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1. Combining transition metal catalysts and aminocatalysts
0. introduction
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enamine - bifunctional catalyst femmeccocccmmae———- '

Proline has been playing a major role in enamine-based catalysis.
In this view, proline can be regarded as a Lewis base/Brgnsted acid "bifunctional catalyst".

l "replace" the Brgnsted acid with a metal Lewis acid
a novel class of metal Lewis acid-enamine bifunctional catalysts with the intention to

bridge more traditional transition-metal catalysis with the newly established prosperous
area of organocatalysis

the Challenging Problem
the acid-base self-quenching reaction leading to catalyst inactivation

finetuning the reaction conditions and catalysts
e.g.) using a "soft" Lewis acid (metal such as Cu(l), Ag(l), Au(l), and Pd(0)) and
a "hard" Lewis base (amine)
1. combining enamine catalysis and n-allyl palladium complexes
2. combining enamine catalysis and n-activation of C-C triple bond
4. combining enamine catalysis and SOMO photoredox catalysis
5. combining enamine catalysis and Rhodium-catalyzed hydroformylation

eusing a tridentate (or bidentate) ligand tethered with a chiral amine
(the Lewis acid and Lewis base are incorporated into one molecule)
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: l > | - / 1
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3. combining enamine catalysis and metal activating carbonyl groups

This new concept aims to achieve organic transformations that cannot
be accessed by organocatalysis or metal catalysis alone.




1. combining enamine catalysis and mr-allyl palladium complexes

B

enamine catalysis
nucleophilic activation

—

H

mr-allyl palladium complexes

electrophilic activation

1-1. Direct Intermorecular a-Allylic Alkylation of Aldehydes and Cyclic Ketones

o]

0
Pd(P Pha)4 (5 mol%
e YN . , Pd(PPh3)4 (5 mol%)
R OCOMe R 27 3
e N (10 or 30 mol%) R R
R1
H pmso, RT
R¥=H, alkyl

A. Céldova, et al. Angew. Chem. Int. Ed. 2006, 45, 1952

The first example of the one-pot combination of transition metal and enamine catalysis!!

screening of amine catalysts mechanism
......................................... .
H20 [
[Pd(Ph),] : N CH3COz
o (5 mol%) o) NaBH, ' LY
o+ A~ OAC A " ! Ny OHI R’J\ \/\RZ
HEN,H? MeOH/DMSO \/T : R , ® n
Ph it Ph 0°C Ph ' R
1a (10 mol%) 2a 3a ' O
DMSO, RT
: N Hscor 2
1 H
Entry Amine catalyst 3a !
th] Yield (%] . i (D
1 R3WR2 N Pd(0)
EX 1 R Raj\(\/ARz
1 N 16 72 : o ¢
/\N/\ 1 n
2 N 16 45 1
~ ' [PA(PPhg)s]
3 P“Aﬁ Ph 16 20 ' o o (5mol%) o
1 \C
o PN . H‘ W\
) : Ll D ke
4 N 16 37 ' N R R
" ' 4 (30 mol9%) 5
......................................... J DMSO, RT
PP Entry Ketone Product tlh] d.rPl o Yield (%]
o (5mol%) O | NapH, j)H 0 AO‘
OAc | Rl S )QL 1 N
T el e R O YD s
8 H 4a 5a
1 (10mol%) 2 3 N o o)
DMSO, RT M N
. 2 Q 16 11 90
Entry Aldehyde Product t[h] Yield [%]®
b 5b
o OH
o o
1 P P 16 72 S
1a [ s 3 16 1185
fe) OH
4, 5
2 )\/KH 16 70 o o
" - QY
oH
2 e 4 do do 16 82
1c [ 3¢ 4d 5d
o H 2 \ O‘
NN
4 T H ‘ v 80 5 15 21 70
3d
9 .9 e 5e
A~ H N H [e] o]
5 LVJ/ 5 15 6519 HJ\ \/\)\
1e 2 6 0,.0 0,0 14 65

[a] See the Experimental Section for the reaction conditions. [b] Yield of
the isolated product of the corresponding alcohol 3 after column
chromatography on silica gel. [c] The yield of the isolated product of

aldehyde 2e.

X

4

5f

[a] See the Experimental Section for the reaction conditions. [b] Deter-
mined by NMR spectroscopic analysis. [c] Yield of the isolated product
after column chromatography on silica gel.

This is the first direct intermoleculer a-alkylation of aldehydes.
conventional method...
(stoichiometric amounts of metal, preactivated aldehydes...)

But...

The satisfactory results are not obtained in asymmetric version of this reaction




1-2. Intramorecular a-Allylic Alkylation of Aldehydes

OHC, .
OHC\L }l)/ _Pd(PPhs)4 (5 mol%) \L 2 S=
1,2 l } (40 mol%) X )1,2
X=C, NTs up to 95% yield
Y =Br, OAc upto 13:1 dr
R. N. Saicic, et al. Org. Lett. 2007, 9, 5063
i b . . . .
ey reactant  method® product VO’ catalytic asymmetric cyclization
B . . .
o BT eusing chiral amine catalysts
Z S o0 . . . .
A b o MacMillan's catalyst, (S)-proline, (S)-2-diphenylprolinol
4 12 did not catalyze the reaction. (S)-2-methoxymethyl
OA . . . . . .
* o pyrrolidine failed to effect the asymmetric induction.
2 OHC - B SN e3%e
O
5 12 susing the chiral metal complex
OHC, S
3 oHo.aco ) B b‘\\ 53% o OHC,  «x
z1 oHe 7 (RHBINAP)Pd (7 mol %) N )
6 12 Pyrrolidine, Et;N
Br Et0,C” “COEt THF Et0,C CO,Et
4 OHC & P N ! 0°C, 2 1jo% 37%ee
13/1 -20°C, 4 h: 40%, 91% eo
EtO,C* CO,Et EtO,C CO,Et
13 OHC_
Br N
o Z_> 2
5 onc P OHC s \L J)/ (R)-(BINAP)Pd (10 md %) ) @]
\L A 2—> 0% Pyrrolldlne EtsN Ts
N "l\'ls 10/1 14
Ts 8 14 0°C, 8days: 27%, 59% ee
Br |
6 OHC A O/\ 60%
‘cHO /1
9 15
AcO . .
7 onc. | B O’\ 6% R. N. Saicic, et al. Tetrahedron. 2009 65, 10485
K 10/1
10 15 CHO o OP(O)(OEt),
‘ = (R)-(Ph-MeOBIPHEP)Pd 4, (10 mol-%)
OBn CyNHMe 5, (50 mol%), EtsN, THF, 0 °C
8 . 5% Et0,C” CO,Et 76% yield, dr=7.4:1, 98% ee EtO,C" CO,Et
OTBDMS BnO\ 71 .
o M 16 OTBDMS : O :
' 1
4 Method A: Pd(PPh3)s (5 mol %), pyrrolidine (40 mol %), EtsN (1 : MeO PPhy 1
equiv), THF, rt, 30 min. Method B: Pd(PPhs)4 (5 mol %), pyrrolidine (40 1 MeO, PPh, :
mol %), DMSO, 1t, 30 min. ? Yield of the isolated, pure compound. ' ‘ 1
¢Tsolated as the corresponding alcohol, after the reduction with NaBH,. : 1
710 mol % of Pd(PPh;),. 1 :
! (R)-(Ph-MeOBIPHEP) .
1-3. a-Allylic Alkylation of Aldehydes with Allylic Alcohols 4 0
“'U M
Ho\/\\/B [(n*-allyl)Pd]Cl, 7, (2.5 mol-%) o T H
wike. Xantphos (5.0 mol-%) JH/V\// f O ' H,0
0 (DL)-proline 8, (30 mol-%) R’ ! RS o
» DMSO, 70 °C, 20 h R . L PP, Pphzi . Q
R' = H, alkyl; R? = aklyl; up to 96% yield . ___Xantphos __ !
R2 3 S
R®=H, Ph
B. Breit, et al. Org. Lett. 2009, 11, 1453
tight ion pair
But...

The satisfactory results are not obtained in asymmetric version of this reaction



enamine catalysis :/\ N R /\: mr-acid-activated alkynes
nucleophilic activation H)\/\ |-!i---[M] electrophilic activation :
i R '

2-1. 1.2-Dihydroisoquinoline Synthesis

Organocatalyst

(10 mol %) o *N\§
(o] LeW|s acid (10 mol %) /©/
CHO Ra& AGOTH (10 mol %) solvent, 50-60 °C N
+ R4 _Proline (10 mol %) proline (10 mol % Ph NH, Zph
R

N ot RENH, EtOH, 50-60 °C 1a 2a 3a 4a
, Lewis acid organocatalyst time yield
Q. Ding and J. Wu, Org. Lett. 2007, 9, 4959 entry (10 mol %) (10 mol %) solvent  (h) (%)
1 PdCl, proline EtOH 6 10
2 PdCly(PhCN), proline EtOH 6 11
mechanism 3 Pd(OAc)s proline EtOH [ 20
4 Cu(OTf), proline EtOH 6 15
O\ & 5 CuSOy4 proline EtOH 6 27
/ﬁ\ COzH NI COH 6 Cul proline EtOH 4 59
R2 ‘\> 7 AgOTY proline EtOH 4 65
8 AgOTYf proline MeOH 4 65
9 AgOTf proline toluene 24 22
RZ—NHz 10 AgOTf proline THF 24 25
©§ 11 AgOTf proline DCE 24 13
12 AgOTf PryNHs EtOH 4 52
13 AgOTf pyrrolidine EtOH 4 41
14 AgOTf piperidine EtOH 4 40
15 AgOTf proline® EtOH 4 65
16 AgOTf - EtOH 24 18
17 AgOTfd proline EtOH 8 42
This is the first example of combination of 18  AgOTf¢ proline EtOH 8 32
enamine catalysis and Tr acidic transition ¥ 40Tf proline EtOH 4 40
metal cata'ysts_ @ Reaction conditions: 2-alkynylbenzaldehyde 1a (0.30 mmol), p-

anisidine 2a (1.0 equiv), cyclohexanone 3a (5.0 equiv), Lewis acid (10 mol
%), organocatalyst (10 mol %), solvent (2.0 mL), 50—60 °C. ? Isolated yield
based on 2-alkynylbenzaldehyde 1a. ¢ 30 mol % of proline was utilized.? 5
mol % of AgOTf. ¢ 2.5 mol % of AgOTf. /2.5 equiv of cyclohexanone 3a
was employed.

2-2. Direct Carbocyclization of Aldehydes with Alkynes

Ol L e
N OHC

H (20 mol %) i
((Ph3PAu);0]BF 4 (10 mol %) % (a-substituted aldehydes)
oHe_R || 18h,70°C,CDCl;  MeO,C CO,Me R=Me
\ OHC,
MeO,C CO,Me H (20 mol %)
(PhsP)AUSDFg (10 mol %) 82% (unbranched aldehydes)
6 h, 70 °C, CDCl, MeO,C COMe R=

S. F. Kirsch, et al. Org. Lett. 2008, 10, 1025



MeO,C CO,Me
1a

|| catalyst A OHC,

catalyst B
T +

MeO,C CO,Me
2a

OHC,

MeO,C CO,Me

3a

yield [%]¢

entry catalyst A (mol %) catalyst B (mol %) conditions la:2a:3a
1 120 °C, toluene, 24 h 100:0:00
2 (PhsP)AuSbFs (10) 70 °C, CDCl3, 6 h 0:0:00
3 [(PhsgPAu);0]BF4 (10) 70 °C, CDCl3, 6 h 82:0:0
4 HN(-Pr); (20) 70 °C, CDCl3, 6 h 100:0:0°
5 (Ph3P)AuSbFs (10) HN(-Pr), (20) 70 °C, CDCl3, 6 h 0:0:82
6 (PhsP)AuSbFg (2) HN(-Pr), (20) 70 °C, CDCl3, 10 h 0:0:75
7 (PhsP)AuSbFg (10) HN(-Pr); (20) 70 °C, CH3NOy, 6 h 0:0:80
8 [(Ph3PAu);0]BF4 (10) HN(-Pr), (20) 70 °C, CDCls, 3h 0:0:86
9 [(PhsPAu);O]BF4 (10) HN(-Pr)(c-Hex) (20) 70 °C, CDCls, 3 h 0:0:83
10 [(PhsPAu);0]BF4 (10) HoN(G-Pr) (20) 70 °C, CDCl3, 3 h 0:0:74
11 LAuSbFs (10) HN(-Pr)2 (20) 70 °C, CDCl3, 6 h 0:0:74
12 (PhsP)AuNTf, (10) HN(-Pr), (20) 70 °C, CDCl3, 2 h 0:0:13
13 AgSbF¢ (10) HN(-Pr)2 (20) 70 °C, CDCl3, 24 h 0:0:16
14 AgOTf (10) HN(-Pr), (20) 70 °C, CDCl3, 2 h 0:0:59
15 PtCl; (10) HN(-Pr)2 (20) 120 °C, toluene, 24 h 0:0:50

@ Yield of pure product after column chromatography unless otherwise indicated. © The ratios were determined by 'H NMR spectroscopy. ¢ L = 2-(biphenyl)di-
fert-butylphosphine. 7 Traces of 3a (<5%) were detected by capillary gas chromatography in the absence of HN(i-Pr)..

possible mechanism
/\

[AU]
o=

[Au] nl

*AgOTf

EtN(i-Pr), gave TM is 73% isolated yield.
—® mechanism B

_\H2
o %)\
or _j/[A‘”
T e *[(Ph3PAu);0]BF,

N— SN

<Z’ ({Aul KU[]

EtN(i-Pr), failed to give significant amount of TM.
— mechanism A

(o] .
cH  mechanism
pyrrolidine (20 mol%)
EWG? _ps-BEMP (10mol%) R
Cu(OTf)z 5 mol%) { \
PPh3 (20 mol%) R? Sewc? o} L, \ ﬂ@// N
MeOH , RT EWG i N 2 _
proline o
up to 94% yield R' I 1 | EWG RITX =
. H R
up to20:1 dr R? | <2
; R? EWG EWG
D. J. Dixon, et al. Chem. Commun. 2008, 2923
‘CM
Q <+) CN)Z
’ — a) protonolysis PN ; Yoy
R b) hydrolysis R’ Cu R =~ N
D —— D >
R2 EWG c) isomerisation R2 R?
EWG EWG EWG EWG EWG

But...
Good enantioselectivity was not observed in this type of reaction.



3. combining enamine catalysis and metal activating carbonyl groups

: oM :
' enamine catalysis :\/ /\: metal activating calbonyl groups .
+ nucleophilic activation H/J\ l electrophilic activation '
' H R :
" R '

chelating ligands
= =
| |
b
N™ "NH HN™ "N~ "NH
R
O)\ R‘/go 0)\ R
NH, NH,
bidentate tridentate

3-1. Direct Asymmetric Aldol Reaction of Ketones

o)
Cu(SbFg) 17, (20 mol-%) ' % !
18, (20 mol-%) O OH oo o | !
R2 R3 up to 96% yield | HN™ "N” "NH |
+ "SR! upto99:1dr ! o 04‘,,_ :
1 2 53 upto99% ee '
RICHO  thF rt,24-72n R® R P ° ! NHBoc HNO:
. 18 !

H. Wang, et al. Eur. J. Org. Chem. 2009, 4581
tridentate ligands

xthe catalysts were prepared by stirring the ligand and the

' [ i & 1 metal salt in solvent for 2-4 hours at room temperature
' HNT N NH HN" N7 NH LV Dbefore addition of the substrates
1 A, P HN"ONTONH HO O
: e ° O Bl e Ao o ;
: N R,N NHBoc H"D 5 : _ligand (20 mol-%) (20 mol-%) /@/\/U\
L ' 4< >—CHO + >
: e : )K metal salt (20 mol- /o)N
] 9
Q 1
: N J::‘(‘ ' “‘ “ " : Entry Metal Ligand  Time [h]  Yield [l ee [%]1]
L}
: HN IN/ NH J‘ {‘/.f . 1B - 1 48 74 43
' ] 3. o’ 2 P2 Zn(OAc), i 24 73 53
' Ph/\/go o7 ‘. o ' X ey N -
Rl W B 4 > P03 Zn(ClOy); 1 36 45 28
' ] v ? : 4lb] Ni(OAc), 1 48 84 38
: Opﬁimjzed structure of ' 3lb] Ni(ClOy), 1 48 63 38
. Cuiligand:2icomplex b 6 Co(ClOy), 1 24 83 4
7 Cu(OTfh), 1 48 85 48
o 8 Cu(ClOy), 1 72 81 47
' HO 9lb] Cu(NO;), 1 48 48 70
| d (20 mol-% H 372
o0 o (20 mo )0 10 Cu(SbFy), 1 48 58 75
OZNOCHO o )| uSRreh 0 morh) 11 CuSbFy, 4 7 0
solvent O,N 12 Cu(SbFg)» 5 72 0 =~
136l Cu(SbFg)» 5 60 20 =
Entry  Ligand THLF Acet]ajne Time [h]  Yield [V ee [/ [a] Reactions were carried out with acetone (2 mL) and aldehyde
[mL] [mL] (0.2 mmol). [b] DMSO (1 mL) was added. [c] Isolated yield. [d] De-
1 1 2 0.5 72 31 83 termined by chiral HPLC. [e] Pyrrolidine (20 mol-%) was added.
2 1 2 1 60 51 82 .
3 1 2 1 60 61 79 proposed frasition state
4 1 0.6 0.3 48 84 75 = messsccccssssssccccssssssssssss====
5 2 2 1 43 93 88 AN A
6 2 06 03 24 % 87 | »
7 2 0.6 03 48 75 90 HN”N” NH HNT N7 NH
8 3 0.6 03 48 92 85 *H\\OCU‘O/)"" Nl o/)”"
9 2 0.6 03 7 95 83 o NO o ,Q

(0.3 mL) was added. [c] At 0 °C. [d] 10 mol-% of catalyst. [e] Iso- Re face attack </ \> R~ Siface attack
lated yield. [f] Determined by chiral HPLC. N

1
1
1
1
1
1
[d] .
QL 1
' NHBoc 7| Q NHBoc |
[a] Reactions were performed with 0.2 mmol aldehyde. [b] H,O : ‘)\\( | = k>\\\/
1
1
1
1
1
1

favored disfavored

The tethered pyrrolidine moiety in the ligand did not participate in the coordination to
the metal and the acid-base self-quenching reaction did not happen as expected!!




3-2. Asymmetric Inverse-Erectron-Demand Hetero-Diels-Alder Reaction

o]
@r \‘(\NHQ H JED/HDA reaction
2a ~.N O Q\/l (this work)
* Y(OTf), 0~ “COOCH,
o] HO 4a
Ph/\i]\COOCH3 H. Wang, et al. Angew. Chem. Int. Ed. 2011, 50, 3484

The competing reactions of cyclohexanone with enone 3a in the presence of an amine catalyst

TBDPSO,,
COOH HO, .CO0CH;
N P U ol reaction *a highly enantioselective aldol reaction occurs in the
o presence of a proline-derived catalyst
5| o e
2a formal [3+3] *a novel asymmetric formal [3+3] annulation reaction
+ occurs in the presence of another proline-derived catalyst
(¢]
F’h/%{kcoow3
a NH, -? .
O \|(\ H l |ED(/EI|2/\\N ;eri;:tlon o . .
Yot 10" coocH, optimization of HDA reaction!e!
4a
. xthe catalysts were prepared by stirring the ligand and the
proposed catalytic cycle metal salt in solvent for 1-4 hours before addition of the

substrates
(o)

o
\

“ OW
I o~ OR? 3 —

N NH \ 7

L=y //H R 2 N

M B a e
H,0 Lo N O NH,
[e] A HN (o] 1a
H
fﬁ @ ~ ©/\)kcoocm Metal salt (15 mol%) | + P
I o7 coocH,

1a (30 mol%)

O‘§

2 L~»:'\,{A‘ /)Ni, R 3a a 5a
(\1 cL)’\' /OO HN Entry Metal Solvent t[h] Yield [%]" d.r'! 4a/5a e (%]
LM RZO)\L\ @ 1 Cu(SbFy), THF 72 72 - 0:100 -
0PN LR k' B 2 La(OTf); THF 16 95 41 95:5 49
D HN N oz ) 3 Yb(OTR), THF 36 61 3:1 70:30 70
R! _ 4 Sc(OTf); THF 60 60 - 0:100 -
m\fk 0 e 5 Eu(fod), THF 60 37 - 0:100 —
o ~° Ng‘_<9 4 6 Y(OTf); THF 16 61 7:1 92:8 83
HO  OR  po X R HNJ\:\> 7 Y(OT), CHCl, 36 75 41 96:4 75
4 c — 8 Y(OTf);  Toluene 36 74 4:1 >99:1 67
9  Y(OTf), CHCN 36 70 41 928 85
' R 10 Y(OTf), Neat 36 76 4:1 58:42 82
llqand screening 1 Y(OTf)s MeOH 72 31 - <1:99 -
“ 1a:R= CHCH), 3 12 Y(OTf); CH,CN 36 50 5:1 91:9 82
O 1b: R =CH, ‘a® 131 Y(OTf); CH,CN 72 20 - 892 -
N teRs = N 148 Y(OTf), CHCN 72 20 - 496 -
(7, tare 5\(043" ' R-oCH, 15" Y(OTf), CHCN 72 38 41 8317 80
[a] Reaction conditions: enone 3 (0.2 mmol) and cyclohexanone
B x (0.5 mL), room temperature in 1 mL of solvent. [b] Yield of the isolated
| e ! = HDA products. [c] Determined by 'H NMR spectroscopy.'” [d] Deter-
o o mined by HPLC analysis using a chiral stationary phase. [e] 50 mg of
NH, silica gel was added. [f] 5 equivalents of H,O was added. [g] 10 equiv-
alents of H,0O was added. [h] 100 mg of 4 A M.S. was added. fod=
6,6,7,7.8,8,8-heptafluoro-2,2-dimethyl-3,5-octadiene, ~M.S.=molecular
Entry Ligand Solvent t[h] Yield [%]® d.r@ 4a/529 ee[%]9 sieves, THF =tetrahydrofuran.
1o la o CHON 3670 a1 928 8 proposed transition state
2 1b CH;CN 36 21 13:1 50:50 66
3 1c CH,CN 36 72 4:1 95:;5 80
4 1d CH,CN 48 48 4:1 75:25 48 .
5 Te CH,CN 36 64 6:1 88:12 71 = r N A X
6 6 CH,CN 72 51 - 10:90 — NN 6 l':li AN
7 7 CH,CN 36 54 61 8515 67 Ly )
8 1f CH,CN 36 91 31 982 92 LiY—=0" /&
9 19 CHCN 72 86 251 >9%1  >99 |_/ VW R
10 1 THF 84 81 9:1  >99:1 >99 O=
, " or: B
[a] Reaction conditions: enone 3a (0.2 mmol) and cyclohexanone
(0.5mL) at room temperature in 1 mL of solvent. [b] Yield of tI[']]Oe] The blg R (tert-butyl) group shields the Re face of the

isoalted HDA products. [c] Determined by 'H NMR spectroscopy. . : .
[d] Determined by HPLC analysis using a chiral stationary phase. enamine, thus the activated enone attacks from the Si

[e] Run at 4°C. Bn=benzyl. face.



4. combining enamine catalysis an

SOMO activation strateqgy

d SOMO photoredox catalysis

ssingle-electron oxidation of a transient chiral enamine intermediate was achieved on treatment of enamines

with suitable metal oxidants (such as CAN)

CAN=Ce(N H4)2(NO3)6

the enamine nucleophiles were transformed into radical cationic electrophiles

' ]
' ]
: ? iminium catalysis enamine catalysis SOMO catalysis :
' BT S 4 LUMO activation HOMO activation SOMQO activation :
1 aldehyde !
: l + +2¢e 4ol =1.a" o :
O o By G |
roN 9 g g\ :
| [ ]
: amine R R R :
, catalyst !
@ £ m e e m e E e . o e . e e E e e E O o E E e E e e EmEEEEEESSSa s 1
4-1. Direct Asymmetric Alkylation of Aldehydes
[0) M pEeEsssssosemsneg ' Representative Transformations
& ] N zs. CF3CO,H 0] OTMS & a o
HkH g N M9, (20 mol-%) Nu,,,HKH {/J\Ph ; 7 H,L:/Me H)J\:/Me H)\:/Me
CAN (2.0 equiv.) R R : = : :
R ' ' o ) NF
P A _siMe; ! d; = I @
O Me ' ' (
cat. | -HxO jN CAN |-HO KF3B\/\A,- : y R *’;S):DIC:‘(S: A a-allylation  a-enolation  a-arylation
Bn ﬁ)\tBu o b
0. Me ' o, Me TMS\OtNYX :
j"}\ R1 l‘ﬁ\ ; H | radical-cation intermediate |
Bn Bu Bn™ ST TBU L S+ xe
j H s sreactivity to unactivated olefins
)\ i i
\ Bn Bu R Na*CI- sexperiments of the radical clock
Nu

R

D. W. C. MacMillan, et al. Science, 2007, 316, 582

4-2. combining enamine catalysis and photoredox catalysis

o R fluorescent light o R
H)H )\ organocatalyst 6 H/J\l/l\ G
Br FG
v Ru(bpy)sCl, 1 v
2,6-|utidine, DMF,
aldehyde racemic 23 °C enantioenriched

a-bromocarbonyl a-alkylated aldehyde

The experiment of radical clock indicates
that a 31T electron SOMO activated

intermediate is not operative in the
organocatalytic cycle.

Catalyst Combination O\/ﬂ Photon Source
(o] _Me rI\' /
N « HOTf “Rif \\
( ~
b M | N
Me' N [< 4 l/ N \ ,\-
H Me y
Me k/ e,\/
organocatalyst 6 (20 mol%) Ru(bpy)zCl, 1 (0.5 mol%) 15 W fluorescent light bulb

Mef) “tBu

D. W. C. MacMillan, et al. Science, 2008, 322, 77

photon source

*Ru(bpy)$*
R OX|dant
_______I.\___._.,I
Ru(bpy)s2* : :
— MeI) "By organocatalytic SET phtoredox catalytic pho(topri)ciox K >N,N2:N- 7
cycle cycle = | Iy RY i
catalyst = NN
TR 8,FG i 21 : (] :
) 21 !
R TR,
'j Ru(bpy)s*
j Bu reductant
(0] FG Br
FG._Br 3
R\)J\ )H/\ S
H i EG alkyl halide electron-deficient

R

radical



5.c omblnlng enamine catalysis and Rhodlum-catalyzed hydroformylation
Hydroformylation/Enantioselective A
[Rh(CO)oacac] 23/ ligand O OH

lo) ) | up to 99%yield
1ﬂ sl — Lproline8 K_)\RZ upto 19:1 dr
R R2 H,/CO, solvent 1/: up to 99% ee (anti)
R

B. Breit, et al. Adv. Synth. Catal. 2007, 349, 1891

[Rh(1)] ( cat
H,/CO
f g

The difficulty of this cross-aldol reaction between two non-equivaent aldehydes
*two aldehyde have to show significant rate differences in enamine formation
*the homo-aldol of the aldehyde component has to be suppressed

[ tandem hydroformylation/organocatalytic aldol reaction |
generate the donor aldehyde in a low stationary concentration by the hydroformylation

of alkenes .
1. [Rh(CO),(acac))/ligand ll ands
ethylene:H,:CO (1:1:1), 30 iy '
o) bar, L-proline, OH OH ] = 1
| DMF (5.5 M), 5 °C, 48 h ' m @\ '
\O 2. NaBH,, MeOH m : m (¢} ” P OMe '
! 07N PPh, !
99% ee 1 H '
1 OMe 1
Entry Conditions®! Ligand CA:HAP' Yield [%] dr™ ' L1 L2 '
1 1:20:20:450 L1 3:1 77 95:5 fmmmmmmmmmmmmmmm !
2 1:4:20:450 L2 S:1 74 95:5 A crucial factor for success of this reaction is the
3 1:20:25:450 PPhy  15:1 77 94:6 ) .
4 12020400 PPh, 111 81 97  correct adjustment of the hydroformylation rate to

o ——————————— the rate of proline-catalyzed aldol addition since
[Rh]:dligand:proline :substrate. .
" Determined by GC after conversion to the corresponding ~ @ccumulation of the donor aldehyde would

_ acetonide. - facilitate undesired homodimerization.
[l Isolated yield of purified cross aldol product.!"

*In case of the more eIeCtrOphiIiC aryl aldehydes, . Entry  Product Yield [% ] drt  ee [%]1
the more reactive hydroformylation catalyst based OH OH
on L1 gave optimal results. ' : Mo g6 191 97
'''''''''''''''''''''''''''''''''' ‘ ncH, Me
Application to terminal alkenes OH OH
Me
1. Rh(CO),(acac) 1 mol % 2 E Me 50 101 99
6-DPPon (L1) 10 mol % g
H,/CO (1:1), 20 bar
isobutyraldehyde 500 mol %
J :_—proulize, DMZ, 15°C, 44 h OH OH tal lsolal)ed yields of purified cross aldol products (two
. steps).
R 2. NaBH,, MeOH, 0°C, 1 h : -Pr (b] Determined by GC after conversion to the corresponding
e acetonide.
R [l Determined by chiral GC (Chiraldex (G-TA)).

5-2. Tandem Hydroformylation/Enantioselective Mannich Reactions

[Rh(CO)gacac] 23/ ligand, Ho/CO  Ar<

@ + ArNH, + L-proline 8
r
2 )J\ DCM/acetone, 70 °C, 72 h

up to 53% yield
N?h(l)] (cat.)Ho/CO up to 72% ee

COOH [
Sy e ]

P. Eilbracht, et al. Adv. Synth. Catal. 2009, 351, 339

NH O




2. Boron compounds as catalysts
1. combined acid catalysis

combined acids system (Lewis acid and Brgnsted acid)

an effective asymmetric environment
by more-organized structures

Y

more reactivity

by associative interaction

e.g.) HSO3;F+SbF; (magic acid)

The concept of combined acids can be a particularly useful tool for the design of

asymmetric catalysis.

H. Yamamoto, K. Futatsugi, Angew. Chem. Int. Ed. 2008, 47, 2876

Table 1: General classifications of combined acid catalysis.

Catalyst system General structure Examples
g5 oFr 0 O*I'O‘H
% Bronsted acid assisted Lewis acid catalyst (BLA) o L Y YO' )
Enhancement of Lewis acidity by the combination with Brensted acid H.g~ .?l_‘ro.‘ﬂrR
0
Lewis acid assisted Lewis acid catalyst (LLA) Ay
* Enhancement of Lewis acidity by the combination with Lewis acid M
B
Lewis acid assisted Bronsted acid catalyst (LBA) = L‘SnCl
Enhancement of Brensted acidity by the combination with Lewis acid ~ roil )
H
Bronsted acid assisted Bronsted acid catalyst (BBA) i
Enhancement of Bronsted acidity by the combination with Brensted acid 0~ H
1-1. a chiral boron reagnet (BLA)
(1.2 equiv)
HO OH
Ho A H
N—{ )N
O i, O
[e) - Y
% B Yamamoto, H. et al. Tetrahedron Lett. 1986, 27, 4895
l 2 ‘ CH,Cl,
OH O
(o]
Q\)\Yﬂ The intramolecular hydrogen bonding between
.. A~ osit, i the hydrogen atom on the amide and the oxygen
H.,,Mcrjo..‘, : 0°C—RT.23h I atom attached to the boron center increases the
N- \“#N‘ o o"ose,  Lewis acidity of boron.
= P
—{) 99 <_—§—— 73% yield, 92% ee
But...

1.2 equiv of boron reagent is required in this reaction.



1-2. CAB (chiral acyloxyborane) catalysts (BLA)

( )
orr 0 © D‘H
CAB = (0] ér;B}R
OPr o
R =H (1a), 3,5-bis(trflucromethyl)phenyl (1b), 2-methoxyphenyl (1c))

.

.

Mechanism studies of a CAB-catalyzed '

asymmetric diel-Alder reactions .

.

.

Table I. Asymmetric Diels-Alder Reaction of a,8-Enal with :

Cyclopentadiene Catalyzed by 14 '

% ee (config) .

'

.

ﬂ&’ ;CHO ﬁh Zb .

HO T '

CABI1R cHo

1-hexynyl 64 (R) 58 (R) 42 (R) :

PhC=C 62 (R) 48 (R) 40 (R) '

H 87 (R) [96 (R)]1%< 47 (R) [84 (R)}b¢ 2 (S) [2 (S)]< .

Me 2(5) 14 (S) .

Ph 80 (R) 10(5) [3(S)]*  37(S) '

3,5-(CF3),CeH; 3(S) 59 (S) .

o-PhOCeH, 93 (R) 57(S) 67(S) '
0-NpOCsH 53 (S) 77(S) e--

CHO 1a (10 mol %) 5
+ \n’ —_— CHO
CH,Cl,, ~78 °C, 6 h

85% vyield (exo/endo=89:11)

96% ee
OSiMe, O OH
1a (20 mol %)
Et + PhNCHO —————  Et Ph
EtCN, -78 °C, 2 h
(EIZ=4:1) 96% yield (syn/anti=94:6)

96% ee (syn)

OH
1b (20 mol %) )\/v\
SiMe; + PhACHO ———————> Ph

EtCN, -88 °C,4.5h
94% vyield, 91% ee

OMe
Z 70
1¢ (20 mol %)
+ PhCHO — N 78 ¢ 0 Ph
Mes;SiO T

95% yield, 97% ee

Scheme 2. Asymmetric reactions promoted by CAB catalysts.

@ Unless otherwise noted, the reaction was carried out in propionitrile Yamamoto. H. et al. J. Am. Chem. Soc. 1993. 115, 10412
, H. . J. . . . y y

for several hours using 10~20 mol % of 1 and cyclopentadiene (3 equiv)
at -78 °C. b Dichloromethane was used in place of propionitrile.
¢ (2R,3R)-2-0-(2,6-Dimethoxybenzoyl)tartaric acid was used as a chiral
ligand.!® 4 o-Naphthoxyphenyl.

Table II. Summary of NOE Data for Methacrolein

° CAB.,
o CAB 1 [ o
Ha Ha
| CD,Cl, |
He Hd He Hd

NOE (saturated/observed, %)
complex t(°C) He/H® He#/H®¢ He/H! He/He

methacrolein only -95 0 6.3 0 18
methacrolein-1, -95 0 -10 0 6.3

R = H*
methacrolein-1, =75 0 =22 0 -33

R= 0-Ph0C5H4”

4 Calibrated probe temperature. ® Complexed formed by addition of
0.72 equiv of the aldehyde to 1.

Table III. Summary of the NOE Data for Crotonaldehyde
o]

CAB, cAB,,
Hb CAB1 . T
Ha H® or
| cD,CL H'JI ”a&/‘\w’
b
HeT TCH He"CH, H

3

NOE (saturated/observed, %)

complex t(°C) H*/H® He/Hc¢ H®/H® Hc</H*
crotonaldehyde only -95 0 5.4
crotonaldehyde-1, =75 0 6 13
R = C;HyC=C?
crotonaldehyde-1, -95 0 18
R =H?
crotonaldehyde-1, -75 -32 0 —48
R= 3,5-(CF3)2C6H317
crotonaldehyde-1, =75 -14 0 -18

R = 0-PhOC¢H,?

4 Calibrated probe temperature. ¥ Complex formed by addition of 0.72
equiv of the aldehyde to 1.

CAB-methacrolein and CAB-crotonaldehyde complex

Me HP
Hm Hm
| Hd | Me
HP HP
=z A 2 >
N W N w | Based on the NOE experiments, it was
Sker L. established that the effective shielding of
methacrolein-1 R = H) crotonaldehyde-1 (R = H) the CAB-coor.dlnated aldehydes arises
from 1 stacking of 2,6-
NOE (saturate/observe, %) NOE (saturate/observe, %) diisopropoxybanzaldehyde ring and the
H°2H™ HYHP H2H™ HYHP HP2H™ HY/HP H2H™ HY/HP coordinated a|dehyde_
32 12 25 29 -8 -6 2 32
the same condition with Table II the same condition with Table III




1

1-3. - donor-acceptor interaction (BLA)

Yamamoto, H. et al. J. Am. Chem. Soc. 1998, 120, 6920

The coordination of a proton of the 2-hydroxyphenyl
group with an oxygen of the adjacent B-O bond in
complex plays an important role.

[ hydrogen bonding interaction via a Brgnsted acid |

*increase the Lewis acidity of boron
*increase the m-basicity of the phenoxy moiety

Asymmetric Diels-Alder reactions catalyzed by BLA 2

(R)-BLA 2 (5 mol%)

)\CHO * @

9
CH,Cly, -78 °C, 1.5 h

entry chiral ligand method”  yield® (%) ee (%) [config]
1 (R)-18a 96 99 [5]
2 B 94 98 [5]
3 A 95 48 [9]
4 (R)-18b B 89 50 [S]
5 (R)-18c¢ B 97 77 [S]
6 (R)-18d B 63 60 [S]
7 (R)-18a (MeOY B 9 4519]
8 (R)-Binaphthol B 22 46 5]

9 The reactions were conducted in dichloromethane using aldehyde
(1 equiv, 0.25 M) and diene (4 equiv) in the presence of 5 mol % of
2 at —78 °C for 1.5 h. ? See text. < Isolated yield. ? The ee of major
isomer and the absolute configuration of its carbonyl a-carbon are
indicated. The absolute configuration was assigned by comparison with
data in the literature. For the determination method, see Experimental
Section. * No THF was added. / (R)-3-(2-Methoxyphenyl)-2,2’-dihy-
droxy-1,1’-binaphthyl was used.

synthesis of BLA catalysts

R1
1) water

FaC CFy THF

OH CH,Cly, 1t
¥ - .
Oy 2) MS 4A
l R? B(OH),
18a: R'=H, R>Ph 17

18b: R'=H, R>=Me
18c: R, R%=H
18d: R'=Ph, R%=H

Distribution ratio of B atom

CF3

_Proposed Transition State Model C

The attractive 1T-11 donor-acceptor interaction
between a dienophile and a chiral ligand is
highly effective for inducing asymmetry.

Ar._.O._ . Ar
+H,0 +H,0 ~BB
ArB(OH), oligomer 0...0
-H,0 Ho0 B
Ar: 3,5-(CF3),CeH3 Ar
100 100
80 80
® monomer £ r ® monomer
o oligomer S o oligomer
60 ) © 60 )
o trimer o o trimer
5 L
40 2 4ot
g
c -
o
20 3 20
s
@ H
s e T NG %
0 1 2 3 4 0 1 2 3 4

Additional water (equiv per B atom)
(a) 17 in CD,Cl,-THF(20:3)

Additional water (equiv per B atom)
(b) 17 in CD,Cl,

Figure 1. Plot of the distribution ratio of boron atom in a solution of
17 versus additional water.

*THF and additional water are required for the preparation of a sufficient amount of BLA2.



1-4. oxazaborolidine (BLA)
asymmetric Diels-Alder reaction

<
<

©
TfO H

transition state

@ . \n,CHO > MCHO
CH,Cl,, 95 °C

1-2h

1-5. oxazaborolidine (LLA)

asymmetric Diels-Alder reaction

1a (1 mol %)

CHO
-
CH,Cl,
-78°C,2h

1a (5 mol %)

_CHO  SnCl (5 or 10 mol %)

CH.Cl;
-78°C.2h
Lewis base (5 mol %)

B Yield (%)
0 ee (%) (exo)
o ee (%) (endo)

None

H.0

SnCl, (1 mol %)

95% yield (exo/endo = 75:25)
84% ee (exo), 96% ee (endo)

CHO
/

2a

|s__cHo
l ;

2a

Lewis base

1-6. dioxaborolane (LLA)

Ph
R3 o
1 ! +
R _ B\0 y
R2

R4

o)

W

iPrOH AcOEt DMF

H

M

/“>~M

MeMe

E. J. Corey, et al. J. Am. Chem. Soc. 2002, 124, 3808

M

\_

~\
N
P vl
aMi 0 Lewis acid N. O
R g _{Lewis acid) -4 B
—M
4 :
1a: R = n-octyl Highly
1b : R = CHy(1-naphthyl) = Lewis acidic center
(LLA)
J

H. Yamamoto, et al., Angew. Chem. Int. Ed. 2005, 44, 1484

LA
EtaN
Sc(OTf); OH R?
(10 mol%)
R4
CH,Cl,, -78 °C R? R2

A close investigation pointed to electrophilic activation
by coordination of the metal ion to one of the boronate
oxygens in a closed bimolecular transition state.

D. G. Hall, et al. J.

The reactivity and asymmetric induction ability can
be maintainted even in the presence of a small
amount of water as well as other Lewis bases
by adding a slightly larger amount of SnCl,

transition state

.e

Se(liy

Am. Chem. Soc. 2004, 126, 4518
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2-1. boron compound-catalyzed amide condensation

1. arylboronic acid

Yamamoto, H. et al. J. Org. Chem. 1996, 61, 4196

Ph""CO,H + HN
ArB(OH), (5 mol%)
toluene N
reflux, 1 h, -H,O Ph/\/\[(
(0]
yield? yield?
entry Ar (%)  entry Ar (%)

1 3,4,5-F3CsH> 74 5 CsHs 23
2 3-NO2CsHy 60 6 2,4,6-(CF3)3CsH> 21
3 3,5-(CF3)2C¢Hz 56 7 2,3,4,5-F4C¢H 11
4 4-CF3CeHy 54 8 c <2

@ In the presence of 5 mol % of arylboronic acid, a mixed solution
of 1 equiv of 4-phenylbutyric acid (0.2 M) and 1 equiv of 3,5-
dimethylpiperidine (0.2 M) in toluene was refluxed with removal
of water (4-A_molecular sieves in a Soxhlet thimble). ? Isolated
yield. “No catalyst was added.

proposed catalytic cycle

»ikr
RCO,H
HzO CI),B\Q 2
Ar/B\O'B\Ar
13

RCO,H mmmabcm==
1 H\ 1
\\ 1 (0] Q ]
ArB(OH ' B '
(OH), \ ] IV SNy ]
2 | - -3- ---d

H,O

X
_R! HNR'R?
R 22

Table 2. Amidation Reaction between Carboxylic Acids
and Amines Catalyzed by 19

carboxylic acid amine solvent  time  yield?
(h) (%)
Ph""SCOH  Ph NH, toluene 18 96
HN toluene 16 >99
Bu,NH xylene 20 56
mesitylene 14.5 99
PhNH, mesitylene ¢ 4 99

CO,H

O/ Ph” NH, xylene 18 96
@002"‘ pre~~NHz  mesitylene® 2 92
Ph/\/C()zH HN xylene 29 99
PhCO,H mesitylene 20 95

2 Unless otherwise noted, in the presence of 1 mol % of 1, a
mixed solution of 1 equiv of carboxylic acid (0.2 M) and 1 equiv of
amine (0.2 M) in toluene, xylene, or mesitylene was refluxed with
removal of water (4-A molecular sieves in a Soxhlet thimble).
b Isolated yield by column chromatography on silica gel. ¢ A mixed
solution of 1 equiv of carboxylic acid (2 M) and 1 equiv of amine
(2 M) in mesitylene was used.

arylboronic acids with electron-withdrawing substituents at the aryl group

ewater-, acid-, and base-torelant

*thermally stable and can be readily handled in air
sstrong Lewis acidity enhances the rate of the generation of acyloxyborane species and

their reactivity with amines

_>

only catalytic amount of boronic acids are required!!

But...

Catalytic activities of these neutral boronic acids are greatly diminished in polar solvents.
This solvent limitation restricts the scope of substrates.



2. N-Alkyl-2-boronopyridinium Salt

reusable
cat. 2 or 5a-d
R'CO,H + HNRZR3 R'CONR2R?
toluene
(+ fonic liquid for 2),
azeotropic reflux

POWSMGHG resin Yamamoto, H. et al. Org. Lett. 2005, 7, 5043
5a (R* = CHy, X = Cl), 5b (R* = (CHy),, X = Br),
5¢ (R* = (CHy)p, X = NTi,, 5d (R* = (CHy),, X = Br)

*4-borono-N-methylpyridinium iodide (2) is effective in polar solvents.
*A catalyst 2 can be reused through the use of ionic liquid-toluene biphasic solvents.
«Catalysts 5 are reusable without the need for ionic liquids.

Table 2. Catalytic Activities of 2 and [2];, for Amide

Condensation
Ph Ph
CO.H Os_-NHBn catalyst
catalyst (5 mol %) + BoNHp ——
+ HoNBn (2 mmol) solvents
CO.H azeotropic reflux CONHBn
(2 mmol) toluene (5 mL) (2 mmol)
[emim][OT{] (1 mL)
(2 mmol) azeotropic reflux, 2 h - -
entry catalyst conv. (%)  entry catalyst conv. (%) catalyst solvents time  yield
— entry  (mol %) (mL) (h) (%)
1 2 59 3 @B(OH)Z 43 1 205 toluene (5) 1 41
6 2 [2]12 (10)*  toluene (5) 1 15
— 3 2 (5) toluene (5)—[emim][OTf] (1) 1 74
Q*B(OH)Z B(OH), 4 [2]12 (5)® toluene (5)—[emim][OTf] (1) 1 75
2 Nt- 54 4° \ / ( 8 5 2 (5) toluene (5)—[emim][OTf] (1) 5 >99
/1 7 6 205 toluene (5)~[emim][OTf] (1) 5  >99
3 74 2(5) toluene (5)—[emim][OTf] (1) 5  >99
Y . . .. 8 1(5) toluene (5)—[emim][OTf] (1) 1 88
7 did not dissolve under these conditions. 9e 1(5) toluene (5)—[emim][OTf] (1) 1 7
@[2]12 (10 mol % for B-atom) was used. ? [2]12 (5 mol % for B-atom)
Table 3. Direct Amide Condensation Reaction Catalyzed by 2 was used. €2 used in entry 5 was recovered and reused in entry 6. ¢ 2 used
2 (5 mol %) in entry 6 was recovered and reused in entry 7.°¢A solution of 1 in
R'CO,H + R?RNH ————————— > R'CONR2R® [emim][OT{] used in entry 8 was recovered and reused in entry 9.
solvent (5 mL)
(2 mmol) (2 mmol) [emim][OTA (1 L)
azeotropic reflux
entry solvent time (h) product yield (%) 1 '
' 1
1 toluene 6 O)J\NHBH 92 E :
' "
: 1
2 toluene 18 N-B 95 ' ,
: 1
OMe 1 !
51 98 (1%) 1
3% toluene 5 (2"‘) ph)\”/NHBn 93 (2™) : :
539 95 (3) ' .
[e] 1 1
OH ' '
[ ]
4 o-xylene 18 Ph/Kr(NHBn 91 : :
o ] :
OMe : '
5 o-xylene 18 Ph/H(NHPh 80 : :
(@] 1 :
(0] ' 1
6 o-xylene 10 NHBn 91 V Figure 2. X-ray crystal structure of dodecamer [2]), ¥
1 [CH3NCsH4BO 14121215 10H,O. Water is omitted for clarity. :
]
o  Maadccaaccceasscsmssscssssss==s===== -
7  o-xylene 3 90
Ph/\)I\NHBn L. .
- ] j)\ o 1-ethyl-3-methylimidazolium
o-xylene . .
NHBn trifluoromethanesulfonate [emim][OTf]
501 99 (1% i i i
¥ onlene S B s plays an |mpor:tant role in suppressing
569 993" the condensation of 2 to [2]45.

NC

@ A solution of 2 in [emim][OTf] was reused three times.



3. catecholborane B 7
H. X
a9
) Y
, . . R'7707:
Ganem's amide condensation N
0 H-N. H” .2R3 X
©: BH Rz R
(0] = _
(1.2 equiv)
R'CO,H + HNR2R® ———  R'CONR2R?
(Tequiv)  (2equiv) THF,-78°Ctort Ganem, B. et al. J. Org. Chem. 1978, 43, 4393
R'CO,H
@[QBH H, Under this condition, benzo[d][1,3,2]dioxaborol-2-ol
f (3) is inert as a condensing reagent.

H,0 JOJ\ 9@ HNR2R3
B

R'” 0”0
? 2

0o How can we use 3 as a condensing reagent??
R'CO,H 5 R'CONRZR?
HO" "0
3

3 serves as a dehydrative catalyst under azeotropic reflux conditions
with the removal of water in less polar solvents!!

1 or 4a (5 mol %)
Yamamoto, H. et al. Org. Lett. 2006, 8, 1431 RCOZH + R2R3NH R1CONR2R3
R4 toluene or o-xylene
B3 OH R3O0 azeotropic reflux
sz[ + B(OH); toluene sz:O,B—OH entry product (5-18) tsi(r)rln\;?ht)’ —;%ZSML
r1 OH azeotropic reflux R? Ph CONHBI
3h (5 mol %) 1 ~ N n 5 toluene, 0.25 60 41
N Ph CONBn
Ph CO,H + H,yNBn PPN 2 NN |\|/|e toluene, 1 0 2
Ph CONHBn 6
toluene, azeotropic reflux, 1 h
3 PhCONHBn 7 o-xylene, 0.5 59 51
entry  B(III) catalyst OV ientry  B(lcatalyst <O 4 PhCONMeBn 8 o-xylene, 1 37 16

%) )

0, Ox. -0, CONHBn toluene, 1 2 6
1 BOH 61 | 3 j: BOH 64
o’ 3 o o’ 9 toluene, 5 - 94
o, CONHBn
4 BOH 74 toluene, 24 8 93
cl g
Cl 0 5 © B(OH 31 1

5 % ;
CONHBn toluene, 19 1 ss
1 o-xylene, 24 - 99

[

=N

2 BOH 93 FaC

cl o ]
Cl 4b 6° B(OH), 96
toluene, 20 5 55

N

FsC 1 8 +BuCONHBn 12
o-xylene, 15 - 94
2 B(OH); and 1 were used instead of 1,3,2-dioxaborolan-2-ol derivatives. 9 Ph CONHBn toluene, 2 25 77
T toluene, 5 - 95

B(lll) (5 mol %) CONHBn toluene, 24 15 22
+ HNBR ——— 10
toluene 14 ©0-Xylene, 20 20 99

COH azeotropic reflux, 1 h CONHBn Lene. 2 o Y
toluene
a a 11 Ph,CHCONHBn 15 i
entry B(III) catalyst’ c((;/:)v entry B(III) catalyst c((;/:)v ? toluene, 11 _ 93
cl cl cl CONBH o-xylene, 5 47 53
Cl lo) 12 Me
1 BH 62 Cl Cl o-xylene, 19 93
c O. OH CONHBn toluene, 5 35 42
cl da 5 B 3 13 \l/
" toluene, 20 - 91°
2 4b 52 Q9 NH 17
3 1 32 Cl Cl @/\CONHBn o-xylene, 1 32 62
14
4 B(OH); 2 cl Cl 4c 18 o-xylene, 9 - 92

@ Optical purity of the amide was reduced from >99% ee to 86% ece

@ 4b and 4c¢ were prepared from B(OH); and tetrachlorocatechol in situ . o
through amide condensation.

before the addition of carboxylic acids and amines.

But...
These catalysts(1~3) required heating at reflux in solvent at temperatures over 110 °C.



4. o-halophenylboronic acid

D. G. Hall, et al. Angew. Chem. Int. Ed. 2008, 47, 2876

(1 equw) : OH m
+ 10 mol9

A
H,N 4A M.S.,
solvent, amide product
25°C,25h
(1 equiv)
HO. /OH HO. ,OH HO. , OH HO. ,
THF 22% 27% 47% 49% 71%
CH,Cl, 42% 41% 64% 76% 91%

Scheme 2. Comparison of product yields between the most promising
ortho-substituted arylboronic acid catalysts in a model amidation
reaction.

*MS4A is essential to scavenge the water
by-product of the reaction.

Why is the catalyst 2 so effective?

spara isomer is significantly less effective

+0,0'-dihaloarylboronic acids are less reactive

*inductive effects alone cannot account for

The reason is unclear at present...

Table 1: Direct amidations between carboxylic acids and amines
catalyzed by boronic acids 1 and 2 at room temperature.”!

o 0-X-C4H,B(OH), (10 mol%) o
1(X=Brjor2(X=1
R‘J\OH +  H,NR? ( ) ( ) R‘)J\NHR2
4AM.S., CH,Cl,, 0.07 m

(1.0-1.1 equiv)

1 ©\i:/\© 2 cr?@

(1 equiv) 25°C, 48 h amide product

99% 0%
CR L
3 N 4 X N
66% (87% in THF) 80%
i O
g Gy
H
99% 41%

76% (with 2)

feane

24% (with 20 mol % 2 in toluene
at 50°C)

o {BocNH:
o et
H
N

H
95% (with 20 mol % 2)

52% (with 2)
97% (with 2 in THF)

R= (CH,),CHCH, 73%
R=PhCH, 93%

R=H 73% (with 2 in THF)
R=CH,; 70% (with 20 mol % 2,
THF, 16 h)

[a] The boronic acid (0.05 mmol), carboxylic acid (0.50-0.55 mmol), and
the amine (0.5 mmol) were stirred at 24-25°C for 48 h in solvent
containing powdered activated 4A molecular sieves (1 g). Unless
indicated otherwise, amidations took place in CH,Cl, with catalyst 1
(10 mol %). Product purity was greater than 95% according to "H NMR
spectroscopic analysis. Boc=butoxycarbonyl.

Catalyst 2 functions under practical and mild conditions at room temperature!!

2-2. boron compound-catalyzed ester condensation

ester condensation of a-hydroxycarboxylic acids

( )

OH B(lI) (5 or 10 mol %) OH
Ph” ~CO,H R20H (5 mL) Ph” ~CO,R?
(2 mmol)
Entry R’OH Temp, time (h) Conv. (%)
B(OH); 1 2

1* MeOH rt, 2 28 48 77
2° EtOH 5 24 19 43
3" i-BuOH Reflux, 1 36 32 83
4* i-PrOH Reflux, 5 29 14 52
5° (CH,OH),  80°C, 15 48° 29¢ 83°

Yamamoto, H. et al. Tetrahedron. 2007, 63, 8645

FsC

B(OH); - C>—B(OH)2
I-

1 2

F3C

4 Catalyst (10 mol %) was used.
P Catalyst (5 mol %) was used.
¢ 2-Hydroxyethyl mandelate was produced.




OH (2 mol %) OH
PN + BUOH ———
Ph” CO,H toluene  pp,
(5mL)
reflux, 1 h

Conversion (%)

B(Ill)

CO,Bu

*Boric acid was the most active catalyst with a molar
ratio of mandelic acid/butanol of >1:2.

*2 was the most active catalyst with a molar ratio of
mandelic acid/butanol of <1:3.

20
80
B(OH)3 with a higher ratio of
70 . .
a-hydroxycarboxylic acid
60 .
B(OH); in excess alcohol RL 0
OH
50 4 Rl 0 1 o._0 |,
RITCOH | o8B M
40 Oo._.0 [HF
R20" B oR? 2R?0H Jd R
30 9 10
20 very slovv\* OH ‘/very fast
10 R'” “CO,R?
fast/r fast
0 1 ;
42 22 2:6 2:10 2:20 R 0 R\/ /(O
mandelic acid (mmol) : BuOH (mmol) O\B-'O . —HI O‘B4O
Figure 3. Correlation between the catalytic activity of boron(IIl) com- =~ OR?2 +HI =~ "OR?
pounds and the molar ratio of mandelic acid and butanol. \
N* VY N* Y/
....................................... -
.
RCO,H 25 mol %) RCO,R? . 1 12
(2 mmol) R20H (5 mL) '
L I I I T I R I I I I T N
Entry Temp, time (h) Product Yield (%)
1 o IS s Not only a-hydroxycarboxylic acids but also
rt, 93 . .
Bn” “CO,Me B-hydroxycarboxylic acids were condensed.
OH
2 Reflux, 6 99
e Ph)\COZI-Bu L ] ]
o limitation of this reaction
3 it, 10 . )\co " 96
nooe Boron(lll) compounds were much less effective for
OH . . . . .
4 Reflux, 15 Xeome 9 the esterification of simple carboxylic acids.
5 Reflux, 4 PhiHCO ) 05 This is because an alkoxyborane species is preferentially
? produced rather than the desired acyloxyborane species.
OH H
eflux, - 2
6 Reflux, 21 o c0,:Pr 81 (Ij ji R20H QR
& AP 07 R “RICO,H, -H,0 ArBor?
7 80°C, 5 Ph)YO\/\OH 97
0 1 (5 mol%)
oH Ph BnNH, (1 equiv) Ph
8 Reflux, 15 95 additive BnOH
o Meozc\) "CO,Me ) toluene
oH COZH azeolropicrefux conten  Amide condensation is
9 Reflux, 23 v 86 .
o B0 o , suppressed in the
without BnOH == 9% Yeld presence of alcohol
OH i .
10° Reflux, 18 EtO,C., H\COQB 92 with BnOH (1 equiv) —> (l?eﬁz?letledster,
o <1% yield)
OH
11 Reflux, 17 @[ 85 OH B OH
. (OH)
CO,i-Bu >< (5 mol "2:) ><
o CO,H CHy7OH COCgH17
2 mmol 88% yield
12 Reflux, 20 /@ 84 ¢ m+m°) (2 mmol) e
HoL €028y Ph” " COo,H t(oglu,?[)e Ph CO,CgHy7
. Reflux. 20 NHCO,Bn 0 (2 mmol) azeotropic 7% yield
3 X, 2 HO A~ 3 . . . reflux, 16 h
cozMe chemoselective esterification
NHCO,Bn H H OH B(OH) OH
: of a-hydroxycarboxylic acids b
14 Reflux, 22 S coMe 89 = XCOZH (ol %) ><CO2CSH17
OH (2 mmol) @ mmol) 90% yield
+ - - +
¢ Dicarboxylic acid was used as a substrate. toluene
® Compound 2 (10 mol %) was used. PhCO-H (5mL) PhCO,CqH17
¢ Diisobutyl 4-hydroxyisophthalate and 2-hydroxy-5-(isobutoxycarbonyl)- (2 mmol) azeotropic 1% yield
benzoic acid were produced in respective yields of 5 and 2%. reflux, 16 h



1. CAB (chiral acyloxyborane) catalysts

2-3. boron compound-catalyzed Diels-Alder reaction

o (0]
oH HS N 0
: 1 -
Hooc %! L Butur —_— o : JL
OYO CH,Cl,, 0°C o o R
R HB_
la: R = CH; 0 O C_AE
b: R = t-Bu
¢: R=Ph
d: R = 2,6-(MeO),Ph Yamamoto, H. et al. J. Am. Chem. Soc. 1988, 110, 6254
10 mol% CAB .COOH catalytic cycle
coon * D — @
CH,Cl,, -78°C
Yield(%) ee(%) @ —
2a: ‘ 66 34 >B/0\|“' COOH
b: 68 51
c: 88 35
d: 93 78
o wCOOH
O e ©
7 0
2. boronic acid
_H
o) o "o 0

ArB(OH), (20 mol%‘ 11
+ . L2\ —_— OH
KL OH  cH,cl,, 25-30 °C I| 0" “Ar
S

Table 2: Diels—Alder cycloadditions of free a,p-unsaturated carboxylic

acids catalyzed by boronic acids 1 and 2.
0-Br-C,H,B(OH), (1)

di +  dienophil (20 mol%) loadd
iene lenophile —— > cycloadduct
. ) CH,Cl,1.0m Y HO.__OH HO. B’OH
(2 equiv) (1 equiv) 25-30°C, 48 h B
Br I
0 CO,H
1 I ﬁOH Ij/
no catalyst 5% 1 2

1 with 1.0 equiv water 25%
1 with 0.1 equiv water 76 %
1 with no water added 90%
1 with 4A M.S. 20%

. O ﬁOH @"‘COZH P ecceecceeecceescceecceecccescceeccceaccaaannn

99% (24 h)

= COH
3 @0 ﬁOH

selective activation of carboxylic acid

]
]
]
]
]
]
]
35% (with2) o 0 o
o] B ' 9
4 I Br\’%w con I . KL o . oMo 2 (20 mol%)
I j ' I CH,CL,,
% ' (1equiv)  (1equiv) (1 equiv) 25°C,48h
[a] The boronic acid (0.28 mmol), carboxylic acid (1.4 mmol), and diene :
(2.78 mmol) were stirred at 25°C in dichloromethane. Unless indicated, o o
the mixture was stirred for 48 h with catalyst 1 (20 mol%). Yields are for OMe + OH
purified products. '
]
' 5% 69%

A remarkable selectivity of carboxylic acids over the corresponding esters!!




3. Dual activation of carboxylic acids by combining transition metal

nd boron catalysts
0. concept

ketones, aldehydes carboxylic acids

amines as organocatalysts 7 boron compounds as organocatalysts

+ +
transition metal transition metal

1. motivation

Some boron compounds-catalyzed reactions using carboxylic acids as substrates
were reported.

eamide condensation
sester condensation (see Chapter 2-2)
*Diels-Alder reaction

But the reaction using carboxylic acids as nucleophiles seemed to be difficult so far.

dual activation by transition metal
and boron catalysts

These reactions (such as Michael addition, aldol reaction...) will be possible.
(0]

(0]
boron catalysts > EWG
EWG .~
~ + |)LOH metal, base \/\HLOH

R R

A

ol’/i - o~
—» | EWG_ ~
R

ase
R

*boron catalysts, metal, and base(NEt; etc.) can coexist (see p.14)

2. advantage
Boron compounds can selectively activate carboxylic acids. (see p.20)

carboxylic acids are activated enough to be
deprotonated the a-proton by weak base

Chemoselective nucleophilic addition of carboxylic acids will be possible.




3. catalyst design

eusing a bidentate (or tridentate) ligand tethered with a boron compound

active species

—
N/
N
e
4
HB
\
o]
catalyst
IN—(
R'—< A Y/ in—  \
0 R'—<\ N=
NH ‘

Oﬁ/ 0~M/ NH
Meo=(
o

N

HO—B’ ’,
o/B
R

catalyst




