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Introduction

Importance of amide bond

Example of amide-containing drugs
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Liptor (Atorvastatin) Velcade Gleevec (Imatinib)

25% Sosimee 16% el

A. K. Ghose et al. J. Comb. Chem. 1999, 1, 55.; S. D. Roughley et al. /. Med. Chem. 2011, 54, 3451. 3



Introduction

Classical Route

Stoechiometric
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o) reagent o) R,NH, O
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Introduction

Nonclassical routes

NCL, Staudinger
KAHA and KATs

Ligation

Amino
surrogates

Transition-metal

)j\ + RoNH;
R “OH

O
or organocatalysts )j\ R
> R, NT 2 -
H

Carboxylic acids
surrogates



Stoichiometric Amidation

Example of amidation using stoichiometric boron reagent

1eq 1 eq 87%
Inactive species

\4
Not proceed catalytically

P. Nelson et al. J. Chem. Soc., 1965, 5142. ¢



Catalytic Amidation

O |
O R? 1 (1 mol%) J F B
/ 2 OH
I * H=N > R l\N’R
R OH \ 5 solvent, reflux | F
R removal of water R3 F
1
N_ _ph O\’(H Ph
N
ph/\/\n/ ~~ Ph ~
I /\/\g/ I
96% (toluene) 99% (toluene) 96% (xylene) H|gh y|e|d
R i o~ e 1(10 mol%) 1 R=Ph: 95% yielf, 94% ee L
- R =Ph: 95% vyield, 94%
%OH *t H,N" "Ph toluene N”Ph R=iBu: 87% yidid, >98% ee ow
OH reflux for 10 h oy M R=i-Pr: 96% yield, >98% ee | Racemization

>98% ee (removal of water)

H. Yamamoto et al. J. Org. Chem. 1996, 61, 4196. 7



Catalytic Amidation

Plausible reaction mechanism

,ﬁ\r
H
H,0 N RCO,
i i
Ar"B“O'B“‘Ar
1/3
RCO,H activated
H.
\_ o"ro L
ArB(OH), - R)LO,BW
2 \ 3
H,0O

o)
H,“\N,Fﬂ HNR'R2

R® aminolysis

H. Yamamoto et al. J. Org. Chem. 1996, 671, 4196. 8



Direct polycondensation

0
1
HZN\/\/\/\NH2 + HOJI\/\/\H/OH » Nylon 6,6
solvents = F
O reflux, 20 h :
-H,0
1
entr cat. 1 solvent ield (%) M M
1 10 0 -xylene/m -cresol 85 4690 22400
2 10 o- xylene 89 2680 8330
3 10 toluene/m -cresol 83 - -
4 0 toluene/m -cresol 0 - -

M, the number-average molecular weight, Mw the weight-average molecular weight

H. Yamamoto et al. Macromolecules, 2000, 33, 3511. 9



Catalytic Amidation

Amidation for sterically demanding carboxylic acid

entry catalyst yield (%)

III catalyst (5 mol %) l;l
OH + _N_ - N 1 4a 62
H™ Bn toluene Bn 2 4b 52
O azeotropic reflux, 1 h O 3 1 32
4 B(OH); 2
OH
Ch o on 5(OH) o] Cl |
+ or = > JB—OH or . JB—H
C| BH °SMe oluene Cl \O | \O
Cl OH ° ? azeotropic reflux 07 4b 07 4a F 1
3h F
O O
H. 4a (5 mol%)
+ N/\Ph > A 91%,
OH I N Ph o
H toluene 86% ee
NHBoc azeotropic reflux NHBoc
20 h

H. Yamamoto et al. Org. Lett., 2006, 8, 1431. 10



Solid Phase Amidation

'i' catalyst (1 mol%) | N 'i'
OH + I_I,N Z N
O

toluene, reflux,
0O 4A M.S.

run time (h) yield (%) cl |

1 16 95 Ny “oH
2 20 95 P
3 21 97

catalyst (1 mol%) 85%
0 Ho O'Bu > O :
' N toluene, reflux ]\ OB (.:om[.)let.e
OH H O AAM.S. N epimerization
H

NHCbz NHCbz O

B. Wang et al. Synthesis, 2001, 77, 1611. 11



Solid Phase Amidation

Amidation using fluorous bi-phasic catalyst

?H
lil C1oF21 B\OH
OH + _N
H
O

C1oF 21 4

catalyst 4 (3 mol %) |;|
> N

o-xylene/toluene/perfluorodecaline (1:1:1)
azeotropic reflux, 3 h O

R'CO,H
HNRZR? |,

4

azeotropic

reflux
(-H50)

run 1 2 3

conversion (%) >99 >99 >99 >99 >99

A

ﬁ \“\
(bi-phases, rt)"

\
\
N

cooling to

———————

room temp.

(homogeneous, reflux)

. non fluorous phase

fluorous phase

flask —=

R'CO,H
HNR2R?

toluene—o-xylene

H. Yamamoto et al. Synlett, 2001, 9, 1371.

4

decantation

0 R
R'—C—NR3

4

(bi-phases, rt)

(a solution of 4 in

perfluorodecalin, rt)

toluene—o-xylene

12



Solid Phase Amidation

MCF-supported boronic acids

I]' catalyst 8a (5 mol%)
>

OH _N Ph
Ph/\"/ * HT Y Toluene, 120 °C
O azeotropic reflux

Use of 8a 1 2 3 4 5
Yield (%) 91 94 >98 >98 >98

MCF (mesocellular siliceous form)

- large and interconnected pores

- controlled micro-environments

L. Gu et al. Chem. Commun., 2014, 50, 7017. 13



Solid Phase Amidation

DOWEX-bound boronic acid

O O HO ©_OH
N H\ P 6b (5 mOI%) /B/ CF3
N Ph r P HO
Ph OH I Ph N Ph

! PhF (1.0 M) N
azeotropic reflux .
22 mmol 20 mmol 20 h ® €3 CF,
(3.30 g) (2.14 g) 6b
(@
(Pre-catalyst)
, Recover , Recover
Run Yield (%) Y Run VYield (%) 4 1 -
rate (%) rate (%) R'COH MeaN' HO,B;A H,N*R2R? HNR2R3
r + - +
1 >99 >95 6 >99 >95 (A) +HZO R1COZ- R1C02H
2 >99 >95 7 >99 >95
ArB(OH)
3 >99 >95 8 >99 >95 (Catalyst. f158)
4 >99 >05 9 >99 >95
5 >99 >95 10  >99 >95 HZ0 re 7, HO, OH et
HNRZR3 Rs'E HO' Ar g K-G0y
®) @

K. Ishihara et al. Asian J. Org. Chem., 2017, 6, 1191. 14



Solid Phase Amidation

Boronic acid-DMAPO or DMAP complex

catalyst (5 mol%)

.
toluene (0.2 M)

Ph

, H
H azeotropic reflux
6 h
entry catalyst yield (%) Recovery rate (%)
1 /a <5 -
2 7a-DMAP 92 95
3 7a-DMAPO 99 85
DMAP or 0
o ABOH),7 oMy DMmAPO I HNRZR?
—~ LB N ~R" Nut X RICO,NR?R?
RT “OH H,0 RY "O" "Ar DMAP or

I

(solid complex)

D MJAPO

HO. -OH N
| ~N
A
O,N NO, N
7a*DMAP
©
HO OH (I)
~B” N
| &
S
O,N NO, N
7a*DMAPO

cooling

K. Ishihara et al. Asian J. Org. Chem. 2017, 6, 1191.

15

heating



Amidation at Room Temperature

R O,
@)
(10rnoH6 Q
Ol g

’ N l}l Ph
He o 4AMS. | \1[::] !
AN
Vo CH,Cl, H

H = 25°C,25h Conditons Reaction outcomes
2, 4AM.S, THF, 25 °C 70 %, < 5% racemization
HO OH HO OH HO OH HO OH HO OH
~B” ~B” ~B” ~B” ~B” 3, toluene, reflux 30% < racemization
©/F ©/CI ©/Br ©/I
F F
F 1 2
3
42% 41% 64% 76% 91%

D. G. Hall et al. Angew. Chem. Int. Ed., 2008, 47, 2876. 16



Amidation at Room Temperature

Electron-donating group effects

O ArB(OH), O
Ph\)j\ + H=N A - Ph\)j\
OH 4A M.S. N
CH,Cl,
25°C, 6 h
HO_ _OH HO_ _OH HO_ _OH HO_ _OH
| | | |
ArB(OH),
MeO OMe MeO MeO
OMe F
4a 4b af 4h
38% 52% 72% 60%

D. G. Hall et al. J. Org. Chem., 2012, 77, 8386. 17



Amidation at Room Temperature

Plausible reaction mechanism

Ar 0" Ar (ArB(OH),)

(m

~
s

H
H

R2
[ &
>(N“*~H Decreased freedom
o) 6.
~.B7, "H
L &+ 5
0 I'f
proton
TS
Ho-
g . oo
R1” >0 H3NR? m’\\o”:B“Ar
NI
“, H) ~H OH2
R2
OH + H2NH2 |

O/H\O y
LN

Rt O | Ar

OH.,

I’HQO

D. G. Hall et al. J. Org. Chem., 2012, 77, 8386.
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Amidation at Room Temperature

Commercially available boronic acid

oH He ArB(OH), (10 mol%)
e
@) H CH2C|2, r.t., 24 h
4A M.S.
@)
Y,

entry Ar yield (%) HO( _OH )
(e 2-1, 5-MeOCgH; 99 | 5 A"
I I
1g 2-furanyl 99 /©/ D_ O_ "OH
1h 2-thiopheny! 92 MeO . th
4 4
synthesized  commercially available
with Ag,SO,

E. K. W. Tam and A. Chen et al. Eur. J. Org. Chem., 2015, 1100. 19



Dipeptide synthesis

Dual boronic acid catalysts

Bn R, catalyst

X * X > o /R(
BocHN COOH CIH3N CO,Me i N\)I\
3 ) Pr,NEt , PhF RN coe
B

11 15a; R, = Bn 3A mol. sieves

15b; R, = iPr 65 °C
©/\B(OH)2 (:[B(OH)Z F B(OH),
NO, F: ;
F

4 5 7

Entry  Carboxylic acid Ammonium salt cat  cat. Loading (X mol%) Yield (%)

1 11 15a 7 25 13
2 11 15a 5 100 58
3 11 15b 5 100 <2
4 11 15b 5+4 50 + 50 55

A. Whiting et al., Eur. J. Org. Chem. 2013, 5692-5700. 20



Dipeptide synthesis

Failure of coupling with amino acid

T 6 (10 mol%) T HOS ,-OH
N H N
Fmoc” \:)I\OH + N7 ph »  Fmoc” \:)I\N/\Ph |
: y CH,Cly, rt,, 12 h 2
Y 4AM.S. Y
MeO
R = Me (47%)
R O
_N_ O
Fmoc
| - Complex was formed?
MeO
21

D. G. Hall et al., Green Chem, 2015, 17, 4016 . 21



Dipeptide synthesis

Boronic acid containing thiophene

Plausible mechanism . ccular

sieves
COzMe 1
assist formation of A j’\ 5

RS0 Bar R RNH2
(OH), O\F / A \\\
S 1 J g

| /

SR
(25 mol%) I \’© RY] "0 E
- OH g
PhF, 65 °C, 24 h Boc” CO,Me \ R
5AM.S. R1)= '\ o P S

y. 50% RéHN RZHN - /\
dr > 98:2 break B

J. Blanchet et al., J. Org. Chem, 2015, 80, 4532. 22



Dipeptide synthesis

Ortho-substituted borinic acid

L, 9 R
9h
N\)'\ . )\ N AL
OH * , > N .
: COOR 5A mol. sieves R H H COOR
R H PhF, 65 °C R;
12 10
Selected Example of Peptide Synthesis Cl OH ClI
|
Entry Amino acid 12 Amino ester 10 Yields (%) B
1 Boc-Phe-OH H,N-Val-OMe 51
2 Boc-Phe-OH H,N-Phe-OMe 61 oh
3 Z-Pro-OH H,N-Phe-OMe 60
4 Z-Pro-OH H,N-Val-OBn 59

1)

No detective epimerization

J. Blanchet et al., Chem. Commun., 2015, 51, 16084. 23



Dipeptide synthesis

Plausible mechanism

o (o) Ph \/COOH + H2N/\Ph
cCi O cCi
' R2NH
H,O B H:O 9h or 9p (10 mol%) @)
o) - Ph \)]\
y JLO"H-,, A . , , CH,Cl,, r.t., 48 h N ph
‘Cl OH CI H

H \H 7R H 5A M.S.
‘0\ CQ bl H"- \‘H\- Jase
B 1 7@’\3/@ P o 9h : 99%
A Q) 1S 9p : 27%
R2N~ \“Cl HN "
H “RZ Cl

/( 8 ‘ Cl  OH Cl Cl  OH
IX=0 1 H20 B' | é
RZHN o, cl B
RZHN o B
9h 9p

J. Blanchet et al., Chem. Commun., 2015, 57, 16084. 24



Dipeptide synthesis

Plausible reaction mechanism

DATB (B;NO,) system

DATB DATB 1a

M. Shibasaki and N. Kumagai et al., Nat. Chem., 2017, 9, 571. 25



Dipeptide synthesis

Dipeptide coupling using DATB

I i 2080
H H
Conditions N
Ph\rrN\;)LOH +Ho NHp ——— Ph\“’N\;)LHq?NHE |
~ O A~ O

O H 9]
10p 11r 39

Conditions Reaction outcome O o O
B/

8a: 5 mol%, toluene, 50 °C, 14 h* 75% yield, stereochemically pure’ I

OH
EDCI: 1.0 equiv, CH,Cls, RT, 4 h 89% yield, diastereomixture (53/47)7 8a
Catalyst 14 or 15 (10 mol%)
Toluene or CH,Cly No conversion HO. _OH

50 °C (bath temperature), 24 h*

|
szHfClz
MeO

14 15
M. Shibasaki and N. Kumagai et al., Nat. Chem., 2017, 9, 571. 26



Olygopeptide synthesis

Olygopeptide OGP(10-14) synthesis by using DATB

HCI , ol 1 o OSEEIYHD @ DATB 1 (0.5 moi%), MS 4A, toluene, 90 °C, 48 h. O
acld:amine = 1.1 equiv ; .
KNS BY ( QUN) “amidation| @ DATB 1 (5 mol%), MS 4A, toluene, 80 °C, 48 h.
2 L N
° i @ .
Et,NH, CH,Cly, rt, 8 h.
H-Gly-O'BusHCI 12 g 5mos FmocHN__A 0'Bu deprotection
6 N @ - puc. THF it 81,
o -
0
0 Fmoc-Gly-Gly-O'Bu 13
FmocHN \)J\ G Ph
OH Ph H %
Fmoc-Gly-OH 11 N \/lL O'Bu
ol 5mol% FmocHN ”/\rf
FmocHN 75% (o) 9]
0 (2 steps) Fmoc-Phe-Gly-Gly-O'Bu 15
Fmoc-Phe-OH 14 'BuO
i
BuO ‘BuO 5 mol% Ph
H © T
5 mol% t
k N N
R - B - B
FmocHN 2 OBn FmocHN OH (2 steps) 0 ¢} o)
0 28‘:% o) Fmoc-Tyr('Bu)-Gly-Phe-Gly-Gly-O'Bu
Fmoc-Tyr('Bu)}-OH 5¢  H-Gly-OBn-HCI 3a (2:8teps) [protected form of OGP(10-14)]

M. Shibasaki, N. Kumagai et al., Org. Lett. 2018, 20, 612. 27



Summary of Section 2

- Boronic acid catalyzed amide condensation.

Hall first developed reactions at room temperature.

- Recently, useful boronic acid catalysts developed for peptide synthesis.

- Catalysts such as DATB, which makes the reactions proceed with a new

mechanism attracted attentions.

28



Catalytic Amidation

Plausible reaction mechanism

,ﬁ\r
H
e - RCO,
i i
B. B
Ar” O TAr
1/3 TH NMR, IR
RCO,H 7/
H.
\_ 00
ArB(OH -
(OH)2 \ R)LO'B"“Ar
2 3
H,O
0
1 12
H/U\N,H HNR'R
H2

H. Yamamoto et al. J. Org. Chem. 1996, 671, 4196. 29



Reaction mechanism analysis

Possibility of involving bis(acyloxy)boronate

< s ESI-MS
Ar-B(OH),
i T
5 . . R "NH;" o
A || -H0
’ H N J 0 oW
o oo RO "|R" o '

o : o O R R 2 el iBe 13
1k J,k 1JJ\ _B. 2\ 2 1Jk B 27\ 5 R1 O  Ar
R'” “OH e OH OH RS0 Ar R UNH:" |RV TS0 T Ar RN, o T
+ + | arBgB & 1 , 12 R
2/\NH- r 9AI’ . 0

R
R NH, g oA i R NH, 2 RZ2” "NH, *
A 2 R?”NH,
AA -~ ~ /A

r!I3 0] ['3 r R2/\NH

0._.0 *
B 0
I
Ar 10 | Ar-B(OH), + R1,U\N/\R2 + 1

H

A. Whiting et al., Adv. Synth. Catal., 2006, 348, 813. 30



Reaction mechanism analysis

Overall mechanism of catalytic cycle

cis-3a + H,0 HzN~Me: HO
0 B-Me
Me—< HO
OH TSa1.81 HO OH
1a+2 A1 B~
a
O I
_/<O B-Me Me”~ 'O-B-Me
Me HO H,O '
N—H 0 2 o R HN-Me H o H Ts
/ - =
M g1, Me/U\ 08 B1 iodo1|cis
HN-Me M€
2
A2
TSp1-E1(cis " TSpcs TSg1-c1 O-H---X bond
H,0 X H0
Me OH OH  OH
>:O—é—M6 Me+O_B\
Me—N OH . = NHme Me
Y v
K c1

D1 TScy -Dﬂz:i;l\

rate-determining step

T. Marcelli, Angew. Chem. Int. Ed., 2010, 49, 6840. 31




Reaction mechanism analysis

Overrall mechanism of catalytic cycle

Removal o Removal
0 J Va
ADH H,0 )J\OH

H,O
1 1
fast fast Marcelli
O H,0 H,0
_H_ 0 O)J\ Me OH OH  OH
o 0 i )=0-B-Me Me—{—0-B
PhB(OH}),» )L B. O,B.\Ph Me—-N OH ~ NHMe Me
3 0 Fh - D1:is TSc1.p1|cis G
INT2a INT2b
slow slow
O O
)I\Nx HoN— N~ HoN—
4 H 4 H 2

VAN

rate-determining step

Y. Fu et al., Org. Biomol. Chem., 2013, 49, 6840. 32



Reaction mechanism analysis

Performance of the ortho-halo-phenylboronic acids

no O-H--X interaction

stabilize TS

sp2-p interaction

£ 01-B-C3-C4 = -89.0°

Key Transition State

Y. Fu et al., Org. Biomol. Chem., 2013, 49, 6840. 33



Reaction mechanism analysis

Boronic acids with amines

HO_ _OH A
,
BnNH, HO\ /OH Are Ol @
- = /7 \ _Bn ! °© ! \N\Hz
CDClj, r.t., A'®N” O( .0 pBn
F F 5 min H> |
Ar
F
9a 10a
10a [\
ESI, X-ray

2
£

X-ray
A. Whiting et al., Chem. Sci., 2018, 9, 1058. 34



Reaction mechanism analysis

Boronic acids with carboxylic acids

M.S. and carboxylic acid Bn

Cl Ar )\

oH BnCOOH B N
/ @] @) >  Ar— —Ar
\OH 5A M.S. ' ' more 5A M.S. (l) (|)

8c 7c e NMR, X-ray
Bn
¥ Ar )\
| 0“ "0
F . —> 07 70 —f— Ar=t S=Ar
OH . 0.0
F Ar” 07 TAr \f
stable Bn

A. Whiting et al., Chem. Sci., 2018, 9, 1058.
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Reaction mechanism analysis

Boronic acid / carboxylic acid / amine system mm)

Cl

7 N\

— \
OH

OH
/

8c

Cl
/
\
OH

8c

BnCOOH
BnNH,

BnCOOH

5A M.S.
CDCl,

BnNH,

>

5A M.S.
CDCly

BnNH,

5A M.S.
CDCl,

Ph

COO

BnNH,
—_—

2h

BnCOOH
2h

8c
2h

depend on order of addition

O Ph
Ph

50%

O Ph
P AL,
H

53%

A. Whiting et al., Chem. Sci., 2018, 9, 1058.

intermidiate 127
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Reaction mechanism analysis

Boronic acid / carboxylic acid / amine system

/

inactive
/
Ar—

H2N

R R
X
X

~

\NO\OH

@)
' I/
RNHZ Ar-\ 0 =—=——= Al
O~
R \|/

R

X =0 or NR'

O

0

|
R
c') R N
H

+/
H2N\ _OH

PN
Ar/ OH

inactive A. Whiting et al., Chem. Sci., 2018, 9, 1058. 37



Summary of Section 3

- The reaction intermediates of amide coupling by boronic acids have
been thought to be mono(acyloxy)boronate or bis(acyloxy)boronate.

- If dimers of boronic acid such as 11 and 12 are intermediates, boronic
acids which are easy to dimerize can be potential candidates.

)R\ )R\
A O 0“ "0 0“ "0
~Ngoos 1 _O_l I _N_I
I Ar— — Ar Ar— | —Ar
(@) (@) I I I R |
Y OW&O OW&O
R
R R

mono(acyloxy)boronate 11 127
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- Peptide synthesis achieved in recent years using boronic acids

derivatives.

- Further mechanistic insights will provide valuable assistance for the

design of more active boronic acids.
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