: 82% yield? 50b: 80% yield?

L 2 O
sis \

50d: 74% vyield? 50e: 87% yield?

TMS

aDppe (10 mol %), Ph;COH (2.0 equiv.), 80 °C.
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Enantioselective C-H Functionalization of Amines

B(CgFs)3 (10 mol%)
O\ (MeCN),CuPFg/L* (10 mol%)
H + MesSi—==—CO,Et - Ny TS
CO,Et

N
| PhsCOH, ‘BuOMe, 60 °C, 12 h |
Ar = 2,6-M62-4-M6006H2

)
]
=)
)
o™
-
-
=y
Z
Z
hy,, <
Z
Z
S </

Ph Ph Ph
L1: 61% yield, 49:51 er.  L2: 70% vyield, 45:55 e.r. L3: 6% yield, 72:28 e.r.  L4:29% yield, 66:34 e.r.

Me Me | AN L7: R=1Bu
81% yield, 52:48 e.r.
o) P ;
\ | \\> © I N \ O L8: R = Ph
PPh, N N— S/N N\> 84% yield, 82:18 e.r.
Ph R R

L9:R = 3,5-Me2CSH3

Ph 75% vyield, 95:5 e.r.

‘Bu
L5: 15% yield, 41:59 e.r. L6: 53% vyield, 48:52 e.r.
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Substrate Scope

B(CsF5)3 (10 mol%) 1 2
] 5 6 5)3
R\N/R (MeCN),CuPFg/L9 (10 mol%) R\N/R
J\ +  MesSi—==—CO,Et >
N Ph3COH, ‘BuOMe, 60 °C R3 N
. 4a Ar = 2,6-Me,-4-MeOCgH, 5 CO,Et
Me
Me
=
NS N
| CO,Et =
Ar ,Tj o CO,Et AF \\
Ar CO,Et

5a: 75% yield, 95:5 e.r.

Ph

F3C/\/\ITJ)\

Bn COzEt

5p: 64% yield, 84:16 e.r.

5b: 69% yield, 93:7 e.r.

e
Me Q\

Ar

5q: 66% vyield
6.3:1 (trans:cis)
83:17 e.r. (trans)

5c: 64% yield, 95:5 e.r.

\\‘\\

==
N TS~co,Et

Ar

5r: 68% yield
10.1:1 (trans:cis)
88:12 e.r. (trans)
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Kinetic Studies

Cu(X tEIgCSI):(SI\}?’CM )PF
u(XantPhos e)PFg Ar_
Ar\N/Me +  MesSi—==—CO,Et - - ITI/\
I\I/Ie Ph3;COH, CD,Cl,, 60 °C Me CO,Et
Ar = 2,6-M92-4-MGOC6H2
1d 4a 5d
(@) . 9 (b) '
© ©
0, 0, o
% y=0.3761x- 3.7148 % y=0.8922x-4.1825
o o

log[B(CeFs5)3] | log[4a]

The reaction of 1d and 4a to afford propargylamine 5d was found to be
0.5-order in B(C4F5); and 1.0-order in alkyne.

These data imply that C-H bond cleavage through B(C4F:), catalyzed
hydride abstraction occurs after the turnover-limiting step.
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Kinetic Isotope Effect Studies

Ar CH
\N/ 3
) +

1f (0.10 mmol)

Ph

Ar CD
\N/ 3

=+
H
PR\

H

1f-d (0.10 mmol)

B(C6F5)3 (1 0 mOI%)

Cu(XantPhos)(NCMe)PFg (10 mol%) Ar\N A
Me;Si—=——-CO,Et > N
Ph;COH, CD,Cl,, 60 °C )

Ar = 2,6-M62-4-M90C6H2
4a (0.15 mmol) 5f

D, D D:>98%

B(CgFs)3 (10 mol%) Ar
Cu(XantPhos)(NCMe)PFg (10 mol%) SN N
Me;Si—==—CO,Et > X
Ph;COH, CD,ClI,, 60 °C Ph H(D)  COEt
Ar = 2,6-Me,-4-MeOCgH, HD) p. <59
4a (0.15 mmol) 5f-d

Ky/kp = 1.02 & 0.02
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Kinetic Isotope Effect Studies

AF\N/CHs AF\N/\
S
J )

CO,Et
Ph

1f (0.05 mmol) B(CgF5)3 (10 mol%) 5f: 22% yield

Cu(XantPhos)(NCMe)PF (10 mol%)
+ Me3S|%C02Et ' o +
PhyCOH, CD,Cl,, 60 °C
D D D:>98%

Ar\ /CD3 Ar = 2,6-M82-4-MGOCGH2 Ar\
N 4a (0.15 mmol) N A
/IvH )T
Ph

o H(D) “CO,Et
H HD) p. <59,
1f-d (0.05 mmol) 5f-d: 5% yield
Kikp = 4.4

These data imply that the turnover-limiting step is before the
(FsCg);B-catalyzed hydride abstraction and that the C-H bond
cleavage step isirreversible.
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Isotope Experiments

Ar_ _CD(H); D: 63%
A ~CP2 B(C4Fs)s (10 mol%), DCE, 60 °C, 16 h N~
H o /%H(D) e
P, Ar = 2,6-Me,-4-MeOCgH, P \yp) D:63%
1f-d (0.10 mmol) 6f-d: >95% yield
D: 28%
D: 28%
Ar_ _CD(H
Ars - CH: ASN~P3  B(CaFe)s (10 mol%) Ars. ~COH)s ORI
| ¥ JT > | ¥ H(D
CH, N ' DCE, 60°C, 16 h CD(H), Ph H(D() )
Ar = 2,6-Me,-4-MeOCgH; D: 28% D- 27%
1d (0.10 mmol)  1f-d (0.10 mmol) 6d-d: >95% yield  6f-d: >95% yield

C-H bond cleavage step is irreversible
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Structure Determination of Products

Ar CD
\N/ 3

| + Me3Si — C02 Et
H
Ph

H

1f-d (0.10 mmol)  4a (0.15 mmol)

Ar\N/CD3

| + Me;Si
CD;

—==—CO,Et

1d-d (0.10 mmol) 4a (0.15 mmol)

B(CeF5)3 (10 mol%) D. D D:>98%
Cu(XantPhos)(NCMe)PFs  r
(10 mol%) _ N % + PhsC—D
Ph;COH, DCE, 60 °C H(D) "CO,Et
H(D) D:<5%

Ar = 2,6-M€2-4-MGOCGH2

5f-d: 31% yield 7-d: 24% yield

B(CeFs)3 (10 mol%)

Cu(XantPhos)(NCMe)PFg D D D:>98% Ph3;C—D
(10 mol%) N AF\N % + 7-d:39% yield
o I
Ph;COH, CD,Cl,, 60 °C O

Ar = 2,6-M€2-4-MGOCBH2

5d-d: 37% yield 8: 14% vyield
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Mechanism of Catalytic Process

o B(CeFs)s
H—O @
B(CsFs)3

ROH
1 2
R R B(CeFs)s3 Jtﬁ

v R Me,Si———R*
Rs/‘\ 7 HO— B((;6|:5)3 3

5 R L*—Cu-PF,
Vv
ROH _turnover Me;Si—OH
limiting step 9
RI® _R?
N .
3J H=B(C¢Fs)s o R
: (CeFs)3B R*
e N "
®Q_  IX L*—Cu—PFq
R PFg
hydride .
abstraction transmetalation
B(CsFs)3
R -R? ® o
JN\ R PFe
1 . — 4
Vi
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Summary

R _R?
\)OI\ B
™
R »~ RS R
Mg(OTf),/L*
H
RGO R
\N .......
- | .......
SRCERRERES E—
" HB(CFs)s
R _R?
M%Si%R
> 3
(MeCN),CUPF¢L*, ROH Xy
R

Wasa, M. et al. 3. Am. Chem. Soc. 2018, 140, 10593;
J. Am. Chem. Soc. 2020, 142, 16493.
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The First Paragraph

Writing Strategy

The importance of propargylamines

Methods for the preparation
of chiral propargylamines

The advantages of direct conversion
of alkylamines to propargylamines
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The First Paragraph

Propargylamines are prevalent in pharmaceuticals and are
commonly used as intermediates in the synthesis of bioactive
amines. Enantiomerically enriched propargylamines have been
prepared by the addition of an alkynylmetal compound to an imine.
An attractive alternative would entail the conversion of an a-amino
C(sp?®)-H bond into an a-C-alkynyl bond. One way to accomplish this
would be through in situ generation of an iminium ion intermediate
formed from the corresponding amine under oxidative conditions. An
llustrative case is enantioselective Cu-PyBOX-catalyzed coupling of
a benzylic a-amino C-H bond of N-phenyl tetrahydroisoquinoline la
with ethynylbenzene 2a to afford propargylamine 3a.
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The First Paragraph

Still, development of a nonprecious transition metal- and oxidant-free
catalytic C-H functionalization process represents a compelling
research objective. Particularly noteworthy would be the direct
conversion of a-C—H bonds contained in bioactive N-alkylamines into
a-C-alkynyl bonds, because these entities constitute over 50% of the
top-selling drugs; the resulting derivatives of these pharmaceuticals
possessing the alkyne unit can serve as modifiable intermediates for
late-stage structural diversification that could lead to new leads
and/or more effective therapeutics.
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The Last Paragraph

Writing Strategy

Summary of this work

Significance of this work
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The Last Paragraph

In summary, we developed an efficient and diastereo- and
enantioselective method for the activation of a-amino C-H bonds to
generate propargylamines. We find that by using a blend of B(C4Fs),
and an organocopper complex, it is possible to generate an iminium
from a N-alkylamine, and a L Cu-alkynyl complex from an alkynyl-
silane. The catalyst system tolerates a wide variety of Lewis acid-
sensitive functional groups and is therefore applicable to the late-
stage transformation of a complex (and bioactive) trialkyl amine
molecule to its derived propargylamine. Mechanistic investigations
indicate that the turnover-limiting step occurs prior to (F;Cg);B-
catalyzed C-H abstraction and that (F;C4);B catalyzed C-H
abstraction is an irreversible process under the reaction conditions for
alkyne incorporation.
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The Last Paragraph

The principles outlined here demonstrate that the proper combination
of an achiral organoborane and a chiral organometallic catalyst can
be used for chemo- and enantioselective C-H bond activation,
providing a rational framework for the further development of
processes involving the late-stage stereoselective a-functionalization
of bioactive amines. Studies aimed at achieving these objectives are
currently underway.
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Representative Examples

An attractive alternative would entail the conversion of an a-amino
C(sp3)-H bond into an a-C-alkynyl bond. (I&& & K75 5%)

Still, development of a nonprecious transition metal- and oxidant-free
catalytic C-H functionalization process represents a compelling
research objective. (5| A EZRIEEM)

To begin, we set out to identify a suitable combination of catalysts.
(FHM)

An assortment of cyclic and acyclic N-alkylanilines may be used iIn
reaction with 3-(trimethylsilyl)propiolate to generate the corres-
ponding propargylamines. (K414 &)

We designed and performed studies aimed at shedding light on the
mechanism of the catalytic process. (H1IE#33)
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