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1. Background

1) Boronic acids
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2) B-O bond exchange

Reversible exchange of -OH

B—OH + HOR

B—OR + Hgo

Associative mechanism
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3) First catalysis of boronic acids

Letsinger (1963)

Cl
HO O/\/
~o7
Cl B
HO/\/ N
NS
\/ Z \
HO. _OH i O/\//cf -
H
N HO\| __,(.'o/
AN collidine, B- /:“H
/ DMF, H,0 N\
BA1 _
H,0, - ] B
base _~_-OH
HO\B/O /
OH _
N



2. Electropnhilic activation
1) Carboxylic acids

Acylboronates:

0
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S + r—
ArB(OH), R™ O Ar

1) Direct amidation
i) Esterification

1i1) Anhydride formation



1) Direct amidation

O ArB(OH), (cat.) o)

IR i

OH temp. R" “NHR2
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0 ArB(OH), (cat.) 0O

J\ +  H,oNR?

R" "OH temp. R!" “NHR2

rt — 50 °C (4A molecular sieves)

g“g?téf@

BA5, X=H
BAG6, X = MeO

Hall (2008, 2012)
Blanchet (2015)
Ishihara (2018)
Ishihara (2016)



Proposed mechanism

preference to form
XX dimeric species 4

S A

enhanced Lewis acidity
of the boron atom

R2NH,

Whiting and Sheppard (2018)
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Hall (2012) OH HO., ,OH
B, [
o OH o
)J\ - MeO  Bag (10 mol%) I
+ Hp 2 X
Ri OH 4A mol. sieves, R' NHR
(~1.1 equiv) (1equiv) CH,Cl,, toluene, or THF high purity BAS, X =H
25°C,2-48h without BAG, X = MeO
chromatography
o t-BocHN
0 o o) HO o
en A on K Ao
N/’\ Ph Ph N/\ Ph N Ph H \ N Ph
H Me H
5 6 7 H
98% (rt, 2 h) 0% (1t, 6 h) 91% (1t, 6 h) 8, serotonin conjugate 9
[71% with BAS] [66% with BAS5] [95% with BAS5] 70% (rt, 24 h)
[45% with BAS5]
0
PhCH,NH O
2 85% (it, 2 h) 0 o 0
00 . AT O S
[62% with BAS] N P Ph H Ph N P Ph N P oh
N H \ / H \ / H
CHs |
N 11, ibuprofen amide 12 13 14
80% (rt, 48 h) 30% (50 °C, 48 h) 53% (50 °C, 48 h) 73% (50 °C, 48 h)
0 cl (56% with BAS] [22% with BA5] [38% with BAS] [51% with BAS]
10, indomethacin amide {< 5% epimerization}
Aromatic amines are unreactive (not shown) and aromatic carboxylic acids were 9

found to require a higher reaction temperature to afford low yields after 48 hours.



Hall (2015)

o O
5 BAG6 (10 mol%) f—BDCHN\tv)JJ\ P !

4A m.s., —N
=1 CH20|2. rt, 2h n=1,0%
n= n=275% 15
O
Q BAG6 (20 mol%) i /L
P BN v A
X OH + . COQT-BU
- H2N COET-BU 4A m.s., H H
o = CH,Cl, [0.07M], -
(PhiN) 48 h, 40 °C 46%
|
. . ) OH
Alpha-aminoacids have proven to be very challenging g
- - - . - N\
substrates in boronic acid catalyzed amidations. OH
MeO BAG
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Ishihara (2018)

(@)
cricom._ L
; OH +
§1

Shibasaki (2017)

PhCOHN\)L

f-F'r

RZ

CIH3N

HORB,OH
BAS8 (15 mol%)
CO;Me  (CHCI),, 3Am.s., CO,Me
60 °C, 48 h
R', R? = CHj, i-Pr, Bn, CH,SMe CFs
75-94%, > 95:5 dr BAS
-Pr i-Pr
BA4 (5 mol%)
NH, PhCOHN \)—L CONH
HzN toluene, 4A m.s., 2
0 50°C, 14 h r-Pr

75%, stereochemically pure

11




i) Esterification

Ishihara and Yamamoto (2005)

B(OH),
| X3
/ —
0 e i 0
o BA10 (5 mol%) |Ph W)J\ o o
ﬁ)LOH EtOH, o—8 - \W)LOEt
HO reflux, 4 h Al OEt HO

16 95%

tetrahedral acyloxyborate
intermediate

Hydroxy at the a- or S-position is essential.
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11i) Anhydride formation

Ishihara (2011)
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2) Unsaturated carboxylic acids

0 0 E
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LUMO-lowering activation: i) Diels—Alder cycloadditions,
i1) dipolar cycloadditions, iii) hetero-Michael additions.

Water is required for the catalyst turnover.



1) Diels—Alder cycloadditions

Hall (2008, 2010)

Br

j OH
/
B\

O OH

o)
M
Me BA12 (20 mol%)  © OH
+ OH
Vo | CH4Cl, Ve
(1 equiv) (1 equiv) 25°C,48h 20, 90%,
[no catalyst: < 5%]
X
:{ OH
/
B
N
OH
Me BA12, X = Br; or Me O
O%,-OH BA13, X = NO,
=, (20 mol%) OH
x> | | CH,Cl,,
25°C, 48 h

(1 equiv) (1 equiv)

83%, > 98:2 regio.
[no catalyst: 6%, 1:1]
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i) Dipolar cycloadditions

Hall (2010)

o) O OH
1 1 N
+ |l|| . Y BA13 (5 mol%) R /N\O R~ ~0
f R + -
‘ ' | CICH,CH,CI, )
R1 R2 25 °C R? CO,H HO,C R
1,2- 1,3-
(1 equiv) (1 equiv)
N
CO,H CO,H HO,C CO,H HO,C
(2h) (24 h) (24 h) (48 h) (24 h)

23, 87%, > 98:2 regio. 73%, > 98:2 regio. 24, 78%, 16:1 regio. 67%, > 98:2 regio.

[nocat: 15%,9:1]  [no catalyst: 5%, 6:1] [no catalyst: 10%,5:1]  [nocat: 6%, 10:1]
BA13 Me
l‘rle COzH (20 mol%, | o
N slow addn)  Ph AN
fw ~o ¢+ | | P . NHMe
oh CICH,CH,Cl, Ph
H 40°C,48h COzH
(1 equiv) (1 equiv) 71% (dr > 98:2 regio.) <2%

[nocat: 0% 41%]

77%, =98:2 regio., 5:1 anti:syn
[no cat.: 10%, >98:2]

NO,
OH

OH
BA13
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1ii) Hetero-Michael additions

Takemoto (2008)

MeO B(OH),
XH o X o
~ 25 (20 mol%) BA9 (20 mol%)
OH OH
t-BuOMe:CCl4 1:2, 4Am.s., rt, 24 h
X=0, NTs

25-98%, 50-96% ee

OMe

OH

87%, 84% ee (0 °C, 96 h) 96%, 96% ee

OH

25%, 50% ee (rt, 120 h)
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Takemoto (2016, 2018, 2019)

0]
SAte i mo'%) BnOHN 0
/\)J\ PhCO5H (1 equiv)
R™ ™= OH + BnONH; . R .
R = alkyl, CF4 (1.0 equiv) Cl,C=CCl,, 4Am.s., rt, 24 h
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3) Alcohols
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Electrophilic activation of alcohols:
1) Transposition of allylic and propargylic alcohols
i) X-H insertion / nucleophilic attack

11i) Cyclization & cycloadditions
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1) Transposition of allylic and propargylic alcohols

Hall (2011)
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OH

toluene, rt, 48 h \/
76%, 1:20 E/Z
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0
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1) X-H insertion / nucleophilic attack

Hall (2012)

NuH
= ArB(OH),

CHsNO
Ar OH 503¢C 2
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o CAr

91%
Ar = 4-(i-Pr)aSiOCgH4

88%
[with cat. TSOH : 13%]
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Moran (2015)
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A" TR CHNO, AT TO0T TAr O X
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Hall (2017)
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McCubbin (2010)
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Ph  =-oo-oo
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Hall (2012)

Ph
Ph

OH

Ph
Ph

B(OH),
N
-
-+

Me BA18 (20 mol%)

CH3NO,, 4A m.s., 50 °C, 48 h

HO. __.OH
OBO

OH

F

/ BA15 (20 mol%)

CH;NO,, 4Am.s.,
rt, 48 h

Ph._ .=

72% Ph
[with cat. TsOH: < 20%)]

Ph

82%
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Hall (2015)

Ph

\)\ HO. B’OH
/@ catalyst (10 mol%) E
HFIP/CH3NO, 4:1

CeFsB(OH):
BA17

Ho ~Fpy, M 1N051.0M] F I F
(5 equiv) BA15, 94%
(1 equiv) BA15
catalyst: BA17, <5%
BA15 in MeNO,, 0%
OH OH
BA15 (10 mol%) =

\‘4\ HFIP/CHsNO, 4:1

t, 24 h
(2 equiv) 88%
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Hall (2015)

97% (80 °C)

Ar"H + HOCH,Ar?

(5 equiv)

67% (80 °C)

> —B(oH),

* ||=e(|||)

SbFg

(e BA19 (10 mol%
(10 mol*) AT > AR

(1 equiv)

HFIP/CH3NO, 4:1

[0.5 M], temp, 24 h

SAYW

sasalshasy

46% (80 °C, 48 h,
20 mol% cat.)

catalyst: yield (50 °C) HO. B,CJH

BA19, 95% £

BA15, 0%

CpFe(I)CpB(OH),, 0%

Cp,Fe(lll)SbFg, 15% F

CF3CO,H, <5% F
BA15

94% (80 °C, 36 h)

62% (50 °C)
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Hall (2016)

0

A OH
r
Ph
\)J\ H + \|/\
Me Ph
(1 equiv) (2 equiv)

R = Me, 60%, 94:6 er
R = Et, 19%, 80:20 er

1)

L&>—B(OH),

* Il=e(lll) i

{d)k SbFg oxidative cleavage
OSi(t-Bu)Me, o
BA19 (30 mol%) 31 (30 mol%) ]
PP =
toluene/HFIP 10:1 Ph™ .-

[0.25 M], pw, 60 °C, 12 h

2) NaBH4 (10 equiv)
CH,Cly : MeOH = 10:1,0 °C

Ph Ph
N
Phw OH Ph)\/Y OH
Br ON

68%, 95.5:4.5 er 79%, 97:3 er

Ar

YUK o | Py
T+ Ar
Me Ph

Ph
Phw OH
\ Me
Cl
Cl

82%, 96.5:3.5 er
{gram-scale for a pharmaceutical
intermediate: 67%}
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1ii) Cyclization & cycloadditions

Hall (2013)
Ph
Ph. OH I
BA15 (20 mol%) +
| | CH,Cly, tt, 48 h
Ph Ph 272 Ph Ph Ph Ph
35 36
) N o 91% (1:2235:36) | HO___OH
F
7 e T
Ph Ph Ph Ph )
- 33 34 -




Zheng (2015)

67%, >20:1 dr (rt)

3,5-(CF3)2CeH3B(OH),
(BA9) (20 mol%) N
CH,Cl, «
‘j# ‘ :X Ph
X Ph

X =0, 90% (rt)
X=0,94% (50°C) X =NBn,68% (rt)
X=8,98% (50°C)  X=S§,97% (50 °C)
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4) Oximes

Hall (2018) sOH),
@: FsC CF,
_OH BA20,R=Me _ o HO  OH 0
N BA21,R=Ph M%) 5 o0 i )J\
l]\ R\"N RZ
R! "R? CH3NO/HFIP (1:4) H
oxime rt, 24 h, [1.0 M] amide

Ph N Ph i
~ Ph. = )—I\
H 4 X = BocHN, 88% (BAZD) \/\H

X =HO, 93% (BA20)
94% (BA20) 90% (BA20) X = Br, 0% (BA20); 85% (BA21) 74% (BA21)
X = CF3, 0% (BA21)

0 0 7 | O o)
@Hk ka Ph,/'\\n/l'k/l:’h NH

99% (20 mol% BA20, 50 °C) 74% (BA21) 98% (BA21); 0% (BA20) 65% (30 mol% BA21, 80 °C) 96% (BA20, 50 °C)
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CF;

FAC
42 7 CF3

perfluoropinacol

TH (O-Me): 4.5 ppm
13C (C=0): 183.0 ppm
1B (Ar-B): 15.0 ppm

: iCOER
B(OH),

BA20, R = Me

BA21,R=Ph
'H (O-Me): 3.9 ppm

13C (C=0): 170.0 ppm
1B (Ar-B): 30.0 ppm

43, tetrahedral intermediate (R'O = perfluoropinacolato)

B Me, s
5 H Ph
Re "
Q o—N
PN
L rRo OR i
43
i slow 1 ¢ ith R = Ph (BA21
Ph. JL (rds) aster with R = Ph ( )
N Me
H
product o]
N Ph
T 0~ Y
OH B(OR’) Me
pho 2
N Me 44 (acyl oxime)
(R' =CH(CF3), or
perfluoropinacolato)
Trans-
esterification

~OH 0 Me
(

N
)-L /& Ph
Ph Me 0 N
oxime
B(OR'),

46 (acyl imidate)




3. Nucleophilic activation

1) Carbonyl compounds

Whiting (2008, 2012)

(HO);B  Na*
N
N
\
n-Bu O
i 0 BA22 (20 mol%) Tl
(1]
X\)J\ + M R/H/LK o RTN
R™ H H20 M
X=0H,H X
major product major product
X = OH X=H
H *HC Ph  ,Ph
O HO OH
’ o) BA23 (20 mol%) (20 mol%)
+
EtsN (20 mol%), DMF, 3A m.s.,
O,N

rt, 5h O2N

OH O

88%, 95% ee
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2) Diols and carbohydrates

Taylor (2013)
B(OH),
FsC CF;
OCH, BA9 (20 mol%)

n-BusP=0 (20 mol%)

(0]
OH .
TBSCI (2 equiv

HO -ProNEt (2 equiv)
CH4CN, 60 °C, 16 h

Onomura (2014)

0]

Br_ )—I\ _Br

HO OH

HO

OTBS

MeB(OH), (10 mol%)
N N K2CO3 (1.2 equiv)

R1 R2 OJ\NAO HED, 0to 50 UC, 2-8 h,

[ dark conditions

Br
DBI (1 equiv)

OCH, | +
H
OCH OCH 07 on
T
oH * S od_ T EX
OH B—Ar
HO *
) | RsPO
97%, 185 : 1 = 57 :
Ho o | gt BX BMe(OH)
=
4 |0 e BB o o7
S H_ on
R R? R'" R2
- 58
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Bond enthalpies in comparable B-O and C-O compounds

385 KJ/mol 502 KJ/mol 450 KJ/mol
H”..\;OMe .. OMe . OMe
R—C—H C—B C—B—X

\ b\ \
OMe  OMe OMe
356 KJ/mol

The facile exchange of B-O bonds of boronic acids is surprising
considering the great strength of these covalent bonds. In spite of
having bond enthalpies approximately 115 and 65 kJ/mol lower than
sp? and sp® B-O bonds, respectively, the C-O bond of acetals is
significantly less labile.

37



Direct amidation via BA9 & DMNPO cooperative catalysis

Ishihara (2016)

R J-L{:ZI ™ NS
-

2nd activation

o (j NMe.,
e

ArB{OH), H DMAPO
\ oo 1\
R'CO.H - B
N et
H,0 1st activation
HNRZR3

N

DMAPO, ArB(OH),

FsC

HO. __OH

CF4
BA9

acyl N-oxide

Effective amidation of less reactive aromatic carboxylic acids and sterically
hindered aliphatic a-branched carboxylic acids.
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Shibasaki (2017)

O i-Pr O
BA4 (5 mol%)
PhCOHN + NH PhCOHN \)L
-~ “OH H, 2 N™ “CONH,

I-Pr

Synthesis of a-dipeptides using BAC

N toluene, 4A m.s., -
0 50 °C, 14 h HPr

75%, stereochemically pure
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# o) o)

0,

Ph g HzN/@ Catalyst (5 mol%) ph><ILN .

F Toluene, 80 °C, 4 h H
10a 11a MS4A 25 F

1 equiv. 1 equiv.

Catalyst
1a 40% DATB catalysts

1b A

o 33%
el 21%)] 1la:Y=H @ s O 8a: X
Y 17%] ib:Y=F y 8b: X

' 8c: X

&
8a y 1c:Y=0OMe OH
8a | (10 mol%, RT, 24 h)
8b

8c
4a 0% (24 h)

13/ 0% (24 h)

14/ 0% (48 h)

15 A (48 h) i ,

0 20 40 60 80 100
Yield (%) of 12
d o 0
\(v)J\ " e Catalyst (10 mol%; \MJLN s
s OH 2 Toluene, RT, 8 h 5 H
MS4A
10b 11b 16

1 equiv. 1 equiv.

0 20 40 60 80 100
Yield (%) of 16
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1,3-Transposition of allylic alcohols with two possible mechanisms

Sn1 pathway

ArB(OH),

—

| S

Sy2' pathway

carbocation

fi\r

(D,BKO,H

)
R‘WF@

RE

concerted
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Proposed ion-redistribution mechanism of Friedel-Crafts benzylation

Hall (2015)
Ar'CHo—Ar? @B(OR)E Ar'CH,OH

|
+ Hy0 "Rl e

BA19 (R=H or CH{CF3}2}\

AP-H > s0m, &—B(OR);

_ I
SbFg  Fe(lll)

|
* Fe(Ill)
e D
AHC’H2 o 29 (tetra-ion)
(zwitterion)

{MPI:;‘:}
w5,
(solvated AV1CH2+
ion-pair) _SbF
6

T 0,

30 (contact ion-pair)

{ L""'1..,\ = solvent J
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