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Cooperative Catalysis
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self-quenching should be avoided
— strong interactions would not be utilized (hard-hard, soft-soft)
mildly to moderately acidic and basic groups would be used
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Frustrated Lewis Pairs
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 Combinations of bulky Lewis acid and base

* Sterically prevented from neutralization reaction

» Cooperative activation of small molecules (H,, CO,, etc.)

* tethering of acidic and basic catalyst component is not necessary
—facile and independent modification for optimization of reactions

Paradies, J. Angew. Chem. Int. Ed. 2014, 53, 3552. Stephan, D. W. Acc. Chem. Res. 2015, 48, 306.
See 150131_LS_ Hiroyuki_Mutoh_Frustrated Lewis_Pairs



H, Activation with Frustrated Lewis Pairs
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Figure 1. POV-ray drawing of 1. Hydrogen atoms except for BH and PH
are omitted for clarity. C, black; P, orange; F, pink; B, yellow-green: H,
gray.
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Concept of Reactions Using B(C.F;),

Catalyst design:
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Precedent Study
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Reactions through Carbonyl Activation

*Mannich reaction B(CgF5); (10 mol%)
N,Boc o (20 mol%) BocHN o
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22°C,12h
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Angew. Chem. Int. Ed. 2016, 55, 13877.
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Enantioselective Reactions through
Carbonyl Activation

*Enantioselective a-amination of carbonyls B(CGF5)3 (5 mol%)

\)\ Jj\CF (10 mol%) _CO,Me

I
€2 - N

/COZMe

=Z
ZIII

Z

toluene
-46 °C, 24 h
88%, 94% ee

MeO,C”~

. ] . L J. Am. Chem. Soc. 2017, 139, 95.
*Enantioselective Conia-ene-type cyclization

B(CgFs)3 (7.5 mol%)

(15 mol%) o)
N
Me A
H - |
| | Bn Bn s
0 n-Bu n
n-Bu IN\> (7.5 mol%
n B
Ph s N

CH,Cl,, 40 °C,12 h J. Am. Chem. Soc. 2019, 141, 419.
990/0, 94% ee



Enantioselective Reactions through
Iminium lon Formation
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Conversion of N-Alkylamines to A-Propargyl
Amines - Working Hypothesis -
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Chan, J. Z.; Yesilcimen, A.; Cao, M.; Zhang, Y.; Zhang, B.; Wasa, M. J. Am. Chem. Soc. 2020, 142, 16493.



Optimization of Reaction Conditions 15
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ield
entry Lewis acid R—OH y
A B
1 B(C6F5)3 i-PrOH (2 eq) 0% 0%
2 B(C¢F5)3 t-BuOH (2 eq.) 17% 0%
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4* B(CgF5s)s3 Ph3;COH (1 eq.) 90% <5% *12 h
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Chan, J. Z,; Yesilcimen, A.; Cao, M.; Zhang, Y.; Zhang, B.; Wasa, M. J. Am. Chem. Soc. 2020, 142, 16493.



Enantioselective N-Propargyl Amine
Formation - Ligand Screening -
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Substrate Scope -
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Determination of the Reaction Orders 19

General reaction conditions for the kinetic experiments
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X
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Chan, J. Z.; Yesilcimen, A.; Cao, M.; Zhang, Y.; Zhang, B.; Wasa, M. J. Am. Chem. Soc. 2020, 142, 16493.




Kinetic Isotope Effect Study ”

(a) Independent rate measurements with amine isotopologues
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(b) Competition rate measurements with amine isotopologues
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Hydride abstraction is not
turnover limitting step.

KIE is calculated based on the
product distribution.

Thus from this experiment,
observation of KIE means

that step is irreversible.

9

Hydride abstraction is irreversoble.

Chan, J. Z,; Yesilcimen, A.; Cao, M.; Zhang, Y.; Zhang, B.; Wasa, M. J. Am. Chem. Soc. 2020, 142, 16493.



Plausible Reaction Mechanism
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Chan, J. Z,; Yesilcimen, A.; Cao, M.; Zhang, Y.; Zhang, B.; Wasa, M. J. Am. Chem. Soc. 2020, 142, 16493.



Observation for Regioselectivity 22

(a)
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Me D
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H
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Proposed catalytic cycles:
D D
D A D D A AP
Ar\N’IvD ~ B(CsFs)s ) ’}\ D AI\N)VD ~ 5 B(CeFs)s ) ’}\ 3
H R . o PR ’}\ H w7 PhTNY
Ph‘j\H : H Ph=T>H : ‘
1g-d 1g-d
13g-d - . 13g-d - . . .
gg 9 Cation X would be long-lived
deuteride (] hydride :
Ar@N’J‘\D abstraction Ar i H—B(CsFs)s abstraction without (MeCN)4CuPFGIXantphos
oAy X ; SN7 D ; to undergo isomerization.
©) ' H ‘
D=—B(C4Fs)3 g Ph%p  xu N 4
D r
‘:_ Ars D—B(CsFs)s \- ‘&)“N’jVDD
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(a)
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MeO Me 5 [>98%)
Lo o 10mol% (MeCN),Cu—PFs Ars Cation X would be rapidly
N N/ N '::‘
+ MesSi 't > O + Phy,C—+D

Me —4\ D — consumed by its reaction with
OEl 10mol%  Xantphos Ph™ [<5%]
Ph~T*H P OEt
H 0.10 mmol PhyC—OH (MeCN),CuPFg/Xantphos.
1g-d 2b C,H4Cly, 60 °C, 16 h 3g-d 5-d
0.10 mmol 0.15 mmol 31% yield 24% yield

Chan, J. Z,; Yesilcimen, A.; Cao, M.; Zhang, Y.; Zhang, B.; Wasa, M. J. Am. Chem. Soc. 2020, 142, 16493.
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a- or y-Amino C-H Functionalization

a-amino C-H bond transformation

evia a-amino radical
Ir[dF(CF;)ppylo(dtbbpy)PFg (1 mol%)

O CsOAc (3 eq.), (CH,CI),, 24 °C O\/\
26 W CFL Ph .
N Ph/\/SOzPh > ( >

I 91% (E/Z = 98:2) | |
Ph Ph Ph

Noble, A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 11602.

evia metal carbene insertion 1
Oﬁ( T‘“ (Ar = C43H25C6H,)
N
Sor ] (1 mol%)
4

Z S )"t hexane, -50 °C O‘\/ _ Ph
N e =t
| Ph” ~CO,Me 2. CF;CO,H, CH2CI2 cO.Me H &o0.Me
Boc 72% (A:B = 96:4, A: 94% ee) Boc A 2 Boc B

Davies, H. M. L.; Venkataramani, G.; Hansen, T.; Hopper, D. W. J. Am. Chem. Soc. 2003, 125, 6462.

y-amino C-H bond transformation

Pd(OAc), (10 mol%)
(p-CF3)CgFy4 CsOPiv (p-CF3)CgFy4 Pd]\
t-AmyIOH 130 °c NH

<
92 /0 2-palladacycle

I
Topczewski, J. J.; Cabrera, P. J.; Saper, N. |.; Sanford, M. S. Nature 2016, 531, 220.




Enantioselective B-Amino C-H
Functionalization

Pd(OAc), (10 mol%)

(R)-TRIP (20 mol%) Ar H
AgOAc, |, Oe ’_ v
NH EtOAc N 0~P,9 N—Pd"VLn
O\H/L,— 70% 0 . 0" “oH O\[])TI
ke 93% ee \[ ke OO ‘
o o) 0

Ar
Ar = 2,4,6-trii-PrPh

Smalley, A. P.; Cuthbertson, J. D.; Gaunt, M. J. J. Am. Chem. Soc. 2017, 139, 1412.

Pd,(dba); (2.5 mol%)

s-BulLi ligand (5 mol%)
(+)-sparteine 7 PhBr (0.7 eq.) B H 7
Et,0, -78 °C toluene, 60 or 80 °C [—FI’ d'Ln
> h.P -P |
n-Pr then ZnClI i N ZnCl r N) Ph
n-Pr OC -78 to 20 °C i n-Pr Boc 1 i n-Pr Boc i
(t-Bu)zP CyO
P(I Pr)2
'\/N
> n-Pr n-Pr
n-Pr BOC n-Pr Boc Cyo
30% (88% ee, with L1) 72% (93% ee, with L2) L1

less hlndered, more flexible

Lin, W.; Zhang, K.-F.; Baudoin, O. Nat. Catal. 2019, 2, 882.
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Initial Design of Enantioselective
B-Amino C-H functionalization

(c) Enantioselective f~amino C—H functionalization by cooperative catalysis (this work)

H o cat. B(CgFs)a cat, base H “ o
e G. #
Gy AR ! A - NWK
R' (H cat, M—L R' R? (H
1 3 . . 4
G = H, alkyl or aryl Cooperative acid/base catalysts
Proposed catalytic cycle:
H R g B(CsFs)a 6 H 2
G. * “N’l\(
M—L" + r':.11 ] * X - k4 base é1 H
R'" R? H Y *.,
4 reduction and hydride
[ protonation abstraction 4
H—B(Cs sl o =]
R .;:_-."M_L' H-—B{CgFs)a
6. D . 6.2 _R?
N X 4
: r! R2 & R H
; vi | H—base 11 base
: "‘ sterecselective d tonation -
: a “, 1,4-addition Fpretenstien .
Rﬂ#%/u\x _M_L Ve E:' )-
5 3 ol - 2 | H—B(CgFs)h
ErrsvraTrEr R }- G'- %R s
R?-’%JL':H: r:J.I @
R H—hase

IV

Chang, Y,; Cao, M.; Chan, J. Z.; Zhao, C.; Wang, Y.; Yang, R.; Wasa, M. J. Am. Chem. Soc. 2021, 143, 2441.



Optimization of Reaction Conditions !

QOzi-Pr
B(C6F5)3 (10 mOI%) - .
base (10 mol%) CO,i-pr BN CO,i-Pr
anN/\ i-Pro C/\/COZI-P'. C02i-Pr
2 benzene Bn,N "CO.iP
(1.5 eq.) 50 °C, time 2I-Fr
A B C02i-Pr
yield
entry concentration base time
A B
1 1M Et;N 3h 50% 23%
2 1M 2,2,6,6-tetramethylpiperidine 3h 25% 29%
3 1M DBU 3h <5% <5%
4 1M none 3h 73% 25%
5 0.25 M none 3h 54% 5%
6 0.25 M none 12 h 91% 7%

Chang, Y.; Cao, M.; Chan, J. Z.; Zhao, C.; Wang, Y.; Yang, R.; Wasa, M. J. Am. Chem. Soc. 2021, 143, 2441.
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Substrate Scope for Amine

o C02i-Pr
RLN H \ CO.LPr B(C6F5)3 (10 mol /o) R1 CO.i-Pr
I- i-
| /\( iPro,c” X2 - SN 2
R2 R3 benzene (1 M) ' 5
(1.5eq.) 50 °C,12 h RZ R
Ph C02i-Pr COzl-Pr COzi-Pr
k CO,i-Pr )\/CO i-Pr )\/CO i-Pr
)N/\)\/ 2 N/\ 2 Ph/\”/\ 2
Ph 88% 93% minimal formation
CO2i-Pr  meo Me _ _
Ph = /C02i-Pr COZI-PI' COZI-PI'
PhH\E/\ e, CO,i-Pr _CO,i-Pr
TBSO N— k)/\/ CC\
Me
Ph’/
56% 89% 89% (enamlne)
(antilsyn = 1:1.3) (2.5 eq of fumarate, 0.7 M, 24 h)

(dr = 2.5:1)
Chang, Y.; Cao, M.; Chan, J. Z.; Zhao, C.; Wang, Y.; Yang, R.; Wasa, M. J. Am. Chem. Soc. 2021, 143, 2441




Ligand Screening for Enantioselective

Conditions
QO B(CFs)s (10 mol%)
EtO Sc(OTf); (5 mol%)
D~H N"f ligand 3(6 mol%)
o N -
MeO (1.5 eq.)wIe 60°C,1h

B
o) Z o)
sj/(j\( §:K(j\( | N | \
N N

N1
- Et Et

Ph Bn
72% 60% Me  g5o, M€
(R,S):(S,S) = 5.0:1 (R,S):(S,S) = 2.0:1 (R,S):(S,S) = 2.0:1
(R,S) 6% ee, (S,S)16% ee (R,S) 70% ee, (S,S) 60% ee (R,S) 94% ee, (S,S) 96% ee

Chang, Y.; Cao, M.; Chan, J. Z.; Zhao, C.; Wang, Y.; Yang, R.; Wasa, M. J. Am. Chem. Soc. 2021, 143, 2441.



Substrate Scope - Distinctive Reaction - °

(a)
= Ar

MeO Me —
;t""” +
Me
H
1q
(b)
MeO Me
D
T;;T—D +
Me
[>95%)]
D D
1j-d, 0.10 mmol

isomerization of iminium ion

cat. B(CgF
e (CgFs)s ABN Are
ke cat. [L10-Sc(OTf);] ') ®
l Et H -
O S of
o ®  60°C,24h [Sc]--. [Scl- 3
6f | L10 IX L10 67% 79
90% ee
cat. B(CBF5)3
0O o CF, O 0O 0
cat. [L10-Sc(OTf);] 3 0
% 45%
F3CA‘\‘)LN$ - ATMUU\N [23%)] . FSC/\.)Lwﬁ 1
N . [11%] N [35%] N
y CH,Cl,, 60 °C, 12 h , .,
EUpd M El'md Me EC\d Me
[81%)]
6f, 0.20 mmol 7h-d, 84% yield 8h-d, 0.08 mmol

90% ee

D was introduced at enolizable positions.

Chang, Y.; Cao, M.; Chan, J. Z.; Zhao, C.; Wang, Y.; Yang, R.; Wasa, M. J. Am. Chem. Soc. 2021, 143, 2441.



Determination of the Reaction Orders

General reaction conditions for the kinetic experiments

H cat. B(CesFs)3 Ph O O
‘T 0 o0 cat.  [L6-Sc(OTf N
N \)L [ ( )3] ,
@ o e Y > ) Bn’N Me
N . Me
. CD,Cl,, 60 °C
Bn Mé Me @
MeO
MeO
1p 6g p
@@ .- 2 : (b).. .. . 2 s - : ;
enantioselective addition reaction
y = 2.1563x - 0.9504 A should be after the turnover.limitting step
R*=09744
g 3 .
= = y = -0.07519x - 5.0362
R?=0.19588
log[B(CFs)s] . log[L6-Sc(OTf);]
(©) + (d) o YR .
: " | ‘ ' resting ‘stateé‘'may‘exist including 6g
—[6g-B(CgF5)] was detected in "°F NMR
y =1.2733x - 3.6478 o ’ . y = -0.9614x - 5.3877 ’
- R?=0.9923 - . R?=0.9940
3 . 3
log[amine 1p] : log[ &, f~unsaturated compound 6g)
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Kinetic Isotope Effect Study »

(a) Independent rate measurements with amine isotopologues

10mol%  B(CgFs)s

Ph O 0O
. o 0 10 mol % [L6-Sc(OTf);] (Y\/U\N
H N - N N
Ry > Bnl‘v’le
Bify, 7 “Me CD,Cly, 60 °C

MeQO MeOQ
1p, 0.10 mmol 6g, 0.15 mmol 7p

k! kp = 1.28 £0.07

10 mol % B(CgF5)3

D [>95%] [>95%)
Jq o 0 10mol %  [L6-Sc(OTf)s] ‘/f\/ll‘;l
N’i N
@ Me

\ [»95%] Bn’, Me
B CD,Cly, 60 °C ] o
Me hydride abstraction is not
MeO turnover limitting.
1t-d, 0.10 mmol 6g, 0.15 mmol Tt-d

MeQ

(b) Independent rate measurements with amine isotopologues

H 10 mol % B(CeFs)s Ph O o

H H
7)( O o 10mol %  [L6-Sc(OTf)s] (D)\’/U\N
1
N~ ph/\)LNi . N .
; > n e
N o Me
B 7o CD,Cly, 60 °C @

MeO MeO
1p, 0.10 mmol 6g, 0.15 mmol 7p k! kp = 2.50 £0.13
[>95%1 (p 10mol %  B(CeFs)s 70% Ph O O
D D i
75( 0 o 10mol % [L6-Sc(OTf)s] N 6% Deprotonation step would be
N~ ph/\)LN); - N [34‘3;;1 NA turnover limitting.
h - [62%] n e
N o Me
. CD,Cl,, 60 °C
95% Bn Me 22
[> ] Me QP%%]

MeO MeO
1u-d, 0.10 mmol 6g, 0.15 mmol Tu-d
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Hammett Studies

Reaction conditions for the Hammett studies

(a) v
T

&

X

Q O
R
N
F,;C ’
3 BnMe Me
1 6h

(b)

N
Bn’N| d
MeO
1p 6
(c)
il y = -4.9143x + 0.05965
p-OMe ™ R* = 0.9860
oy L, i@
z -
o2 p-Me
54

developing positive charge in or prior to ,n:;\/nee'- .
trunover limitting step

03 025 02 -0.15 0.1 005
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10 mol% B(06F5)3
10 mol%  [L6-Sc(OTf)3] O o0
. N
CD,Cl,, 60 °C N N
d Me

= 49
X 7
Y:
10 mol% B(CgF5)3
10 mol%  [L6-Sc(OTf)3] O o

L N
1
CD,Cl,, 60 °C N .
Bn Me

Me
=0.92
MeO i
(d) 6
y = 0.9195x + 0.0703 - »-CF;
R? = 0.9907 g
- ¢ ' p-Br
E"l o 04 e r»__ p-H o 04 6 0.8
_ developing negative charge
q 056
p-OMe

0.8

a
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Proposed Reaction Mechanism

(b)

@
R" o o H=base
RL o (F5Cé)3B... 5
VY N H=—B(CgFs) R
R2 R3S (H N 6Fs)s 2 R4"‘\-)LN'N Me 1 H
R® me Me (see Figure 11)| O}\%Me R\N,\/H
T-alkylamine I 3
@[SLQ] X1 R21 R
A R o %
2 0]

' RL +
N B N

' @ g ) (0] 0
R? REH S'N M 6 6 \)L

R 0 o R me M€ SN
\ N
R M Me
6

RLNWN XVl ) ,
I R (H ,I“\I enantioselective 2 B(CgFs)s

R? protonation C—-C bond formation
R® me Me of enolate ]
. hydride
7-enamine 2 BCsFe) abstraction
65)3
FsCg)aB..
RLN/\,RB [SC“] o ( 9 6)3 0 85
! O 0o (F5Cg)3B—H Rd/\)LN.N Me

_ T R2
[L-Sc(OTflal /\)L $
Me

R* . RL _~_LH of
YL S
@] @] R Me RE RS

R4"\)LN {? borohydride
Me

N reduction
57 .
R Mé protonation
of enolate 1
6 o R\_N/ H
H O o @
1 F:Cg)aB 3
A o R Feoel Pre
7\ R
H N (FsCg)3B H RZ2 /k)\ : X1
RS y;d Me H) O R5 R* NNy Me
g LA K Me
R4 N’N Me le)

Q proton transfer B(CeFs)s

P turnover
V (
XIV: B(CeFs)s limiting step)
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Reduction of Enamines

(a) (b)
CO,i-Pr . . .
MeO Me A 2 ., Transformation of 5j to 4j was
N not observed.
U"' CO,i-Pr
o = S ———— == 41
Me 10 mol % 4j, 57% yield CO,i-Pr E" P g
1j, 0.40 mmol B(CgFs)3 2. /
+ — + COLPr 5, | — 5i
CeDg (1.0 M) , Y
CO,i-Pr 56030 ah A CO-Pr 10d, 0.13 mmol - |
S | “@)\ S ——
CO,i-Pr CO,i-Pr ..
0 50 100 150 200 250 J00 50 100 15
3d, 0.60 mmol 5], 29% y|e|d time (min)
(c) )
71%] CO,i-Pr A COoi-Pr
Ar“\ [‘5“}’0] r\N
" 20 mol % B(C MeO Me 20 mol % B(C
CO,i-Pr mol % B(CgFs)s CO,i-Pr mol % B(CeFs)3 CO,i-Pr
[67%] .
. = N 4j, 30% vyield
4j-d, 50% vyield MeQO Me Me CO,i-Pr CgHg, 50 °C, 12 h
D +  CO,i-Pr
+ 2
N D 5j, 0.05 mmol ABN N
ARO [50%] Me F A COo,iPr
©
p D
1j-d, 0.05 mmol ] F F
1j-d, 58% yield CeHg, 50 °C, 12 T he enamine could be reduced c 9}, 15% yield

in the presence of amine (or enamine).
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Summary

©
B(CeFs); ® H=B(C4Fs)s geprotonation
1 3 1 3
—_—
—_— R\NNR RN XAR
hydride !, !, o)
abstraction R H R H—B(CgFs)3
H_NH2R3
@
react with nucleophile react with electrophile
R
O R 0 o)
R 1 A
R' | | R\N/\ N
1 |
R! R3 R! R3 2
\N \N R /N
I I Et Me

R2 H RZ H Me
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Rationale for the Enantioselectivity 38

@| OTf =

OTf (‘ Me

Me

VII, favored

VIII, disfavored
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